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Cil prace

Tématem dizertai prace jsou fokalni dystonie a efekt jejicttbg pomoci
botulotoxinu typu A (BoONT-A) v obraze fudki magnetické rezonance (fMRI).

V Gvodu jsou podany zakladni informace o klasifikatiopatogenezi a &#&¢
dystonii, dale jsou popsany fumk-zobrazovaci a elektrofyziologické metody
vyuZivaneé ke studiu této skupiny chorob.

Vzhledem ke skutmosti, Zze ¥tSina funkné-zobrazovacich studii
demonstrujicich abnormality senzitivniho a motagio systému u fokalnich dystonii
pochazeji od pacieittrpicich fokalni dystonii ruky (FDR) a naopak infaace
o cervikalni dystonii (CD), kterarpdstavuje nejfrekvengsi formu fokalni dystonie,
jsou relativié sporadické, rozhodli jsme se studovat tuto klinickednotku.

Cilem vlastni vyzkumné prace bylo pomoci BOLD (llooxygenation level
dependent) metody fMRI porovnat senzitivni a matwu cerebralni aktivaci
v okruzich reprezentujicich nepostizenoast €la u pacient s fokalni dystonii
a zdravych dobrovolntk DalSim cilem bylo posouzeni #m BOLD aktivace
indukovanych l&bou botulotoxinem typu A u paciént

V prvni ¢asti vyzkumné prace jsou prezentovana data z ieyfemotorické
tlohy, @i které byl provadn nar@ny pohyb prsi ruky, vyznamg zavisly
na proprioceptivni aferentaci. Tato Uloha byla ewal z dvodu dokumentovanych
poruch senzitivé¢motorické integrace u paciénts fokalnimi dystoniemi a jejich
piedpokladané vyznamné Uloze v patogenezi této skumhorob. S ohledem
na demonstrované rozsahlé abnormity ve zpracovamiatsenzitivni informace
u fokalnich dystonii byla v druh#sti vyzkumné prace testovana uloha s elektrickou

somatosenzitivni stimulaci nervus medianus.
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1 Uvod

1.1. Dystonie

Dystonie pedstavuji syndrom, ktery je nalézan u etiologickgtenogenni
skupiny onemoani. Pro dystonie jsou charakteristické mimovolnfetpvavajici
svalové kontrakce postihujici jednu nebo vidsti tla, které vedou ke krouceni
a opakovanym pohyim nebo abnormalnimu postaveni postizetésti €la.
Dystonické pohyby jsoudkdy rytmické a mohou byt doprovazeny tremorem. Floku
jsou dystonické stahy kontinualni, vedou k vyrazméené konfiguraceci drzeni
postizenych¢asti €la. Dystonie byva obvykle zhorSovana pohybem. Vaaohyby
byvaji ruSeny nadginymi stahy participujicich sval ale i zapojenim svalovych
skupin normala se na daném pohybu nepodilejicich. K manifestgstothie niize
dochéazet vlivem specifického pohybu nebdzem byt vazana na prov&d specifické
¢innosti (tzv.,task-specific“dystonie) (Kaovsky, 2007).

Frekvence vyskytu dystonii nenfgsré znama, v fipact primarnich dystonii
je prevalence v Evr@podhadovana na 15,Zipadi na 100 000 obyvatel, &ehoz
fokalni dystonie reprezentujitiplizn¢ 11,7 gipadi na 100 000 obyvatel (ESDE,

1999).

1.2. Klasifikace dystonii

Dystonie je mozno d&it podle tiznych hledisek (Bare$, 2009; Albanese et al.,

2011):



A/ podle priciny

a) primarni torzni dystonie (idiopatické) cisté primarni dystonie dystonie
je jedinym a dominujicim ifznakem (kromd tfresu); neni identifikovana Zzadna
exogenni ficina nebo jiné &li¢né ¢i degenerativni onemoéni (nag. primarni

generalizované dystonie DYT 1 pozitivni; cervikalystonie)

b) dystonie plus syndromylystonie je vedoucimifznakem a je doprovazena
dalSi poruchou mimovolni hybnosti. Nejsou znamkyrodegenerace. iRladem

je myoklonicka dystonie DYT 11.

c) heredodegenerativni dystoni@lystonie je jednim z ffznalka v ramci
heredodegenerativnich onemécah (nag. Wilsonova nemoc, metachromaticka

leukodystrofie, Leighova nemoc, Huntingtonova clapre

d) sekundarni dystonie dystonie je fiznakem u jinych neurologickych
onemocgni jako jsou loZiskové léze mozku, expozice drogamchemikaliim
(nag. dystonie v ramci perinatalni encefalopatie, pas&nizmu, postinfaini,
posttraumaticka, u nédar u roztrouSené sklerézy; do této skupiny f@zena

I psychogenni dystonie)

e) primarni paroxyzmalni dystoniedystonie se objevuje jen kratkodob
dle vyvolavajiciho faktoru jsou éteny na: paroxyzmdlni kinezigenni dyskineze,

paroxyzmalni cienim navozené dystonie a non-kinezigenni dyskineze

B/ podle wku manifestace dystonie

a) s casnym za&atkem: tyto formy mivaji zavazysi pribeh, s tendenci
ke generalizaci, objevuji se taftji do 20 let ¥ku, inicialni manifestace n&stji

na korgetinach s naslednymighim na trup
10



b) s pozdnim z#tkem: objevuji se po 20. roce Zivotagt8inou manifestace
v kréni oblasti s $&nim do oblasti kranialnich a na horni &timu, s malou tendenci

ke generalizaci

C/ podle distribuce

a) fokalni— postizeni jedné svalové skupiny
- Usta - oromandibularni dystokiege hudebnik
- Oni vicka - blefarospasmus
- hrtan - dystonicka adduktorov&fdyie
- krk - cervikalni dystonie
- horni kafetina - pisgska ket
b) segmentové postizeni dvou a vice sousednich oblasti
- kraniélni - postiZeni 2 neboevévalovych skupin hlavy a krku
- axialni - postizeni krku a trupu
- brachialni - kombinace postiZjgniné nebo obou hornich keatin
a axialniho typu dystonie
- kruralni - kombinace postiZzg@tuné nebo obou dolnich kigtin
a axiélniho typu dystonie
c) generalizované kombinace postizeni obou dolnich ketin (nebo postizemi
jedné dolni kotetiny a trupu) a postizeni jakékoliv datsisti €la (obvykle
jedna nebo abhorni korgetiny)
d) multifokalni dystonie postiZzeni dvou nebo vice nesousedisti tla

e) hemidystonie postiZzeni horni a dolni kéetiny na jedné straricla

11



1.3. Genetika primarnich torznich dystonii

Dystonie jsou nejen klinicky ale i geneticky hetggani skupinou onemoémi.
Béhem poslednich &kolika desetileti doSlo k identifikaci ékterych gei
participujicich na vzniku dystonii a s tim souvisignu ¢asténému objaséni geneze
této skupiny chorob.

Nejvice informaci bylo nashroma&&t o skupig primarnich torznich dystonii
Jde o skupiny dystonii se Sirokym spektrem klinatkyxiznaki, k jejichz manifestaci
muzZe dojit odcasného &stvi az po std Distribuce dystonickychifznaki maze byt
od fokalni az po generalizovanoucky kdy prvni projevy této skupiny dystonii
vznikaji, ma bimodalni distribuciFormy scasnym zé&tkem jsou vzacné, zénaji
se manifestovat obvykle kolem 9. roku Zivota a niim@onogenni fivod. Relativi
frekventniformy pozdnie objevuji nejastji kolem 45. roku, ve &Sing piipadi jsou
sporadické. Existuje souvislost mezikem pa@atku onemocEni, prvni postizenou
¢asti tla a klinickou progresiCasné formy maji tendenci &aat na kotetinach
a kEhem 5-10 let se 8ido vicecasti tla. Naopak pozdni formy n&jstji postihuji
horni kortetinu (piséskad Kkec), krk (cervikalni dystonie), laryngealni svaly
(adduktorova dystonie). Na rozdil édsnych forem maji formy pozdni tendenéstat
lokalizované s fokalni nebo segmentovou distribidéné casty klinicky fenotyp
piedstavuji tzv. formy smiSenézainajici v mladém &ku, stendenci k&ni,
ale postizeni cervikalnich a kranialnich sv@ frekventrjSi nez u foreméasnych
(Ozelius a Bressman, 2011; Klein, 2005).

V souwasné dob je popsano 20 monogennich forem dystonii, jsowdm@any

DYT1-20 (tab. 1).
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Dosud nejlépe prozkoumana je dystonie DYTL1. JdejtastjSi a nejzavaz)si
formu hereditarnich dystonii s frekvenci vyskytd @0 000 (1:9000 u aSkenazskych
Zida). Typicky zaatek je kolem 13. roku Zivota s inicialni manife$taa koretinach,
zéhy dochazi ke generalizaci. U tohoto onemntje pozorovana tendence ke kaudo-
kranidlnimu &eni, postiZzeni kranialnich swvialje ale malocasté. DYT1 dystonie
je dédéna autozomak dominantnim zfisobem s vyznaminredukovanou penetranci.
V n¢kterych gipadech se fd¥e onemocEni manifestovat pouze fokanve forne
pisdaské Keci (Bressman et al., 2000).

VétSina gipadi DYTL dystonie je zfisobena GAG deleci DYT1 genu na 9.
chromozomu s naslednou ztratou kyseliny glutamav&arboxylovém konci proteinu
zvaného torsin A, ktery piatdo skupiny adenosintrifosfataz. DYT1 gen je exymvan
v riznych ¢astech mozku, zejména v substanci nigra, coz bylorekdcit pro kast
poruch dopaminergni transmise na vzniku tohoto @uedémi. Torsin A
je za normalnich okolnosti nalézarepazrt v endoplazmatickém retikulu, mutovana
forma proteinu se nachazi zejména v obalech jd&iealpoklada se, Ze mutace torsinu
A vede k poruse recyklace synaptickych vezikul arzénému uvalovani dopaminu
(Breakfield et al., 2008).

Souwasna urove poznani dystonii naztiaje, Ze genetické faktory secitou
meérou podileji i na vznikupozdnich foremdystonii. Z vysledi dostupnych
genetickych studii je mozno vyvozovat, Ze vSechmg adultnich fokélnich dystonii,
véetrg ,task-specific* typu, jsou pravédpodobré skupinou pibuznych onemocmi

sdilejici spolény etiologicky a #ejm¢ i geneticky fivod (Defazio, 2007).
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Tab. 1. Monogenni formy dystonieieRzato z: Schmidt A, Klein C. The role of genes

in causing dystonia. Eur J Neurol 2010;17:65-70.

, . Genovy . Funkce Klinicka
Typ Nazev Dédiénost lokus Gen Protein proteinu manifesta-
ce
Proteinové Cavs,ny
S . zatatek,
Primarni interakce v .
dystonie s TOR1 obalu jadra a| vetsinou na
DYT-1 é;lsn'm AD 9q A/ torsinA endo Jlazma— korceti-
(TOR1A) » y DYT1 S P néach, &eni
zatatkem tickém “
. na dalsi
retikulu Y
¢asti tla
Casny
zasatek
Autozomalr '
DYT-2 reli:eszivn i generalizo-
oL AR - - - - vana nebo
primarn segmentova
dystonie g .
torzni
dystonie
Segmento-
vé nebo
generalizo-
. . vana
X-vazana dystonie
dystonie- . . TAF1/ Transkrigni .
DYT-3 ) . X- X TAF d -
parkinsoniz- vazana 79 DYT3 faktor ngprovaze
mus; “Lubag” .
parkinson-
izmem v
50%
piipac
"Non-DYTL" Dysfonie s
DYT-4 primarni AD - - - - - Y -
: Septanim
dystonie
GTP Enzym Dystonie
DYT-5a/ | DOPA- AD 14q GCHL1 | cyklo- syntézy doprovaze-
DYT 14 | responzivni hydroldza | biopterinu na
dystonie _ parkinson-
(Segawova tyrosin Enzym izmem,
DYT-5b | nemoc) AR 11q TH hydroxyla- | syntézy cirkadianni
za DOPA fluktuace
Primarni Transkricn Patatek
dystonie s N v adoles-
DYT-6 i AD 8p THAP1| THAP1 factor - :
pocatkem v zinkovy prst | Conov
adolescenci yp segmento-
va
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distribuce

DYT-7

Primarni
fokalni
dystonie s
pocatkem v
dosglosti

AD

18p

Cervikalni
dystonie,
pisdska
kieg,
laryngealni
dystonie,
blefaro-
spasmus
manifestuji
cisev
dosplosti

DYT-8

Paroxyzmalni
non-
kinezigenni
dyskineze

AD

2q

PNKD
1/MR1

regulator
myofibri-
logenezy 1

Ataky
dystonie
piedchaze-
né stresem,
Gnavou,
alkoholem,
¢okoladou

DYT-9

Paroxyzmalni
choreoatet6za
se spasticitou

AD

1p

Ataky
dystonie,
epizodicka
ataxie,
parestézie,
diplopie
vyvolané
cvicenim,
stresem,
¢okoladou,
spasticka
paraplegie
mezi
atakami

DYT-10

Paroxyzmalni
kinezigenni
dyskineze

AD

16p-q

Ataky
dystonie
vyvolané
nahlym
pohybem

DYT-11

Myoklonus-
dystonie

AD

7q

SGCE

epsilon
sarkogly-
kan

Dystrofin-
glyko-
proteinové
komplexy

Myoklonie
kombino-
vané s
dystonii,
reagujici na
alkohol
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Akutnf

Dystonie nebo
s )pl)arkinsoniz— * subakautni
ATP1A | podjednot- | lontovy nastup
bYT-12 rmim ?n AD 199 3 ka Na+/K+ | prenase dystonie v
y, y ATPazy kombinaci
nastupem s parkin-
sonizmem
Casté
postizeni
Multifokalni/ hornich
DYT-13 segmentova AD 1p ) ) ) koncetin,
dystonie mirny
prab&h
Myoklonie
DYT-15 Myoqunus- AD 18p i i i kom’bmo-
dystonie vané s
dystonii
Postizeni
dolnich
korcetin v
Dystonie s kombinaci s
¢asnym PRKR Protein laryngealni
DYT-16 | zatatkem (s AR 2p A PACT stresové dystonii,
parkinsoniz- odpowdi dysartrii,
mem) dysfonif,
nekdy
parkin-
sonizmem
Raritni,
torticollis se
Sirenim na
AR primarni dalSicasti
DYT17 br | AR 20pq - - - téla,
torzni dystonie dysfonie
dysartrie
Epizody
dystonie
zejména
dolnich
Paroxyzmalni kongetin,
DYT-18 namahou AD 1 SLC2A GLUTL Glukézovy | vazané na
indukovana P 1 prenase fyzickou
dyskineze 2 namahu,

trvajici 5-30
minut
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Nekolik

minut
trvajici
Epizodicka gplsztggiye
DYT19 | kinezigenni | AD 16q Vy AN
dyskineze p)(g\;\ybem
Sporadické
Paroxyzmalni Sﬁg:;iée
pyt20 |™" | aD 29 del$im
kinezigenni cvicenim
dyskineze stresem '
alkoholem

1.4. Zobrazovaci a elektrofyziologické metody ve sdiu
etiopatogeneze dystonii

Ke studiu proces souvisejici s etiopatogenezi dystonii jstasto vyuZzivany

zobrazovaci a elektrofyziologické metody. Mezi mejpivargjSi metody funkniho

mapovani mozku p#tfunkeni magnetické rezonance, pozitronové emisni tonfiegra

a magnetoencefalografie. Mezintito metodami existuji zasadni rozdily¢asové

a prostorové rozliSovaci schopnostinz je determinovano jejich pouziti (viz tab. 2).

Nezastupitelnymi elektrofyziologickymi metodami js@ySeteni evokovanych

potenciali, negastji somatosenzitivnich a motorickych, @né jejich modifikace.
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Tab. 2. Parametry metod fuitkiho mapovani mozku

MetOfi e} Radia¢ni Prostorové Objemové Temporalni
funkéniho . e - N

. zatéz rozliseni kvantifikace rozliseni
mapovani
MEG NE adulaz10 | o aina 10 a7 100 ms

mm

PET ANO :‘r‘i” 1az10 | iiateina 10 a7 100 000s
fMRI NE f}‘r‘i” 0.18210 | eimi dobra 0,1 a2 1000s

1.4.1. FunkEni magneticka rezonance

Pfrenos informaci na synapsich, ktery je zpemtovan uvalovanim
neurotransmitér a jejich interakci sreceptory, je spojen se ighmu energie.
Maximum energie je sptbovano postsynaptickou depolarizaci, #épak
na generovani a@kiho potencialu (Attwell a Laughlin, 2001). Jednimkritickych
elemend k tvorb: energie je kyslik (02), a protofipnaristu synaptické aktivity
se zvysuji naroky na dodavku kysliku do dané obitasizku. K zajisni téchto narok
dochazi zvySenim fptoku okysltené krve. ZvySend neurondlni aktivita, ktera
je zprostedkovana aktivitou na synapsich, je tedy provazengenym krevnim
praitokem (Attwell a ladecola, 2002).fiBun okysléené krve do oblasti zvySené
neurondlni aktivity je &Si nez spdteba O2, mnozstvi okygkné krve pevysSuje
mnozstvi krve neokysiené. Tato neurondlni aktivitou modulovana lokaleffjize
je fizena na urovni arteriolfgjmé za vyznamného ovlivmi oxidem dusnatym (NO)

a eikosanoidy (St Lawrence et al., 2003).
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Funkéni magneticka rezonance vyuziva k mapovani neumonaktivity ti
zpiasohi. Prvnim je detekce zvySené krevni perfaze vénistySené neuronalni
aktivity, dalSi moznosti je monitorace krevnihoesbj za pouziti MR kontrastni latky
a freti, nejpouziva¥si, metoda detekuje zmy pongru okyslicené a neokysiené
krve v oblasti zvySené neuronalni aktivity. Tenfeké je ozngovan BOLD (blood
oxygenation level dependent), metoda pak BOLD fMRko vlastni funkni
zobrazovéani se u fMRI pouZivaji ta vazeni snimktera jsou schopna zaznamenat
vySe popsané efekty. Respektive se voli snimaciesele poskytujiciipslusré vazena
obrazova data.

BOLD fMRI dosahuje prostorového rozliSenitadu rekolika milimetm
a casového rozliSeni ¥adu rekolika sekund. Tato metoda vyuzZiva poznatku,
Ze hemoglobin s navdzanym Kkyslikem (oxyhemoglobée) chovd ve srovnani
s mozkovou tkani izomagneticky (diamagneticky) ap@k hemoglobin po odevzdani
kysliku (deoxyhemoglobin) je mignparamagneticky (Pauling a Coryell, 1936). Cévy
obsahujici okystienou krev pak zjsobuji minimalni nebo Zadnou lokalni deformaci
(ti. nehomogenitu) magnetického pole, zatimco vankapilary obsahujictast&ne
deoxygenovanou krev ktéto lokalni deformaci ved@gawa et al., 1990).
Hemodynamicka odezva nézné stimuly dosahuje maximdilgizné v doke 2 az 9
sekund od zstku stimulu; vtéto dab se zvySuje vipsluSné oblasti mozku
se zvySenou neuronalni aktivitou krevniitpk asi o 50-70%, ale utilizace kysliku
se zvySi jen 0 5 az 20%. S poklesem extrakce kys$&uvisejicim s néstem
lokalniho krevniho pitoku v aktivni oblasti dochazi k prodlouzeni* Telaxainiho
c¢asu a krelativnimu zvySeni intenzity signalu vdelm k zakladnimu stavu

(Matthews a Jezzard, 2004).
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Nejcasgji pouzivanou zobrazovaci sekvenci je echoplanaahirazeni (EPI),
které dovoluje skr dat z celého mozku ¢hem rekolika sekund s prostorovym
rozliSenim typicky 4x4x4mm.

Vzhledem k faktu, Ze rozdil signalu mezi odliSnynpirovad&nou ulohou
navozenymi stavy se pohybuje jen na Urovni maxigadkolika procent, jsou dhem
fMRI experimenti rychle sbirany rozsahlé série snimkdoke, kdy subjekt provadi
tlohu, kterd maini mozkovou aktivitu mezi d¥ma nebo vice takto definovanymi stavy.
Tato data jsou nasledrstatisticky srovhdvana meziznymi stavy (nap t-testem)
nebo jest sofistikovarji je nacasovy piibéh signalu v kazdém objemovém elementu
(voxelu) zobrazeného mozku aplikovan obecny lineéradel odvozeny Zasového
pribéhu provadné ulohy. V nejjednodussSintipadt tento gistup odpovida korelaci
mezi ¢asovym piibéhem signalu a empirickym modelem hemodynamické wéfio
pii znAméntasovém pibéhu provadné ulohy.

Vzhledem ke skutmosti, Zze BOLD fMRI je schopna tit jen relativni znény
intenzity signalu vazané na provadu ulohu, je nejvhodisim postupem ke srovnani
mozkové aktivace dhem fiznych stau pouZiti tzv. blokového designu (téz
paradigmatu) Tento design pouziva relatiwmlouhé periody, éhem kterych je dany
stav (napiklad motoricky, kognitivni ukol nebo klidova fazedirzovan. DalSim typem
designu fMRI studie jeevent-related design @eni evokovanych odpéul),
ktery je zargren na jednotlivé oddené udalosti, kdy gfime odpo¥d’ na kazdou
takovou udalost. Aby se zabranilo kontaminaci oddowa danou udalost udalosti
piedchazejici, je nutno dodrzovat ¢iwu casovou vzdalenost udalosti a/nebo
randomizovattasové intervaly mezi Zatkem udalosti. Tim dochazi k vyznamnému
prodlouZeni studie a ngtu mnozZstvi nasbiranych dat a s tim souviseji¢nasti

jejich zpracovani.
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Hlavnim cilem analyzy fMRI dat je identifikacéch voxeti, ve kterych dochazi
k signdlovym zminam v souvislosti se ztnou stavu mozku vyvolaném testovanou
tlohou.

