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ABSTRACT

The specific role of the primary motor cortex (M1) in balance control remains unclear, and
a causal contribution to improvements in balance ability after balance training has not yet
been proven. The current study aims to explore the role of M1 in acquiring balance skills
following short-term perturbation-based balance training. Thirty-four participants were
randomly assigned to one of three groups: anodal transcranial direct current stimulation
(tDCS), sham tDCS, or control group without stimulation. All participants were involved in
a structured, three-session perturbation-based balance training program, with one-week
interval between sessions. We analyzed electroencephalography, electromyography, and
balance ability during balance perturbations and changes in cortico-spinal excitability at rest.
The results indicate that balance ability, measured by the center of mass displacement and
joint excursions, was improved in forward perturbation across all groups, with the anodal
stimulation group showing the largest improvement following the training. Similarly, the
anodal stimulation group showed a significant decrease in alpha band power in forward
perturbations compared to before training. While the training did not induce any significant
change in short-interval intracortical inhibition (SICI) measured, it increased intracortical
facilitation (ICF) in the right tibialis anterior (TA) muscle across all groups, independent of
the stimulation condition. This study provides evidence that tDCS over the M1 facilitates
balance skill acquisition and retention, possibly by facilitating motor preparation and
improving the efficiency of sensorimotor integration processes, as shown by decreased alpha
power and N1 latency. These findings may have implications for the potential use of tDCS
in balance training.
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OZET
Amag

Denge kontrolii, viicut boliimlerinin ya da tiim viicudun hareketini gerektiren giinliik yasam
ve spor aktivitelerini gerg¢eklestirmek igin gerekli olan temel bir motor beceridir. "Denge
kontrolii" genel terimi altinda, ayakta dururken denge, insanlarin giinlik islerini
tamamlarken genellikle ayakta durduklari i¢in tiim hareketlerin temelini olusturur.

Denge kontrol mekanizmalari iki ana stratejiye ayrilabilir: ileri beslemeli (proaktif) ve geri
beslemeli (reaktif) denge. ileri beslemeli denge kontroliine iyi bir drnek, dik pozisyonda
durmaktir. Dik durus sirasinda viicut, nefes alma, kalp atislar1 ve viicuttan gelen daha az
giivenilir/giiriiltiili sinyaller gibi faktorler nedeniyle dogal olarak kiiciik bir genlikte salinim
yapar. Bu durumda merkezi sinir sistemi, yaklasan hareketleri ngoriir ve motor ¢iktilarinin
onceden kolayca hazirlanmasini saglar. Ote yandan, reaktif denge digsal pertiirbasyonlarla
ilgilidir. Bu, duyusal girdilerin hizli bir sekilde islenmesini ve buna uygun motor ¢iktilarin
iiretilmesini gerektirir. Bu strateji, ongoriilemez dogas1 ve diismeyi onlemek i¢in daha kisa
bir iglem siiresi gerektirdiginden daha zorlu denge bozulmalarina yol agar.

Iyi bir postural kontrol, iyi duyusal girdiler ve bu girdilere merkezi sinir sistemi (MSS) ile
kas-iskelet sistemi tarafindan uygun tepkiler verilmesini gerektirir. Bu girig-¢ikis dongiisii,
gorsel, vestibiiler ve proprioseptif bilgileri biitiinlestirerek uygun dengeyi saglamak i¢in
devaml bir siirectir. Bu girdiler, ii¢ girdinin goreceli giivenilirligini belirlemek i¢in duyusal
girdilerin yeniden agirliklandirilmasiyla entegre edilir ve ardindan agirliklandirilmis duyusal
bilgiye gore dik durus kontrol edilir [1]. Denge bozulmalar sirasinda, proprioseptif bilgi
diger duyusal girdilerden daha hizl iletilir. Buna ek olarak, bozulma etkisi ayaktan basa
dogru ilerledik¢e azalir. Sonug olarak, ayakta durulan yiizeyin yer degistirmesinden sonra
kafa, viicudun en az ve en son etkilenen kism1 oldugundan, gorsel ve vestibiiler girdiler daha
az glivenilir hale gelir [2]. Bu nedenle, MSSpertiirbasyonlar sirasinda agirlikli olarak
proprioseptif girdilere giivenir ve bu da hizli postural tepkilere yol agar [3-5].

Pertiirbasyonlara yanit olarak, MSS, viicudu istenen pozisyona geri dondiirecek uygun
reaksiyonlar iretir. Bu viicut reaksiyonu, otomatik postural tepkilere (OPT) dayanir.
Pertiirbasyonlara yanit olarak denge kontroliinde ii¢ olas1 OPT devreye girer: kisa, orta ve
uzun gecikmeli tepkiler. Bu dongiiler, pertiirbasyonun baslangicindan sonraki farkli zaman
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dilimlerinde aktiftir. Monosinaptik spinal refleks yoluyla iiretilen kisa gecikmeli tepki
(SLR), pertiirbasyon baglangicindan yaklagik 30—50 ms sonra EMG kaydinda gériiliir. Beyin
sap1 dongiisii tarafindan iiretilen orta gecikmeli tepki (MLR), pertiirbasyon baslangicindan
yaklasik 65-85 ms sonra ortaya c¢ikar. Uzun gecikmeli tepki (LLR) ise pertiirbasyon
baslangicindan yaklagik 85 ms sonra baglar ve birincil duyusal ve motor korteksleri i¢ceren
transkortikal bir yola dayanir [6].

Otomatik postural tepkiler (OPT), MSS’nin {ist merkezleri tarafindan 6nceki deneyimler,
bilissel durum ve baslangigtaki duyu-motor kosullar tarafindan saglanan 6ngoriicii duyusal
bilgilere gore diizenlenir; bu siire¢ "merkezi set" olarak bilinir [7, 8]. Istemli tepkiler,
pertiirbasyon baslangicindan yaklasik 180 ms sonra baslar [7]. Rahatsizliga dayali denge
egitiminin adaptasyonlari, MSS'nin iist seviyelerinden baglayip alt seviyelere dogru
siralanan, iyi olgeklendirilmis ve uygun postural tepkilerden olusur [6, 8]. Kas atesleme
stresinde ortaya ¢ikan noromiiskiiller adaptasyonlar, potansiyel olarak subkortikal
merkezlerle iletisim yoluyla korteks tarafindan yonetilir. Bu adaptasyonlar, egitim sonrasi
"merkezi set"in modiile edilmesiyle saglanir.

Denge bozuldugu anda viicut, destek tabani i¢inde kalabilmek i¢in viicut kiitle merkezini
(VKM) basing merkezinin Gtesine tasiyarak destek merkezinin ig¢inde tutmaya caligir.
Pertiirbasyonlara verilen OPT’lerin postural sonucu, ayaklarin sabit kaldig stratejiler ("ayak
bilegi stratejisi" ve "kalga stratejisi") ile gergeklesir [7]. MSS, herhangi bir denge
bozulmasina yanit olarak kullanilacak postural kontrol stratejisini, dnceki deneyimlere
dayanarak seger. Pertiirbasyon kiiciik ve kolayca basa ¢ikilabilir oldugunda, viicut ayak
bilegi stratejisini kullanir. Bu strateji, bacak kaslari tarafindan kontrol edilen ayak bilegi
eklemi etrafinda ters bir sarkag¢ gibi tiim viicudun hareket ettirilmesini igerir. Pertiirbasyon
etkisi, ayak bilegi stratejisinin dengeyi geri kazanma esigini astiginda, viicut kalga stratejisini
kullanir [7, 8]. Kalga stratejisi, kalga eklemi hareketlerini igerir ve VKM’yi ayak bilegi
stratejisinden daha hizli hareket ettirme kapasitesine sahiptir [7, 8]. Bu durumda, viicut,
dengeyi saglamak icin ayak bilegi ve kal¢a eklemlerinin hareket ettigi ters ¢ift sarkag modeli
gibi davranir. Bu viicut ¢abasi, kiitle merkezinin hareketini destek tabaninin 6tesine tagimay1
da igeren bir adimlama yanit1 veya destek degisikligi stratejisi olarak bilinen bir hareketi
takip edebilir [1]. Artmis kalga eklemi katilimi, pertiirbasyonun daha biiyiik bir etkisini ifade
eder ve VKM'nin daha fazla yer degistirmesi ile daha yiiksek postural instabiliteye yol agar
[9]. Bu nedenle, daha kiigiik kalga eklemi hareketi, daha iyi denge kontrolii anlamina gelir
ve rahatsizlik sonras1 zirve kalca agisi, postural kontrol stratejisinin bir gostergesi olarak
kullanilabilir [10]. Bu anlayisa dayanarak, denge egitiminin destek yiizeyinin kayma
hareketi sirasinda daha az VKM yer degistirmesi saglamasi beklenir.

Onceki ¢alismalar, insanlarin farkli yonlerden gelen pertiirbasyonlara farkl sekillerde yanit
verdigini gosterdi. Biyomekanik perspektiften bakildiginda, viicut, destek yiizeyinin geriye
dogru hareket etmesinden kaynaklanan 6ne dogru denge bozulmalari, ayak bilegi plantar
fleksiyon torkunun dorsifleksiyon torqundan daha biiylik olmasi ve kalganin hareket
acikligiin fleksiyon yoniinde ekstansiyon yoniinden daha biiylik olmasi nedeniyle daha
kolay toparlayabilir. Oude Nijhuis ve ark., rotasyonel pertiirbasyonun ilk deneme etkisini
arastirdiklar1 ¢alismalarinda, iyilesme oranini belirlemek i¢in ilk ve ikinci pertiirbasyonlarin
arasindaki fark ile ikinci ve sonraki denemeler arasindaki farklari farkli pertiirbasyon
yoOnlerinde karsilastirdilar. Arastirma sonunda geriye dogru denge bozulmasina neden olan
pertiirbasyon yoniinde, ilk pertiirbasyonda daha biiyiik postural instabilite oldugunu
gosterdiler [65]. Irkilme uyaranlari, beklenmedik duyusal sinyallere kars1 hizl, istemsiz bir
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tepki olan irkilme refleksini uyarir. Nonnekes ve ark., 6ne veya geriye dogru rahatsizliklar
sirasinda irkilme isitsel uyarinin postural tepkiler iizerindeki etkisini arastirdilar. One dogru
pertiirbasyon (ylizeyin 6ne dogru kaymasi) ile ilgili yanitlarin, irkilme refleks yolu ile ortak
bir mekanizmaya sahip olabilecegini ve irkilme isitsel sinyalin 6ne dogru rahatsizliklarda
denge geri kazanim tepkilerini iyilestirdigini, ancak geriye dogru pertiirbasyonlarda etkili
olmadigimi gosterdiler. Bulgulari, farkli pertiirbasyon yonlerine yonelik postural yanitlarin
muhtemelen farkli sinir devreleri tarafindan islendigi seklinde yorumladilar [11]. Benzer bir
mekanizma, Parkinson hastaliginin klinik bulgularinda da goriilebilir. Parkinson hastaligi,
postural kontrolde dnemli bir rolii olan bazal gangliadaki dopaminerjik néronlar etkileyen
norodejeneratif bir hastaliktir [12]. Parkinson hastaliginin ileri asamalarinda, postural
instabilite artar ve Ozellikle geri dogru diisme riski yiikselir [13]. Bu bulgular, bazal
ganglionlarin, farkli yonlerdeki pertiirbasyonlara kars1 hizli geri doniis saglayan merkezi
motor ve biligsel seti modiile ettigini ima etmektedir [13].

EEG kaydinda N1 olarak bilinen biiyiik bir negatif potansiyel, pertiirbasyon baslangicindan
90-200 ms sonra suplementer motor alanda (SMA) ortaya ¢ikar [14, 15]. N1'in genligi ve
altinda yatan frekans bantlari, 6zellikle teta frekans bandi (3-7 Hz), denge pertiirbasyonlari
ile giiclii bir iliskiye sahiptir [16, 17]. N1'in genligi ayn1 zamanda alt ekstremitelerdeki
proprioseptorlerden kaynaklanan afferent girdilerle ilgili bilissel siireclerin katilimini
yansitir [18] ve tehdit algisindan, pertiirbasyonlarin tahmin edilebilirliginden ve dikkatten
etkilenir [19, 20]. Stokkermans ve arkadaslari, midfrontal kortikal dinamikler ile viicut
tizerinde dngoriilen pertiirbasyon etkisi arasindaki iligkiyi aragtirdi. Egilme yoniinii ve agisini
degistirerek baslangigtaki viicut durusunu degistirdiler. Elde ettikleri bulgular, teta giiciiniin
baslangi¢ postiirii ile modiile edildigini gosterdi [21]. Ayni laboratuvarda yapilan bir bagka
calismada da benzer bulgular elde edildi. Solis-Escalante ve arkadaslari, N1 genligi ve
latans1 ile teta, alfa ve beta bantlarmin giicliniin pertiirbasyon yogunluguyla modiile
edildigini bulmustur [14]. Baska bir ¢alisma, artan pertiirbasyon yogunlugunun Cz
elektrotunda N1 genliginin artmasina ve gecikmenin azalmasina neden oldugunu gosterdi
[22]. Pertiirbasyon 6zellikleri ile N1 genlikleri ve frekans band1 giicii arasindaki iligki ¢esitli
caligmalarda arastirilmis olsa da, bildigimiz kadariyla, dnceki caligmalar denge egitiminin
(beyin modiilasyon teknikleri kullanilarak ya da kullanilmayarak) N1 6zellikleri ve frekans
bantlarinin giicii iizerindeki etkisini 6zel olarak aragtirmadi. Denge egitimi ile kazanilan
gelismis duyusal entegrasyon ve deneyimle, N1 genligi ve gecikmesinin yani sira teta ve alfa
bantlarinin giiciiniin azalmasi beklenir, bu da fronto-merkezi kortekste aktivasyonun
azaldigini gosterir [19].

Onceleri, dengenin spinal ve subkortikal diizey tarafindan kontrol edildigi varsayilmaktaydi
[23]. Son yillarda, primer motor korteksin (M1) denge kontroliindeki rolii daha iyi
anlagilmaya baslandi. Transkranyal Manyetik Stimiilasyon (TMS) calismalari, birkag
haftalik denge egitiminden sonra gorevin ylriitiilmesi sirasinda M1'deki uyarilabilirligin
azaldigini gosterdi [24]. Benzer sekilde, iki seans denge egitiminden sonra bile sensorimotor
alanlarda ge¢ici gri madde degisiklikleri gosterildi [63]. Yakin zamanda yapilan bir ¢aligsma,
diisiik frekansli tekrarlayan TMS (fTMS) ile M1 aktivitesini bozmanin, alt1 set denge
egitiminden olusan tek bir seanstan sonra denge becerisi edinimini etkilemedigini gosterdi.
Bununla birlikte, M1 aktivitesindeki bu bozulma, 24 saat sonra denge becerisinin
korunmasinda bozulmaya neden olmaktadir [25]. Mevcut literatiir, M1'in 6zellikle denge
egitiminin baslangicinda merkezi bir rol oynamasinin muhtemel oldugunu, diger motor
kontrol merkezlerinin uzun siireli motor 6grenmede motor kontrolde M1'in yerini aldigin
gostermektedir. Benzer bir mekanizma, Hwang ve arkadaslar tarafindan ytiriitiilen motor
ogrenmede M1'in roliinii gosteren yakin tarihli bir hayvan deneyinde de gosterildi [26].
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Egitimin ilk dort haftasinda M1 {izerindeki inaktivasyonun farelerde motor performansda
bozulmaya neden oldugunu bulmuslardir. Bununla birlikte, sekiz haftalik egitimden sonra
inhibisyon uygulandiginda 6nemli bir fark gosterilmedi. Bu sonuglar, motor &grenme
stirecinin ilk asamasinda primer motor korteksin 6énemli bir rolii oldugu fikrini destekledi.
M1'in denge kontroliindeki roliinii aragtiran ¢aligmalar artmasina ragmen, denge becerisinin
kazanilmasindaki kesin mekanizmasi belirsizligini korumaktadir. Bu nedenle, bu calisma
M1'in denge becerilerinin kazanilmasindaki roliine odaklanmaktadir.

M1'in roliinii arastirmak i¢in giivenli, invazif olmayan bir teknik olarak transkraniyal dogru
akim stimiilasyonu (tDCS) kullanilmaktir. Anodal tDCS, kii¢lik dogru elektrik akimlarinin
uygulanmasi yoluyla néronlarin dinlenim membran potansiyelini degistirerek noronal
uyarilabilirligi artirir [27]. Gelistirilmis uyarilabilirlik, beceri edinimi ve kaliciligr igin
gerekli olan ndroplastisiteyi ve uzun donemli giiclenmeyi kolaylastirir. Anodal tDCS, N-
metil-D-aspartat reseptorii ve GABAerjik aktiviteyi modiile ederek plastisiteyi indiikler [28,
29]. Boylece, elektrotlarin yerine, akim yogunluguna, gorev tiiriine [25] ve gorev
karmasikligina [30] bagli olarak motor 6grenmeyi gelistirebilir [31-34]. Yakin zamanda
yapilan sistematik bir inceleme, M1 {izerindeki anodal stimiilasyonun geng yetiskinlerde
dinamik dengeyi gelistirdigi sonucuna vardi [35]. Craig ve Doumas, M1 {izerinde anodal
stimiilasyon uygulamis ve ayakta durma ylizeyinin rotasyonel hareketleri sirasinda dinamik
dengeyi 6lgmiistiir. Stimiilasyondan hemen sonra ve stimiilasyondan 30 dakika sonra kapali
g6z kosullarinda tepe-tepe basing merkezi salinimi ile Olglilen dengede iyilesme
bulmuslardir [36]. Kaminski ve arkadaglar1 da hareketli platform iizerinde denge egitimi
sirasinda anodal stimiilasyon ile birlikte sham stimiilasyon alan gruba kiyasla dengede
iyilesme oldugunu gosterdi. Bu iyilesme egitimden 24 saat sonra da korunmustur [32].

Dinamik denge kontroliinde tDCS veya rTMS'min M1 iizerindeki etkisini arastiran
caligmalarin ¢ogunun, Craig ve Doumas tarafindan yiiriitiilen ¢alisma disinda, oncelikle
dengenin ileri besleme mekanizmasini test ettigini belirtmek 6nemlidir [36]. Bu yaklagimin
temeli, MSS'nin farkli béliimlerinin iy1 bilinen rolleri olabilir. M1'in rolii istemli hareketleri
ve motor planlamay1 igerir. Bu nedenle, M1'in, 6rnegin denge tahtasin1 yere paralel bir
pozisyonda tutmak gibi, ileri besleme denge mekanizmasini kullanarak daha belirgin bir role
sahip olmasi beklenebilir. Bununla birlikte, takilma ve kayma gibi olas1 giinliikk zorluklar
simiile eden pertiirbasyonlara kars1 reaktif denge tepkilerinde yer alan altta yatan kortikal
mekanizmalarin aydinlatilmas1 ¢ok oOnemlidir. Reaktif denge mekanizmasi, viicut
pozisyonunun hizli bir sekilde degerlendirilmesini, durus bilgisinin SMA ve premotor
kortekse aktarilarak motor planin iiretilmesini ve son olarak M1 dahil olmak {izere motor
kortikal alanlarin serebellum ve bazal ganglia ile iletisim kurarak uygun motor yanitlar
iiretmesini gerektirdiginden muhtemelen ileri besleme mekanizmasindan daha karmasiktir
[37]. tDCS'nin kortikal yapilar iizerindeki etkisine ek olarak, subkortikal yapilar1 da
kolaylastirabilir [38]. Baskin olmayan motor korteks {izerinde on bes dakikalik anodal tDCS,
sham tDCS'ye kiyasla ayak bilegi kaslarinin pertiirbasyonlara karsi aktivasyon gecikme
tepkisinin azalmasiyla sonuglanmistir. Elde edilen bu bulgular, tDCS'nin “merkezi set”
roliine sahip subkortikal yapilarin uyarilabilirligini degistirdigi ve pertlirbasyonlara yanit
olarak daha hizli kas baslangi¢ gecikmesine yol agtig1 seklinde yorumlandi [38].

Transkraniyal manyetik stimiilasyon, beyin i¢inde elektromanyetik alan kullanarak elektrik
akimi indiikleyen ve boylece altindaki kortikospinal ve intrakortikal néronlar1 aktive eden
invazif olmayan bir beyin stimiilasyon teknigidir [39]. Bu nedenle, TMS, denge egitimi
sonucunda M1’in intrakortikal inhibitér ve eksitator devrelerinde kortikal adaptasyon



derecesini degerlendirmek i¢in kullanilabilir. Intrakortikal inhibitor devreler genellikle kisa
aralikli intrakortikal inhibisyon (SICI) 6lgiilerek degerlendirilirken, eksitator mekanizma
intrakortikal fasilitasyon (ICF) dlgiilerek degerlendirilir. Her iki 6l¢tim de bir kosullandirma
alt esigi uyaris1 ve ardindan bir test uyarisi icerir. Bu ¢ift darbe prosediirleri, gama
aminobutirik asit (GABA)a aracili inhibitér (SICI) ve glutamaterjik fasilitatér (ICF)
baglantilar arastirabilir. Ayrica, ICF’nin kismen GABAerjik devre tarafindan diizenlendigi
[72] ve temel mekanizmasinin tam olarak anlagilamadigi da belirtilmelidir.

Motor egitim genellikle kisa siireli motor 6greniminden sonra azalmis inhibisyon (SICI) ve
artmis fasilitasyon (ICF) ile iliskilidir [40, 41]. Azalmis SICI’nin, plastisite yoluyla motor
ogrenme siirecini kolaylastirdig1 diistiniilmektedir [42]. Bununla birlikte ¢eliskili sonuglar
da bildirildi. Ornegin, 4 hafta siiren squat egitimi, rectus femoris temsil alaninda SICI
seviyesini %32 oraninda azaltir [43]. Ansdell ve ark. tarafindan yapilan benzer bir ¢alismada
ise 4 hafta sliren squat egitimi sonrasinda test kosullarinin gorev spesifik olmasindan
bagimsiz olarak vastus lateralis kasinda SICI ve ICF’de herhangi bir degisiklik
gozlemlenmedi [44]. Motor 6grenme siirecinde SICI’nin azaldig1 ¢aligmalarin aksine, daha
koordinatif becerilerle yapilan egitimler inhibisyon seviyesini artirir. Bir kesitsel ¢alisma,
elit badminton oyuncularinin dinlenme durumunda, acemi oyunculara kiyasla daha yiiksek
inhibisyon ve eksitasyon gosterdigini ortaya koymustur [45]. Mouthon ve Taube, 2 hafta
stiren denge egitiminden sonra SICI seviyesinin arttigini bulmustur [24]. Taube ve ark. ise,
4 hafta siiren denge egitiminden sonra SICI’nin arttigini, ardindan 4 hafta siiren patlayici
antrenmana devam edildiginde ise azaldigini bulmustur [46]. Bu bulgular, SICI’nin
karmasik motor gorevlerden sonra arttigini, daha az karmasik motor 6grenme gorevlerinden
sonra ise azaldigini dne siiren onceki hipotezleri desteklemektedir.

Motor 6grenme caligmalarinin ¢ogu agirlikli olarak iist ekstremite kaslarindaki SICI ve
ICF'yi arastirdi. Onceki ¢alismalar iist ekstremite kaslarinin alt ekstremiteye kiyasla M1'den
daha giiglii kortikospinal projeksiyonlara sahip oldugunu gosterdi [47]. Ancak, tim alt
ekstremite kaslar1 benzer kortikospinal baglantilara sahip degildir. Ornegin TA, SOL’dan
cok daha giiclii, [47, 48] el kaslariyla karsilastirilabilir 6lgiide giiglii [49] kortikomotor
baglantilara sahip oldugu gortilmektedir. Bunu destekleyen yeni bir ¢alisma, tibialis anterior
temsilinin eldeki abduktor digiti minimi kasi1 ile benzer GABAerjik ve glutamaterjik
interndronal devreler gosterdigini ortaya koymustur [50].

