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“[...] to move things is all that mankind can do, and that for such the sole
executant is muscle, whether in whispering a syllable or in felling a
forest.”

- Sir Charles Sherrington -



ABSTRACT

Korperliche Aktivitat steigert die Lebensqualitat, sie wirkt im Hinblick auf diverse Leiden
praventiv und fordert bei vielen Pathologien Therapie als auch Rehabilitation. Bedingt durch
die hohe Adaptabilitdt des motorischen Systems provoziert physische Aktivitat spezifische
Anpassungen, die in Abhangigkeit von der Art, Intensitdt und Dauer der jeweiligen
Bewegungsintervention differieren. Zudem finden die Adaptationen auf verschiedenen
Ebenen innerhalb des neuromuskuldren Systems statt.

Generell kénnen die Anpassungen im motorischen System in zwei Subkategorien
differenziert werden. Dazu gehéren (1) die akuten Anpassungen, die die Auswirkungen von
einmaligen Bewegungsinterventionen auf das neuromuskuldre System umfassen. Des
Weiteren kénnen sich (Il) chronische Anpassungen im neuromuskularen System einstellen,
die z. B. durch die Applikation repetitiver Bewegungsreize Uber einen l&dngeren Zeitraum oder
das Ausbleiben von physischer Aktivitat induziert werden.

Die vorliegende kumulative Dissertationsschrift befasst sich mit Teilaspekten der
Adaptabilitdt des motorischen Systems. Die zugrundeliegende Leitfrage war dabei, welche
Modulationen spezifische Bewegungsinterventionen und Alterungsprozesse im motorischen
System provozieren. Innerhalb von vier Studien wurden akute und chronische Anpassungen
der neuromuskuldren Funktion analysiert. Im Hinblick auf die akuten Anpassungen wurden
die Effekte von Ermidung sowie kontraktionsinduzierten Muskelverletzungen und -schmerz
auf die neuromuskulare Funktion untersucht. Bei den chronischen Adaptationen stand der
Einfluss von Training und Alterungsprozessen auf die neuromuskuldre Funktion im Fokus.
Die Experimente wurden an den Oberschenkelmuskeln durchgefihrt. Aufgrund ihrer
Bedeutung fir die Kniestabilitdt sowie flr alltdgliche und sportliche Aktivitaten, wie z. B. das
Gehen, Laufen und Springen, ist es von hoher Relevanz akute und chronische Adaptationen
der neuromuskuldren Funktion der Oberschenkelmuskeln zu untersuchen.
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1. EINLEITUNG

Kdrperliche Aktivitdt steigert die Lebensqualitat, sie wirkt im Hinblick auf diverse Leiden
praventiv und foérdert bei vielen Pathologien Therapie als auch Rehabilitation [182]. Bedingt
durch die hohe Adaptabilitdt des motorischen Systems provoziert physische Aktivitat
spezifische Anpassungen, die in Abhdngigkeit von der Art, Intensitat und Dauer der jeweiligen
Bewegungsintervention differieren. Zudem finden die Adaptationen auf verschiedenen Ebenen
innerhalb des neuromuskuldren Systems statt [66].

Generell kdnnen die Anpassungen im motorischen System in zwei Subkategorien differenziert
werden. Dazu gehéren (I) die akuten Anpassungen, die die Auswirkungen von einmaligen
Bewegungsinterventionen auf das neuromuskulare System umfassen. Zu dieser Subkategorie
zahlen u. a. die Effekte von Erwarmung, Dehnung, Ermidung, kontraktionsinduzierten
Muskelverletzungen und -schmerz sowie Potenzierungsmechanismen auf die neuromuskulére
Funktion. Des Weiteren kénnen sich (II) chronische Anpassungen im neuromuskuldren System
einstellen, die z. B. durch die Applikation repetitiver Bewegungsreize Uber einen l&ngeren
Zeitraum oder das Ausbleiben von physischer Aktivitat induziert werden. Diese beinhalten u. a.
den Einfluss von Training, Regeneration nach Verletzungen, Inaktivitdt und Alterungsprozessen
auf die neuromuskulére Funktion [66].

Die vorliegende kumulative Dissertationsschrift befasst sich mit Teilaspekten der Adaptabilitat
des motorischen Systems. Die zugrundeliegende Leitfrage ist dabei, welche Modulationen
spezifische Bewegungsinterventionen und Alterungsprozesse im motorischen System
provozieren. Innerhalb von vier Studien wurden akute und chronische Anpassungen der
neuromuskuldren Funktion analysiert. Dabei standen die Anpassungen der neuromuskuldren
Funktion der Oberschenkelmuskeln in Abhangigkeit von der jeweiligen Fragestellung im Fokus.
Aufgrund ihrer Bedeutung fur die Kniestabilitat [13, 130, 164] sowie fur alltadgliche und sportliche
Aktivitdten, wie z. B. das Gehen, Laufen und Springen [126, 156, 237], ist es von hoher
Relevanz akute und chronische Adaptationen der neuromuskuldren Funktion der
Oberschenkelmuskeln zu untersuchen.

Folgende eigene Publikationen beschaftigen sich mit akuten Anpassungen der
neuromuskularen Funktion infolge physischer Aktivitat.

EXPERIMENT I: Behrens, M., Mau-Moeller, A., Wassermann, F., Bruhn, S. (2013). Effect of
fatigue on hamstring reflex responses and posterior-anterior tibial translation in men and
women. Plos One, 8 (2), €56988. [IF,11: 4.092]. Finanzierung: Gesellschaft fiir Orthopéadisch-
Traumatologische Sportmedizin (GOTS) / Bundesinstitut fiir Sportwissenschaft (BISp)

EXPERIMENT II: Behrens, M., Mau-Moeller, A., Bruhn, S. (2012). Effect of exercise-induced
muscle damage on neuromuscular function of the quadriceps muscle. International Journal of
Sports Medicine, 33 (8), 600-606. [IFx11: 2.433] . Finanzierung: Promotionsstipendium nach
dem LGFG M-V



In den Experimenten | und Il wurden akute Anpassungen der neuromuskuldren Funktion infolge
von Ermidungsinterventionen analysiert. Experiment | beschéftigte sich mit den Auswirkungen
von Ermidung auf die Kniestabilitdt und Reflexantworten der ischiocruralen Muskeln bei
Méannern und Frauen, wahrend Experiment |l die Effekte von kontraktionsinduzierten
Muskelverletzungen auf die neuromuskulédre Funktion des M. quadriceps femoris eruierte. In
beiden Experimenten wurden Ermuadungsinterventionen durchgefihrt, wobei sich diese
hinsichtlich der Belastungsgestaltung unterschieden und somit differente
Beanspruchungsreaktionen hervorriefen. In Abbildung 1 ist die hypothetische Modulation der
Leistungsfahigkeit des neuromuskuldren Systems durch unterschiedliche Belastungsformen
modellhaft dargestellt. Experiment | bezog sich auf die Leistungsféahigkeit infolge einer normalen
Belastung, wahrend Experiment 1l die Auswirkungen einer Uberbelastung auf die
Leistungsfahigkeit analysierte. Beide Belastungsformen fihren zum Abfall der
Leistungsfahigkeit, deren AusmaB jedoch bei Uberbelastung gréRer ist und eine léangere
Regenerationszeit bendtigt.
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Abb. 1 Hypothetische Modulation der Leistungsfahigkeit des neuromuskuldren Systems durch
unterschiedliche Belastungsformen.

Chronische Anpassungen der neuromuskuldren Funktion durch Training und im Verlauf des
Alterungsprozesses werden in folgenden eigenen Publikationen beschrieben.

EXPERIMENT llI: Behrens, M., Mau-Moeller, A., Bruhn, S. (2013). Effect of plyometric training
on neural and mechanical properties of the knee extensor muscles. International Journal of
Sports Medicine (in press). [IFy11: 2.433]. Finanzierung: Promotionsstipendium nach dem
LGFG M-V

EXPERIMENT IV: Mau-Moeller, A.*, Behrens, M.*, Lindner, T., Bader, R., Bruhn, S. (2013).
Age-related changes in neuromuscular function of the quadriceps muscle in physically active
adults. Journal of Electromyography and Kinesiology, 23 (3), 640-648. (* authors contributed
equally to this work) [IF2011: 1.969]. Finanzierung: Promotionsstipendium nach dem LGFG M-V



In den Experimenten Il und IV wurden chronische Anpassungen der neuromuskularen Funktion
des M. quadriceps femoris infolge regelmaliger physischer Aktivitat, d. h. Training, und durch
den Alterungsprozess analysiert. Abbildung 2 zeigt modellhaft die hypothetische Modulation der
Leistungsfahigkeit des neuromuskuldren Systems durch Training und im Verlauf des Alterns.
Waéhrend Training zu einer Steigerung der Leistungsfahigkeit fiihrt, bewirken Alterungsprozesse
und das Ausbleiben adaquater Bewegungsreize einen Abfall der Leistungsfahigkeit des
neuromuskularen Systems.
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Abb. 2 Hypothetische Modulation der Leistungsféhigkeit des neuromuskularen Systems durch Training
und im Verlauf des Alterns.



2. AKUTE ANPASSUNGEN DER NEUROMUSKULAREN FUNKTION

21 EINFLUSS VON AKTIVITATSINDUZIERTER ERMUDUNG AUF DIE NEURO-
MUSKULARE FUNKTION

2.1.1 Darstellung des Forschungsdefizits
Anhaltende physische Aktivitat fihrt zu Ermidung, die als Reduktion der Fahigkeit des Muskels
Kraft bzw. Leistung zu generieren, unabhangig davon, ob die Aktivitat aufrecht erhalten werden
kann oder nicht, definiert wird [24, 75, 144, 159]. Diese Definition impliziert, dass Ermidung
schon relativ zeitnah nach dem Beginn einer anhaltenden Aktivitdt einsetzt, obwohl das
Individuum die Téatigkeit weiter ausfiihren kann. Die Ermiidung kann sich in unterschiedlichen
Subsystemen manifestieren und involviert in Abh&ngigkeit von der Bewegungsaufgabe
metabolische, kardiovaskulare, biomechanische, psychologische und neuromuskulére Faktoren
[7,10, 62, 82, 206].
Die neuromuskuldren Faktoren der Ermidung sind auf unterschiedlichen Ebenen zu
lokalisieren. Zur besseren Ubersicht kénnen die Faktoren in zwei zentrale Subkategorien
differenziert werden. Dazu z&hlen erstens die zentralen Elemente der Ermidung, welche die
Verdnderung der Aktivitdt des cerebralen Cortex, der Basalganglien und des Cerebellums
inkludieren. DarUber hinaus wird die Modulation der Impulse ausgehend vom motorischen
Cortex, der Leitung dieser Impulse mittels deszendierender motorischer Bahnen und der
Erregbarkeit der a-Motoneuronen dieser Ebene zugeschrieben. Zur zweiten Subkategorie
zahlen die peripheren Elemente, zu denen die Reizleitung in Richtung der Axonendigungen, die
neuromuskuldre Ubertragung, die Aktionspotentialausbreitung entlang des Plasmalemms der
Muskelfaser, die Reizfortpflanzung in die transversalen Tubuli, die Ca**-Freisetzung aus dem
sarkoplasmatischen Retikulum und die Bildung der Querbriicken gehéren [141].
Die Untersuchung und Analyse von aktivitdtsinduzierter muskuldrer Ermudung ist im Hinblick
auf Verletzungen der unteren Extremitdten relevant. Es konnte nachgewiesen werden, dass die
Inzidenz von Verletzungen, die nicht durch ein Foul verursacht wurden, in den letzten Minuten
von Sportspielen erhéht ist [94, 177]. Diese Befunde werden durch die Feststellung flankiert,
dass bestimmte Verletzungen in der spaten Phase des Trainings oder Wettkampfes auftreten
[57]. Die Ergebnisse weisen darauf hin, dass das Vorhandensein von aktivitdtsinduzierter
Ermidung die Entstehung von Verletzungen begunstigen kann. Daruber hinaus wird im
Zusammenhang mit non-kontakt Verletzungen der unteren Extremitdten wahrend physischer
Aktivitdt haufig auch Ermidung als eine mégliche Ursache genannt [6, 16, 37, 47, 78, 83, 142,
145, 146, 160, 161, 185]. Dehnungsinduzierte Muskelverletzungen, Distorsionen, Luxationen
sowie Ligamentrupturen im Bereich des Sprung- und Kniegelenks gehéren zu den haufigsten
Verletzungen im Sport [5, 6, 41, 84, 108, 196, 198].
Es konnte nachgewiesen werden, dass aktivitdtsinduzierte Ermidung nicht nur eine reduzierte
Muskelkraft, eine verringerte Reflexamplitude und langere Reflexlaufzeiten implizieren kann [59,
155, 176], sondern ebenfalls eine Minderung der propriozeptiven Funktion méglich ist [204].
Dabei wird die Propriozeption vermutlich durch die Erhéhung der Schwelle fir
Muskelspindelentladungen und die Modulation der a-y-Koaktivierung beeinflusst [19, 131, 227].
Die Modulation des afferenten Inputs in Richtung der a-Motoneuronen kann zu einer
8



inaddquaten Funktion der gelenkumspannenden Muskulatur flihren. Dadurch werden die
protektive reflektorische Aktivierung der Muskulatur und damit auch die aktive Gelenkstabilitat
reduziert. Dies fuhrt zu einer nachteiligen Beeinflussung der neuromuskuldren Kontrolle des
Gelenks, die additional durch eine verdnderte volitive Aktivierung verschlechtert wird. Das
daraus resultierende Aktivierungsdefizit mindert die F&higkeit der Muskulatur schnell auf
Perturbationen reagieren zu kénnen, die die anatomischen Limitierungen Uberschreiten und zu
Verletzungen fihren [186]. Es wird deutlich, dass ein ermiidungsbedingtes reflektorisches und
volitives Aktivierungsdefizit die protektiven Ressourcen fiir das betreffende Gelenk minimiert
und somit ein erhéhtes Verletzungsrisiko bestehen kann.

Studien weisen darauf hin, dass aktivitatsinduzierte Ermidung als Risikofaktor fir non-kontakt
Verletzungen des vorderen Kreuzbandes (ACL-Verletzungen) angesehen werden kann [45, 67].
Die Experimente, die ACL-Verletzungsmechanismen im Zusammenhang mit Ermidung
analysiert haben, reflektierten zumeist auf kinetische und kinematische Daten [30, 45, 46, 67,
79, 142, 143, 165, 217, 218, 220].

Es existieren lediglich wenige Studien, die die Reflexantworten der knieumspannenden
Muskulatur in den Fokus stellten [145, 232]. Wojtys et al. [232] haben die anteriore
Tibiatranslation und die elektromyographischen Antworten der relaxierten knieumspannenden
Muskulatur vor und nach einem Ermudungsprotokoll, das mithilfe eines isokinetischen
Dynamometers durchgefiihrt wurde, gemessen. Sie stelliten eine erhéhte anteriore
Tibiatranslation sowie verzégerte Muskelreflexe fest und schlussfolgerten, dass
aktivitatsinduzierte Ermidung eine Rolle bei der Pathomechanik von Knieverletzungen spielen
kann. In einer Studie von Melnyk und Gollhofer [145] konnte gezeigt werden, dass die anteriore
Tibiaverschiebung nach einem isokinetischen Ermidungsprotokoll der ischiocruralen
Muskulatur erhéht war. Sie fuhrten die veranderte Kniestabilitat auf die reduzierte Reflexaktivitat
des M. biceps femoris und des M. semitendinosus/semimembranosus zurlick. In den beiden
genannten Studien wurde jedoch keine Geschlechterdifferenzierung vorgenommen.
Demzufolge wurde die hypothetische geschlechtsspezifische Modulation der anterioren
Tibiatranslation und Reflexantworten im Zusammenhang mit aktivitatsinduzierter Ermidung
noch nicht betrachtet. Das ist vor dem Hintergrund einer betrachtlich héheren Inzidenz von
ACL-Rupturen bei Frauen relevant, deren Ursachen noch nicht allumfassend aufgedeckt
wurden [97]. Als primére Einflussfaktoren werden Unterschiede in der passiven und aktiven
Kniegelenkstabilitat diskutiert. Die passive Kniegelenkstabilitat hangt stark von der Laxizitat der
Bander und der Geometrie der artikuldaren Oberflachen ab, wéahrend sich die aktive Stabilitat u.
a. stark auf Muskelaktivierungsmuster und -reaktionszeiten sowie die Muskelsteifigkeit stitzt
[99].

Die im Rahmen der Dissertation durchgefihrte Studie sollte die Auswirkungen einer
spezifischen Bewegungsintervention, welche Ermiidung induzierte, auf die Kniegelenkstabilitat
bei Mannern sowie Frauen analysieren.

EXPERIMENT I: Behrens, M., Mau-Moeller, A., Wassermann, F., Bruhn, S. (2013). Effect of
fatigue on hamstring reflex responses and posterior-anterior tibial translation in men and
women. Plos One, 8 (2), e56988.



2.1.2 Fragestellung

Innerhalb dieses Experiments wurde der akute Funktionsverlust der ischiocruralen Muskulatur
aufgrund von ermidender physischer Aktivitédt analysiert. Demzufolge sollten die Auswirkungen
eines spezifischen Ermidungsprotokolls auf die anteriore Tibiatranslation und Reflexantworten
des M. biceps femoris und des M. semitendinosus/semimembranosus bei Mannern und Frauen
eruiert werden. Es wurde angenommen, dass die aktivitdtsinduzierte Ermidung die
Reflexantworten der Hamstrings reduziert und die anteriore Tibiatranslation vergréf3ert. Zudem
wurde gepruft, ob es einen Zusammenhang zwischen verschiedenen Hamstring/Quadriceps-
Drehmoment-Ratios und der anterioren Tibiatranslation gibt.

2.1.3 Methoden

Im Folgenden wird der methodische Rahmen fir das durchgefuhrte Experiment dargestellt.
Dabei wird der methodische Ansatz global skizziert. Eine detaillierte Beschreibung der
Personenstichprobe, experimentellen Prozedur, Datenaufnahme und -analyse sowie
statistischen Analyse fir das Experiment ist in der Publikation zu finden.

Fur die Messung des akuten Funktionsverlustes der ischiocruralen Muskulatur aufgrund von
ermiUdender physischer Aktivitdt wurden die Probanden vor und nach einer
Ermudungsintervention, die aus repetitiven Spriingen bis zur Erschépfung bestand, untersucht.
Die Messungen beinhalteten die Erhebung der anterioren Tibiatranslation mittels eines
Kniearthrometers (Abbildung 3) und der Reflexantworten des M. biceps femoris und M.
semitendinosus/semimembranosus mittels EMG. In Abbildung 4 sind die EMG- und
Tibiatranslationssignale eines Probanden exemplarisch dargestellit.

Fur die Messung der anterioren Tibiatranslation wurden die Probanden in 30° Kniebeugung (0°
= volle Extension) untersucht. Die Untersuchungssituation sah die Einleitung einer
standardisierten Kraft am Unterschenkel vor, die eine anteriore Tibiaverschiebung provozierte.
Dafiir wurde den Probanden eine Schlinge am Unterschenkel fixiert, die im Zusammenhang mit
der relevanten Mechanik eine kontrollierte vordere Schublade ausléste. Mit der
Versuchsanordnung konnte Uber Linearpotentiometer die Verschiebung der Tibia gegentber
dem Femur gemessen werden [32-34, 86].

Fur die Messung der Muskelaktivitdt kamen Oberflachenelektroden zum Einsatz. Die
Elektroden wurden in einer bipolaren Konfiguration auf dem M. biceps femoris und dem M.
semitendinosus/semimembranosus appliziert. Die Referenzelektrode wurde auf der ipsilateralen
Patella platziert.

Fur die Analyse wurden die Daten der 15 Messversuche gemittelt. Die Muskelaktivitdt wurde
nach Bruhn et al. [34] analysiert, d. h. das Tibiatranslationssignal zeigte den Beginn der
Perturbation an und es wurden drei darauf folgende Zeitintervalle betrachtet (20-40, 40-60 und
60-95 ms). Zur Bestimmung des Ausmaldes der Reflexantworten wurde der root mean square
(RMS) des EMG-Signals berechnet. Die Veranderung der Hintergrundaktivitat wurde durch die
Berechnung des RMS-EMG Uiber 50 ms vor Beginn des Tibiatranslationssignals und die
Subtraktion von den Reflexantworten berlcksichtigt. Die maximale anteriore Tibiatranslation
wurde anhand des Tibiatranslationssignals bestimmit.
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Abb. 3 Darstellung des Versuchsaufbaus zur Messung der funktionellen Kniestabilitat.

A Experimentelles Setup, B Kniearthrometer | 1: Stopper, 2: Gewicht, 3: Seilzug, 4: Stahlseil, 5:
Kraftaufnehmer, 6: Kraftmessplatte, 7: Sichtschutz, 8: Linearpotentiometer. Die Pfeile zeigen die Richtung
der wirkenden Kraft an. Die anteriore Tibiatranslation wurde von den beiden Linearpotentiometern

erfasst, die auf der Patella und Tuberositas tibiae platziert waren. Die an der Wade applizierte Kraft
wurde mittels eines Kraftsensors (5) aufgezeichnet.
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Abb. 4 EMG- und Tibiatranslationssignale eines Probanden.

In dieser Abbildung wurde das EMG-Signal gleichgerichtet, um die unterschiedlichen Anteile des
Dehnungsreflexes zu visualisieren. Die dicke gestrichelte Linie markiert den Beginn der anterioren
Tibiatranslation. Das EMG-Signal wurde in drei Zeitfenstern betrachtet (20-40, 40-60 und 60-95 ms).
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2.1.4 Ergebnisse und Diskussion

Innerhalb dieses Kapitels werden die wichtigsten Ergebnisse des Experiments vorgestellt und
anschlielRend kurz diskutiert. Die komplette Darstellung der Resultate der Studie ist in der
angehéngten Publikation zu finden.

Die durchgefiihrte Studie sollte den akuten Funktionsverlust der ischiocruralen Muskulatur
aufgrund von ermidender physischer Aktivitdt auf die anteriore Tibiatranslation und die
Reflexantworten des M. biceps femoris und des M. semitendinosus/semimembranosus bei
Mannern und Frauen eruieren. Es wurde festgestellt, dass die anteriore Tibiatranslation bei den
Frauen signifikant erhéht war. Die Verédnderung in der Mechanik ging mit einer signifikanten
Reduktion der Reflexantwort des M. biceps femoris in den Zeitfenstern 20-40 und 40-60 ms
sowie des M. semitendinosus/semimembranosus im Zeitfenster 20-40 ms einher. Bei den
Mannern konnten keine statistisch signifikanten Verdnderungen von Pre zu Post nachgewiesen
werden (Abbildung 5).
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—_— K — 0,30

A-48,8%
0,25 - sy
0,20
h 0,15
£-37,9%
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Pre Post 20-40ms 40-60ms 60-95ms 20-40ms 40-60ms 60-95ms

u,
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Frauen
Tibiatranslation (mm)
~ 00

Abb. 5 Einfluss von Ermidung auf die anteriore Tibiatranslation (links) und die Reflexantworten des M.
biceps femoris (BF) und des M. semitendinosus/semimembranosus (ST) (Mitte und rechts).

Schwarze Balken: Pre, weil3e Balken: Post. Die Daten sind als Mittelwerte mit Standardfehler dargestellt.
* zeigt eine signifikante Veranderung zum Pre-Wert an (* P < 0,05; ** P < 0,01).

Es wird angenommen, dass eine erhéhte Kniegelenklaxizitat zur Pathomechanik von ACL-
Rupturen beitragen kann [178]. Zudem konnte gezeigt werden, dass sportliche Aktivitaten, wie
z. B. das Laufen [105, 115, 158] oder ein Volleyballtraining [125], eine akute Zunahme der
Gelenklaxizitdt bewirken kénnen. Innerhalb der genannten Experimente wurde die
Kniegelenklaxizitat jedoch in einer Untersuchungssituation analysiert, in der die Muskeln inaktiv
waren und somit ihrer gelenkstabilisierenden Funktion nicht nachkommen konnten. Im Verlauf
der hier vorliegenden Studie wurde die anteriore Tibiatranslation wahrend einer
Gewichtsbelastung gemessen. In dieser Untersuchungssituation wirkten Muskel- und axiale
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Kréfte. Die durch Muskeln und das Kérpergewicht generierten Krafte kénnen zu einer Reduktion
der Translation und Rotation der Tibia beitragen [135, 224]. Dabei wird vor allem der
ischiocruralen Muskulatur eine groRe Bedeutung zugeschrieben. Sie fungiert als Antagonist zur
anterioren Tibiatranslation und schitzt das ACL bei Bewegungen der Tibia relativ zum Femur
[26, 106, 152]. Im Hinblick darauf wird der Muskelaktivierung durch Dehnungsreflexe eine
potentielle Bedeutung fir die Kniegelenkstabilitdt eingerdaumt [73, 74]. Friemert et al. [74]
fanden heraus, dass vor allem die Hohe der Muskelaktivitdt der ,short latency response® der
Reflexantwort mit dem Ausmal} der anterioren Tibiatranslation korrespondiert. Dieser Phase der
Reflexantwort trug innerhalb der durchgefiihrten Studie das Analysezeitfenster von 20-40 ms
Rechnung. Das vorliegende Experiment zeigte diesen Zusammenhang bei den Frauen auf,
wahrend bei den Mannern keine signifikante Veréanderung durch die Ermidungsintervention
induziert wurde. Demnach war eine Reduktion der Reflexaktivitadt des M. biceps femoris in den
Analysezeitrdumen 20-40 und 40-60 ms sowie des M. semitendinosus/semimembranosus im
Zeitfenster 20-40 ms bei den Frauen zu verzeichnen. Diese flihrte zu einer korrespondierenden
signifikanten Zunahme der anterioren Tibiatranslation. Die Ergebnisse k&nnen mit einer
unterschiedlichen Beanspruchung des neuromuskuldren Systems bei Frauen und Mé&nnern
begriindet werden. Dabei scheint die neuromuskuldre Kontrolle in Abhangigkeit von der
Bewegungsaufgabe moduliert zu werden. Rozzi et al. [187] haben herausgefunden, dass
Frauen im Vergleich zu Mannern eine erhéhte Aktivierung der ischiocruralen Muskulatur bei der
Landung von einem Sprung aufweisen. Darlber hinaus konnten die Autoren eine erhéhte
Kniegelenklaxizitdt und eine reduzierte propriozeptive Funktion bei Frauen feststellen. Sie
kamen zu dem Schluss, dass die erhdhte Muskelaktivierung vermutlich ein Versuch des
neuromuskularen Systems ist, diese Defizite zu kompensieren. Wenn dieser kompensatorische
Mechanismus durch Ermidung gestdrt wird, besteht eine erhéhte Verletzungsgefahr [187].
Demnach ist es vorstellbar, dass das verwendete Ermidungsprotokoll eine starkere Ermidung
in der ischiocruralen Muskulatur der Frauen bewirkte, die zu den reduzierten Reflexantworten
beitrug. Dabei kénnen folgende durch Ermidung ausgelésten Prozesse eine Rolle spielen: (1)
Verédnderungen der intrafusalen Eigenschaften [29, 239], (II) Modulation der préasynaptischen
Inhibition der la Afferenzen [58, 59, 184], (lll) Modifikation der intrinsischen Eigenschaften von
Motoneuronen [113, 176].
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2.2 EINFLUSS VON KONTRAKTIONSINDUZIERTEN MUSKELVERLETZUNGEN AUF
DIE NEUROMUSKULARE FUNKTION

2.2.1 Darstellung des Forschungsdefizits

Die kontraktionsinduzierte Muskelverletzung ist ein Phdnomen, welches infolge ungewohnter
physischer und ermidender Aktivitat auftritt. Je nach Ausmal} der Muskelverletzung beinhalten
die mit ihr einhergehenden Symptome (1) die partielle Ruptur intrazellularer Muskelstrukturen,
des Sarkolemms und der extrazelluldren Matrix [71, 72, 210], (ll) die Beeintrdchtigung der
neuromuskuldren Funktion [140, 172], (lll) die Entstehung von Schwellungen und den
temporaren Verlust des vollen Bewegungsausmales sowie (IV) das Auftreten von
Muskelschmerzen [51]. Die Muskelschmerzen, die mit Verzégerung auftreten und ihren
Hoéhepunkt nach zwei bis drei Tagen erreichen [51], werden in der internationalen Literatur als
,Delayed Onset Muscle Soreness” und im Volksmund als ,Muskelkater” bezeichnet.