Problémy pi analyze fMRI dat pedstavuje zejména mala &ma signalu kolem
0,5%-5% (vedouci k potenci&@nfaleSré negativnim vysledkm) a velky péet
soutasre zkoumanych voxél (hrozici potenciakfaleSre pozitivnimi vysledky).

FMRI je potenciala zatizenaadou fiznych typi artefakfi, které mohou vznikat
pohybem hlavy subjekt i vlastnim pohybem mozkuthem respiréniho a srdéniho
cyklu, dalSi nafiklad souviseji s pouzitim rychlych zobrazovacichtod (nap. EPI).
Pro potl&eni artefaki se khem analyzy funénich dat provadi operace ozpaané
souhrni jako predzpracovanikteré se snaziiipravit data co nejlépe ke statistické
analyze a vlastni detekci aktivace. Mezi procesgdppracovaniiadime jiz
zminovanoukorekci pohybthlavy, dalekorekci akviztnich ¢casi pouZzivajici k Upray
¢asovych posuin mezi jednotlivymi vrstvami interpolactasového pibéhu, dale
prostorovou normalizaci piedstavujici transformaci snirnk do standardniho
stereotaktického prostoru za&elem srovnani vysledkjednotlivych subjekt mezi
sebou nebo s anatomickymi atlasy. Mezi dalSi p@n&vpostupy fizeme zeadit
prostorové vyhlazenkdy filtrace vysokych prostorovych frekvenci me dl potl&it
Sum v datechnormalizaciglobalniintenzity v kazdém skenu nargdem stanovenou
hodnotu diltraci casového pibehu (Matthews a Jezzard, 2004).

Nasledr’ je pouzitarada statistickych modela test k identifikaci £ch voxet,
ve kterych zmina signalucasow koreluje se z#nou mezi testovanym a kontrolnim
stavem. Nejasgji pouzivané metody korelujéasovy piibéh signalovych zrn
sc¢asovym modelem ipdpokladané hemodynamické odezvy vyplyvajici zgiesi

experimentu. DalSi metodou analyzy fMRI je analymezavislych komponent
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(Independent Component Analysis, ICA), kdy jsouadabzlozena do statisticky
nezavislych prostorovych map ($igjusSnymcasovym piébéhem), které v idealnim
piipadt reprezentuji zné artefakty nebo hledané aktimad vzorce (Matthews
a Jezzard, 2004).

K analyze fMRI dat jsou vyuZivanyizné softwarové baliky, napFSL, SPM

a AFNL.

1.4.2. Pozitronova emisni tomografie

Béhem vySateni pozitronovou emisni tomografii (PET) je detekow zdéeni
emitované tkafmi pacienta poté, co mu bylo aplikovano vhodné atzdmakum.
Princip vySeteni je zaloZzen na detekci fotonBéhem rozpadu typi+ je emitovan
pozitron, ktery anihiluje s blizkym elektronem zaniku dvou kvant z&ni gama
(fotona) vzdalujicich se od sebe poimpce. Oba fotony jsou registrovany prstencem
detektofi umiseénych kolem vySébvaného subjektu. Lze takditrdrahu jejich letu.
Znalost velkého mnoZstvi takovych trajektorii ue rekonstruovat obraz rozlozeni
aktivity v téle subjektu. K PET vys#ni je pouzivandada radionuklid (*'C, N,
1510, ®F, aj.). Z tchto radionuklid je moZno syntetizovat $kalu molekul vhodnych
k zobrazovanituznych biologickych pochad Nevyhodou metody je radiai zatz

vySefovanych subjekta horsi dostupnost vyseni (Bilohlavek a Kahikova, 2003).
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1.4.3. Magnetoencefalografie

Magnetoencefalografie (MEG) fgdstavuje neinvazivni metodu fumkho
mapovani mozku pouzivanou kiani magnetickych poli s intenzitourd&du rékolika
desitek az tisic femtotesla generovanych intracelularnimi elekgmok proudy
mozkovych neuroln Signaly detekované MEG jsou odvozeny z iontovycbudi
vznikajicich v dendritech dhem synaptické transmise, kde tyto elektrické pyoud
piimo generuji na sebe kolma magnetické pole. MEGotakytuje pimou informaci
o dynamice spontanni a evokované neuronalni aktigit lokalizuje jeji zdroje
v mozku. K detekci magnetickych poli se pouzZivajtr@nre citliva zaizeni
lokalizovana zewvé skalpu, ktera se nazyvaji SQUID (superconductingnéum
interference device, supravodivé kvantoveé interfémé zdizeni). Tato z&Azeni
vyuZzivaji princigh supravodivosti, vyZaduji ke své funkci velmi nizk@loty a byvaji
umisgny v paitu vice nez 300 v heliem chlazené helmici, do kjerémistna hlava
vySetovaného subjektu. Vydeni probihaji v magneticky odstime mistnosti,
aby se vylotila interference s externimi magnetickymi poli (Babi et al., 2009).

Data z jednotlivych SQUID jsou nasledmnalyzovana natomymi algoritmy
za (Eelem uteni gesné lokalizace zdroje elektrické aktivity (Hauk adt, 2011).
Ke zjednoduSeni tohoto problému ¢asto s vyhodou vyuzivana kombinace MEG
s MRI nebo elektroencefalografii.

MEG dosahujetasovéeho rozliSeni ¥adu milisekund a prostoroveho rozliseni
v fadu milimeti (tab. 2), nej¥tSi nevyhodou této metody je jeji mald dostupnost

limitovana jen na &ktera vyzkumna centra.
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1.4.4. Evokované potencialy

Evokované potencidly jsou biolektrickym projevemragmvani a odpadi
mozku, gipadré i dalSich struktur nervové soustavy, na zevni @i (senzorické
evokované potencialy), nebo jsou odpaivna stimulaci mozkoveéuky elektrickymi
¢i magnetickymi stimuly registrovanou ve svalu (mratké evokované potencialy).

Ke studiu dju Ucastnicich se patogeneze dystonii jsou domigaptuzivany
somatosenzitivni evokované potencidyEP) a motorické evokované potencialy

(MEP), dale jejichizné modifikace.

1.4.4.1. Somatosenzitivni evokované potencialy

Podrazdnim senzitivnich receptbrnebo vlaken dochazi nadiznych etazich
podél somatosenzitivni drahy ke generovani potéinckieré je mozno registrovat.
V Klinické i experimentalni praxi je n&gsgji pro svoji robustnost, reprodukovatelnost
a kvantifikovatelnost vyuzivana elektricka stimwac Aferentni informace
po elektrické stimulaci je zpracovana zejména poagptivnimi vlakny a zadnimi
provazci. Még ¢asto je vyuzivana stimulace proprioreceptpohybem, nociceptér
laserem apod. Mistem stimulace byvacasgji nervus medianus v oblasti z#gpi
a nervus tibialis v oblasti medialniho kotniku.

Vybrané nervy jsou, vifpact elektrické stimulace, stimulovany monofazickymi
pulzy ¢tvercového pibehu v trvani ¥tSinou 100-30Qus, intenzita stimulace byva 1,5-
nadsobkem motorického prahu, stimuda frekvence 3-6 Hz. SEP jsou obvykle
zaznamendavany standardnimi EEG elektrodami. Vysdlddinka pak svymi vrcholy

reprezentuje aktivitu jednotlivych nervovych stukt které se podileji na vedeni
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a zpracovani daného padn. K zajiSéni konstantni odpadi je nutno snimané
signdly zesilit, filtrovat a zf@mérovat. Na Kivce jsou pak hodnoceny amplitudy
a latence jednotlivych vin (Kevsky a Dufek, 2000).

Dle stimulovaného nervu se [iSi mozna mista regstr Bi stimulaci
n. medianus je to Efly bod, kde je registrovana vina N9 (periferni komgata), dale
nad jadry zadnich provat@lna N13 (spinalni segmentalni komponentai semulaci
n. tibialis edstavuje periferni komponentu vina N8 snimana fosda poplitea,
analogem viny N13 je vina N22 snimand nad trny idblinrudnich obrail vznikajici
postsynapticky v zadnich rozich misSnich v oblastibalni intumescence. Pro studium
déji souvisejicich s etiopatogenezi dystonii jsou raEjanrESi komponenty
kortikalni. Pro n. medianus to je komponenta N2G/Rgnerovand v parietalnim
somatosenzitivnim kortexui@meé S1) a frontals generovand komponenta P22/N30.
Pro n. tibialis je nejlépe detekovatelnou kortikAkomponentou P39 (Kavsky
a Dufek, 2000).

Ke studiu inhibénich proces v somatosenzitivnim kortexu tthe byt pouZito
parové paradigma $znymi interstimulanimi intervaly (ISI), kdy fyziologicky
v zavislosti na délce ISI dochazi k supresi amglikomponent SEP vyvolanych

druhym impulsem (Tamura et al., 2008).

1.4.4.2. Transkranialni magneticka stimulace

K testovani funkni integrity motorickych drah slouzi vy$ehi motorickych
evokovanych potenciél Tato metoda je zaloZzena na neinvazivni trans@haini
stimulaci motorického kortexutimmo elektrickym proudem (transkranialni elektricka

stimulace, TES), neb&astji magnetickym polem indukujicim elektricky proud
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intrakranidlé na principu elektromagnetické indukce (transkdamidnagneticka
stimulace, TMS). Motorickd odpeéd (MEP) je snimana povrchovymi elektrodami
z prislusného svalu.

Vyuziti TES je pro bolestivost této metody v asnosti omezenorgvaz jen
na peroperni monitorovani.

K vytvoieni silného magnetické pole vyuzivanéhio PMS je nutné nabiti
vysokokapacitniho kondenzatoru stimulatoru elekfme proudem. Tento proud
0 napgti az 4000V je po spudii stimulatoru rychle vybit v civce za vytemi
magnetického pole o intenZil-3T, trvajicim 50-200 milisekund a kolmého ke¢sm
proudu prochazejiciho civkou. Pokud je mozkovan tk@ystavena fisobeni
magnetického pole, dochazi v ni k indukci elektio proudu paralelniho k proudu
v civce, ale s ogaym snérem. K vlastni stimulaci jsou vyuzivany civkyznych
tvari a velikosti. Cim je plocha civky #3i, tim rozsahlejsi oblast kortexu
je stimulovana. K dosazeni fokalniho efektu jsowzieany civky ve tvarwisla 8.
Intenzita stimulace je &Sinou vyjadovana v procentech maximélniho vykonu
stimulatoru (Kaéovsky a Dufek, 2000).

Mezi zakladni hodnocené parametry MEPripamplitudg dalestimulani prah
vyjadiujici intenzitu stimulace nutnou ke spolehlivémug@vani MEP s amplitudou
pies 50uV v 50% z 5-10 stimulaciatenceodpowdi ainput-output Kivky korelujici
amplitudu MEP s intenzitou stimulace vyf&édou v procentech motorického prahu.

K testovani lokalni excitability okruih motorického kortexu jsou pouzivany
tzv. parow-pulzniTMS protokoly. Ty se skladaji ze dvou TMS stifqukde intenzita
stimuli a interstimulani interval utuji, zda vyslednym efektem bude facilitace

¢i inhibice.
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Jednim  z paraméir vyuZivanych Kk posouzeni kortikdIni inhibice
zprostedkované kortikalnimi interneurony, jaétka intrakortikaini inhibice(short
intracortical inhibition, SICI), kterou je mozno 3sfit pii parové stimulaci
motorického kortexu. Po inicialnim podprahovém siimo nizké intenz¥, ktery
je schopen aktivovat kortikalni neurony, ale nemi& wa motoneurony michy,
nasleduje stimulus nadprahovy. Intrakortikalni¢ag navozené inicialnim stimulem
pak moduluji amplitudu MEP. K inhibici MEP, kter& gprostedkovana GABA-
ergnimi interneurony (specificky GABA-A receptorpi( Lazzaro et al., 2008))
dochazi p pouziti kratké ¢asové vzdalenosti pouzitych stimulmezi 1-5ms.
P pouZiti intervalu mezi stimuly o délce 8-30ms kazi k naiistu amplitudy MEP,
tento jev je nazyvaimtrakortikalni facilitace(ICF).

DalSi protokol, ktery vyuziva prvni nadprahovy stinsparovany se stimulem
prahovym ve vzdalenosti 1-1,5ms, 2,5-3ms a 4,5mdtzje kratko-intervalova
intrakortikalni facilitace vedouci k facilitaci MEP (Ziemann et al., 2008).

DalSi z parametrpouzivanych k hodnoceni intrakortikélni inhibiceelektujici
jeji jiné aspekty nez SICI je mozno vyepii nadprahové stimulaci motorického
kortexu pomoci TMS vifpack, kdy je vySetovany subjekt instruovan udrzovat
tonické napti svalu, z ghoZz je snimana EMG aktivita. Po aplikaci TMS pulzu
dochazi na &kolik desitek milisekund k potteni EMG aktivity. Tento interval EMG
suprese je oziavan jako tzv.perioda utlumu(silent period, SP)Predpoklada se,
Ze pevazna wtSina doby trvani SP je zpréstkovdna zejména inhdsiimi
mechanizmy motorického kortexu, spindlni inhibiee podili jen na inicialnich 50-
60ms tohoto intervalu (Fuhr et al., 1991). Dostupriérmace naznaji, Ze perioda

Gtlumu je zprosedkovana GABA receptory (Werhahn et al., 1999).
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Dale miZe byt intrakortikélni inhibice testovana parovymaidprahovymi TMS
stimuly sintervalem 50-200 ms. Tento test je namyvdlouhointervalova
intrakortikalni inhibice (long-interval intracortical inhibition, LICI), kry je také
ziejm¢ zprostedkovdn GABA receptory interneurdn primarniho motorického
kortexu (Valls-Solé et al., 1992). LICI a SICiepistavuji odliSené fenomény, pro coz
swdc¢i fakt, Ze pi nanistu intenzity stimulace je tendence ke sniZeni LdGlaopak
SICI mé tendenci se zvySovat. (Sanger et al., 2001)

DalSi vyznamnou skupinou ¢&di  studovanou zejména  pomoci
elektrofyziologickych metod a souvisejici s patagardystonii jekortikalni plasticita.

Kortikalni plasticita pedstavuje dynamicky proces vyZadujici konstantni
modifikaci synapsi, ktery slouZi k ziskavéani, kditsxi a uskladani informaci vSeho
druhu v CNS. Tyto modifikace synapsi maji charakteiekularnich zién synapsi,
jejich morfologické remodelace a tvorbu novych ggia(Chapleau et al.,, 2009).
Z&sadnimi neuronalnimi strukturami, na kterych sespatnacast @ju spojenych
s plasticitou odehravajgdstavuji dendritické trny, struktury se schopnegtaznych
dynamickych zrén (Chapleau et al., 20Q9)

Za z&kladni procesy synaptické plasticity véav CNS jsou dlouhodoba
potenciacglong-term potentiation, LTP) douhodoba depres@gong-term depression,
LTD). LTP pfedstavuje dlouhotrvajici posileni signalni tranemisezi déma
neurony, ke které dochazi vlivem synchronni stiroeildchto neurof pii opakované
aktivaci jejich synapsi (Cooke a Bliss, 2006hansson, 2004Exaktni mechanizmy
posileni synaptické transmise nejsou dosudsp objasgny. Jednim zdvoda
je i fakt, Zze proces LTP je kontrolovafadou mechanizin které se liSi mezi
jednotlivymi kortik&lnimi oblastmi i Ziv&snymi druhy (Malenka a Bear, 2004

U nejlépe probadanych forem LTP dochazi k posil@rmunikace mezi hikami
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zejména vlivem zvySeni senzitivity postsynaptickéundy k molekulam
neurotransmiter.

Vyzkumy poslednich let nazéaji, Ze neuronalni aktivita sama o 8giodléha
homeostatické regulaci, jejimz cilem je zajistinbslitu a zabranit hyper- nebo
hypoaktivi€ neurori a jejich okrulii. Tento jev je nazyvahomeostatickou plasticitou
a souvisi se skutaosti, Ze na aktiwit zavislé formy plasticity jako je LTP a LDP,
které misobi jako pozitivni (LTP) a negativni (LDP)é&péa vazba, by bez regulsich
mechaniznmi vedly k funkiné nevhodné hyperaktivit nebo inaktivi¢ (Turrigiano
a Nelson, 2004). Vysledky studii z poslednich olidolaznguji, Ze existuji
mechanizmy, které maji za cil zajistit senzitivitgnapsi v norméalnich mezich. Tento
déj se nazyvasynaptic scalinga predstavuje zrmy, kdy v dol snizené synaptické
aktivity se senzitivita receptbrv synapsi zvysuje,ipzvySené aktivié snizuje (Pozo
a Goda, 2010). Procesy, které paraleparticipuji na zaji®ni této neuronalni
homeostazy, vedou k modulaci presynaptického nox@ni neurotransmitér
a kontrole poétu postsynaptickych recepto(Pozo a Goda, 2010). \tipadt zvySené
aktivity pak v presynaptickych neuronech dochazi ¢td@Zzeni pravépodobnosti
uvolnéni neurotransmitér postsynaptické neurony snizZuji ged svych receptdr
endocytézou a lateralni difuzi grem extrasynapticky. Naopak vipadt aktivity
snizené presynaptické neurony zvysuji recyklacikugz neurotransmitery, zvysuji
jejich patet a pravépodobnost uvokni, na neuronech postsynaptickych rostéepo
receptodl lateralni difuzi z extrasynaptickyctasti a exocytézou z intracelularnich
zdroji (Pozo a Goda, 2010). Tyto 2ny se tykaji zejména glutamatergnich receaptor
typu NMDA, AMPA. Dale je pedpokladana vyznamna role glialnich Bkin
v modifikaci sily synaptickéhoipnosu, je &ejm¢ zprostedkovana sekreci solubilnich

mediatofi icinkujicich ges povrchové receptory (Pozo a Goda, 2010).
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Jednou zechnik pouzivanych ke studigjd souvisejicich s kortikalni plasticitou
je parova asociativni stimulace (PASParadigmata PAS se skladaji z repetitivni
elektrické stimulace ndjklad nervus medianus o nizké frekvenci kombinovai®1S
kontralateralniho motorického kortexu. Tento pralgle schopen indukovat plastické
zmeény excitability v motorickém kortexu. P pouziti intervalu mezi stimulaci
periferniho nervu a TMS na Urovni kolem 25ms, jegovan néist kortikospinalni
excitability (néafst amplitudy MEP). Tyto zgmy excitability navozené PAS
se podobaji zémam @i LTP. Naopak g pouziti intervalu o délcefiiblizné 10ms
dochazi ke snizeni kortikospindlni excitability m¢ny excitability jsou paralelou
k LTD (Classen et al., 2004). Zacilenim TMB gbdobném paradigmatu na primarni
somatosenzitivni kortex je mozno studovat plastitito kortikalni oblasti (Tamura et
al., 2009).

K testovani mechanizinhomeostatické plasticity je mozno pouzit protokoly
vyuzivajici tDCS (transcranial direct current stiation, transkranidlni stimulace
stejnosmirnym proudem). TDCS vyuZiva k stimulaci kortexujrsbsmérny proud
0 nizké intenz#t, ktery cestou elektrod (anody a katody) usmgth na skalpu
indukuje v kortexu elektrické proudy, které dle piého typu stimulace produkuji
excitatni a inhibtni zmény napodobujici LTP a LDP. K testovani homeostatick
plasticity je vyuZivana tDCS aplikovana na primammdtoricky kortex s néslednou
repetitivni TMS (rTMS) o frekvenci 1Hz.iPpouZiti stimulace excitami anodovou
tDCS dochazi u zdravych jediin& posileni inhibiniho efektu nasledné 1Hz rTMS.
Pouziti katodové tDCS vede naopak k facilitaci afekHz rTMS (Quartarone et al.,

2005)
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1.5. Patofyziologie idiopatickych fokalnich dystonia jeji obraz
v elektrofyziologickych a zobrazovacich metodach

V poslednich desetiletich fipesly 1izné zobrazovaci, elektrofyziologické
a behavioralni studie velké mnozstvi poziaikpatofyziologii idiopatickych fokalnich
dystonii. Velkou pekazkou interpretacetidhto dat je dosud ne zcela zodpmena
otazka, zda uzné typy fokalnich dystonii sdileji identické patablogické
mechanizmy (Breakefield et al., 2008)ieBpoklad spoknych, Zejmé geneticky
podmirgnych, mechaniziin etiopatogeneze této skupiny chorob podporuji yataedy
abnormit tykajicich se Kkortikalni excitability, ifice, plasticity ¢i senzitivre-
motorické integrace, které byly identicky detekowan pacieni trpicich fznymi
formami fokalni dystonie (Defazio et al.,, 2008)(obt). DalSim podfrnym
argumentem pro tentorgdpoklad jsou pozorovanikolika forem fokalni dystonie
souwasre se vyskytujici u jednoho pacienta a dale skust, Ze mezi jednotlivymi
¢leny rodin postizenych fokalni dystonii manifestujise v dosglosti se mohou
vyskytovat fizné formy tohoto onemoeni (Lin a Hallett, 2009).

Zajimavym je také pozorovani, Ze elektrofyziologick zobrazovaci abnormity
byly nalezeny jak § testovani postizenych, tak nepostizenyc¢asti €la,
ale i u klinicky zdravych fibuznych pacierittrpicich adultni formou fokalni dystonie
(Defazio et al., 2008).

Na fokalni dystonie je pak mozno, podéhako jina onemoaini, nahlizet jako
na vysledek genetickych viiva jejich nasledné modifikaceiznymi internimi
a externimi vlivy (Hallett, 2011).

V néasledujicich kapitolach budou shrnuty poznatkgbmormitach nalézanych

u fokalnich dystonii a igjm¢ participujicich na jejich etiopatogenezi. Nejvice
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poznatki bylo nashromazsho o fokalnich dystoniich rukyrejmé z divodu relativig
snadné a standardizované vydetnosti horni kogetiny elektrofyziologickymi

a funkné-zobrazovacimi metodami.