Literatiirde, uyarilabilirlik 6l¢limlerinin sonuglart muhtemelen motor becerinin tiirii ve
metodolojik farkliliklar nedeniyle degisiklik gostermektedir. Denge calismalarinda SICI ve
ICF ol¢timlerindeki varyasyonlar, gergeklestirilen gorev [51] ve test kosullar1 gibi ¢esitli
faktorlere baghdir. Bu kosullar arasinda kaslarin aktif veya pasif durumda olup olmadig: ve
test kosulunun dgrenilen gorevle eslesip eslesmedigi yer alir [24, 46, 52]. Intrakortikal
uyarilabilirligin géreve bagli dogasina ragmen, daha kontrollii ve standartlagtirilmis kosullar
altinda daha giivenilir sonuglar elde etmek ve denge gorevi sirasinda Ol¢iim yapmanin
getirdigi teknik kisitlamalar nedeniyle planladigimiz bu aragtirmada TMS o6l¢iimlerini
istirahat halinde gerceklestirdik. Bu yaklasim ayni1 zamanda kas aktivitesinin olas1 karistirici
etkilerini dislamaya da yardimci olmaktadir.

MSS, disardan gelen pertiirbasyonlar viicudun dengesini bozdugunda diismeyi 6nlemek i¢in
uygun tepkiler tiretmekten sorumludur. MSS, dengeyi kontrol etmek icin iki ana strateji
kullanir; Algisal (APA) ve tepkisel (CPA) postiiral ayarlamalar [53]. APA'lar, yaklasan
pertiirbasyonlardan dnce kaslarin hazirlanmasini icerirken, CPA'lar pertiirbasyonlara verilen



reaktif postiiral tepkileri ifade eder. MSS APA'lan diizgiin bir sekilde iirettiginde,
pertlirbasyonlardan sonra VKM yer degistirmelerinin azalmasi ve pertiirbasyonlardan sonra
dengeyi yeniden kazanmanin daha kolay olmasi beklenebilir. Bu sayede CPA'lara daha az
ihtiyac duyulacaktir. Bununla birlikte, isitsel uyaranin, bireyin uyarilma durumu iizerindeki
degisiklikler aracilig1 ile katilimcilarin pertiirbasyona karst postural yanitlarini ayarlamak
icin kortikospinal uyarilabilirligi diizenleyebilir [54]. Bu arastirmada ses uyariminin postural
dengeye etkisinin denge egitimiyle ve tDCS ile degisimi test edildi. Bir baska ifadeyle eger
sesli uyaranlar primer motor korteksin uyarilabilirligini degistiriyorsa denge egitimine kars1
gelistirilen adaptasyon sesli uyaranin postural cevaplar tizerindeki etkisini degistirebilir.

Literatiirdeki bulgular pertiirbasyon yoniiniin viicudun biyomekanik 6zelliklerinden ziyade
MSS’nin pertiirbasyonu algilayis, isleyis ve tepki olusturma siirecine etki eden 6nemli bir
faktor oldugunu gostermektedir. TA kasi 6ne dogru pertiirbasyonlarda baskin reflex cevaplar
iiretirken, aksine SOL kas1 geriye dogru olan pertiirbasyonlarda primer rol oynamaktadir.
Bununla birlikte bu iki kasin postiiral kontroldeki rolii yalnizca anatomik farkliliklarla ilgili
olmayabilir. TA kasi daha diisiik yogunluklu TMS darbeleri ile uyarilabilmektedir. Bu da
SOL kasmna gére TA kasinin daha fazla kortikomotor baglantiya sahip oldugunu
gostermektedir. Buna paralel olarak, Fujio ve ark., one pertiirbasyondan 6nce verilen ses
uyaraninin TA kasi uyarilabilirligini artirdigini ama SOL kasinda bir degisiklik olmadigini
ortaya koymustur [55].

Bu calismanin amacit M1'in denge kontroliindeki roliinii arastirmaktir. Hipotezimizi test
etmek i¢in, anodal stimiilasyon , sham stimiilasyon ve kontrol grubu olmak iizere ii¢ grup
olusturuldu. M1'in pertiirbasyonlara yanit olarak denge kontroliindeki iyilesmeyi modiile
ettigini varsaydik. Hipotezimizi test etmek i¢in kas ve kortikal yanitlarin (N1 genligi ve
latans1 ve zaman-frekans analizi) yani sira kortikospinal uyarilabilirlik Ol¢timleri (kisa
aralikli intrakortikal inhibisyon (SICI) ve intrakortikal fasilitasyon (ICF)) ve davranissal
veriler (VKM, VKM'un varyansi ve eklem salimimlari) dl¢lilmiistiir. Hipotezimiz, denge
egitiminin N1 genligini ve latansini azalttigin1 ve 6zellikle anodal stimiilasyon grubunda
teta-alfa bantlarinin giiclinii diislirdiigli yoniindedir. . Ayrica, denge yanitlarinda iyilesme
(VKM yer degistirmesinde ve VKM varyanslarinda azalma) ve denge iyilesmelerine bagh
plastisitenin gostergesi olan kortikal uyarilabilirlik degisikliklerini (SICI'de artis ve ICF'de
azalma) 6ngordikk. Bunlarin disinda, ses uyarani ve pertiirbasyon yoniiniin kortikal ve
noromuskiiler cevaplart degistirmesi bu arastirmanin bir baska hipotezidir.

Gerec¢ ve Yontem

Arastirmaya 34 saglikli, sag el ve ayagim kullanan katilimcilar online ilanlar ve posterler
yoluyla dahil edildi. Yalnizca diglama kriterlerinin higbirine uymayan katilimcilar ile 6l¢iim
ve egitimler planlanmistir. Dahil edilme kriterleri 18-55 yas arasinda sag el ve ayagi baskin
kullanmak, sigara igmemek, ndrolojik ya da psikiyatrik bir hastaliga sahip olmamak olarak
belirlendi.
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Dislama kriterleri ise;

1. Kronik veya kalic1 norolojik hastaliklarin gegmisi.

2. Kalp pili varlig1 veya derin beyin stimiilasyonu uygulanmus kisiler.

3. Bas veya boyun bélgesinde metal implant olanlar (6rn. intraserebral anevrizma
sonras1 ameliyat klipsleri; yapay isitme cihazi implantasyonu).

4. Intraserebral iskemi /kanama gec¢misi.

5. Onceden epileptik nobetler veya epilepsi dykiisii.

6. Kafatasi kirig1 veya beyin dokusu lezyonu ile birlikte kafa travmasi gegmisi.

7. Sizofreni, mani veya depresyon dahil olmak {izere herhangi bir ciddi tibbi durum (i¢

organlar veya metabolik hastaliklar) veya psikiyatrik hastalik.
8. Gebelik veya emzirme.
9. Alkol veya uyusturucu bagimlilig1.
10. Sigara i¢mek.
11. Lokal veya genel afazi.
12. Adayin katilmasina engel herhangi bir yasal durum.
13. Son 4 hafta i¢inde baska bir bilimsel veya klinik caligsmaya katilma.
14. Merkezi sinir sistemine (CNS) etki eden herhangi bir ila¢ alimu.
15. Alt ekstremiteleri igeren ortopedik bir rahatsizlik.
16. Alt ekstremitelerde eklem pozisyonu duyusunun bozulmasi.
17. Bas donmesi ge¢misi.
18. Omurilik seviyesinde bir cerrahi iglem.
19. Herhangi bir denge egitimi programina katilma.

Aragtirmayla ilgilenen katilimcilar arastirmaya dair biitiin bilgileri iceren bir elektronik posta
aldilar ve aragtirmanin ilk seansina davet edildiler. Bu seansta arastirmaci katilimcilara
arastirmaya dair bitiin bilgileri aktardi ve katilimcinin sorularini yanitladi. Katilimeilar
bilgilendirilmis goniilli onam formunu imzaladi ve sonrasinda izleme anketlerini
tamamladi. Bu anketler katilimecinin dahil edilme ve diglama kriterlerine uyup uymadigini
belirlemek amaciyla yapildi. Sonrasinda arastirmaci katilimer adaylarinin TMS dlglimleri
i¢in arastirma baglamadan 6nce pilot arastirma ile belirlenen Motor uyarilmis potansiyel esik
degerine (0.15-0.5 mV) her bir hedef kas (sag ve sol tibialis anterior ve soleus) igin ulasip
ulagsmadigimi test edildi. Arastirmaya katilim i¢in uygun olan adaylarin 6l¢iim ve seanslari
planlandi. Arastirma siireci akis diyagrami sekil.0.1°de gosterildi. Olgiim seanslari birinci ve
sekizinci giinlerde, egitim giinleri ise 6l¢lim giinlerinin arasinda ardisik olmayan giinlerde
toplam 3 seans olacak sekilde planlandi (Sekil.0.2). Her bir olglim seansi prosediirii
sekil.0.3’te.
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Kayit Uygunluk igin
degerlendirilen (n=91)

Aszsessed for eligibility (n=91)
Dahil edilme kriterlerini
karsilamayan (n= 33)

Randomize edilenler (n=36)

Ayirma
v v v
Girisim 1¢in Kontrol Grubuna Girisim 1gin Sham Stimiilasyon Girigim 1¢in Anodal
aynild: (n=12) Grubuna aynildi Stimiilasyon Grubuna ayrildi
(n=12) (n=12)
Izlem
A J A J v
Izlemden cikts Izlemden ¢ikts Izlemden cikt:
(Olurunu gen ¢ekti) (n= 1) (Olurunu gen cekti) (n=1) (n=10)
Analiz
A J h J v
Analiz edildi (n=11) Analiz edildi (n=11) Analiz edildi (n=12)
Analizden gikanldi (n=0) Analizden gikanldi (n=0) Analizden gikarilds (n=0)

Sekil 0.1 Arastirmanin katilimeilarii gosteren CONSORT akis semasi.

Denge alistirmas:
(10 dk)
20 dakika denge 20 dakika denge | | 20 dakika denge
= o o o Son Test
On Test egitimi egitim egitimi
| 11 I 1 11 I 1
I [ | I [
1. Gin 2. Gin 4 veya 5. Gin 1. Giin 8. Gin

Sekil 0.2 Arastirma Dizayni

Her bir katilimcinin her bir 6l¢iim seansi genellikle 6 saat, her bir egitim seanst ise genellikle
1 saat siirdii. Kortiko-spinal uyarilabilirlik 6l¢iimleri Kelebek coil (D-B80, MagVenture A/S,
Farum, Denmark; @ 95 mm, 120° angle) ve transkranyal manyetik stimiilatore (MagPro
X100, MagVenture A/S, Farum, Denmark) kullanilarak gerceklesti. Bu oOlgiimler kisa
aralikli intrakortikal inhibisyon (SICI) ve intrakortical fasilitasyon (ICF) idi. TMS 6l¢iimleri
diger 6lciimlerden once dinlenim sirasinda yapildi. Tezde kullanilan diger 6l¢iimler (EEG,
EMG ve kinematik Ol¢limler) denge testi sirasinda yapildi. Bu oOlglimler GRAIL
laboratuvarinda gergeklestirildi. GRAIL laboratuvar ¢ift bantli bir kosu bandi, VICON
hareket yakalama sistemi (VICON, Oxford, United Kingdom), kosu bandinin o6niinde
konumlanmis 180° ac1l1 projeksiyondan olusmakta idi. D-flow yazilim1 kosu bandin1 kontrol
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etmek ic¢in kullanildi (Motek Forcelink, Amsterdam, Netherlands). Bu dl¢iimler sirasinda
pertiirbasyonlarin baglangici ve diger kayitlar1 senkronize etmek icin bir trigger sinyali
iiretildi. EMG elektrotlart SENIAM standartlarina uygun olarak TA ve SOL kaslarina
yapistirildi. Bu elektrotlar hem TMS hem de EMG odl¢limlerinde kullanildi. Pertiirbasyon
iligkili EEG Ol¢limlerini yapmak i¢in 28 elektrotlu EEG basligi kullanildi. Elektrot
lokasyonlar su sekildedir; Fpl, Fp2, F3, Fz, F4, F8, FC5, FC1, FCz, FC2, T7, C3, Cz, C2,
C4, T8, TP9, CP5, CP1, CPz, CP2, CP6, P3, Pz, P4, O1, O2. TP10. TP10 online referans
elektrodu olarak, AFz ise toprak elektrot olarak kullanildi. EMG ve EEG i¢in 6rneklem
frekans1 1000 Hz olarak ayarlandi.

Sekil 0.3 EEG Elektrodlarinin yerlesimi.

Bu ¢alismada denge testi sirasinda 6ne dogru-ses yok (FNS), geriye dogru-ses yok (BNS),
one dogru-ses var (FS) ve geriye-dogru ses var (BS) olmak tizere 4 farkli kosul uygulandi.
Her bir kosulda 15 tane pertiirbasyon uygulanmistir. “One dogru pertiirbasyon” yiizeyin
anterior hareketiyle posterior yonde denge bozukluguna yol agmasini, ‘Geriye dogru
pertiirbasyon’ ise yiizeyin posterior yonde hareketiyle anterior yonde denge bozukluguna yol
acmasini ifade etmektedir (Sekil 0.4). Her bir 6l¢iim seansinda katilimcilara 8 farkli durumda
toplamda 120 pertiirbasyon uygulandi. Bunlarin yarisinda ses uyarani pertiirbasyondan 2 sn
once rastgele olarak verildi. Egitim seanslarinda ise katilimcilar 3 farkli amplitiidte (2,4 ve
6 cm) ve iki farkli yonde toplam 120 pertiirbasyona maruz kaldi. Her bir denge egitimi 20
dakika siirdii. Katilimcilar katildiklar1 gruba gore tDCS uygulandi. Sham stimiilasyonda
tDCS elektrotlar1 baglandi ama akim yalnizca 30sn uygulandi. Anodal stimiilasyon grubuna
20 dakika boyunca tDCS uygulamas1 yapildi. Kontrol grubu ise denge egitimlerine katildi
fakat tDCS uygulanmadi (Detay i¢in bkz Bolim 3.4 ve 3.5).
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Sekil 0.4 Denge testi ve egitimleri sirasinda kullanilan pertiirbasyonlar

Olgiim seans1 prosediirii Sekil 0.5 te gosterildi. Veri analizinin 6zeti Sekil.0.6’te gdsterildi.
EEG analizinde yiiksek gegiren filtre uygulamasindan sonra sirasiyla 250 Hz frekansinda
asagl oOrnekleme ve EEGLAB kullanilarak giiriiltiilii kanallarin  ¢ikarilmasi  ve
enterpolasyonlar1 yapildi. Biitiin kanallarin ortalamasi referans kanal olarak kullanildi ve
kanallar gii¢ hatt1 giiriiltiisiinden zapline plus kullanilarak temizlendikten sonra Vveri
parcalarina ayrildi (pertiirbasyonun baglangicina gore -2000 +1000 ms). Beyin kaynakli
olmayan verilerin temizlenmesi i¢in Bagimsiz Bilesenler Analizi (ICA) c¢alistirildi. Son
olarak, M1 ve SMA iizerindeki Cz kanalinda -500 -200 ms referans degerine gore theta ve
alpha giicii ile 90-200 ms arasindaki en kiiciikk voltaj degeri (N1) degerleri hesaplanarak
istatistiksel analiz i¢in kullanildi [15, 21, 56].
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Sekil 0.6 Veri Analizi

Istatistiksel analiz i¢in R version 4.3.3 (R Foundation for Statistical Computing) kullanild.
Linear mixed effect modelinin hesaplanmasi i¢in “Ilme4” paketi igerisindeki “lmer”
fonksiyonu kullanildi. Sabit etkiler zaman, grup ve ses (var-yok) degiskenleri kullanildi,
katilimcilar ise rastgele etkiler olarak kullanildi. Post-hoc analizleri i¢in “emmeans” paketi
ile tahmini marjinal ortalamalar, her bir ¢ikti igin hesaplanarak karsilagtirmali istatistik i¢in
kullanildi. Hem gruplar arasi, hem de zamanlar arasi karsilastirmalar i¢in “contrasts”
fonksiyonu kullanildi ve tablolara t degeri ile p degerleri her bir grup/zaman i¢in yazildu.
Anlamlilik degeri p<0,05 olarak belirlendi ve tablolardaki anlamli sonuglar koyu renk ile
belirtildi.

Bulgular
Kinematik Analiz

Tepe VKM yer degistirmelerinin mixed ANOVA sonuglari Tablo 4.1'de gosterildi. Post hoc
karsilastirmalar ise APPENDIX-6’da sunulmustur. One dogru pertiirbasyonlar sirasinda
anodal stimiilasyon grubu egitim sonunda daha diisiik VKM yer degistirmesi gosterirken
diger gruplarda anlamli bir degisiklik goriilmedi (t:2,33, p:0,02, APPENDIX-6 Tablo 3).

Her bir alt ekstremite eklemi i¢in tepe eklem agisinin ana ve etkilesim etkileri Tablo 4.4'te
listelendi. Sag kalga eklem hareket varyansi egitim sonunda biitiin gruplarda azalma gosterdi
(t:2,46, p:0,02, APPENDIX-6 Tablo 5). Buna ek olarak yalnizca anodal stimiilasyon grubu
egitim sonunda anlamli bir diistis gosterdi (t:4,04, p:0,0001).

EEG Analizi

Cz elektrotundaki N1 genligi ve gecikmesinin ana ve etkilesim etkileri Tablo 4.5'te ayrintili
olarak verildi. One dogru pertiirbasyon sirasindaki N1 genliginde ana veya etkilesim etkisi
gozlenmedi fakat geriye dogru pertiirbasyonlarda N1 genligi denge egitiminden sonra biitiin
gruplarda anlamli bir diisiis gosterdi (t:2,98, p:0,004, APPENDIX-6, Tablo 16).

Bunun yaninda N1 gecikmesinde her iki pertiirbasyon yoniinde de egitim sonunda biitiin
gruplarda anlamli olarak azaldi (6ne dogru pertiirbasyon t:6.14, p<0,0001, geriye dogru
pertiirbasyon t:4,13, p:0,0001). Geriye dogru pertiirbasyonlarda zaman ve grup faktorleri
arasinda anlamli bir etkilesim go6zlendi. Post-hoc karsilastirmalar1 anodal stimiilasyon
grubununda N1 gecikmesinin anlamli olarak diistiigiinii ama diger gruplarda anlamli bir
degisim olmadigin1 gostermektedir (t:4,67, p:<0,0001). Theta giicii One dogru
pertiirbasyonlar sirasinda egitimden sonra biitiin gruplarda anlamli olarak distii (t:4,46,
p:<0,0001 APPENDIX-6 Tablo 23). One dogru pertiirbasyonlar sirasindaki alpha giicii
yalnizca anodal stimiilasyon grubunda denge egitimi sonunda anlamli bir diisiis gosterdi
(t:2,75, p:0,01 APPENDIX-6 Tablo 28).
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EMG Analizi

Sag TA kasi pertiirbasyon sonrasi atesleme siiresinde anodal stimiilasyon grubunda egitim
sonunda anlamli bir diisiis gozlendi (t:2,93, p:0,004, APPENDIX-6 Tablo 31).

TMS Analizi

Her bir kas i¢in SICI ve ICF'nin ana ve etkilesim etkileri Tablo 4.15'te gosterildi. Tim
kaslarda SICI'da istatistiksel olarak anlamli bir ana etki veya etkilesim etkisi bulunmadi. Sol
TA kasinda ICF'de zamanin ana etkisi bulunmustur. Post-hoc analizi anodal stimiilasyon
grubunda ICF'nin gruplardan bagimsiz olarak azaldigini gosterdi.

Tartisma

Bu ¢alisma, erken dénem denge Ogreniminde primer motor korteks katilimini ortaya
cikarmak i¢in aldig1 tDCS tipine gore ii¢ gruba (kontrol, sham, anodal) ayrilan katilimcilara
verilen kisa siireli denge egitiminden sonra denge pertiirbasyonuna kinematik, néromiiskiiler
ve kortikal yanitlardaki degisikliklerin yani1 sira kortikospinal uyarilabilirlikteki
degisikliklerle birlikte, merkezi sinir sisteminin supraspinal yapisini igerdigi varsayilan uzun
gecikmeli yanitlara odaklanarak néromiiskiiler adaptasyonlar1 degerlendirdik. Anodal tDCS
ile denge egitiminin, kas baslangi¢ gecikmesini distirdiigiinii bulduk. Anodal stimiilasyon
grubu ayrica ileri pertlirbasyonda kalga eklemi ekskiirsiyonu ile alpha band giiciinde azalma
gosterdi ve bu sonuglar tDCS’in postiiral kontrol iizerindeki iyilestirici etkisini
gostermektedir.

MSS, VKM hareketlerini yakindan izler ve istenen sinirlarin 6tesine gegtiginde tespit eder
ve Ozellikle beklenmedik pertiirbasyonlar sirasinda dengeyi yeniden kazanmak i¢in uygun
tepkileri baslatir. VKM yer degistirmesinin azalmasi, anodal stimiilasyon grubunda gelismis
postiiral stabilite ve denge kontrol mekanizmalarini yansitarak, pertiirbasyonlara yanit olarak
dengeyi geri kazanma becerisinin arttigini gostermektedir. Onceki caligmalar da bu
arastirmadaki sonuglar1 destekleyici bulgular elde etmislerdir [57, 58].

Biyomekanik acidan bakildiginda, destek taban1 (BOS), ayaklar, anatomik olarak 6éne dogru
uzamaktadir ve VKM'nin izdiisiimii ayakta durma pozisyonunda lateral malleoliin biraz
onilindedir. Bu anatomik diizenleme, viicudun plantar fleksiyon sirasinda dorsifleksiyona
kiyasla daha fazla tork tiiretmesini saglar. Ayrica, kalca eklemi fleksiyon yodniinde
ekstansiyona gore daha fazla hareket aralifina sahiptir. Dolayisiyla, posterior viicut
salinimina neden olan 6ne dogru pertiirbasyon, geriye dogru pertiirbasyondan daha zordur.
Bu biyomekanik avantajlar nedeniyle insanlarin ayakta dik dururken 6ne dogru arkaya gore
daha fazla egilebildigi fikri anlasilabilmektedir. Bu bulgu, egilmeyi ve VKM'i daha sabit
tutmay1 iceren bir postiiral kontrol stratejisinin geriye dogru pertiirbasyonlar i¢in iyi bir
strateji olabilecegini, yonler arasindaki biyomekanik farkliliklar nedeniyle daha hizli bir
reflex cevapla birlikte ve ylizeyle birlikte hareket etmenin ileri yonlii pertiirbasyonlar igin
daha etkili olabilecegini ima etmektedir.

Bu biyomekanik farkliliklara ek olarak, Nonnekes ve arkadaslari, farkli yonlerdeki
pertiirbasyonlarin sensorimotor islenmesinde muhtemelen farkli noral devrelerin rol aldigini
one stirmiiglerdir [11]. Pertiirbasyonlara verilen EEG yanitlar1 (N1 genligi ve latanslar ile
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hem teta hem de alfa giicii) bu bulgulara paralel olarak yoniin ana etkisini gosterdi. Onceki
caligmalar N1'in anterior singulat korteks ve posterior parietal korteksin katkisiyla ek motor
alandan kaynaklandigini ve genliginin dikkat, algilanan tehdit ve postiiral pertiirbasyonlarin
ongoriilebilirligi gibi bilissel komponentlere sahip oldugunu 6ne stirmiistiir [19, 146].

N1 genligi egitimden sonra anodal uyarim grubunda geriye dogru pertiirbasyonlarda 6nemli
oOlgiide azald1 (Sekil.4-4), bu sonug¢ geriye dogru pertiirbasyonun dengeye etkisinin veya
algilanan postiiral tehditin diismesi sonucu ortaya ¢ikabilir. N1 gecikme siiresi geriye dogru
pertlirbasyonlarda denge egitiminden sonra biitiin gruplarda azald1 ama anodal stimiilasyon
grubu daha fazla diisiis gosterdi. Bu sonuglar duyusal isleme hizinin arttigina isaret
etmektedir ve tDCS modiilasyonunun duyusal islemeyi gelistirdigini géstermektedir. Buna
ek olarak, theta band giicii, geriye dogru pertiirbasyonlar sirasinda, egitim sonrasi biitiin
gruplarda diismiistiir. Bu sonug pertiirbasyon temelli denge egitiminin duyusal integrasyon
ve motor yanitlar gibi kortikal siireclerde tDCS modiilasyonundan bagimsiz olarak etkili
oldugunu gostermektedir. Bunun yaninda, alpha band giicii 6éne dogru pertiirbasyonlar
sirasinda sadece anodal stimiilasyon grubunda azalmistir. Bu sonug, muhtemel olarak tDCS
ile birlikte iyilesmis duyusal isleme siirecini gostermektedir ve bununla iliskili olarak 6ne
pertiirbasyonlardaki artmis denge kontrolii bulgusunu desteklemektedir.