Es konnte gezeigt werden, dass exzentrische Muskelaktionen einen stérkeren Muskelschaden
induzieren als konzentrische oder isometrische [38]. Exzentrische Muskelaktionen, gefolgt von
konzentrischen, sind Bestandteil des Dehnungs-Verklrzungs-Zyklus (DVZ) und kommen bei
alltaglichen und sportlichen Bewegungen, wie dem Gehen, Laufen und Springen, vor. Die mit
exzentrischen Muskelaktionen einhergehenden Kréfte kbénnen zum Auftreten von
kontraktionsinduzierten Muskelverletzungen fuhren. Dies ist bei langandauernden und/oder
intensiven alltaglichen und sportlichen Aktivitdten, wie z. B. dem Laufen, repetitiven Springen
und Krafttraining, der Fall. Demnach kommt die kontraktionsinduzierte Muskelverletzung haufig
bei Freizeit- und Leistungssportlern sowie in der Rehabilitation nach Verletzungen und
operativen Eingriffen vor. Dabei tritt sie vor allem bei Uberbelastung und Uberbeanspruchung
auf [65].

Fur den Menschen ist dabei der mit der Muskelverletzung einhergehende Funktionsverlust der
Muskeln von Bedeutung, weil dieser zu LeistungseinbufRen fiihrt. Darliber hinaus kann eine
inaddquate Muskelfunktion zu einem erhéhten Verletzungsrisiko beitragen. So kann eine
verminderte neuromuskuldre Funktion der gelenkumspannenden Muskulatur z. B. die
funktionelle Gelenkstabilitdt reduzieren [186] und somit das Verletzungsrisiko erh&hen.
Andererseits ist bekannt, dass die kontraktionsinduzierten Muskelschdden reversibel sind,
soweit die Schadigung ein gewisses Ausmal} nicht Uberschreitet und den betroffenen
Strukturen Gelegenheit zur Regeneration gegeben wird. Die Auswirkungen von
kontraktionsinduzierten Muskelverletzungen wurden in diversen Studien analysiert [17, 35, 50,
95, 172, 173, 175, 195, 205, 223, 225, 234]. Der Fokus der Studien lag dabei zum einen auf
den Veranderungen von Prozessen auf Muskelebene bedingt durch den strukturellen
Muskelschaden, d. h. Modulation der elektromechanischen Kopplung [101], Redistribution der
Sarkomerldngen [153], selektive Zerstérung von Muskelfasern [72] und Beeintrachtigung der
muskulédren Glykogenresynthese [12]. Zum anderen wurde die Muskelfunktion in Bezug auf die
Gelenkwinkel-Drehnmoment-Relation [205, 234], Drehmoment-Winkelgeschwindigkeit-Relation
[72], muskuldare Leistung [201], Sprungperformance [15], Sprintperformance [199],
Ausdauerperformance [81] und neuromuskuldre Funktion [56] untersucht. Die Ergebnisse der
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zitierten Studien zeigen, dass kontraktionsinduzierte Muskelverletzungen eine Abnahme der
Muskelkraft und damit auch der Performance nach sich ziehen.

Es gibt jedoch nur wenige Studien, die zwischen dem Beitrag der Beeintrachtigungen auf
Muskelebene und der Modulationen im Zentralnervensystem zur reduzierten Muskelkraft
differenzieren konnten [171, 172, 175]. Dabei ist im Hinblick auf die reduzierte Muskelkraft die
neuromuskulare Funktion von Bedeutung. Diese beinhaltet erstens die periphere Ebene, d. h.
die muskuldre Funktion, und zweitens die zentrale Ebene, d. h. die neuronale Funktion. Der
Beitrag der beiden Ebenen zu der reduzierten Muskelkraft kann unter Zuhilfenahme von
geeigneten Methoden, wie z. B. Stimulationsprotokollen, aufgeklart werden.

Die Beeintrachtigungen auf der peripheren Ebene infolge von kontraktionsinduzierten
Muskelverletzungen beinhalten u. a. die Stérung der elektromechanischen Kopplung [101] und
die Ruptur von Strukturen auf Sarkomerebene [174]. Die Modulation auf der zentralen Ebene
beinhaltet u. a. die inadaquate willkiirliche Aktivierung von Muskeln [171, 175]. Es wird
angenommen, dass die reduzierte neuronale Ansteuerung ein Schutzmechanismus ist, der das
tendomuskulare System vor weiterem Schaden bewahrt [175]. Der mit der Muskelverletzung
einhergehende Schmerz aktiviert vermutlich Gruppe Il und IV Afferenzen [162], die das
Potential besitzen Modulationen auf kortikaler [139] und spinaler Ebene [14] zu induzieren.
Diese wiederum sollen zur reduzierten willkurlichen Aktivierung nach kontraktionsinduziertem
Muskelschaden beitragen [175].

Es existieren nur wenige Studien, in denen der Beitrag der willkirlichen Aktivierung zur
reduzierten Kraft mit addquaten Methoden untersucht wurde [140, 171, 172, 175]. Die zitierten
Studien konzentrierten sich auf die Armflexoren [171, 172], Plantarflexoren [175] und
Knieextensoren [140]. In den genannten Untersuchungen konnte eine Beeintrachtigung der
kontraktilen Eigenschaften der jeweiligen Muskulatur nachgewiesen werden. Im Hinblick auf die
willkdrliche Aktivierung wurden gegensatzliche Ergebnisse gefunden. Racinais et al. [175]
konnten eine reduzierte willkirliche Aktivierung der Plantarflexoren bis 48 h nach der
Intervention, die eine Muskelverletzung induzierte, nachweisen, wahrend die Ergebnisse der
anderen Studien keine Beeintrachtigungen fir die Armflexoren und Knieextensoren zeigten
[140, 172].

Neben der willkirlichen Aktivierung von Muskeln sind Modulationen innerhalb des
Reflexbogens von Interesse, d. h. Anderungen in der Exzitabilit4t der a-Motoneuronen und/oder
prasynaptischen Inhibition [238]. Fir die Evaluation dieser Modulationen bietet sich die H-
Reflexmethode an, die Anfang des 20. Jahrhunderts durch den deutschen Physiologen Paul
Hoffmann etabliert wurde [100]. Avela et al. [14] konnten einen reduzierten H-Reflex nach
kontraktionsinduziertem Muskelschaden nachweisen, wahrend Racinais et al. [175] keine
Verédnderung des H-Reflexes dokumentierten.

Aufgrund der widersprichlichen Ergebnisse und Unklarheiten sollte die folgende eigene Studie,
im Hinblick auf den M. quadriceps femoris, zur Erweiterung des Wissens beitragen.

EXPERIMENT II: Behrens, M., Mau-Moeller, A., Bruhn, S. (2012). Effect of exercise-induced
muscle damage on neuromuscular function of the quadriceps muscle. International Journal of
Sports Medicine, 33 (8), 600-606.
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2.2.2 Fragestellung

Innerhalb dieser Studie wurde die Regeneration der neuromuskuldren Funktion des M.
quadriceps femoris nach einer Ermidungsintervention, die zur Uberbelastung und somit zu
mikrostrukturellen Muskelverletzungen fiihrte, untersucht. Es wurden die Auswirkungen von
kontraktionsinduzierten Muskelverletzungen auf das isometrische maximale willklrliche
Drehmoment (iMVT), die willkirliche Aktivierung, die kontraktilen Eigenschaften und den
Schmerz des M. quadriceps femoris in einem Zeitraum von sieben Tagen analysiert. Zudem
wurde der H-Reflex des M. vastus medialis abgeschéatzt. Es wurde angenommen, dass das
iMVT infolge der kontraktionsinduzierten Muskelverletzungen sinkt und die willkurliche
Aktivierung, die kontraktilen Eigenschaften sowie der H-Reflex moduliert werden.

2.2.3 Methoden

Im Folgenden wird der methodische Rahmen fiur das durchgefuhrte Experiment dargestellt.
Dabei wird der methodische Ansatz global skizziert. Eine detaillierte Beschreibung der
Personenstichprobe, experimentellen Prozedur, Datenaufnahme und -analyse sowie
statistischen Analyse flir das Experiment ist in der Publikation zu finden.

Fir die Untersuchung der Modulationen innerhalb des neuromuskularen Systems, ausgel6st
durch kontraktionsinduzierte =~ Muskelverletzungen,  wurden Kraftmessungen und
neurophysiologische Techniken kombiniert.

Zu den Messzeitpunkten wurden die Probanden auf einem Dynamometer fixiert, um die
Drehmomente zu messen, die durch den M. quadriceps femoris produziert wurden.

Fur die Messung der Muskelaktivitdt kamen Oberflachenelektroden zum Einsatz. Die
Elektroden wurden in einer bipolaren Konfiguration auf dem M. rectus femoris, dem M. vastus
medialis und dem M. vastus lateralis appliziert. Die Referenzelektrode wurde auf der
ipsilateralen Patella platziert.

Die Analyse der Modulationen auf den unterschiedlichen Ebenen des neuromuskularen
Systems wurde mithilfe der transkutanen elektrischen Stimulation des N. femoralis realisiert.
Durch die Applikation von elektrischen Stimuli in Ruhebedingung und wéahrend der MVCs
konnten unterschiedliche Ebenen des neuromuskuldren Systems und deren Modulation naher
untersucht werden. Dazu gehérte die Abschatzung der kontraktilen Eigenschaften des M.
quadriceps femoris in Ruhebedingung, der Erregbarkeit der spinalen a-Motoneuronen des M.
vastus medialis mittels der Exzitation der la Afferenzen und der willkirlichen Aktivierung des M.
quadriceps femoris wahrend MVC. In Abbildung 6 sind die Ebenen innerhalb des
neuromuskularen Systems, auf denen akute und chronische Adaptationen induziert werden
kénnen und die genutzten Methoden zur Untersuchung dieser dargestellt.
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Adaptationen induziert werden kénnen und die genutzten Methoden zur Untersuchung dieser (rechts).
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Abschatzung der kontraktilen Eigenschaften

Die Abschatzung der kontraktilen Eigenschaften des M. quadriceps femoris beinhaltete die
Aufzeichnung der maximalen Muskelantworten im EMG (maximale M-Welle [Ma]) und der
mechanischen Antworten der relaxierten Muskulatur auf supramaximale elektrische Einzel- und
Doppelstimuli, die am N. femoralis appliziert wurden [87, 124, 222]. Die Stimulationsintensitat
betrug dabei 140 % der Intensitat, mit der M,,ox im EMG und die korrespondierende maximale
mechanische Antwort provoziert wurde. M, reprasentiert das volle Ausmall der
Muskelaktivierung, induziert durch die direkte Depolarisation aller motorischen Axone. Es wird

davon ausgegangen, dass diese maximale muskuldre Antwort mit der Entladung des gesamten
Motoneuronenpools gleichgesetzt werden kann [163, 167]. Demnach stellt die supramaximale
Stimulation sicher, dass alle Muskelfasern innerviert werden. Diese Stimulationsmethode
erlaubt eine Abschatzung der kontraktilen Eigenschaften der betreffenden Muskulatur [80, 87,
124, 128]. Der involvierte Prozess umfasst die elektromechanische Kopplung inklusive der
intrazelluldren Ca?*-Kinetik. Durch den Pre-Post-Vergleich der Amplitude von M. und der
korrespondierenden mechanischen Antwort kann auf differente Anpassungen des
neuromuskularen Systems geschlossen werden. In Abbildung 7 sind die unterschiedlichen
berechenbaren Parameter dargestellt.

VM EMG [mV]

Drehmoment [Nm]

'y
™

Zeit
: TCT i
| ——— |

THRT

Abb. 7 Maximale M-Welle des M. vastus medialis (VM) (oben) und Drehmoment des M. quadriceps
femoris (unten) eines Probanden induziert durch die supramaximale Stimulation des N. femoralis.

RTD: rate of torque development, RTR: rate of torque relaxation, PT: peak torque, EMD:
electromechanical delay, TCT: twitch contraction time, THRT: twitch half relaxation time.
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Abschéatzung der Exzitabilitdt der spinalen a-Motoneuronen

Mit der H-Reflextechnik kann die Modulation der Exzitabilitdt der spinalen a-Motoneuronen
und/oder prasynaptischen Inhibition der la Afferenzen infolge von kurz- oder langfristigen
Interventionen abgeschétzt werden [2, 167, 197, 238]. Die Auslésung des H-Reflexes basiert
auf der kurzen elektrischen Stimulation eines gemischten peripheren Nervens, der sowohl
afferente als auch efferente Axone beinhaltet [166, 238]. Aufgrund der elektrischen Reizung mit
einer geringen Stromstdrke werden die la-Spindelafferenzen depolarisiert und das
Aktionspotential breitet sich entsprechend dem Alles-oder-Nichts-Gesetz in Richtung der
homonymen a-Motoneuronen aus. Im Rickenmark erfolgt eine Umschaltung der Erregung auf
die a-Motoneuronen, deren Depolarisation Aktionspotentiale generiert, die sich Uber den
efferenten Schenkel des Reflexbogens bis zum Muskel ausbreiten. Die durch die
Elektrostimulation induzierte Reflexantwort des Muskels wird mittels Oberflachenelektroden
elektromyografisch erfasst. Die Reflexantwort variiert in Abhangigkeit von der applizierten
Stromstadrke. Demnach erscheint bei geringen Stromstarken zunadchst der H-Reflex. Mit
zunehmender Stimulationsintensitat erhdht sich der H-Reflex, bis er sein Maximum erreicht, um
sich anschlieRend wieder zu reduzieren. Eine Erhéhung der Reizstarke impliziert aul’erdem die
Generierung eines weiteren Potentials, das als M-Welle bezeichnet wird und durch die
Stimulation der motorischen Axone entsteht. Diese direkte Muskelantwort wird durch eine
efferente Reizleitung in Richtung des Muskels ausgeldst und erreicht bei einer bestimmten
Stimulationsintensitat ihr Maximum, welches als M.x bezeichnet wird [163, 167, 238]. Die
maximale Amplitude des H-Reflexes im Verhaltnis zur maximalen M-Welle (Hpyax/Mmax-Ratio)
ermoglicht die Abschatzung der spinalen Exzitabilitdt und/oder prasynaptischen Inhibition der la
Afferenzen fir einen gegebenen Zustand [238]. Veradnderungen des Verhéltnisses beider
Amplituden durch Interventionen dokumentieren Adaptationen auf der Ebene des spinalen
sensomotorischen Systems. Im Hinblick auf die durchgeflhrten Experimente wurde die
elektrische Stimulation am N. femoralis appliziert und die elektromyographische Erfassung der
evozierten Potentiale erfolgte am M. vastus medialis. Abbildung 8 zeigt die evozierten
Potentiale (Hmax und M, ax) €ines Probanden.
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Abb. 8 Maximaler H-Reflex (Hnax) und maximale M-Welle (M. des M. vastus medialis einer
Versuchsperson.
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Abschéatzung der willkrlichen Aktivierung

Die Abschatzung der willkirlichen Aktivierung des M. quadriceps femoris erfolgte zum einen
Uber die Berechnung des normalisierten RMS-EMG (RMS-EMG/Max) und zum anderen mittels
der Interpolated Twitch Technik.

Der Vorteil der normalisierten EMG-Daten gegentber den ,einfachen“ EMG-Daten liegt in der
Reduktion von potentiellen Fehlerquellen. Dazu gehdéren eine verdnderte Elektrodenposition bei
Wiederholungsmessungen sowie die Inter-Session-Variabilitdt der Hautimpedanz, des
subkutanen Fettgewebes und der Faszien [219]. Der RMS-EMG/M,.x wurde herangezogen, um
die Aktivierung des M. quadriceps femoris wahrend der initialen Phase des
Drehmomentanstieges (RMS-EMGgrrp/Mmax) und  des Drehmomentmaximums  (RMS-
EMGiwt/Mmax) Zu analysieren.

Als zweites Verfahren wurde die Interpolated Twitch Technik verwendet. Mit dieser Methode ist
es mdoglich, die volitive Aktivierung eines Muskels zu messen [8, 77, 122, 149]. Anders gesagt,
kann somit das Ausmal’ des Aktivierungsdefizits fir den relevanten Muskel abgeschatzt
werden. Dieses wird Uber die supramaximale Stimulation eines peripheren Nervens wéahrend
einer statischen MVC und der Messung des korrespondierenden mechanischen Outputs eruiert.
Es wird angenommen, dass die supramaximale Aktivierung der motorischen Axone alle
Muskelfasern rekrutiert [163], demnach auch solche, die bei der willktrlichen Anstrengung nicht
in den Kontraktionsprozess einbezogen werden kénnen. Wenn die elektrische Stimulation
keinen additionalen mechanischen Output produziert, ist der Muskel durch den
deszendierenden Input von kortikalen, supraspinalen und spinalen Zentren voll aktiviert. Wird
das generierte Drehmoment durch die Stimuli jedoch erhdht, weist das auf eine submaximale
volitive Aktivierung hin [117].

Die Quantifizierung der volitiven Aktivierung (VA) erfolgt Gber die Formel:

% VA = (1 — (superimposed twitch * (T, * iMVT™) * control twitch™)) * 100 [140, 212]

Ty bezeichnet das Drehmomentniveau vor der Applikation der elektrischen Stimuli, welches
aufgrund der Fluktuation der Drehmoment-Zeit-Kurve unter dem iMVT liegen kann. Die
beschriebene Formel wirkt dieser Fehlerquelle entgegen. In Abbildung 9 kann die Methode
anhand von Rohdaten eines Probanden nachvollzogen werden. Die Versuchsperson hatte die
Aufgabe eine isometrische MVC durchzufiihren. Die elektrische Stimulation des N. femoralis
erfolgte 2 s nach dem Beginn der Kontraktion und generierte den ,superimposed twitch“. Das
Ende der Kontraktion I8ste eine weitere 2 s spater erfolgende elektrische Stimulation aus, die
den ,control twitch® produzierte. Mithilfe der in der Formel aufgefihrten Parameter kann auf die
willkurliche Aktivierung in Prozent geschlossen werden. Die Abbildung zeigt zudem weitere
Parameter, die anhand der Rohdaten berechnet werden kénnen und Aufschluss Uber die
neuromuskuldre Funktion geben.
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Abb. 9 EMG des M. vastus medialis (VM) (oben) und das isometrische maximale willklrliche
Drehmoment (iMVT) des M. quadriceps femoris (unten) eines Probanden.

Die Stimulationsartefakte im EMG markieren die Zeitpunkte der Stimulation, auf die der M. quadriceps
femoris mit einem Drehmomentanstieg reagierte. RTD: rate of torque development, Ty:
Drehmomentniveau vor der Applikation der elektrischen Stimuli, RMS-EMGRgp: Aktivierung des M.
quadriceps femoris wahrend der initialen Phase des Drehmomentanstieges, RMS-EMG;yr: Aktivierung
des M. quadriceps femoris wahrend des Drehmomentmaximums.
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2.2.4 Ergebnisse und Diskussion

Die durchgefiihrte Studie untersuchte die Regeneration der neuromuskuldren Funktion des M.
quadriceps femoris nach einer Ermiidungsintervention, welche zur Uberbelastung und somit zu
mikrostrukturellen Muskelverletzungen fihrte. Daflr wurden die Auswirkungen von
kontraktionsinduzierten Muskelverletzungen auf das iMVT, die willkirliche Aktivierung, die
kontraktilen Eigenschaften und den Schmerz des M. quadriceps femoris in einem Zeitraum von
sieben Tagen (Post, 24 h, 48 h, 72 h, 7 d) analysiert. Zudem wurde die Exzitabilitdt des a-
Motoneuronenpools des M. vastus medialis Uber la Afferenzen zu den Messzeitpunkten
abgeschétzt. Die kontraktionsinduzierten Muskelverletzungen wurden mithilfe eines
Dynamometers durch vier Satze mit jeweils 25 maximalen willkirlichen konzentrisch-
exzentrischen Kontraktionen bei einer Geschwindigkeit von 60°/s induziert.
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Abb. 10 Einfluss von kontraktionsinduzierten Muskelverletzungen auf das willkiirliche Drehmoment, die
Muskelaktivierung und die kontraktilen Eigenschaften des M. quadriceps femoris.

A Isometrisches maximales willkirliches Drehmoment (iMVT), B willkurliche Aktivierung, C rate of torque
development der willktrlich produzierten Drehmoment-Zeit-Kurve im Zeitfenster 0-200 ms (RTDjyyt), D
peak torque produziert durch den M. quadriceps femoris in Ruhebedingung (PT), induziert durch die
elektrische Stimulation des N. femoralis mit supramaximalen Doppel- (doublet) und Einzelstimuli (single),
E maximal rate of torque development produziert durch den M. quadriceps femoris in Ruhebedingung
(MRTD+t), induziert durch die elektrische Stimulation des N. femoralis mit supramaximalen Doppel-
(doublet) und Einzelstimuli (single), F maximal rate of torque relaxation produziert durch den M.
quadriceps femoris in Ruhebedingung (MRTRyy), induziert durch die elektrische Stimulation des N.
femoralis mit supramaximalen Doppel- (doublet) und Einzelstimuli (single). Die Daten sind als Mittelwerte
mit Standardfehler dargestellt. * zeigt eine signifikante Verdnderung zum Pre-Wert an (* P < 0,05; ** P <
0,01).
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Unmittelbar nach der Intervention (Post) war das iMVT signifikant reduziert. Dafiir kann eine
signifikante Abnahme der willkirlichen Aktivierung und der kontraktilen Eigenschaften des M.
quadriceps femoris verantwortlich gemacht werden. Die Verminderung der Muskelaktivierung
und -funktion zum Zeitpunkt Post weist auf interventionsbedingte zentrale [75] und periphere
Modulationen hin [148]. Dabei ist die deutliche Abnahme der Parameter vermutlich
Uberwiegend auf die akuten Effekte der Ermidung zurtckzuftihren [150, 202]. Die
Folgemessungen ergaben eine signifikante Reduktion des iMVT bis 48 h nach der Intervention,
die primdr auf die Verschlechterung der kontraktilen Funktion zurlckzufihren war. Die
willkUrliche Aktivierung, abgeschéatzt mittels Interpolated Twitch Technik, zeigte zwar keine
signifikante Anderung, war aber nach 24 h um 3,8 % und nach 48 h um 4,4 % vermindert.
Abbildung 10 zeigt die Zusammenfassung der wichtigsten Ergebnisse. Demnach scheinen
akute Adaptationen in der Peripherie eine gréRere Rolle fur die Abnahme des Drehmoments
nach kontraktionsinduzierten Muskelverletzungen zu spielen, wobei die Modulation der
Muskelaktivierung nicht ausgeschlossen werden kann. Die Messung des Muskelschmerzes
ergab eine signifikante Zunahme zu den Messzeitpunkten 24 h, 48 h und 72 h. Die neuronalen
Parameter wiesen jedoch keine Korrespondenz mit der Schmerzentwicklung auf.

Die Reduktion des iMVT durch kontraktionsinduzierte Muskelverletzungen konnte in
unterschiedlichen Studien nachgewiesen werden [140, 172, 175]. Im Hinblick auf den Beitrag
der Muskelinaktivierung zur Abnahme des iMVT konnten Racinais et al. [175] eine reduzierte
willkdrliche Aktivierung der Plantarflexoren bis 48 h nach der Intervention, die eine
Muskelverletzung induziert hat, nachweisen. Im Widerspruch dazu stehen die Ergebnisse von
Martin et al. [140] und Prasartwuth et al. [172], die keine Verdnderung dieses Parameters fir
die Knieextensoren und Armflexoren finden konnten. Durch den kombinierten Ansatz der
vorliegenden Studie, der die Abschatzung der willktrlichen Aktivierung Gber die Interpolated
Twitch Technik und den normalisierten RMS-EMG umfasste, konnte keine Modulation der
Muskelaktivierung festgestellt werden. Zudem zeigte die Exzitabilitdt der a-Motoneuronen des
M. vastus medialis, abgeschéatzt mittels der H-Reflextechnik, ebenfalls keine Veranderung.
Demnach scheint der mit kontraktionsinduzierten Muskelverletzungen einhergehende
Muskelschmerz keine Modulation dieser neuronalen Parameter zu provozieren.

Die  Verschlechterung  der  kontraktilen  Funktion  nach  kontraktionsinduzierten
Muskelverletzungen wurde schon zuvor beobachtet [172]. Die Abnahme der Muskelfunktion
wird dabei primar durch die Beeintrachtigung der elektromechanischen Kopplung verursacht.
Dabei spielen vermutlich die partielle Ruptur transversaler Tubuli [213], die Abnahme der
intrazelluldaren Ca?-Konzentration und eine reduzierte Ca®'-Sensitivitat eine Rolle [20, 21].
Daruber hinaus wird eine Rechtsverschiebung der Langen-Spannungs-Relation durch den
strukturellen Muskelschaden diskutiert [109, 171], die durch eine ungleichmé&Rige Dehnung und
Ruptur von Sarkomeren zustande kommt [38]. Demzufolge muss der Muskel langer sein, damit
die Myofilamente optimal interagieren kénnen.
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3. CHRONISCHE ANPASSUNGEN DER NEUROMUSKULAREN
FUNKTION

3.1 EINFLUSS EINES PLYOMETRISCHEN TRAININGS AUF DIE NEUROMUSKULARE
FUNKTION

3.1.1 Darstellung des Forschungsdefizits

Regelmalige physische Aktivitét, z. B. Training, fihrt zur Steigerung der Leistungsfahigkeit des
neuromuskularen Systems. Im Hinblick auf eine Erhéhung der Muskelkraft bietet sich
Krafttraining an, welches neuronale und muskuldre Adaptationen provoziert. Dabei wird der
Kraftzuwachs in der initialen Phase des Trainings primar neuronalen Anpassungen
zugeschrieben, denen muskulare Adaptationen folgen [66].