1.5.1. Nedostat&na inhibice

Rada studii nazmaje, Ze spoknym a fundamentalnim znakem jednotlivych
forem fokalnich, ale i jinych dystonii je nedosta@ inhibice kontroly pohybu
na ffiznych etazich CNS. Nedost&t@ inhibice je vysledkem porusSené rovnovahy
excitatnich a inhibénich okruti nervového systému. PrawdrZovani rovnovahy
téchto exciténich a inhibénich dju je obecg zakladnim pedpokladem pro spravnou
funkci nervového systému (Hallett, 2011).

Jednou z forem inhibice jmhibice recipr@ni, jejiz ulohou je kontrola funkce
svali kolem jednoho kloubu, kdyfpaktivaci motoneuroi agonistt dochazi k inhibici
motoneurofi antagonist. PoruSena reciptmi inhibice je pravébodobr pri¢inou ko-
kontrakci antagonist pii provadni volniho pohybu s naslednymi dystonickymi
posturami u paciefittrpicich napiklad pis@skou Keci. PoruSena reciptai inhibice
byla nalezena nejen u fokalni dystonie ruky (Nakash et al.,, 1989),

i u generalizovanych dystonii (Tisch et al., 2008. gedpokladana supraspinalni
lokalizace ¢chto abnormit (Lin a Hallett, 2009).

Raznéstudie naznauji, Ze k hladkému a preciznimu provedeni pohybouma
jak aktivace pozadovanych swatak simultanni inhibice svalokolnich,neltastnicich
se daného specifického pohyfMink, 1996). Tento typ inhibice se nazyiréibici
lateralni. Lateralni inhibice je dale demonstrovatelna pomoci TMS metod. Jejim

korelatem je snizeni amplitudy MEP snimanych nadysweparticipujicimi na daném
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specifickém pohybu, obzviaStpokud je TMS pulz aplikovan ¢kolik desitek
milisekund po z&tku daného pohybu (Sohn a Hallett, 2004agkoliv presny
mechanizmus lateralni inhibice neni dosudesg znam, pedpoklada se,
Ze je kontrolovana supraspinélifHalett, 2011). Abnormity laterdlni inhibice byly
nalezeny g vySeteni sval horni korgetiny u pacient trpicich fokalni dystonii ruky
(Beck et al., 200950hna a Hallett, 2004b).

Jednu ze znamek poruSené inhibice u patiestfokalni dystonii ruky
predstavuje nalez abnormniho zkracpeiiody Utlumwznaici poruchu intrakortikalni
inhibice v oblasti primarniho motorického kortexgiriberley et al., 2009). Tinazzi
a spolupracovnici zjistili zavislost zkraceni SPtyau provadného pohybu u FDR,
C0Z miZe s\¥dCit pro jistou specifinost této abnormity (Tinazzi et al, 2005).

Insuficientni kortikalni inhibice vyjd@na abnormitou SICI u fokélni dystonie
ruky byla potvrzena nd&fklad praci Stineara a Byblowa (Stinear a BybloWw04).
Naopak porusena intrakortikalni facilitace nebytdetovana. Zajimavym poznatkem
je zjiskni, Zze abnormita SICI je detekovatelna i nad hednisf ipsilateraini k dystonii
postizené horni kawetiné (Ridding et al., 1995), coZ i#e potvrzovat vyznam
porusené inhibice jako predispozice vzniku dystonie

DalSi poruchy kortikalni inhibice u dystonii vyjahé abnormitou LICI
prokazala studie na skugipacienti s piséskou keci (Espay et al., 2006).

DalSim zajimavym pozorovanim v souvislosti s abrmorimhibici u dystonii
je skuté&nost, Ze znamy inhibni efekt TMS stimulace cerebella na excitabilitu
motorického kortexu pozorovany u zdravych jedije oslaben u pacieins fokalnimi
dystoniemi (Brighina et al., 2009).

Je nutno ztiraznit, Ze &koliv zminované nalezy TMS dokumentuji insuficientni

inhibici u fokalnich dystonii, nenitesny klinicky korelatdchto poruch objasm. Déle
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je treba pipomenout, Ze tyto zémy nejsou zcela specifické pro dystonie a byvaji
nalézany i u jinych onemoéni CNS (Hallett, 2011).

Nékteré experimentalni terapeutické postupy vyuzividis k ovlivréni poruch
inhibice. Ve studii s pouZzitim inhi&mi repetitivni TMS premotorického kortexu bylo
pozorovano zlepSeni psani u padiestpisaéskou Keci (Murase et al., 2005). Dalsi
kortikalni oblasti, po jejimz ovlivini repetitivni TMS bylo pozorovano zmém
piiznalka dystonie, je primarni somatosenzitivni kortex (Hankova et al., 2010,

Schneider et al., 2010).

1.5.2. Poruchy somatosenzitivniho systému

Stimulem ke studiu somatosenzitivnich abnormit bysdudie Bylove
a spolupracovnik ktefi na primatim modelu fokalni dystonie indukovangetéivnim
pohybem ruky prokazali 2i8eni a pekryv kortikalni somatosenzitivni reprezentace
tétocasti €la (Byl et al., 1996).

Rada klinickych pozorovani, behavioralnich, neurgaabvacich
a neurofyziologickych studii u paciéntirpicich primarnimi dystoniemi ipesla
dukazy o poruse somatosenzitivnich funkciktéré z ¢chto abnormit maji izjme
vyznamnou souvislost v etiopatogenezou dystonidZzi et al., 2003).

Jednim z gkladia mozné role somatosenzitivnino systému v patogeshestonii
je senzoricky trik (geste antagoniste), kdy paciérgici cervikalni dystonii jsou
schopni dotykem na &ité ¢asti tla (zejména na oldeji) zmirnit dystonické fiznaky.
Predpoklada se, Ze tento fenomén je zpeatktovan parietalnim kortexem (Neumann

et al., 2000).
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Schopnost spra¥nvnimat a odlisit sekvence taktilnich stifaw prabéhu ¢asu je
jednou ze zé&kladnich vlastnosti somatosenzitivnfystému. Je nezbytnd pro
kinestézii, grafestézii, stereognézii a vida citi. Jednou z metod pouzivanych
k testovani této vlastnosti je stanovefisového diskriminaiho prahu (temporal
discrimination threshold, TDT)ktery je definovan jak@asovy interval, ve kterém
jsou dva stimuly jegtvnimany jakotaso¥ odclené. Je prokazano, Ze tato schopnost
je zavislA na interakci kortikalnich a subkortikém oblasti zahrnujicich
somatosenzitivni  kortex, presuplementarni motorickgrtex, gedni cingulum
a bazalni ganglia (Lacrum et al., 1991).

Rada studii prokazala abnormni taktilni TDTazmych druli generalizovanych
a fokalnich dystonii zahrnujicich cervikalni dystonfokalni dystonii ruky
a blefarospasmus. Tyto abnormity jsou nalézany tastech dla nepostizenych
dystonii (Scontrini et al, 2009) a také uibuznych paciert trpicich dystonii
(O'Dwyer et al., 2005).

DalSim parametrem uZivanym Kk testovani funkce soseatitivniho systému
je prostorovy diskriminéni prah (spatial discrimination threshold, SDTeho uteni
spaiiva napiklad ve zmgieni nejkratSi vzdalenosti mezi @wa taktilnimi stimuly
aplikovanymi na distalnélanek prst, které jsou jegtvnimany jako samostatné. Tato
tloha je také vazana na koordinagzmych kortikalnich a subkortikalnich oblasti,
véetns bazalnich ganglii (Pastor et al., 2004).

ZvysSeni SDT bylo nalezeno na postizenych i nepesfizh kowretinach
pacient trpicich fokalni dystonii ruky, cervikalni dystomiblefarospasmem (Molloy
et al., 2003), coz na&ticuje skuténosti, Ze poruchy zpracovani somatosenzitivnich
informaci u dystonii maji globalni charakter. Vou s timto pedpokladanym

globalnim charakterem somatosenzitivni dysfunkcei jerysledek studie, ktera
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prokazala Upravu poruSeného SDT na horni¢&tné vlivem terapie botulotoxinem
u pacieni trpicich cervikalni dystonii (Walsh a Hutchins@007). Tento efekt terapie
je vyswtlovan redukci proprioceptivni aferentace do sosertaitivniho kortexu.

Kromé abnormit ve zpracovani taktilni somatosenzitivmfoimace byly
u pacient s dystonii nalezeny i poruchy propriocepce. U eitis fokalni dystonii
byl nagiklad nalezen zvySeny prah vnimaniésmpasivnino pohybu piist(Putzki et
al., 2006). | u Kklinicky nepostizenychtipuznych paciett trpicich fokalnimi
dystoniemi byly nalezeny proprioceptivni dysfunkegadiené deficitem percepce
iluzi pohybu navozeného vibracemi (Frima et al0&0

Pomoci elektrofyziologickych studii byly poruchyrapovani somatosenzitivni
informace u paciefits dystonii demonstrovany riéidad na abnormalitdch amplitud
SEP (Mazzini et al., 1994; Kavsky et al., 1997).

Je mozno fedpokladat, Ze dokumentované abnormity SDT a TDJacient:

s dystoniemi mohou byt Kklinickym korelatem porusekértikalni reprezentace
jednotlivych ¢asti €la v primarnim somatosenzitivnim kortexu a v sulikémich
strukturach (globus pallidus, thalamus)(Tinazziakt 2009), jak potvrdily vysledky
nekterych funkiné-zobrazovacich studii, viz nize.

Role somatosenzitivnich kortéexysSihoiradu pro genezi dystonii nebyla dosud
objasrna.

Skute&na uloha poruch somatosenzitivniho systému v eiigesezi dystonii
zustava nejasna. Podle jedné z hypotéz tyto porusloy jpouze epifenoménem
dysfunkce okruth bazalnich ganglii. Tomu by naskovala skuténost, Ze poruchy
somatosenzitivni percepce, propriocepcisposti prostorového taktilniho vnimani
jsou nalézany i u jinych onemasr, jejichZz etiopatogeneze se&astni dysfunkce

bazalnich ganglii, ndfklad u Parkinsonovy nemoci (Tinazzi et al., 2009).
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Jina hypotézaiedpoklada, Ze tyto abnormality souviseji s prim@nedispozici
k rozvoji dystonického fenotypu, ktery se rozvinkvem dalSich zevnich faktoy
jako jsou repetitivni pohyby nebo zevni traumatatoThypotéza je pak podporovana

dokumentovanymi poruchami neuroplasticity u dyst¢hinazzi et al., 2009).

1.5.3. Poruchy senzitivii-motorické integrace

Kromé cist¢ motorickych a¢isté senzitivnich abnormalit byly u paciént
s dystoniemi nalezeny i poruchy senzitivnotorické integrace. Klinickymifkladem
ovlivnéni motorického systému systémem senzitivnim jey&e zmhovanysenzitivni
trik (geste antagoniste).

Mezi elektrofyziologické korelaty vztahu somatosé@mmiho a motorického
systému u zdravych jediige mozno z#adit zvySeni amplitud MEP a redukci SICI
vlivem vibrani stimulace svalu, zéhoZ je MEP sniman. Tento efekt nebyl detekovan
u paciend trpicich fokalni dystonii ruky (Rosenkranz et 2005).

DalSim parametrem potvrzujicim integraci senzitiamotorickych informaci
je snizeni SICI vlivem koZni somatosenzitivni aféaee pozorované u zdravych
dobrovolniki. Tento vliv je minimalizovan u pacianttrpicich fokalni dystonii

(McDonnell et al., 2007).

1.5.4. Poruchy neuroplasticity

Rada dkazi z animalnich i humannich studii nazuog@, Ze abnormity
neuroplasticity jsou jednim z dalSich &ivych faktofi v patofyziologii dystonii

(Rothwell a Huang, 2003; Peterson et al., 2007;eRkmnz et al., 2010). Informace
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0 poruSené plastigit mozku u dystonii vychazeji z pozorovani émnych
elektrofyziologickych reflex a poruch organizace mozkového kortexu (Petersah,et
2007). Poruchy synaptické plasticity byly popséal p ddicnych forem dystonii
(Edwards et al., 2006), tak i u fokalnich idiopkfich dystonii. Zajimavym
pozorovanim je skut@ost, Zze u fokalnich dystonii jsou tyto abnormaliigiézany
i v okruzich kontrolujicich nepostiZzetasti tla (Quartarone et al., 2008).

Nékteré ztopografickycha elektrofyziologickych abnormit jsou detekovaéeln
i v bazalnich gangliich a thalamu. Proto je mozZiedpokladat, Ze zémy plasticity
postihuji rozsahlé okruhy kortiko-striato-pallidoatamo-kortikalni a cerebello-
thalamo-kortikélni (Quartarone et al., 2009a).

Nekteri autai (Quartarone et al., 2009F;orres-Russotto a Perlmutter, 2008
v nedavné dob postulovali, Ze ddéma Kklicovymi faktory pro etiopatogenezi,
piinejmensim dkterych druli dystonii, jsou jednakenvironmentalni vlivyjako
napiklad repetitivni trénink witych pohyli spol&né s alterovanymi mechanizmy
kortikalni plasticity.Tato poruSena plasticita, ktera na rozdil od fymatké plasticity
adaptivni vede k abnormni senzittvmotorické reorganizaci, je nazyvapksticitou

maladaptivni.

1.5.4.1. Poruchy kortikalni plasticity

Jedna ze s@asnych hypotézipdpoklada, Ze k rozvoji maladaptivni plasticity
detekované minimatnu técasti fokalnich dystonii, které jsou ,task-specifi nutna
opakovana, synchronni senzitivni aferentace vazaaarepetitivd provadnou

motorickou Ulohu (Quartarone a Pisani, 2011). Rria dikazi o roli porusené
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plasticity kortexu v etiopatogenezi dystonii je @yPpopsané pozorovani Bylové
a spolupracovnik kteri ,pretrénovanim® repetitivniho pohybu navodili u pritinét
abnormni remodelaci somatosenzitivniho kortexu wspslmotorickymi projevy
podobnymi &m u fokalni dystonie ruky.

Obdobré vyznamnou roli maji excesivni repetitivni pohykgpfiklad @i vzniku
pisaského tesu nebo dystonii hudebidikAltenmiller a Jabusch, 2010Néktera
pozorovani také €d¢i pro moznou souvislosti@dchozich traumat &ni patée
jako zdroje abnormni somatosenzitivni aferentac&dsdednym rozvojem cervikalni
dystonie (Jankovic, 2001).

Dukazy o poruSené asociativni plastidit pacieni s primarni dystonii ifinesly
studie vyuZivajici izné TMS protokoly. V &hto experimentech byla nalezena
abnormr zvySend excitabilita somatosenzitivniho a motaiek kortexu (Weise
et al., 2006).

Zakladnimi typy abnormalit nalezenymii ppouziti PAS protokal u pacieni
s FDR byla jednak facilitace asociativni plasticittak ztrata jeji prostorové
specifénosti (Quartarone a Pisani, 2011; Weise et al.,6R0dtrata prostorové
specifénosti mize byt povazovana za jeden akdzi poruSené lateralni inhibice
u dystonii. Excesivni asociativni plasticita takénihomezena na okruhy klinicky
postizené dystonii, ale je nalézana iamelym senzitivd-motorickym systémem
u pacient s dystonii a je povaZzovana za endofenotypickydgstonii (Quartarone et
al., 2008).

Jinym TMS paradigmatem pouzivanym kindukci kottik& plasticity
je tzv. theta burst stimulace (TBS) skladajici se3 zulzi o frekvenci 50Hz,
opakovanych 5x za sekundu (Huang et al., 2005)toligmtokol je schopen indukovat

dlouhotrvajici zminy excitability kortexu, prawpodobrg prostednictvim
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mechanizmi podobnych LTP a LDP (Huang et al., 2008). Zajimgazorovani
piinesla studie testujici vliv inhitmiho TBS protokolu aplikovaného na motoricky
kortex na naslednou kortikospinalni excitabilitu n@sitt mutace genu DYT 1
s manifestaci a bez manifestace generalizovanéprindystonie. Odpadi na tento
typ stimulace byly u no&hi mutace s manifestni dystonii prolongované ve stovn
se zdravymi dobrovolniky, kdeZto u néisibez projeu dystonie nebyl Zadny efekt
TBS na excitabilitu motorického kortexu pozorovahyto vysledky naznaiji,
Ze individualni sklon k indukci plastickych Zm miZe ovliiiovat vznik symptor
dystonie u geneticky citlivych jediddEdwards et al., 2006).

Jak jiz bylo zmigno v sekci o homeostatické plasticitLTP regulovana
pozitivni zgtnou vazbou by mohla potencidln vést k destabilizujicimu
a nekontrolovanému ni#stu synaptické aktivity. Proto dle teorie popsané
Bienenstockem a spolupracovniky existuji mechanjzktgré zajisuji, Zze mira LTP
je nefimo zavisla na urovni aktivity postsynaptického noew (Bienenstock et al.,
1982). Pro LDP plati vztah ofray.

Quartarone a spolupracovnici ve studii testujiciddenomén u pacieints FDR
demonstrovali, Zellivem predchozi excitace primarniho motorického kortexu poim
tDCS nedochazi k néstu inhibtniho efektu nasledné repetitivni TMS o frekvenci
1Hz, ktery byl prokazan u zdravych dobrovolnik Tento vysledek s\ci
pro skuténost, Zze u pacietts dystonii existuje porucha ochrannych mechafiizm
homeostatického plasticity (Quartarone et al., 2005

Tato a dalSi pozorovani nazn@, Ze zakladem excesivni neuroplasticity
u pacieni trpicich dystonii by mohla byt jednak deficientr@igulace synaptickée
aktivity ve smyslu jeji nedostateé suprese, tak i nedostaté inhibice (Quartarone

a Pisani, 2011).
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Quartarone a Pisani postulovali, Ze u padiestpredispozici k dystonii,
reprezentované pravgdodobré latentni poruchou neuroplasticity, dochazi vlivem
insuficientni regulace synaptické aktivitghem repetitivniho prové&di nar@éného
pohybu k abnormni asociaci mezi senzitivni afer@ndamotorickou eferentaci, ktera
ziejme vede k dediferenciaci reprezentace d&dsti tla v motorickém a senzitivnim
kortexu. Za normalni situaceétem motorického deni pravdpodobré presna
regulace synaptické aktivace redukuje riziko vznthiovych nezadoucich vzdrc

pohybu (Quartarone a Pisani, 2011).

1.5.4.2. Poruchy plasticity bazalnich ganglii

Existuje fada pozorovani sdcicich také pro roli porusené funkce bazalnich
ganglii (BG) na vzniku dystonii. ¥eme mezi & zahrnout nafiklad vysledky
lezionalnich a zobrazovacich studii, dale skubst, Ze hlavni eferentni struktura BG,
globus pallidus internus (GPi)jqastavuje neépstjsi cil hluboké mozkoveé stimulace
pii lécb¢ dystonie. BG jsou také vyznamnou strukturou pigntijeci na proceduralnim
a senzitive-motorickém @eni. Senzitivi-motoricka integrace aceni jsou u pacieit
s dystonii, jak bylo zmimo vySe, abnormni a zavislé na neuralni plast({Eeterson
et al., 2010).

| pres metodologickou naknost studia plasticity BGada nepimych dikazi
naswdcuje vyznamu abnormni plasticity striata v etiopatogge dystonii (Peterson
et al., 2010). Jednim zukbZitych pozorovani je nalez abnormniho vzorce rgale
s nadnérnou  synchronizaci i snimani neuronalni aktivity implantovanymi

elektrodami v oblasti GPi u paciéns mutaci genu DYT1 (Vitek et al., 1998). Tato

abnormni osciléni aktivita GPi je #ejm¢ projevem aberantni plasticity okrutBG.
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Plauzibilnim se pak jevi ipdpoklad, Ze abnormni plasticita kortikalni souvisi
s abnormni synchronizaci v sitich BG (Vitek, 200Redpoklada se, Ze v naruSené
plastici€ bazalnich ganglii hrajitejmé vyznamnou Ulohu poruchy dopaminergniho
a acetylcholinergniho systému (Lovinger et al., 0Kroms poruch synaptické
plasticity v BG, je mozné, Ze s&hto poruch mohoudastnit i dalSi formy plasticity,
jako tvorba novych synapsi a dokonce neurogenazzzfti et al., 2007).

Nékteré sodasné hypotézy ipdpokladaji, Ze striatum svym undisim
v okruzich zahrnujicich BG, thalamus a kortexZm mit schopnost zprdetikovat
interakce mezifadou neuromodutmich vlivi a senzitivi-motorickou aktivaci
spojenou s repetitivnimi pohyby (Peterson et &11(D.

Podpirnym argumentem role BG v patogenezi dystonii avistasti abnormit
funkce BG s plasticitou kortikalnifimesla nedavna studie demonstruijici, ze efekt DBS
u pacieni s dystonii vede ke korekci snizené GABA zpmdikované intrakortikalni
inhibice vyjadené SICI a k poklesu LTP vyjgghé parametry PAS k hodnotam

nalezenym u zdravych kontrol (Ruge et al., 2011).
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Obr. 1. Jeden z moznych moti@latogeneze fokalnich dystonii.
Prevzato a upraveno z: Cassidy A. Pathophysiologyidaipathic focal dystonia.
ACNR 2010;10:14-18.

1.5.5. Nalezy metod funk&niho mapovani u idiopatickych fokalnich dystonii

Pouziti metod funéniho mapovani ke studiu dystonifineslo fadu dalSich
informaci grispivajicich k objasini etiopatogeneze této skupiny oneman

Tyto metody nafiklad pinesly dikaz o dediferenciaci primarniho
somatosenzitivnino  kortexu (S1) u pacients FDR, kterou na zaklad
elektrofyziologickych metod poprvé dokumentovaiagzmiiovana studie na primatim
modelu (Byl et al., 1996). itkladem je jedna z fMRI studii, kde za pouziti
vibro-taktilni stimulace 2. a 5. prstu ruky postige fokalni dystonii byla

demonstrovana redukce separace reprezentace jeddotiprsti v S1, tendence
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k prevraceni reprezentac&hto prst v sekundarnim somatosenzitivnim kortexu (S2)
a v zadnim parietalnim kortexu (PPC) a signifikarttgpoaktivace dchto oblasti
ve srovnani se zdravymi dobrovolniky (Butterworth a&., 2003). Abnormni
reprezentace pistv somatosenzitivnim kortexu s redukci jejich sapara pekryvem

u paciend s piséskou Keci byla potvrzena i v dalsi fMRI studii (Nelson ét 2009).