Onceki ¢alismalar da benzer sekilde denge egitiminin ardindan kas baslangi¢ gecikmesinde
azalma oldugunu bildirdi [59-61]. Bu azalma tDCS’in daha 6nceki ¢aligmalarda bulunan
subkortikal yapilardaki uyarilabilirligi artirdigina dair bulgular1 desteklemektedir [38].

Kisa siireli motor egitimi, hem {ist hem de alt ekstremitelerde artmis ICF ile birlikte azalmis
SICl'ye neden olur [40, 41, 62, 63]. Bununla birlikte, 6nceki c¢aligmalarda, diger motor
ogrenme calismalariyla geliskili olarak denge egitiminden sonra SICI'de artis gbzlendi.
Ozetle, Mouthon ve Taube, iki haftalik denge egitiminin, hareketli bir platformda denge testi
sirasinda ve sabit ayakta durma sirasinda TA kasinda gelismis SICI seviyesine neden
oldugunu, ancak dinlenme sirasinda olmadigini bulmustur [24]. Taube ve arkadaslari,
geleneksel denge egitiminin, posterior pertiirbasyonlar (SOL aktivitesi submaksimal
aktivitenin %50'sine ulastiginda TMS uyaranlar tetiklenir) sirasinda test edildiginde SICI'yi
artirdigini, ancak istirahatte veya sabit ayakta durma sirasinda artirmadigini bulmuslardir
[46]. Bulgulari, benzer bir denge egitiminin uygulandigi ve pertiirbasyonlar sirasinda SOL
kasinda kortikal uyarilabilirligin azalmasina yol agan oOnceki bir c¢aligma ile
desteklenmektedir [64]. Onceki calismalarla uyumlu olarak, bu ¢alismada da egitimden
sonra sol TA kasinda ICF'de anlaml1 bir azalma rapor edildi, bu da kortikal uyarilabilirligin
azaldigini gostermektedir. Intrakortikal inhibisyondaki artis ve kortikal uyarilabilirlikteki
azalma, denge egitiminden sonra birincil kontrol merkezlerinin M1'den kortikal veya
subkortikal yapilara kaymasina baglanabilir.

Sonuc ve Oneriler

Denge kontrolii, giinliikk aktivitelerimizi slrdiirmek ve saglikli yaslanma siirecini
desteklemenin yani sira dengeyi etkileyen hastaliklar1 olan kisiler i¢in de hayati énem
tasimaktadir. Denge kontroliiniin altinda yatan noral katkinin anlasilmasi, rehabilitasyon
stireclerini iyilestirmek i¢in bakis agimizi genisletmenin anahtaridir.
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Bu tezde, M1 iizerine tDCS uygulayarak M1'in denge becerisi edinimindeki roliinii
arastirdim. Bu calisma, M1 bacak bdlgesi islevinde tDCS kaynakli gelismelerin, geng
yetiskinlerde arka yonde denge bozukluklarina neden olan ileri yonlii pertiirbasyonlara yanit
olarak denge becerisini ve noromiiskiiler islevi kolaylastirdigina dair kanitlar sunmaktadir.
Bu ¢aligsma, tDCS'nin pertiirbasyon temelli denge egitimini takiben denge, ndromiiskiiler ve
kortikal gelismeler lizerindeki etkilerini inceleyen ilk ¢alismadir. Anodal stimiilasyon ile
denge egitimi yoluyla gelismis kas koordinasyonu ile birlikte gelismis kas yaniti
gecikmesinin ortaya ¢iktigini gosterdim. Bu degisiklikler, yaralanma ortaya c¢ikmadan
dengenin yeniden kazanilmasi i¢in hayati onem tagimaktadir. Bu bulgular davranigsal
analizle, 6zellikle anodal stimiilasyon grubu lehine azalmis VKM yer degistirmesi ve eklem
hareketleri degisiklikleri ile desteklenmektedir. Azalan kortikal fasilitasyon, ii¢ seans
egitimden sonra denge kazanimimnda M1'in roliiniin azaldigina isaret edebilir. Anodal
stimiilasyon grubunda 6ne dogru pertiirbasyonlar sirasinda gézlemlenen alpha giiciindeki
azalma da pertiirbasyonlardan sonra denge bozulmalarinin daha etkin izlenmesi anlamina
gelebilir.

Denge becerilerinin gelistirilmesi ve korunmasi, bazal ganglionlar, serebellum veya SMA
gibi M1 ile iletisim halinde olan diger kortikal veya subkortikal bolgelere de bagli olabilir.
Bu baglamda, beyin modiilasyon teknikleri bu yapilarin denge 6grenimine katkilarini ortaya
cikarmak i¢in elzem olmaya devam etmektedir. Gelecekteki ¢aligsmalar, denge kontroliindeki
rollerini daha iyi acikliga kavusturmak igin M1'i denge kontroliiyle ilgili diger beyin
bolgeleriyle birlikte uyarmanin birlesik etkilerini arastirabilir. Ayrica, diger gruplarda,
ornegin yaslilar ya da Parkinson hastalarinda, M1 {izerinden tDCS ile denge 6grenimi, M1'in
denge 6grenimindeki rolii hakkinda daha fazla bilgi verecektir.
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1. INTRODUCTION

Balance control is a fundamental motor skill essential for performing a wide variety of
activities in daily life and sports, which require the movement of body parts or the whole
body. Under the umbrella term "balance control,” standing balance forms the foundation for
all movements, as people usually stand while completing their daily tasks.

Balance control mechanisms can be divided into two main strategies: feedforward
(proactive) and feedback (reactive) balance. A good example for feedforward balance
control is standing in an upright position. During an upright stance, the body inherently
oscillates in a small amplitude due to factors such as breathing, heartbeats, and the less
reliable/noisy signals arising from the body. Thus, the CNS anticipates the upcoming
movements, allowing motor outputs to easily be prepared in advance. On the other hand,
reactive balance involves external perturbations. This requires rapid processing of sensory
inputs and the production of appropriate motor outputs accordingly. This provides more
challenging balance disturbances because of its unpredictable nature and the shorter

processing time needed to prevent falling.

Good postural control requires good sensorial inputs and appropriate reactions to these
inputs by the central nervous system (CNS) and musculoskeletal systems. This input-output
loop is a continuous process that integrates visual, vestibular, and proprioceptive information
to maintain proper balance. These inputs are integrated by re-weighting sensory inputs to
identify the relative reliability of the three inputs and then controlling upright posture
according to the weighted sensory information [1]. During balance perturbations,
proprioceptive information arises faster than other sensory inputs. In addition to that, the
perturbation effect is dampened as it travels from the feet to the head. Consequently, visual
and vestibular inputs become less reliable as the head is the least and latest affected part of
the body after translation of the standing surface [2]. Thus, CNS relies primarily on
proprioceptive inputs during postural perturbations that result in rapid postural responses [3-
5].



As soon as the balance is disturbed, the body attempts to hold the COM within the base of
support by moving it out beyond the center of pressure. The postural outcome of APRs’ to
the perturbation is feet-in-place strategies (“ankle strategy” and “hip strategy”) [7]. The
postural control strategy used to respond to any balance disturbance is selected by the CNS
based on previous experience. When a perturbation impact is small and can be easily
handled, the body uses the ankle strategy. This strategy involves moving the entire body as
an inverted pendulum around the ankle joint controlled by shank muscles. The body uses the
hip strategy when perturbations exceed the threshold that the ankle strategy can restore
balance [7, 8]. The hip strategy involves hip joint movements, and it is capable of moving
COM faster than the ankle strategy [7, 8]. In this situation, the body behaves like an inverted
double pendulum model as the ankle and the hip joints are moving to maintain balance. This
attempt of the body may be followed by moving the BoS beyond the COM’s movement
(Stepping response), also known as the change-in-support strategy [1]. An increased hip joint
involvement indicates a greater perceived impact of the perturbations and leads to greater
COM displacement along with higher postural instability [9]. Therefore, the smaller hip joint
excursion would mean better balance control and the peak hip angle after the perturbation
can be used as an index of postural control strategy [10]. Based on this understanding, it is
expected that balance training causes less COM displacement during perturbations.

Previous studies demonstrated that humans respond to perturbations from different
directions in a distinct way. From a biomechanical perspective, the body can recover the
balance disturbances in forward direction (results from the backward translation of the
supporting surface) easier due to greater ankle plantarflexion torque than dorsiflexion torque
and a larger hip flexion movement range compared to extension movement range. Oude
Nijhuis et. al. investigated the first trial effect of rotational perturbations. They compared the
difference between the first and second perturbation trials to the second and following trials
in different directions in order to determine the improvement rate. They found greater
postural instability in the very first perturbation especially if perturbation trigger the
backward balance disturbance [65]. Startling stimuli elicits startle reflex which is a rapid,
involuntary reaction to an unexpected sensory signals. Nonnekes et. al. investigated the
startling auditory stimulus on postural responses during forward or backward perturbations.
They demonstrated that responses to the forward perturbations (forward translation of the
surface) may share a common mechanism with startle reflex pathway as startling auditory

signal improved the balance recovery responses in forward perturbations but not in backward



perturbations. Their findings suggested that postural responses to different perturbation
directions are possibly processed by different neural circuits [11]. The similar mechanism
can be seen in the clinical outcomes in Parkinson’s disease. It is a neurodegenerative disease
that affects the dopaminergic neurons in the basal ganglia which has significant role in
postural control [12]. In the later stages in Parkinson’s disease, postural instability is
increased resulting the falling risk especially in the backward body sway compared to the
forward body sway [13]. These findings imply that basal ganglia modulate central motor and

cognitive set that leading to rapid recovery to the perturbations in different directions [13].

Cognitive set shifting defines the ability to switch responses to changes depending on the
tasks and/or contexts. Good balance requires precise intermuscular coordination that
involves preferential activation of muscles depending on the direction of the perturbation.
This selective control of muscle contractions reflects improved coordination. Although
tibialis anterior primarily counteracts the forward perturbations and the soleus primarily
counteracts the backward perturbations [66], reflex responses are triggered by the
perturbation onset in both muscles in both directions [67]. Faster muscle onset might indicate

better balance recovery to prevent them from falling.

Beyond muscle responses, a large negative potential, known as the N1, is elicited in the
supplementary motor area at 90-200 ms after the perturbation onset [14, 15, 21]. The
amplitude of N1 and underlying frequency bands, especially the theta frequency band (3-7
Hz), strongly correlate with the balance perturbations [16, 17]. The amplitude of the N1 also
reflects the involvement of cognitive processes related to afferent inputs arising from the
proprioceptors in the lower extremities [18]. It is influenced by a perceived threat,
predictability of the perturbations and attention [19, 20]. Stokkermans et al. investigated the
relationship between mid-frontal cortical dynamics and predicted perturbation impact on the
body. They changed the initial body posture by altering the leaning angle and direction. Their
findings showed that theta power is modulated by the initial posture [68]. Similar findings
were found by another study conducted in the same laboratory, Solis-Escalante et al., found
that N1 amplitude and latency along with theta, alpha and beta bands power are modulated
by the perturbation intensity [14]. Another study indicated increased perturbation intensity
causes increased N1 amplitude on the Cz electrode and decreased latency [22]. Although the
relationship between perturbation characteristics and N1 amplitudes and frequency band

power has been explored in several studies, to the best of our knowledge, no study has



specifically investigated the effect of balance training with or without brain modulation
techniques on N1 characteristics and the power of the frequency bands. With improved
sensory integration and experience gained through balance training, the N1 amplitude and
latency as well as theta and alpha bands power are expected to decrease, indicating a reduced

activation in fronto-central cortex [19].

Previously, it was assumed that balance is controlled by spinal and subcortical level [23]. In
recent years, a better understanding of the role of primary motor cortex (M1) in balance
control has emerged. TMS studies showed that excitability in M1 is reduced during the
execution of task after several weeks of balance training [24]. Similarly, transient gray matter
changes in the sensorimotor areas were shown even after two sessions of balance training
[69]. A recent study demonstrated that disrupting M1 activity with low-frequency repetitive
TMS (rTMS) doesn’t impact balance skill acquisition after a single session of six sets of
balance training. However, this disruption of M1 activity results in impaired retention of
balance skill after 24 hours [25]. Current literature suggests that M1 is likely to play a central
role, especially at the beginning of balance training, other motor control centers seem to
replace the M1 in motor control in long-term motor learning. A similar mechanism has been
shown in a recent animal experiment that demonstrated the role of M1 in motor learning
conducted by Hwang et. al. [26]. They found that inactivation on M1 in the first four weeks
of training resulted in impaired motor performance in mice. However, no significant
difference was demonstrated when inhibition is applied after eight weeks of training. Their
study supported the idea that the M1 plays a significant role in the initial stage of motor
learning process. Despite an increase in studies investigating the role of M1 in balance
control, its exact mechanism in acquiring balance skill remains unclear. Thus, this study

focuses on the role of the M1 in acquiring balance skills.

A safe, non-invasive technique to explore the role of M1 is transcranial direct current
stimulation (tDCS). Anodal tDCS enhances neuronal excitability by modifying the resting
membrane potential of neurons through the application of small direct electrical currents
[27]. Enhanced excitability facilitates neuroplasticity and long-term potentiation, which is
essential for skill acquisition and retention. Anodal tDCS induces plasticity through
modulating N-methyl-D-aspartate receptor (NMDA) and gamma-aminobutyric acid
(GABA)ergic activity [29, 70]. Thus, it can improve motor learning [31-34] depending on
the montage, intensity, [71] type of task [25] and task complexity [30]. A recent systematic



review concluded that anodal stimulation on M1 improves the dynamic balance in young
adults [35]. Craig and Doumas conducted anodal stimulation on M1 and measured the
dynamic balance during rotational movements of the standing surface. They found improved
balance by measuring the peak-to-peak center of pressure sway in closed eyes conditions
immediately after the stimulation and 30 min after the stimulation [36]. Kaminski et al. also
demonstrated improved balance during balance training on the movable platform combined
with anodal stimulation compared to the group that received sham stimulation. This
improvement was preserved 24 hours after the training [32]. Anodal stimulation was selected

in this study to enhance motor learning and increase the excitability of the M1.

It is important to note that the most studies investigating the effect of tDCS or rTMS on M1
in dynamic balance control primarily tested the feedforward mechanism of balance except
for the study conducted by Craig and Doumas [36]. The basis of this approach could be the
well-known roles of the different parts of the CNS. The role of M1 involves voluntary
movements and motor planning. Thus, it might be expected that M1 has more pronounced
role using feedforward mechanism of balance, for example maintaining the balance board in
a position parallel to the ground. However, it is crucial to elucidate the underlying cortical
mechanisms involved in reactive balance responses to the perturbations that simulate the
possible daily challenges such as trips and slips. The mechanism of reactive balance is
possibly more complex than the feedforward mechanism as it requires rapid assessment of
body position, transferring the posture information to the SMA and premotor cortex to
produce motor plan and finally motor cortical areas including M1 produce appropriate motor
responses communicating with cerebellum and basal ganglia [37]. In addition to the effect
of tDCS on cortical structures, it can also facilitate subcortical structures [38]. Fifteen
minutes of anodal tDCS over the non-dominant motor cortex resulted in a reduced onset
latency response of ankle muscles to perturbations compared to the sham tDCS. Their
findings implied that tDCS altered the excitability of subcortical structures which has a role

“central set” lead to faster muscle onset latency in response to the perturbations [38].

Transcranial magnetic stimulation is a non-invasive brain stimulation technique that uses an
electromagnetic field to induce electric current in the brain, which activates underlying
corticospinal and intracortical neurons [39]. Therefore, TMS can be employed to evaluate
the degree of cortical adaptation in intracortical inhibitory and excitatory circuits of the M1

resulting from balance training. Intracortical inhibitory circuits are typically assessed by



measuring short-interval intracortical inhibition (SICI), whereas excitatory mechanisms can
be evaluated by measuring intracortical facilitation (ICF). Both measurements involve a
conditioning subthreshold stimulus followed by a test stimulus. These double pulse
procedures can probe GABAa-mediated inhibitory (SICI) and glutamatergic facilitatory
(ICF) networks. It should also be noted that ICF is partially regulated by GABAergic circuit
[72] and its underlying mechanism is poorly understood.

Motor training typically leads to decreased inhibition (SICI) accompanied by increased
facilitation (ICF) after short-term motor learning [40, 41]. Decreased SICI is assumed to
facilitate motor learning process through plasticity [42]. In spite of this, conflicting results
have been reported. For instance, 4 weeks of squat training, reduces the level of SICI by
32% in rectus femoris representation area [43]. Similar study conducted by Ansdell et. al.
demonstrated no changes in SICI and ICF in the vastus lateralis muscle after 4 weeks of
squat training, regardless of whether the conditions were task-specific [44]. On the contrary
of the studies that showed decreased SICI throughout motor learning, training in more
coordinative skills increases the level of inhibition. A cross-sectional study showed that elite
badminton players demonstrate a higher inhibition and excitation compared to novice
players at rest [45]. Mouthon and Taube found that enhanced level of SICI after 2 weeks of
balance training [24]. Taube et. al. found that increased SICI following 4 weeks of balance
training and was then decreased when the participants continue with a 4 weeks of explosive
training [46]. Their findings support the previous hypotheses that SICI is enhanced after

complex motor tasks while it is reduced following less complex motor learning tasks.

Most motor learning studies have predominantly investigated SICI and ICF in upper
extremity muscles. The previous studies indicated that upper extremity muscles have
stronger corticospinal projections from M1 compared to the lower extremity [47]. However,
not all lower extremity muscles have similar corticospinal connections. TA, for example,
has much stronger corticomotor connections than SOL [47, 48] and is even comparable to
the hand muscles [49]. Supporting this, a recent study showed that tibialis anterior
representation shows similar GABAergic and glutamatergic interneuronal circuits as the

abductor digiti minimi muscle in the hand [50].

Notably, in the literature, results of excitability measures vary, possibly because of the type
of motor skill and methodological differences. Variations in SICI and ICF measurements in



balance studies depend on several factors, such as the task demand [63, 64] and the testing
conditions. These conditions include whether the muscles are in an active or passive state
and whether the testing conditions match the learning task [24, 46, 52]. Despite the task-
dependent nature of intracortical excitability, we conducted these measures at rest to obtain
more reliable results under more controlled and standardized conditions and due to the
technical restrictions associated with performing measurements during balance tasks. This

approach also helps to exclude the possible confounding effects of muscle activity.

In this study, there were 4 different conditions during the balance test consisting of forward-
no sound (FNS), backward-no sound (BNS), forward-sound (FS) and backward-sound (BS).
“Forward perturbation” refers to the forward translation of the surface that results in
posterior balance disturbance and ‘“Backward perturbation” refers to the backward
translation of the surface that causes balance disturbance in the anterior direction. As a
timing cue, the "beep” sound is provided two seconds before the perturbation onset but does
not convey any information regarding the direction of the perturbation.

This study aimed to explore the role of M1 in balance control. To test our hypothesis, we
recruited three groups for this study: One receiving anodal stimulation, another receiving
sham stimulation, and a control group. We hypothesized that M1 modulates the
improvements in balance control in response to perturbations. Muscular and cortical
responses (N1 amplitude and latency and time-frequency analysis), as well as corticospinal
excitability measures (short-interval intracortical inhibition (SICI) and intracortical
facilitation (ICF)) and behavioral data (COM, variance of COM and joint excursions), were
measured to test our hypothesis. We hypothesized that balance training decreases N1
amplitude and latency and reduces theta-alpha bands power particularly in the anodal
stimulation group. Additionally, we hypothesized improved balance responses (decreased
COM displacement and COM variances) as well as cortical excitability changes indicative

of plasticity related to the balance improvements (increased SICI and decreased ICF).






2. GENERAL INFORMATION

2.1 What is Balance and Postural Control

Balance or postural equilibrium involves maintaining the body orientation against internal
or external perturbations on the body segments that attempt to change the position of body
segments. Internal perturbations are created by self-initiating movements such as when
flexing hips or raising the arm, while external perturbations result from daily tasks or sport
activity such as standing on a moving bus or interacting with opponents during sports
competitions. The term “Balance Control” refers to the ability to maintain the center of mass
over the base of support while executing other tasks such as walking, carrying something or
sports activities. Balance control is essential to reducing falls and subsequent injuries as well

as enhancing sports performance [73, 74].

The body continuously oscillates around its base of support even in the quiet standing
position because of the relatively small base of support (BoS), due to the bipedal standing
and relatively high Center of Mass (COM). Noisy signals from the body receptors, heart
pulses and ventilation are other factors causing oscillations during quiet standing. These
oscillations are called postural sway. COM is thought as the point where the average body
mass is located and it is approximately 2 cm in front of the 2nd lumbal vertebra [7]. Central
Nervous System (CNS) minimizes COM movements, also known as body sway, caused by
internal or external forces that may cause a danger of falling or losing balance. The COM
movements that go beyond the desired borders are detected by sensory systems
(somatosensory/proprioceptive, visual, and vestibular systems). In order to prevent bodily
harm, CNS must rapidly process these inputs to detect deviations from upright or desired
posture and correct them immediately. After processing these sensory inputs, the CNS
generates an appropriate motor reaction to keep the COM inside the BOS. The consequences
of each motor command are monitored and tuned by CNS to establish fine motor outputs.
This is a continuous loop of processing involving sensations and reactions and is defined as

a closed-loop feedback control organization [1].

External perturbation can be applied by translation or rotation of the base of support (BoS)
or COM under a controlled, laboratory environment to imitate daily life postural challenges.
As soon as the balance is disturbed, the body attempts to hold the COM within the BoS by
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moving it out beyond the center of pressure. The body’s first response to perturbation is
stretch reflex, also known as short-latency response that starts ~30 ms after the perturbation
[59]. The second response to the perturbation is feet-in-place strategies (“ankle strategy” and
“hip strategy”) [7]. A control strategy is selected based on the impact of the perturbation and
previous experience by the CNS. When a perturbation is small and can be easily handled,
the body uses the ankle strategy. This strategy involves moving the entire body as an inverted
pendulum around the ankle joint controlled by shank muscles. When the BOS moves
forward, the tibialis anterior mainly counteracts the impact of perturbation, while the soleus
muscle is maximally active during backward translations [75]. The body uses the hip strategy
when the perturbation exceeds the ankle strategy's threshold to restore balance [7, 8].

The hip strategy involves hip joint movements, and it is capable of moving COM faster than
the ankle strategy [7, 8]. In this situation, the body behaves like an inverted double pendulum
model as the ankle and the hip joints move to maintain balance. After this attempt the body
may be followed by moving the BoS beyond the COM’s movement (Stepping response) also
known as the change-in-support strategy when feet-in-place strategies couldn’t recover the
balance [1].

2.2. The Role of the Central Nervous System in Balance Control

2.2.1. Sensory systems

All movements and oscillations in the body such as breathing, heart beats, muscle
movements must be encoded by sensory systems to enable the CNS to control the body in
response to internal or external perturbations. Balance control is an adaptive process that
includes a continuous feedback system of processing visual, vestibular and proprioceptive
inputs by the spinal cord, brainstem, cerebellum and cerebral cortex [76, 77]. Visual input
provides information about potentially destabilizing situations, especially when performing
a novel balancing task. Vestibular input is important for maintaining balance on an unstable
surface and during head movements. The proprioceptive signals originated from
mechanoreceptors in the soles of feet and muscles and tendons around ankle joints provide
information about the motion of the body relative to the surface. These sensory inputs are
re-weighted to identify the relative reliability of each of them and then this weighted sensory
information is used for generating motor outputs to control upright posture [1]When we

move in a dark environment, for example, visual information is less reliable than vestibular
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and proprioceptive inputs, meaning that vestibular and proprioceptive inputs are weighted
more. When an ankle joint is injured, for another instance, proprioceptive signals become
noisier, resulting in less reliable proprioceptive information. Thus, other sensory inputs are

upweighted after the ankle sprains.

After the balance perturbation begins, proprioceptive information arises faster than other
sensory inputs. In addition to that, the perturbation effect is dampened as it travels from the
feet to the head. Consequently, visual and vestibular inputs become less reliable as the head
is the least and latest affected part of the body after translation of the standing surface [2].
Thus, CNS relies primarily on proprioceptive inputs during postural perturbations since
proprioceptive system triggers faster responses than input from other sensory systems. [3-
5].