Zu den neuronalen Adaptationen infolge von Krafttraining gehért eine zunehmende
Verbesserung der intermuskularen Koordination, vor allem bei Kraftleistungen, die das
Zusammenspiel mehrerer Muskeln erfordern [188]. Des Weiteren kann es zur Erhéhung der
Muskelaktivierung des Agonisten kommen, die mit einer erhéhten Rekrutierung und
Feuerfrequenz von motorischen Einheiten begriindet wird [60, 192]. Ein Anstieg der
agonistischen Muskelaktivitat infolge eines Krafttrainings wurde in diversen Studien belegt, die
zur Detektion der trainingsbedingten Veranderungen die Elektromyographie (EMG) [88-90, 118,
157] oder Stimulationstechniken [2, 55, 61, 69, 179] verwendeten. Es gibt Hinweise darauf,
dass die durch Krafttraining induzierten Anpassungen primér auf spinaler Ebene lokalisiert sind
und kortikale Adaptationen eine untergeordnete Rolle spielen [44, 60, 104]. Zudem kann
Krafttraining die Koaktivierung des Antagonisten reduzieren [43], was wiederum zur Abnahme
der zu Uberwindenden Kraft flr den Agonisten fihrt. Aulerdem kann eine verminderte
Koaktivierung zur Erhéhung der agonistischen Muskelaktivitdt fihren, indem die reziproke
Inhibition des Agonisten abnimmt [70].

Die primare Anpassung auf Muskelebene infolge von Krafttraining ist die Zunahme des
Muskelquerschnitts, die als Muskelhypertrophie bezeichnet wird [70]. Nach der Initiierung des
ersten Trainingsstimulus werden diverse zellulare und hormonelle Signalwege aktiviert, die zur
Hypertrophie der beanspruchten Muskulatur fihren [22, 28, 52]. Die beiden dabei involvierten
Hauptprozesse sind (l) die Erhéhung der Muskelproteinsynthese [123] und (Il) die Proliferation
von Satellitenzellen im Muskel [110]. Trotz des zeitnahen Einsetzens der genannten Prozesse
ist eine messbare Zunahme des Muskeldickenwachstums bei zuvor untrainierten Personen erst
nach ca. vier bis acht Wochen nachweisbar [4, 11, 76, 98]. Eine neuere Untersuchung zeigte
jedoch, dass eine signifikante Muskelquerschnittzunahme bereits nach drei Wochen eintreten
kann [200]. Die beiden Prozesse, die das Muskelwachstum induzieren, setzen zwar zeitnah
nach der Applikation des ersten Trainingsstimulus ein, tragen aber in unterschiedlichem
Ausmald zur Hypertrophie der beanspruchten Muskulatur bei. Demnach ist die Erhéhung der
Muskelproteinsynthese der primare Faktor fir das Muskeldickenwachstum und die Aktivierung
von Satellitenzellen steht diesem nach [11]. Dabei sind die Typ Il Muskelfasern stéarker von der
Hypertrophie betroffen als die Typ | Muskelfasern [40, 209, 215].

Neben dem Dickenwachstum des Muskelgewebes durch Krafttraining kommt es zu weiteren
Adaptationen. Diese beinhalten Anpassungen innerhalb der Muskelfasertypen, die durch eine
Abnahme der Typ [IX und eine Zunahme der Typ IIA Muskelfasern gekennzeichnet sind [40, 90,
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92]. Dariber hinaus kann es zur Veranderung der Sehne und des Bindegewebes [70, 119]
sowie der Muskelarchitektur kommen [1, 112].

Krafttraining kann mittels unterschiedlicher Trainingsregimes durchgefiihrt werden, die
wiederum spezifische Anpassungen provozieren. Dazu gehéren u. a. das Training an Geréten,
Training mit freien Gewichten, Elektromyostimulationstraining und plyometrisches Training.

Der Begriff plyometrisches Training bezieht sich auf sportliche Ubungen, die den DVZ
involvieren [137]. Der DVZ ist durch eine exzentrische Muskelaktion, auf die eine konzentrische
folgt, gekennzeichnet und kommt bei alltaglichen und sportlichen Bewegungen, wie dem
Gehen, Laufen und Springen, vor. Plyometrisches Training kommt bei gesunden Menschen zur
Anwendung, es wird aber auch fiir spezielle Patientenpopulationen, z. B. Menschen mit
Osteoporose, empfohlen [137].

Die Auswirkungen eines plyometrischen Trainings auf den menschlichen Organismus wurden in
diversen Studien thematisiert [31, 85, 107, 111, 121, 127, 132, 133, 136, 189, 207, 231]. Der
Fokus lag dabei zum einen auf der Wirkung dieser Trainingsform auf die sportliche Leistung, z.
B. die Sprung-, Sprint- und Laufperformance [31, 121, 194, 207]. Zum anderen wurden
neuromuskulare Adaptationen [85, 127, 132, 133, 189, 214] und muskuloskeletale Adaptationen
[9, 111, 121, 231, 233] untersucht. Obwohl diverse Studien eine Kraftsteigerung nach
plyometrischem Training dokumentieren konnten [91, 189, 230], existieren nur wenige Studien,
die die zugrundeliegenden neuromuskuldren Adaptationen analysiert haben. Kyrolainen et al.
[127] untersuchten neuronale Anpassungen mittels EMG und muskulare Adaptationen mithilfe
von Muskelbiopsien. Nach dem Training stellten die Autoren eine erhéhte maximale Kraft der
Plantarflexoren und einen Anstieg der korrespondierenden EMG-Aktivitat fest, jedoch keine
Anderungen auf muskuldrer Ebene. Kubo et al. [121] konnten ebenfalls eine Steigerung der
Kraft der Plantarflexoren nach plyometrischem Training nachweisen. Mithilfe der Interpolated
Twitch Technik konnten die Autoren zeigen, dass eine erhéhte willkirliche Aktivierung zur
Kraftsteigerung beigetragen hat. Im Hinblick auf die Knieextensoren konnten Kyrolainen et al.
[127] keine Steigerung der maximalen Kraft, aber der Kraftanstiegssteilheit, nach einem
plyometrischen Training feststellen. Malisoux et al. [133] untersuchten muskulare Adaptationen
des M. vastus medialis infolge eines plyometrischen Trainings mittels Muskelbiopsien und
stellten eine Erhéhung des Querschnitts far Typ-l, -IIA und -lIIA/IIX Muskelfasern fest. Die
Autoren konnten auf3erdem eine Steigerung der Kraft und Sprunghéhe dokumentieren.
Aufgrund der Ubersichtlichen Anzahl an Studien, die sich mit neuronalen sowie muskularen
Adaptationen und ihrem Beitrag zu einer gesteigerten maximalen Kraft nach plyometrischem
Training beschaftigten, kommen Markovic und Mikulic [137] in ihrem Review-Artikel Uber
plyometrisches Training auf S. 869 zu dem Fazit: ,[...] our current knowledge about plyometric
training-induced changes in neural function is limited“. Hier wird der Forschungsbedarf deutlich.
Es existieren nur wenige Studien, die die neuromuskuldre Funktion des M. quadriceps femoris
vor und nach plyometrischem Training mit geeigneten Methoden analysiert haben. Die folgende
durchgefuhrte Studie sollte dazu beitragen das Wissen in dieser Hinsicht zu erweitern.

EXPERIMENT llI: Behrens, M., Mau-Moeller, A., Bruhn, S. (2013). Effect of plyometric training

on neural and mechanical properties of the knee extensor muscles. International Journal of
Sports Medicine (in press).
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3.1.2 Fragestellung

Innerhalb dieses Experiments wurde die Modulation der Leistungsféhigkeit des
neuromuskularen Systems durch Training untersucht. Es wurden die Auswirkungen eines
achtwéchigen plyometrischen Trainings auf das iMVT, die willkirliche Aktivierung, die
Anstiegssteilheit der Drehmoment-Zeit-Kurve (rate of torque development [RTD]), die
kontraktilen Eigenschaften des M. quadriceps femoris, den H-Reflex des M. vastus medialis und
die Sprungperformance analysiert. Es wurde davon ausgegangen, dass die
Trainingsintervention zur Erhéhung der genannten Parameter fuhrt.

3.1.3 Methoden

Fir die Untersuchung der Modulationen innerhalb des neuromuskularen Systems, ausgeltst
durch ein plyometrisches Training, wurde auf das gleiche Methodenrepertoire zurlckgegriffen,
das in Kapitel 2.2.3 beschrieben ist. Dieses beinhaltete jeweils Kraftmessungen und
neurophysiologische Techniken. Eine detaillierte Beschreibung der Personenstichprobe,
experimentellen Prozedur, Datenaufnahme und -analyse sowie statistischen Analyse fir das
Experiment ist in der Publikation zu finden.

Zu den Messzeitpunkten wurden die Probanden auf einem Dynamometer fixiert, um die
Drehmomente zu messen, die durch den M. quadriceps femoris produziert wurden.

Fur die Messung der Muskelaktivitdt kamen Oberflachenelektroden zum Einsatz. Die
Elektroden wurden in einer bipolaren Konfiguration auf dem M. rectus femoris, dem M. vastus
medialis und dem M. vastus lateralis appliziert. Die Referenzelektrode wurde auf der
ipsilateralen Patella platziert.

Die Analyse der Modulationen auf den unterschiedlichen Ebenen des neuromuskuléren
Systems wurde mithilfe der transkutanen elektrischen Stimulation des N. femoralis realisiert.
Durch die Applikation von elektrischen Stimuli in Ruhebedingung und wéahrend der MVCs
konnten unterschiedliche Ebenen des neuromuskuldren Systems und deren Modulation naher
untersucht werden. Dazu gehérte die Abschatzung der kontraktilen Eigenschaften des M.
quadriceps femoris in Ruhebedingung, der Erregbarkeit der spinalen a-Motoneuronen des M.
vastus medialis mittels der Exzitation der la Afferenzen und der willkirrlichen Aktivierung des M.
quadriceps femoris wéhrend MVC.

3.1.4 Ergebnisse und Diskussion

In diesem Kapitel werden die wichtigsten Ergebnisse des Experiments vorgestellt und
anschlielend kurz diskutiert. Die komplette Darstellung der Resultate der Studie ist in der
angehéngten Publikation zu finden.

Innerhalb dieses Experiments wurde die Modulation der Leistungsfédhigkeit des
neuromuskularen Systems durch Training untersucht. Die durchgeflihrte Studie analysierte die
Auswirkungen eines achtwéchigen plyometrischen Trainings auf das iMVT, die willkirliche
Aktivierung, die RTD und die kontraktilen Eigenschaften des M. quadriceps femoris sowie die
Sprungperformance. Zudem wurde die Exzitabilitdt des a-Motoneuronenpools des M. vastus
medialis Uber la Afferenzen zu den Messzeitpunkten abgeschéatzt. Die Messung der
neuromuskularen Funktion erfolgte in zwei Kniewinkeln, d. h. 80° und 45° Knieflexion (0° = volle
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Extension), um potentielle winkelspezifische Trainingsanpassungen aufzudecken. Das Training
erfolgte zwei Mal pro Woche und beinhaltete Countermovement Jumps, Squat Jumps und Drop
Jumps.
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Abb. 11 Einfluss eines plyometrischen Trainings auf das willkirliche Drehmoment und die Aktivierung des
M. quadriceps femoris.

A Isometrisches maximales willkirliches Drehmoment (iMVT), B willkirliche Aktivierung, C normalisierte
Muskelaktivitat wahrend des isometrischen maximalen willkirlichen Drehmoments (RMS-EMGiyy1/Mmax)
bei 80° und 45° Knieflexion vor und nach einem plyometrischen Training. INT: Interventionsgruppe, KON:
Kontrollgruppe. Die Daten sind als Mittelwerte mit Standardabweichung dargestellt. * zeigt einen
signifikanten Unterschied zwischen den Gruppen an (* P < 0,05).

Die Ergebnisse zeigen eine Erh6hung der mechanischen und neuronalen Parameter bei MVC
fur die Knieflexion von 80° aber nicht fir die Knieflexion von 45° (Abbildung 11). Diese
Resultate weisen auf eine winkelspezifische Trainingsadaptation der neuromuskuldren Funktion
des M. quadriceps femoris hin.

Nach dem Training war das iMVT der Interventionsgruppe signifikant héher als das der
Kontrollgruppe. Dieser Befund deckt sich mit den Ergebnissen anderer Studien, die ebenfalls
eine Erhéhung der maximalen willkurlichen Kraft nach einem plyometrischen Training
nachweisen konnten [91, 127, 189, 207]. Die Steigerung des iMVT in der aktuellen Studie kann
auf einen erhéhten efferenten Output der a-Motoneuronen zurlickgefiihrt werden. Diese
Annahme wird durch die Ergebnisse beider Messverfahren zur Abschatzung der willkirlichen
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Aktivierung gestitzt. Die kontraktilen Eigenschaften zeigten keinen trainingsbedingten
Gruppenunterschied. Auf Grundlage dieser Resultate kann davon ausgegangen werden, dass
die applizierte Trainingsmalnahme primar neuronale Anpassungen provoziert hat. Zu ahnlichen
Ergebnissen kamen Kyrolainen et al. [127], die eine Erhdhung der Muskelaktivierung der
Plantarflexoren infolge eines plyometrischen Trainings nachweisen konnten, wéhrend keine
muskuldren Veradnderungen detektiert wurden. DarlUber hinaus existieren Studien, die
neuronale und hypertrophische Veradnderungen nach einem Sprungtraining zeigen konnten
[121, 133]. Generell wird allerdings angenommen, dass primar neuronale Anpassungen fiir den
Anstieg der willkirlichen maximalen Kraft in den ersten Wochen eines Krafttrainings
verantwortlich sind [60, 91, 154]. Aufgrund der Winkelspezifik der Anpassungen in der
vorliegenden Studie kann primé&r von neuronalen Adaptationen ausgegangen werden [116]. Die
Ergebnisse einer Studie von Thepaut-Mathieu et al. [216] weisen darauf hin, dass neuronale
Anpassungen lediglich die Gelenkwinkel und damit Muskelldngen betreffen, die im Training
Verwendung fanden. Damit geht einher, dass eine Kraftsteigerung ebenfalls nur in den
spezifischen Gelenkwinkeln zu beobachten ist. Dagegen scheinen sich hypertrophische
Adaptationen auf die maximale willkirliche Kraft in allen Gelenkwinkeln auszuwirken [116, 191].
Voigt et al. [226] fanden bei ihren Probanden erhéhte Dehnungsreflexe und H-Reflexe infolge
eines vierwdchigen plyometrischen Trainings. Die Autoren gingen davon aus, dass eine erhéhte
Muskelspindelsensitivitdt sowie eine reduzierte prasynaptische Inhibition der la Afferenzen zu
den Ergebnissen beitrugen. In der aktuellen Studie bestand das Training gréftenteils aus
Sprungiibungen, die zwischen ~80° und 0° Knieflexion (0° = volle Extension) durchgefihrt
wurden. Dabei entsprachen 80° Knieflexion dem Umkehrpunkt beim Countermovement Jump
und der Startposition beim Squat Jump. Demnach waren die Gewichtsbelastung und damit der
Anspruch an die Kraftleistung im besagten Kniewinkel am héchsten. Zudem sind die Anteile des
M. quadriceps femoris und damit auch die Muskelspindeln bei 80° Knieflexion l&nger. Das kann
zu einer gesteigerten Erregung des M. quadriceps femoris Motoneuronenpools Uber la
Afferenzen fihren, die bei einer Knieflexion von 45° nicht erfolgt [27, 122]. Demnach ist es
mdglich, dass das plyometrische Training die Spindelsensitivitdt ausschliellich bei 80°
Knieflexion erhdht hat und damit zur Steigerung des la-afferenten Inputs beitrug. Dieser kénnte
wiederum zur Steigerung des gesamten exzitatorischen Outputs im Sinne einer gesteigerten
willkdrlichen Aktivierung wahrend MVC beigetragen haben.
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3.2 EINFLUSS DES ALTERNS AUF DIE NEUROMUSKULARE FUNKTION

3.2.1 Darstellung des Forschungsdefizits

Im Verlauf des Alterungsprozesses kommt es zu einer Reduktion der Leistungsfahigkeit des
neuromuskuldren Systems. Die Abnahme der neuromuskuldren Funktion des gesunden
alternden Menschen ist durch strukturelle und funktionelle Veranderungen bedingt.

Die strukturellen Veranderungen beinhalten u. a. eine Abnahme des Volumens von Neuronen
im Lobus frontalis [93, 190] und in der Substantia alba des Cerebrums [138]. Darliber hinaus
spielen Modulationen im peripheren Nervensystem eine Rolle. Dazu gehdren die Reduktion der
Anzahl und des Durchmessers myelinisierter Axone [151] und die Abnahme der axonalen
Leitungsgeschwindigkeit [147] aufgrund verminderter Myelinisierung und verdnderter
Internodiumléngen [3]. Es kommt des Weiteren zu einem zunehmenden Verlust von a-
Motoneuronen, induziert durch Apoptose, die Reduktion der Aktivitat von insulindhnlichen
Wachstumsfaktoren (insulin-like growth factor 1, IGF-1), die erhéhte Konzentration spezifischer
Zytokine (tumor necrosis factor (TNF)-a, TNF-B, Interleukin (IL)-6) und oxidativen Stress [3].
AuRerdem kann eine altersbedingte Abnahme der Muskelfaseranzahl und Atrophie von
Muskelfasern konstatiert werden. Dabei sind die Typ Il Muskelfasern stérker betroffen als die
Typ | Muskelfasern [68, 117, 129]. Als primare Ursache dafiir wird eine reduzierte myofibrillare
Proteinsynthese im Alter diskutiert [18]. Zudem weisen &ltere Individuen eine sogenannte
anabole Resistenz auf [180], die durch eine reduzierte Fahigkeit zur Erhdéhung der
Muskelproteinsynthese charakterisiert ist. Demnach reagieren jlingere und altere Menschen
unterschiedlich auf anabole Stimuli, wie z. B. Nahrungsaufnahme und physische Aktivitat [53,
180, 229]. Des Weiteren wurde die Reduktion der kontraktilen Kinetik [54] sowie die
Modifikation der Muskelarchitektur [157] beim alteren Menschen nachgewiesen. Im Hinblick auf
die Veranderung der Muskelarchitektur sind primdr zwei Faktoren relevant: () die Reduktion der
Muskelfaszikelldange und (ll) die Abnahme des Fiederungswinkels der Muskulatur [120, 157]
bedingt durch die Abnahme der Sarkomere in Serie. Dadurch werden die Langen-Spannungs-
Relation, Kraft-Geschwindigkeits-Relation und Leistungs-Geschwindigkeits-Relation des
relevanten Muskels negativ beeinflusst [157].

Die altersbedingten funktionellen Veranderungen inkludieren u. a. die Modulation der Aktivitat
des zerebralen Cortexes wahrend differenter Aufgaben, die mittels funktioneller
Magnetresonanztomographie [96, 181] wund transkranieller Magnetstimulation [193]
nachgewiesen wurden. Zudem konnte bei &lteren Menschen eine erhdhte Koaktivierung
antagonistischer Muskeln festgestellt werden [23, 36], die zur Reduktion der Kraftproduktion der
agonistischen Muskeln beitragt. Die Ursache liegt in der Erhéhung der zu Uberwindenden Kraft
fir den Agonisten. Aulierdem kann eine erhdhte Koaktivierung zur Abnahme der agonistischen
Muskelaktivitat fihren, indem die reziproke Inhibition des Agonisten zunimmt. Des Weiteren
deuten H-Reflex Studien darauf hin, dass die spinalen a-Motoneuronen im Altersgang eine
reduzierte Erregbarkeit aufweisen [64, 221] und es zu einer Modifikation von
Hemmungsmechanismen, wie z. B. der prasynaptischen Inhibition von la Afferenzen [63] und
der reziproken Inhibition [114], bei spezifischen Bewegungsaufgaben kommt.
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Die genannten und weitere Faktoren sind mitverantwortlich fir die Abnahme der Muskelkraft mit
zunehmendem Alter, die in der internationalen Literatur als ,Dynapenia“ charakterisiert wird [49,
134]. Die verminderte mechanische Muskelperformance, die eine reduzierte willkirliche
maximale und explosive Kraft sowie Leistung im hoheren Alter beinhaltet, impliziert eine
Verschlechterung der funktionellen Kapazitat wahrend der Austibung von Alltagstatigkeiten. Zu
diesen Tatigkeiten gehéren z. B. das Gehen, Treppensteigen und Aufstehen von einem Stuhl
[3]. Demnach ist die altersbedingte Abnahme der maximalen und explosiven Kraftproduktion
[203] fur die Sturzinzidenz und Mobilitdt im Alltag von enormer Relevanz. Es konnte gezeigt
werden, dass die Kraft der unteren Extremitdten mit der Haufigkeit von Sturzereignissen und
der Fahigkeit auf Perturbationen der posturalen Kontrolle addquat reagieren zu kdénnen im
Zusammenhang steht [168, 169]. Daruber hinaus wurden signifikante Korrelationen zwischen
der Explosivkraft eines Individuums und der Ganggeschwindigkeit sowie der Zeit zum
Absolvieren einer definierten Anzahl von Treppenstufen gefunden [25]. Izquierdo et al. [102]
wiesen nach, dass die Fahigkeit der Beinextensoren zur schnellen Kraftproduktion mit der
posturalen Kontrolle zusammen héangt.

Aufgrund der Relevanz der maximalen und explosiven Kraft fir die Mobilitat im Alter ist die
Aufdeckung der Ursachen fur die Abnahme dieser Kraftfahigkeiten von Bedeutung. Obwonhl die
altersbedingte Abnahme der Maximal- und Explosivkraft des M. quadriceps femoris mehrfach
nachgewiesen wurde [102, 103, 170], sind die zugrundeliegenden neuromuskuldren
Mechanismen ungentigend untersucht. Darlber hinaus sind die Ergebnisse der existierenden
Studien zu dieser Thematik partiell widerspriichlich. So konnten Roos et al. [183] und Wilder et
al. [228] keine altersbedingte Verédnderung der willkirlichen Aktivierung des M. quadriceps
femoris wahrend isometrischer maximaler willkirlicher Kontraktionen (maximum voluntary
contraction [MVC]) feststellen, wéhrend Stevens et al. [211] und Stackhouse et al. [208] ein
altersbedingtes Aktivierungsdefizit der Knieextensoren wédhrend isometrischer MVC bei
gesunden Mannern und Frauen aufdecken konnten.

Die unterschiedlichen Ergebnisse sind zum Teil auf methodische Defizite zurlickzuflihren. Die
folgende durchgefuhrte Studie sollte in dieser Hinsicht zur Erweiterung des Wissens beitragen.

EXPERIMENT IV: Mau-Moeller, A.*, Behrens, M.*, Lindner, T., Bader, R., Bruhn, S. (2013).
Age-related changes in neuromuscular function of the quadriceps muscle in physically active
adults. Journal of Electromyography and Kinesiology, 23 (3), 640-648. (* authors contributed
equally to this work)
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3.2.2 Fragestellung

Diese Studie untersuchte den Abfall der Leistungsfahigkeit des neuromuskuldren Systems
infolge des Alterungsprozesses. Dazu wurde der Beitrag altersbedingter neuronaler und
muskularer Veréanderungen zur Reduktion des iMVT und der RTD analysiert. Zudem wurde der
H-Reflex des M. vastus medialis zwischen alteren und jlingeren Probanden verglichen. Es
wurde angenommen, dass die Reduktion neuronaler sowie muskuldrer Parameter fir die
Abnahme der maximalen willkirlichen Kraft im Altersgang verantwortlich ist.

3.2.3 Methoden

Fur die Untersuchung der Modulationen innerhalb des neuromuskuldren Systems, ausgeldst
durch den Alterungsprozess, wurde auf das gleiche Methodenrepertoire zurtickgegriffen, das in
Kapitel 2.2.3 beschrieben ist. Dieses beinhaltete jeweils Kraftmessungen und
neurophysiologische Techniken. Eine detaillierte Beschreibung der Personenstichprobe,
experimentellen Prozedur, Datenaufnahme und -analyse sowie statistischen Analyse fir das
Experiment ist in der Publikation zu finden.

Zu den Messzeitpunkten wurden die Probanden auf einem Dynamometer fixiert, um die
Drehmomente zu messen, die durch den M. quadriceps femoris produziert wurden.

Fur die Messung der Muskelaktivitdt kamen Oberflachenelektroden zum Einsatz. Die
Elektroden wurden in einer bipolaren Konfiguration auf dem M. rectus femoris, dem M. vastus
medialis und dem M. vastus lateralis appliziert. Die Referenzelektrode wurde auf der
ipsilateralen Patella platziert.

Die Analyse der Modulationen auf den unterschiedlichen Ebenen des neuromuskularen
Systems wurde mithilfe der transkutanen elektrischen Stimulation des N. femoralis realisiert.
Durch die Applikation von elektrischen Stimuli in Ruhebedingung und wahrend der MVCs
konnten unterschiedliche Ebenen des neuromuskuldren Systems und deren Modulation naher
untersucht werden. Dazu gehérte die Abschatzung der kontraktilen Eigenschaften des M.
quadriceps femoris in Ruhebedingung, der Erregbarkeit der spinalen a-Motoneuronen des M.
vastus medialis mittels der Exzitation der la Afferenzen und der willkirlichen Aktivierung des M.
quadriceps femoris wéhrend MVC.

3.2.4 Ergebnisse und Diskussion

In diesem Kapitel werden die wichtigsten Ergebnisse des Experiments vorgestellt und
anschlielend kurz diskutiert. Die komplette Darstellung der Resultate der Studie ist in der
angehéngten Publikation zu finden.

Das durchgefihrte Experiment untersuchte den Abfall der Leistungsfahigkeit des
neuromuskularen Systems infolge des Alterungsprozesses. Innerhalb einer Querschnittstudie
wurde der Beitrag altersbedingter neuronaler und muskuldrer Verdnderungen zur Reduktion
des IMVT und der RTD analysiert. Zudem wurde die Exzitabilitdt des a-Motoneuronenpools des
M. vastus medialis Uber la Afferenzen zwischen &alteren und jungeren Probanden verglichen.
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Abb. 12 Einfluss des Alterns auf das maximale und explosive willkiiriche Drehmoment und die
Muskelaktivierung des M. quadriceps femoris.

A Isometrisches maximales willkirliches Drehmoment (iMVT), B willkirliche Aktivierung, C normalisierte
Muskelaktivitdt wadhrend des isometrischen maximalen willkirlichen Drehmoments (XRMS-
EMGiwvt/Mmax), D maximal rate of torque development der willkiirlich produzierten Drehmoment-Zeit-
Kurve (MRTD), E maximal rate of torque development der willkiirlich produzierten Drehmoment-Zeit-
Kurve normalisiert zum isometrischen maximalen willkirlichen Drehmoment (MRTD/IMVT), F
normalisierte Muskelaktivitat wahrend der maximal rate of torque development der willklrlich produzierten
Drehmoment-Zeit-Kurve (XRMS-EMGyrtp/Mmax). * zeigt einen signifikanten Unterschied zwischen den
Gruppen an (* P < 0,05; ** P <0,01).