Obdobné nélezy zmenSené separace kortikdlnich zepeei v S1  byly
pozorovany v MEG studiiip pouziti elektrické stimulace pfs{Meunier et al., 2001).
V dalsi MEG studii bylo prokazano, Ze zavaznostipesi dystonii koreluje s mirou
této dezorganizace (McKenzie et al.,, 2003). Zobrazb studie také potvrdily,
Ze dediferenciace S1 se tykd nejen hemisféry Katdralni, ale i ipsilateralni
(Meunier et al., 2001).

Vjiné fMRI studii testujici Ulohu se zaifenim na prostorovou rozliSovaci
schopnost byla u pacigns FDR nalezena zvySena amplituda BOLD odgdov BG
a thalamu ve srovnani se zdravymi kontrolami, a@# pouladu sipdpokladanou
poruchou senzitiiimotorického deni a poruch kortiko-striato-pallido-thalamo-
kortikalnich siti u dystonii (Peller et al., 2006).

Ve fMRI studiich testujicich motoricky systém u FDO®la nalezena vyssi
amplituda BOLD signalu v BG ve srovnani se zdravfmitrolami, tato abnormita
byla detekovanaip provadni pohyhi provokujicich dystonii (Preibisch et al., 2001)
i pohybi bez tohoto atributu (Obermann et al., 2008). D#BRI experimenty
studujici dystonii neprovokujici pohyb ruky u patie s FDR dokumentovaly
hypoaktivaci v primarnim motorickém kortexu ve grami se zdravymi kontrolami
(Oga et al., 2002). V PET studii zkoumajici kortabkortikalni aktivaci éhem psani
u pacieni s pisaskou Keci byla nalezena hypoaktivace v premotorickém kartex

(lbanez et al.,, 1999). JinA PEStudie na skupth pacientt s piséskou Keci
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demonstrovala zvySenou aktivaci v Sili festovani obdobné ulohy (Lerner et al.,
2004).

Z dalSich zajimavych pozorovani ze zobrazovacichliistie mozno zminit
napiklad MR spektroskopicky zji§hé signifikantni sniZzeni inhi&iho mediatoru
GABA v kontralateralnim senzitignmotorickém kortexu a BG s nesignifikantnimi
poklesy tohoto mediatoru ve stejnych strukturacsilaperalé k dystonii postizené

koncetiné u pacieni s FDR. (Levy a Hallett, 2002).

1.5.6. Metodologické poznamky k zobrazovani neuroasticity

Ve srovnani s elektrofyziologickymi testy a z niddvozenymi indikatory
neuroplasticity je prkaz neuroplastickych z&¢n z funkéné-zobrazovacich dat

Procesy spojené s plasticitou mozku, demonstrovamémalné na zvfecich
modelech, souvisi s rozsahlymi &mami na molekularni Urovni (genova transkripce,
exprese receptd)y, na bugcné udrovni (synapticka denzita, vlastnosti receptiin
poli), dale na drovni zém organizace kortikalnich map. Readz fMRI nebo PET
poskytuji jen nefimé hodnoceni synaptické aktivity, mohou b§mito metodami
zobrazeny pouze ty (testovanou ulohou navozenényrkteré vedou k ovlivini
lokalni synaptické aktivity na kortikalni a subkkéni Grovni (Poldrack, 2000).

Zmeny provazejici adaptivni kortikalni plasticitu veinkéné-zobrazovacich
metodach maji néastji charakter lokala zvySené nebo snizené aktivace, dalSi
moznost pedstavuje funéni reorganizace reprezentovana kombinaci snizené

a zvysSene aktivace wiznych oblastech mozku, tj. prostorovou redistritaldivatniho
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vzorce. PojemzvySenad aktivacemiZze zndit expanzi kortikdlni reprezentace
nebo natst intenzity aktivace. Ogaé atributy m&niZzena aktivac@Poldrack, 2000).

S ohledem na Zdaziovanou roli inhibénich &ju v procesech fyziologickeé,
ale i abnormni plasticity mozku, je nutndigpmenout, Ze funiné zobrazovaci
metody jako fMRI a PET zobrazuji spiSe uambveumarni synaptické aktivity,
nez Urové skute&né aktivity neurondlni (Poldrack, 2000). Oboji gyteka aktivita,
excitatni i inhibi¢ni, tak v disledku vede ke zvySené aktivaci v obraze &mak
zobrazovacich metod a je povaZzovana za efekt gaitama biky glie (Magistretti
et al., 1999).

Souhrng je mozno fici, Ze vzhledem k neupin popsanym komplexnim
biofyzikalnim a fyziologickym vztalm mezi plasticitou mozku a zobrazovacimi daty
je interpretace funiné-zobrazovacich naléz ve vztahu k jednotlivym
neurobiologickyn mechaniznim neuroplasticity v saasnosti obtizna (Poldrack,

2000).

1.6. L&ba dystonii

V prabéhu poslednich desetileti doslo k vyraznému pokrekéaché dystonii

a prehodnoceni postup starSich. Efekt dosud relatiénéasto pouzivané terapie
benzodiazepiny, anticholinergiky antiepileptiky nebyl studiemi potvrzen (Albanese
et al.,, 2011). Dominantni postaveni v terapii fokéh dystonii v sotasnosti ziskala
intramuskularni aplikace botulotoxinu, ¥kterych gipadech, zejména u cervikalni
dystonie, je vyuzivana i hluboka mozkova stimuldcgéormace o dchto postupech

i dalSich metodach pouzivanych v managementu dygsmu shrnuty v nasledujicich
kapitolach.
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1.6.1. Botulotoxin

Prvni zminky o botulotoxinu pochazeji odrNce Justina Kernera, ktery tento
toxin identifikoval v roce 1820 jakoifginu série alimentarnich nakaz vyvolanych
nedokonale tepeth zpracovanym masem. Vroce 1897 Emile van Ermengen
identifikoval Clostridium botulinumjako zdroj botulotoxinu (Erbguth, 2004). V 70.
letech 20. stoleti doslo k zahajeni klinického peaidi botulotoxinu v &g
oftalmologickych a neurologickych onemeain

Botulotoxin je povaZzovan za nejtéidjSi znamou molekulu, ktera funguje jako
metaloproteindza. Je znamo 7 sérbtgpna&ovanych A, B, C, D, E, F a G s podobnou
podjednotkovou strukturou a velikosti molekul. Botaxinové molekuly jsou
proteiny s molekulovou hmotnosti kolem 150 kilodali Jsou produkovany jako
samostatné polypeptidovétézce, které nejsou samy o gotoxické. BEhem sekrece
z burek bakterii dochazi vlivem proteolytickych enziynrk jejich aktivaci a vzniku
dvourettzcovych molekul skladajicich se z lehkych &kych rettzci spojenych
disulfidovymi mistky. Lehké&etézce obsahuji atomy zinku.

Botulotoxin interferuje s kalciem indukovanou extw@aou acetylcholinu
na vSech cholinergnich synapsich - nervosvalovéémpbe, postganglionarnich
parasympatickych zakoanich a gangliich vegetativniho systému. Jednosiérétypy
botulotoxinu se odliSuji svoji ¢nnosti, trvanim &nku a afinitou k cilovym
strukturam presynaptické membrany fidasky, 2001).

Pro vazbu molekuly toxinu na terminaléést axonu ma zasadni Ulohtzky
fettzec, ktery se vaze na povrchové proteiny axonu.nBsledné internalizaci
do buiky cestou endocytozy lehkétzce botulotoxinu roz8pi endocytické vezikuly

a dojde k uvolani toxinu do cytoplazmy.
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Vlastni toxicka aktivita je zprostdkovana jiz pouze lehkyntetézcem.
Za fyziologickych podminek &ki potencial, ktery dosahne presynaptického
zakorteni nervového vlakna, #pobi depolarizaci influx kalciovych iantdo nitra
presynaptické ¢asti nervosvalové ploténky. Kalciové ionty naskedstimuluji
exocytozu vezikul obsahujicich acetylcholin do ppiwké SErbiny. Molekuly
botulotoxinu selektivé S€pi membranové proteiny, které jsou nezbytné k moce
fuze synaptickych vezikul obsahujicich acetylchoBe zevni vrstvou axonalni
membrany. Tyto membranové proteiny jsou @ovany jako SNAP-25 (synaptosomal
associated protein) a syntaxin, které jsou vazanynitni stranu bu&né membrany
a VAMP (vesicle associated protein)/synaptobreXiery je gipojen k synaptické
vezikule. Jednotlivé sérotypy botulotoxinu vykazsgilektivni proteazovou aktivitou
vaci ur¢itym proteimim tohoto systému (obr. 2). Botulotoxiny A, C, EmtSNAP-25,
botulotoxiny B, D, F, G VAMP/synaptobrevin, botulain C dale Stpi navic
i syntaxin. Vyslednym efektem této protedzové aktivie naruSeni systému
zaji¥ujiciho transport a splynuti vezikul acetylcholisunembranou presynaptického
zakorteni axonu. Tim je znemo¥dma exocytéza acetylcholinu s naslednou blokadou
prenosu na nervosvaloveé ploténce rezultujici ve swal@aralyzu (Kaovsky, 2001).
Vazba botulotoxinu na presynaptickaidst nervosvalové junkce je ireverzibilni.
K obnoveni funkce nervosvalové ploténky ale dochdiiem kolateralniho pteni
terminalnich axoi (tzv. axonal sprouting), které je pozorovano ji8 #odin
po intoxikaci. Jde o tvorbu novych wiki axonu ,obchazejicich* zablokovanou
nervosvalovou ploténku a vytigjicich nova spojeni se svalem. K ob&igpiné
svalové sily dochaziflizné po 3 nEsicich od aplikace botulotoxinu (Brashear,

2001).
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Obr. 2. Cilové molekuly jednotlivych tydotulotoxinu. Mista $peni jednotlivych
molekul vyzngena Sipkou. evzato a upraveno z: Shi YL, Wang ZF. Cure of
experimental botulism and antibotulismic effectmfsendanin. Acta Pharmacol Sin
2004;25:839-848.

V piipact sérotyfi A a B byl klinickymi studiemi prokdzan jejich vhoy
terapeuticky profil pro I&u dystonii. V sotasné dob jsou nefastji pouzivany tyto
piipravky s botulotoxinem typu A: abobotulinumtoxinrADysport, vyrabny firmou
Ipsen, Ltd; onabotulinumtoxinA - Botox, vyré&y firmou Allergan, Inc.;
incobotulinumtoxixA - Xeomin A, vyrdmy firmou Merz GmbH. Hpravek
s botulotoxinem typu B je: rimabotulinumtoxinB - Flyloc, produkovany firmou Elan

Pharmaceuticals, Inc.
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U¢inné mnozstvi botulotoxinu je udavano v jednotkadtanovenych
jednotlivymi vyrobci, proto nejsou jednotky jedriefich preparét presré srovnatelné
(Kanovsky et al., 2011).

Aplikace je prova#na do postizenych svwapo jejich detekci polymyografickym
vySefenim, vhodna je EMG asistencé pybéru mista aplikace. MnoZstvi jednotek
aplikovaného botulotoxinu je ovli¢no fadou faktoi, jako je zdvaZznost a doba trvani
onemockni, mnozstvi postizenych swalpredchozi odpoddi na l&€bu, dalSi medikaci
uzivanou pacientem, zkuSenosti aplikujicihoiéla.

Dulezitym klinickym problémem je tvorba protilatekopir botulotoxinu typu A,
které zamezuji jeho ¢inku na presynaptickouast nervosvalového zakiemi.
Zajimavym pozorovanim je ale sktt®st, Ze u &kterych pacient s pozitivitou &chto
protilatek gretrvava dobry klinicky efekt botulotoxinu (Kavsky, 2001). Rezistenci
na l&bu vyvolanou protildtkami je moZno obejit aplikaodtulotoxinu typu B,
(u kterého je ale také zndma imunogenicita) nethorgvki s botulotoxinem typu A
bez obsahu kompletujicich protéi(Kanovsky et al., 2011).

Mezi zavazijSi acastjSi vzdalené nezadouctinky botulotoxinu pat dysfagie
a dusnost { aplikaci do oblasti krku a hlavy.fipadna intravaskularni aplikace
by mohla vést ke generalizované slabosti. Botulotoxry nengl byt aplikovan
pacienfim s chorobami nervosvalovéh#eposu, s onemoénimi motoneurof, dale
tehotnym a kojicim.

Podle recentnich dopateni (Simpson et al., 2008) jsou intramuskularnékog
botulotoxinu povazovany za metodu volby u cervik@ystonie a za vhodné se jejich
pouziti povazuje u blefarospasmu, fokalni dystoh@ni korEetiny, laryngealni

dystonie, mensidinnost byla nalezena u fokalni dystonie dolnichdedim.
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Kromé¢ dolre prozkoumaného periferniho ¢idku botulotoxinu existuji
ale i rmzna behavioralni (Walsh a Hutchinson, 2007; Pelostn al., 2009)
a elektrofyziologickd pozorovani (Kavsky et al., 1998; Thickbroom et al., 2003;
Kojovic et al., 2011), ktera nazhgi efekty tohoto toxinu na Urovni CNSidRlpokladéa
se, ze tyto &inky jsou zprodtedkovany modulaci proprioceptivni aferentace (Rassal

a Dressler, 2010; Kmvsky a Rosales, 2011).

1.6.2. Hlubok& mozkova stimulace

Dlouhodoba elektricka stimulace posteroventréhsti globus pallidus internus
je vsowasné dob povazovana za efektivni terapiiznych tymg dystonii (Krauss
et al., 2004). Jeji indikace je vhodnd u primarniadeneralizovanych
nebo segmentalnich forem dystonie, cervikalni dystou polékovych dystonii,
kde konzervativni terapie botulotoxinem eventdaJmymi medikamenty nevede
k dostaténému zlepSeni. Pouziti hluboké mozkové stimulaeefddorain stimulation,
DBS) u jinych forem dystonii je studovano.

Mechanizmus €inku DBS neni pesré znam, pedpoklada se ovlivimi procef

inhibice a kortikalni plasticity (Ruge et al., 2011
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1.6.3. Ostatni neurochirurgické metody

Mezi dalSi, ped zavedenim DBS preferované, metody uZivané pitera

cervikalni dystonie péty selektivni periferni denervace a myotomie.

1.6.4. Fyzioterapie a rehabilitace

V sowasné dob narista p@et studii, které naziaji, Ze rekteré druhy fyzikalni
terapie a rehabilitani procedury mohou mit vyznamnou roli ¥tb& dystonii (Candia
et al., 2005). Na zaklgdgredpokladanych abnormalit ve zpracovani somatosenizit
aferentace u fokalnich dystonii bylo vyvinutékalik neurorehabilitéanich postup,
které se za®tuji na ovlivreni somatosenzitivninho systémuiktadem &chto postup
muze byt napiklad pouziti transkutanni elektrické stimulace acipnfi s piséskou
kie¢i (Tinazzi et al., 2005b), fpchodna imobilizace postizené horni &etny,
somatosenzitivni a motorickeé igtrénovani* dystonii postizeni@sti €la (McKenzie
et al., 2009; Byl et al., 2009) nebo integrovaniistop s pouzitim aplikace

botulotoxinu a rehabilitace u cervikalni dystorii@agsorelli et al., 2006).
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2  Pavodni prace

2.1. Senzitivié-motorické okruhy u cervikalni dystonie a jejich
ovlivnéni terapii botulotoxinem: fMRI studie

Publikovano:
Opavsky R, HIustik P, Otruba P, Kavsky P. Sensorimotor network in cervical

dystonia and the effect of botulinum toxin treattmenfunctional MRI study. J Neurol
Sci 2011;306:71-9F201~2,167 Viz prilohac.1.

2.1.1. Soubor a metodika

Bylo vySeteno celkem 7 pacieintrpicich cervikalni dystonii (1 muz, 6 Zerkv
53,1+8,2 roku, ¥kové rozmezi 36-58 let), sledovanych v Centru proagyramidova
onemocgni Neurologické kliniky FN Olomouc. VSichni pacientpéli cervikalni
dystonii manifestujici se ratai torticollis (3 pacienti s levostrannou tortigs)l
4 pacienti s pravostrannou torticollis), vSichni bt#sd odpovidali na terapii
botulotoxinem typu A. Klinick& a demograficka d@gau shrnuta v tabulae 3.

Skupina 9 kontrolnich subjekt(2 muzi a 7 Zen; & 55,2+6,0 let; rozmezi
28-63 let), bez anamnézy neurologickéh@sychiatrického onemoeni, odpovidala
vékem a pohlavim skupénwvySetrovanych pacierit

Zadny  zvySe@pbvanych subjekt neuZival  chronickou  medikaci,
krom¢ botulotoxinu typu A.

VSechny vySdbvané subjekty byly pravaci (pacienti 93,6%4,1; tkoly
91,245,7; vyjadeno v Edinburgh Handedness Inventory skore), mogfoké MR

zobrazeni mozku bylo u vSech subjektlo normalni.
53



VSechny vySé¢bvané osoby byly sezndmeny s obsahem studie aieyaetmi
metodami a podepsaly informovany souhlagiasti ve studii. Protokol studie byl
v souladu s Helsinskou deklaraci zr. 1975 (5.zevd roku 2000, upsréni z roku

2002 a 2004) a byl schvélen Etickou komisi FN Olamo

2.1.1.1. Behavioralni testovani

Zavaznost cervikalni dystonie byla hodnocena dvakpibéhu studie pomoci
Tsui skore (Tsui et al., 1986). Prvni vy&eti bylo v tydnu nultém, kdy pacienti byli
zarazeni do studie a ¢éni BoNT-A, druhé vySeéeni v tydnuctvrtém, vzdy v den

fMRI vySeteni.

2.1.1.2. Polymyografické a EMG vySéeni

Za (elem stanoveni svalového vzorce dystonie bylo pina
polymyografické vySéeni aktivity kenich svalh EMG pistrojem Keypoint (Dantec
Dynamics, Bristol, Velkd Britanie). &em vySeteni pacienti seti v klidu,

v pohodIné pozici. Svalova aktivita byla simultdnraznamenavana ve 4 parateln
registrujicich kanalech. VSechny paryich svah piistupné k EMG registraci byly
postupr vySeteny. Zaznamy byly provédy tak, Ze vSechny svalové pary byly
postup® spojeny navzajentimz se oejmil jejich vzajemny vztah. Postuprbyly
vySeteny tyto svaly: mm. sternocleidomastoideus, spkenaapitis a cervicis,
trapezius, levator scapulae, semispinales capitisceavicis, scalenus medius

a submentalni svalovy komplex: m. geniohyoideus/ehyoideus.
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K registraci svalové aktivity byly pouzity konceioké bipolarni jehlovée
elektrody. Signal byl filtrovan v rozmezi 50-200QHz Aktivita
m. sternocleidomastoideus byla vy®&tina elektrodami umistymi ve dvou tetinach
vzdalenosti mezi klavikulou a processus mastoidAksivita trapézového svalu byla
snimana elektrodou umésbu 2cm laterakh od Ghlu tvédeného medialni a lateréini
¢asti svalu. Aktivita zbyvajicich svabyla registrovana zitsek tchto sval. Pozice
elektrod byla kontrolovanachem maximalni volni kontrakce svugbred a po kazdém
vySeteni.

VySeteni bylo provadno nasledujicim zZisobem: v dystonické pozici hlavy
a krku; na poatku dystonického pohybu poté, co byla hlava pasimavracena
do stedni pozice; ghem aktivni rotace doprava a dolevéghém aktivni retroflexe
a anteroflexe. Bylo provedeno miniméls zaznam béchem kazdého Z¢hto manéw
a reprezentativni zaznam byl uloZen do p@apristroje. U sval s mimovolni aktivitou
byla provadna IPA (interference pattern analysis) a T/AA (slamplitude analysis).
Hodnoceni z&znainbylo provadno EMG specialistou, ktery neparticipoval na délSic
vySetenich. Jako dystonické byly daemy ty svaly, které spbvaly Fuglsang-

Fredriksenova kritéria (Oestergaard et al., 1994).

2.1.1.3. Léba

VSichni pacienti byli Iéeni botulotoxinem typu A (Botox; Allergan, Inc, ine,
USA), ktery byl aplikovan vtydnu nultém do cervikith svah na zaklad
piedchoziho polymyografického vygeni, vzdy po fMRI vyséeni. Aplikovany

BoNT-A mél koncentraci 25U/ml.
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2.1.1.4. Uloha testovana ve fMRI

Béhem fMRI vySeteni provadly subjekty se zaenyma @ima nar@ny pohyb
prsti ruky, kdy palec se musel postépikratce dotknout dvakrat ukazaka,
jedenkrat prosedniku, fikrat prsteniku a dvakrat maliku, naslédbyl pohyb
provadn v op&ném snéru. Tato Uloha, poprvé popsana Rolandem a spolapnécy,
byla vyuzita jednak pro jeji znamou schopnost aktat primarni i vySSi senzitien
motorické oblasti, ale i vyznamnowast proprioceptivni aferentacei provadni
takového typu pohybu (Roland et al., 1980).

Pred vlastnim fMRI vySéenim ngly subjekty giblizné¢ 10 minut na nacvik této
pohybové sekvence. U paciénbyla vzdy testovana horni k&etina ipsilateralni
k deviaci hlavy, a to za célem testovat hemisféru, ve které je s &&jv
pravdEpodobnosti lokalizovana kortikalni a subkortikateprezentace dystonickych
svali (Mazzini a Schiepatti, 1992; Odergren a Rimpil&ink996).

Béhem MRI vySeteni (Eastnici studie lezeli na zadech a byli instruoviayti
v klidu a neklast odpor dystonické rotaci hlavyiedhahraté hlasové instrukce
pro iniciaci a ukoteni aktivniho pohybu prstoyly prezentovany MR-kompatibilnimi
sluchatky pomoci softwaru E-Prime (Psychology SafewTools, Pittsburgh, USA).
V blokovém paradigmatu alternoval aktivni pohybtpré7,5 sekundy) s klidovym
intervalem (7,5 sekundy) po celkovou dobu trvamhisiut. U kazdého subjektu byly
vySeteny dva takovét@tyrminutové kghy, ve kterych byla testovana identicka horni
koncetina. Provaghi motorické ulohy bylo vizuathmonitorovano.