Proprioception generally implies the sense of ability of the position and movement of our
body in space and muscle force and tone, sense of effort, and balance [78, 79]. Proprioceptive
information arises from proprioceptors which are specialized mechanosensory organs within
muscles, joints and skin. The most prominent proprioceptors in the musculoskeletal system
are the muscle spindle and Golgi Tendon Organ. Neuronal signals are initiated by both

receptors in response to biomechanical circumstances in the respective body parts [80].

Muscle spindles are embedded in the skeletal muscle that provide information about the
muscle’s length and the rate of the muscle length changes. As a common occurrence, muscle
fibers stretch when load is added to them in the form of weight or resistance. Because of its
anatomy, a stretch/contraction of the extrafusal muscle fibers causes a simultaneous response
of the much smaller intrafusal muscles. Each intrafusal fiber has its own motor innervation
and sensory innervation coming from axons of the largest diameter in a sensory nerve. The
muscle spindle is never disabled and continuously sends information about the muscle length

and the rate of speed and amplitude of the muscle to the CNS.

Muscle spindles are innervated by 1a afferent fibers, conducted with alpha motor neurons
via interneurons. Through this loop, a change in muscle spindle length results in an
immediate contraction of the muscle called the ‘stretch reflex’ [81]. Thus, proprioceptive

information from the muscle spindles is essential in reactive postural control even if the
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‘stretch reflex’ is generally not strong enough to control the COM after unexpected

perturbations.

When perturbation occurs under a controlled condition or slips and trips happen during daily
life. The feet are the most affected part of the body, so proprioceptors in the ankle sense the
positional and angular changes before other sensory systems. It leads to an immediate
recovery response through spinal and subcortical structures after balance perturbations [6].

2.2.2 Control systems

Anticipatory Postural Adjustments (APAs) and Compensatory Postural Responses (CPRs)

The central nervous system (CNS) is responsible for generating appropriate responses to
prevent falling when external perturbations disrupt the balance of the body. CNS employs
two main strategies for controlling balance; Anticipatory (APAs) and Compensatory (CPAS)
postural adjustments [53]. APAs involve preparations of the muscles prior to the upcoming
perturbations, while CPAs refer to the reactive postural responses to the perturbations. When
CNS generates APAs properly, COM displacements after the perturbations will be
decreased, and recovering the balance after the perturbations will be easier and require
smaller CPAs. The central nervous system learns how to generate APAs correctly and in a
timely manner through experiences [82]. These responses are well organized and include
highly adaptive patterns of muscle synergies.

The SMA and pedunculopontine nuclei (PPN) are involved in the planning of APAs [7]. The
Supplementary Motor Area (SMA\) is located on the dorsomedial frontal cortex and anterior
to the M1 leg representation area. Many studies have supported the role of SMA in
modulating APAs. A previous study showed that inhibition of SMA by using repetitive TMS
(rTMS) led to impaired APAs [83]. Nomura and Kirimoto investigated the effect of anodal
tDCS on SMA during rapid arm flexion tasks by measuring the EMG activity of deltoid and
biceps femoris muscles and COP sway. APAs in older adults were improved with anodal
tDCS by reducing COP sway and improving the muscle onset time of the biceps femoris
(postural muscle) [84]. Besides its role in APAs, studies also demonstrated that SMA is
involved in cognitive processing, movement preparation, voluntary control and coordination

[85-89]. SMA integrates sensory, motor, and cognitive information due to its location
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between the primary motor cortex and the frontal lobe and through its connections with M1,
dorsolateral prefrontal cortex and subcortical structures involved in movement control such
as basal ganglia, cerebellum and brainstem [90, 91]The SMA's role in the sensory integration
process is supported by its role in the initiation and coordination of complex movements,

postural stabilization, and the planning of internally generated actions.

Although it was believed that spinal reflexes are responsible for the postural control, recent
studies showed that this process is more complex. It involves cortical, subcortical and
brainstem structures including cerebellum, thalamus, temporo-parietal cortex, sensorimotor
and prefrontal areas, brainstem and basal ganglia [6, 81]. Three potential neural loops are
involved to control unpredictable perturbations. These loops are active during different times
after the perturbation onset. A monosynaptic spinal reflex pathway produces the short-
latency response (SLR) and appears in the EMG recording ~30-60 ms after perturbation
onset. This short period of time implies that group | afferent fibers are responsible for
generating SLR, also known as stretch reflex, as this is the only route that is short enough.
The torque generated around the joints by SLR is insufficient to control the COM [7].
Immediately following SLR, the medium-latency response is observed in muscle activity in
the interval of ~60-85 ms after perturbation onset. This response is also generated by a
subcortical level and is likely considered group Il afferents involvement arising from muscle
spindles [92, 93]. The third, long-latency response occurs between ~85-120 ms after
perturbation onset. It relies on a transcortical pathway involving the primary sensory and
motor cortices that include stepping and reaching responses to perturbation [59]. The
medium-latency response and the long latency responses may converge into each other
depending on the type of perturbation and the initial posture. These responses depend on too
many factors such as characteristics of the perturbations (the amplitude, acceleration,
direction) and body (height or initial position) or expectation and experience of the
perturbation condition [6]. However, the latencies after the perturbations can be calculated
with different time frames after the perturbations to separate the neural loops from each other
and guarantee waiting enough time to involve the responsible part of the central nervous
system for each neural loop. As the fastest voluntary reactions to sensory signals occur
around 180 ms, as reported by [7], responses within the 120-180 ms range were also analyzed
in this research to capture further automatic postural responses. The compensatory stepping
response, a critical reaction to maintain balance, typically occurs approximately 250 ms after

the onset of a perturbation [7]. Therefore, the time period between 180-250 ms was also
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calculated to encompass the transition from initial voluntary reactions to the execution of the

stepping response.

The Role of Motor Cortices in Balance Control

Historically, it was thought that the primary motor cortex (M1) has a relatively limited role
in postural control and the locomotion is conducted mainly by spinal/brainstem reflexes [23].
However, more recent investigations have revealed that the motor cortex and other cortical
areas play an important role in postural control [93-95]. It is known that M1 is responsible
for performing voluntary movements and recovering the balance after the perturbation
involves postural responses generated before voluntary movements. Although many studies
investigated the role of M1, its role in motor skill acquisition remains elusive [6, 46, 96].

Mierau et al. reported that the posterior parietal cortex and the supplementary motor area
have an important role in balance control based on EEG responses to perturbations [19].
Cortical activities related to movement have two main components: early and late
components. The late component includes a rapidly increasing negative potential starting
approximately 400 ms before the movement, while the early component is a gradually
increasing negative potential; this occurs between about 1500 to 400 ms before the
movement onset [97]. The late component is known as readiness potential and is generated
by the primary motor cortex whereas the supplementary motor area and premotor cortex
generate the early component. These potentials are cortical correlates of planning,
preparation, and initiation of voluntary movements [97, 98]. Goel et al. identified the critical
role of a cortical neural network in calibrating the postural response in a study in which they
investigated the effect of transcranial magnetic stimulation (TMS) over supplementary
motor areas during perturbation tasks performance [94]Their results suggest the role of

fronto-parietal regions in monitoring postural changes and contributing to motor outputs.

By exciting or inhibiting areas of the cortex and evaluating the response to perturbation,
scientists can gain additional insight into the role of a specific cortical area in postural
control. Therefore, the use of tDCS for neuromodulation has increased in recent years.
Several studies have investigated the effect of tDCS on balance in specific groups (e.g.,
Parkinson’s disease, cerebral palsy, stroke, young adults) [31]. However, no reports of the

effects of tDCS on balance recovery strategies during reactive balance training are available.
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This thesis will, therefore, provide important additional information related to postural

control mechanisms.

Peterson et al. examined corticospinal excitability in lower extremity muscles before EMG
onset during three distinct tasks: voluntary activation, postural reactions, and unanticipated
postural perturbations [99]. They found that the M1 is involved in APA initiation before
voluntary movements but not before unanticipated perturbations. A recent study investigated
the role of M1 by using low-frequency repetitive TMS on M1 during balance learning
sessions. There was no difference in balance learning between the sham-rTMS and rTMS
groups after six sets of balance training in one day, but there was a difference in retention.
The results suggest that M1 is involved in the early period of balance learning and

consolidation [25].

The literature suggests that the primary motor cortex (M1) is likely to be the central part of
the system at the beginning of balance training, like any type of motor skill acquisition [95].
Rapid and transient gray matter changes in the sensorimotor areas were shown even after
two sessions of balance training [69]. Besides, an animal model showed that the inhibition
of the M1 caused impaired motor learning in the first stage of motor learning in mice. Hwang
et al. trained mice to move a joystick after an acoustic signal to reach an award, and they
performed optogenetic inactivation on M1 [26]. The results showed that activation of
inhibitory neurons impaired motor performance in the first 4 weeks, but there was no
significant change after 8 weeks of training. According to the findings, other motor control
centers may replace the primary motor cortex in motor control in long-term motor learning.
Specifically, this study examines the primary motor cortex's role in balance training's
effectiveness. Therefore, the number of training sessions in the current study was set at three
sessions to see the effect of tDCS during short-term training when the motor cortex might

show relatively more adaptation as compared to other areas.

2.3 Motor Learning

Learning motor skills involves practicing movements to acquire new motor behaviors or
execute already known ones more effectively. Motor tasks can be very basic, e.g.,
calisthenics, or much more complex tasks, such as visuomotor tasks. The motor learning

process highly depends on the motor task that is being studied. Balance control is already
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developed to varying degrees in healthy adults. Thus, the motor learning process during
balance training is more about adaptation than a skill acquisition process. This adaptation
involves fine-tuning existing motor skills through improving motor coordination to improve

balance and stability.

Motor learning encompasses several learning processes that are likely to differ depending
on which task is being performed and which part of CNS is being used. These processes
include instructive (strategy-based, explicit), reinforcement (reward-based), sensorimotor
adaptation-based (recalibration, implicit), and use-dependent plasticity (repetition-based)
[100].

Instructive learning is a method of solving motor problems through cognitive or explicit
knowledge. This motor learning strategy is elicited by specific external feedback provided
by the physiotherapist about the movement errors and/or performance [100, 101].
Multidimensional cognitive processes are involved in instructive motor learning, including
comprehension of instructions and the prefrontal cortex primarily mediates it and the
cognitive load is high [100]. Although perturbation-based balance training mainly involves
sensorimotor adaptation-based motor learning [102] (see below), This motor learning
strategy is used in balance learning processes by physiotherapists to reduce movement errors
in patients during rehabilitation. Reinforcement or reward-based motor learning requires
exploring the optimal motor command for achieving a successful outcome without paying
attention to how the movement was done. Like sensorimotor adaptation-based motor
learning, reinforcement motor learning uses error prediction. As part of reinforcement
learning, the prediction error encodes the probability of success in the movement [101]. The
individual updates the motor command based on the outcome (reward or punishment) of the
particular action. According to the feedback (positive or negative) the previous action may
either be repeated or updated. Both reinforcement motor learning and instructive motor
learning have a feedback system after a movement or task is performed. Unlike
reinforcement signals, instructive signals include details on how to improve movement and

task quality, while reinforcement signals do not [101].
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Sensorimotor adaptation-based motor learning is a short-term motor learning that is driven
by sensory prediction errors. Sensory prediction errors are the difference between the
expected sensory output of intended movement and the sensory consequences of actual
movement. This form of learning is the ability to perform accurate movements considering
changing environmental conditions or unexpected task demands. When CNS senses sensory
prediction errors, the motor commands are quickly updated to decrease the amplitude of the
sensory prediction errors. Since standing balance is a well-learned ability for healthy adults,
perturbation-based balance training can be considered motor adaptation instead of skill
learning [103]. It aims to improve the body’s responses to perturbations in specific speeds
and directions. The discrepancies between predicted movement and the actual balance
disturbance after the perturbations drive the adaptation in the CNS through the perturbation-
based balance training. This adaptation occurred implicitly and is believed to rely primarily
on the cerebellum [100].

Motor learning that is driven by repeated practice is defined as use-dependent motor
plasticity (UDN) [100]. Repetition of a balance task leads to more similar and improved
responses to perturbations. Through repetition, movement planning and execution are
facilitated which reduces variability and increases speed [101]. Structural and functional
changes throughout the CNS mediate this mechanism of learning. To conduct a movement
pattern automatically, a use-dependent learning strategy is probably required [100] as it also
enables sensorimotor adaptation and can be used with other motor learning strategies
mentioned above [104]. Balance training promotes use-dependent plasticity by repetitions
of similar motor actions. The underlying mechanism of use-dependent plasticity is
GABAergic inhibition [105].

The terms “Proprioceptive training” and “neuromuscular training" as well as “sensorimotor
training” have been extensively used interchangeably with “balance training”. However,
there are some concerns about using these terms synonymously [93]. The term
“proprioceptive training” implies improving proprioception, while neuromuscular and
sensorimotor training encompasses a broader range of motor training tasks that target
neuromuscular and sensorimotor improvements. Balance training, on the other hand, induces
adaptation across all systems involved in balance control, including vestibular, visual, and
proprioceptive systems, as well as integration of these sensory inputs and motor systems

such as sensory-motor cortices, prefrontal cortex, basal ganglia, and cerebellum. CNS
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adaptations to produce rapid and proper postural responses to the perturbations require
“central set” changes. The term “Central set” refers to the regulation of automatic postural
responses, allowing for the modification of these responses to perturbations based on prior
experience and predictive sensory information [106]. In this way, the response quality can
be tuned in advance to make more appropriate and rapid muscle responses possible.
Although the central set is often considered as a supraspinal modification of responses, it
defines adjustments to automatic postural responses, which refers to the adaptation of
subcortical and spinal structures as well. Walchli et al. defined a concurrent change in la-
afferent transmission accompanying cortical activity changes, which may imply these
cortical changes lead to modifying central set [107].

The adaptation to the balance training occurs in two main mechanisms: anticipatory
(feedforward, proactive) and compensatory (feedback, reactive) [108]. In the anticipatory
mechanism, the brain predicts the consequences of a balance disturbance through experience
or practice and prepares for the perturbations beforehand by adjusting corticospinal
excitability [55, 109]. In the compensatory mechanism, however, the brain adapts to the
perturbations and their consequences on postural balance and adjusts motor commands

through training.

2.3.1 Plasticity

The capacity of the brain to change its structure and neuronal activity in response to short-
or long-term environmental changes is called plasticity. The cellular mechanism of plasticity
includes both modifying the preexisting neurons/synapses and restructuring the cortical
circuits [110]. Synaptic plasticity subserves a type of neuroplasticity and refers to changes
in the strength and efficacy of synaptic transmission in response to external stimuli [111].

Long-term Potentiation (LTP) and Long-term Depression (LTD) are two extensively studied
forms of synaptic plasticity. LTP is a rapid and long-lasting increase in synaptic strength
induced by a neuronal activity pattern that is usually brief and strongly correlated with pre-
and postsynaptic activity. Conversely, LTD involves a fast and enduring decrease in synaptic
strength usually caused by a neuronal activity pattern that is typically sustained and weakly

correlated with pre- and postsynaptic activity [110].
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Both LTP and LTD are largely dependent on N-methyl-D-aspartate (NMDA) receptors
which are calcium (Ca2*) channels activated by glutamate. Under resting conditions, NMDA
receptors are blocked by magnesium (Mg?*) ions. These Mg?* ions are separated from the
receptor upon depolarization of postsynaptic neuron leading the Ca?* ions enter the
postsynaptic neuron through the NMDA receptors. The influx rate of Ca?* determines
whether LTP or LTD is induced. LTP is triggered by a high rate of Ca?" influx into the
postsynaptic neuron whereas LTD is triggered with low rate of Ca?* influx. Intracellular
stores and voltage gated Ca?* channels are other sources of the calcium influx into the

postsynaptic neuron [112].

Motor skill learning also causes gray matter alterations that are detectable with Magnetic
Resonance Imaging (MRI). It was thought that these changes slowly occurred through the
training, but the studies show that short period of time (90 min within two weeks) of balance
training increased motor cortical thickness [69]. Taubert et. al. showed that after only one
hour of complex motor task increases the motor cortical thickness in the representation areas
involved during the balance training (leg and trunk) [113]. Landi et. al. demonstrated that
one-week of intensive non-balance motor training may cause long-lasting adaptations by
modifying the structural changes in the CNS. Thus, the adaptation resulting from one-week
of training may be “stored” in the M1 for one year [114].

Neuromodulation involves an enhancement or reduction of the excitability of a particular
area of the cortex and is one of the methods of investigating the role of the cortex in the
response to a perturbation. Transcranial direct current stimulation is one of these
neuromodulation techniques which induces reversible changes in functional properties of
neurons and synapses. tDCS alters the neuronal excitability modulating resting potentials
which increase or decrease the probability of generating action potential during the
stimulation [115]. These changes in excitability last beyond the stimulation duration and it
is fundamental to produce behavioral changes [116]. It is hypothesized that after-effects of
tDCS depend on glutamatergic system and is likely to be regulated by LTP-, LTD-like
mechanisms [28, 117]. Similarly, LTP-like mechanisms are thought to play a role in motor
learning in humans [95]. A decrease in GABAergic inhibition preceding motor learning
facilitates plasticity [95], while an increase in GABAergic inhibition reduces LTP-like
mechanisms. LTP induction in M1 requires a transient reduction in GABA-mediated
inhibition [118, 119]. Supporting this, another study showed that GABA concentration is
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reduced by 20% in the sensorimotor region after a motor learning task with [120] or without
tDCS [121]. Glutamatergic synapse appears to be one of the contributor to direct current
stimulation-induced plasticity [115]. This plasticity is likely to be facilitated by a decrease
in GABA activity.

2.4. Transcranial Direct Current Stimulation

2.4.1 Underlying mechanism of tDCS

Transcranial direct current stimulation is a form of non-invasive brain stimulation (NIBS)
techniques used for neuromodulation that refers to reversible changes in functional
properties of neurons and synapses. This technique is proposed to work by providing low
levels of electrical stimulation over the scalp and bringing the stimulated neurons either
depolarized or hyperpolarized depending upon the direction of the stimulation. These
alterations mean that less afferent activity is required to fire an action potential after the
membrane depolarization by tDCS which means increased excitability, and when tDCS
induced hyperpolarization, excitability is reduced resulting in more afferent activity is
required to induce an action potential. Anodal tDCS enhances excitability of the stimulated
brain area while cathodal tDCS reduces excitability of the target area [122]. Nitche and
Paulus were first to show an increased MEP amplitude after the anodal stimulation while
decreasing after cathodal stimulation. These immediate changes last few seconds and are
driven only by alterations in membrane potential, not by alterations in synaptic efficacy
[115]. In addition to acute effects, these MEP changes tDCS are prolonged for 2 hours when
stimulation is applied for 15 min [123]. This aftereffect duration is within the range of early
phase LTP- and LTD-like plasticity lasting 60 min [124]. This long-lasting effect of tDCS,
LTP- and LTD-like plasticity depends on the glutamatergic system. Supporting this,
blocking NMDA receptors prevents the after-effects of tDCS [117], while NMDA receptor
agonists prolong them [28].

GABA activity also plays a role in tDCS-induced plasticity. A Magnetic Resonance
Spectroscopy study showed that GABA is reduced under the stimulated area after anodal
tDCS application, while cathodal stimulation caused a reduction of glutamatergic activity
correlated with reduced GABA [125]. The literature suggests that tDCS induces plasticity
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by contributing two possible mechanisms: modulation of glutamatergic and GABAergic

activity.

The montage of tDCS electrodes is one of the factors that may affect the outcome measures
[126]. In the current study, the montage was chosen based on previous studies and to cover
all the hotspots of the target muscles [32]. The effect of tDCS is also task specific [127, 128].
In the literature, most of the studies that investigated the dose-response relationship focused
on upper extremities motor learning. The intensity is likely to have no significant effect on
cortical excitability in M1 for low intensities [123] but performance outcomes might be
affected by the intensity. Cuypers et al found that increased retention in performance in the
group who received 1,5 mA tDCS compared to sham stimulation [123]. On the other hand,
longer or more intense stimulation does not necessarily improve the performance [129].
Despite the increasing number of studies investigating effect of dosage of tDCS, the dose
response relationship between tDCS and the outcome measures such as corticospinal

excitability or motor performance remains unclear.

The possible concurrent effects in non-stimulated cortical or subcortical areas are still
unknown. On the other hand, previous findings imply the remote effects of tDCS. During
M1 stimulation, Nonnekes et al. found decreased muscle onset latency after the perturbation,
indicating enhanced excitability in subcortical structures. Polania et al. demonstrates that M1
stimulation modulates cortico-striatal and thalamo-cortical connectivity assessed by fMRI
after 10 min stimulation [38, 130]. Providing support to the idea that tDCS can impact non-
stimulated areas, anodal tDCS applied to the left sensorimotor area of healthy young adults
may improve sensory integration [131]. Besides, 2mA anodal tDCS decreased the muscle
onset latency, which is likely to involve subcortical structures, and decreased the prefrontal
cortex activity during balance recovery after the perturbations (posterior translation of the
supporting surface) in people with Parkinson’s disease [132]. These findings imply that both
cortical and subcortical enhancements could be achieved via M1 stimulation.

2.4.2 tDCS combined with balance training

Balance training is commonly recommended to provide proper control of balance for injury
prevention [133-135], to improve sports performance [136], and to decrease rehabilitation

time after injuries [137]Improving its effectiveness is important to decrease rehabilitation
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costs and time and improve quality of life. Understanding the underlying mechanisms of
balance learning is essential to developing new training methods. tDCS provides an

opportunity to investigate the role of different brain parts in the balance learning process.

Postural control is a complex ability involving multiple degrees of freedom and dynamic
sensorimotor processes in the CNS. Postural control skills can rapidly enhance in healthy
adults with around 20 min of training in the initial phase of training (up to 3 sessions) [74].
Although a vast number of studies have been conducted about balance training in different
contexts, there are gaps in our understanding of the neural mechanisms underlying balance
skill acquisition. By understanding the balance learning mechanism, researchers may be able
to develop more effective training programs and assistive tools for both healthy people and

those with balance-affecting disorders such as Parkinson's disease.

There are two subtypes of balance training: feedforward and feedback. Feedforward balance
involves assistive materials such as wobble boards or soft surfaces. COM (punctum mobile)
oscillates around the feet (punctum fixum) during feedforward balance training. The
oscillations happening during the standing position can be exaggerated during the balance
exercise using the stance and sensory manipulations. This causes increased displacements of
COM movement and a threat of disturbing balance. Thus, progression is met by decreasing
the support surface (i.e. standing with single leg or tandem stance), manipulating the
sensorial inputs (i.e. standing on a soft surface or closing eyes) throughout the training. On
the other hand, feedback, also known as reactive or perturbation-based balance training,
involves external perturbations during balance exercises. Perturbation-based balance
training involves sudden, unexpected translations of the stepping surface in different
directions and provides clinicians and researchers with more challenging intervention
methods that simulate similar fall mechanisms in everyday life. COM (punctum mobile)
oscillates around the feet (punctum fixum) during feedforward balance training.

When feedforward balance training is conducted, the center of mass is the moving point
(punctum mobile) and the base of support is the fixed point (punctum fixum). Punctum fixum
and punctum mobile are exchanged in perturbation-based training since perturbations are
applied to the feet. After a perturbation, the body is forced to move COM into the translated
base of support as a feet-in-place response. This may result in the more challenging balance

disturbance compared to the conventional balance training [59].
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The combination of both types of training is commonly used in sports centers or
rehabilitation clinics. For instance, a person stands on a soft surface in hands akimbo and
eyes closed position and a therapist applies perturbations on their shoulders or pelvis with or
without information about the perturbation (i.e. I am going to push you forward). These
perturbations are similar to the feedforward biomechanical model in terms of the moving
and stable parts of the body as COM is oscillating around the fixed BoS. The perturbation
can also be applied by translating or rotating the standing surface. Punctum fixum and
punctum mobile are exchanged in perturbation-based training since perturbations are applied
to the feet. After a perturbation, the body is forced to move COM into the translated base of
support as a feet-in-place response. This may result in the more challenging balance
disturbance compared to the conventional balance training [59]. This approach is also similar
to slip and trip falling mechanisms which may cause severe injuries especially in people with
balance affecting disorders or older adults. Balance disturbances are triggered by using
perturbations that produce unpredictable, multi-directional movement of the standing
support surface has recently been introduced and gained popularity over the last decade [58,
93, 138]. In addition, this approach facilitates the objective assessment of balance responses

by repeatedly applying the same perturbations.