Das iMVT der é&lteren Probanden war im Vergleich zum iMVT der jungeren Probanden
signifikant reduziert. Dem Unterschied in der Mechanik lag eine differente willklrliche
Aktivierung zugrunde. Demnach war die Muskelaktivierung der alteren Mé&nner und Frauen
signifikant geringer als die der jingeren. Dieser Befund konnte durch die Interpolated Twitch
Technik sowie den normalisierten RMS-EMG abgesichert werden (Abbildung 12). Dartber
hinaus wiesen die alteren Probanden eine signifikant geringere maximale RTD auf. Weitere
Unterschiede konnten im Hinblick auf die kontraktilen Eigenschaften des M. quadriceps femoris
und die fettfreie Masse des untersuchten Beines gefunden werden.

Die Reduktion der maximalen willkirlichen Kraft der Knieextensoren im Altersgang ist gut belegt
[48, 134] und die Ergebnisse der vorliegenden Studie bestatigen diesen Sachverhalt. Die
Resultate des Experiments weisen auf eine reduzierte willkirliche Aktivierung des M.
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quadriceps femoris bei den &lteren Probanden hin. Demnach scheint ein reduzierter efferenter
Output der a-Motoneuronen mitverantwortlich fir die Abnahme des iIMVT mit zunehmendem
Alter zu sein. Es existieren Studien, die ein Aktivierungsdefizit bei alteren Menschen
nachweisen konnten [208, 211], wahrend andere Experimente keine altersbedingte Abnahme
der willkUrlichen Aktivierung fanden [39, 183, 228]. Die widersprichlichen Ergebnisse sind
vermutlich auf unterschiedliche elektrische Stimulationsmethoden und heterogene
Probandenpopulationen zurlickzufihren. Ein Aktivierungsdefizit wurde zumeist dann
festgestellt, wenn die ,Central Activation Ratio“ zur Abschatzung der willkirlichen Aktivierung
verwendet wurde [208, 211]. Wenn die Interpolated Twitch Technik zur Analyse der
Muskelaktivierung herangezogen wurde, konnte gréftenteils kein Unterschied in der Aktivierung
der Knieextensoren bei jingeren und alteren Erwachsenen festgestellt werden [39, 183, 228]. In
der vorliegenden Studie wurden zwei Ansatze zur Messung der willkirlichen Aktivierung des M.
quadriceps femoris verwendet. Zum einen erfolgte die Abschatzung der Muskelaktivierung tber
die Berechnung des normalisierten RMS-EMG und zum anderen mittels der Interpolated Twitch
Technik. Zudem wurde fir die Berechnung der willkiirlichen Aktivierung, die mittels der
Interpolated Twitch Technik erhoben wurde, eine korrigierte Formel verwendet. Diese Formel
bertcksichtigt das Drehmomentniveau vor der Applikation der elektrischen Stimuli, welches
aufgrund der Fluktuation der Drehmoment-Zeit-Kurve unter dem iMVT liegen kann.

In der vorliegenden Studie wurden eine schlechtere Kontraktilitdt der Knieextensoren sowie
eine reduzierte Muskelmasse des untersuchten Beines bei den alteren Probanden gefunden.
Diese Befunde entsprechen den Ergebnissen anderer Studien, die ebenfalls eine altersbedingte
Verénderung der kontraktilen Eigenschaften nachweisen konnten [42, 183, 228]. Im Hinblick auf
die Muskelmasse korrespondieren die Ergebnisse des vorliegenden Experiments ebenfalls mit
der Datenlage anderer Untersuchungen [235, 236]. Als Ursache kann die altersbedingte
Abnahme der Muskelfaseranzahl und Atrophie von Muskelfasern ausgemacht werden. Diese
Prozesse wirken sich starker auf die Typ Il Muskelfasern als auf die Typ | Muskelfasern aus [68,
117, 129]. Als primare Ursache daflr wird eine reduzierte myofibrillare Proteinsynthese im Alter
diskutiert [18]. Daruber hinaus wurde eine anabole Resistenz alterer Personen nachgewiesen
[180], die durch eine reduzierte Fahigkeit zur Erhéhung der Muskelproteinsynthese
charakterisiert ist. Demzufolge reagieren jlingere und &ltere Menschen unterschiedlich auf
anabole Stimuli, wie z. B. Nahrungsaufnahme und physische Aktivitat [53, 180, 229].
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4, ZUSAMMENFASSUNG

Die Ergebnisse der durchgefihrten Studien haben zur Erweiterung des Wissens tber akute und
chronische Anpassungen der neuromuskuldren Funktion beigetragen. Es konnte gezeigt
werden, dass physische Aktivitdt sowie der Alterungsprozess, der durch einen generellen
Leistungsverlust aber auch die Zunahme von physischer Inaktivitdt gekennzeichnet ist, die
neuromuskulare Funktion der Oberschenkelmuskeln modulieren kann.

In den Experimenten | und Il wurden spezifische akute Anpassungen untersucht und die
Auswirkungen von unterschiedlich belastenden Ermudungsinterventionen auf die
neuromuskulare Funktion der Oberschenkelmuskeln analysiert. Es wurde festgestellt, dass die
Leistungsfahigkeit des neuromuskuldren Systems ermidungsbedingt abnimmt und sich
spezifische akute Adaptationen einstellen. So zeigte Experiment | ,Effect of fatigue on
hamstring reflex responses and posterior-anterior tibial translation in men and women”, dass die
spezifische Ermudungsintervention unterschiedliche Auswirkungen auf die anteriore
Tibiatranslation und die Reflexantworten des M. biceps femoris und des M.
semitendinosus/semimembranosus der Manner und Frauen hatte. Auf Grundlage der
Ergebnisse ist es vorstellbar, dass eine reduzierte Reflexaktivierung der ischiocruralen
Muskulatur mit einer korrespondierenden Erhéhung der anterioren Tibiatranslation zur erhéhten
Inzidenz fur ACL-Rupturen bei Frauen beitragen kénnte. In Experiment Il ,Effect of exercise-
induced muscle damage on neuromuscular function of the quadriceps muscle” wurde eine
Uberbelastende Ermidungsintervention durchgefihrt, die zur l&ngerfristigen Modulation der
neuromuskularen Funktion fihrte. Die Studie zeigte, dass die Abnahme der willkirlichen
Aktivierung und der kontraktilen Funktion des M. quadriceps femoris zum Kraftverlust
unmittelbar nach der Intervention, die eine Muskelverletzung induziert hat, beitrug. Im darauf
folgenden Zeitraum schienen die beeintrachtigten kontraktilen Eigenschaften der
Knieextensoren hauptverantwortlich fur die Reduktion des iMVT zu sein. Die Studie zeigte, dass
es keine Korrespondenz zwischen den neurophysiologischen Parametern und dem
Schmerzverlauf gibt.

In den Experimenten Il und IV wurden spezifische chronische Anpassungen der
neuromuskularen Funktion untersucht. Experiment Ill beschaftigte sich mit der Modulation der
neuromuskularen Funktion des M. quadriceps femoris durch gezielte repetitive physische
Aktivitdt, wahrend Experiment IV den Einfluss des Alterns und zunehmender physischer
Inaktivitat auf die neuromuskulare Funktion des M. quadriceps femoris untersuchte. In der
Publikation ,Effect of plyometric training on neural and mechanical properties of the knee
extensor muscles”, die aus Experiment Il hervorging, wurde dokumentiert, dass das
plyometrische Training primar neuronale Anpassungen provozierte, die wiederum zur
Steigerung des IMVT des M. quadriceps femoris beitrugen. DarUber hinaus konnten
winkelspezifische neuronale Adaptationen nachgewiesen werden, die bis dato lediglich nach
isometrischen Trainingsregimes beobachtet wurden [116, 216]. Das Experiment IV ,Age-related
changes in neuromuscular function of the quadriceps muscle in physically active adults” brachte
neue Erkenntnisse im Hinblick auf die Kontribution des Zentralnervensystems zur reduzierten
Kraft der Knieextensoren im Alter. Die Abschatzung der willkirlichen Aktivierung des M.
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quadriceps femoris mithilfe von zwei differenten Verfahren zeigte eine altersbedingte Reduktion.
Demnach tragen scheinbar Modulationen auf neuronaler und muskularer Ebene zur Abnahme
der maximalen Kraft im Altersgang bei.
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Anterior cruciate ligament (ACL) rupture ranks among the most common injuries in sports. The incidence of ACL injuries is
considerably higher in females than in males and the underlying mechanisms are still under debate. Furthermore, it has
been suggested that muscle fatigue can be a risk factor for ACL injuries.
reflex responses and posterior-anterior tibial translation (TT) before and after fatiguing exercise. We assessed the isolated
movement of the tibia relative to the femur in the sagittal plane as a consequence of mechanically induced TT in standing
subjects. The muscle activity of the hamstrings was evaluated. Furthermore, isometric maximum voluntary torque (iMVT)
and rate of torque development (RTD) of the hamstrings (H) and quadriceps (Q) were measured and the MVT H/Q as well as
the RTD H/Q ratios were calculated. After fatigue, reflex onset latencies were enhanced in women. A reduction of reflex
responses associated with an increased TT was observed in females. Men showed no differences in these parameters.
Correlation analysis revealed no significant associations between parameters for TT and MVT H/Q as well as RTD H/Q. The
results of the present study revealed that the fatigue protocol used in this study altered the latency and magnitude of reflex
responses of the hamstrings as well as TT in women. These changes were not found in men. Based on our results, it is
conceivable that the fatigue-induced decrease in neuromuscular function with a corresponding increase in TT probably
contributes to the higher incidence of ACL injuries in women.
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We investigated gender differences in hamstring

Introduction

Anterior cruciate ligament (ACL) rupture ranks among the most
common injuries in sports [1] and is associated with long recovery
times and high socio-economic costs. The incidence of ACL
mjuries is considerably higher in females than in males and the
underlying mechanisms are still under debate [2]. It has been
argued that differences in the passive and active stability of the
tibiofemoral joint could be responsible for the higher injury rate.
The passive stability of the knee joint depends largely on the laxity
of the ligaments and the geometry of the articular surfaces. Active
stability relies on the patellar tendon-tibia shaft angle, muscle
activity pattern, muscle reaction time, time to peak torque and
muscle stiffness [3].

Furthermore, it has been suggested that muscle fatigue can be a
risk factor for ACL injuries [2,3]. Several studies have shown that
muscle fatigue is associated with decreased joint proprioception
and postural stability as well as increased joint laxity [4-6]. Fatigue
has also been shown to alter the control of lower extremity
mechanics during landing, side-step cutting and running [7-10].
Epidemiological data suggest that injury rates tend to be higher at
the end of matches [11,12], suggesting fatigue could be related to
injury. Therefore, fatigue may play an important role in the
pathomechanics of knee joint injuries [13].

Several studies have focused on hamstring reflex responses and
their role in resisting posterior-anterior tibial translation (T'T),
which served as a criterion for functional knee stability [14,15]. A
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study by Friemert et al. [14] has revealed that these reflex
responses originate from primary and secondary spindle afferents
in the hamstring muscles. Some studies have investigated the effect
of fatigue on reflex responses of the hamstring muscles and TT
[13,16]. These studies have revealed that fatigue can modulate the
timing and magnitude of reflex activity as well as increase TT.
However, the effect of fatigue on gender-specific hamstring reflex
responses and TT has not been sufficiently nvestigated.

Furthermore, it has been suggested that a low hamstrings/
quadriceps (H/Q) strength ratio can be an indicator for knee joint
injury risk [17-19]. According to a study by Krosshaug et al. [20],
ACL injuries occur between 17 and 50 ms after initial ground
contact. Therefore, Zebis et al. [19] introduced a H/Q) ratio that
takes the ability of the subject to rapidly develop force within
50 ms into account. The authors proposed that this rate of torque
development (RTD) H/Q ratio could be used in addition to the
traditional H/Q) ratio, derived from the peak force values during
maximum voluntary contraction (MVC), to describe the potential
for knee joint stabilization.

The purpose of the present study was to analyze gender
differences in hamstring reflex responses and I'T" before and after
a fatigue protocol. We assessed the isolated movement of the tibia
relative to the femur in the sagittal plane as a consequence of
mechanically induced T'T in standing subjects. The muscle activity
of the lateral and medial hamstrings was evaluated. Furthermore,
isometric maximum voluntary torque (iMVT) and RTD of the
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hamstrings and quadriceps were measured and MVT H/Q as well
as RTD H/Q ratios were calculated.

It was hypothesized that, due to fatigue, reflex components of
the muscles are impaired and TT is altered. In addition, we
presumed that there is an association between TT and the MVT
H/Q ratio as well as the RTD H/Q) ratio. We assumed that the
main outcome variables would show gender-specific differences.

Methods

Subjects and study design

Fifty healthy subjects (25 males: 25.4%2.7 years, 78.8+7.8 kg,
180.7+5.3 cm/25 females: 23.3%£2.2 years, 64.9%8.9 kg,
168.3£3.6 cm) with no history of neurological disorders or
injuries participated. Before testing, subjects were instructed to
refrain from consuming alcohol and caffeine in the 24 h preceding
the experiment and not to perform any strenuous exercise in the
48 h prior to the measurements. All persons signed informed
consent. The study was conducted according to the declaration of
Helsinki and was approved by the ethics committee of the
University of Rostock (A 2011 129). During the experiment,
participants were examined with regard to reflex responses and
TT before and after a fatiguing jumping task. The measurements
were performed using a knee arthrometer [16,21-23] (Fig. 1). In
addition, before the execution of the fatigue protocol, the subjects
performed isometric MVCs for the hamstrings and the quadriceps

%

Effect of Fatigue on Functional Knee Stability

using a dynamometer. The experiment required approximately
2 h per person.

Measurement of posterior-anterior tibial translation
Participants were examined in bipedal stance with the knees in
30° flexion (0° = full extension). In order to standardize the stance
position between the trials, subjects gtood on a force plate
(sampling frequency: 40 Hz, GKS 1000 , IMM Holding GmbH,
Germany). Subjects were thereby provided with online feedback
about their center of pressure. Furthermore, to avoid the influence
of acoustic signals on the subjects they wore ear protection (Bilsom
Thunder T3). The subjects had no information on the point in
time of the perturbation. A standardized force was applied to the
proximal shank of the dominant leg using a pulley system in order
to induce TT. A device was attached to the tibia to secure two
linear potentiometers (measuring accuracy: <0.01 mm, linearity:
*0.7%, Type CLR13-50; Megatron, Germany) that were placed
on the patella and the tibial tuberosity (Fig. 1). The knee
arthrometer enabled us to measure the translational movement of
the tibia relative to the femur in the sagittal plane. The interface
pressure between the knee arthrometer and the subjects’ tibia was
controlled by an air pressure recorder (Kikuhime, TT MediTrade,
Denmark). The interface pressure was kept constant before and
after the fatiguing exercise. The locations of the subjects’ feet on
the force plate, the stabilizing device and the linear potentiometers
were marked in order to ensure the same positions before and after
the fatigue protocol. The applied force that induced TT was

Figure 1. Schematic drawing of the experimental setup. A: Experimental setup, B: Measurement system | 1: stopper, 2: falling weight, 3: pulley,
4: steel rope, 5: force transducer, 6: force plate, 7: visual cover, 8: linear potentiometer. Arrows indicate the direction of the force. Posterior-anterior
tibial translation was assessed by two linear potentiometers (8) placed on the patella and the tibial tuberosity. A force transducer (5) was used to

measure the force transmitted to the shank.
doi:10.1371/journal.pone.0056988.g001
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controlled using a force transducer (measuring range: 0-5000 N,
sensitivity: —3.42 to 3.36 pC-N "', linearity: =0.2-0.3%; Kistler,
Switzerland). The force sensor was placed between the stabilizing
device and the pulley system. TT was elicited 15 times in order to
familiarize the subject with the measurement. Thereafter, further
15 perturbations were applied before and immediately after the
fatigue protocol. The inter stimulus interval was varied between
~8 s and ~14 s to avoid anticipation.

EMG and torque recordings

Surface EMG was recorded using bipolar Ambu® Blue Sensor
N electrodes. The electrodes were attached to the shaved, abraded
and cleaned skin over the biceps femoris (BF) and semitendinosus/
semimembranosus (ST) of the dominant leg (resistance between
electrodes <5 kQ). The electrodes were applied with a center-to-
center distance of 2 cm over the muscle bellies and in line with the
presumed direction of the underlying muscle fibers. The reference
electrode was attached to the patella. Signals were amplified
(2500x), band-pass filtered (10-1300 Hz) and digitized (sampling
frequency: 5 kHz) through an analog-to-digital converter (DAQ
Card™-6024E, National Instruments, USA).

Torque was measured using a CYBEX NORM dynamometer
(Computer Sports Medicine®, Inc., Stoughton, MA). A hip joint
angle and knee joint angle of 30°, respectively (0° = full extension),
was chosen in order to mimic the posture and therefore the length
of the muscles during the measurement of TT. The axis of the
dynamometer was aligned with the anatomical knee flexion-
extension axis and the lever arm was attached to the anterior
aspect of the shank 2-3 cm above the lateral malleolus. Straps
across the waist and chest prevented excessive movements. The
IMVT was tested by asking the subjects to exert isometric knee
extensions and flexions against the lever arm of the dynamometer
for 3 s. For each trial, subjects were thoroughly instructed to act as
forcefully and as fast as possible. They were motivated by strong
verbal encouragement and online visual feedback of the instan-
taneous dynamometer torque provided on a digital oscilloscope
(HM1508, HAMEG Instruments, Germany). Care was taken that
the iIMV'T trials were performed without an apparent counter-
movement or pre-tension (change in baseline torque <0.5 Nm
during 200 ms prior to contraction onset). A rest period of 2 min
was allowed between trials. The maximal attempts were recorded
until the coefficient of variance of five consecutive trials was below
5% [24]. The EMG, linear potentiometer, force and torque signals
were stored on a hard drive for later analysis with custom built
LABVIEW” based software (Imago, Pfisoft, Germany).

Fatigue protocol

Fatigue was induced by repetitive jumping performed between
~90° and 0° knee flexion (0°=full extension). The fatigue
protocol consisted of consecutive maximal countermovement
jumps [25], each one separated by 4 s according to the sound of
a digital metronome. The jumps were performed until the subjects
reached a fatigued state defined as the inability to reach 50% of
their maximal jump height for 3 consecutive jumps or until the
subjects reached an intolerable state of dyspnea or exhaustion.
Rate of perceived exertion (RPE) was assessed using the Borg 6-20
scale.

Data analysis

In order to analyze the data, the EMG signals of each subject
were averaged. The EMG onset latencies were defined as the time
between onset of T'T" and onset of significant muscular activity, e.g.
the beginning of EMG deflection (average EMG baseline value
measured over 100 ms * 3 standard deviations). Muscle activity
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was analyzed according to Bruhn et al. [23], that is, the T'T signal
indicated the onset of perturbation and muscle activity was
calculated over different time intervals relative to the onset of TT,
ie. 2040, 40-60 and 60-95 ms (Fig. 2), using the root mean
square of the EMG signal (RMS-EMG). In order to assess
background activity before and after fatigue, RMS-EMG was
calculated over 50 ms prior to the onset of TT. Consequently,
background activity was subtracted from the reflex responses.
Maximum TT was determined based on the T'T' curves.

The torque signals were corrected for the effect of gravity and
the three best maximum voluntary contractions were retained for
analysis. The iMVT was defined as the highest peak torque value.
Explosive voluntary muscle strength was determined by analyzing
the average RTD over time intervals of 0-50, 0-100 and 0-—
200 ms relative to the onset of contraction. The identification of
torque onset was made manually according to the method of Tillin
et al. [26]. It has been suggested that this is the best method for
detecting signal onsets [27]. MVT H/Q as well as RTD H/Q
(RTDy 50, 0-100, 0-200 H/Q) ratios were calculated as follows [19]:
MVT H/Q =Hamstrings MVT/Quadriceps MVT and RTD,
H/Q =Hamstrings RTD,/Quadriceps RTD,, where x denotes
the analyzed time interval (0-50, 0-100, 0-200 ms).

Statistical analysis

Data were checked for normal distribution using the Kolmo-
gorov-Smirnov test. Differences between the values before and
after the fatigue protocol were tested for significance by repeated
measures ANOVA. Differences between the groups were tested for
significance by the unpaired Student’s t test. Correlations between
parameters were calculated using Pearson’s correlation coefficient.
In each case the level of significance was established at p=0.05.
SPSS 20.0 (SPSS Inc., Chicago, IL, USA) was used for statistical
analysis. Effect size (ES) was calculated with the statistical software
package G*Power (Version 3.1.5) [28]. The ES characterizes the
effectiveness of an intervention. Furthermore, it is used to
determine whether a statistically significant difference is a
difference of practical importance. ES-values = 0.10 indicate small,
ES=0.25 medium and ES=0.40 large effects [29]. Data are
presented as group mean values * standard error of the mean in
the figures and as group mean values = standard deviation in the
table.

Results

During the fatiguing exercise, men performed 159.8%£90.9 and
women 150.6%62.4 jumps. RPE using the Borg 6-20 scale was
15.2%2.0 for males and 14.8+1.6 for females. The force applied
to the proximal shank of the dominant leg remained constant
during the pre- and post-test (Table 1). Reflex onset latencies of BF
and ST were significantly delayed in women at post-test (Table 1).
BF muscle activity decreased after fatigue in women in the time
intervals 2040 ms (F=4.99, P=0.035, n>=0.166, ES=0.45)
and 40-60 ms (F=7.22, P=0.013, n7=0.224, ES=0.54). The
reflex response of BF between 60-95 ms (F'=0.455, P=0.506,
n%=0.018, ES=0.14) was unchanged in women after the fatigue
protocol. The reflex activity of ST was significantly reduced after
fatigue between 20-40 ms in women (F=5.38, P=0.029,
T]QZ 0.183, ES=0.47), but not between 40-60 ms (F=0.051,
P=0.823, n°=0.002, ES=0.045) and 60-95 ms (F=3.001,
P=0.096, n*=0.111, ES=0.35). TT increased significantly after
the fatigue protocol in females (F=11.86, P=0.002, n?=0.322,
ES=0.69) (Fig. 3).

No statistical differences in the reflex responses of BF between
20-40 ms (F=0.601, P=0.448, n*=0.032, ES=0.18), 40-60 ms
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Figure 2. EMG and tibial translation data from one representative subject. EMG activity of biceps femoris and semitendinosus/
semimembranosus as well as posterior-anterior tibial translation of one subject. In the figure, EMG data is rectified in order to visualize the different
parts of the hamstring stretch reflex. The vertical bold line indicates the onset of posterior-anterior tibial translation. Three different time intervals
were analyzed (20-40, 40-60 and 60-95 ms).
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Figure 3. Effect of fatigue on tibial translation (left) and reflex responses (middle and right). Filled bars: Pre, open bars: Post, BF: biceps
femoris, ST: semitendinosus/semimembranosus. Data are displayed as means = standard error of the mean. * denotes a significant difference
compared to the pre-measurement, *P=0.05; **P=0.01.
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(RTDo-s0, 0-100, 0-200 H/Q) for men and women.
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Table 1. Force applied to the proximal shank of the dominant leg and EMG onset latencies before and after the fatigue protocol
for men and women. In addition, weight-normalized isometric maximum voluntary torque (iMVT), weight-normalized rate of
torque development (RTDg_so, 0-100, 0-200) Of the hamstrings (H) and quadriceps (Q), MVT H/Q ratio and RTD H/Q ratios

EMG onset latencies (ms)

Parameter Men Women
Pre Post P Pre Post P
Force (N) 249.73+11.48 243.74+22.32 NS (0.220) 241.48+13.53 240.15*£12.29 NS (0.468)

BF 23.60+2.57 24.59+2.17 NS (0.080) ES=0.47 22.10+2.23 23.05+2.56 * 0.022 (ES=0.57)

ST 22.92+2.59 24.92+2.27 NS (0.058) ES=0.61 22.37+2.30 23424254 * 0.017 (ES=0.62)
H Q H Q

iMVT (N-m-kg ™) 1.21+0.20 +f 2.07+0.35 f1 0.87+0.16 T1 1.79+0.33 +f

RTD (N-m-s~"-kg™")

0-50 ms 2.76+2.77 10.80+6.61 1.72%1.01 7.37+4.38

0-100 ms 5.72+2.06 1 10.93+4.18 3.75+1.42 f1 829+3.18 1

0-200 ms 4.70+0.94 11 7.90+2.00 3.32+0.77 11 6.83+1.73
HQ H/Q

MVT H/Q ratio 0.59+0.08 11 0.50+0.10

RTD H/Q ratio

0-50 ms 0.50+0.53 0.46+0.71

0-100 ms 0.63+0.43 0.51+0.25

0-200 ms 0.62+0.16 1 0.50+0.12 f

doi:10.1371/journal.pone.0056988.t001

(F=4.118, P=0.057, n?=0.186, ES=0.48) and 60-95 ms
(F=1.429, P=0.247, T]2 =0.074, ES=0.28) were observed in
men. The reflex activity of ST was not altered in the time intervals
2040 ms (F=0.008, P=0.930, n?=0.000, ES = 0.00), 40-60 ms
(F=0.806, P=0.382, n?=0.045, ES=0.22) and 60-95 ms
(F=1.744, P=0.204, n*=0.093, ES=0.32). TT did not change
following the fatigue protocol in males (F=0.932, P=0.346,
n%=0.047, ES=0.22).

The weight-normalized iMVT of the hamstring and the
quadriceps muscle was significantly higher in men than in women
(P=0.001). Furthermore, weight-normalized RTDj o0 and
RTDy 999 of the hamstrings (P<0.01) but only RTDq 19 of the
quadriceps (P=0.05) were significantly higher in males than in
females. The MV'T H/Q ratio and the RTDg 500 H/Q ratio were
significantly different between men and women (P=0.003 and
P=0.013, respectively) (Table 1). Correlation analysis for all
participants revealed no significant associations between the
parameters for TT and the MVT H/Q ratio as well as RTD
H/Q ratio (Table 2).

Discussion

The purpose of this study was to elucidate the effect of fatigue,
induced by repetitive jumping, on reflex activity of the hamstrings
and T'T in men and women. In addition, we presumed that there
is an association between the extent of TT and the MVT H/Q
ratio as well as the RTD H/Q ratio.

Reflex onset latencies were enhanced in women after the
fatiguing task. The results revealed a fatigue-induced reduction of
reflex responses in women associated with an increased TT. Men
showed no significant differences in the parameters after the
fatigue protocol. Correlation analysis revealed no significant
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BF: biceps femoris, ST: semitendinosus/semimembranosus. * denotes a significant difference compared to the pre-measurement, *P=0.05. 1 indicates a significant
difference between men and women, $P=0.05; 11P=0.01. ES = effect size. Values are means * standard deviation.

assoclations between the parameters for 1T and the MVT H/Q.
ratio as well as the RTD H/Q ratio.