U vSech pacieiit trpicich CD bylo prvni fMRI vySéeni (v tydnu nultém)
naplanovano na obdobi miniméla mésice od pedchozi aplikace BoNT-A, kdy je jiz

piedpokladana absence efektu botulotoxinu (Brasizééxl). Ve stejny den, po fMRI
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vySeteni, byl BONT-A aplikovan do postizenych swalDruhé fMRI vySeteni
nasledovalo po 4 tydnech, v dobiedpokladaného maximalniho klinického efektu
botulotoxinu (Brashear, 2001).

Ve skupirg kontrol bylo provedeno jedno vys$ethi, vzdy byla testovana

dominantni prava horni kéetina.

2.1.1.5. Akvizice dat

MR data byla ziskana na 1,5 Trigiroji (Symphony; Siemens, Erlangen,
Némecko) s pouZzitim standardnich hlavovych civek. MBbrazovaci protokol
zahrnoval 30 axialnicktezl o tlou¥ce 5mm, vetn: morfologickych T1-vazenych
obrazi pro anatomickou referenci fuétkich dat, dale FLAIR sekvence (fluid
attenuated inversion recovery) Kk vizualizaci mozlabv [ézi, funkni T,*- vazené
BOLD snimky ziskanédhem provadni ulohy a v klidu a déale 3D anatomické skeny
s vysokym rozliSenim (MPRAGE, magnetization-predarapid acquisition gradient
echo). BOLD obrazy byly gizeny EPI sekvenci s TR/TE =2500/40 ms, FOV=220
mm, s rozliSenim 3,4 mm x 3,4 mm x 5,0 mm. V kaZzdéygiminutovém funknim
béhu bylo pdizeno 96 objerin celkem 192 objefh z celého vySéeni Hlava
vySefovanych subjekt byla khem vySateni imobilizovana polstéam, aby byl

zajisen komfort a minimalizace pohyithlavy.

2.1.1.6. Analyza dat

Pred vlastni fMRI analyzou byla zobrazovaci datapacient, u nichZz byla

testovana leva horni koéetina, gevracena v levo-pravém sm, aby byla umozna
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skupinova analyza dat (Johansen-Berg et al., 2002d et al., 2008 Zpracovani
fMRI dat bylo provedeno pomoci nastroje FEAT (fMBXpert Analysis Tool) verze
5.98, ktery je sotésti baliku FSL (FMRIB je Software Library;
http://www.fmrib.ox.ac.uk/fsl) (Smith et al., 2004pouwasti analyzy byla korekce
pohybu pomoci MCFLIRT (Jenkinson et al., 2002),sppcové vyhlazeni Gaussovym
fitrem (FWHM 8 mm), normalizace intenzity a odfdvani nizkych frekvenci
(sigma = 15,0 s).Statistické zpracovani bylo provedeno pomoci vydepéo
linearniho modelu FMRIB (FILM) s korekci autokorellasignéalu (Woolrich et al.,
2001). Funkni data byla normalizovana do standardniho prosMNI nastrojem
FLIRT (Jenkinson a Smith, 2001; Jenkinson et &02).

Skupinova analyza byla provedena metodou FLAMBReaitd+2 (FMRIB Local
Analysis of Mixed Effects) (Beckmann et al., 2008polrich et al., 2004; Woolrich,
2008). Jako vystup analyzy byly vygenerovany pranév statistické Z-mapy
s korigovanou hladinou signifikance P = 0,05 (WeysP001).

Pro srovnani mezi skupinami (pacienti s CD vs. kayt byl pouZit t-test
pro dva vylsry. Pro srovnéni v rdmci skupiny (pre-BoNT-A vssp8B0oNT-A efekt
u pacient) byl pouzit parovy t-test.

Prostorové koordinaty jsou referovany v MNI (Momtré&leurological Institute)

forméatu.
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2.1.2. Vysledky

2.1.2.1. Behavioralni a klinické

Provadni ulohy, které bylo vizuakh monitorovano, bylo spravné u vsSech
subjekfi. Trvani jednoho cyklu testovaného pohybu jprse signifikantd neliSilo
mezi jednotlivymi skupinami vyS&ivanych subjekit (pramérné hodnoty: kontroly
7,1 s; pacienti f&d aplikaci BONT-A 7,3s; pacienti po aplikaci BoMT?,1s; p>0,05,
ANOVA).

VSem pacientm byla aplikace BoNT-A prova@ta do dystonickych swval
identifikovanych polymyografickym vySetnim. Pémérna celkova aplikovana davka
BoNT-A byla 107,0 + 18,9 U. Bmérna davka pro jeden &mi sval byla 50,0 U.

Byl prokazéan signifikantni klinicky efekt ¢8y BoNT-A vyjadeny poklesem
Tsui skore (pimérny pokles Tsui skore byl 2,8; parovy t-test, p&),Ptimeérné Tsui
skore ped BoNT-A terapii bylo 10,8+1,25, po BoNT-Ac¢l# bylo primérné Tsui

skére 8,0+1,2.

2.1.2.2. Zobrazovaci vysledky

Pramérné skupinové aktivace

Kontrolni skupina

U skupiny kontrol aktivoval natmy pohyb prsi rozsdhlou s$i mozkovych
oblasti zahrnujici: kontralateralni primarni mat&ji a somatosenzitivni kortex,
bilateralni premotoricky kortex, suplementarni mmimicou oblast (SMA) bilaterath

(dominant® kontralateral®), bilateralni sekundarni somatosenzitivni korté&2)(
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bilateralni inzularni kortex, bilateralni horni maélni kortex, pravy dolnparietélni
kortex, cerebellum bilaterain thalamus bilatera#) globus pallidus bilateran

a nucleus caudatus vlevo (obr. 3A).

Pacienti ped BONT-A lébou

U pacient pied BoNT-A l&bou pohyb prst aktivoval podobnou, ale mén
extenzivni oblast zahrnujici obdobné oblasti semgitmotorické si (podobr
jako u kontrolni skupiny) vyjma bilateralniho thada, bilateralniho pallida a levého
nucleus caudatus. Bilateralni SMA aktivace bylar@izovana vyraziji ipsilateralre

(obr. 3B).

Pacienti po BoNT-A lé¢

Aktivacni mapa u paciefit po BONT-A |&b¢ byla jeSt vice redukovana
nez fred l&bou. Zahrnovala stejné oblasti jako aktiva¢edpl&bou krong¢ pravého
S2 alevého horniho parietalniho kortexu. Bilatgraktivace SMA byla lateralizovana

vice kontralaterak(obr. 3C).

Meziskupinovéa srovnani

Pacienti ped BONT-A lébou vs. kontroly

Pred BONT-A I&bou byla u pacieidtnalezena zvySena aktivace v parietalnim
operkulu kontralateratn testované katetine (MNI koordinaty: -42, -18, 22)
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ve srovnani s kontrolami. Zadny signifikantni rézdibyl nalezen vifpad kontrastu

kontroly > pacienti ped BoNT-A lébou(obr. 4A a tab. 4).

Pacienti po BoNT-A li#¢ vs. kontroly

Aktivaéni mapa u pacieaitpo I&b¢ prokazala signifikantni redukci v globus
pallidus internus (GPi) bilateraln vyrazréji vyjadienou ipsilateraln (MNI
koordinaty: 16, 0, 4; -18, -2, 0)(obr. 4C a tab). £Zadny signifikantni rozdil nebyl

nalezen v fipad kontrastupacienti po lébé BONT-A > kontroly.

Srovnani v ramci skupiny pacienfi
Pacienti pred I1&bou ve srovnani se stavem pcd€BoNT-A

Po I&b¢ BoNT-A byl detekovan signifikantni pokles aktivace oblasti
reprezentace ruky v pravé SMA a v oblasti pravédniho premotorického kortexu
(PMd)(MNI koordinaty: 26, -10, 70; 0, 0, 64)(obrBAtab. 4). Zadny signifikantni
rozdil nebyl nalezen v kontragpacienti po Iébe > pacienti pred I&bou BONT-A.

Béhem MRI vySateni nebyly nalezeny Zzadné vyznamné pohybové atiefak

2.1.3. Diskuze

Tato studie finesla ti hlavni vysledky. Prvnim je prezentovanéa celkosdukce
rozsahu Kkortikalni aktivace vyvolané pohybem rulpols s fokalnim zvySenim
magnitudyBOLD signalu v levém (kontralateralnim) S2 u paties CD gFed I&bou
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ve srovnani s kontrolami. Druhym je pozorovana keduaktivace v SMA a PMd
u CD pacient po BoNT-A terapii dystonickych sual Tretim vysledkem je nélez
atenuace aktivace bazalnich ganglii na aktivamag vyvolané pohybem ruky
u pacieni s CD po léb¢ botulotoxinem ve srovnani s kontrolami.

Jsme si wdomi metodologickych limitaci danych sk&étesti, Ze neni mozno
piimo pomoci fMRI studovat kortikdlni a subkortikalréprezentaci dystonickych
svali krku, coZ by bylo zatizeno zavaznymi pohybovyniefakty. Na druhé str&n
nejmért dvé linie argument podporuji pouZziti ruky jako vhodného modelu k desni
senzitivre-motorickych funkci u cervikélni dystonie. Je tdrek blizkost kortikalnich
reprezentaci krku a ruky u zdravych subje@enecke et al., 1988; Thompson et al.,
1997) a jejich mozné 2t8eni a pekryv u pacient s CD (Walsh a Hutchinson, 2007).
Dale to je skuténost, Ze tento model byl jiZ opakowgoouZzit v elektrofyziologickych,
zobrazovacich a behavioralnich studiich, které dwatovaly tzné abnormality
i efekt BONT-A u CD (Mazzini et al., 1994; Kavsky et al., 1998; Tamburin et al.,
2002; Walsh a Hutchinson, 2007; De Vries et alQ&@Pelosin et al., 2009, Kojovic
et al., 2011).

Senzitivre-motorické aktivace detekovand u naSich zdravychtrikénich
subjekfi je v souladu s recentnimi fMRI studiemi testujicBekverni pohyb prsi
ruky (Solodkin et al., 2004).

Ve srovnani se zdravymi kontrolami byl nalezeny sedz kortikalni
a subkortikalni aktivace u paciénts CD difuzg redukovan. Tento vysledek je
v souladu s néalezy jiné fuské zobrazovaci studie testujici pohyb ruky u padient
s CD a mohl by byt vysilen vysSi prostorovou interindividualni variatolit
rekrutovanych kompenzaich okrutii vedouci k vysledné nizsijpnérné skupinove

aktivaci (De Vries et al., 2008).i®inou této variability by mohla byt porucha
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senzitivre-motorické integrace (Siggelkow et al.,, 2002) vudich kortex-bazalni
ganglia-thalamus-kortex (Tinazzi et al., 2009; Wale 2009). Podobné hypoaktivace
senzitivie-motorickych oblasti byla také detekovana ve stidiiestujicich dystonii
neprovokujici pohyby ruky u paciéns FDR (Islam et al., 2009; Wu et al., 2009).
Tento nalez byl konzistentmalezen fi testovani postizené i nepostizené datimy.

Alternativre by mohl redukovany rozsah aktivace souviset s rgdéimevanym
kinematickym deficitem pozorovanym u CD (Pelosimlet2009).

Srovnani pacientijied BoNT-A l&bou > kontroly detekovalo u paciéns CD
kortikalni hyperaktivaci v parietalnim operkulu kaalateralg k testované ruce.
Abnormalni aktivace v této oblasti byla také pop&m v pedchozich zobrazovacich
studiich u pacierits fokalni dystonii, které testoval§zné senzitivi+motorické ulohy
provadné postizenymi i nepostizenyrastmi €la (nag. De Vries et al., 2008).

Parietalni operkulum obsahuje humanni S2, o kteséngedpoklada, Zze hraje
vyznamnou Ulohu v somatosenzitivnich procesechikgd®&du. Také se spekuluje,
Ze tato kortikalni oblast participuje na integrasformaci z obou polovin éta,
zrakow-prostorové pozornosti, ¢ani a pardti. Dale je S2 Bejmé zapojen
v motorickych procesech a jejich integraci, peadz je aktivni nejendnem pasivniho
a aktivniho pohybu prétruky, ale i Bhem gredstavy pohybu (Kakigi et al., 1997).

Tato data spolmé naznéuji, Ze excesivni aktivace sekundarniho
somatosenzitivnino kortexu detekovana v naSi stomidize reprezentovat aberantni
zpracovani senzitivamotorickych informaci, které je povazovano zadwiy faktor
rozvoje fokalnich dystonii (Abbruzzese a Berard@i03). NaSe pozorovani je také
podpdeno recentni praci Obermanna a spolupracdynikteti demonstrovali
desinhibici v oblasti S2, v primarnim somatosemnitn kortexu a v dalSich

kortikalnich oblastech u paciénts CD i testovani ulohy <stisté kinestetickou
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somatosenzitivni stimulaci (Obermann et al., 20¥@hledem k vyznamné zavislosti
testovaného natoého pohybu prétruky na proprioceptivni aferentaci a znadmym
funkcim S2 by v naSi studii detekovanad abnormnivaké této oblasti mohla
reprezentovat poruchu senzitévmotorické integrace. Je mozno také spekulovat,
Ze nadmirnd aktivace v S2 by mohla byt zobrazovacim koeatatdeficientni
kortikalni inhibice demonstrované recentnimi neyraflogickymi  studiemi
(nag. Quartarone et al., 2009a).

Abnormalni kortikélni aktivace detekovandhbm provadni pohybu dystonii
nepostizenowasti €la také potvrzuje fedchozi elektrofyziologicka a behavioralni
pozorovani, Ze senzitigrmotorické abnormality dystonického mozku se vyskyt
i mimo reprezentaci klinicky postizenyctasti tla (Kainovsky et al., 1998; Pelosin

et al., 2009, Kojovic et al., 2011).

Efekt Ié¢by BONT-A

Primérnd skupinova aktivani mapa paciefit po BoNT-A l&bé zahrnovala
stejné kléové elementy okruhtidicich pohyb jako u kontrol i paciénpred |&bou,
ale aktivace byla jeStvice prostoro¥ redukovana. Je mozno se domnivat, ze tato
hypoaktivace je zsobena vice vyjd@nou individualni variabilitou okruh
Gcastnicich se ameliorace dystonie vlivem terapie.

V naSi skupia pacientt byla vlivem &inné BONT-A terapie pozorovana
signifikantni redukce testovanou Glohou navozen&ate v oblasti ipsilateraini SMA
a PMd. U pacierit byl také zaznamenan trend ke & lateralizace aktivace SMA
z prevazr ipsilateralni do kontralateralni viivem BoNT-A #&gie. U kontrol byla

aktivace SMA pevazr kontralateralni.
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Od rozpoznani SMA jako samostatné motorické oblstiava jeji role ne zcela
objasriéna. VSeobeahse ffedpoklada, ze aktivace SMA (zce souvisi s genefovan
a kontrolou pohybu - SMA participuje na kontrolejst internim generovani pohybu,
bimanudlni koordinaci a&asovanim pohybu (Tanji, 1996). Na primatim modelu
dystonie byla demonstrovana hyperexcitabilita SMAolané s abnormalnim
naristem proprioceptivni aferentace do SMA, dale terdisenzitivnich receptivnich
poli a nesoulad mezi senzitivni aferentaci a mcitor eferentaci v této kortikalni
oblasti (Cuny et al., 2008). Tato pozorovani mohwazn&ovat, Ze abnormni
somatosenzitivni aferentaceighézejici do neuran SMA se niiZze spolupodilet
na rozvoji dystonie.

Podobr jako SMA je i dorzalni premotoricky kortesésti motorického kortexu,
ktery se dle satasnych poznatk podili na planovani, selekci a exekuci pohybu
(Chouinard a Paus, 2006), stejjako na senzitivmotorické integraci u zdravych
jedinai (Dresel et al.,, 2006). U paciéns generalizovanou i fokalnich dystonii
detekovaly PET studie testujici pohyb ruky ve séminse zdravymi jedinci
hyperaktivitu PMd a hypoaktivitu v primarnim mottkém kortexu indukovanou
pohybem (Ceballos-Baumann et al., 1995). Na zékladhto pozorovani &kolik
studii uspgsre vyuzilo inhibiéni efekt repetitivni TMS (rTMS) aplikované na PMd
ke zmirrgni symptoni fokalni dystonie (Murase et al., 2005). Nalez en& aktivace
v PMd ipsilateraly k testované katetiné v nasi studii by mohl byt povazovan za efekt
analogni pechodné inhibici indukované rTMS, v naSerfippt navozené terapii
BONT-A.

Treti nejvyznam@Si vysledek naSi studiergristavuje nalez sniZzené aktivace

bazalnich ganglii u pacianpo |&b¢ BoONT-A ve srovnani s kontrolami.
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Rada dalich dostupnych informaci nazije, Ze bazalni ganglia maji &tivou
roli v etiopatogenezi dystonii (Mink, 2003). Zaaptibilni je povazovana hypotéza
piedpokladajici dast abnormni synchronizace neuronalnich okrodzalnich ganglii
pii vzniku abnormni senzitivamotorické plasticity u pacieints dystonii (Vitek, 2002;
Hallett, 2011). Animélni modely nazhgi, Ze tyto poruchy synchronizacéepré
spaivaji v porusené homeostaze kortiko-striatalnichaggi (Quartarone a Pisani,
2011).

Predpoklada se, ze jednou z mnoha fyziologickych @@&h zejména striata, je
také kontrola eferentace z BG do thalamu & g motorického kortexu. Na zakkad
tohoto poznatku byla BGij#cena role filtru senzitivnich informaci, které jsdale
pienadSeny do motorického systému (Murase et al., )2Q00 dominantni struktury
vykonavajici tuto funkci jsou povazovany cholindrgmerneurony, kteréipdstavuji
pouhd 2% striatalnich neunbQuartarone a Pisani, 2011).

ZvysSena bilateralni aktivace BG a thalamu u skuppacient s CD byla
demonstrovana i v fMRI studii Obermannem a spolopvaiky @i testovani
jednodussSiho non-dystonického pohybu. Tato abnérmwySena aktivace byla,
v souladu s vySe zimvanymi hypotézami, interpretovana jako kompenzator
mechanizmus &i neefektivni kompresi viéetnych senzitivnich a motorickych
informaci red jejich gesunem k dalSimu kortikalnimu zpracovani (Obermetnal.,
2008).

Vyznam a vic&etné funkce bazélnich ganglii by mohly #eStvat jednotlivé
elementy pedpokladané etiopatogeneze dystonii: poruchy semgiotorické
integrace, snizenou inhibici a aberantni plasticiiakovy model pedpoklada,
Ze porucha funkce BG indukuje abnormitu intwdich motorickych okruiln, dale

navozuje chybné zpracovani senzitivnichétmpvazebnich informaci a zvysSuje
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plasticitu kortikalnich a subkortikalnich strukteedouci k maladaptivni reorganizaci
téchto oblasti s naslednou manifestaci dystonie (@rare a Pisani, 2011).

DalSim podjgrnym argumentem pro roli BG v patogeneze dystoaiifgkt,
Ze globus pallidus internus slouZzi jako cil DBSexapii cervikalni dystonie a dalSich
typt primarnich dystonii. &koliv mechanizmus d¢inku DBS neni pesr znam,
recentni elektrofyziologicka data naZog ovlivnéni insuficientni inhibice a abnormni
kortikalni plasticity (Ruge et al., 2011).

Lécbou navozend hypoaktivace GPi, vice vigad@ na fyziologicky mén
relevantni ipsilateralni strankterd byla demonstrovana v naSi studii, by palhlmo
korespondovat s fugki normalizaci, prawpodobr zprostedkovanou adaptivni
plasticitou neurondlnich okralzahrnujicich bazalni ganglia.

Prestoze je klinicky efekt botulotoxinu Zgvaznécasti determinovan vzniklou
svalovou slabosti v mistieho aplikace, existuji i dalSi pozorovani jehaipenich
acinka, ktera podporuji v naSi studii demonstrovany efékby BoNT-A na udrovni
CNS. Mezi # mizeme nafiklad z&adit redukci intrakortikalni inhibice navozené
terapii u dystonii (Gilio et al.,, 2000), normalizaabnormni kortikalni motorické
reprezentace ruky u cervikalni dystonie p&béBoNT-A (Thickbroom et al., 2003),
dale redukci abnorngnzvysené plasticity neurénokruhu blink reflexu u pacieint
s blefarospasmem (Quartarone et al., 2006). Dafturzenim centralnich efekt
BoNT-A je napiklad TMS studieKima a spolupracovnik kteri prokazali 3 misice
trvajici posileni intrakortikélni inhibice a redukotrakortikalni facilitace u zdravych
dobrovolniki po aplikaci botulotoxinu do suvalhorni korgetiny (Kim et al., 2006).
V této studii bylo nalezeno, Zze pémamplitud MEP/CMAP (compound muscle action
potential) byl zvySen 4-12 tydrpo aplikaci BONT-A. V pipact, Ze by centralni efekt

neexistoval, tak by vlivem blokady neuromuskulgoumkce n€élo dochazet k poklesu
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amplitud MEP i CMAP, por MEP/CMAP by né&l zustat stacionarni. Naopak
detekovany ndist pongru MEP/CMAP nazné&je WtSi nabor sestupnych
kortikospinalnich vldken nebo proporce spinélnictotoneuro vlivem TMS.
Alespai casténé je tento vliv vys¥étlovan zngnou la aferentace ze svalovych
vietének navozeny terapii BONT-A (Rosales a Dres2@t0; Kaiovsky a Rosales,
2011).