It is known that use-dependent adaptation to perturbations can be gained rapidly, even after
one training session [25, 139]. Through more training sessions, the practiced task becomes
automatic and can be completed using subcortical structures. Optimizing training for
different sports and clinical settings is crucial to improving performance. To explore the
optimal frequency for balance training, we examined previous studies. It has been found that
three sessions per week is the optimal frequency for balance training [73]. Building on this
finding three training sessions per week were commonly used in the literature [59, 73, 140].
Besides, three sessions of training can be considered as the initial phase of balance training
[74]. Thus, the frequency of training in the current study was determined as three sessions
per week to meet the aim of the study as we investigate the role of the M1 in the initial phase

of balance learning.

Through the CNS as well as the musculoskeletal system, balance training causes structural
and physiological changes. These adaptations can be measured by EEG, TMS, EMG or
behavioral (kinematic or Kinetic) analysis (see Chapter 2.5). In the literature, it has been

demonstrated that anodal tDCS may improve lower extremity functions such as jump height
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[141, 142], flexibility and running endurance [142]. Studies also demonstrated that anodal
tDCS increased balance ability measured by CoP displacements and area compared to the
sham tDCS in different groups such as older people or people with cerebral palsy [31].
Studies investigating the effect of tDCS on balance ability have used a variety of methods in
terms of electrode montage, intensity, and target population. Thus, the standardized
application of tDCS to specific populations or diseases remains uncertain.

2.5 Assessing Plasticity After Balance Training

2.5.1 Electroencephalography (EEG)

Assessing cortical activity in reactive balance provides a model to examine relationships
between perception, movement, and brain states in a functional whole-body context. Balance
perturbations are associated with characteristic changes in electroencephalographic (EEG)
activity, called perturbation-evoked response (PER) or perturbation evoked potential (PEP).
Since EEG measures provides an opportunity to assess activations of cortical pyramidal
neurons related to responses to the balance perturbations with an excellent temporal
resolution [15]. Mainly, a positive potential (P1) is typically generated over the centro-
parietal region within the first 50—70 ms after the onset of perturbation. This is followed by
a large negative potential (N1) over the fronto-central region specifically on supplementary
motor area (SMA), peaking at 90-200 ms after the onset of perturbation. The latency of the
cortical N1 response to balance perturbation is faster than the rise of conscious perception
of body movement following the perturbation onset. Balance perturbation elicits the N1 even
before the conscious perception. The N1 response, occurs even before the conscious
perception of whole-body motion elicited by reactive balance [14, 19, 143]. The N1 response
originates from supplementary motor area (SMA) with contributions of anterior cingulate

cortex and posterior parietal cortex [19, 143].

The functional role of the N1 remains unclear. There are two major hypotheses about the
role of N1 are: 1) It represents the sensory integration to coordinate responses to
perturbations. 2) It represents an error signal for detecting postural disturbances [77]. The
evaluation of an error involves comparison of expected and detected position of the body. In
the literature, it has been shown that N1 response is modulated by various factors. N1 peak

amplitude is higher for unpredictable perturbations [144-146], and increases with the
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amplitude of perturbation intensity [146-148]. These factors support their role in error
detection. It is heightened under postural threat, such as when standing on an elevated
support surface [149]. Conversely, the N1 amplitude decreases with longer perturbation
durations and increased attention to concurrent cognitive tasks [150]. Additionally,
proprioceptive ambiguity, such as vibration of the patellar tendon preceding perturbations,
can modulate the N1 response [151]. These results suggest that N1 amplitude doesn’t only
reflect the processing of sensory signals, as suggested earlier [145] but also higher-order

cognitive involvement in response to anticipated balance disturbances.

Time-frequency analysis of EEG data during balance tasks indicates that mid-frontal theta
dynamics play a crucial role in postural control and action monitoring scaling with task
difficulty and signaling balance disturbances. Increased theta power has been observed
during higher demands of balance control or balance lost [152]. For instance, the unipedal
stance showed higher theta power than the bipedal stance in Brodmann area 5 [153]. This
area lies centrally between the primary motor, somatosensory, cingulate, and posterior
parietal association cortex [154]. These findings highlight the importance of midfrontal theta

dynamics in monitoring and adjusting behavior in response to balance challenges.

The supplementary motor area (SMA) is a hub for information flow related to sensorimotor
and cognitive processes, particularly during external perturbations. Supporting this, a
previous study showed strong theta connectivity between SMA and other motor cortices and
the anterior cingulate cortex after the perturbation [91]. The power increase in alpha and beta
rhythms associated with the perturbation-evoked N1 response also occurs after perturbation
[16]. Solis-Escalante et al. suggested that these frequency bands may reflect communication
between the SMA and other sensorimotor cortices [14]. In the context of balance control,
modulations in alpha and beta power have been reported on midfrontal SMA during balance
recovery responses [17]. Enhancements in sensory integration process and SMA activity
responses to the perturbation could possibly be affected by tDCS on M1 [131] (see Chapter
2.4).

Recent studies have highlighted the role of cortical beta oscillatory activity during reactive
balance recovery, which is scaled with perturbation difficulty and individual balance ability.
Greater cortical engagement during balance reactions has been observed in individuals with

lower balance performance, suggesting a compensatory role of cortical mechanisms in
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balance control. This engagement is particularly evident in older adults, where interactions
between prefrontal and motor cortical regions are associated with distinct aspects of balance

behavior.

2.5.2 Surface electromyography (SEMG)

When perturbation occurs, the ankle muscles contract in response. These contractions
depend on the direction and intensity of the perturbation [155]. Rapid perturbations trigger
strong reflex responses known as automatic postural responses (APRs). These unconscious
responses involve the spinal and subcortical levels to counteract the perturbation and restore
balance. As previously mentioned, there are three latency responses: short-, medium-, and
long-latency responses. The short latency response, also known as the stretch reflex, is
produced at the spinal level. Then, medium-latency response is generated by the brainstem,
while long latency response, which starts approximately 85 ms after the perturbation, relies
on the transcortical pathway [6]. APRs are functional and goal-directed responses rather than
a collection of stretch reflexes produced by multiple CNS levels [156]. The late phase of

APRs and voluntary responses to perturbations involve cortical adaptation through training.

The magnitude of APRs is greatly influenced by “central set”, which refers to preparatory
neural modulations, affected by prior experience and the expectations. For example, if
someone expects a sudden brake while standing on a bus, the “central set” adjusts the
responses to potential balance disturbances. Perturbation-based balance training possibly
enhances the central set by improving the efficiency of postural responses to the

perturbations and enabling faster balance recovery after disturbances.

These adaptations likely involve higher magnitude contractions during long latency
responses and voluntary contractions, as well as improved intermuscular coordination.
Enhanced coordination enables individuals to counteract perturbations more effectively. For
example, forward surface translations primarily trigger tibialis anterior responses, soleus and
gastrocnemius contractions, and vice versa. Thus, how these muscles contract according to
the direction of the perturbation is one example of muscle coordination. Specifically, it is

expected that the tibialis anterior will contract more strongly during the anterior translation
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of the surface than the posterior translation, while the soleus muscle contracts stronger
during backward translations than the anterior translations. Improved selective contractions

of each muscle can be considered adaptations resulting from reactive balance training.

As an indirect method of calculating comparable results between muscles, the “modulation
index” was introduced by Kelly and Bastian [157]. This formula was modified by different
studies and used as an alternative method of measuring the coactivation index [31], called
“muscle specificity.” The formula of this measurement is the absolute value of the difference
between the activity of one muscle during forward and backward perturbations divided by
the maximum value across different directions of the same muscle. This measurement gives
insight into how each muscle reacts to the different directions of the perturbations. Because
of the natural variability in electrode locations and thickness of subcutaneous tissue, the
direct comparisons of the amplitude of muscle activity can lead to an error. Instead, using
this formula results in comparable results between muscles and serves as an indicator of

muscle co-activation.

2.5.3 Transcranial magnetic stimulation (TMS)

Transcranial magnetic stimulation is a vital tool for revealing the underlying mechanism of
neural adaptation to reactive balance training. Motor skill learning is a complex process that
defines improving the efficiency of motor outcomes. Motor skill acquisition is the initial
process of motor skill learning and it has been shown that short interval intracortical
inhibition (SICI) is decreased accompanied by increased intracortical facilitation (ICF) in
both upper and lower body after short-term motor training [40, 41, 62, 63]. SICI is mediated
by GABAA receptors [158] while ICF is produced by a separate population of interneurons
by NMDA receptors. Several studies showed that GABAA receptors play an essential role in
the induction of plasticity [42, 45]. These two mechanisms are likely to be controlled
differently during balance control. Thus, the adaptation to balance training may rely on a

complex interplay between these inhibitory and excitatory mechanisms [41].

In the time-excitability graph, corticospinal excitability initially increases during the early
phase of training but gradually decreases as the training progresses [105]. Supporting this,
Weier et al. demonstrated that 4 weeks of squat training reduces the SICI by 32%, in line

with the short-term studies [55], and a cross-sectional study showed that elite badminton
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players demonstrate a higher level of inhibition than novice players [45]. Conversely,
previous studies have shown a reduction in cortical contributions during balance training
indicated by decreased corticospinal and cortical excitability and increased (SICI) [74].
Mouthon and Taube found an enhanced level of SICI during the balance test after 2 weeks
of balance training but no measurement during rest [24]. Taube et al. tested whether cortical
adaptation is influenced by the type of training by comparing the effects of four weeks of
explosive with balance training on inhibitory mechanisms [46]. They found that increased
SICI after balance training and reduced SICI after explosive training. However, they found
no differences in SICI after balance training when it is tested at rest, suggesting that these
changes depend on the testing conditions [46]. Similarly, Bakker et al. found that one balance
training session doesn’t induce SICI and ICF changes when tested in sitting and standing
positions [159]. This result contradicts a study that showed one session balance training
increased both cortical thickness in M1 and balance performance [113] and another study
that demonstrated the disruption of M1 activity prior to single balance training session

interferes with the retention of acquired balance skills [25].

While decreased inhibition and enhanced cortical excitability are observed after motor
training, balance training induced the opposite changes. It is important to note that these
findings mentioned above suggested that cortical adaptations observed when it is tested
during task execution or while standing [24, 46, 159] not at rest or during non-practiced
tasks. Thus, these findings are task-specific in studies investigating the effect of balance
training. Furthermore, these studies applied feedforward balance training, and to the best of
our knowledge, cortical adaptation has yet to be tested after perturbation-based balance

training.

Another study demonstrated that the level of inhibition is influenced by the postural demands
and not by muscle activity level [51]. They found lower levels of inhibition in a leaning
posture while standing compared to leaning with support or sitting, despite matched EMG
contraction levels. These findings are reasonable as an increased challenge leads to
decreased intracortical inhibition when the risk of falling rises, allowing the muscles to be

more easily activated.
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3. MATERIAL AND METHODOLOGY

3.1 Participants

This study took place at the Department of Neuroscience and Psychology and the
Department of Ergonomics, Leibniz Research Centre for Working Environment and Human
Factors, Dortmund, Germany. Thirty-four healthy right-handed and right-footed participants
were recruited via online advertising and through flyers. Only candidates who met none of

the exclusion criteria were eligible to participate.

Before starting the study, potential participants were invited for a screening interview. The
“TMS/tDCS screening questionnaire” (Appendix A), adapted from Keel et al. and Rossi et
al. [39], and the Modified Physical Activity Readiness Questionnaire (PAR-Q) (Appendix
B) were used to screen potential participants to determine whether they are suitable to
participate. Edinburg Handedness Inventory (Appendix C) was used to determine the
handedness of potential participants. The participants were asked the following question to
determine their foot preference, “If you would kick a ball at a target, which leg would you
use to kick the ball?“[160]. Potential participants read the participant information sheet,
detailing information regarding the study, including the health and safety considerations of
all protocols used, and be asked to sign an informed consent form.

Inclusion criteria

Healthy adults aged 18 — 55, right-handed and -footed, non-smoker, with no history of
neurological or psychiatric disorders, were included in this study. As a result of the typical
aging process, individuals over the age of 55 have modified responses to postural
perturbations relative to younger individuals and were not included. The exclusion criteria

are listed below.

Exclusion criteria

1. History or evidence of chronic or residual neurological diseases.

2. Pacemaker or deep brain stimulation.
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10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.

Metal implants in the head or neck area (e.g., postoperative clips after intracerebral
aneurysm; implantation of an artificial hearing aid).

The age is not between 18 to 55 years.

History of intracerebral ischemia/ bleeding.

Prior evidence of epileptic seizures, history of epilepsy.

History of head injury with skull fracture or brain tissue lesion.

Any serious medical conditions (internal organs or metabolic diseases) or psychiatric
illness, including schizophrenia, mania, or depression.

Pregnancy or breast-feeding.

Alcohol or drug addiction.

Cigarette smoker

Local or global aphasia.

Any legal reason why the candidate cannot participate.

Participation in another scientific or clinical study within the last 4 weeks.

Intake of any central nervous system (CNS)-acting medication

Have an orthopedic disorder involving lower limbs,

Lack of joint position sense in the lower limbs

A history of vertigo,

Surgical procedure at the level of the spinal cord

Participated in any kind of balance training.

3.2 Experimental Procedure

Two data collection sessions before and after one week of balance training were conducted.

Each assessment session took approximately 6 hours, and each training session lasted about

one hour long. Participants were permitted to eat or drink as needed during this time.

Participants underwent three training sessions within one week separated by one day.

Participants were assigned to one of three experimental groups; anodal, sham or no

stimulation (control). Participants received one of these stimulations during the training

sessions. The design of the study is shown in Figure 3.1.

All data used for this thesis were collected in the GRAIL laboratory at the Leibniz Research

Centre for Working Environment and Human Factors (Dortmund, Germany). The interested
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participants received an email that contains information and related documents about the
study and an invitation to the first screening session. In this pre-measurement session, the
researcher provided the potential participants with all the information and explained to them
the procedures and answered all questions they had about the experiment. Potential
participants completed informed consent forms before they filled out the screening
questionnaires. The researchers conducted a TMS measurement with eligible participants to
determine whether hotspots could be identified with high enough MEPs to have more
reliable and consistent results across the measurement sessions. The range of MEP amplitude
was determined as 150-500 uV. Next, participants who were eligible for the study were
scheduled for the assessment and training sessions. The research process flow diagram is

shown in Figure 3.2. The procedure of each measurement session is shown in Figure 3.3.

: Balance
i famihiarization
(10 min)

.......................................................................................................................................................

20-min
Balance training

20-min

i Pre-Measurement Balance training

Post-Measurement

Day 1 Day 2 Daydors Day 7 Day 8

Figure 3.1. Experimental design.
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Enrollment Assessed for eligibility (a=91)
| Assessed for eligibility (n=91)
> Not meeting inclusion criteria
(n=33)
Allocation Randomized (n=36)
v v v
Allocated to the Control Group Allocated to the Sham Allocated to the Anodal
(n=12) Stimulation Group Stimulation Group
(n=12) (n=12)
Follow-up
Lost to Follow-up Lost to Follow-up Lost to Follow-up
(withdrew consent) (n= 1) (withdrew consent) (n= 1) (n=0)
Analysis
Analysed (n=11) Analysed (n=11) Analysed (n=12)
Excluded from analysis (n=0) Excluded from analysis (n=0) Excluded from analysis (n=0)

Figure 3.2. CONSORT flow diagram illustrating the participants in the study.
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Figure 3.3 The procedure of a measurement session of the experiment.

EMG: Electromyography, SICI: Short-interval intracortical inhibition, ICF: Intracortical
Facilitation, EEG: Electroencephalography, MVC: Maximal Voluntary Contraction, COM:
Centre of Measurement.

A butterfly coil (D-B80, MagVenture A/S, Farum, Denmark; @ 95 mm, 120  angle)
connected to a transcranial magnetic stimulator (MagPro X100, MagVenture A/S, Farum,
Denmark) was used for cortico-spinal excitability measurements (Short-interval intracortical
inhibition (SICI) and intra-cortical facilitation (ICF)). SICI and ICF were measured during
rest before the perturbation test. The other outcome measures (EEG, EMG and kinematic
analysis) were measured during the balance test. These recordings were done in the GRAIL
laboratory. The GRAIL laboratory is equipped with a dual-belt treadmill equipped with two
embedded force plates, a VICON motion capture system (VICON, Oxford, United
Kingdom) using ten infrared cameras, a 180° projection screen placed in front of the
treadmill, and three projectors to display the visual scene. The treadmill platform was also
able to produce perturbations at the sagittal and frontal planes. D-flow software was used to
operate the treadmills (Motek Forcelink, Amsterdam, Netherlands). To prevent falls and
injuries, participants wore safety harnesses attached to the ceiling. The participants stood on

the platform with their arms akimbo, feet shoulder-width apart and eyes on a cross at eye
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level on the screen. The distance between their first toes and cross height was measured to
ensure they could be positioned the same during the post-training session.

A trigger signal was generated using an external trigger interface (Phidget Interface Kit,
Phidgets Inc., Canada) when the perturbation starts to synchronize the perturbation onsets
and ongoing EEG/EMG recordings. The trigger signals and EEG/EMG data were recorded
simultaneously using the wireless trigger set by Brain Products (Gilching, Germany).

The location of EMG electrodes and hotspots for each muscle were marked with a water-
proof marker in the pre-training session and checked during the training session. This
ensured that the electrode and hotspot locations remained consistent for the post-training

session.

3.3. Data Collection

3.3.1 Cortico-spinal excitability measures

During the assessment sessions, cortico-spinal excitability was determined by single and
paired-pulse TMS. Single-pulse and paired-pulse TMS have been widely used to measure
the excitability of the corticospinal tract [39]. The TMS coil, which delivers magnetic pulses,
was situated over the skull in the leg area of the motor cortex and is used to identify the
motor hot spots for TA, SOL muscles of both hemispheres. TMS was applied using a cone-
shaped coil (MagVenture, Denmark).

As part of this study, the motor hot spot in the cortex that elicited the largest amplitude motor

evoked potentials (MEP) were identified in the resting TA and SOL muscles on both sides.

The optimal location for eliciting MEPs from the leg muscles was identified by moving the
coil to various locations to find the grid location where a stimulus of medium intensity elicits

the largest MEP of the target muscle during rest.

The resting motor threshold (rMT) was then determined by the TMS-Motor-Threshold-
Assessment Tool (MTAT 2.0) (Awiszus and Borckardt, 2012) using “without a priori
information” method. In order to determine rMT, the researcher provides input depending

on whether the MEP amplitude exceeds 50 volts. The program displays the next TMS
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intensity to be given depending on the input provided by the researcher. After a sufficient
number of attempts, the rMT was identified. The software program displays 95% confidence
intervals of intensity estimates during testing, and the target intensity is determined when

the 95% confidence intervals fall within safety guidelines.

Moreover, the test stimulus intensity which elicits MEP within the range between 150 — 500
puV was determined. This range was determined after a pilot study to find the most proper
MEP amplitude for the target muscles. The stimulus intensities for each muscle and for each

session are demonstrated in Table 3.1.

Table 3.1. Test stimulus intensities (%rMT)

Right TA Right SOL Left TA Left SOL
Session 1 122,62+10,24 | 132,92+14,71 | 126,82+14,48 | 135,36+16,14
Session 2 122,21+£10,46 | 136,60+16,03 | 130,03+13,56 | 137,45+15,57

After the optimal stimulus area has been identified to probe the intracortical inhibition (SICI)
and intracortical facilitation (ICF), paired-pulse TMS (two single pulses separated by 2 ms
for SICI and 10 ms for ICF) were used. This is accomplished by providing a subthreshold
TMS conditioning stimulus pulse delivered prior to a test stimulus. We utilized a
conditioning stimulus intensity of 80% rMT. Providing the conditioning stimulus before the
test stimulus (2 ms or 10 ms depending on the outcome measure) changes the amplitude of
the MEP in response to the test stimulus. The researcher delivered 15 stimuli for each
condition (double pulse (2 ms and 10 ms interval), and single pulse). The individual means
of fifteen MEPs were calculated for each, SICI, ICF, and the single TMS pulse condition.
SICl and ICF were quantified by dividing the MEP amplitude in response to the test stimulus
in the double pulse condition by the MEP amplitude in the single pulse condition. This
process was repeated for each muscle. For each muscle, a water-proof marker was used to
mark the electrode attachment area and the motor hot spots on the representation area in
order to conduct measurements at the same location. These markers were checked during

the training sessions in between the assessment sessions and remarked if necessary.
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3.3.2 Electroencephalography (EEG)

Participants wore an EEG cap (actiCap Snap, Brain Products GmbH, Germany) equipped
with slim, active Ag/Cl electrodes (actiCap slim, Brain Products GmbH, Germany). EEG
data were collected during the perturbation test using the LiveAmp (Brain Products GmbH,
Germany). Electroencephalography (EEG) data were collected through 28 Ag/AgCl
electrodes placed in a cap (LiveAmp: Brain Products, Gilching, Germany). EEG electrodes
were placed at the following locations: Fpl, Fp2, F3, Fz, F4, F8, FC5, FC1, FCz, FC2, T7,
C3, Cz, C2,C4, T8, TP9, CP5, CP1, CPz, CP2, CP6, P3, Pz, P4, 01, O2. TP10 was used as
the online reference electrode and AFz served as the ground electrode. A cap size of 54 to
60 cm was selected based on the participant's head circumference. After fitting the cap, the
electrodes were filled with electrolyte gel to reach an impedance below 10 k€. Next,
Participants wore a belt carrying the LiveAmp amplifiers (LiveAmp 64, Brain Products
GmbH, Germany), battery, sensor&Trigger Extension (LiveAmp 64, Brain Products GmbH,
Germany) and BIP2Aux channels for EMG data collection (Brain Products GmbH,
Germany). To avoid motion artifacts, electrode cables were arranged to prevent crossing and

sway was minimized.

EEG and EMG data were recorded with a sampling rate of 1000 Hz and a bit depth of 24
bits directly onto a micro-SD card inserted into both connected amplifiers. At the same time,
the online data stream received from the amplifiers’ Bluetooth connection was monitored
from the lab’s D-Flow controller computer using the Brainvision Recorder software (Brain
Products GmbH). After completion of the recordings, the EEG/EMG data were transferred
from the SD card to the PC using the LiveAmp File Converter software (Brain Products
GmbH). The files containing kinematic variables as well as belt movements were also

transferred for analysis.

3.3.3 Surface electromyography

The EMG data was recorded in both TMS and balance measurements using Ag/AgCl
electrodes (Ambu BlueSensor N) with a 2 cm inter-electrode distance and an electrode
diameter of ~11 mm. Prior to electrode application, the skin where the electrodes are to be
placed was shaved, gently abraded with abrasive skin prepping gel (Nuprep), and cleaned

with 70% alcohol in order to decrease skin resistance below 2,5 kOhm. After electrode
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application, the participants performed three maximal voluntary isometric contractions
(MVCs) for three seconds for each muscle (TA and SOL) [161] after 3 min of walking and
a few submaximal contractions. During the MVC test, participants were instructed and
verbally encouraged to contract each muscle maximally against a strap. The strap was placed
dorsally over the foot for the tibialis anterior and over the knee for the soleus muscle during
sitting. Participants were asked to dorsiflex the ankle and invert the foot against the
strap/hand for maximal isometric TA contraction. Participants were instructed to plantarflex
the ankle against the strap/hand over the knee for maximal isometric soleus contraction.
Three repetitions of 3-5 seconds were performed for each muscle, with a rest period of one
minute between each repetition. EMG measurements were completed according to the
SENIAM recommendations (Hermens et. Al., 2000).

For each muscle, the SEMG amplitude data of the contraction with the greatest amplitude
obtained during the MVCs was used to normalize the SEMG data obtained during postural
perturbations. The SEMG data is affected by many factors including electrode positions, and
the time of measurement physiological and anatomical characteristics of muscles and
surrounding tissues that may differ between muscles, inter-electrode distance, orientation
relative to muscle fibers, time of measurement and the muscle fiber orientation. To obtain
comparable data between time points, muscles and participants, the normalization process
was performed as part of each balance assessment session [162]. The sampling rate was set

at 1000 Hz during the recordings.