Tibial translation

It has been assumed that increased joint laxity may contribute
to increased ACL injury risk [30]. Several studies have found
significant increases in anterior knee laxity, for example, after
running [31-33] or a regular workout in volleyball [34]. However,
only Kvist et al. [34] have compared males and females after
fatiguing exercise and found an increase in TT for men.
Nevertheless, these studies measured anterior knee laxity while
subjects were relaxed. In contrast, in the current study TT was
measured in a functional weight-bearing situation. In a situation
such as this, axial loading and forces due to muscle contraction
could reduce rotation and translation compared to the passive
condition [35,36]. The present study found an increase in T'T in
women but not in men after the fatiguing exercise. The ES of 0.69
indicates that the fatigue protocol induced a large effect regarding
the parameter T'T in females. Studies using a similar methodology
have shown that an isokinetic fatigue protocol performed with a
dynamometer can increase 1T [13,16]. However, only the study
by Wojtys et al. [13] has focused on gender-specific differences but
it used a very small sample size (six men and four women). The
authors reported no gender difference in any parameter.

In general, knee ligamentous structures probably undergo some
increase in laxity during exercise, thereby placing athletes at risk
for ligamentous injury [6]. It is assumed that this is due to the fact
that joint structures, particularly the ligaments, exhibit viscoelastic
properties [37]. Therefore, cyclic stress of the ligamentous
structures leads to time-dependent and stress-dependent modifi-
cations and therefore increased ligamentous laxity [6,37]. How-
ever, the muscles that cross the knee joint play a large role in
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Table 2. Correlations between posterior-anterior tibial translation and strength parameters for all subjects.

Parameter MVT H/Q ratio RTDy_s0 H/Q ratio RTDy_100 H/Q ratio RTDy_200 H/Q ratio
Tibial translation Pre —0.07 0.10 0.25 0.09

Tibial translation Post —0.24 —0.09 0.11 —0.03

Tibial translation diff. —0.28 —0.30 -0.21 -0.19

doi:10.1371/journal.pone.0056988.t002

maintaining physiological kinematics of the knee. Muscle activity is
able to induce large changes in strains as well as forces experienced
by the ACL [38].

Reflex responses

The fast activation of muscles by means of reflexes may play a
substantial role in the stabilization of the knee joint [14]. It has
been suggested that the direct reflex arc between the ACL and the
hamstrings makes only a minor contribution to the biphasic reflex
response in the hamstring muscles [39]. Therefore, it has been
suspected that the reflex response is mainly generated by
hamstring stretch reflexes [15]. In the current study, delayed
reflex onset latencies for BF and ST were found in women after
the fatigue protocol. The ES for the parameters (BF=0.57 and
ST =0.62) indicate that the fatiguing exercise had a large effect on
the latencies of both muscles. The onset latencies for BF and ST in
men were not statistically different after fatigue. However, ES of
0.47 and 0.61, respectively, indicate that the fatigue protocol
provoked a large effect for men as well. Similar results were
reported by Melnyk and Gollhofer [16] who found an increased
latency of reflex responses after submaximal fatigue. The authors
have argued that the slowing of reflex responses probably does not
play a substantial role in functional knee stability. Nevertheless, the
authors have not focused on gender-specific differences.

In the current study, the reflex response of the females was
significantly reduced in BF for the time intervals 20-40 and 40—
60 ms (ES=0.45 and ES = 0.54, respectively). The same was true
for ST from 2040 ms (ES = 0.47). The results of the present study
correspond with the results of Melnyk and Gollhofer [16] who
found significantly decreased iEMG values for the short latency
response and medium latency response of the hamstring stretch
reflex after an isokinetic concentric-eccentric fatigue protocol. As
before, gender-specific differences were not investigated. Moore et
al. [40] have investigated vastus lateralis reflex activity induced by
a standardized tendon tap with a spring-loaded reflex hammer
before and after fatiguing isokinetic contractions. The authors
reported a significant increase in reflex amplitude in men and a
tendency to a reduction in women. They concluded that males
and females might respond differently to fatigue. A reason for this
could be that men and women activate their muscles differently
according to the requirements of the movement task. For example,
Rozzi et al. [41] have observed that women show greater muscle
activity of the lateral hamstring muscle when landing from a jump,
and possess increased knee joint laxity as well as longer time to
detect knee joint motion compared with men. The authors
concluded that the greater EMG peak amplitude and area in
women might be an attempt of the nervous system to compensate
for the greater joint laxity and proprioceptive deficit. Furthermore,
the authors argued that an interruption of this compensatory
mechanism, for example due to fatigue, might increase joint laxity
that may cause ligament injury. The greater muscle activity of the
hamstrings when landing from a jump in females may be an
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Tibial translation diff. stands for the difference between the tibial translation before and after fatigue.

explanation for the differing results in the present study between
men and women regarding reflex responses and TT. It is
conceivable that the fatigue protocol used in this study, which
consisted of repetitive jumps performed until exhaustion, induced
more fatigue in the hamstring muscles of women and therefore
impaired hamstring reflex responses.

The decrease in muscle activity in distinct time intervals in
women could be explained by different physiological processes: (i)
fatigue-induced changes in intrafusal properties, (ii) presynaptic
inhibition (PSI) of Ia afferents and (iii) changes in intrinsic
properties of motoneurons. Fatigue-induced changes in intrafusal
properties are assumed to occur during sustained MVCs and
probably reduce intrafusal contraction force and thereby the
fusimotor-driven afferent discharge [42]. Furthermore, it has been
suggested that submaximal isometric fatiguing exercise is also able
to change intrafusal properties and, in turn, reflex responses [43].
Another explanation might be the decline in transmission from Ia
afferents to motoneurons due to PSI mediated by group III and IV
afferents [44]. These afferents are sensitive to several parameters
associated with either metabolic fatigue or muscle damage [45]. It
has been found that these afferents have a powerful mput to
inhibitory interneurons which induce PSI of Ia afferent terminals
[46]. In addition, the possibility of changes in intrinsic properties
of motoneurons should be taken into account [47]. It has been
found that motoneurons can experience an intrinsic adaptation in
firing frequency to a constant excitatory drive [48]. The decrease
in jump height below 50% during the fatigue protocol and the
RPE indicated that the jumping exercise was exhaustive.
Therefore, it can be assumed that the exercise caused a stressful
metabolic loading and thereby stimulated group III and IV
afferents that probably induced PSI of Ia afferents. Furthermore, it
is conceivable that the reflex inhibition of the motoneuron pool
was accompanied by changes in the intrinsic properties of
motoneurons.

The results of the present study revealed that the fatigue
protocol used in this study altered the latency as well as magnitude
of reflex responses of the hamstring muscles and TT in women.
These changes were not found in men. The authors of various
studies have suggested that the hamstring muscles play an
important role in maintaining knee stability and that they protect
the ACL during movements of the tibia relative to the femur [49—
51]. Therefore, decreased reflex responses of the hamstring
muscles and in turn an increased TT might contribute to the
pathomechanics of knee joint injuries. It has been shown that
female athletes have an increased risk for ACL injuries [2]. Based
on our results it is conceivable that the fatigue-induced decrease in
neuromuscular function with a corresponding increase in TT
probably contributes to the higher incidence of ACL injuries in
women.
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Limits of the study

The measurements used in this study were performed in a
functional weight-bearing situation. Only a few studies have
investigated the effect of fatigue on tibial translation and muscular
responses with a similar methodology [13,16]. Therefore, com-
parisons with studies that used another methodology, e.g.
experiments that measured anterior knee laxity while subjects
were relaxed [31-33], should be viewed with caution. Further-
more, a study by Bruhn et al. [23] has revealed that hamstring
reflex responses are modulated according to the stimulus
characteristics, i.e. stretch velocity vs. stimulus amplitude. It is
possible that men and women respond differentially with regard to
stimulus characteristics. In this respect, it is noteworthy that body
weight may have influenced the response to the constant stimulus
and in turn the observed differences in the neuromuscular
response and T'T'. Moreover, we assume that the fatigue protocol
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measured metabolic data that could support this assumption.
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Abstract

v

Exercise-induced muscle injury is commonly
accompanied by areduction of muscular strength.
It has been suggested that this reduction in vol-
untary force is attributable to “peripheral” and
“central” mechanisms within the neuromuscular
system. The quadriceps muscle of 15 subjects was
damaged with four bouts of 25 maximal volun-
tary concentric-eccentric contractions at a speed
of 60°/s. In a time period of 7 days, we investi-
gated the contribution of agonist muscle activa-
tion and contractile properties (CP) to changes in
isometric maximum voluntary torque (iMVT). In
order to provide a comprehensive assessment,
the neural drive to muscles was estimated with
the interpolated twitch technique and root mean
square of the EMG signal. CP were evaluated by
analysing the twitch torque signal induced by
single and doublet stimulation. Furthermore, we

Physiology & Biochemistry -

Effect of Exercise-induced Muscle Damage on
Neuromuscular Function of the Quadriceps Muscle

measured changes in alpha motoneuron excit-
ability of vastus medialis at the spinal level due
to muscle soreness using the H reflex technique.
The iMVT was impaired at post, 24h and 48h,
while rate of torque development and voluntary
activation (VA) were only decreased immedi-
ately after the intervention. CP were impaired
immediately after exercise and at 24 h. Maximal
H reflex (Hyyax), maximal M wave (M;,,x) and the
Hinax/Mmax-ratio were not affected. Sensation of
muscle soreness assessment revealed impair-
ments at 24h, 48h and 72h. Data suggest that
reduced VA and altered CP contribute to the
force loss immediately after concentric-eccentric
exercise. Thereafter, the impairment of CP seems
to be mainly responsible for the reduced iMVT.
In addition, there is no evidence for an associa-
tion between muscle soreness and VA as well as
between muscle soreness and spinal excitability.

Introduction

v

It has been shown that unaccustomed eccentric
exercise, which involves the active lengthening of
muscles, is frequently followed by muscle dam-
age [7]. It has been suggested that the reduced
voluntary force due to muscle damage is attrib-
utable to “peripheral” and “central” mechanisms
within the neuromuscular system [28]. “Periph-
eral” mechanisms include disturbance to excita-
tion-contraction coupling [42] and disruption at
the level of sarcomeres [30]. The “central” mech-
anism is an inadequate voluntary activation of
muscles [29,31]. It has been assumed that the
reduced neural drive to the muscles is an attempt
of the neuromuscular system to prevent further
injury of the muscle-tendon unit [31]. The mus-
cle pain associated with muscle damage after
eccentric exercise is believed to reflect activity in
group Il and IV muscle afferents [27] which has

the ability to induce modulations at the spinal
level [3] and/or in the motor cortex [21]. It has
been suggested that these modulations impair
voluntary activation of muscles [29]. Several
studies have investigated neuromuscular func-
tion of the elbow flexors [28,29] and the plantar
flexors in relation to muscle damage [31]. They
have shown that contractile properties of mus-
cles were impaired. However, these studies have
found conflicting results concerning voluntary
activation. While Prasartwuth et al. [29] have
observed no change in voluntary activation of the
elbow flexors. Racinais et al. [31] have shown a
decrease in voluntary activation of the plantar
flexors up to 48 h after exercise. Another study of
Prasartwuth et al. [28] suggests that the relation
of voluntary activation and exercise-induced
muscle damage depends on the length of mus-
cles. The authors have found a significant
decrease in voluntary activation of the elbow
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flexors only at short muscle lengths. The knee extensors have
already been investigated with regard to muscle damage but
these studies were primarily interested in voluntary force pro-
duction [35,43] or the effect of different recovery modes [4,22].
Consequently, there is some lack of clarity about the underlying
neuromuscular mechanisms with regard to exercise-induced
muscle damage of the quadriceps muscle. In this context, it is of
interest whether voluntary activation and/or spinal excitability
would be linked to muscle damage. The neuromuscular function
of the quadriceps in relation to muscle soreness is of particular
interest because this muscle is crucial for many daily and sports
activities, e.g. walking, running and jumping. Therefore, in the
present study we damaged the quadriceps muscle with concen-
tric-eccentric exercise and induced muscle soreness. In the fol-
lowing time period of seven days we investigated the
contribution of agonist muscle activation and contractile prop-
erties to changes in isometric maximum voluntary torque
(iMVT). In order to provide a comprehensive assessment, the
neural drive to muscles was estimated with the interpolated
twitch technique and root mean square of the EMG signal (RMS-
EMG) during iMVT normalized to the maximal M wave (M,.x).
Contractile properties were evaluated by analysing the twitch
torque signal induced by electrical stimulation. Furthermore, we
measured changes in alpha motoneuron excitability at the spi-
nal level due to muscle soreness using the H reflex technique.
We hypothesized that exercise-induced muscle damage would
reduce voluntary force and voluntary activation. Furthermore,
we assumed that exercise-induced muscle damage would impair
contractile properties and modify spinal excitability.

Materials and Methods

v

Subjects

Fifteen subjects (8 males, 7 females, 27.2+3.8 yrs, 68.5+10.6 kg,
174.2+7.4cm) with no history of neurological disorders or inju-
ries participated. Before testing, subjects were instructed to
refrain from consuming alcohol and caffeine in the 24 h preced-
ing the experiment and not to perform any strenuous exercise in
the 48 h previous to the experiment. All persons signed informed
consent prior to investigation. The study was conducted accord-
ing to the declaration of Helsinki and was approved by the uni-
versity ethics committee. The study meets the ethical standards
of the journal [18].
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Experimental procedure

The subjects participated in 5 sessions at the laboratory (¢ Fig. 1).
No warm-up was realized before each experiment in order to
avoid H reflex and M wave potentiation [13]. The concentric-
eccentric exercise and the measurements were done with the
quadriceps muscle of the right leg using a CYBEX NORM
dynamometer (Computer Sports Medicine®, Inc., Stoughton,
MA). Throughout the testing sessions the subjects were comfort-
ably seated in a standardized position on the dynamometer.
Before testing the subjects sat passively on the dynamometer for
~15min in order to minimize potentiation effects from walking
to the laboratory. The first experimental session consisted of
neuromuscular tests followed by concentric-eccentric exercise
followed by further neuromuscular testing immediately after
the exercise. On the second, third, fourth and seventh day, sub-
jects returned to the laboratory and were investigated again. The
content of each session is displayed in © Fig. 1. The exercise con-
sisted of four bouts of 25 maximal voluntary concentric-eccen-
tric contractions at a speed of 60°[s, between 90° and 170° of
knee joint angle [19]. A rest period of 3 min was allowed between
the bouts.

Electrical stimulation

Transcutaneous electrical femoral nerve stimulation was used to
produce the stimulus-response curve. A hand-held stimulation
probe was used to locate the optimum site of stimulation. Con-
sequently, the femoral nerve was stimulated using a cathode ball
electrode which was fixed to the subject’s femoral triangle,
3-5cm below the inguinal ligament. The anode was a self-adhe-
sive electrode (35x45mm, Spes Medica, Italy) placed over the
greater trochanter. The percutaneous electrical stimuli were sin-
gle (1ms duration, 400V) and paired rectangular pulses (1ms
duration, 10ms apart, 400V) delivered by a constant-current
stimulator (Digitimer® DS7A, Hertfordshire, UK). Constant inter
stimulus intervals (ISI) were provided by a Digitimer® train/
delay generator (DG2A, Hertfordshire, UK). The testing proce-
dure included random stimulation (ISI 10s, i.e., 0.1 Hz) with dif-
ferent current intensities, resulting in a recruitment curve, until
identification of peak-to-peak maximal H reflex (Hy.x) and
Max Of vastus medialis [13,15]. The 5-10 current intensities
around H,,,,x were then repeated with two stimuli given at each
current. Afterwards H,,,x and M., were elicited and recorded
10 and 5 times, respectively. An example of the evoked poten-
tials of one representative subject is displayed in © Fig. 2. A
stimulation intensity of 40% greater than that needed for maxi-
mal twitch response and concomitant M,,, was used for evalu-
ating contractile properties and voluntary activation. Resting
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twitch responses were evoked using single and doublet stimula-
tion. Voluntary activation was assessed using the interpolated
twitch technique [2], i.e., 2s after torque onset, during the pla-
teau phase, and 2 s after the end of the maximal voluntary con-
traction a transcutaneous supramaximal doublet was given to
the femoral nerve.

EMG and torque recordings

To record bipolar surface EMG Ambu® Blue Sensor N electrodes
(2cm diameter) were used that were firmly attached to the
shaved, abraded and cleaned skin over vastus medialis, vastus
lateralis and rectus femoris muscle of the right leg. The resist-
ance between electrodes was measured with a digital multime-
ter (MY-68, McVoice, Germany) and kept below 5kQ. The
electrodes were applied with a center-to-center distance of 2cm
over the muscle bellies. The recording electrodes were in line
with the presumed direction of the underlying muscle fibres.
The reference electrode was attached to the patella of the ipsilat-
eral leg. Signals were amplified (2 500 ), band-pass filtered (10-
450Hz) and digitized with a sampling frequency of 5kHz
through an analogue-to-digital converter (DAQ Card™-6024E,
National Instruments, USA). Both, the EMG and torque signals
were sampled at 5kHz and stored on a hard drive for later analy-
sis with a custom built LABVIEW® based program (Imago,
Pfisoft, Germany).

Torque signals were measured using a CYBEX NORM dynamom-
eter (Computer Sports Medicine®, Inc., Stoughton, MA). The
knee and hip joint angles of 80° (0°=full extension), respec-
tively, were consistently maintained during the experiments.
The axis of the dynamometer was aligned with the anatomical
knee flexion-extension axis and the lever arm was attached to
the anterior aspect of the shank 2-3 cm above the lateral malleo-
lus. Straps across the waist and the chest prevented excessive
movements. The iMVT was tested by asking the subjects to exert
isometric knee extensions against the lever arm of the
dynamometer for 3s. For each trial, subjects were thoroughly
instructed to act as forcefully and as fast as possible. They were
motivated by strong verbal encouragement and online visual
feedback of the instantaneous dynamometer torque provided on
a digital oscilloscope (HM1508, HAMEG Instruments, Germany).

11711

Physiology & Biochemistry -

Fig. 2 Evoked potentials of one subject at the dif-
ferent points in time. Each drawing represents the
average of ten maximal H reflexes and 5 maximal
M waves, respectively.

Care was taken that the iMVT trials were performed without an
apparent countermovement or pre-tension (change of baseline
force <0.3Nm during the 200 ms prior to contraction onset). A
rest period of 2 min was allowed between the trials. The maxi-
mal attempts were recorded until the coefficient of variance of 5
subsequent trials was below 5%. The participants performed up
to 10 maximal voluntary contractions.

Muscle soreness assessment

The sensation of muscle soreness was assessed using the Likert
scale with 7 items (from 0: no pain to 6: severe pain), the visual
analogue scale of 10cm (Ocm: no pain, 10cm: extreme pain)
and the pressure pain threshold. Pressure pain threshold was
measured over the vastus medialis, vastus lateralis and rectus
femoris muscle using a stamp and an air pressure recorder
(Kikuhime, TT MediTrade, Denmark). The stamp was placed on
the relevant muscles in a vertical position and was pressed
down. The air pressure recorder was located between the stamp
and the muscles. The subjects were asked to announce any pain
due to muscle soreness and then the indicating pressure was
recorded as the pressure pain threshold.

Data analysis

Hpax and My,.x amplitudes were measured peak-to-peak. The
Hinax/Mmax-Tatio was calculated which can be considered as a
global index of modulations at the spinal level due to alterations
in alpha motoneuron excitability and/or presynaptic inhibition
of primary muscle spindle afferents [44]. The resting twitch tor-
ques were analyzed regarding their (i) peak torque (PT), i.e. the
highest value of twitch torque signal; (ii) maximal rate of torque
development (MRTDz7), i.e. the highest value of the first deriva-
tive of the twitch torque signal (time interval between data
points=0.2ms) and (iii) maximal rate of torque relaxation
(MRTRz7), i.e. the lowest value of the first derivative of the twitch
torque signal (time interval between data points=0.2 ms). Vol-
untary activation was calculated with the formula %VA=
(1 - superimposed twitchx(Ty,/iMVT)x control twitch™')x100
[22,36], where Ty, is the torque level immediately before the
superimposed twitch and iMVT the maximum voluntary torque.
This formula counteracts the problem that, in some cases, the
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instant the superimposed doublet is delivered does not repre-
sent the maximal torque level. In order to bypass this limitation,
Strojnik and Komi [36] suggested a correction of the original
equation that takes the torque level before the superimposed
twitch and the maximal torque into account. In the corrected
trials T, was >95% of iMVT. The trials that did not meet this cri-
terion were discarded from the analysis. The best maximal vol-
untary contractions were taken for further analyses, i.e. the
attempt with the highest iMVT and the highest rate of torque
development (RTD), respectively. The following parameters
were calculated: iMVT, RTD (RTDjyy7), i. ., the average of the dif-
ferentiated torque signal over a time period of 0-200ms and
RMS of the EMG signal during a 200 ms period at iMVT (RMS-
EMGinyt), i.e., 200ms prior to the electrical stimuli if the maxi-
mal torque level was reached at the instant the superimposed
stimuli were delivered and 100 ms on either side of iMVT if the
maximal torque level was reached before the superimposed
stimuli were administered. In order to normalize muscle activ-
ity, RMS-EMG;yt of vastus medialis, vastus lateralis and rectus
femoris was divided by their respective M, values (RMS-
EMGipmyt/Mmax) [39]. Furthermore, the average sum of RMS-
EMGiny/Mmax of vastus medialis, vastus lateralis and rectus
femoris (@Y RMS-EMG;yyt/Mmax) Was calculated.

Statistical analysis

Data were checked for normal distribution using the Kolmogorov-
Smirnov test. Differences between the values before and after the
concentric-eccentric exercise were tested for significance by one-
way repeated measures ANOVA. Further, the confidence interval
was adjusted using the Bonferroni correction in order to counter-
act the problem of multiple comparisons. In each case the level of
significance was established at p<0.05. SPSS 19 (SPSS Inc., Chi-
cago, IL, USA) was used for statistical analysis. Data are presented
as group mean values +standard error of the mean in the figures
and as group mean values +standard deviation in the table.

Results

v

Isometric maximum voluntary torque, rate of torque
development, voluntary activation and contractile
properties

The iMVT was significantly impaired at post (-40.4%, p=0.001),
at 24h (-25.2%, p=0.005) and at 48h (-27.1%, p=0.016)
(© Fig. 3a), while voluntary activation and RTD;y were only
significantly decreased immediately after the intervention
(-16.34%, p<0.001; -40.42%, p<0.001, respectively) (¢ Fig. 3b,
c). Peak torques of the resting twitch responses of the quadri-
ceps, produced by single and doublet stimulation, were signifi-
cantly reduced immediately after the maximal voluntary
concentric-eccentric exercise (-50.1%, single: p=0.001; —35.7 %,
doublet: p<0.001)and at 24 h (-24.2 %, single: p=0.046; -17.6 %,
doublet: p=0.007) (© Fig. 3d). MRTD¢y of the resting twitch tor-
ques, induced by single and doublet stimulation, revealed a sig-
nificant impairment immediately after exercise (-44.3 %, single:
p=0.028; -28.0%, doublet: p=0.006) (© Fig. 3e). MRTRyy of the
resting twitch torque, induced by single stimulation, was only
decreased immediately after the intervention (-41.2%,
p=0.011), whereas MRTRyy, induced by doublet stimulation,
was significantly decreased after exercise (-34.9%, p=0.017)
and at 24h (-27.6%, doublet: p=0.016) (© Fig. 3f).
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Evoked potentials and muscle activity

The maximal voluntary concentric-eccentric exercise did not
affect Hyax, Mimax and the Hy../Mpax-ratio of vastus medialis.
Furthermore, M, of vastus lateralis and rectus femoris did not
change significantly. Muscle activity expressed by the average
sum of RMS-EMG;yyt/Mmax of vastus medialis, vastus lateralis
and rectus femoris (@Y RMS-EMGiyyt/Mmax) Was significantly
reduced only after exercise (-27.3%, p=0.011). However, the
RMS-EMG;pyt/Mpmax-ratio of the individual muscles was not sig-
nificantly different after the exercise, at 24h, 48h, 72h and 7
days but tended towards a reduction immediately after the con-
centric-eccentric contractions (vastus medialis: -24.7%,
p=0.072; vastus lateralis: -32,9%, p=0.083; rectus femo-
ris: —28.0%, p=0.075). The mean values+standard deviations
are displayed in © Table 1.

Muscle soreness

Sensation of muscle soreness assessment using the Likert scale,
visual analogue scale and pressure pain threshold revealed sig-
nificant impairments at 24h, 48h and 72h (p<0.002, for all
assessments) (© Fig. 4; pressure pain threshold is not displayed).
Sensation of muscle soreness peaked at 48h and recovered
thereafter.

Discussion

v

The maximal voluntary concentric-eccentric exercise induced a
significant decrease in iMVT of the quadriceps muscle. The pro-
nounced reduction of iMVT and RTD;yyt immediately after the
exercise appeared to be caused by an alteration in voluntary
activation and muscle contractile properties. The decreased vol-
untary activation and resting twitch torque after the interven-
tion indicate a central modulation [17] and the occurrence of
peripheral alterations [24]. The iMVT showed a clear significant
reduction until 48 h after exercise and a slow recovery towards
control values. Similar reductions in MVT were found after
eccentric exercise of the elbow flexors [28], the knee extensors
[22] and the plantar flexors [31]. The decreased iMVT in this
study was associated with decreased contractile properties of
the quadriceps at 24 h. Voluntary activation was not significantly
impaired at 24h (-3.8%, p=0.132) and 48h (-4.4%, p=0.184),
but tended towards a reduction. At 48 h probably both, the non-
significant reduction in voluntary activation and contractile
properties (-19.3%, single: p=0.324; -16.0%, doublet:
p=0.247), respectively, contributed to the persistently decreased
iMVT (-27.1%, p=0.016). Sensation of muscle soreness occurred
24h, 48 h and 72 h after concentric-eccentric exercise. However,
changes in voluntary activation did not follow this time course.

It has been shown that fatiguing exercise has the ability to
change voluntary activation [25,34] which was the case in the
present study immediately after the concentric-eccentric exer-
cise. Muscle activity expressed by the @Y RMS-EMGiyy1/Mmax-
ratio, that takes the activity of all investigated muscles into
account, was significantly reduced directly after exercise. This
result is in accordance with the decrement of voluntary activa-
tion. The RMS-EMG;jyyt/Mpax-ratio of vastus lateralis, vastus
medialis and rectus femoris, respectively, was not significantly
different in the time period of seven days but tended toward a
reduction immediately after the concentric-eccentric exercise.
Several studies have shown that eccentric exercise decreases
surface EMG amplitude during isometric maximal voluntary
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Table 1 Maximal M wave (M), maximal H reflex (Hmax), Hmax/Mmax-ratio and RMS-EMGiy1/Mmax Of vastus medialis (VM) as well as M., and RMS-EMGiyy1/
Mnax Of vastus lateralis (VL) and rectus femoris (RF) at the different points in time. Furthermore, the average sum of RMS-EMGiyy1/Max of VM, VL and RF
(DY.RMS-EMGiyyt/Mpmay) is displayed. Data are means (+SD). *denotes a significant difference to the pre-value. (RM ANOVA =one-way repeated measures
ANOVA).