Sumarizace dostupnych dat é@ncich BoNT-A naznéuje, Ze tento toxindinné
ovliviiuje dystonii Zejmé n¢kolika mechanizmy. Kromh piimého oslabeni sual
do kterych je aplikovan, je moZndealpokladat, Ze BONT-A ovliwuje proprioceptivni
aferentaci participujici na vg¢hu vhodnych motorickych programv bazalnich
gangliich (Rosales a Dressler, 2010;n&esky a Rosales, 2011), ve kterych byla
u pacient s fokalni dystonii TMS studiemi nazma porucha lateralni inhibice
vybéru téchto programd (Sohn a Hallett, 2004b). Jde v podstatjakousi modifikaci
»senzitivniho triku“. DalSim moznym modentigobeni je modulace plasticity okifuh
CNS (Rosales a Dressler, 2010).

Redukované aktivace v SMA, PMd a GPi ponaé terapii CD nalezené v naSi
studii mohou nazr@vat amelioraci abnormnich proéesv téchto strukturach
s moznou korekci defektni senzittsmotorické integrace. Skuteost, Ze tyto zriny
byly nalezeny fi testovani motorické ulohy prové&w klinicky normalni ko&etinou,
dale podporuje i@dchozi pozorovani vzdalenych efel@oNT-A u CD (Kaiovsky

et al., 1998; Walsh a Hutchinson, 2007; Pelosel.e2009; Kojovic et al., 2011).
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Tab. 3.Demograficka a klinicka data paciént

Tsui Tsui
; o U skore | skore
Pacient! o piavi| Vekpi | vekpii | injikované | pred | po
&. M/Z vySeteni manifestaci | Typ dystonie svaly léchou | 16¢be
(roky) dystonie) BoNT- | BoNT-
A A
SCM
1 F 58 53 Torticollis vpravo 11 8
doleva SPL vlevo
TRP vpravo
- SCM vlevo
2 F 58 42 ngtl(;gu: TRP vievo 10 7
P SPL vpravo
3 M 36 28 Torticollis | SCM vlevo 12 9
doprava | SPL vpravo
SCM
4 F 60 44 Torticollis vpravo 11 8
doleva SPL vlevo
TRP vpravo
5 F 56 45 Torticollis | SCM vlevo 13 10
doprava | SPL vpravo
6 F 58 34 Torticollis | SCM vlevo 10 8
doprava | SPL vpravo
7 F 46 42 Torticollis | SPEVIevo | g 6
SCM
doleva
vpravo

SPL = m. splenius capitis; TRP = m. trapezoide@yIS m. sternocleidomastoideus.

69



Tab. 4. Lokalni maxima diferencialni aktivace: inter- &raskupinove kontrasty.

MNI Z-skore

X y z

Kontrast: Pacienti pifed BoNT-A |&bou > Kontroly

Sekundarni
somatosenzitivni
kortex vievo

-42 -18 22 3,8

Kontrast: Pacienti pfed BoNT-A I&bou > pacienti po BONT-A |&bé

Dorzalni
premotoricky kortex
vpravo

26 -10 70 5,2

Suplementérni
motoricky kortex 0 0 64 51
vpravo

Kontrast: Kontroly > Pacienti po BONT-A lé¢bé

Globus pallidus
vpravo

16 0 4 4,5

Globus pallidus

-18 -2 0 43
vlevo

MNI, Montreal Neurological Institute.
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Obr. 3. Pdmérna skupinova aktivaceigrovadni nar@éného pohybu prét Kontrolni
skupina (A), pacienti s CDred I&bou BONT-A (B), pacienti s CD podbé BoNT-A
(©).

Obr. 4. Nadmrna aktivace v oblasti kontralateralniho S2 u paéis CD fFed l&bou
ve srovnani s kontrolami (A). Redukce aktivacesilgteralni SMA a PMd vlivem
lécby BONT-A u pacient s CD (B). SniZzena aktivace bilater&inoblasti globus
pallidus u pacierits CD po léb¢ BoONT-A ve srovnani s kontrolami (C).
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2.2. Abnormni somatosenzitivni kortikalni aktivaceu cervikalni
dystonie a jeji modulace botulotoxinem: fMRI studie

Publikovano:
Opavsky R, HIustik P, Otruba P, Kavsky P. Somatosensory cortical activation in

cervical dystonia and its modulation with botulintmin: An fMRI study. Int J
Neurosci 2012;122:45-5% 010,818 Viz prilohac. 2.

2.2.1. Soubor a metodika

Bylo vySeteno celkem 7 pacieintrpicich cervikalni dystonii (1 muz, 6 Zegkv
53,1+8,2 roku, ¥kove rozmezi 36-58 let), sledovanych v Centru pitoa@yramidova
onemockni Neurologické kliniky FN Olomouc. VSichni pacieritpéli cervikalni
dystonii manifestujici se ratai torticollis (3 pacienti levostrannou, 4 pacienti
pravostrannou), vSichni did odpovidali na terapii botulotoxinem typu A. Kbkéa
a demograficka data jsou shrnuta v tabulce

Skupina 9 kontrolnich subjek(2 muzi a 7 Zen;&k 55,246,0 let; rozmezi 28-63
let), bez anamnézy neurologickétigpsychiatrického onemoe¢ni, odpovidala skem
a pohlavim skupivySetovanych pacierit

Zadny z vysebvanych subjekt neuzival chronickou medikaci, krém

botulotoxinu typu A.
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VSechny vySdbvané subjekty byly pravaci (pacienti 93,6%4,1; tkoly
91,245,7; vyjadeno v Edinburgh Handedness Inventory skore), mogfoké MR
zobrazeni mozku bylo u vSech subjektlo normalni.

VSechny vySé¢bvané osoby byly sezndmeny s obsahem studie aieyaetmi
metodami a podepsaly informovany souhlagiasti ve studii. Protokol studie byl
v souladu s Helsinskou deklaraci zr. 1975 (5.ze\vi roku 2000, upsréni z roku

2002 a 2004) a byl schvélen Etickou komisi FN Olamo

2.2.1.1. Behavioralni testovani

Zavaznost cervikalni dystonie byla dvakrat ulghu studie hodnocena pomoci
Tsui skoére (Taji et al., 1986). Prvni vy&ati bylo v tydnu nultém, kdy pacienti byli
zarazeni do studie a ¢éni BoNT-A, druhé vySeéeni v tydnuctvrtém, vzdy v den

fMRI vySeteni.

2.2.1.2. Léba

VSichni pacienti byli léeni botulotoxinem typu A (Botox; Allergan, Inc, ine,
USA), ktery byl aplikovan v tydnu nultém, po fMR¥3eteni, do cervikalnich swval
na zaklad predchoziho polymyografického vyseni. Aplikovany BONT-A
mel koncentraci 25U/ml.

Detaily EMG a polymyografického vygeni jsou uvedeny urpdchozi studie.
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2.2.1.3. Uloha testovana ve fMRI

Béhem fMRI vySeteni byl stimulovan nervus medianus v oblasti¢aéigppomoci
na zakazku vyrobeného MR kompatibilniho elektriaké&timulatoru (Alien, Praha,
Ceska republika). Elektrickym stimulem byl opakovarpuls trvajici 30Qs
se ¢tvercovym ptibechem viny, ktery byl aplikovan pomoci AgCl elektrddienzita
stimulaniho proudu byla na trovni motorického prahu. Tatmulani intenzita byla
stanovena v MR fistroji kratce ped fMRI vySetenim, aplikované intenzity
stimulaniho proudu kolisaly mezi subjekty v rozmezi 4,0r2A (praimérna hodnota
byla 6,1mA, SD=1,6mA; tab. 5). Pouzita frekvencémstace byla 4Hz. Tato
frekvence vedla k nejrobusi8i aktivaci v naSich igdkEznych experimentech, stéjn
jako v dalsi studii (Ferretti et al., 2007).

U pacient byla vzdy testovana horni k&etina ipsilateralni k deviaci hlavy,
a to za delem testovat hemisféru, ve které je s siSjvpravédpodobnosti lokalizovana
kortikalni a subkortikalni reprezentace dystonid¢kgeah (Mazzini a Schiepatti, 1992;
Odergren a Rimpilainen, 1996). U kontrol byla tgstma prava horni k@etina.

Béhem MRI vySeteni (Eastnici studie lezeli na zadech a byli instruoviayti
v klidu a neklast odpor dystonické rotaci hlavybMkovém paradigmatu alternovala
stimulace nervus medianus (7,5 sekundy) s klidowntervalem (7,5 sekundy)
po celkovou dobu trvani 4 minut. U kazdého subjdktly vySeteny 2¢tyiminutove
cykly stimulace horni kafetiny, ve kterych byla testovana identicka hormdatina.

U vSech pacieiit trpicich CD bylo prvni fMRI vySéeni (v tydnu nultém)
naplanovano na obdobi miniméld mésice od pedchozi aplikace BoNT-A, kdy je jiz
piedpokladana absence efektu botulotoxinu (Brasizééxl). Ve stejny den, po fMRI

vySeteni, byl BoNT-A aplikovan do postizenych swalDruhé fMRI vySeteni

74



nasledovalo po 4 tydnech, v dobiedpokladaného maximalniho klinického efektu
botulotoxinu (Brashear, 2001).
Ve skupirg kontrol bylo provedeno jedno vys$ethi, vzdy byla testovana

dominantni prava horni kéetina.

2.2.1.4. Akvizice dat

MR data byla ziskana na 1,5 Trigiroji (Symphony; Siemens, Erlangen,
Némecko) s pouzitim standardnich hlavovych civek. MBbrazovaci protokol
zahrnoval 30 axialnichiezl o tlou§ce 5mm, ¥etn® morfologickych T1-vazenych
obrazi pro anatomickou referenci futikich dat,dale FLAIR sekvence k vizualizaci
mozkovych lézi, funéni T,*- vazené BOLD snimky ziskané vitehu stimulace
nervus medianus a v klidu a dale 3D anatomické yskemysokym rozliSenim
(MPRAGE, magnetization-prepared rapid acquisitisadgent echo). BOLD obrazy
byly potizeny EPI sekvenci s TR/TE =2500/40 ms, FOV=220 msmpzliSenim
3,4 mm x 3,4 mm x 5,0 mm. V kazdéftyrminutovém funknim kehu bylo pdizeno
96 objent, celkem 192 objefnz vySeteni Hlava vySetovanych subjeki byla kthem
vySeteni imobilizovana polstém, aby byl zaji$h komfort a minimalizace pohyib

hlavy.

2.2.1.5. Analyza dat

Pred vlastni fMRI analyzou byla zobrazovaci dafap@acient, u nichz byla
testovana leva horni koéetina, gevracena v levo-pravém sm, aby byla umozina

skupinova analyza dat (Johansen-Berg et al., 200&d et al., 2003). Zpracovani
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fMRI dat bylo provedeno pomoci nastroje FEAT (fMBXpert Analysis Tool) verze
5.98, ktery je sotésti baliku FSL (FMRIB je Software Library;
http://www.fmrib.ox.ac.uk/fsl)(Smith et al., 2004Bouwasti analyzy byla korekce
pohybu pomoci MCFLIRT (Jenkinson et al., 2002),sppcové vyhlazeni Gaussovym
fitrem (FWHM 8 mm), normalizace intenzity a odfdvani nizkych frekvenci
(sigma = 15,0 s).Statistické zpracovani bylo provedeno pomoci vydepéo
linearniho modelu FMRIB (FILM) s korekci autokorellasignédlu (Woolrich et al.,
2001). Funkni data byla normalizovana do standardniho prosMNI nastrojem
FLIRT (Jenkinson a Smith, 2001; Jenkinson et &02).

Skupinova analyza byla provedena metodou FLAMBReaitd+2 (FMRIB Local
Analysis of Mixed Effects) (Beckmann et al., 2008polrich et al., 2004; Woolrich,
2008). Jako vystup analyzy byly vygenerovany pranév statistické Z-mapy
s korigovanou hladinou signifikance P = 0,05 (WeysP001).

Pro srovnani mezi skupinami (pacienti s CD vs. @yt byl pouZit t-test
pro dva vylsry. Pro srovnéni v rdmci skupiny (pre-BoNT-A vsspB0oNT-A efekt
u paciend) byl pouzit parovy t-test.

Prostorové koordinaty jsou reportovany v MNI (Maar Neurological Institute)

forméatu.
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2.2.2. Vysledky

2.2.2.1. Behavioralni a klinické

VSem pacientm byla aplikace BoNT-A prova@ta do dystonickych swval
identifikovanych polymyografickym vySetnim. Pémérna celkova aplikovana davka
BoNT-A byla 107,0 + 18,9 U. Bmérna davka pro jeden &mi sval byla 50,0 U.

Byl prokazén signifikantni klinicky efekt ¢8y BoNT-A vyjadeny poklesem
Tsui skore (pimérny pokles Tsui skore byl 2,8; parovy t-test, p&),Ptimeérné Tsui
skore ped BoNT-A terapii bylo 10,8+1,25, po BoNT-Ac¢k® bylo primérné Tsui
skore 8,0+1,2.

Intenzity proudu pouZzité k elektrické stimulaci vies medianus se signifikartn
neliSily mezi skupinami testovanych subjeKANOVA, p>0,05). Pimérna hodnota
u kontrol byla 5,4mA (SD=1,2), u paciénpred terapii BONT-A 6,4mA (SD=1,5),

u paciend po terapii BONT-A 6,7mA (SD=1,7).

2.2.2.2.Zobrazovaci vysledky

Pramérné skupinové aktivace

Kontrolni skupina

U kontrol aktivovala elektricka stimulace nervus diamus kontralateralni
primarni somatosenzitivni kortex (MNI koordinaty44; -32, 60), kontralateralni
sekundarni somatosenzitivni kortex (MNI koordina#y0, -24, 18) a kontralateralni

inzulu (MNI koordinaty: -40, 4, -10) (obr. 5, taf).
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Pacienti ped BONT-A lébou

U pacient pred BoNT-A I&bou byla pémérna skupinova aktivace indukovana
elektrickou stimulaci nervus medianus detekovamavj&ontralateralnim primarnim

somatosenzitivnim kortexu (MNI koordinaty: 48, -38) (obr. 5, tab. 6).

Pacienti po |ébé BONT-A

Aktivacni mapa u paciefitpo l&bé¢ BONT-A byla podobna mapnalezené
u kontrolni skupiny. Zahrnovala kontralateralni npéirni somatosenzitivni kortex
(MNI koordinaty: -42, -30, 60), kontralateralni seklarni somatosenzitivni kortex
(MNI koordinaty: -48, -26, 20), kontralateralni ida (MNI koordinaty: -40, 0, -10)
a navic dolni parietaldalok kontralateralé (MNI koordinaty: -60, -36, 34) (obr. 5,

tab. 6).

Meziskupinova srovnani

Pred BONT-A terapii skupina paciéntvykazovala signifikanth nizsi aktivaci
v kontralateralnim sekundarnim somatosenzitivnimekao (MNI koordinaty: -50, -22,
16) a v kontralateralni inzule (MNI koordinaty: 40, 0) ve srovnani s kontrolami
(obr. 6, tab. 6). Zadny signifikantni rozdil nebyhlezen §i srovnani pacierit

po BONT-A |&b¢ s kontrolami.
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Srovnani v ramci skupiny pacienfi

U skupiny pacierit byl po BoNT-A terapii detekovan signifikantni Qat
aktivace v kontralateralnim sekundarnim somatosignizn kortexu (MNI koordinaty:
-48, -14, 16), v kontralateralni inzule (MNI koandty: -42, 6, -8) a v kontralateralnim
dolnim parietalnim laloku (MNI koordinaty: -58, -384) (obr. 6, tab. 6). Zadny
signifikantni rozdil nebyl nalezerrigestovani opéného kontrastu, tedy zda aktivace
u paciend pired BoNT-A |&bou je vySSi nez u paciénpo BoNT-A |&bé.

Béhem vysaieni nebyly zaznamenany vyzna¥j#i pohybové artefakty.

2.2.3. Diskuze

Vysledky této funkné-zobrazovaci studie prokazaly oslabeni somatosenizit
aktivace u paciefit s CD ve srovnani se zdravymi dobrovolniky, stejako
skute&nost, Ze tyto zrRny se nachazeji mimo okruhy CNS kontrolujici dyston
postizenouwtast Ela. Pacienti trpici CD vykazovaligd |&€bou @i elektrické stimulaci
nervus medianus v oblasti 2t deficientni aktivaci v kontralateralnim sekurrden
somatosenzitivnim kortexu a inzule, nasledna teradpoNT-A vedla k obnoveni
BOLD aktivity v t¢chto kortikalnich oblastech. ZvySena aktivace pidbdébyla dale
nalezena v kontralateralnim lobulus parietalisriofe(IPL).

Somatosenzitivni oblasti aktivované elektrickoumstiaci nervus medianus
u skupiny subjeki naSi kontrolni skupiny obsahovala identické strokt jaké byly
popsany Vv recentnich fMRI studiich pouZivajicichejrsf zpisob stimulace:
kontralateralni primarni a sekundarni somatosemdittortex a kontralateralni inzulu

(Backes et al, 2000; Feretti et al., 2007; Manganet al., 2009). ¥tSina
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zobrazovacich studii (Ferreti et al., 2007; Mangdinet al., 2009), kterétpanalyze
dat testovaly aktivaci vipdem definovanych oblastech mozku (tzv. regiomtdriest
approach), navic detekovala nekonzist&éntmezi subjekty také malou aktivaci
v ipsilateralnim S2 a ipsilateralni inzule. V nafidii pouzity postup analyzy testujici
cely mozek (tzv. whole brain approch) mé daitér miry nizsi statistickou silu, ale
na druhé strandovoluje detekci potencialniho efektl§ mimo gedem definovany
soubor somatosenzitivnich oblasti. Tato relatiniZsi statisticka sila by mohla vést
ke skutenosti, Ze v naSich pmérnych skupinovych datech nebyla detekovana aktivita
v ipsilaterdlnim S2 a inzule. K tomuto nélezu byhtaodo utité miry také pispt
anatomickd variabilita mezi subjekty.

Presna funkce S2 a inzulyipzpracovani somatosenzitivnich informaci u lidi
nebyla dosud i@sré objasgna. Bylo prokdzano, Zze S2 hraje roli ve zpracovani
proprioceptivnich informaci (Alary et al., 2002)enzitivnim w&eni a kontrole
naranych pohyli vyzadujicich senzitivni Ztnou vazbu (Huttunen et al., 1996).
Predchozi humanni studie také dokumentovaly roli ®ekuci pohybu (Forss et al.,
1998; Inoue et al.,, 1998; Wasaka et al., 2005), ©azng&uje moznou dast S2
na senzitivi-motoricke integraci. Mezi dalsi diskutované rol &ti funkce vyssiho
fAddu ve zpracovani somatosenzitivnich informaci jaleqi. integrace informaci
z obou polovindla, pozornost, &eni a parét’ (Chen et al., 2008).

Funieni diference a podobnost mezi S2 a S1 neni takéddgesré objasina.
Rada zobrazovacich a elektrofyziologickych studing@nych na tuto problematiku
nebyla schopnaimést jasny zaw. Zda tyto d¢ somatosenzitivni kortikalni oblasti
zpracovavaji informace paralelnim nebo sériovyrilsppem #Astava taktéz otéenou

otazkou (Hari a Forss, 1999).
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Funkéni MRI studie Butterwortha a spolupracoviltestujici vibro-taktilni
stimulaci ukazovaku a maliku u pacigrtpicich fokalni dystonii ruky detekovala
dezorganizovanou kortikalni aktivaci v S1 sgote s hypoaktivaci S2 a zadniho
parietalniho kortexu ve srovnani se zdravymi kdatro (Butterworth et al., 2003).
Ackoliv naSe studie nebyla z&mena na testovani somatotopiky v S1, dokumentovali
jsme obdobnou redukci aktivace v S2 éltgu BoNT-A navozeny nést aktivace v S2
a zadnim parietalnim kortexti pouZziti elektrické stimulace.

Role inzuly, reprezentujici fadu fKiznych funkci, ve zpracovani
somatosenzitivnich informaci je jgeSmérg jasna. Krom jeji dokre znamé &asti
na zpracovani bolestivych informaci byla zobrazawacstudiemi dokumentovana
participace inzuly i na centralnim zpracovani stimoebolestivych (Backes et al.,
2000; Francis et al., 2000; Ferreti et al., 200¥icecetna pozorovani nazti,

Ze inzularni kortex funguje jako integratotiznych konvergujicich senzitivnich
informaci (Nagai et al., 2007). Tato struktura &leéttastni gi obnow motorickych
funkci po cévni mozkovéifhods (Weiller et al.,, 2003) a fize také participovat
na senzitivi-motorické integraci. #sna uloha inzuly na vzniku dystonii neni jasna,
ale jeji abnormni aktivace byla detekovana v fMR{parimentech studujicich
senzitivie-motorickou aktivaci u fokalni dystonie ruky (Huadt, 2006), i u cervikalni
dystonie (De Vries et al., 2008).

Z vySe uvedenych dat jeszké rozhodnout, zda v naSi studii pozorovana
hypoaktivace S2 a inzuly maiyod v €chto kortikalnich oblastech (Ali et al., 2006),
nebo proximalgji napt. v poruSené SZXi v dalSich strukturach jako je thalamus
(Butterworth et al., 2003), které nebyly aktivovangaSich vysledcich.

Elektrickd stimulace nervus medianus na urovni mckého prahu rezultuje

v kutanni a proprioceptivni aferentaci. Studie Bk a spolupracovrik
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demonstrovala, Zze S2 oproti S1 je vice aktivovatianusacnimi intenzitami
elektrického proudu pod drovni motorického pralwkadzni aferentaci. V této studii
bylo také prokazano, ze S2 aktivace nesouvidéin@ s intenzitami stimutaiho
proudu, coz mize s¥d¢it pro fakt, Ze okruhy participujici na zpracovafiznych
modalit periferni somatosenzitivni aferentace molgti do utité miry nezavislé
(Backes et al., 2000).

Ve swtle t&chto informaci niZze pozorovana redukovana aktivace S2 u naSich
CD pacient ve srovnani se zdravymi kontrolami Ziabud’ poruchu samotného
zpracovani kozni aferentni informace (McDonnell at 2007), anebo poruchu
simultanniho zpracovani proprioceptivni a koZnfexieni informace.