3.3.4 Kinematic measurements

The GRAIL system was used to collect data on the movement of the center of mass of the
body using a 10-camera Vicon Nexus 3D motion analysis system. Reflective markers with
0,14 cm diameter were placed on the body according to the Human Body Model (HBM) with
the trunk model. The markers are located at base of second toe, base of fifth toe, medial and
lateral malleolus, heel, medial and lateral epicondyles, midline of the shank and thigh of both
sides and RASIS, LASIS, RPSIS, LPSIS, T10, C7, jugular notch and xiphoid process of
sternum. Online low-pass filter with a cut-off frequency of 6 Hz was applied using D-flow
software (Motek Forcelink, Amsterdam, Netherlands). The COM displacements and
variances as well as joint excursions for each lower extremity joints (Hip, knee and ankle on

both sides) were obtained using kinematic analysis.
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3.4. Perturbation Training Protocol

Perturbation training included 10 blocks of 12 perturbations each, applied every three to six
seconds. There was a one-minute break after each block. The training period lasted one week
in total and comprised three sessions, with each session being separated by at least one day
[93, 138]. Participants were exposed to six different conditions involving two directions
(forward and backward) and three amplitudes (2, 4, 6 cm), each with a specific velocity. The
first 2 sessions were conducted during the feet shoulder-width apart position and the last
session was done in feet together position to increase the level of difficulty. Standing balance
becomes more challenging with the feet together because the base of support is narrower
which reduces stability and demands greater control to maintain balance. Table 3.2 shows
the perturbation characteristics. During the training, transcranial direct current stimulation
(tDCS) was delivered according to the group to which the participants were assigned. The

duration of both the stimulation and the balance training was 20 minutes.

Table 3.2 Perturbation Characteristics in Balance Training Sessions
Perturbation direction Anterior-Posterior

Amplitude of Perturbation 2-4-6 cm displacement

During Perturbation Training, transcranial direct current stimulation (tDCS) was applied
over the motor cortex throughout all 20-minute perturbation sessions. tDCS was set to 3mA
and was delivered through two sponge electrodes (Target and reference electrode area:
35cm?) resulting in an applied current density of 0.085 mA/cm?. The current was initially
increased in 0,1 mA increments for 30 seconds until the target current intensity was reached.
During tDCS cortex stimulation, the stimulating electrode was placed 1 cm behind the vertex
(Cz) on the mid-sagittal line to cover both leg motor cortices [32]. The stimulating electrode
always covered the motor hotspots of all target muscles. The reference electrode was placed
with the center over Fpz. Regardless of the participant's experimental group (sham or anodal
stimulation), the electrodes were placed in the same position. Before placing the saline-
soaked sponge electrodes, a topical anesthetic cream (EMLA, 2,5% lidocaine & 2,5%
prilocaine) was applied over the stimulation site to improve the level of blinding by reducing

somatosensory perception of the stimulation. The electrodes were fixed using rubber straps.
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In the sham group, the current was turned off at the 30" second of the perturbation training

[163, 164]. The control group didn’t receive tDCS stimulation.

3.5 Balance Test Protocol

The Gait Real-time Analysis Interactive Lab (GRAIL) by the Motekforce Link was used to
produce perturbations and collect center of Mass (COM) data. Perturbations were applied
by translation of the support surface (fig 3.4). During the assessment sessions, EEG, EMG,
and COM data were collected during forward and backward perturbations with specific
velocities and amplitudes (15 stimuli for each). In the first assessment session, participants
participated in a 10-minute familiarization session once they wore the EEG cap, the belt and
the harness [67].

Backward Perturbation  Forward Perturbation Backward Perturbation Forward Pertorbation

COM COM COM COAL
5 g 5 ]
E T E T
g E N E £ g Y
# 2 z W3 E: = 2l 3
2 2 : :
- = [= =

Before the Perturbation End of the Perturbation
Figure 3.4 Visualization of mechanical perturbations in both balance tests and trainings.

Two different velocities (0,467+0,01 m/s and 0,518+0,01 m/s) and two different amplitudes
(5 cm and 6 cm) were chosen for each direction (forward and backward) for the assessment
sessions. A random acoustic signal was presented two seconds prior to the perturbation
stimulus in order to determine the effect of acoustic stimulus on neuromuscular and cortical
responses. There were eight conditions during the assessment session, and they were defined
as forward/backward for direction and sound/no sound for the acoustic signal. The

perturbation conditions are shown in Table 3.3.
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Table 3.3 Perturbation conditions.

Direction Acoustic Signal Distance
Forward No Sound 6 cm
Forward Sound 6 cm
Backward No Sound 6 cm
Backward Sound 6 cm

Perturbation stimuli was separated by three to six seconds randomly. During an assessment
session, participants were exposed to one hundred twenty perturbation stimuli, fifteen
perturbations for each condition. Thus, 4 different conditions are expressed in this research:
Forward/No sound (FNS), Backward/No sound (BNS), Forward/Sound (FS), and

Backward/Sound (BS).

3.6 Data Processing

Figure 3.5 shows a summary of data processing for each outcome measure.

Calculate perturbation onset latencies relative to sync signal
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Figure 3.5. Data analysis protocols for each outcome measure
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3.6.1 EEG analysis

An online anti-aliasing filter of 499 Hz was used during EEG data collection. The data was
first high-pass filtered using a 4th order, zero-phase Butterworth filter with al Hz cutoff,
followed by down sampling to 250 Hz to improve line noise removal and to facilitate ICA
decomposition. To identify the problematic channels, bemobil _detect_bad_channel function
was used before re-referencing using bemobil_avref function to employ the full rank average
reference. The data was processed with zapline plus to remove the noisy frequency
components. Then the data were epoched between -2000 and +1000 ms relative to
perturbation onset before independent component analysis (ICA) was run to reject the non-
brain origin components. Further analysis was focused on Cz electrode over the M1 and
SMA. Finally, event-related spectral perturbations (ERSP) analysis was conducted to
calculate change in power relative to the baseline (-1000 -200 ms) in different frequency
bands (theta (3-7 Hz) and alpha (8-12 Hz) in the relevant time bin (90-250 ms). N1 potential

was also calculated as the minimum value between 90-200 ms relative to the baseline.

3.6.2 Surface electromyography

An online anti-aliasing filter of 499 Hz was used during EMG data collection. The Maximal
Voluntary Contractions (MVC) data was first high-pass filtered using a 4th order, zero-phase
Butterworth filter with a 20 Hz cutoff, followed by calculation of absolute values. The onset
and offset points of muscle activity during MVC were then detected using a custom-made
algorithm. To ensure accuracy, the first and last 500 ms of each repetition were excluded.
The MVC data was then smoothed using a zero-phase moving average filter with a 200 ms

time window. The MVC value was calculated as the peak value across all repetitions.

The collected data during perturbation tests were filtered using 4th order, zero-phase
Butterworth high pass filter with a 20 Hz cut-off frequency. The EMG data were mean-
subtracted and rectified. The EMG data were then normalized to the MVC before it was
epoched between -2000 ms to +1000 ms relative to perturbation onset. The EMG signal was

then averaged for each perturbation condition and for each participant.
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Onset latency was defined as the first frame where activity exceeded 2 standard deviations
above the baseline (-200 ms to -20 ms) and remained above this threshold for at least 20 ms.
These onset latencies were calculated for each individual trial and then averaged for each

condition and participant [165].

3.6.1 Kinematic analysis

The movement of the center of mass (COM) relative to the ankle joint was calculated for a
1.2-second epoch, spanning from -200 ms to +1000 ms. The peak COM displacement after
a perturbation was measured relative to a baseline period that ranged from -700 to -200 ms
prior to the perturbation onset. The average of these calculations was then calculated for each
participant and condition.

Joint excursions were averaged for each condition and each participant then normalized to
the baseline (-1000 ms to -200 ms). Peak hip, knee and ankle joint excursions and velocities
in 0-300 ms were calculated. As an index of postural control strategy, hip joint excursion
was used [10].

3.7 Statistical Analysis

A linear mixed-effects model was fitted using the “lmer” function from the “Ime4” package
in R version 4.3.3 (R Foundation for Statistical Computing). We treated time (pre, post),
group (control, sham, anodal) and sound (No sound, sound) as fixed effects and participants
as random effects in the model for EEG, EMG and kinematic analysis. Time, group and
muscle (Right TA and SOL, left TA and SOL) factors were considered as fixed effects and
participants as random effect in intracortical excitability measures. The “emmeans” package
was used for post-hoc analysis. This analysis used the “emmeans” function to obtain
“estimated marginal means” by averaging over time, sound, and group within the linear
mixed-effects ANOVA model. Following this, the “contrasts” function was employed to
perform pairwise comparisons between these estimated means. The model p-values were
determined using Satterthwaite's method. The level of significance was <0,05. Tukey

adjustments were applied in the post-hoc analysis.

Partial eta square (1p?) was calculated by using “eta_square” function in “effectsize” package

in R to estimate effect sizes. Effect sizes were interpreted as small (>0,01 and <0,06),



medium (>0,06 and <0,14) and large (>0,14) effects.

4. FINDINGS

The demographics of each group are demonstrated in Table 4.1.

Table 4.1. Demographic characteristics of participants
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Control (n=11) Sham (n=11) Anodal (n=12)
Age (years) 25,77+1,6 27,3343,23 25,2+1,2
Weight(kg) 71,1£5,3 66,77+4,64 71,5+4,89
Height(cm) 173+2,3 169,8+3,16 173,1+3,56

4.1 General Outline of the Outcome Measures

Average data of all participants for each outcome measure at each time point is demonstrated

in Figure 4.1. Each subplot displays a 1200 ms epoch, 200 ms before and 1000 ms after the

perturbations. The shaded gray areas indicate the time bins of interest.
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Crvarebrm of Gutcoss Meaius

Figure 4.1 General outline of perturbations and outcome measures

Grand averaged Perturbation-Related Potentials (PRP), COM displacements, activity of
right tibialis anterior and soleus muscles, right hip and ankle joint excursions, and
perturbation displacements are shown. The two different colors for the outcome measures

indicate the direction of the perturbation (blue for forward and orange for backward).

4.2 Kinematic Analysis

Mixed ANOVA results of peak COM displacements are shown in Table 4.2. The sound
factor had a main effect on COM displacement in both forward and backward perturbation,
the effect sizes were high. An interaction between time and group factors was observed in
forward perturbations with high effect size. No other main or interaction effects were

significant.

According to the post-hoc comparisons, the sound factor had a main effect on COM
displacement in both forward and backward perturbation in an opposite way. In forward
perturbation, an acoustic signal caused a smaller COM displacement than the no sound
condition (t:2,93, p:0,004, Figure 4.2 APPENDIX-6 Table 1). It, however, a greater COM
displacement than the no sound conditions in the backward perturbations (t:-3,6, p:0,0005,
Figure 4.2, APPENDIX-6 Table 4). Post-hoc comparisons also revealed that only anodal
stimulation group showed significantly decreased peak COM displacements following the
training (t:2,33, p:0,02, APPENDIX-6, Table 3, Figure 4.2).
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4.2.1. Peak COM displacement

Peak Center of Mass Displacement
—Control

Sham
Anodal

Displacement {mm)

- mE HE h[ D% =1 EE

pre. post pre post pro post pee post pre post pre post

Forward Direction Backward Direction

Figure 4.2 Peak COM displacements from the baseline

The results were illustrated for each group and each perturbation direction (averaged for
sound and no sound conditions) in the period of perturbation duration.
Each box shows the interquartile range (25th-75th percentiles) and the horizontal line in each
box indicates the median while the black dot indicates the mean. Outliers are indicated with
a "+" and whiskers represent the range of data. Asterisks indicate significant differences

before and after training.

Table 4.2. Mixed-ANOVA Results for the effect of tDCS on COM displacements

Main/Interaction df |F p np’
Time 1 0,68 0,41 0,01
Sound 1 8,61 0,004* 0,09
Group 2 111 0,34 0,07
Forward Perturbation Time:Sound 1 1,21 0,27 0,01
Time:Group 2 3,10 0,049* 0,06
Sound:Group 2 0,15 0,86 0,00
Time:Sound:Group 2 0,85 0,43 0,02
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Time 1 3,67 0,06 0,01
Sound 1 12,90 0,001* 0,09
Group 2 1,60 0,22 0,07
Backward Perturbation | Time:Sound 1 0,07 0,79 0,01
Time:Group 2 0,51 0,60 0,06
Sound:Group 2 3,06 0,052 0,00
Time:Sound:Group 2 0,41 0,66 0,02

4.2.2 Variance of joint angle excursions

The main and interaction effects of peak joint angle for each lower extremity joint are listed
in Table 4.3. A time main effect was observed in the right hip, right knee and right ankle
joints in forward perturbations, and in right and left knee joints in backward perturbations.
The effect sizes ranged from medium to high. An interaction between time and group factors
was observed in right and left hip joints, with medium effect size and left ankle joint, with
high effect size, in the forward perturbations. Other main or interaction effects were not

significant.

Post-hoc comparisons showed that the perturbation-based balance training caused a
reduction of joint excursion in right hip (t:2,46, p:0,02, APPENDIX-6 Table 5), right knee
(t:3,6, p:0,0006, APPENDIX-6 Table 10) and right ankle (t:2,32, p:0,02, APPENDIX-6
Table 11) joints in forward perturbations across all participants. On the other hand, right and
left knee joint excursions were increased following the training in backward perturbations
(t:-3,66, p:0,01 and t:-4,14, p:0,0001, respectively, APPENDIX-6 Tables 14 and 15).

The post hoc analysis revealed that only anodal stimulation group showed a significant
decrease in the hip joint excursion on both sides in the forward perturbations following the
training compared to the pre-training session (t:4,04, p:0,0001 and t:2,82, p:0,01, right and
left side, respectively, APPENDIX-6 Tables 6 and 8) despite the lack of a significant
difference between groups.

Left ankle joint excursion was increased only in the control group in the forward
perturbations following the training (t:-3,3, p:0,002, APPENDIX-6 Table 12). Left ankle
joint excursion of anodal stimulation group was significantly smaller than control group in

backward perturbations in the post-training session (t:2,81, p:0,02, Appendix 1 Table 13).
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The joint excursions before and after the training for each group for each joint were

illustrated in Figure 4.3.
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Figure 4.3. Peak joint excursions in the period of interest after perturbation onset

The figure illustrates the variance of joint excursions in each group and each perturbation
condition. The time of interest is 100-300 ms after the perturbation onset. Each box shows
the interquartile range (25th-75th percentiles) and the horizontal line in each box indicates
the median while the black dot indicates the mean. Outliers are indicated with a "+" and
whiskers represent the range of data. Asterisks indicate significant differences before and
after training



Table 4.3. Mixed-ANOVA results for the effect of tDCS on joint excursions

9.

Right Hip Left Hip Right Knee Left Knee Right Ankle Left Ankle
Pei?tjmz\rt?on df | F p np’ F p np’ F p np’ F p np’ F p np’ F p np’
Time 1]606|002| 007 1049|049 | 001 |1295| 0,0006* | 0,14 | 0,40 0,53 0,005 |5,40/0,02| 0,06 {0,29| 0,59 | 0,004
Sound 11004] 084 0,00 [0,02] 0,89 | 001 | 0,02 0,89 0,005 | 0,00 0,96 0,01 |0,13| 0,72 | 0,001 |0,08| 0,78 | 0,001
Group 2 1181|017 0,04 103|037 | 0,07 | 154 0,22 0,03 | 149 0,24 0,05 |138]| 0,26 | 0,03 |2,88| 0,06 0,16
Time:Sound 110,00 0,99 0,00 [0,00] 0,95 | 0,0001 | 0,00 0,96 0,00 | 0,06 0,81 0,001 |0,09| 0,77 | 0,001 0,27 | 0,68 | 0,002
Time:Group 2 1498(001*| 011 [430)0,02| 0,10 | 2,25 0,11 0,05 | 2,55 0,08 0,06 |283] 0,07 | 0,07 |7,04]0,002*| 0,15
Sound:Group 2 1033|072 0,00 [0,28] 0,76 | 0,01 | 0,29 0,75 0,005 | 0,24 0,78 0,01 |0,09] 092 | 0,00 |0,02| 0,98 | 0,0001
Time:Sound:Group | 2 | 0,21 | 0,81 0,01 [0,17] 0,84 | 0,004 | 0,19 0,83 0,005 | 0,16 0,85 0,004 [0,04| 0,96 | 0,00 |0,02| 0,98 | 0,0004
Backward Perturbation
Time 11207] 015 0,03 3,25| 0,08 | 0,04 |13,41]|<0,0001*| 0,14 |17,15|<0,0001*| 0,18 |3,19| 0,08 | 0,04 |1,14| 0,29 0,01
Sound 11100] 0,32 0,01 |061]044 | 001 | 0,08 0,78 0,001 | 0,30 0,58 0,004 |0,05| 0,83 | 0,001 |0,01| 0,93 | 0,0001
Group 2 |005/09 | 0004 |042]|066 | 003 | 1,29 0,29 0,09 | 0,87 0,43 0,06 |0,35| 0,71 | 0,02 |0,42| 0,66 0,03
Time:Sound 1]003) 086 | 00004 085|036 | 001 | 0,03 0,87 0,0003 | 0,05 0,83 0,001 |061)| 044 | 0,01 |{0,44] 051 0,01
Time:Group 2 1052 0,60 0,01 2411 0,10 | 0,06 | 0,60 0,55 0,01 | 055 0,58 001 |180] 0,17 | 0,04 |045]| 0,64 0,01
Sound:Group 2 1005[/09 | 0001 [0,07] 093 | 0,002 | 0,02 0,98 0,001 | 0,02 0,98 0,0004 | 0,16 | 0,86 | 0,004 | 0,04 | 0,96 | 0,001
Time:Sound:Group | 2 | 0,19] 0,83 | 0,006 |0,17| 0,84 | 0,004 | 0,11 0,90 0,003 | 0,66 0,52 0,02 |0,06| 0,94 | 0,002 |0,99| 0,38 0,02
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4.3 N1 Responses

Main and interaction effects of N1 amplitude and latency at the Cz electrode are presented
in Table 4.4. N1 amplitude showed main effects of time, sound, and group in backward
perturbation. A significant main effect of time was observed in N1 latency in both forward
and backward perturbations, with high effect sizes. There was also an interaction between
time and group factors in N1 latency in backward perturbations, with the medium effect size.

No additional main or interaction effects were observed.

Post-hoc comparisons showed that the perturbation-based balance training reduced the N1
amplitude in backward perturbation across all groups (t:2,98, p:0,004 APPENDIX-6 Table
16). N1 amplitude was smaller in the sound conditions compared to the no sound conditions
in backward perturbation condition (t: 3,4, p:0,001, APPENDIX-6, Table 17). Lastly, N1
amplitude in sham stimulation group was greater in sham stimulation group compared to the
control group in backward stimulation (t:-2,55, p:0,04 APPENDIX-6 Table 18).

The perturbation-based balance training caused a reduction in N1 latency across all groups
in both forward and backward perturbation, respectively (t:6,14, p:<0,0001 and t:4,13,
p:0,0001, respectively, APPENDIX-6 Tables 19 and 20). This improvement also depended
on the group factor in backward perturbations. Only anodal stimulation group demonstrated
a reduction in N1 latency following a training (t:4,67, p:0,0001, APPENDIX-6 Table 21).

The changes in each group for both N1 amplitude and latency were illustrated in Figure 4.4.
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Figure 4.4. N1 amplitudes for each group and each perturbation direction.

The amplitude data were standardized via baseline correction. The period of -1000 ms to -
200 ms was used to calculate the baseline value. Each box shows the interquartile range
(25th-75th percentiles), and the horizontal line in each box indicates the median while the
black dot indicates the mean. Qutliers are indicated with a "+" and whiskers represent the
range of data. Asterisks indicate significant differences before and after training, and hash

signs indicate significant differences between groups.

Table 4.4. Mixed-ANOVA results for the effect of tDCS on N1 responses.

Cz Amplitude | Cz Latency
Main/Interaction df | F p F p
Time 1 |356 |0,06 37,60 | <0,0001*
Sound 1 1105 |0,31 0,00 [0,98
Group 1 [247 0,10 0,24 10,79
Forward Perturbation | Time:Sound 2 |051 048 0,66 [0,42
Time:Group 1 1,42 |0,25 091 |041
Sound:Group 1 10,07 0,93 0,77 047
Time:Sound:Group |1 |0,02 |0,98 0,18 |0,84
Time 2 [8,85 |0,004*|17,09 | <0,0001*
Sound 2 [1153)|0,001*| 052 |0/47
Group 2 354 |004* 1022 |081
Backward Perturbation | Time:Sound 1 /001 [091 1,08 |0,30
Time:Group 2 0,33 |0,72 3,62 |0,03*
Sound:Group 2 (091 |041 1,19 [0,31
Time:Sound:Group |2 | 0,60 | 0,55 0,20 /0,82
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4.4 Average Theta and Alpha Band Power (Cz)

Main and interaction effects of average Theta and Alpha bands power at Cz electrode are
detailed in Table 4.5. A significant main effect of time with a high effect size was found in
theta power in forward perturbations. We also found a significant sound main effect in the
theta power in both forward and backward perturbations. The ANOVA results revealed a
significant effect for the sound factor in alpha power only in backward perturbation. A
statistically significant interaction between time and group factors was observed for theta
band power in the backward perturbation condition. In contrast, alpha band power showed a
significant interaction between time and group in the forward perturbation direction. No

other main or interaction effects were significant.

Post-hoc comparisons revealed that theta power was reduced following the perturbation-
based balance training across all groups in forward perturbations (t:4,46, p:<0,0001,
APPENDIX-6 Table 23). Post-hoc comparisons also showed that the acoustic signal reduced
the theta power compared to the no sound conditions in both forward and backward
perturbations, respectively (t:1,99, p:0,049 and t:3,0, p:0,004, respectively, APPENDIX-6
Tables 24 and 25). Alpha power also showed a reduction in the presence of the acoustic
signal in backward perturbations but not in forward perturbations (t:3,03, p:0,003,
APPENDIX-6, Table 30).

Training reduced the theta power in both sham and anodal stimulation groups with medium
effect size (t:2,53, p:0,01 and t:2,0, p:0,049, respectively, Figure 4,5, APPENDIX-6 Table
26). Alpha power significantly decreased only in the anodal stimulation group after training
(t:2,75, p:0,01, Figure 4,5, APPENDIX-6 Table 28). Figures 4.6 and 4.7 illustrate the EEG
ERSPs and the N1 mean amplitude across both sessions and directions, for the no-sound and

sound conditions, respectively.
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The average band powers were calculated over 90-250 ms after perturbation onset relative
to baseline (from 1000 to 200 ms before perturbation onset). This time range of interest
was determined according to previous studies showing that cortical involvement starts at
~90 ms and stepping responses starts at around 250 ms [7, 166, 167].