Day of exercise Recovery RM ANOVA

Before After 24h 48h 72h 7 days
Vastus medialis
Miax(MV) 9.28 (3.10) 8.74 (2.87) 9.04 (2.45) 8.86 (3.49) 8.23 (3.05) 8.94 (2.78) NS
Hax(MV) 2.12(1.75) 1.90 (1.77) 1.73 (1.70) 1.84 (1.94) 1.71(1.63) 1.88 (1.69) NS
Hoax/ MimgycTatio 0.24 (0.14) 0.21(0.12) 0.19 (0.14) 0.19(0.13) 0.21(0.14) 0.21(0.14) NS
RMS-EMGingy/Mimax 0.054 (0.023) 0.041(0.019)  0.049 (0.014) 0.044(0.019)  0.048(0.017)  0.045(0.026) NS
Vastus lateralis
Miax(MV) 8.37 (3.84) 7.50 (3.39) 7.50 (3.20) 8.27 (3.75) 7.29 (3.37) 8.17 (2.96) NS
RMS-EMGipyt/Mmax 0.045 (0.022) 0.030(0.019) 0.048 (0.021) 0.041 (0.016) 0.046 (0.027) 0.050(0.027) NS
Rectus femoris
Miax(MV) 3.64 (2.03) 3.52(2.11) 3.41(2.07) 3.39 (2.25) 2.75 (1.84) 2.86 (1.63) NS
RMS-EMGippyr/Minax 0.054 (0.022) 0.039(0.024)  0.059 (0.023) 0.043(0.017)  0.044(0.018)  0.045(0.019) NS
VM, VL & RF
OYRMS-EMGiyy1/Mmax ~ 0.051 (0.018) 0.037 (0.015)*  0.052 (0.016) 0.043(0.012)  0.046 (0.013)  0.046(0.019)  p=0.013
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Subjective muscle soreness
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Fig. 4 Subjective muscle soreness measured in the experimental ses-
sions (assessed using the Likert scale and visual analogue scale). *denotes
a significant difference to the pre-value (**<0.01). Data are presented as
means * standard error of the mean.

contractions [23,41], while others did not [33,40]. Although
surface EMG has been classically used to estimate the neural
drive to muscles, it is only a crude indicator of the neural activa-
tion of muscles [11,12]. Furthermore, studies of Dideriksen et al.
[8,9] have demonstrated that the estimation of neural drive
using surface EMG amplitude should be viewed critically. The
potential sites of muscle damage-induced “central modulation”
were assumed within the motor cortex and at the supraspinal as
well as the spinal level [16]. It has been argued, that muscle sore-
ness has the potential to increase discharge of group IIl and IV
afferents [27]. Due to the fact that group Il and IV afferents have
little or no background discharge their activation induces pro-
nounced increases in their input to the central nervous system
[16]. Therefore, it has been suggested that these afferents have
the ability to induce modulations in the motor cortex [21] and/
or at the spinal level [3]. In the present study the interpolated
twitch technique was used for the assessment of voluntary acti-
vation [26]. This method measures the drive of the motoneurons
to the muscles but does not assess the descending drive reaching
the motoneurons [38]. Therefore, the used technique is not
capable of distinguishing between alterations in the motor cor-
tex and at the supraspinal level. In this study sensation of muscle
soreness occurred 24 h, 48h and 72h after concentric-eccentric
exercise. However, changes in voluntary activation did not fol-
low this time course indicating that muscle pain does not neces-
sarily change voluntary activation of the quadriceps significantly.
This is in line with the results of Prasartwuth et al. [29] who
failed to show an association between muscle soreness and vol-
untary drive of the elbow flexor muscles examined at 90° of
elbow flexion. In contrast, Racinais et al. [31] have found a
decreased voluntary activation of the plantar flexors in relation
to muscle soreness induced by backward downhill walking.
Another study of Prasartwuth et al. [28] suggests that the rela-
tion of voluntary activation and muscle soreness depends on the
length of muscles. The authors have found a significant decrease
in voluntary activation of the elbow flexors only at short muscle
lengths, i.e., 60° and 70° of elbow flexion. In this context, it is
noteworthy that there are some methodological issues in the
use of the interpolated twitch technique [14]. The evaluation of
voluntary activation with the standard formula %VA=(1- super-
imposed twitchx control twitch™1)x 100 [2] calculates the acti-
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vation of muscles at the instant the superimposed stimulus is
delivered. This is unlikely to be the moment of the maximal
torque level because of the fluctuations of the torque signal. In
order to bypass this limitation, we used a correction of the origi-
nal equation that takes the torque level before the superimposed
twitch and the maximal torque into account [36]. Furthermore,
it is unlikely that the relationship between the superimposed
twitch torque and the voluntary torque is linear. Therefore Fol-
land and Williams [14] recommend to calculate voluntary acti-
vation on the basis of extrapolation of the twitch-voluntary
force relationship, which was not done in the present study.
Besides the output of motoneurons, it is of interest to look at
modulations in the reflex pathways in relation to muscle sore-
ness. This study used the H reflex technique in order to detect
modulations at the spinal level [32] due to muscle soreness. In
this context, the alteration in the activity of group IIl and IV
afferents in relation to muscle soreness is of interest. It has been
suggested that increased discharge of these afferents can induce
presynaptic inhibition of primary muscle spindle afferents
[3,10] and therefore reduce H reflex amplitude. However, the
results of the present study failed to show significant modula-
tions in alpha motoneuron excitability and/or presynaptic inhi-
bition of primary muscle spindle afferents of vastus medialis.
The concentric-eccentric exercise induced profound changes in
contractile properties of the quadriceps muscle. These altera-
tions were previously observed after muscle damage [29]. The M
wave amplitudes of vastus medialis, vastus lateralis and rectus
femoris did not change significantly after the exercise indicating
that altered excitation of the sarcolemma seems unlikely to have
caused the decrease in contractile properties. Therefore, it is
suggested that the impairment of excitation-contraction cou-
pling seems a rational explanation. In animal experiments, it has
been shown that eccentric exercise, as downhill running in rats,
is capable of rupturing the t-tubules and hence is able to impair
the excitation-contraction coupling process [37]. Furthermore,
eccentric damage of muscles decreases tetanic intracellular cal-
cium concentration [5,6]. Due to this failure of tetanic calcium
release the activation of contractile proteins is reduced [1,6]. In
addition to this, reduced calcium sensitivity might contribute to
the reduced force production [5]. A further consideration is that
changes in contractile properties after the concentric-eccentric
exercise may involve changes in the length-tension relation of
the quadriceps. There is evidence that the peak of this relation
shifts towards longer muscle lengths [20,28]. It has been sug-
gested that non-uniform lengthening and disruption of sarcom-
eres are responsible for it [7]. Consequently, muscle length must
be increased in order to produce the same myofilament overlap.
Therefore, probably both, impairment of excitation-contraction
coupling and the shift of the length-tension relation contributed
to the changes in contractile properties.

In summary, data suggest that reduced voluntary activation and
contractile properties contribute to the force loss immediately
after concentric-eccentric exercise. In the time period thereaf-
ter, the impairment of contractile properties seems to be mainly
responsible for the reduced iMVT. In addition, there is no evi-
dence for an association between muscle soreness and voluntary
activation as well as between muscle soreness and spinal excit-
ability in the present study.
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Abstract

v

This study investigated neuromuscular adap-
tations of the knee extensors after 8 weeks of
plyometric training. 23 subjects were randomly
assigned to an intervention group and a control
group. We measured isometric maximum vol-
untary torque (iMVT), rate of torque develop-
ment (RTD) and impulse (IMP) over different
time intervals. The neural drive to muscles was
estimated with the interpolated twitch tech-
nique and normalized root mean square of the
EMG signal. Contractile properties, H reflexes
as well as jump height in squat jump (SJ) and
countermovement jump (CM]) were evaluated.
Neuromuscular testing was performed at 2 knee
angles, i.e., 80° and 45° (0°=full extension). The
iMVT at 80° knee flexion was 23.1N-m (95%
Cl: 0.1-46.1N-m, P=0.049) higher at post-test

for the intervention group compared with con-
trols. The same was true for RTD and IMP in the
time interval 0-50ms [308.7N-m-s™! (95% ClI:
28.8-588.6N-m-s~!, P=0.033) and 0.32N-m-s
(95% CI: 0.05-0.60N-m-s, P=0.026), respec-
tively]. These changes were accompanied by
enhanced neural drive to the quadriceps muscle.
Jump height in SJ and CM] was higher at post-
test for the intervention group compared with
controls. Parameters at 45° knee flexion, con-
tractile properties and evoked potentials did not
differ between groups. Although hypertrophic
changes were not measured, data suggest that
the training regime probably induced mainly
neural adaptations that were specifically related
to the knee angle. The strength gains at 80° knee
flexion likely contributed to the enhanced jump
height in S] and CM].

Introduction

v

Plyometric training is commonly used for physi-
cal conditioning of healthy people and patients,
for example individuals suffering from oste-
oporosis [6,7,26,33]. It has been shown that
plyometric training induces musculoskeletal
adaptations [17,19,42,43] as well as neuromus-
cular adaptations [13,21-23,30,36] and can be
used to improve athletic performance, for exam-
ple jumping, sprinting and distance running per-
formance [6,19,32,34].

Numerous studies have examined the effect of
plyometric training on strength of the lower-
extremity muscles and have shown increases in
maximal voluntary force [8,21,34] and rate of
force development [21,34] under isometric con-
ditions. Although several studies have reported
strength gains following plyometric training only
a few studies focused on the possible neuromus-
cular mechanisms. Kubo et al. [19] have shown

that isometric maximum voluntary torque
(iMVT) of the plantar flexor muscles but not the
rate of torque development (RTD) was increased
after 12 weeks of plyometric training. The
improved voluntary strength was associated
with increased voluntary activation, assessed by
the interpolated twitch technique, and muscle
volume. Similar results could be observed by
Kyrolainen et al. [21] who have found that 15
weeks of plyometric training improved isometric
maximum voluntary force but not rate of force
development of the plantar flexors. The changes
in voluntary force were accompanied by
increased muscle activation measured by surface
electromyography (EMG) while the muscle fibre
distribution and areas of the lateral gastrocne-
mius muscle were unchanged. Unlike their
results for the plantar flexors, the authors have
observed an increased rate of force development
for the knee extensors, but have found no change
in maximal voluntary strength and muscle activ-
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ity during maximal voluntary contraction. In contrast, Malisoux
et al. [23] have found that knee extensors maximal voluntary
strength was enhanced following 8 weeks of maximal effort
stretch-shortening cycle exercise training. The strength gain was
accompanied by increases in single-fiber cross-sectional area
and improvement in contractile properties of chemically
skinned single muscle fibers.

In summary, data suggest that increases in maximal and explo-
sive voluntary strength after plyometric training could be due to
neural and muscular adaptations, but there is a lack of clarity
about the underlying neuromuscular mechanisms with regard
to the quadriceps muscle. Most studies that investigated neu-
romuscular adaptations after plyometric training by using EMG
did not normalize muscle activity during maximum voluntary
contraction and during force development to a maximal com-
pound muscle action potential (M,,x). Normalizing EMG ampli-
tude to M,,x may reduce errors due to electrode relocation and
between-session variability in skin impedance, subcutaneous fat
and fascia [39]. Furthermore, studies that have used the interpo-
lated twitch technique to assess alterations in voluntary activa-
tion of muscles after plyometric training used the standard
formula ¥VA=(1-superimposed twitch x control twitch ~1)x 100
[19] that calculates neural activation of muscles at the instant
the superimposed stimulus is delivered. This is unlikely to be the
moment of the maximal torque. In order to bypass this limita-
tion, we used a correction of the original equation that takes the
torque level before the superimposed twitch and the maximal
torque into account [35]. Thus, the simultaneous application of
2 different methods, i.e., normalized EMG amplitude and cor-
rected calculation of voluntary activation, allows greater insight
into the modulations of neural drive to the quadriceps muscle
after the training intervention.

It has been shown that voluntary activation of the quadriceps
muscle differs depending on the muscle length and, therefore,
the knee angle [3,20]. Accordingly, voluntary activation is higher
in longer muscles than in shorter muscles, i.e., the activation
level at the knee-flexed position is higher than that at the knee-
extended position. Hence, we wanted to assess if plyometric
training induces angle-specific adaptations and performed the
neuromuscular tests at 2 knee angles, i.e., 80° and 45° knee
flexion (0 °=full extension).

Therefore, the present study was designed to elucidate neu-
romuscular adaptations of the quadriceps muscle after plyomet-
ric training. We investigated the contribution of quadriceps
muscle activation and contractile properties to changes in iMVT
following 8 weeks of plyometric training. In order to provide a
comprehensive assessment, the neural drive to muscles was
estimated with the interpolated twitch technique and root mean
square of the EMG signal during iMVT (RMS-EMG;yyt) normal-
ized to My,.x. Additionally, alterations of explosive voluntary
strength and muscle activation in the early contraction phase
after plyometric training were analyzed. Modifications at the
muscle level were only assessed by analyzing the twitch torque
signal induced by electrical stimulation, i.e., muscle volume was
not measured. Changes in a-motoneuron excitability and/or
presynaptic inhibition of primary muscle spindle afferents of
vastus medialis were assessed using the H reflex technique. The
neuromuscular tests were performed at 2 knee angles, i.e., 80°
and 45° knee flexion (0°=full extension) in order to detect
hypothetical angle-specific adaptations. In addition, jump height
in countermovement jump (CMJ) and squat jump (S]) was esti-
mated.

Behrens M et al. Effect of Plyometric Training... Int | Sports Med

We hypothesized that plyometric training would increase iMVT
as well as RTD and that these changes would be associated with
modulations in muscle activation at the maximum and onset of
voluntary contraction. Furthermore, we assumed that plyomet-
ric training would modify contractile properties as well as
a-motoneuron excitability via Ia afferents and increase jump
height.

Materials and Methods

v

Subjects

In order to get a homogenous sample of subjects with adequate
jump technique, 23 recreational volleyball players with no his-
tory of neurological disorders or injuries volunteered for the
study. The sample size was similar to those in previous studies
[21,34]. The study was a parallel-group randomized controlled
trial. The subjects were randomly assigned to an intervention
group and a control group using randomization by a computer-
generated table of random numbers. The intervention group
consisted of 13 subjects (8 males, 5 females, age: 24+3 years,
height: 183+9cm, body mass: 77+10kg), while 10 subjects
were assigned to the control group. Owing to illness unrelated to
the intervention, 3 participants dropped out and therefore 7
subjects (5 males, 2 females, age: 26 £5 years, height: 183 +8cm,
body mass: 77+13kg) served as controls. The subjects of the
intervention and the control group were recreationally active
(moderate exercise <3 times per week) and were recruited
among the same recreational sports groups so that their normal
weekly activity can be regarded as similar. The participants had
never performed a systematic plyometric training program prior
to this study. Before testing, subjects were instructed to refrain
from consuming alcohol and caffeine in the 24 h preceding the
experiments and not to perform any strenuous exercise in the
48 h previous to the measurements. All persons were informed
of the procedures to be utilized and signed informed consent
prior to investigation. The study was conducted according to the
declaration of Helsinki and was approved by the university eth-
ics committee. The study meets the ethical standards of the
journal [16].

Training

The intervention group trained twice a week for 8 weeks. The
training sessions were controlled by experienced supervisors
and included CMJs, SJs and drop jumps from a height of 40 cm.
The subjects performed 3 sets of each exercise. In the first 2
weeks the subjects performed 6 repetitions per set and thereaf-
ter 7 repetitions per set (rest interval between jumps=4s). The
rest interval between the sets was 90s. The jump exercises were
performed with maximal effort in order to achieve explosive
force production and maximal jump height. Participants’ nor-
mal weekly activity did not change during the experimental
period.

Experimental procedure

All subjects were tested before and after an 8 week period. Test-
ing included different neuromuscular tests (¢ Fig. 1). No warm-
up was performed before the neuromuscular tests in order to
avoid H reflex and M wave potentiation [11]. The measurements
were made on the quadriceps muscle of the right leg. Through-
out the testing sessions the subjects were comfortably seated in
a standardized position on a CYBEX NORM dynamometer (Com-
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H reflex recruitment Submaximal and supramaximal stimulations at

Supramaximal stimulations

curve rest during iMVT
/\ 10% 5xsingle 5xdoublet 5xiMVT with doublets
Honox Mmax & resting twitch torques iMVT, RTD, IMP, VA & RMS-EMG

Fig. 1 An overview of the procedures carried out during neuromuscular testing. The neuromuscular tests were performed at 2 knee angles, i.e., 80° and
45° knee flexion (0°=full extension). Submaximal and supramaximal electrical stimulation at rest at both knee angles was done prior to the voluntary
contractions. The thin arrow indicates stimulation at H,, intensity, the thick arrow indicates stimulation at supramaximal intensity, double thick arrow indi-
cates doublet at supramaximal intensity. Hy.x: maximal H reflex, M,.: maximal M wave, iMVT: isometric maximum voluntary torque, RTD: rate of torque
development, IMP: impulse, VA: voluntary activation, RMS-EMG: root mean square of the EMG signal.

puter Sports Medicine®, Inc., Stoughton, MA). Before neuromus-
cular testing, the subjects sat passively on the dynamometer for
~15min in order to minimize potentiation effects from walking
to the laboratory. The measurements were carried out at 2 knee
angles, i.e., 80° and 45° (0°=full extension), in a random order.
The neuromuscular tests were performed to assess voluntary
activation and contractile properties of the quadriceps muscle.
The excitability of the a-motoneuron pool of the vastus medialis
muscle via la afferents was assessed using the H reflex technique
[4,11,12]. Submaximal and supramaximal electrical stimula-
tion at rest at both knee angles was carried out prior to the vol-
untary contractions. Jump height in CM]J and SJ was estimated
using a force plate (Kistler® type 9290AD, Winterthur, Switzer-
land). Before the jump tests, all subjects underwent a standard-
ized warm up on a cycle ergometer for 5min at 60W. The
measurement of neuromuscular function of the quadriceps and
jump performance took place on different days separated by at
least 24 h.

Electrical stimulation

Transcutaneous electrical femoral nerve stimulation was used to
produce the stimulus-response curve at the 2 knee angles, i.e.,
80° and 45° (0°=full extension). Prior to attaching the stimula-
tion electrodes, the skin was prepared by shaving and cleaning
the relevant area. A hand-held stimulation probe was used to
locate the optimum site of stimulation. Consequently, the femo-
ral nerve was stimulated using a cathode ball electrode which
was fixed to the subject’s femoral triangle, 3-5cm below the
inguinal ligament. The anode was a self-adhesive electrode
(35x45mm, Spes Medica, Italy) placed over the greater tro-
chanter. The percutaneous electrical stimuli were single (1 ms
duration, 400V maximal voltage) and paired rectangular pulses
(1 ms duration, 10 ms apart, 400V maximal voltage) delivered by
a constant-current stimulator (Digitimer® DS7A, Hertfordshire,
UK). Constant inter stimulus intervals (ISI) were provided by a
Digitimer® train/delay generator (DG2A, Hertfordshire, UK). The
testing procedure included random stimulation (ISI 7 s) with dif-
ferent current intensities, resulting in a recruitment curve, until
identification of peak-to-peak maximal H reflex (H.x) and
maximal M wave (M,,) of the vastus medialis muscle. The 5-10
current intensities around Hy,,,, were then repeated with 2 stim-
uli given at each current. Afterwards H,,., and M, were elic-
ited and recorded 10 and 5 times, respectively [4, 5]. A stimulation
intensity of 40% greater than that needed for maximal twitch
response and concomitant My, was used for evaluating con-
tractile properties and voluntary activation. Resting twitch

responses were evoked using single and doublet stimulation.
Voluntary activation was assessed using the interpolated twitch
technique [2], i.e., 2s after torque onset, during the plateau
phase, and 2 s after the end of the maximum voluntary contrac-
tion a transcutaneous supramaximal doublet was given to the
femoral nerve.

EMG and torque recordings

Surface EMG was recorded using bipolar EMG Ambu® Blue Sen-
sor N electrodes (2cm diameter). The electrodes were firmly
attached to the shaved, abraded and cleaned skin over vastus
medialis, vastus lateralis and rectus femoris muscle of the right
leg. The resistance between electrodes was measured with a
digital multimeter (MY-68, McVoice, Germany) and was kept
below 5kQ. The electrodes were applied with a center-to-center
distance of 2cm over the middle of the muscle bellies. The
recording electrodes were in line with the presumed direction of
the underlying muscle fibers. The reference electrode was
attached to the patella of the ipsilateral leg. Signals were ampli-
fied (2500x), band-pass filtered (10-450Hz) and digitized with
a sampling frequency of 5 kHz through an analog-to-digital con-
verter (DAQ Card™-6024E, National Instruments, USA). Both the
EMG and torque signals were sampled at 5kHz and stored on a
hard drive for later analysis with a custom-built LABVIEW®
based program (Imago, Pfisoft, Germany).

Torque signals were measured using a CYBEX NORM dynamom-
eter (Computer Sports Medicine®, Inc., Stoughton, MA). The indi-
vidual positioning for each participant was similar before and
after the training intervention. The hip joint angle of 80° was
consistently maintained during the experiments, while the
measurements were performed at 80° and 45° of knee flexion
(0°=full extension), respectively. The axis of the dynamometer
was aligned with the anatomical knee flexion-extension axis,
and the lever arm was attached to the anterior aspect of the
shank 2-3 cm above the lateral malleolus. The shin cushion was
removed to avoid artifacts in the torque signal. A shin guard
ensured that subjects could exert maximal forces without dis-
comfort. Straps across the waist and the chest prevented exces-
sive movements. The iMVT was tested by asking the subjects to
exert isometric knee extensions against the lever arm of the
dynamometer for 3s. For each trial, subjects were thoroughly
instructed to act as forcefully and as fast as possible. They were
motivated by strong verbal encouragement and online visual
feedback of the instantaneous dynamometer torque provided on
a digital oscilloscope (HM1508, HAMEG Instruments, Germany).
Care was taken to ensure that the iMVT trials were performed
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without an apparent countermovement or pre-tension (change
of baseline torque <0.5Nm during the 200 ms prior to contrac-
tion onset). A rest period of 2min was allowed between the tri-
als. The maximal attempts were recorded until the coefficient of
variance of 5 subsequent trials was below 5%.

Jump height

The participants performed maximal vertical CMJs and SJs on a
one-dimensional force plate (Kistler® type 9290AD, Winterthur,
Switzerland). The vertical ground reaction force was sampled at
500Hz. The SJs were performed from ~80° knee flexion (0 °=full
extension) with hands akimbo and the trunk as straight as pos-
sible. During the CM]Js, subjects stood in an upright position
with hands on the hips and were instructed to begin the jump
with a downward movement, which was immediately followed
by an upward movement. As warm up, subjects completed up to
6 CMJs and SJs, respectively, with immediate feedback about
their jump height. During the test, participants performed 4
maximal CMJs and SJs, respectively, with a resting period of at
least 30s between jumps. The subjects were instructed to per-
form the jumps with maximal effort in order to achieve explo-
sive force production and maximal jump height. The best trial in
terms of maximal jumping height was taken for further analysis.

Data analysis

The resting twitch torques were analyzed regarding their
(i) peak torque (PT), the highest value of twitch torque signal,
(ii) maximal rate of torque development (MRTDyy) - the highest
value of the first derivative of the twitch torque signal and
(iii) maximal rate of torque relaxation (MRTRyy) - the lowest
value of the first derivative of the twitch torque signal. Voluntary
activation was calculated with the formula %VA=(1 - superim-
posed twitchx(T,/iMVT)xcontrol twitch™")x100 [27,35],
where T, is the torque level immediately before the superim-
posed twitch and iMVT the maximum voluntary torque. This
formula counteracts the problem that, in some cases, the instant
the superimposed doublet is delivered does not represent the
maximal torque level. In the analyzed trials T, was 295% of
iMVT, and the trials that did not meet this criterion were dis-
carded from the analysis. The torque signals were corrected for
the effect of gravity and the 3 best maximum voluntary contrac-
tions were retained for analysis. Explosive voluntary muscle
strength was determined by analyzing the average RTD and the
impulse (IMP) over time intervals of 0-50ms, 50-100ms, 100-
150ms and 150-200 ms relative to the onset of contraction. The
muscle activation during the early phase of contraction was ana-
lyzed by calculating the RMS-EMG over time intervals of
0-50ms, 50-100ms, 100-150ms and 150-200ms relative to
the onset of the EMG signals. RMS-EMG during iMVT (RMS-
EMGiyyt) was calculated over a 200ms period at iMVT, i.e,,
200ms prior to the electrical stimuli if the maximal torque level
was reached at the instant the superimposed stimuli were deliv-
ered and 100 ms on either side of iMVT if the maximal torque
level was reached before the superimposed stimuli were admin-
istered. In order to normalize muscle activity, RMS-EMG of vas-
tus medialis, vastus lateralis and rectus femoris was divided by
their respective My, values (RMS-EMG/M,y,x). Furthermore,
RMS-EMG/M,.x Was averaged across the 3 muscles to calculate
quadriceps activation during the early phase of contraction and
at iMVT (RMS-EMGgtp/Mpax and RMS-EMGiyyt/Mmax, respec-
tively). The identification of torque and EMG onsets was per-
formed manually according to the method of Tillin et al. [38]. It
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has been suggested that this is the best method for detecting
signal onsets [39]. Hyax and My, amplitudes were measured
peak-to-peak. The H,,x/Mpax-ratio was calculated, which can be
considered as a global index of modulations at the spinal level
due to alterations in a-motoneuron excitability and/or presyn-
aptic inhibition of primary muscle spindle afferents [45]. This
data should be viewed with caution, because the H reflex of the
vastus medialis muscle could be elicited in only 8 subjects of the
intervention group and 3 subjects of the control group.

Statistical analysis

We had access to 23 subjects. Unfortunately, 3 subjects dropped
out. However, none of the subjects withdrew from the study for
a reason related to the study treatment. Therefore, a total of 20
participants completed the study. The data of these subjects
were collected successfully. Data were checked for normal distri-
bution using the Kolmogorov-Smirnov test. Differences between
groups at pre-test were tested with independent t-tests. Fur-
thermore, the statistical analysis consisted of ANCOVA with
baseline measurements and gender entered as covariates [40].
The level of significance was established at p<0.05. SPSS 20.0
(SPSS Inc., Chicago, IL, USA) was used for statistical analysis. Data
are presented as group mean values +standard deviation for the
pre-test and adjusted means+standard deviation for the post-
test in the figures and in the table. In the “Results” section, data
are presented as difference between means (95% confidence
interval).

Results

v

The subjects’ characteristics and values of the analyzed param-
eters were not found to be different between the groups at pre-
test (© Table 1 and © Fig. 2-4). Jump height in SJ and CM] was
4.5cm (1.4-7.6cm, P=0.007) and 4.6cm (0.4-8.8cm, P=0.035)
higher at post-test, respectively, for the intervention group com-
pared with controls (© Fig. 2). With regard to the neuromuscu-
lar tests, all parameters at 45° knee flexion did not differ
between groups after the training. Significant differences of sev-
eral parameters at post-test were observed only at 80° knee
flexion as detailed below. The iMVT was 23.1N-m(0.1-46.1 N-m,
P=0.049) higher at post-test for the intervention group com-
pared with the control group. Voluntary activation and RMS-
EMGinvt/Mmax Were significantly different between both groups
after the training [4.6% (0.1-9.1%, P=0.049) and 0.021 (0.001-
0.042, P=0.039), respectively] (© Fig. 3a-c).