Nenalezeni rozdil mezi pacienty po BONT-A &b&¢ a kontrolami nize
nazng&ovat normalizaci zpracovani somatosenzitivni infacen u pacierit s CD

vlivem l&by BoNT-A.

Efekt BONT-A lécby

Po &inné terapii BONT-A byla v kontralateralnim S2, itz a IPL pacierit
s CD detekovana signifikantni BOLD odpdv zn&ici narst kortikalni aktivace
v danych oblastech. Tyto pozorované efekty v SAzale koresponduji s vymizenim
skupinovych rozdil mezi kontrolami a pacienty viivemdlgy v €chto strukturach.

Pro demonstrovany efekt terapie BoNT-A v IPL je pou pozorovani
z recentni studie Aliho a spolupracovinik’ PET studii u pacieittrpicich laryngealni

v

dystonii dokumentovali ip testovani recové ulohy Iébou navozeny nést
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regionalniho cerebralniho krevnihoufwku v heteromodalnich somatosenzitivnich
oblastech vetrg IPL, které byly ped I&bou hypoaktivni (Ali et al., 2006).

IPL je povaZzovan za senzitivni kortikalni oblast$$iho fadu, kterd také
participuje na senzitivimotorické integraci (Yokochi et al., 2003; Fogaasdiupino,
2005) a pipraw pohybu (Dijkerman a de Haan, 2007). Aktivace tétolasti
po nebolestivé somatosenzitivni stimulaci byla gmpsu lidi (Dijkerman a de Haan,
2007) i u primat (Yokochi et al.,, 2003). &na pozorovani nassicuji blizkému
vztahu mezi IPL a S2. Jsou to fimad vyznamné, na animalnich modelech
demonstrované, oboustranné drahy spojujici tytotikédni oblasti (Dijkerman
a de Haan, 2007; Disbrow et al., 2003) nebo pozuréwbdobna semiologie zachvat
vychazejicich z obowethto kortiklnich oblasti u paciéntrpicich parcialni epilepsii
(Yamamoto et al., 2003).

S I&bou souvisejici nést aktivace v S2, IPL a inzule, pozorovany v nasdig
muze reflektovat schopnost BONT-A indukovat reorganiza normalizaci procés
zpracovani somatosenzitivnich informaci na kortikarovni. Tento efekt by mohl byt
zprostedkovan alteraci senzitivni &pé vazby la vlakny indukované blokadou neuro-
muskularni junkce-motoneurofi (Abbruzzese a Berardelli, 2006; Rosales a Dressler
2010). Pozorovana dbou navozena z#ma somatosenzitivni kortikalni aktivace
indukovana stimulaci horni koetiny také podporuje poznatek, Zze BoNT-Aiza
vykazovat efekt i mimo okruhy kontrolujici déné svaly. Jedna z hypotéz
piedpoklada, Ze tyto efekty by mohly byt také facildny interakcemi roz&nych
a prekryvajicich se dezorganizovanych senzitivnichikaitich reprezentaci dénych
krénich sval a horni kotetiny (Walsh a Hutchinson, 2007).

Je mozno fedpokladat, Zze pozorovany aar kortikalni aktivace v S2, inzule

a IPL navozena &ou BoNT-A by mohl alespocasténé reprezentovat modulaci
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somatosenzitivnich procesryjadienou korekci prostorového diskrimémého prahu
nebo redukci asociativni plasticity u pacterttpicich CD, jak bylo pozorovano

v recentnich studiich (Walsh a Hutchinson, 2007pkic et al., 2011).
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Tab. 5. Demografickd a klinicka data paciéntparametry elektrické stimulace
n. medianus.

Pacient

C.

Pohlavi
M/Z

Vek pri
vySeteni
(roky)

Vek pri
manifestaci
dystonie)

Typ
dystonie

Injikované

svaly

Tsui
skoére

pred
|écbou
BONT-

Tsui
skére
po
léche
BONT-

Stimulani
intenzity
pied I&bou
BONT-A
(mA)

Stimulani
intenzity po
|écb& BoNT-

A
(mA)

58

53

Torticollis
doleva

SCM
vpravo
TRP
vpravo
SPL
vievo

11

4,0

4,0

58

42

Torticollis
doprava

SCM
vilevo
TRP
vievo
SPL
vpravo

10

9,0

9,0

36

28

Torticollis
doprava

SCM

vievo

SPL
vpravo

12

6,0

6,0

60

44

Torticollis
doleva

SCM
vpravo
TRP
vpravo
SPL
vilevo

11

55

55

56

45

Torticollis
doprava

SCM

vievo

SPL
vpravo

13

10

5,5

58

34

Torticollis
doprava

SCM
vievo

SPL
vpravo

10

7,5

7,5

46

42

Torticollis
doleva

SCM
vpravo
SPL
vilevo

7,0

9,0
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Tab. 6. Primérné skupinové aktivace a lokalni maxima diferemdidktivace (inter- a

intraskupinové kontrasty)Xhem elektrické stimulace n. medianus.

MNI Z-skore
X y z

Kontroly:
S1 -44 -32 60 7.9
S2 -50 -24 18 7.1
Inzula -40 4 -10 4.7
Pacienti pred I&bou BONT-A:
S1 -48 -34 58 7.8
Pacienti po I&bé BONT-A:
S1 -42 -30 60 7.5
S2 -48 -26 20 6.4
Inzula -40 0 -10 4.6
IPL -60 -36 34 5.9
Kontrast: Pacienti pred I&bou BONT-A < Kontroly:
S2 -50 -22 16 7.1
Inzula -40 0 0 4.1
Kontrast: Pacienti po l1&bé BoNT-A > Pacienti pred l&bou BoNT-A:
S2 -48 -14 16 5.4
Inzula -42 6 -8 6.2
IPL -58 -38 34 6.1
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Obr. 5. Pimérna skupinova aktivaceshem elektrické stimulace nervus medianus.
Kontrolni skupina (A), pacienti s Clred I&bou BoNT-A (B), pacienti s CD podbé
BoNT-A (C).
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Obr. 6. Redukovana aktivace v kontralateralnim 8&ale u pacierits CD fed
lé¢bou BONT-A (A). Nafist aktivace v kontralateralnim S2, IPL a inzularkiontexu
nasledkem BoNT-A &y u pacient s CD (B).
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3 Zavér

Cilem dizertace bylo pomoci BOLD metody fMRI poravnsenzitivni
a motorickou cerebralni aktivaci v okruzich repreagcich nepostizenodast tla
u paciend s cervikalni dystonii a zdravych dobrovolniloalsim cilem bylo posouzeni
zmeén BOLD aktivace indukovanychdbou botulotoxinem typu A u pacignt

Obke prezentované prace, jak prvni testujici dayopohyb prat ruky vyznams
zavisly na proprioceptivni aferentaci, tak druhddst s elektrickou somatosenzitivni
stimulaci, pinesly zobrazovacitkazy, Ze abnormity senzitivni a motorické aktivace
u cervikalni dystonie, ale i efekt terapie, je moHetekovat i mimo cerebralni okruhy,
které gimofidi dystonii postizenotéast tla.

Aktivace nalezena u paciéns CD v obou testovanych uloh&ch byla vykazn
redukovand ve srovnani se zdravymi dobrovolnikptd@alez by mohl byt vystlen
napiklad vysSi prostorovou interindividualni variatoli okruhi aktivovanych danou
tlohou, ktera vede k vysledné nizSimerné skupinové aktivaci

V piipadt testované motorické ulohy bylo nalezeno fokalnySani magnitudy
BOLD signélu v kontralateralnim S2 u paciere CD ged I&bou ve srovnani
s kontrolami. Tento nélezime gedstavovat zobrazovaci korelat nedostatanhibice
v S2, ktera by vzhledem kigdpokladanym funkcim této kortikalni oblasti mohla
prispivat k poruSe senzitigrmotorické integrace, coZz je povazovano za jeden
z dalezitych faktofi patogeneze dystonii.

Centralnim efektem &by pomoci BoONT-A u paciefits CD v Uloze testujici
elektrickou stimulaci nervus medianus byldibfiZzeni jejich somatosenzitivni
kortikalni aktivace nalezu u zdravych dobrovotni¥ piipads slozité motorické Ulohy

byl efekt terapie vyjaigen @i intraskupinovém srovnani poklesem aktivace v SMA
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i v PMd a dale sniZzenou aktivaci v oblasti baz&gjangliich oboustragrve srovnani
se zdravymi kontrolami. Tyto kortikdlni a subkoéiki oblasti se dle séasnych
piedstav vyznamnou &mwou podileji na patogenezi dystonii a slouzi jaklové
struktury pro zné modality terapie, jako jsou DBS a repetitivMg. Proto je mozno
piedpokladat, Ze botulotoxin ma& schopnostgjmé prostednictvim modulace
proprioceptivni aferentace, indukovat nasledné tdapplastické zminy v tchto
oblastech a do tité miry tak napodobitdinek zmihovanych terapeutickych postiup

Vysledky naSich praci prokazuji, Ze klinicky behédrapie BONT-A u paciefit
trpicich fokalni dystonii jerejm¢ zprostedkovan nejen perifernimi, ale i centralnimi
mechanizmy, a to i v okruzich CNS, kterénpo nereprezentuji postizendgast €la.
Citace naSich vysledk spoleén¢ s diskuzi SirSich souvislosti patogeneze &yé
fokalnich dystonii jsou také obsazeny v recentahledné praci (Kigovsky a Rosales,
2011).

V oblasti patogeneze fokalnich dystonistAva dosudada nezodpaszenych
otdzek. Mezi & je mozno zahrnout v literat® popisovana Kklinickd pozorovani
dynamickych zmdn svalového vzorce dystonie, které se objevuji Gb@tu terapie
u ¢asti pacient trpicich CD a dlouhod@décenych botulotoxinem (Maia et al., 2010).
Tyto zmeény byly jiz dive charakterizovany i elektrofyziologicky a maji
pravéEpodobré pavod v abnormitdch motorickych prograntidicich polohu hlavy
(Gelb et al., 1991; Erdal et al., 1999). Mohly bké participovat na zéné odpowdi
na I&bu botulotoxinem u &kterych nemocnych. Vzhledem énto skuténostem,
bychom v naSich budoucich experimentech radétiby zda dlouhodobé zsmy
svaloveho vzorce dystonie maji také fMRI korel&ewnzitivrié-motorickych okruzich

mozku.
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4 Souhrn

Etiopatogeneze idiopatickych fokalnich dystonii inedosud do detalil
objasréna. Poznatky z elektrofyziologickych, zobrazovaci&chehavioralnich studii
i klinickd pozorovani naziaji vyznamnou roli nedostateé inhibice, dysfunkci
somatosenzitivniho systému, poruch senzéinmtorické integrace a neuroplasticity
v okruzich kortex-bazalni ganglia-thalamus-korteXNejiinngjSi  terapeutickou
modalitu fokélnich dystonii fiedstavuje v saiasné dob intramuskularni aplikace
botulotoxinu (BoONT-A). Kron¢ dokie znameho periferniho efektu nazujg nékteré
pozorovani i mozné centralnéinky tohoto neurotoxinu. Cilem dizettas prace bylo
pomoci pomoci BOLD metody futiki magnetické rezonance (fMRI) porovnat
senzitivni a motorickou cerebralni aktivaci v okale reprezentujicich nepostizenou
¢ast tla u pacient s fokalni dystonii a zdravych dobrovolfiikDalSim cilem bylo
posouzeni BOLD z#n indukovanych I&ou botulotoxinem typu A u paciént
Vzhledem ke skutaosti, Ze ¥tSina informaci o patogenezi fokalnich dystonii i
z praci studujicich fokalni dystonii ruky a dateesvikalni dystonii (CD), népstjSim
typu fokélnich dystonii, jsou relatignsporadicka, rozhodli jsme se studovat tuto
klinickou jednotku.

V prvni studii byla testovana motoricka uloh#, které byl provadn nar@ny
pohyb prst ruky, vyznams zavisly na proprioceptivni aferentaci. Pomoci fMiylo
vySefeno 7 pacierit trpicich rotani torticollis a 9 zdravych dobrovolnikvySeteni
pacienti bylo opakovano 4 tydny po aplikaci BONT-A. Tatodie ginesla ti hlavni
vysledky. Prvnim z nich je nalez celkové redukcesatu kortikélni aktivace vyvolana
pohybem ruky spolu s fokalnim zvySenim magnitudgOLD signalu

v kontralateralnim sekundarnim somatosenzitivnimteka (S2) u paciefits CD
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pied l&bou ve srovnani s kontrolami. Druhym je pozorovaedukce aktivace
v suplementarni motorické oblasti (SMA) a dorzalmgiremotorickém kortexu (PMd)
u pacient s CD po BoNT-A terapii dystonickych swalTietim vysledkem je nalez
snizené aktivace bazalnich ganglii na aktwvamag vyvolané pohybem ruky
u pacieni s CD po léb¢ botulotoxinem ve srovnani s kontrolami.

V druhé ¢asti prezentované prace byla testovana somatosemzélektricka
stimulace nervus medianus v oblasti &ip V této studii bylo vySétn stejny soubor
subjekfi, vySeteni pacient bylo opakovano 4 tydny po aplikaci BONT-A. Vyslgdk
této funkné-zobrazovaci studie prokazaly oslabeni somatosenzitaktivace
u pacieni s CD ve srovnani se zdravymi dobrovolniky. Paciepici CD ged I&bou
vykazovali po elektrické stimulaci deficientni akdci v kontralateralnim S2 a inzule,
nasledna terapie BONT-A vedla k obnoveni BOLD aftiw téchto kortikalnich
oblastech spolu se zvySenim aktivace v kontralatienddolnim lobulus parietalis
inferior.

Tyto vysledky pedstavuji funkné-zobrazovaci tkaz, Ze abnormality
senzitivie-motorické aktivace se vyskytuji i mimo okruhy kamtijici postizenowast
téla u CD. Déle tyto studie extenduji elektrofyzigicka pozorovani, Ze efekty BONT-
A maji korelat i na Urovni CNS a tytoc¢iaky nejsou omezeny na kortikalni

a subkortikélni reprezentacicEnych sval.
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5 Summary

The etiopathogenesis of idiopathic focal dystoias not been fully elucidated
yet. Data from electrophysiological, imaging andhdogoral studies as well as clinical
observations suggest thamportance of insufficient inhibition, disorders
of somatosensory system, abnormalities of senstoimo integration
and neuroplasticity within the circuits cortex-basganglia-thalamus-cortex.
Botulinum toxin type A (BoNT-A) is currently congced to be one of the most
effective therapeutic options in the managemerfooél dystonias. Besides its well-
known peripheral effect, several observations alaygest BONT-A effects
at the central nervous system level. The presdhteis had two aims, first to compare
sensorimotor network activation beyond the repriegems of the affected body part
using blood oxygenation level dependent (BOLD) fiowal magnetic resonance
imaging (fMRI) in focal dystonia patients and catét and second, to determine
BOLD activation changes induced by BoONT-A therapythe patients. Considering
the fact that the majority of information on patbogsis of focal dystonias originated
from studies on patients with focal hand dystomvagereas the data about cervical
dystonia (CD), the most frequent type of focal dwsd, are relatively limited,
we chose to study this clinical entity.

In the first study, a skilled motor task performeih fingers of the unaffected
hand was tested. This type of movement was emploigedits engagement
of proprioceptive afferentation. Seven patientsfesufg from rotational torticollis
and nine healthy controls were examined; the exatoin was repeated 4 weeks after

BoNT-A application into dystonic neck muscles. Thigperiment brought three main

93



findings. First, we report reduced overall extehthand movement-related cortical
activation but greater focal BOLD signal change tire contralateral secondary
somatosensory cortex (S2) in CD patients compavecbhtrols. Secondly, we have
observed reduction of supplementary motor area (bl dorsal premotor cortex
(PMd) activations in CD patients following BoNT-Aeaitment of dystonic muscles.
Thirdly, the post-treatment motor activation mapsC® patients show significantly
weaker basal ganglia activation compared to castrol

In the second part of the presented work, ele¢tnoadian nerve stimulation
at the wrist was employed. The same group of stdjes in the first study was
examined, the examination was repeated 4 weeks &NT-A application
to dystonic neck muscles. The findings of this imggstudy revealed attenuated
somatosensory processing in CD patients compardgbatihy subjects. CD patients
before treatment showed deficient activation in tentralateral S2 and insula
following electrical median nerve stimulation andbsequent BoNT-A therapy
restored BOLD activity in these cortical areas amdcreased activation
in the contralateral inferior parietal lobule.

These results provide imaging evidence that abnldresain sensorimotor
activation extend beyond circuits controlling thH#eeted body parts in cervical
dystonia. The study also supports observations BudNT-A effect has a correlate
at central nervous system level, and such effecy mat be limited to cortical

and subcortical representations of the treated lasisc
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Background: The evidence suggests that the origin of primary dystonia is at least partly associated with widespread
dysfunction of the basal ganglia and cortico—striato—thalamo—cortical circuits. The aim of the study was to assess the
sensorimotor activation pattern outside the circuits controlling the affected body part in cervical dystonia, as well as
to determine task-related activation changes induced by botulinum toxin type A (BoNT-A) treatment.

Methods: Seven patients suffering from cervical dystonia and nine healthy controls were examined with functional
MRI during skilled hand motor task; the examination was repeated 4 weeks after BONT-A application to dystonic
neck muscles.

Results: Functional MR] data demonstrated overall reduced extent of hand movement-related cortical activation
but greater magnitude of blood jon level dependent signal change in the contralateral secondary
somatosensory cortex in patients compared to controls. Effective BONT-A treatment led to reduced activation of
the ipsilateral supplementary motor area and dorsal premotor cortex in patients. The patients’ post-treatment
sensorimotor maps showed signi ficantly smaller basal ganglia activation compared to controls.

Conclusions: These results provide imaging evidence that abnormalities in sensorimotor activation extend
beyond circuits controlling the affected body parts in cervical dystonia. The study also supports observations that
BoNT-A effect has a correlate at central nervous system level, and such effect may not be limited to cortical and

subcortical representations of the treated musdes.

© 2011 Elsevier B.\V. All rights reserved.

1. Introduction

Cervical dystonia (CD) is the most common form of focal dystonia
characterized by involuntary sustained contractions of the neck muscles
resulting in abnormal rotation or tilt of the head into specific directions [1].
The pathophysiology of CD and other focal dystonias has not been fully
elucidated so far.

Results from neurophysiological and morphological studies suggest a
significant contribution of the basal ganglia and thalamus in the deve-
lopment of focal dystonias[2]. Recently, it has become dear that the role
of the basal ganglia extends beyond motor control into cognitive and
sensory functions as well as in sensorimotor integration[3].

Converging data from both functional imaging and electrophysio-
logical experiments in dystonic patients also suggest functional abnor-
malities in premotor and primary sensorimotor cortical areas together
with aberrant sensorimotor integration, which is considered to be a
crudal factor for the development of focal dystonia[3-5]. However, the
published studies differ in terms of observed hypo- and hyperactivation
in these cortical areas. Differences among task conditions, including

* Corresponding author at: Dept. of Neurology, Faculty of Medicine and Dentistry,
Palacky University and University Hospital, LP. Pavlova 6, 775 20 Olomouc, Czech
Republic. Tel.: +420 588443401; fax: + 420 585428201.
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testing of dystonia-affected and unaffected body parts can partly explain
this variance. It is also a matter of debate whether different types of
primary dystonias share identical pathophysiological traits [6].

This evidence together indicates that primary dystonia is associated
with sensorimotor dysfunction in the basal ganglia and cortico -striatal-
thalamo-cortical motor circuits[2,3] and several studies suggested that
these abnormalities extend beyond the sensorimetor circuits controlling
manifestly affected body parts [7-9].

Botulinum toxin type A (BoNT-A) is currently considered to be one of
the most effective therapeutic options in the management of focal dys-
tonias [10]. Clinical effect of BONT-A on dystonia is assumed to be media-
ted by dynamic changes at multiple levels of the sensorimotor system,
from the neuromuscular junction [11] up to the cerebral cortex, as
documented by previous behavioral and electrophysiological studies[7,8].

To compare sensorimotor network beyond representation of affected
body part in CD patients and normal controls and the possible cortical
changes induced by BoNT-A treatment, we employed functional MRI
(fMRI) and a skilled motor task performed with the unaffected hand.

2. Subjects and methods
Seven cervical dystonia patients (1 male and 6 females; aged 53.1 &

8.2 years, range 36-58 years) were recruited from the Movement
Disorders Center at the Department of Neurology, University Hospital,
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Olomouc, Czech Republic. All suffered from cervical dystonia manifesting
with rotational torticollis (3 left-sided and 4 right-sided } and were good
responders to BoNT-A. Demographic and clinical characteristics of
patient group are given in Table 1.

Nine healthy controls (2 males and 7 females, aged 55.2 4 6 years,
range 28-63 years) without history of neurological or psychiatric disease
were recruited from the community to be sex- and age-matched to the
patients. All patients and controls were right handed (Edinburgh
Handedness Inventory, patients 93.6 1-4.1 and controls 912 +-5.7), and
conventional brain MRI was normal in all subjects.

All patients and controls were well acquainted with the study contents
and examination methods and provided written informed consent prior
to enroliment. The study was conducted according to the Declaration of
Helsinki 1975 (5th revision 2000, clarifications 2002 and 2004) and
approved by the local ethics committee of our hospital.

2.1. Behavioral assessment

The severity of cervical dystonia was determined using the Tsui score
[12] at two timepoints: week 0, when patients were screened, enrolled
and treated with BoNT-A and at week 5, always on the day of the fMRI
session.

2.2, Treatment

All patients were treated with botulinum toxin type A (Botox;
Allergan, Inc, Irvine, CA, USA), which was injected at week 0 following the
fMRI session into cervical muscles, based on the previous polymyographic
examination. BONT-A was used at a concentration of 25 U/ml.

The details of the polymyographic examination and BoNT-A applica-
tion have been described in our previous work [8].

2.3, Functional MRI tasks

During the fMRI examination, subjects performed a skilled finger
movement with their eyes closed: the thumb must in succession briefly
touch the index finger twice, the middle finger once, the ring finger three
times and the little finger twice, then the movement order is reversed. This
task, originally employed by Roland et al., was used for its engagement of
proprioception and a proven capacity to activate both primary and higher
sensorimotor cortical areas [13]. Prior to the functional brain imaging
session, the subjects practiced the task for approximately 10 min.