Table 4.5. Mixed-ANOVA results for the effect of tDCS on EEG Band Power

Averaged Theta Averaged
Power Alpha Power
(3-7 H2) (8-13 Hz)
Main/Interaction df | F p nw’ |F p N’
Time 1 (19,92 |<0,0001*|0,18 |2,65 |0,11 0,03
Sound 1 (3,96 |0,049* 0,04 |225 (0,14 0,02
Group 1 10,40 |0,67 0,03 [0,27 | 0,77 0,02

Forward —

Perturbation T!me.Sound 2 {109 10,30 0,01 |0,57 |0/45 0,01
Time:Group 110,74 |0,/48 0,02 |3,35 |0,04* 0,07
Sound:Group 1 10,28 0,76 0,01 |0,42 | 0,66 0,01
Time:Sound:Group | 1 | 0,40 | 0,67 0,01 ]0,29 |0,75 0,01
Time 2 12,31 10,13 0,03 |2,97 | 0,09 0,03
Sound 2 8,98 |0,004* 0,09 19,18 | 0,003* | 0,09

Backward G_roup 2 1063 [054 0,04 0,71 | 0,50 0,04

Perturbation T!me:Sound 110,88 ]0,35 0,01 [0,31 /0,58 0,003
Time:Group 2 |520 |[0,01* 0,10 |0,44 | 0,65 0,01
Sound:Group 2 10,66 |0,52 0,01 [0,17 |0,84 0,004
Time:Sound:Group | 2 | 0,19 |0,82 0,004 | 0,91 | 0,41 0,02
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Figure 4.6. Characteristic cortical responses to perturbations without sound

The figure illustrates both time-frequency and ERP components for no sound conditions.
The vertical dashed line marks the onset of the perturbation. The vertical dashed line marks
the onset of the perturbation. The time-frequency domain maps illustrate the average power
modulations for each group and session, highlighting typical broadband power increases
(represented by warm colors). The dashed boxes delineate the theta frequency range (3-7
Hz), and the solid boxes represent the alpha frequency range (8-13 Hz) in the temporal
window of interest (90-250 ms after perturbation onset).
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Figure 4.7. Characteristic cortical responses to perturbations with sound

The figure illustrates both time-frequency and ERP components for sound conditions. The
vertical dashed line marks the onset of the perturbation. The time-frequency domain maps
illustrate the average power modulations for each group and session, highlighting typical
broadband power increases (represented by warm colors). The dashed boxes delineate the
theta frequency range (3-7 Hz), and the solid boxes represent the alpha frequency range (8-
13 Hz) in the temporal window of interest (90-250 ms after perturbation onset).
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4.5 Muscle Onset Latencies
Main and interaction effects of onset latencies for each muscle are shown in Table 4.6. There

was a time main effect in both right and left TA muscles. Besides, interaction between time
and group factors was found in the left TA muscle. No additional main or interaction effect
was observed. Post-hoc analysis revealed that a significant decrease in both right and left
TA muscles across all groups (t:2,07, p:0,04 and t:2,05, p:0,04, respectively, APPENDIX-6
Tables 31 and 32). There was a significant decrease in onset latency only in anodal
stimulation group following the training in the left TA muscle (t:3,08, p:0,003, APPENDIX-

6 Table 34). Post-hoc comparisons are illustrated in Figure 4.8.
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Figure 4.8. Onset latencies of each muscle

Two time points are shown for each group (pre and post). Each box shows the interquartile
range (25th-75th percentiles) and the horizontal line in each box indicates the median
while the black dot indicates the mean. Outliers are indicated with a "+" and whiskers
represent the range of data. Asterisks indicate significant differences before and after
training, and hash signs indicate significant differences between groups.



Table 4.6. Mixed-ANOVA results for the effect of tDCS on onset latency

Right TA Right SOL Left TA Left SOL
Main/Interaction df F p N’ F p Np F p np F p np
Time 1 4,28 0,04* 0,05 0,58 0,45 0,01 4,21 0,04* 0,05 1,71 0,19 0,02
Sound 1 0,37 0,54 0,00 0,19 0,67 0,00 0,02 0,90 0,00 0,01 0,91 0,00
Group 2 0,21 0,82 0,01 0,83 0,45 0,05 0,13 0,88 0,01 1,24 0,30 0,08
Time: Sound 1 0,23 0,63 0,00 0,05 0,82 0,00 0,85 0,36 0,01 0,15 0,70 0,00
Time: Group 2 2,69 0,07 0,06 0,88 0,42 0,02 3,13 0,048* 0,07 1,16 0,32 0,03
Sound: Group 2 0,79 0,46 0,02 0,45 0,64 0,01 0,32 0,73 0,01 0,98 0,38 0,02
Time: Sound: Group 2 0,10 0,91 0,00 1,34 0,27 0,03 0,13 0,88 0,00 1,10 0,34 0,02

€8
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4.6 Intracortical Excitability
Main and interaction effects of SICI and ICF for each muscle are shown in Table 4.7. There

was a significant muscle main effect in both SICI and ICF. ICF also shows a significant
interaction between time and muscle factors. These main and interaction effects were

observed with small effect sizes. No additional main or interaction effect was observed.

Post-hoc analysis indicated that left TA showed higher inhibition than right and left SOL
(t:3,29, p:0,01 and t:-2,62, p:0,046, respectively, APPENDIX-6, Table 35). Right TA
showed higher facilitation compared to the right soleus (t:3,09, t:0,01, APPENDIX-6 Table
36). Although there was no statistically significant difference between muscles in the pre
training session, right TA showed higher ICF than right SOL following the training (t:3,65,
p:0,002, APPENDIX-6, Table 37). Besides, ICF in the right TA muscle significantly
increased after the perturbation-based balance training across all groups (t:-2,35, p:0,02,
APPENDIX-6 Table 38). Post-hoc comparison results between groups and time points are

presented in Figure 4.9.
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Figure 4.9. SICI and ICF for each muscle

Each box shows the interquartile range (25th-75th percentiles) and the horizontal line in each
box indicates the median while the black dot indicates the mean. Outliers are indicated with
a "+" and whiskers represent the range of data. Asterisk indicates significant differences
before and after training.



Table 4.7. Mixed-ANOVA results for the effect of tDCS on TMS Measures
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df |F p o
SICI Time 1 0,15 0,70 0,001
Group 2 1,00 0,38 0,06
Muscle 3 4,20 0,01* 0,05
Time:Group 2 0,15 0,86 0,001
Time:Muscle 3 1,48 0,22 0,02
Group:Muscle 6 1,25 0,28 0,03
Time:Group:Muscle 6 0,56 0,76 0,02
ICF Time 1 0,42 0,52 0,002
Group 2 0,72 0,50 0,04
Muscle 3 4,41 0,005* 0,06
Time:Group 2 0,20 0,82 0,002
Time:Muscle 3 2,67 0,049* 0,04
Group:Muscle 6 1,28 0,27 0,03
Time:Group:Muscle 6 0,81 0,56 0,02
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5. DISCUSSION

This study examined changes in kinematic and cortical responses to balance perturbation
and changes in corticospinal excitability after short-term balance training to reveal the
primary motor cortex's involvement in early balance learning. Our findings indicate that
combining balance training with anodal tDCS significantly improved balance performance
in forward perturbations. Specifically, COM displacement and hip joint excursions on both
sides were significantly reduced in the anodal stimulation group post-training, suggesting

enhanced postural control mechanisms facilitated by the neuromodulatory effects of tDCS.

CNS closely monitors the COM movement, detects when it goes beyond the desired
boundaries, and initiates appropriate responses to regain the balance, particularly during
unexpected perturbations. When the balance is disturbed, proprioceptive signals arising from
the ankle trigger reflex responses originating from the spinal and supraspinal structures.
Rapid and robust responses and intermuscular coordination prevent the body from falling.
Thus, decreased COM displacement in the forward perturbation indicates an enhanced
ability to recover balance in response to perturbations, reflecting improved postural stability
and balance control mechanisms in the anodal stimulation group. Supporting this, previous
studies reported a reduction in peak COM displacement following perturbation-based

balance training of varying durations, similar to the current study [57, 58].

We also calculated the variance of each lower extremity joint to consider both peak joint
excursion and the variability of joint excursions. The immediate reaction of the ankle joint
compensates for the balance disturbance and promotes faster balance recovery [59, 168,
169]. When a perturbation strongly disturbs the balance, hip strategy, involving hip joint
excursion to move the COM rapidly, is used to recover the balance [7, 10]. The decrease in
the right hip, knee, and ankle joint excursions observed after the training, regardless of the
group, suggests that perturbation-based balance training improved balance control in
response to forward perturbations across all participants. Furthermore, the reduced right and
left hip excursions only in the anodal stimulation group in forward perturbations and
significant interaction effect imply that anodal tDCS combined with perturbation-based
balance training further facilitated balance control.



60

It can be anticipated that the variance of joint excursions differs depending on the direction
of the perturbation. For example, hip joints have a greater flexion range of motion than
extension. Thus, forward perturbations may elicit larger joint excursions than backward
perturbations. Similarly, the knee joint has a very small joint extension while standing but
knee flexion can be used to recover balance rapidly by means of lowering the COM height
[170]. In the current study, right knee joint excursions were significantly decreased across
all participants in forward perturbations, while both knee joint excursions increased in
backward perturbations following the training across all participants. This finding supports
the idea that different balance control strategies are used for different perturbation directions.
While balance training increased the stability in forward perturbations, it led to a more

dynamic and flexible balance control strategy in backward perturbations.

From the biomechanical point of view, the base of support (BoS) and the feet are
anatomically extended in the forward direction. The COM projection is slightly anterior to
the lateral malleolus in the standing position. This anatomical arrangement allows the body
to generate greater torque while leaning forward rather than backward. Thus, due to its
anatomical advantages, the body can easily maintain the COM away from the BoS during
backward perturbations than forward perturbations. Therefore, maintaining the COM more
stable might be a good strategy for backward perturbations, whereas a stiffer response and
moving with the surface might be more effective for forward perturbations because of

biomechanical properties.

A previous study showed that forward perturbation and startle reflex may share a common
mechanism to generate more rapid responses to perturbation [11]. Their findings suggested
that different neural circuits are possibly involved in the sensorimotor processing of
perturbations in different directions. In the current study, no main or interaction effect was
found in N1 amplitude in forward perturbation. However, the training significantly reduced
the N1 amplitude in backward perturbation across all participants. Supporting this finding,
previous studies showed that individuals with impaired balance ability exhibit a larger N1
response [22] which decreases even through ten perturbation trials [19]. Although the
improved balance control ability, as evidenced by decreased joint excursions in forward
perturbations, N1 amplitude didn’t change through training in forward perturbations,
possibly showing a decreased impact of backward perturbations to the balance or perceived
threat.
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N1 amplitude has cognitive components including attention [171], perceived threat [146,
149] and predictability of the postural perturbations [144, 146, 149, 172, 173]. Previous
studies defined its role in sensory integration, error detection, and movement initiation [15,
77], even though the exact mechanisms remain unclear. Cognitive components of the N1
response suggest that the balance recovery process becomes more automatic through
training, and perturbations are no longer perceived as significant postural threats,
diminishing the need for heightened attention. Our findings regarding N1 amplitude indicate
that forward perturbations generate a more significant postural threat even after training,
possibly because forward perturbations are more challenging than backward perturbations.
Therefore, the participants may commit more cognitive resources for sensory integration or

attention

In line with the current findings, a previous study demonstrated decreased N1 latency when
perturbation intensity and probability of stepping response increased regardless of the
direction of perturbation. The authors suggested that increasing computational load before
determining the need for a stepping response is associated with decreased N1 latency since
reduced latency enables a longer time to generate longer latency responses such as stepping
[14]. If more challenging perturbations lead to decreased N1 latency, it would be expected
that the balance training wouldn’t reduce the latency since the perturbations are likely to be
more easily handled after the training. However, in the current study, latency was decreased
in both directions after the training across all participants, suggesting increased sensory
processing speed. Furthermore, only the anodal stimulation group showed further reduction
in N1 latency in backward perturbations, which suggests a modulation of tDCS on N1
latency. Although the behavioral improvements in the anodal stimulation group were most
prominent during forward perturbations, a significant reduction in N1 latency was observed
only in the anodal stimulation group in the backward direction. The observed dissociation
between behavioral and neural outcomes may be attributed to the complicated effect of M1

stimulation on sensorimotor pathways involved in balance control.

Furthermore, we observed significant modulations in the theta and alpha band powers in the
respective time bin between 90 and 250 ms. Specifically, theta band power decreased in both
the sham and anodal stimulation groups during backward perturbations and across all groups
in forward perturbations, implying that the balance training, regardless of the type of

stimulation, influenced cortical processes, possibly related to enhanced sensory integration
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and motor output. However, alpha band power was reduced in forward perturbations, only
in the anodal stimulation group after the training, potentially reflecting enhanced sensory
processing in the forward direction facilitated by tDCS. These findings prove that anodal

tDCS over M1 may modulate sensorimotor processing, facilitating balance ability.

Sensorimotor processing is associated with N1 amplitude and underlying modulations of
theta and alpha rhythms [16, 143, 174]. Supporting this, a previous study suggested that theta
band power scale with the perturbation intensity [68] and its impact on the balance. When
the body leans forward before a backward perturbation, amplifying the impact of
perturbation, theta power is increased more quickly [68]. This increase in theta power may
represent an error between the current and desired posture and may precede the level of long
latency response behaviors after the perturbation [14, 68]. It was demonstrated that theta
power increases in the instance of balance loss supporting its role in balance monitoring. In
addition, Peterson and Ferris found increased theta power connectivity between SMA and
several other brain regions involving right and left sensorimotor and anterior cingulate
cortices, which refers to the interaction between various brain regions during a standing
balance task. Their finding indicates a possible contribution of various brain regions to N1
response and increased sensorimotor processing during balance recovery [91]. SMA serves
as a hub for theta band connectivity with motor areas [91] and for sensory integration with
connections to the prefrontal cortex [143], and brainstem [90].

The results of the present study support the previous findings suggested theta rhythms may
be involved in the error detection process and cognitive control during balance disturbances
[14], as decreased theta power was observed in both directions following the training without
any causal effect of tDCS over M1. Alpha power, on the other hand, is known for its
involvement in sensorimotor processing [14, 17] and is also associated with balance control,
possibly associated with motor preparation and execution of reactive responses to the
balance disturbances [14, 17, 77]. Therefore, the observed decrease in alpha power after
training only in the anodal stimulation group implies an improved motor adaptation possibly
through strengthening of communication between the SMA and motor cortices resulting in

better balance during forward perturbations.

Previous findings showed that tDCS can also facilitate subcortical structures along with
altering the cortical excitability [175]. The muscle onset latency after a perturbation stimulus
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is one indicator that shows the facilitated or inhibited subcortical structures. Fifteen minutes
of anodal tDCS over the non-dominant motor cortex resulted in a reduced onset latency
response of ankle muscles to perturbations compared to the sham tDCS. Their findings
implied that tDCS altered the excitability of subcortical structures which has a role “central
set” lead to faster muscle onset latency in response to the perturbations [38]. The adaptation
of central set likely influences the automatic postural responses [176]. Current study showed
that right TA muscle onset latency was significantly reduced after the training only in anodal
stimulation, indicating facilitation of subcortical adaptation with anodal tDCS. On the other
hand, onset latency was reduced across all participants in left TA muscle, suggesting
perturbation-based balance training improved the onset latency. These results may imply

that dominant and non-dominant sides can be affected by tDCS in a different way.

While decreased inhibition and enhanced cortical excitability are observed after motor
training, balance training induced the opposite changes. Previous studies have shown a
reduction in cortical contributions during balance training indicated by decreased
corticospinal and cortical excitability and increased SICI [74]. A few studies reported
intracortical excitability changes after balance training [24, 46, 52, 128, 159]. Mouthon and
Taube found an enhanced level of SICI during the balance test after two weeks of balance
training [24]. This opposite effect was also confirmed by a study that compared the effect of
4 weeks of different types of training on cortical adaptation. They found that increased SICI
after balance training and reduced SICI after explosive training [46]. It is important to note
that these findings mentioned above suggested that cortical adaptations observed when it is
tested during task execution or while standing [24, 46, 159] not at rest or during non-
practiced tasks suggesting that these changes depend on the testing conditions.

Although ICF is used to assess facilitatory mechanisms in the brain, its role in balance skill
acquisition is not fully clear. Only two studies reported ICF changes after balance training
and found no significant change at rest or during standing [128, 159]. In the current study,
however, training induced increased ICF in the right TA muscle across all participants.
Besides the studies investigating balance skill acquisition, a previous study found decreased
ICF in musicians compared to the control group in a hand muscle at both rest and active
conditions, implying that improving complex motor ability may decrease the ICF level
[177]. By improving balance ability and facilitating long-term potentiation (LTP) through
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training, heightened neural facilitation might have been induced. This finding might
contribute the role of glutamatergic facilitation in possible balance skill learning mechanism.

It should also be noted that the patterns in ICF differ between right and left TA muscles.
Specifically, after the training, ICF was significantly increased in right TA muscle, left TA
showed a decreased ICF despite the lack of statistical significance This observation may
imply that bilateral balance training may stimulate adaptation differently in both
hemispheres. Furthermore, these above-mentioned studies, investigating intracortical
excitability in balance skill acquisition, conducted conventional but not perturbation-based
balance training, which is more challenging and requires faster sensory processing and motor
output. To the best of our knowledge, this is the first study that tested cortical excitability
changes after perturbation-based balance training. Therefore, the findings may differ from

the previous studies because of the difference in the type of balance training.

This study provides evidence that tDCS-induced improvements in M1 leg area function
facilitate balance ability and neuromuscular function, especially in response to forward
perturbations that cause posterior balance disturbances in young adults. tDCS did not
significantly modulate N1 amplitude, theta power and intracortical facilitation beyond the
effects of training alone. This finding suggests that the observed changes in these parameters
are primarily attributable to the balance training protocol rather than the neuromodulation
via tDCS. However, the current results suggested alpha power was modulated by tDCS

intervention combined with balance training.

Furthermore, the acoustic signal, given two seconds before the perturbation, had varying
effects on COM displacement depending on the direction of the perturbation. Specifically,
acoustic signals decreased COM displacement in forward perturbations while increasing it
in backward perturbations. This directional difference in response to the acoustic signal may
be attributed to the postural control strategy. When individuals receive a warning signal
before the perturbation, they may intentionally lean forward, anticipating the forward
perturbation. These anticipatory adjustments are likely since backward perturbations can be
easily handled due to the biomechanical factors mentioned earlier. Although the acoustic
signal provided a timing cue for the onset of the perturbation, it did not convey any
directional information to the participants. This may have influenced the effect of the
acoustic signal based on the perturbation direction, possibly due to distinct neural processing
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of different perturbation directions. Nonnekes et al. suggested that forward perturbations
may have a common mechanism with startle reflex, which generates rapid postural responses
and possibly accompanying cortical differences [11]. In the current study, preparing for the
perturbation after the acoustic signal, caused more flexible reactions with increased COM
displacements and accompanying decreased N1 amplitude and underlying frequency bands
power in backward perturbations. In the forward perturbations, on the other hand, acoustic
signal caused a decrease in only theta band power, possibly because of decreased error

between expected and current body posture with preparation to the perturbation.

Our findings suggest that balance training induces significant changes in both cortical and
behavioral parameters regardless of the groups. Specifically, we found decreased hip, knee
and ankle joint excursions in forward perturbations as well as increased knee joint
excursions, demonstrating improved balance control across all participants. These
improvements were supported by cortical adaptations measured by decreased N1 amplitude
and latency as well as average theta power. We also found a decreased ICF in the left TA
muscle. 20nly anodal tDCS showed significant improvement in COM displacement and hip
joint excursions in the forward direction. Supporting these behavioral findings, we also
observed a reduction in alpha band power during the forward perturbations following the
training with anodal stimulation. These results suggest that anodal tDCS enhances the effects
of perturbation-based balance training by modulating sensorimotor processing and
facilitating neuroplasticity in M1. Lastly, it should be noted that the results of the current
study showed the retention of balance skill acquisition, as the last measurement sessions

were conducted the day after the last training session.

5.1 Limitations

Potential limitations of the study must be considered. First, we used the same perturbation
displacement in both directions to elicit similar proprioceptive signals although this may
cause backward perturbations are not sufficiently challenging, possibly causing a ceiling
effect in the behavioral analysis. Second, these findings may not be translatable to older
adults or people with balance-affecting disorders. Third, we did not measure SICI and ICF
during the task, which limits our ability to observe the full range of inhibition and facilitation
between active and passive conditions. Assessing cortical excitability only at rest may lead

to misinterpretations regarding the cortical adaptations that occur during balance tasks.
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Fourth, the limited timeline and excluded participants (e.g. those not meeting MEP
amplitude criteria) led to a smaller sample size than expected.
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6. CONCLUSION AND SUGGESTIONS

Balance control is vital to continue our daily activities and to support the healthy aging
process, besides for people who have balanced diseases. The understanding of the underlying
neural contribution of balance control is the key to widening our sights to improve the
rehabilitation processes. In this thesis, | investigated the role of M1 on balance acquisition
by applying tDCS over M1. This study provides evidence that tDCS-induced improvements
in M1 leg area function facilitate balance ability and neuromuscular function in response to
forward perturbations that cause posterior balance disturbances in young adults. Notably,
this is the first study to examine the effects of tDCS on balance, neuromuscular and cortical
enhancements following perturbation-based balance training. | demonstrated enhanced
muscle response latency along with improved muscular coordination through balance
training with anodal stimulation. These changes are vital to recovering balance without
bodily harm. These findings are supported by behavioral analysis, specifically, COM
displacement and variance changes in favor of anodal stimulation group. Decreased cortical
facilitation may signal a decreased role of M1 in balance acquisition after three sessions of
training. Decreased theta power also supported the idea of decreased cortical involvement
in monitoring role of balance disruptions after perturbations.

It is my hope that the findings of this thesis will contribute to the understanding of the role
of cortical centers and lead to further research to reveal the mechanisms underlying balance

control.

6.1. Future Directions

Reactive balance is important for various groups including athletes, older adults and
individuals with balance affecting disorders. Understanding the underlying mechanisms of
how humans respond to balance disturbances can lead us to develop therapeutic training
programs and devices such as neuromodulation techniques to enhance balance abilities more
rapidly. Improving balance can help in injury recovery and maintaining balance ability in a
good level during aging process, ultimately enhancing quality of life. There is growing
evidence supporting the critical role of M1 in balance skill acquisition particularly in the
first phase of training. This thesis supports this hypothesis as well. However, the
improvement and retention of balance skills may also depend on other cortical or subcortical
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regions which communicate with M1 such as basal ganglia, cerebellum or SMA. In this
context, brain modulation techniques remain essential to reveal the contributions of these
structures to balance learning. Future studies could explore the combined effects of
stimulating M1 along with other brain regions related to balance control to better clarify or
exclude their role in balance control. Besides, balance learning with tDCS over M1 in other
groups, such as older people or people with Parkinson’s disease, would give more insights
into role of M1 in balance learning. Anodal stimulation may also help athletes enhance their

balance abilities.
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APPENDIX-1. TMS/tDCS Safety Screening Questionnaire

It is important that you answer all of the following questions truthfully.
If any of the questions/terms on this form are unclear, or if you are unsure how to answer

them, please do not hesitate to ask the researcher of the study.

Participant Reference Number:

Dominant leg: Previous injury of your legs:
How old are you?: Weight: Height:
Questions

Answer “Yes ”or “No "tothefollowing questionsbyticking the appropriate box.

YES

NO

1. Do you have epilepsy, or have you ever had a convulsion or a
seizure?

2. Have you ever had a severe (i.e., followed by loss of
consciousness) head trauma or a neurological illness (including
neurosurgery)?

3. Do you have any metal in your head (outside of the mouth,) such
as shrapnel, surgical clips, or fragments from welding or
metalwork?

4. Do you have cochlear implants?

5. Do you have an implanted neurostimulator (e.g., DBS,
epidural/subdural, VNS)?

6. Do you have a cardiac pacemaker or intracardiac lines or metal in
your body?

7. Do you have an implanted medical pump?

8. Are you taking any central nervous system acting medications?

9. Did you ever have surgical procedures to your spinal cord?

10. Do you have spinal or ventricular derivations?

11. Have you ever had a stroke?

12. Do you suffer from frequent or severe headaches?

13. Have you ever had an adverse reaction to TMS/ tDCS in the
past?

14. Do you smoke?




APPENDIX-1. (Continued) TMS/tDCS Safety Screening Questionnaire

YES

NO

15. Have you ever had any other brain-related symptoms or
diseases?

16. Have you ever had any condition that caused brain injury or
skull fracture?

17. Are you been addicted to alcohol or drugs?

18. Are you pregnant or is there any chance that you might be?

19. Do you have vertigo?

20. Have you ever had any surgery and/or injury in your lower
extremities?

21. Do you have a lack of joint position sense?

22. Have you participated in any other clinical study within the last
4 weeks?

23. Do you have any serious medical conditions? (internal organs or
metabolic diseases or psychiatric illness, including schizophrenia,
mania, or depression)

24. Have you participated in any kind of balance training before?

25. Do you have any problem with the scalp skin (e.g. eczema)?

26. Do you have a plaster tape allergy?

27. Do you have hearing deficiencies?

Signature:
Date:

Witnessed by (signature):
Witnessed by (print name):
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APPENDIX-2. Physical Activity Readiness Questionnaire (PAR-Q)

Participant Reference Number:
Please read each question carefully and answer every question honestly:

Yes

1) Has a physician ever said you have a heart condition, and you
should only do physical activity recommended by a physician?

2) When you were doing or not doing physical activity, have you
had chest pain in the past month?

3) Do you have breathing problems at rest or during physical
activity?

4) Do you ever lose consciousness, or do you lose your balance
because of dizziness?