Furthermore, the slope of the moment-time curve in the time
interval 0-50ms was 308.7N-m-s™! (28.8-588.6N-m-s™!,
P=0.033) steeper for the intervention group compared with con-
trols. Accordingly, there was a difference between groups at post-
test regarding the parameter IMP in the time interval 0-50ms
[0.32N-m-s (0.05-0.60N-m-s, P=0.026)] (© Fig. 4a, b). In the
initial phase of quadriceps contraction, i.e., 0-50ms, the nor-
malized muscle activity was 0.027 (-0.003-0.057, P=0.075)
higher at post-test for the intervention group compared with the
control group, although this difference did not reach statistical
significance. RMS-EMGgyp/Max in the time interval 50-100 ms
was significantly different between groups after the interven-
tion [0.027 (0.000-0.054, P=0.048)] (© Fig. 4c).

No statistical differences between groups in the twitch mechan-
ical parameters and evoked potentials at 80° and 45 ° knee flex-
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Table 1 Twitch mechanical parameters and evoked potentials at 80° and 45 ° knee flexion (0°=full extension) before and after the training for the intervention

(INT) and control (CON) group. Diff. (95 % Cl): difference between means (95 % confidence interval), PTT: peak twitch torque, MRTD;y: maximal rate of torque

development, MRTRyy: maximal rate of torque relaxation, H,: maximal H reflex, M,,.,: maximal M wave, VM: vastus medialis. Data are means £ SD for the pre-

test and adjusted means = SD for the post-test.

Parameter Pre Post
INT CON Diff. P INT CON Diff. (95 % Cl) P

PTT (N-m)

Single at 80° 32.0+18.4 31.2+£9.5 0.8 0.926 27.6£8.1 253+11.1 2.3(-5.9t010.4) 0.563

Doublet at 80° 64.7+23.2 73.2%£21.2 -8.5 0.455 60.6+£10.2 60.1£14.0 0.5(-9.7t0 10.8) 0.909

Single at 45 ° 245+11.3 22.3+6.2 2.2 0.643 20.7+8.2 19.3+8.3 1.4(-6.9t09.7) 0.726

Doublet at 45° 58.3+20.4 61.1£15.6 -2.8 0.772 50.1+£12.9 52.8%£12.9 -2.7(-15.5t0 10.1) 0.663
MRTDTT (N-m-s~")

Single at 80° 926.6+435.2 871.0+249.6 55.6 0.856 778.5+407.5 626.5+556.7 152.0 (-255.3t0559.2) 0.441

Doublet at 80° 1799.4+£922.9 2104.8+706.6 -305.4 0.478 1539.2+413.5 1524.6+566.0 14.6 (-400.3t0429.4) 0.942

Single at 45° 833.1+522.5 691.0+£162.2 1421 0.514 665.1+284.8 603.6+286.9 61.5(-225.9t0349.1)  0.656

Doublet at 45° 2021.5+731.7 1941.3+677.1 80.2 0.823 1704.0+502.7 1813.5£504.3 -109.5(-612.5t0393.6) 0.651
MRTRTT (N-m-s™")

Single at 80° 397.6+274.7 371.8+110.9 25.8 0.823 342.5+98.6 298.5+134.7 44.0 (-54.6 to 142.6) 0.359

Doublet at 80° 809.5+395.1 996.4+329.2 -186.9 0.324 795.0+£180.5 736.5+248.0 58.5(-124.1t0241.2)  0.507

Single at 45° 366.4+205.4 309.0+78.2 57.4 0.508 302.6+£128.5 275.4+129.5 27.2(-102.7 to 157.1) 0.663

Doublet at 45° 959.6+453.0 978.0+244.1 -18.4 0.926 768.9+214.1 838.5+214.5 -69.6 (-283.2to 144.1)  0.500
Hmax VM (mV)

80° 1.87+1.39 1.03+0.58 0.84 0.382 2.44+1.58 1.40+2.37 1.04 (-1.44t0 3.51) 0.345

45° 1.93+1.70 1.39+0.75 0.54 0.636 2.51+£1.57 1.41+1.90 1.10(-0.91 to 3.10) 0.238
Mpnax VM (mV)

80° 7.72+£3.15 8.82+4.29 -1.10 0.543 9.65+2.65 10.71+£2.67 -1.06 (-3.72 to 1.60) 0.412

45° 7.95+3.12 8.87+£3.61 -0.92 0.579 9.25+2.60 9.79£2.61 -0.54 (-3.14 to 2.06) 0.665
Hmax/Mmax-ratio VM

80° 0.23+£0.12 0.10+£0.03 0.13  0.127 0.28+0.14 0.07+0.21 0.21 (-0.02 to 0.43) 0.068

45° 0.24+0.13 0.12+0.04 0.12 0.164 0.28+0.18 0.13£0.23 0.15(-0.10 to 0.40) 0.189

60 - * _ * % Fig. 2 Jump height in countermovement jump
(CM]) and squat jump (S]) before and after the

— plyometric training for the intervention (INT) and

E 50 4 1 control (CON) group. * denotes a significant differ-

E ence between groups, *P<0.05; **P<0.01.
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ion were observed after the training (¢ Table 1; M. of vastus
lateralis and rectus femoris muscle is not displayed).

Discussion

v

The present study was designed to elucidate the neuromuscular
adaptations of the knee extensors after plyometric training as
well as the effect of the training regime on jump height in CMJ
and SJ. The results demonstrate a knee angle-specific adaptation
of neuromuscular function, i.e., a modulation at 80° knee flex-
ion but not at 45 ° knee flexion. It was found that iMVT as well as
RTD and IMP in the time interval 0-50 ms were significantly dif-
ferent between groups after the intervention. The increased
mechanical output of the intervention group was accompanied
by an enhanced neural drive to the quadriceps muscle, as evi-

denced by increases in voluntary activation as well as normal-
ized muscle activity during iMVT and the initial phase of
contraction (RMS-EMGiyy1/Mmax and  RMS-EMGgyp/Mpax,
respectively). The intervention did not affect Hy, a2y, Mihax and the
Hinax/Mmax-ratio of the vastus medialis muscle. Furthermore,
adaptations at the muscle level seem unlikely because twitch
mechanical parameters did not change. However, hypertrophic
changes cannot be ruled out, because muscle volume was not
measured. The strength gains at 80° knee flexion probably con-
tributed to the enhanced jump height in SJ and CM].

The iMVT at 80° knee flexion was significantly higher for the
intervention group compared with controls after the training.
This is in line with results of other studies that reported
increased maximal voluntary strength after plyometric training
[15,21,30,34]. The strength enhancement was probably due to
increases in efferent motoneuron output, as evidenced by
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Fig. 3 Isometric maximum voluntary torque
(iMVT, a), voluntary activation b and normalized
muscle activity during iMVT (RMS-EMGiyyt/Mmaxs
c) at 80° and 45° knee flexion before and after the
plyometric training. INT: intervention group, CON:
control group. * denotes a significant difference
between groups, *P<0.05.
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changes in both voluntary activation and normalized muscle
activity (RMS-EMGiyyt/Mmax)- These data and the results of the
twitch mechanical parameters suggest that the training regime
induced mainly neural adaptations although alterations in mus-
cle volume were not tested in this study. Similar results were
obtained by Kyrolainen et al. [21]. The authors have found that
15 weeks of plyometric training improved isometric maximum
voluntary force of the plantar flexors accompanied by increased
muscle activity and unchanged muscle fiber distribution as well
as areas of the lateral gastrocnemius muscle. It has been argued
that neural adaptations play a decisive role in the early phase of
strength gain [10,15,28]. Studies have shown that increases in
muscle strength in the first weeks of training can be attributed
primarily to increased muscle activity and that muscle fiber
hypertrophy plays a minor role [14,21]. In contrast, studies have
found that increased strength after plyometric training could be
attributed to both an enhancement of voluntary activation and
hypertrophic changes [19,23]. In this study it was found that
RTD and IMP in the time interval 0-50ms at 80° knee flexion
were increased after plyometric training. Similar results were
observed by Kyrolainen et al. [21] who have found that 15 weeks
of plyometric training improved maximal rate of force develop-
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Post

45° Knee Flexion

ment of the knee extensors. Unfortunately, the authors did not
analyze muscle activation during the early phase of contraction.
In the present study, the neural drive to the quadriceps muscle
was analyzed by calculating normalized muscle activity (RMS-
EMGg1p/Mpax) over time intervals of 0-50ms, 50-100 ms, 100-
150 ms and 150-200 ms relative to the onset of the EMG signals.
The results indicate that the improvements in RTD and IMP in
the time interval 0-50 ms could be ascribed to increased muscle
activation during torque development. This is in line with the
findings of Hakkinen et al. [15] who have measured maximal
voluntary strength in females after 16 weeks of power training
that included different jumping exercises with a special sledge
apparatus. The authors have reported a reduced time to produce
500N force accompanied by increased muscle activity of vastus
lateralis and vastus medialis. In addition, they could not find sig-
nificant hypertrophic changes in the vastus lateralis muscle and
they concluded that the adaptations were mainly of neural ori-
gin. The results of the present study support this assumption
because twitch mechanical parameters were not different
between groups after training. However, it should be noted that
muscle volume was not measured directly. A study of Kubo et al.
[19] has yielded different results. The authors have shown that
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Fig. 4 Rate of torque development a, impulse b
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RTD of the plantar flexors did not change after 12 weeks of plyo-
metric training, whereas maximal voluntary strength, voluntary
activation during iMVT and muscle volume were increased.
Interestingly, data suggest that the increased neural drive to the
quadriceps muscle during iMVT and the initial phase of contrac-
tion was specifically related to the knee angle because adapta-
tions were only observable at 80° knee flexion and not at 45°
knee flexion. Studies have shown that voluntary activation of
the quadriceps muscle differs depending on the muscle length
and, therefore, the knee angle [3,20]. Accordingly, voluntary
activation is higher in longer muscles than in shorter muscles,
i.e,, the activation level at the knee-flexed position is higher than
that at the knee-extended position. It has been suggested that
the physiological basis for this phenomenon must be considered
in relation to the amount of afferent input to the quadriceps
motoneuron pool [20]. In the flexed position, the muscle spindle
length is increased, which leads to an enhanced steady-state
excitation of quadriceps motoneurons via la afferents. The
heightened Ia afferent input to the motoneuron pool in turn
increases the total excitatory drive and, thus, voluntary activa-
tion. Furthermore, it has been shown that a change in the joint
angle induces tension changes of knee joint ligaments [24],
which have the ability to modulate the y innervation of muscle
spindles [29].

The results of the present study indicate an angular specificity of
training. Several studies have shown that training effects could
depend on angular position selected for training [18,37]. It has
been suggested that this angular specificity could be attributed
to neural adaptations rather than to hypertrophic changes [18].

This assumption is supported by the results of Thepaut-Mathieu
et al. [37], who have found that the neural drive to muscles was
greater at the joint angles trained. In contrast, it has been pro-
posed that hypertrophic changes tend to enhance force at all
joint angles [18,31]. A study of Voigt et al. [41] has revealed that
the soleus tendon reflex at rest as well as the H reflex during the
stance phase of a jumping task were enhanced after 4 weeks of
hopping training. The authors hypothesized that the sensitivity
of the muscle spindles as well as the extent of presynaptic inhi-
bition of Ia afferents might have changed. In the present study, it
is conceivable that the angle-specific adaptation is the result of
the characteristics of the training regime, because the training
consisted to a large extent of S] and CM] exercises that were per-
formed between ~80° and 0° knee flexion (0 °=full extension).
As mentioned before, in a flexed position, i.e. ~80 knee flexion,
the muscle spindle length is increased, leading to an enhanced
excitation of quadriceps motoneurons via Ia afferents, which is
not the same at 45° knee flexion [3,20]. It might be that the
training modulated spindle sensitivity only at 80° knee flexion,
which, in turn, led to an increment in Ia afferent input to the
quadriceps motoneuron pool at this knee angle. This could have
increased the total excitatory drive and, therefore, voluntary
activation exclusively at 80 ° knee flexion. The H reflex of vastus
medialis evoked at rest did not change indicating that
oa-motoneuron excitability and/or presynaptic inhibition of Ia
afferents was not altered at rest. However, we should take into
account that H reflexes evoked during voluntary contraction [1]
and/or during performance [41] probably represent a more
functional assessment of training-induced adaptations at the
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spinal level. Thus, a reduction of inhibitory inputs to the quadri-
ceps motoneuron pool could be an explanation as well.

Jump height in S] and CM] was significantly higher at post-test
for the intervention group compared with controls. This is in
line with the results of several studies that reported increased
jump height after plyometric training [9,25]. The increased
maximal voluntary strength and explosive voluntary strength at
80° knee flexion probably contributed to the enhanced jump
height in S] and CM]. It has been shown that jump height is sen-
sitive to muscle strength and speed, i.e., stronger and faster
muscles are important factors to achieve greater jump heights.
These factors enable the subject to exert more force on the
ground [44].

In summary, the present study revealed that neural adaptations
were mainly responsible for the enhancement of maximum vol-
untary strength and explosive voluntary strength at 80 ° of knee
flexion, as evidenced by increases in voluntary activation as well
as normalized muscle activity during iMVT and the initial phase
of contraction. Adaptations at the muscle level seem unlikely
because twitch mechanical parameters and evoked potentials
induced by supramaximal electrical stimulation did not change.
Interestingly, data suggest that the neural adaptations were spe-
cifically related to the knee angle. Until now, this angular spe-
cificity of adaptation was primarily shown for isometric training
regimes [18,37]. The findings of the present study indicate that
an angular specificity may also appear after plyometric training
that contains primarily eccentric and concentric muscle actions.

Acknowledgements

v

The authors would like to thank Detlef Werner for the technical
support and Benjamin Pohlenz for his help during data acquisi-
tion. This study was supported by a grant of LGF M-V (Landes-
graduiertenfoerderung Mecklenburg Vorpommern).

References
1 Aagaard P, Simonsen EB, Andersen JL, Magnusson P, Dyhre-Poulsen P.
Neural adaptation to resistance training: changes in evoked V-wave
and H-reflex responses. ] Appl Physiol 2002; 92: 2309-2318
2 Allen GM, Gandevia SC, McKenzie DK. Reliability of measurements of
muscle strength and voluntary activation using twitch interpolation.
Muscle Nerve 1995; 18: 593-600
3 Becker R, Awiszus F. Physiological alterations of maximal voluntary
quadriceps activation by changes of knee joint angle. Muscle Nerve
2001; 24: 667-672
4 Behrens M, Mau-Moeller A, Bruhn S. Effect of exercise-induced muscle
damage on neuromuscular function of the quadriceps muscle. Int ]
Sports Med 2012; 33: 600-606
5 Behrens M, Mau-Moeller A, Zschorlich V, Bruhn S. Repetitive peripheral
magnetic stimulation (15Hz RPMS) of the human soleus muscle did
not affect spinal excitability. Journal of Sports Science and Medicine
2011; 10: 39-44
6 Brown ME, Mayhew JL, Boleach LW. Effect of plyometric training on
vertical jump performance in high school basketball players. ] Sports
Med Phys Fitness 1986; 26: 1-4
7 Chimera NJ, Swanik KA, Swanik CB, Straub SJ. Effects of plyometric
training on muscle-activation strategies and performance in female
athletes. ] Athl Train 2004; 39: 24-31
8 Cornu C, Almeida Silveira MI, Goubel F. Influence of plyometric training
on the mechanical impedance of the human ankle joint. Eur J Appl
Physiol 1997; 76: 282-288
9 de Villarreal ES, Kellis E, Kraemer W], Izquierdo M. Determining vari-
ables of plyometric training for improving vertical jump height per-
formance: a meta-analysis. ] Strength Cond Res 2009; 23: 495-506
10 Duchateau J, Semmler JG, Enoka RM. Training adaptations in the behav-
ior of human motor units. ] Appl Physiol 2006; 101: 1766-1775

Behrens M et al. Effect of Plyometric Training... Int ] Sports Med

11 Folland JP, Wakamatsu T, Fimland MS. The influence of maximal iso-
metric activity on twitch and H-reflex potentiation, and quadriceps
femoris performance. Eur J Appl Physiol 2008; 104: 739-748

12 Fuchs DP, Sanghvi N, Wieser ], Schindler-Ivens S. Pedaling alters the
excitability and modulation of vastus medialis H-reflexes after stroke.
Clin Neurophysiol 2011; 122: 2036-2043

13 Grosset JF, Piscione J, Lambertz D, Perot C. Paired changes in electro-
mechanical delay and musculo-tendinous stiffness after endurance or
plyometric training. Eur J Appl Physiol 2009; 105: 131-139

14 Hikkinen K, Komi PV, Tesch PA. Effect of combined concentric and
eccentric strength training and detraining on force-time, muscle fiber
and metabolic characteristics of leg extensor muscles. Scand | Sports
Sci 1981; 3: 50-58

15 Hdkkinen K, Pakarinen A, Kyrolainen H, Cheng S, Kim DH, Komi PV.
Neuromuscular adaptations and serum hormones in females during
prolonged power training. Int | Sports Med 1990; 11: 91-98

16 Harriss DJ, Atkinson G. Ethical standards in sport and exercise science
research. Int J Sports Med 2011; 32: 819-821

17 Kato T, Terashima T, Yamashita T, Hatanaka Y, Honda A, Umemura Y.
Effect of low-repetition jump training on bone mineral density in
young women. ] Appl Physiol 2006; 100: 839-843

18 Kitai TA, Sale DG. Specificity of joint angle in isometric training. Eur ]
Appl Physiol 1989; 58: 744-748

19 Kubo K, Morimoto M, Komuro T, Yata H, Tsunoda N, Kanehisa H, Fuku-
naga T. Effects of plyometric and weight training on muscle-tendon
complex and jump performance. Med Sci Sports Exerc 2007; 39:
1801-1810

20 Kubo K, Tsunoda N, Kanehisa H, Fukunaga T. Activation of agonist and
antagonist muscles at different joint angles during maximal isometric
efforts. Eur ] Appl Physiol 2004; 91: 349-352

21 Kyrolainen H, Avela ], McBride JM, Koskinen S, Andersen JL, Sipila S,
Takala TE, Komi PV. Effects of power training on muscle structure and
neuromuscular performance. Scand ] Med Sci Sports 2005; 15: 58-64

22 Malisoux L, Francaux M, Nielens H, Renard P, Lebacq ], Theisen D. Cal-
cium sensitivity of human single muscle fibers following plyometric
training. Med Sci Sports Exerc 2006; 38: 1901-1908

23 Malisoux L, Francaux M, Nielens H, Theisen D. Stretch-shortening cycle
exercises: an effective training paradigm to enhance power output
of human single muscle fibers. ] Appl Physiol 2006; 100: 771-779

24 Markolf KL, Gorek JF, Kabo JM, Shapiro MS. Direct measurement of
resultant forces in the anterior cruciate ligament. An in vitro study
performed with a new experimental technique. ] Bone Joint Surg Am
1990; 72: 557-567

25 Markovic G. Does plyometric training improve vertical jump height? A
meta-analytical review. Br ] Sports Med 2007; 41: 349-355

26 Markovic G, Mikulic P. Neuro-musculoskeletal and performance adap-
tations to lower-extremity plyometric training. Sports Med 2010; 40:
859-895

27 Martin V, Millet GY, Lattier G, Perrod L. Effects of recovery modes after
knee extensor muscles eccentric contractions. Med Sci Sports Exerc
2004; 36: 1907-1915

28 Moritani T, deVries HA. Neural factors versus hypertrophy in the time
course of muscle strength gain. Am J Phys Med 1979; 58: 115-130

29 Rice DA, McNair PJ. Quadriceps arthrogenic muscle inhibition: neu-
ral mechanisms and treatment perspectives. Semin Arthritis Rheum
2010; 40: 250-266

30 Saez-Saez de Villarreal E, Requena B, Newton RU. Does plyometric train-
ing improve strength performance? A meta-analysis. ] Sci Med Sport
2010; 13: 513-522

31 Sale D, MacDougall D. Specificity in strength training: a review for the
coach and athlete. Can J Appl Sport Sci 1981; 6: 87-92

32 Salonikidis K, Zafeiridis A. The effects of plyometric, tennis-drills,
and combined training on reaction, lateral and linear speed, power,
and strength in novice tennis players. ] Strength Cond Res 2008; 22:
182-191

33 Saunders PU, Telford RD, Pyne DB, Peltola EM, Cunningham RB, Gore (J,
Hawley JA. Short-term plyometric training improves running economy
in highly trained middle and long distance runners. ] Strength Cond
Res 2006; 20: 947-954

34 Spurrs RW, Murphy AJ, Watsford ML. The effect of plyometric training
on distance running performance. Eur ] Appl Physiol 2003; 89: 1-7

35 Strojnik V, Komi PV. Neuromuscular fatigue after maximal stretch-
shortening cycle exercise. ] Appl Physiol 1998; 84: 344-350

36 Taube W, Leukel C, Lauber B, Gollhofer A. The drop height determines
neuromuscular adaptations and changes in jump performance in
stretch-shortening cycle training. Scand ] Med Sci Sports 2011; 22:
671-683

Downloaded by: Universitat Rostock. Copyrighted material.



37 Thepaut-Mathieu C, Van Hoecke J, Maton B. Myoelectrical and mechan-
ical changes linked to length specificity during isometric training. ]
Appl Physiol 1988; 64: 1500-1505

38 Tillin NA, Jimenez-Reyes P, Pain MT, Folland JP. Neuromuscular per-
formance of explosive power athletes versus untrained individuals.
Med Sci Sports Exerc 2010; 42: 781-790

39 Tillin NA, Pain MT, Folland JP. Short-term unilateral resistance train-
ing affects the agonist-antagonist but not the force-agonist activation
relationship. Muscle Nerve 2011; 43: 375-384

40 Vickers AJ, Altman DG. Statistics notes: Analysing controlled trials with
baseline and follow up measurements. BM] 2001; 323: 1123-1124

Training & Testing

41 Voigt M, Chelli F, Frigo C. Changes in the excitability of soleus muscle
short latency stretch reflexes during human hopping after 4 weeks of
hopping training. Eur ] Appl Physiol 1998; 78: 522-532

42 Witzke KA, Snow CM. Effects of plyometric jump training on bone
mass in adolescent girls. Med Sci Sports Exerc 2000; 32: 1051-1057

43 Wu YK, Lien YH, Lin KH, Shih TT, Wang TG, Wang HK. Relationships
between three potentiation effects of plyometric training and per-
formance. Scand ] Med Sci Sports 2010; 20: e80-e86

44 Zajac FE. Muscle coordination of movement: a perspective. ] Biomech
1993; 26 (Suppl 1): 109-124

45 Zehr PE. Considerations for use of the Hoffmann reflex in exercise
studies. Eur ] Appl Physiol 2002; 86: 455-468

Behrens M et al. Effect of Plyometric Training... Int| Sports Med

Downloaded by: Universitat Rostock. Copyrighted material.



Journal of Electromyography and Kinesiology 23 (2013) 640-648

Contents lists available at SciVerse ScienceDirect

JOURNAL OF

e

Journal of Electromyography and Kinesiology

journal homepage: www.elsevier.com/locate/jelekin

Age-related changes in neuromuscular function of the quadriceps muscle

in physically active adults

Anett Mau-Moeller **', Martin Behrens ', Tobias Lindner P, Rainer Bader®, Sven Bruhn?

2 Department of Exercise Science, University of Rostock, Ulmenstrasse 69, 18057 Rostock, Germany
b Department of Orthopaedics, University Medicine Rostock, Doberaner Str. 142, 18057 Rostock, Germany

ARTICLE INFO ABSTRACT

Article history:

Received 5 July 2012

Received in revised form 10 December 2012
Accepted 10 January 2013

Substantial evidence exists for the age-related decline in maximal strength and strength development.

Despite the importance of knee extensor strength for physical function and mobility in the elderly, studies

focusing on the underlying neuromuscular mechanisms of the quadriceps muscle weakness are limited.
The aim of this study was to investigate the contributions of age-related neural and muscular changes in

the quadriceps muscle to decreases in isometric maximal voluntary torque (iMVT) and explosive voluntary
strength. The interpolated twitch technique and normalized surface electromyography (EMG) signal during

Keywords: ) . i

Agji/ng iMVT were analyzed to assess changes in neural drive to the muscles of 15 young and 15 elderly volunteers.
Quadriceps muscle The maximal rate of torque development as well as rate of torque development, impulse and neuromuscu-
Dynapenia lar activation in the early phase of contraction were determined. Spinal excitability was estimated using the

Voluntary activation H reflex technique. Changes at the muscle level were evaluated by analyzing the contractile properties and

Interpolated twitch technique lean mass.
Electromyography
Spinal excitability

H reflex

M wave

Contractile properties
Twitch contraction

The age-related decrease in iMVT was accompanied by a decline in voluntary activation and normalized
surface EMG amplitude. Mechanical parameters of explosive voluntary strength were reduced while the
corresponding muscle activation remained primarily unchanged. The spinal excitability of the vastus medi-
alis was not different while M wave latency was longer. Contractile properties and lean mass were reduced.

In conclusion, the age-related decline in iMVT of the quadriceps muscle might be due to a reduced neural

drive and changes in skeletal muscle properties. The decrease in explosive voluntary strength seemed to be
more affected by muscular than by neural changes.

Crown Copyright © 2013 Published by Elsevier Ltd. All rights reserved.

1. Introduction

The age-related decrease in muscle strength (dynapenia) and
strength development is well-documented and might be caused
by neural modulations and alterations of skeletal muscle proper-
ties (Clark and Taylor, 2011; Manini and Clark, 2011). However,
the results differ in part between the investigated muscle groups
possibly due to differences in the function and physiological profile
of the muscles (Clark and Taylor, 2011).

Numerous studies have described the modulations of voluntary
strength and morphology of the quadriceps muscle with aging
(Porter et al., 1995; Roos et al., 1999). Due to its functional impor-
tance for gait (Murdock and Hubley-Kozey, 2012) and maintaining
posture (Barbeau et al., 2000), it is surprising that studies focusing
on the underlying neuromuscular mechanisms of the knee exten-
sor weakness are limited. Moreover, the reported results are par-
tially conflicting, particularly with regard to changes in neural

* Corresponding author. Tel.: +49 3814982760.
E-mail address: anett.mau@uni-rostock.de (A. Mau-Moeller).
1 Authors contributed equally to this work.

drive to the quadriceps muscle (Harridge et al., 1999; Roos et al.,
1999; Stevens et al., 2003; Wilder and Cannon, 2009). The ability
to voluntarily activate the knee extensors during isometric con-
tractions has been estimated using either the interpolated twitch
technique or the central activation ratio. The inconsistent findings
may be primarily related to methodological limitations and differ-
ences of these two techniques (Klass et al., 2007). Thus, the simul-
taneous application of two different methods may provide greater
insight into modulations of neural drive to the muscle. Only one
study has considered a twofold approach to detecting age-related
changes in efferent motoneuron output to the knee extensors (Can-
non et al., 2007). Besides the interpolated twitch technique, Can-
non et al. have used normalized muscle activity during isometric
maximal strength to estimate the neural drive. Both parameters
were not changed indicating no differences in efferent motoneuron
output to the quadriceps muscle. However, the authors used the
standard formula for estimating voluntary activation. It has been
demonstrated that the interpolated twitch technique has its limita-
tions when the standard formula is applied (Folland and Williams,
2007). The moment when the stimulus is delivered is not always
the time point of maximal strength. Thus, the use of a corrected

1050-6411/$ - see front matter Crown Copyright © 2013 Published by Elsevier Ltd. All rights reserved.
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formula which includes the variations of the torque level has been
recommended (Strojnik and Komi, 1998). Only Suetta et al. (2009)
applied this corrected formula and also demonstrated no age-re-
lated change in voluntary activation under isometric conditions.
However, these authors did not use a second method to assess
the neural drive to the muscle in order to confirm their results.

It is further noteworthy that age-related changes in neural drive
to the quadriceps during strength development have been less fre-
quently investigated. Dynapenia of the quadriceps is a determinant
of fall risk (Lord et al., 1994) and mortality (Newman et al., 2006).
Considering the fact that the capacity to activate the muscle
quickly may be more essential for maintaining balance and pre-
venting falls than the maximal strength (Schultz, 1995), neuro-
muscular modulations of the quadriceps muscle during strength
development should be investigated more closely.

In summary, there is some lack of knowledge about the neuro-
muscular mechanisms behind the modulations of maximal
strength and strength development of the quadriceps muscle with
advancing age. The aim of the present study was to investigate the
contributions of age-related neural and muscular changes to de-
creases in isometric maximal voluntary torque (iMVT) and explo-
sive voluntary strength. Explosive voluntary strength was
analyzed by calculating the maximal rate of torque development
(MRTD) as well as the rate of torque development (RTD) and im-
pulse (IMP) in the early phase of contraction in time intervals of
0-50 ms, 50-100 ms, 100-150 ms and 150-200 ms after torque
onset. The neural drive to the muscle during iMVT was estimated
using two approaches: the interpolated twitch technique (cor-
rected formula) and the root mean square of the EMG signal
(RMS-EMG) normalized to maximal M wave (Mpa.x). The neural
drive to the muscle during MRTD and RTD was assessed using
the RMS-EMG normalized to the Mm.x and normalized to the
RMS-EMG during iMVT. Age-related changes in o-motoneuron
excitability via Ia afferents were determined with the H reflex tech-
nique. Modulations at the skeletal muscle level were evaluated by
analyzing the twitch torque signal induced by supramaximal elec-
trical stimulation and by determining the lean mass of the leg.

It was hypothesized that iMVT, MRTD, RTD and IMP were re-
duced with aging accompanied by changes in neural drive to the
quadriceps muscle. It was further assumed that aging would affect
spinal excitability, contractile properties and skeletal muscle mass.

2. Methods
2.1. Subjects

Thirty physically active and healthy subjects with no history of
neurological and musculoskeletal disorders or injuries volunteered
to participate in this study. Physically active and healthy subjects
were chosen in order to take account of the problem of lack of
motivation and disuse atrophy. The subjects were assigned to
two groups: (1) young, (2) elderly, each with 15 participants who
refrained from consuming caffeine or alcohol and performing
strenuous leg exercise 24 h and 48 h preceding the experiment.
Prior to participation written informed consent was obtained from
all subjects. The study was conducted according to the declaration
of Helsinki and approved by the local ethics committee (A 2009
52). Subject characteristics are displayed in Table 1.

2.2. Experimental procedure

The subjects participated in three experimental sessions. The
first session included the measurement of body composition using
dual-energy X-ray absorptiometry (DXA) followed by two sessions
of neuromuscular tests: (1) familiarization, (2) experiment, sepa-

Table 1
Subject characteristics and lean mass of the leg. “Denotes a significant difference
between the groups (*<0.05, *<0.01).

Young Elderly p
(n=15) (n=15)
Men, n (%) 8(53.3) 8(53.3)
Age, yrs, Mean (SD) 25.3 (3.6) 69.6 (3.1) 0.000**
Weight, kg, Mean (SD) 71.3 (11.6) 72.6 (9.9) 0.750
Height, m, Mean (SD) 1.75 (0.9) 1.69 (0.9) 0.058
Physical activity, h/week, Mean 4.6 (3.6) 3.7 (3.3) 0.134
(SD)
Lean mass, kg, Mean (SD) 9.27 (1.65) 7.79 (1.72) 0.028*

I
AT [

H reflex 10xH 5xM 5x doublet 5 xiMVT with
recruitment curve doublets

max max

Fig. 1. Schematic illustration of neuromuscular tests. The thin arrow indicates
stimulation at Hy,ax intensity, the thick arrow indicates stimulation at supramaximal
intensity, double thick arrow indicates doublet at supramaximal intensity.

rated by one week. Subjects were seated in a standardized position
on a CYBEX NORM dynamometer. Prior to the experiment subjects
sat passively for 15 min without any warm-up in order to avoid
potentiation effects (Folland et al., 2008). The neuromuscular tests
were carried out on the quadriceps muscle of the dominant leg. A
schematic illustration of the neuromuscular tests is displayed in
Fig. 1.

2.3. Torque and EMG recordings

Torque signals were measured using a CYBEX NORM dynamom-
eter (Computer Sports Medicine®, Inc., Stoughton, MA). The tests
were performed in a sitting position with a knee angle of 75° and
a hip angle of 50° (0° = full extension). The iMVT was tested by ask-
ing the subjects to exert isometric knee extensions as forcefully
and as fast as possible against the lever arm of the dynamometer
for 3 s. The maximal attempts were recorded until the coefficient
of variance of five subsequent trials was below 5%. A rest period
of 2 min was allowed between the trials.

The surface EMG was recorded using bipolar EMG Ambu® Blue
Sensor N electrodes (2 cm diameter). The electrodes were applied
to the shaved, abraded and cleaned skin over the middle of the
muscle bellies of the vastus medialis, vastus lateralis and rectus
femoris. Signals were amplified (2500x), band-pass filtered (10-
450 Hz) and digitized with a sampling frequency of 5 kHz through
an analog-to-digital converter (DAQ Card™-6024E, National
Instruments, USA). The EMG and torque signals were analyzed
using a custom built LABVIEW® based program (Imago, Pfisoft,
Germany). A detailed description of EMG and torque measure-
ments has been given previously (Behrens et al., 2012).

2.4. Transcutaneuous electrical stimulation

Transcutaneuous electrical stimulation was used to assess vol-
untary activation, spinal excitability and contractile properties of
the quadriceps muscle. The anode (self-adhesive -electrode,
35 x 45 mm, Spes Medica, Italy) was placed over the greater tro-
chanter. The cathode (ball electrode, 1 cm diameter) was fixed to
the subject’s femoral triangle, 3-5 cm below the inguinal ligament.
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One millisecond rectangular pulses (400 V) were applied to the fem-
oral nerve by a constant-current stimulator (Digitimer® DS7A, Hert-
fordshire, UK). The inter stimulus intervals (ISI 10 s, i.e. 0.1 Hz) were
provided by a Digitimer® train/delay generator (DG2A, Hertford-
shire, UK). Different current intensities were randomly delivered
to the femoral nerve to evoke the maximal H reflex (Hyax) of the
vastus medialis and My, of the vastus medialis, rectus femoris
and vastus lateralis. The Hy,.x and M.« were elicited and recorded
5 and 10 times, respectively. The evaluation of contractile properties
and voluntary activation was realized at a stimulation intensity of
40% above the level that was needed for eliciting a maximal twitch
response and concomitant M. Resting twitch responses were
evoked using single and doublet (ISI 10 ms, i.e. 100 Hz) stimulation.
Voluntary activation was assessed using the interpolated twitch
technique (Allen et al., 1995). A transcutaneous supramaximal dou-
blet was given 2 s after torque onset, during the plateau phase. The
second doublet was applied 2 s after the contraction.

2.5. Lean body mass

Leg lean body mass was assessed using DXA. A Lunar Prodigy
densitometer (General Electric (GE) Medical System Lunar, Madi-
son, WI, USA) measured the attenuation of X-rays (76 KV,
0.15 mA, 0.4 nGy) while a total body scan was performed in the su-
pine position with arms at the side. The scan time took 6-7 min,
using the standard speed mode (irradiation time 274 s). The quality
assurance procedure was performed before each test using a cuboid
calibration phantom (200 x 130 x 60 mm). DXA provides a mea-
sure of appendicular lean soft tissue (ALST) which includes skeletal
muscle mass and other components of bone free lean mass (i.e. lig-
aments, tendons, joint capsula and meniscal tissue) (Kim et al.,
2002). A large proportion of ALST is skeletal muscle mass. Levine
et al. (2000) found a high correlation between DXA thigh lean mass
and CT-determined skeletal muscle mass (r = 0.86, p < 0.001). Thus,
ALST can be considered as an estimate of skeletal muscle mass.

2.6. Data analysis

2.6.1. IMVT, explosive voluntary strength and voluntary activation

The highest maximal voluntary contraction was retained for
analysis. The following parameters were calculated: iMVT and
MRTD, as well as RTD and IMP in the early contraction phase. MRTD
was defined as the maximal slope of the torque-time curve. The
early rise in muscle strength was obtained from the average slope
of the torque-time curve in different time intervals after torque on-
set: 0-50 ms (RTDsp), 50-100 ms (RTDqqp), 100-150 ms (RTD1sg),
150-200 ms (RTD,qg). Onset of contraction was determined when
the torque increased 3.5 Nm above the resting baseline level (Suetta
et al., 2007). RTD was normalized to iMVT (RTD/iMVT). Absolute
and normalized RTD values were considered for analysis. IMP was
defined as the area under the torque-time curve.

The RMS-EMG for the vastus medialis, vastus lateralis and rectus
femoris was calculated during a 200 ms epoch at iMVT (RMS-
EMGiuvt), this means prior to the electrical stimuli when the maxi-
mal torque level was achieved at the moment when the superim-
posed stimuli were delivered or 100 ms preceding and 100 ms
following the iMVT if the maximal torque level was reached before
the superimposed stimuli were administered. The RMS-EMG was
also calculated at MRTD (RMS-EMGyrrp), (i.e., 50 ms on either side
of MRTD). The RMS-EMGiuyr and RMS-EMGyrrp of each muscle
were normalized to their respective M,.x value and averaged across
the vastus medialis, vastus lateralis and rectus femoris to provide a
global index of total quadriceps activity (XRMS-EMGinvyvt/Mmax,
XRMS-EMGwmgrtn/Mmax)-

Furthermore, the RMS-EMG was calculated in the early phase of
contraction in time windows of 0-50, 50-100, 100-150 and 150-

200 ms relative to the onset of the EMG signal (RMS-EMGgp).
The RMS-EMGgp values were normalized to Mp,.x (RMS-EMGgp/
Mmax) as well as to the RMS-EMG during iMVT (RMS-EMGgrp/
RMS-EMG;pmyt). Absolute and normalized RMS-EMGgp values
were averaged across the three muscles (XRMS-EMGgrp, XRMS—
EMGg1p/Mmax, XRMS-EMGgyp/RMS-EMGimvyr).

Voluntary activation was calculated using the formula:
%VA = (1 — superimposed twitch x (Tb/iMVT)/control twitch) x
100, whereby Tb represents the torque level just before the super-
imposed twitch (Strojnik and Komi, 1998).

2.6.2. Spinal excitability

The amplitudes of Hy,.x and My, were measured peak-to-peak.
Hnax was normalized to Myax (Hmax/Mmax-ratio) in order to assess
alterations in a.-motoneuron excitability and/or presynaptic inhibi-
tion of primary muscle spindle afferents (Zehr, 2002). Furthermore,
the latencies of H and M waves were calculated by determining the
time interval between the stimulus artefact and the first deflection
of the amplitudes. The latencies of H and M waves were measured
to detect modulations in the signal conduction speed through the
reflex arc and the direct motor pathway. The latencies were nor-
malised to the height of the subjects (Aty/height, Aty/height) since
the length of the reflex pathway is related to the subjects’ height
(Guiheneuc and Bathien, 1976).

2.6.3. Contractile properties and lean mass

The resting twitch torques were analyzed with regard (1) peak
torque (PT), the highest value of the twitch torque signal, (2) max-
imal rate of torque development (MRTDy), the highest value of the
first derivative of the twitch toque signal, (3) maximal rate of tor-
que relaxation (MRTRy), the lowest value of the first derivative of
the twitch toque signal, (4) twitch contraction time (TCTty), the
time from the onset to the maximal twitch torque, (5) twitch
half-relaxation time (THRTyy), the time from the maximal twitch
torque to one-half of its peak value and (6) total twitch area
(TTArt), the area under the torque-time curve.

Lean mass of the dominant leg was calculated by the software
Lunar enCORE™ 2007 (version 11.40.004). It has been shown that
the reliability of regional ALST is high when machine-made regions
of interest are manual adjusted (Lohman et al., 2009). In order to
avoid measurement errors, the calculated regions were checked
manually to make corrective adjustments if necessary.

2.7. Statistical analysis

Data were checked for normal distribution using a Shapiro-
Wilk W test. Age-related differences between the groups were
tested for significance by the unpaired Student’s t test or Mann-
Whitney U test. All data were analysed using the SPSS statistical
package 19.0 (SPSS Inc., Chicago, IL, USA). The level of significance
was established at p < 0.05. Data are presented as mean + standard
deviation in the tables and displayed as boxplots in the figures.

3. Results
3.1. IMVT, explosive voluntary strength and voluntary activation

IMVT and voluntary activation were decreased by 37.9%
(p<0.001) and 6.1% (p = 0.034), respectively, in the elderly sub-
jects. XRMS-EMGimvr/Mmax Was significantly reduced by 16.4%
(p =0.036) (Fig. 2A-C).

Absolute MRTD and MRTD/iMVT were significantly lower
(66.1%, p<0.001 and 48.0%, p<0.001) in the elderly compared
with young subjects (Fig. 2D and E). No differences were found
for normalized muscle activity during MRTD (Fig. 2F).
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iMVT (MRTD/iMVT) and (F) normalized and averaged root mean square of the EMG signal of the three muscles during MRTD (XRMS-EMGurrp/Mmax). “Denotes a significant

difference between the groups (* <0.05, *<0.01).

Absolute RTD and IMP were significantly reduced during all of
the four 50 ms time windows (Fig. 3A and C). The highest reduction
of absolute RTD (67.6%, p = 0.003) and IMP (73.2%, p = 0.007) was
observed for the first 50 ms after torque onset. Afterwards, the dif-
ference in absolute RTD (45.8% RTDqgo, p = 0.002, 34.4% RTD;s0,
p=0.015, 35.8% RTD,p, p=0.001) and IMP (60.6% IMP;qq,
p <0.001, 53.8% IMP;50, p < 0.001, 52.6% IMP500 p < 0.001) between
the two groups decreased. By contrast, a decline in RTD/iMVT
(48.18%, p=0.015) was only observed in the first time window
(0-50 ms) after torque onset (Fig. 3B).

XRMS-EMGgrp was significantly lower during the 50-100 ms
(44.1%, p = 0.030), 100-150 ms (43.0%, p = 0.027) and 150-200 ms
(43.3%, p=0.010) of the contraction phase in the elderly
(Fig. 4A). On the contrary, there was a significant age-related in-

crease of XRMS-EMGgp/RMS-EMGimyt by 27.0% (p=0.015) and
34.8% (p = 0.001) during 100-150 ms and 150-200 ms after onset
of the EMG signal (Fig. 4C). No differences for XRMS-EMGgrp/Mmax
were found during any of the four time windows (Fig. 4B).

3.2. Spinal excitability

The H reflex could be elicited in 10 young and 11 elderly sub-
jects. Hnax and the Hpax/Mmax-ratio of the vastus medialis re-
vealed no significant difference between groups. Mp.x Wwas
significantly reduced in the vastus lateralis (24.7%) and vastus
medialis (35.6%). Elderly subjects revealed a longer Aty/height
in the vastus medialis (7.17%) while no differences were ob-
served in the vastus lateralis and rectus femoris. Aty/height re-
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Fig. 3. Comparisons between groups: (A) rate of torque development (RTD), (B) RTD normalized to iMVT (RTD/iMVT) and (C) impulse (IMP) during the early phase of
contraction in time windows of 0-50, 50-100, 100-150 and 150-200 ms after torque onset. *Denotes a significant difference between the groups (*<0.05, **<0.01).

mained unaffected by aging. The mean values * standard devia-
tions of evoked potentials are displayed in Table 2.

3.3. Contractile properties and lean mass

The PT, MRTDtr and MRTRyt of the resting twitch responses of
the quadriceps were significantly reduced in elderly subjects (sin-
gle: 61.04%, 62.9%, 64.9%, doublet: 39.9%, 53.7%, 60.3%). The TCTt
of the resting twitch responses was significantly longer in elderly
subjects when doublet stimulation was used (27.1%). No significant
differences between the groups could be determined for THRTy.
The TTArr of the resting twitch responses was reduced in elderly
subjects (single: 50.9%, doublet: 33.6%). The mean values + stan-
dard deviations and p-values of contractile properties are dis-
played in Table 3.

Lean body mass of the leg was significantly reduced by 19.1% in
elderly subjects (Table 1).

4. Discussion

The present study was designed to provide further insight into
the neuromuscular mechanisms that determine the decrease in
iMVT and explosive voluntary strength of the quadriceps muscle
with aging. IMVT and MRTD as well as RTD and IMP in the early
phase of contraction were reduced in healthy, active elderly men
and women. Voluntary activation and normalized muscle activity
during iMVT were decreased indicating a reduced neural drive to
the muscle. The decline in MRTD and RTD during the early phase
of contraction might be more affected by modulations of muscle
properties than neural changes, as corresponding muscle activity
remained primarily unchanged. There were no differences in the
Hmax and Hpax/Mmax-ratio of the vastus medialis, but a longer nor-
malized M.« latency (Aty/height) was observed, indicating a de-
cline in efferent conduction velocity. In addition, the age-related
decreases in iMVT and explosive voluntary strength were accom-
panied by changes at the muscle level, as evidenced by a decline
in twitch contractile properties and leg lean mass.
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Table 2

Maximal M wave (Mp.x), maximal H reflexX (Hmax), Hmax/Mmax-ratio and height-
normalized Hpax and M.y latency (Aty/height, Aty/height). Values are presented as
mean # standard deviation. “Denotes a significant difference between the groups
(*<0.05, **<0.01).

Young Elderly p

Vastus medialis

Mmax (mV) 8.55 (3.04) 5.59 (3.33) 0.015*
Hpax (mV) 1.75 (0.90) 1.57 (2.61) 0.695
Hiax/Mmax-ratio 0.23 (0.13) 0.34 (0.16) 0.129
Aty/height (ms cm™) 0.105 (0.009) 0.111 (0.006) 0.065
Aty/height (ms cm™') 0.033 (0.003) 0.036 (0.003) 0.038*
Vastus lateralis

Mmax (mV) 9.59 (3.27) 6.18 (3.75) 0.026*
Aty/height (ms cm™') 0.035 (0.003) 0.037 (0.004) 0.075
Rectus femoris

Mpax (MV) 3.17 (0.95) 3.69 (2.01) 0.694
Aty/height (ms cm™') 0.024 (0.003) 0.025 (0.004) 0.434

4.1. Voluntary activation

The decline in iMVT might be due to a reduced efferent moto-
neuron output, as confirmed by a decrease in voluntary activation
and normalized muscle activity during iMVT. According to the lit-
erature, the extent to which a decrease in voluntary activation con-
tributes to dynapenia of the quadriceps under isometric conditions
remains less clear. Some authors have shown a decrease in volun-
tary activation (Harridge et al., 1999; Stackhouse et al., 2001;
Stevens et al., 2003), whereas other investigations have observed
no age-related differences (Cannon et al., 2007; Knight and Kamen,
2001; Miller et al., 2006; Roos et al., 1999; Suetta et al., 2009;
Wilder and Cannon, 2009). The contrary findings might be related
to divergent stimulation methods, testing procedures and the
heterogeneity of the population. An age-related decrease in volun-
tary activation was detected when the central activation ratio was
calculated (Knight and Kamen, 2001; Stackhouse et al., 2001;
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Table 3

Contractile properties evaluated by single and doublet stimulation at supramaximal intensity. Peak torque (PT), maximal rate of torque development (MRTDyy), maximal rate of
torque relaxation (MRTRyr), twitch contraction time (TCTyr), twitch half relaxation time (THRTyr) and total twitch area (TTA1r) of the resting twitch torque. Values are presented
as mean + standard deviation. “Denotes a significant difference between the groups (*<0.05, **<0.01).

Single p Doublet p

Young Elderly Young Elderly
PT (Nm) 39.39 (10.55) 15.35 (7.20) 0.000" 69.05 (14.67) 41.47 (13.91) 0.000"*
MRTDrr (Nms™") 1814.41 (449.65) 673.54 (359.21) 0.000"* 3220.57 (117.83) 1491.53 (173.61) 0.000**
MRTRyr (Nms™1) 828.08 (171.78) 292.97 (163.94) 0.000"* 1326.27 (80.82) 526.93 (42.76) 0.000"
TCTrr (s) 0.064 (0.017) 0.069 (0.022) 0.101 0.067 (0.004) 0.085 (0.006) 0.013*
THRT+r (S) 0.084 (0.015) 0.073 (0.019) 0.106 0.090 (0.004) 0.083 (0.005) 0.290
TTArr (Nms) 4.37 (0.55) 2.15 (0.44) 0.001" 8.70 (0.60) 5.78 (0.63) 0.006™"

Stevens et al., 2003) whereas no differences could be identified
when the interpolated twitch ratio was used (Cannon et al.,
2007; Roos et al., 1999; Suetta et al., 2009; Wilder and Cannon,
2009). This discrepancy in results could be associated with the
numbers of stimuli that were applied. The central activation ratio
is classically derived by the torque generated with a pulse train.
Pulse-train stimulation is more likely to cause a torque increment,
and is thus regarded as more sensitive for detecting activation def-
icits (Miller et al., 1999). However, the present study showed an
activation deficit by using paired pulses and calculating the inter-
polated twitch ratio whereby the standard formula (Allen et al.,
1995) was corrected in order to bypass methodological limitations
of the interpolated twitch technique (Folland and Williams, 2007).
IMVT and the torque level just before the superimposed twitch
were included in the original equation to correct the variations in
the torque level (Strojnik and Komi, 1998).

The reduction of muscle activity during iMVT provided further
evidence for the decreasing efferent motoneuron output to the
quadriceps muscle. The only study available that has evaluated
age-related changes in neural drive to the knee extensors by mea-
suring voluntary activation and surface EMG under isometric con-
dition was carried out by Cannon et al. (2007). These authors
showed no age-related differences in either parameter between
young and elderly women. However, comparing the present results
with those of Cannon et al. is critical as possible gender differences
might have affected the results.

In the present study, it was further shown that absolute and
normalized MRTD (MRTD/iMVT) as well as absolute RTD and IMP
in the early phases of torque development were reduced with
aging. Absolute muscle activity was significantly decreased in el-
derly subjects. However, the analysis of absolute surface EMG sig-
nals is regarded as risky because various factors influence the
signal and limit the comparison of data with young subjects (Klass
et al., 2008). Therefore, muscle activity was normalized to Mpax
(XRMS-EMGgrp/Mmax) and to muscle activity during iMVT
(XRMS-EMGgrp/RMS-EMGinyr). Normalized EMG data suggest
that the decline in explosive voluntary strength might be unrelated
to changes in efferent neural drive to the quadriceps muscle.
XRMS-EMGgtp/Mmax remained unchanged whereas XRMS-
EMGgrp/RMS-EMG;pyt was significantly higher in elderly subjects
in the later phases of contraction (100-150, 150-200 ms). In sum-
mary, the present data suggest that changes in skeletal muscle
properties rather than neural adaptations contribute to the de-
crease in MRTD and RTD. This is an unexpected result, as it has
been shown that aging is related to a decrease in RTD accompanied
by a reduction in neural drive to the muscle (Ojanen et al., 2007).
Klass et al. (2008) found that a slower RTD during the first 50 ms
of torque rise was related to a reduction in motor unit discharge
frequency and number of doublet discharges of the soleus muscle
whereas no differences in normalized surface EMG data were ob-
served. It was concluded that surface EMG may not always detect
changes in the motor unit discharge rate. Smith et al. (1995) have

shown that discharge frequency is not linearly related to surface
EMG. Thus, estimating the neural drive to the muscle by surface
EMG can be regarded critically (Farina et al., 2010).

Furthermore, Andersen and Aagaard (2006) observed a moder-
ate correlation of voluntary rate of force development to twitch
contractile properties. Klass et al. (2008) suggested that a greater
slowing of RTD during fast voluntary contractions compared with
electrically evoked twitch torques might be an indication of re-
duced neural activation of the muscle. The present data showed
only a slight difference between MRTD and MRTDt (4.9%) which
indicates no age-related differences in muscular activation during
RTD and thus supports the findings of normalized EMG data.

4.2. Spinal excitability

The Hpyax and the Hpax/Mmax-ratio of the vastus medialis re-
mained unchanged which suggests that aging was not accompa-
nied by differences in o-motoneuron excitability and/or
presynaptic inhibition of primary muscle spindle afferents. Most
studies of age-related modulations of the H reflex response have
been carried out on the soleus muscle and have demonstrated con-
trary results (Kido et al., 2004; Koceja et al., 1995; Scaglioni et al.,
2003). The discrepancies in results might be ascribed to differences
and limitations of test conditions and stimulation protocols as well
as to the variability of the reflex response which seems to enhance
with increasing age (Falco et al., 1994). The measured decrease in
Mmax amplitudes is in line with findings in the literature and might
be related to changes in the effectiveness of the neuromuscular
junction and modifications at the muscle tissue level (Scaglioni
et al., 2003). Furthermore, the analyses of normalized H,,.x latency
(Aty/height) and Aty/height indicated a decrease in conduction
velocity whereby only the efferent motor axons seemed to be af-
fected. Thus, age-related changes in conduction speed, possibly
due to a loss of largest axonal fibers, reduced myelination and a de-
creased internodal length of axons in the peripheral nerve, might
contribute to the decrease in iMVT and explosive voluntary
strength (Scaglioni et al., 2003).

4.3. Contractile properties and lean mass

The present results further suggest that the decrease in iMVT
and explosive voluntary strength might be partially related to
changes within the skeletal muscle system, since lean mass and
twitch contractile properties were reduced. These results are in
line with findings in the literature (Doherty, 2003; Roos et al.,
1999). However, it has been demonstrated that the relationship be-
tween dynapenia and age-related loss of muscle mass (sacopenia)
is weak. Thus, the contribution of other mechanisms, such as the
slowing of contractile kinetics and/or neural modulations, seems
to be greater in mediating age-related loss in muscle strength
(Manini and Clark, 2011).
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In conclusion, the data from this study confirm that the age-re-
lated decline in iMVT of the quadriceps muscle might be due to
modulations of the nervous system and changes in skeletal muscle
properties. Surprisingly, the reduction in MRTD as well as RTD and
IMP during the early contraction phases might be more affected by
modulations at the muscle level than by neural changes.
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