5) Do you have a joint or bone problem that may be made worse
by a change in your physical activity?

6) Is a physician currently prescribing medications for your blood
pressure or heart condition?

7) Do you know of any other reason you should not exercise or
increase your physical activity?

Participant signature Date

No
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APPENDIX-3. Edinburgh Handedness Inventory
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For the following activities or objects, please indicate which hand you use for this by
choosing "left +" or "right +". If your preference is so strong that you have never tried to use
the other hand, then choose "left ++" or "right ++". Please use the "neutral” category only if
you are really undecided. Some of the following activities require both hands. In this case,
the part of the task for which hand preference is sought is in parentheses. Please try to answer
all items. Please leave an item unanswered only if you have no experience with the object or

task at all.

5
=+
+
+

left +

Neutral

right +

right ++

Writing

[

[

]

Drawing

Throwing

Using Scissors

Using a Toothbrush

Knife (without fork)

Using Spoon

Broom (upper hand)

Opening box (holding
the lid)

Striking a match

Which foot do you
prefer to Kick with?

U0 ggoaooodgd

0o ouoooogogd

0o Ooooogond

0o Ooooogond

00 ggoogod
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APPENDIX-4. Information sheet

The Effect of Transcranial Direct Current Stimulation (tDCS) on Balance Control in
Response to Perturbation-Based Training

We hereby invite you to voluntarily participate in the study mentioned above, thank you for
your interest in this study! We would like to explain the study to you by this information

sheet.

In case you agree to participate, there will be three questionnaires to fill in in order to
determine your eligibility for this study. These include two questionnaires about your
previous and current health state and a questionnaire to determine your handedness. We will
also examine your neurological health state, including a walking, and an eye movement test

by a short physical examination.

Aims of the study

Standing and walking are important for daily life activities, and need good balance control.
Older people or patients with neurological diseases may have decreased balance control.
Athletes also face situations that challenge their balance control because of specifically
demanding conditions. Several brain areas play a role in balance recovery after balance is
disturbed. Temporarily modifying the activity of these brain areas in balance control will
contribute to our understanding of the role of these areas in response to the loss of balance.
This study aims to investigate the effect of transcranial direct current stimulation (tDCS),
which stimulates the brain via weak currents delivered via the skull with electrodes mounted
on the head with weak electrical currents. TDCS will temporarily modify brain functions
during postural control. We will determine how modification of respective brain function
affects how you learn to respond to the loss of balance. The potential outcome of this
research is to use the knowledge gained to develop new technologies and therapy methods
that will help to improve the balance of patient populations or athletes.
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Study Course

If one or more of the exclusion criteria listed below apply to you, you cannot participate

in the study:

1. History or evidence of chronic or residual neurological diseases.
Pacemaker or deep brain stimulation.

3. Metal implants in the head or neck area (e.g., postoperative clips after intracerebral
aneurysm; implantation of an artificial hearing aid).

4. Age is not between 18 to 55 years.

5. History of intracerebral ischemia/ bleeding.

6. Prior evidence of epileptic seizures, history of epilepsy.

7. History of head injury with skull fracture or brain tissue lesion.

8. Any serious medical conditions (internal organs or metabolic diseases) or psychiatric
illness, including schizophrenia, mania, or depression.

9. Pregnancy or breast-feeding.

10. Alcohol or drug addiction.

11. Cigarette smoker

12. Local or global aphasia.

13. Any legal reason why the candidate cannot participate.

14. Participation in another scientific or clinical study within the last 4 weeks.

15. Intake of any central nervous system (CNS)-acting medication

16. have an orthopedic disorder involving lower limbs,

17. lack of joint position sense in the lower limbs

18. a history of vertigo,

19. surgical procedure at the level of the spinal cord

20. Participation in any kind of balance training

21. Any problem with the scalp skin

22. Plaster tape allergies

23. Hearing deficiencies

In addition to above, contact lenses, dreadlocks and hair-styling products are not allowed

during the assessment sessions.
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In general, your participation in the research involves testing your balance and balance
training periods. Balance testing will be conducted via a device that produces brief
movements (perturbations) of the ‘floor’ that you will be standing on and we will measure
your response to these movements. You will also participate in a balance training program
that lasts four weeks. During this training, you will stand on the balance platform and the
platform will move 12 times within approximately a minute. You will then be given a one-
minute rest time and then the platform motions will be repeated. This process will continue
until you have completed 10 blocks of 12 platform motions each. This training will be
conducted three times a week during the training weeks. During balance training, tDCS
might be applied to your scalp, depending on which group you have been assigned to. Before
the posture training program, you will be assigned to one of four experimental groups which
differ with the kind of tDCS applied. The basic plan of the study involves having your
balance tested, and then complete one week of balance training combined with tDCS. Your
balance will again be tested, and you will complete one more week of balance training. After
that, your balance will be tested one more time. One week after balance training, your

balance will be tested one final time.

Each time before your balance is tested, your brain functions will be measured by a non-
invasive brain stimulation technique called Transcranial Magnetic Stimulation (TMS) in a
sitting position. This technique produces magnetic pulses that are transmitted through your
skull to a very specific area of your brain, and activates nerve cells in this brain area. This
measurement will determine the strength of the link between your brain and the leg muscles
during the balance test. During this procedure, magnetic pulses will be delivered through a
coil. You will hear a clicking sound and feel a “tapping” sensation on your scalp. Your leg
muscle will contract and we will monitor those contractions with small sensors attached to
the skin over the leg muscles. This measurement technique is called electromyography
(EMG). We will attach two electrodes to your legs for each muscle we will examine,
resulting in 16 electrodes placed over 8 leg muscles. The EMG sensors measure the electrical
activity of your muscles during both the TMS measurement and balance test. Prior to
applying the electrodes, your skin will be shaved and cleaned with 70% alcohol. The sensors

are attached to your skin with tape.
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We will then attach 24 small electrodes to the scalp to record brain activity with EEG. Before
this protocol, we clean your skin to reduce resistance of the skin. During the balance test,

you will hear an acoustic signal before some perturbations.

For the center of mass (COM) analysis 26 reflective markers will be taped to your body to
record full body motion after perturbation stimuli. During the assessment sessions COM data
will be calculated.

The balance platform that you will stand on measures the forces you apply to it and by using
specialized software, calculates the motion of your body. This measure is called center of
pressure (COP).

During balance testing and balance training, you will stand on a balance platform and the
platform will suddenly move a bit backwards or forwards with different amplitude. You will
try to maintain your balance after the platform movement. You will be in no danger of falling

since you will be wearing a harness attached to the metal frame of the posture platform.

If you revoke your willingness to participate in the study, already collected data will be
removed from the study record, and the compensation will be based on the hours you already

participated.

Risk and Side Effects

EEG and EMG are examination methods that are used for many decades in diagnostics and
also in basic research, and have few side effects. In rare cases, the preparation of the skin

(cleaning to reduce skin resistance) can lead to skin irritations.

Transcranial magnetic stimulation, which is used to determine the link between leg muscles
and the part of the cerebral cortex which is relevant for the conduction of movements, is a
non-invasive (i.e. carried out without violating the integrity of the body) and painless
examination method. The extensive experience available has shown that this procedure has
few risks and side effects if exclusion criteria are observed. In rare cases, mild headaches

and slight discomfort can be expected.



94

When transcranial direct current stimulation (tDCS) is used during balance training, you
may experience a light itching sensation under the electrode, mild headache, and slight
burning sensations of your scalp. The most common side effects of tDCS application are
redness of the skin under the area on your scalp where the electrodes are placed but these

disappear rapidly after tDCS is stopped.

Any time you are standing on the balance platform you will be in a safety harness that will

prevent you from falling. Thus you are not exposed to relevant risks by this method.

Before the start of the main study, you will be informed about the exclusion criteria for
participation. You will receive free medical assistance if the study results in adverse health
effects.

Personal benefit of participation

There are no known benefits to you from your taking part in this research. However,
as this study aims to gain knowledge about how the brain is involved in balance control,
possible benefits include the development of new rehabilitation techniques and/or
rehabilitation technologies that may occur as a result of the new knowledge gained from this

study.

Data protection

The personal data are collected and stored in paper form and the measurement data
electronically on a laboratory computer at IfADo. Only the investigator has access to the
data, with the exception of anonymized measurement data, which will be available for
interested scientists in an open data repository. The data will be stored for 10 years after
collection. In the event of an oral or written revocation of participation, the data collected up
to that point will be deleted. The data is used pseudonymized. This means that the data is
recorded encoded with numbers, but not with clear names of the participants. The
assignment of the data to a person is only possible if the key is used with which the data was
pseudonymized. The personal data are stored separately from the pseudonymized data under
special protective measures. Decryption is only possible by the responsible investigator.
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Third parties do not have access to the original documents. It is intended to publish the results
of this study. The data is used anonymously for this purpose.

Expense allowance

For your participation in this study, you will receive an expense allowance of €12 per hour,
which will be paid out on a pro-rata basis if your participation in the study is terminated
prematurely.
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APPENDIX-5. Informed Consent Form

Declaration of consent for participants about the scientific study: The Effect of
Transcranial Direct Current Stimulation (tDCS) on Balance Control in Response to
Perturbation-Based Training

Mr./Ms. Dr. used the information on the information sheet
for participants of the above-mentioned study to explain how the investigation will be carried
out. I have been informed about the nature, scope, significance, and risks of the study.

| have no more questions about the study. All questions were adequately answered.

| also declare that | have given all information about my medical history truthfully.

| am aware that | can refuse to participate or revoke my declaration of consent and request
the deletion of my data or revoke my consent to the use of my data at any time without giving
reasons without incurring any disadvantages.

| am ready to participate in the study and I consent to the physical examination described in
the subject information sheet being carried out | also declare my consent to fill in the
questionnaires described in the participant information.

| was informed that my personal data are collected and stored in paper form and the
measurement data electronically on a laboratory computer at IfADo. Only the investigator
has access to the data. The data are stored and retained for 10 years after collection at IfADo,
and are only available for the investigators with the exception of the measurement data,
which are available in anonymized form in an open data repository available for interested
investigators of other research institutions. In the event of an oral or written revocation of
participation, the data collected up to that point will be deleted. | was informed that the data
is used pseudonymized. This means that the data is recorded encoded with numbers, but not
with clear names of the participants. The assignment of the data to a person is only possible
if the key is used with which the data was pseudonymized. The personal data are stored
separately from the pseudonymised data under special protective measures. Decryption is
only possible by the responsible investigator. Third parties do not have access to the original
documents. It is intended to publish the results of this study. The data is used anonymized
for this purpose.

| declare that | am participating in the above-mentioned scientific study voluntarily.

In the event of an incidental pathological finding in the EEG, | would like to be informed
about this: yes no (please cross out what does not apply).

Dortmund, Date

Name of the participant (in block letters) and signature

Name of the investigating examiner (in block letters) and signature
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Table 1 Post-hoc comparisons between directions for all participants (Results are averaged over
the levels of: Time, Group)

Estimate

SE

t

P

No Sound - Sound

0,88

0,30

2,93

0,004*

Table 2 Post-hoc comparisons between groups in both pre- and post-training sessions (Results are
averaged over the levels of: Sound)

Pre Post
Estimate | SE t p Estimate SE t p
Control - Sham | -1 45 085 |-1,72 |021 |-0,67 085 |-079 |071
Control - Anodal | -1 09 083 |-1,30 |040 |0,72 083 |086 |067
Sham - Anodal | 0,37 0,83 |04 0,90 |1,38 0,83 |1,66 |0,23

Table 3 Post-hoc comparisons between time points for each group (Results are averaged over the

levels of: Sound)

Estimate SE t p
Control -0,62 0,52 -1,19 0,24
Pre-Post | Sham 0,17 0,52 0,33 0,74
Anodal 1,18 0,51 2,33 0,02*

Backward Perturbation

Table 4 Post-hoc comparisons between directions for all participants (Results are averaged over
the levels of: Time, Group)

Estimate

SE

P

No Sound - Sound

-1,04

0,29

0,0005*
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APPENDIX 6. (Continued) Post-Hoc Comparisons
JOINT EXCURSIONS

Forward Perturbation

Right hip joint

Table 5 Post-hoc comparisons between directions for all participants (Results are averaged over
the levels of: Sound, Group)

Estimate SE t p
Pre-Post 0,91 0,37 2,46 0,02*

Table 6 Post-hoc comparisons between time points for each group (Results are averaged over the
levels of: Sound)

Estimate SE t p
Control -0,23 0,66 |-0,35 | 0,73
Pre-Post | Sham 0,46 0,63 |0,73 | 0,47
Anodal 2,49 0,62 | 4,04 |0,0001*

Table 7 Post-hoc comparisons between groups in both time points (Results are averaged over the
levels of: Sound)

Pre Post
Estimate | SE t p Estimate SE t p
Control - Sham | .2 51 212 |-118 |047 |-1,82 2,12 |-0,86 | 0,67
Control - Anodal | -1 86 2,08 |-089 |065 |086 2,08 041 |0,91
Sham-Anodal 0,66 2,02 0,32 094 |268 2,02 133 |0,39

Left hip joint

Table 8 Post-hoc comparisons between time points for each group (Results are averaged over the
levels of: Sound)

Estimate SE t p
Control -0,65 0,57 |-1,14 | 0,26
Pre-Post | Sham -0,18 0,54 |-0,33 | 0,75
Anodal 1,49 053 |282 |0,01*
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Table 9 Post-hoc comparisons between groups in both time points (Results are averaged over the

levels of: Sound)

Pre Post
Estimate | SE t p Estimate SE t p
Control - Sham | .2 55 209 |-122 |045 |-2,07 2,09 |-0,99 |0,59
Control - Anodal | -0 72 205 |-035 [093 |143 2,05 | 0,70 |0,77
Sham-Anodal 1,83 1,99 |0,92 0,63 | 3,50 1,99 [176 |0,20

Right knee joint

Table 10 Post-hoc comparisons between directions for all participants (Results are averaged over

the levels of: Sound,

Group)

Estimate

SE

P

Pre-Post

2

,32

0,65

3,60

0,0006*

Right Ankle Joint

Table 11 Post-hoc comparisons between directions for all participants (Results are averaged over

the levels of: Sound,

Group)

Estimate

SE

Pre-Post

0

,16

0,07

2,32

0,02*

Left ankle joint

Table 12 Post-hoc comparisons between time points for each group (Results are averaged over the

levels of: Sound)

Estimate SE t p
Control -0,22 0,07 |-3,30 | 0,002*
Pre-Post | Sham 0,09 0,06 |1,38 [017
Anodal 0,07 0,06 | 1,18 | 0,24

Table 13 Post-hoc comparisons between groups in both time points (Results are averaged over the

levels of: Sound)

Pre Post
Estimate | SE t p Estimate SE t p
Control - Sham | 0,16 015 |[-107 |054 |05 0,15 | 0,96 |0,61
Control - Anodal | 0,12 0,15 0,83 0,69 |042 0,15 | 281 |0,02*
Sham-Anodal 0,29 0,15 | 1,98 0,13 |0,27 0,15 | 1,88 |0,16
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APPENDIX 6. (Continued) Post-Hoc Comparisons

Backward Perturbation

Right knee joint

Table 14 Post-hoc comparisons between directions for all participants (Results are averaged over
the levels of: Sound, Group)

Estimate SE t p
Pre-Post -0,53 0,15 -3,66 0,001*

Left knee joint

Table 15 Post-hoc comparisons between directions for all participants (Results are averaged over
the levels of: Sound, Group)

Estimate SE t p
Pre-Post -0,48 0,12 -4,14 0,0001*

N1 AMPLITUDE

Backward Perturbation

Table 16 Post-hoc comparisons between time points for all participants (Results are averaged over
the levels of: Sound, Group)

All Participants
Estimate SE t p

Pre-Post 1,42 0,48 2,98 0,004*

Table 17 Post-hoc comparisons between sound conditions for all participants (Results are
averaged over the levels of: Time, Group)

All Participants
Estimate SE t p

No Sound - Sound 1,63 0,48 3.4 0,001*

Table 18 Post-hoc comparisons between groups in both time points (Results are averaged over the
levels of: Sound)

Estimate SE t p
Control - Sham -9,21 3,61 -2,55 0,04*
Control - Anodal -2,59 3,54 -0,73 0,75
Sham-Anodal 6,62 3,45 1,92 0,15




APPENDIX 6. (Continued) Post-Hoc Comparisons

N1 LATENCY

Forward Perturbation
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Table 19 Post-hoc comparisons between time points for all participants (Results are averaged over
the levels of: Sound, Group)

All Participants

Estimate

SE

t

p

Pre-Post

4,30

0,70

6,14

<0,0001*

Backward Perturbation

Table 20 Post-hoc comparisons between time points for all participants (Results are averaged over
the levels of: Sound, Group)

All Participants

Estimate

SE

t

p

Pre-Post

3,93

0,95

4,13

0,0001*

Table 21 Post-hoc comparisons between time points for each group (Results are averaged over the
levels of: Sound)

Estimate SE t p
Control 3,00 1,72 | 1,74 | 0,08
Pre-Post | Sham 1,45 1,64 (0,89 |0,38
Anodal 7,33 1,57 | 4,67 | <0,0001*

Table 22 Post-hoc comparisons between groups in both points (Results are averaged over the
levels of: Sound)

Pre Post
Estimate | SE t p Estimate SE t p
Control - Sham | -1 65 412 |-040 1092 |-320 412 |-0,78 | 0,72
Control - Anodal | -2 70 404 |-067 |078 |163 404 |040 |0091
Sham-Anodal -1,05 394 |-027 |096 |483 394 | 123 |044
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AVERAGED THETA POWER

Forward Perturbation
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Table 23 Post-hoc comparisons between time points for all participants (Results are averaged over
the levels of: Sound, Group)

All Participants

Estimate

SE

t

Y

Pre-Post

0,66

0,15

4,46

<0,0001*

Table 24 Post-hoc comparisons between sound conditions for all participants (Results are
averaged over the levels of: Time, Group)

All Participants

Estimate

SE

t

No Sound - Sound

0,30

0,15

1,99

0,049*

Backward Perturbation

Table 25 Post-hoc comparisons between time points for all participants (Results are averaged over
the levels of: Time, Group)

All Participants

Estimate

SE

t

P

No Sound-Sound

0,46

0,15

3,0

0,004*

Table 26 Post-hoc comparisons between time points for each group (Results are averaged over the
levels of: Sound )

Estimate SE t p
Control -0,48 0,28 |-1,72 | 0,09
Pre-Post | Sham 0,67 0,27 |2,53 |0,01*
Anodal 0,51 0,25 | 2,00 | 0,049*

Table 27 Post-hoc comparisons between groups in both time points (Results are averaged over the
levels of: Sound)

Pre Post
Estimate | SE t p Estimate SE t p
Control - Sham | .1 42 085 |-167 |023 |-0,27 0,85 |-0,32 |0,95
Control - Anodal | -0 63 084 |-075 |074 |0,36 0,84 |043 0,90
Sham-Anodal 0,80 0,81 |0,98 0,59 | 0,64 081 | 0,78 |0,72
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AVERAGED ALPHA POWER

Forward Perturbation
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Table 28 Post-hoc comparisons between time points for each group (Results are averaged over the
levels of: Sound)

Estimate SE t p
Control -0,37 0,38 |-0,98 [ 0,33
Pre-Post | Sham 0,44 0,36 | 1,22 |0,23
Anodal 0,95 0,35 | 2,75 |0,01*

Table 29 Post-hoc comparisons between groups in both time points (Results are averaged over the
levels of: Sound)

Pre Post
Estimate | SE t p Estimate SE t p

Control - Sham | -1 36 1,34 |-101 |057 |-054 1,34 |-041 |0,91

Control - Anodal | -1 04 1,31 [-0,79 |0,71 |0,28 1,31 | 022 |0,97

Sham-Anodal 0,31 1,28 | 0,25 0,97 |0,83 1,28 | 0,65 | 0,80
Backward Perturbation
Table 30 Post-hoc comparisons between sound conditions for all participants (Results are
averaged over the levels of: Group)

All Participants
Estimate SE t p
No Sound - Sound 0,59 0,19 3,03 0,003*

ONSET TIME

Right Tibialis Anterior

Table 31 Post-hoc comparisons between time points for all participants (Results are averaged

over the levels of: Sound, Group)

All Participants

Estimate

SE

T

Pre-Post

2,48

1,2

2,07

0,04*
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Left Tibialis Anterior
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Table 32 Post-hoc comparisons between time points for all participants (Results are averaged over

the levels of: Sound, Group)

All Participants

Estimate

SE

T

p

Pre-Post

3,25

1,58

2,05

0,04*

Table 33 Post-hoc comparisons between groups in both time points (Results are averaged over the
levels of: Sound)

Pre Post
Estimate | SE t p Estimate SE t p
Control - Sham | 1 02 719 |0,14 0,99 |-3,12 719 |-0,43 |0,90
Control - Anodal | -0 48 707 |-007 |100 |4,86 7,07 1069 |0,77
Sham-Anodal -1,50 6,80 |-022 [097 |798 6,89 | 1,16 |0,49

Table 34 Post-hoc comparisons between time points for each group (Results are averaged over the
levels of: Sound)

Estimate SE t p
Control 2,85 2,85 1,00 |0,32
Pre-Post | Sham -1,29 2,72 |-047 | 0,64
Anodal 8,19 2,66 |3,08 |0,003*

INTRACORTICAL EXCITABILITY

Short-Interval Intracortical Inhibition (SICI)

Table 35 Post-hoc comparisons between time points for all participants (Results are averaged
over the levels of: Sound, Group)

Muscle Comparisons Estimate | SE t p
Right Tibialis Anterior — Right Soleus -0,02 0,03 | -0,73 | 0,88
Right Tibialis Anterior — Left Tibialis Anterior 0,08 0,03 | 2,56 0,055
Right Tibialis Anterior — Left Soleus 0,00 0,03 | -0,06 | 1,00
Right Soleus — Left Tibialis Anterior 0,10 0,03 | 3,29 0,01*
Right Soleus — Left Soleus 0,02 0,03 | 0,67 |0,91
Left Tibialis Anterior — Left Soleus -0,08 0,03 |-2,62 | 0,046*
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APPENDIX 6. (Continued) Post-Hoc Comparisons

Intracortical Facilitation (ICF)

Table 36 Post-hoc comparisons between muscles for all participants (Results are averaged over the
levels of Time and Group)

Muscle Comparisons Estimate SE t p
Right Tibialis Anterior — Right Soleus 0,27 0,09 3,09 |0,01*
Right Tibialis Anterior — Left Tibialis Anterior 0,05 0,09 0,64 0,92
Right Tibialis Anterior — Left Soleus 0,22 0,09 2,55 (0,06
Right Soleus — Left Tibialis Anterior -0,21 0,09 -2,46 (0,07
Right Soleus — Left Soleus -0,05 0,09 -0,54 (0,95
Left Tibialis Anterior — Left Soleus 0,17 0,09 1,91 10,23

Table 37 Post-hoc comparisons between muscles for all participants in both time points (Results are
averaged over the level of Group) (TA: Tibialis Anterior, SOL: Soleus)

'(\:Aour;(;:risons Estimate | SE | t P gohen’s Estimate | SE |t P

E:gmsgf ~| 0,09 0,12 | 0,73 | 0,89 | 0,18 0,45 0,12 | 3,65 | 0,002*
IE(ia?‘th:[I'LA_ 017 012 | | 4 | 050 |-034 | 028 0,12 | 2,30 | 0,10
E‘ie%thtscT)ﬁ_ 0,13 0,12 | 1,06 | 0,72 | 0,26 0,31 0,12 | 2,55 | 0,06
IE(ia?‘th:[I'SAOL— 0,26 012 | 5,5 |05 |-052 |06 012 | | 5, | 054
Rgn oL 10,04 012|033 099|008  |-013  |012 || 069
tzgg&‘ 0,30 0,12 | 2,46 | 0,07 | 0,60 0,03 0,12 | 0,25 | 0,99

Table 38 Post-hoc comparisons between time points for each muscle (Results are averaged over the
level of Group)

Estimate SE t p
Right Tibialis Anterior -0,29 0,12 -2,35 0,02*
Right Soleus 0,07 0,12 0,56 0,57
Pre-Post
Left Tibialis Anterior 0,17 0,12 1,35 0,18
Left Soleus -0,10 0,12 -0,86 0,39
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