The tested extremity in all cervical dystonia patients was ipsilateral to
the direction of the head deviation, in order to test hemisphere con-
taining the primary sensorimotor cortical representations of the dystonic
muscles.

During MR imaging, participants were lying supine and instructed to
keep still and not to offer any resistance to dystonic head rotation. Pre-
recorded voice instructions to initiate and terminate active finger
movement, were presented using E-Prime software (Psychology Software
Tools, Pittsburgh, PA, US.A.) and provided in MR-compatible headphones.
In a block paradigm, active finger movements (7.5 s) alternated with rest

(7.5 s) for a total of 4 min. Each participant had 2 such runs with the same
hand. Task performance was visually monitored.

Inall cervical dystonia patients, the first fMRI session (at week 0) was
scheduled at least 4 months after previous BoNT-A treatment. At this
time, the absence of BoNT-A effect is expected [14]. The same day, after
the fMRI session, BoNT-A was locally administered, The second fMRI
examination followed after 4 weeks, when the maximal clinical effect is
expected [14].

In a group of controls, a single fMRI examination was carried out,
always testing the dominant right hand.

24. Data acquisition

MRI data were acquired on 1.5-Tesla scanners (Avanto and Symphony;
Siemens, Erlangen, Germany) with a standard head coil. The MR imaging
protocol covered the whole brain with 30 axial slices, 5-mm thick,
induding anatomical Ti-weighted images to provide an immediate
overlay with functional data, fluid attenuated inversion recovery
(FLAIR) images to visualize brain lesions, functional T,*weighted blood
oxygen level-dependent (BOLD) images during task performance and
rest, and a high-resolution 3-dimensional anatomical scan (magnetiza-
tion-prepared rapid acquisition gradient echo [MPRAGE]). BOLD images
were acquired with repetition time/echo time =2500/40 ms, field of
view=220 mm to provide 34-mmx34-mmx5.0-mm resolution. In
total, 96 images were acquired per each 4-minute functional run, giving
192 images per session. Subject's head was immobilized with cushions.

2.5. Analysis

Prior to fMRI analysis, the imaging data of 3 patients with tested left
hand were flipped in the left-right direction to allow group analysis [15].
FMRI data pre-processing and analysis were carried out using FSL, the
FMRIB's software library ([16]; http://www.fmrib.ox.ac.uk/fsl).FMRI data
analysis was performed with FEAT (FMRI Expert Analysis Tool), version
591. The following pre-statistics processing was applied: motion
correction using FMRIB's MICFLIRT; slice-timing correction using Fourier
space time-series phase-shifting; nonbrain removal using FMRIB's BET;
spatial smoothing using a Gaussian kernel of 8-mm full width at half-
maximum; grand-mean intensity normalization by a single multiplicative
factor; and high-pass temporal filtering (Gaussian weighted least-squares
straight-line fitting, with sigma = 15.0 s). Time-series statistical analysis
was carried out using FMRIB's FILM with local autocorrelation correction.
Registration to high-resolution structural and/or standard space images
was carried out using FMRIB's FLIRT.

Higher-level analysis was carried out using FMRIB's local analysis of
mixed effects (FLAME) stage 1+ 2. Z (Gaussianized T/F) statistic images
were thresholded using clusters determined by Z>2.8 and a (corrected)
cluster significance threshold of P=0.05. For between-group contrasts
(CD patients vs. controls), a two-sample t-test was used. For within-group
contrasts (pre-BoNT-A vs. post-BoNT-A effect in patients), a paired t-test
was employed.

Table 1
Demographic and clinical characteristics.
Patient nr. Sex (M/F) Age at exam Age at dystonia onset Type of dystonia Injected muscles Tsui score Tsui score
(years) (years) (1st ination) (2nd ination)
1 F 58 53 Torticollis left SPL left, TRP right 11 8
2 F 58 42 Torticollis right SCM left, TRP left, SPL right 10 7
3 M 36 28 Torticollis right SPL right, SCM left 12 9
4 F G0 4 Torticollis left SPL left, TRP right 11 8
5 F 56 45 Torticollis right SPL right SCM left 13 10
6 F 58 14 Torticollis right SCM left, SPL right 10 8
7 F 46 42 Torticollis left SPL left, SCM right 9 6

SPL=splenius capitis muscle; TRP = trapezoid muscle; SCM = sternocleidomastoid muscle.
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Registration of each subject's BOLD MRI data to standard space
images (MNI152) was carried out using FLIRT and the results visually
checked for alignment accuracy.

Spatial coordinates are reported in the Montreal Neurological
[nstitute (MNI) format.

3. Results
3.1. Behavioral and clinical

The performance of task was correct in all subjects. Duration of one
cycle of skilled finger movement assessed during fMRI sessions did not
significantly differ among subject groups (mean values: controls 7.1 s,
pre-BoNT-A patients 7.3 s, and post-BoNT-A patients 7.1s, P>0.05,
ANOVA).

All patients were injected into the muscles identified by polymyo-
graphy; the mean total dose of BoNT-A was 107.0 (SD=18.9)U, the
mean dose for one cervical musde was 50.0 U.

Significant clinical effect of BONT-A evidenced by the decrease of Tsui
score (mean Tsui score change 2.8, paired t-test, p<0.05) was observed.
The mean Tsui score before BONT-A treatment was 10.9 (SD=1.25),and
the mean Tsui score after treatment was 8.0 (SD=1.20).

3.2, Imaging
3.2.1. Group mean activation

3.2.1.1. Control group. In the controls, skilled finger movement activated
an extensive network of brain areas including the following: contralateral
primary motor and somatosensory cortex, bilateral premotor cortex,
bilateral supplementary motor area (SMA) (predominantly contrala-
terally), bilateral secondary somatosensory cortex (SII), bilateral insular
cortex, bilateral superior parietal cortex, right inferior parietal cortex,
bilateral cerebellum, bilateral thalamus, bilateral pallidum and left
caudate (Fig. 1A).

3.2.1.2. Patients pre-BoNT-A treatment. In patients before BoNT-A treat-
ment, skilled finger movement activated a similar, but less extensive
network involving similar areas of the sensorimotor network (as in
control group), except for bilateral thalamus, bilateral pallidum and left
caudate. The bilateral SMA activation was lateralized more ipsilaterally,

(Fig. 1B).

3.2.1.3. Patients post-BoNT-A treatment. The activation map of patients
after BoNT-A therapy was even more reduced than before BoNT-A
therapy. It comprised the same areas except for right Sl and left superior
parietal cortex. The bilateral activation of SMA was lateralized more
contralaterally (Fig. 1C).

3.2.2. Between-group comparisons

3.2.2.1. Patients pre-BoNT-A vs. controls. Before BoNT-A, patients showed
overactivity in the contralateral parietal operculum (MNI coordinates
—42, —18, 22) compared to controls. No significant difference was
detected in controls>pre-BoNT-A contrast (Fig. 2A and Table 2).

3.2.2.2. Patients post-BoNT-A vs. controls. Post-treatment activation map
showed significant reduction in globus pallidum internum (GPi)
bilaterally, more expressed ipsilaterally (MNI coordinates 16, 0, 4; — 18,
—2, 0) (Fig. 2C and Table 2). There was no significant difference in the
post-BoNT-A>controls contrast.

3.2.3. Within-group comparison

3.2.3.1. Patients pre-BoNT-Avs. post-BoNT-A treatment. Significant decrease
of activation after BoNT-A treatment was detected within the hand
representation area in the right SMA and dorsal premotor cortex (PMd)
(MNI coordinates 26, —10, 70; O, 0, 64) (Fig. 2B and Table 2). No
significant difference was found in post-BoNT-A >pre-BoNT-A contrast.

No major movement artifacts were observed during fMRI
examinations.

4. Discussion

The presented study brought three main findings: first, we report
reduced overall extent of hand movement-related cortical activation but
greater focal magnitude BOLD signal change in the left (contralateral) SIT
in CD patients compared to controls. Secondly, we have observed
reduction of SMA and PMd activations in CD patients following BoNT
treatment of dystonic muscles. Thirdly, the post-treatment motor maps
of CD patients show significantly weaker basal ganglia activation
compared to controls.

We are aware of the methodological limitation presented by the
inability to directly investigate cortical and subcortical representation of
the neck muscles involved in cervical dystonia using fMR], as this would
cause severe head movement artifacts. Nevertheless, at least two lines of

Fig. 1. Group mean activation during skilled finger movement in controls (A), CD patients before BoNT-A treatment (B) and after BoNT-A treatment (C).
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Fig. 2. Overactivity of contralateral SII in pre-BoNT-A patients compared to controls (A). Reduction of activation in ipsilateral SMA and PMd following BoN T-A treatinent in patients
(B). Decreased activation in bilateral globus pallidum in post-BoNT-A patients compared to controls (C).

arguments support the use of the hand as a probe into sensorimotor
function in cervical dystonia. First, cortical representations of neck and
hand muscles are in close proximity to each other in normal subjects
[17,18] and may be enlarged and overlap in patients with CD[7]. Second,
this model has been repeatedly used in electrophysiological studies
which documented cortical and subcortical abnormalities, as well as the
effect of BoNT in CD [8,19,20].

Previous electrophysiological and imaging evidence suggests disorders
of both motor and sensory cortical processing in cervical dystonia, perhaps
at the level of sensorimotor integration [21]. Abnormal cortical excitability
[22] and activation [23] have been observed when contrasting CD patients
and normal controls. Several behavioral studies also documented diffuse
cortical abnormality extending beyond the clinically affected body part in
CD [7,9]. This observation further supports the use of hand movement as
the active task in our study.

Sensorimotor network activation in our age-matched healthy controls
is in agreement with recent fMR imaging studies of sequential finger
movement [24].

In contrast to healthy controls, the extent of cortical activation in CD
patients showed diffuse reduction. This finding agrees with results of
another functional imaging study on cervical dystonia patients and
could be explained by higher inter-individual variability in the spatial
pattern of recruited compensatory circuits resulting in a low group mean
activation [23]. Alternatively, the reduced activation extent may relate to
the reported generalized kinematic deficits [9].

The pre-BoNT> controls contrast revealed significant cortical hyper-
activity in the parietal opercular cortex in CD patients, contralaterally to
the tested hand. Abnormal activation in this area was reported in previous

Table 2
Local maxima of differential activation: between- and within-group contrasts.
MNI Z-score
X y z
Contrast: patients pre-BTX>controls
Left secondary somatosensory cortex —42 —18 22 38
Contrast: patients pre-BTX>post-BTX
Right dorsal premotor cortex 26 —10 70 52
Right supplementary motor cortex 1] ] 64 51
Contrast:controls>patients post-BTX
Right pallidum 16 0 4 45
Left pallidum —18 -2 0 43

MNI=Montreal Neurological Institute.
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dystonia imaging studies testing sensorimotor tasks with both the
affected and unaffected body parts [23].

The parietal operculum contains the human SII, which is presumed to
play arole in higher-order functions in somatosensory processing, but is
also believed to perform integration of information from the two sides of
the body, and participate in visuospatial attention, learning and memory.
Furthermore, SII appears significantly involved in motor processing and
integration as it is active not only during passive and active finger
movements but also during movement imagery [25].

Taken together, these data suggest that the documented excessive
activity in non-primary somatosensory cortex may represent aberrant
sensorimator processing, which is considered to be a key factor for the
development of focal dystonias [26]. This idea is supported by the latest
work of Obermann et al, who demonstrated disinhibition in SII, primary
somatosensory and other cortical areas following pure Kinesthetic
somatosensory stimulation [27]. We can speculate that the overactivation
of SII could also be an imaging correlate of deficient cortical inhibition
detected recently in neurophysiological studies [28]. The abnormal
cortical activation detected during skilled motor task performed with
non-dystonic body part confirms previous electrophysiological observa-
tions that sensorimotor abnormalities in the dystonic brain extend
beyond directly clinically affected sensorimotor representations [8,9].

4.1. BoNT-A treatment effect

The mean group activation map following BoNT-A therapy comprised
the same key elements of movement-related circuits as in controls and
patients before treatment, but the activation was even more spatially
reduced. We may speculate that such hypoactivation is caused by more
pronounced individual variability of circuits involved in amelioration of
dystonia following therapy.

In our patient group, a significant reduction of task-related activation
within the ipsilateral SMA and dorsal premotor cortex was observed
following successful BoNT-A treatment. There was also a trend in SMA
activation in patients to change lateralization from predominantly
ipsilateral to contralateral after BONT-A, whereas the activation of controls
was predominantly contralateral.

Since the definition of SMA as a separate motor area, its function
remains incompletely characterized. In general, activation in the SMA is
considered to be tightly associated with movement generation and
control: posture regulation, internal generation of movement, bimanual
coordination and movement sequencing [29].Indystonia, primate models
demonstrated SMA hyperexcitability, as well as abnormal increase of
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proprioceptive inputs to SMA together with wider sensory receptive fields
and a mismatch between sensory inputs and motor outputs [30]. These
observations may suggest that abnormal sensory inputs coming to SMA
neurons participate in the development of dystonia.

Like SMA, the dorsal premotor cortex (PMd) is a part of motor cortex
generally considered to be relevant to the planning, selection and
execution of motor actions [31] as well as to sensorimotor integration in
normals [6]. In generalized and focal dystonia patients, PET studies have
reported hyperactive PMd and hypoactive M1 during movement
compared to normals [32]. Based on these observations, a few studies
successfully employed inhibitory effect of repetitive transcranial mag-
netic stimulation (xTMS) over PMd to alleviate symptoms of focal
dystonia [33]. The decreased activation of PMd ipsilateral to the tested
hand observed in our study following successful therapy could be
considered an effect analogous to the transient inhibition induced by
tTMS, but here induced by BoNT-A.

Our third major result involves lower basal ganglia activation in BoNT-
A-treated patients compared to controls. In cervical dystonia, the study of
Obermann et al. [34] demonstrated increased bilateral activation of the
basal ganglia and thalamus during non-dystonia associated task. This
abnormal activation in the basal ganglia could represent a compensatory
mechanism of the ineffective compression of multiple motor and sensory
inputs before their transition for further cortical processing. Internal
pallidum serves as a target for effective modulation of cervical dystonia
and other forms of primary dystonias using deep brain stimulation, with
not exactly characterized mode of action. The post-treatment hypoacti-
vation of GPi, more expressed in physiologically less relevant ipsilateral
side, which was demonstrated in the study thus may correspond to
functional “normalization” presumably mediated by recruitment of
neuronal circuits comprising the BG.

Reduced SMA, PMd and GPi activations detected in our small study
following successful treatment of CD may suggest amelioration of
abnormal processes in these structures with subsequent correction of
defective sensorimotor integration. The fact that these changes were
detected during a skilled motor task performed with a clinically normal
limb may further endorse observations of remote effects of BONT-A[7,8].
The study reinforces the role of abnormal somatosensory processing in
the development of cervical dystonia, as well as the fact that these
abnormalities extend beyond the circuits directly controlling affected
body part.

From the data above we may suggest that the clinical benefit of
BoNT-A in focal dystonia patients is mediated not only by its peripheral
effects but also by the central ones.
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ABSTRACT

Converging data on focal dystonias suggest a widespread disorder of somatosensory processing. The aims of
our study were, first, to assess somatosensory activation patterns in cervical dystonia (CD) beyond the rep-
resentation of the affected body parts and, second, to search for task-related activation changes induced by
botulinum toxin type-A (BoNT-A) therapy. Functional magnetic resonance imaging (MRI) during electrical me-
dian nerve stimulation was employed in seven CD patients and nine controls; the examination was repeated 4

weeks after BONT-A application to dystonic neck muscles. The pretreatment activation map of patients showed
activation in the contralateral primary somatosensory cortex, but missing activation in the secondary somatosen-
sory cortex and insula, in contrast to controls and patients after treatment. Clinically significant effect of BoNT-A
therapy was associated with a significant increase of BOLD response in the contralateral secondary somatosen-
sory, insular, and inferior parietal cortices. The postireatment somatosensory maps of patients did not signifi-

cantly differ from controls. This study has brought evidence of widespread disruption of somatosensory pro-

cessing in GD and its modification with BoNT-A therapy.

KEYWORDS: inferior parietal lobule, insula, median nerve stimulation, primary somatosensory cortex, secondary somatosensory

cortex

INTRODUCTION

The exact pathophysiology of focal dystonias has not
been fully clarified yet. Although the major manifesta-
tion of dystonia is in the motor domain, many lines of
evidence also suggest abnormalities in somatosensory
processing. A sensory trick (geste antagonistique), lead-
ing to transient alleviation of dystonic symptoms via
sensory stimulation and probably mediated by parietal
cortex, documents the importance of somatosensory
processing in the pathophysiology underlying the
clinical manifestation [1]. From a neurophysiological
perspective, abnormal somatosensory evoked potentials
(SEP) amplitudes [2, 3], or increased temporal tactile
discrimination threshold [4] detected in various types of
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dystonia provide evidence of disordered somatosensory
processing. The other line of data came from neu-
roimaging studies, which showed aberrant and disorga-
nized primary somatosensory representation of fingers
in writer’s cramp [5, 6], as well as increased activation of
primary somatosensory cortex (S1) during movement
[7, 8]. It has been hypothesized that these abnormalities
reflect deficient subcortical and intracortical inhibition
and abnormal sensorimotor integration and reorganiza-
tion [8]. The role of nonprimary somatosensory cortical
areas in the development of dystonia is even less well
characterized. It is also not clear whether the observed
somatosensory abnormalities have any pathogenetic
significance at all; instead, they may represent a predis-
posing factor or just an epiphenomenon of dystonia [9].

Considering the fact that the majority of neu-
roimaging information describing somatosensory
abnormalities came from studies on patients with
focal hand dystonia, whereas the data about cervical
dystonia (CD), the most frequent type of focal dys-
tonia, are relatively limited, we chose to study CD
using functional magnetic resonance imaging (fMRI)
blood oxygenation level-dependent (BOLD) functional
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magnetic resonance imaging to explore somatosensory
cortical activation following electrical median nerve
stimulation. The aims of the study were, first, to assess
activation differences between patients and healthy
controls and, second, to determine BOLD changes
induced by BoN'T-A therapy in CD.

SUBJECTS AND METHODS

CD patients were recruited from the Movement Disor-
ders Center at the Department of Neurology, University
Hospital, Olomouc, Czech Republic. Control subjects
were recruited to be sex matched and age matched to
the patients.

All patients and controls were well acquainted with
the contents of the study and with the methods of exami-
nations, and provided written informed consent prior to
enrollment. The study was conducted according to the
Declaration of Helsinki 1975 (5th revision 2000, clarifi-
cations 2002 and 2004) and approved by the local ethics
committee of University Hospital Olomouc.

The patient group consisted of seven subjects (one
male and six females; aged 53.1 + 8.2 years, range
36-58 years) suffering from CD manifesting with rota-
tional torticollis. All patients were good responders to
BoN'T-A. Three patients suffered from the left-sided tor-
ticollis and four patents suffered from the right-sided
torticollis. Demographic and clinical characteristics of
patient group are given in Table 1. Normal values were
obtained by acquiring data from the control group of
nine (two males and seven females, aged 55.2 + 6, range
28-63). All patients and controls were right-handed
(Edinburgh Handedness Inventory, patients +93.6 +
4.1, controls +91.2 £ 5.7), and conventional brain MRI
was completely normal in all subjects.

All patients underwent a thorough neurological and
laboratory examination before entering the study; no
subject had a medical history or signs of other neuro-
logical and systemic disease, except for CD.

Behavioral Assessment

The severity of CD was determined using the Tsui score
[10] at two timepoints: week 0, when patients were
screened, enrolled, and treated with BoN'T-A and at
week 4, always on the day of the fMRI session.

Treatment

All patients were treated with botulinum toxin type A
(Botox; Allergan, Inc, Irvine, CA, USA), which was
injected into cervical muscles, based on the previous
polymyographic examination.
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The details of the polymyographic examination and
BoNT-A administration have been described in our pre-
vious work [2]. BONT-A was used at a concentration of
25 U/ml.

Tasks

During fMRI scanning, the median nerve was stimu-
lated above its course on the wrist using custom-built
MRI-compatible electrical stimulator (Alien, Praha,
Czech Republic). The electric stimulus was a repeated
rectangular pulse of 300 us duration delivered via
nonmagnetic AgCl electrodes. The stimulation current
was set at a level of motor threshold. The current
intensity was assessed inside the scanner just before the
fMRI session and the intensities varied across subjects
in the range of 3.3-9.0 mA (mean value 6.1 mA, SD =
1.6; Table 1). The employed stimulation frequency was
4 Hz. This frequency yielded the most robust fMRI
activation in our preliminary experiments, as well as in
another study [11].

Tested extremities in all CD patients were ipsilateral
to the direction of the head deviation. In controls, the
dominant right upper extremity was used.

During MR imaging, participants were studied in a
supine position. Patients were instructed not to offer any
resistance to dystonic head rotation, to keep their eyes
closed, and to pay attention to the stimulated upper ex-
tremity. Stimulation timing was provided by E-Prime
software (Psychology Software Tools, Pittsburgh, PA,
USA). In a block paradigm, median stimulation (7.5 8)
alternated with rest (7.5 s), for a total of 4 min. Each par-
ticipant had two experimental runs with the same hand.
The first fMRI session (at week 0) in all CD patients was
scheduled at least four months after previous BONT-A
treatment. At this time, the absence of BONT-A effect is
expected [12, 13]. The same day, after the fMRI session,
BoNT-A was locally administered. The second fMRI ex-
amination followed after four weeks, when the maximal
clinical effect is expected [12]. In a group of controls,
one fMRI examination was carried out.

Data Acquisition

MRI data were acquired on 1.5-Tesla scanners (Sym-
phony; Siemens, Erlangen, Germany) with a standard
head coil. The MR imaging protocol covered the
whole brain with 30 axial slices, 5-mm thick, includ-
ing anatomical T;-weighted images to provide an
immediate overlay with functional data, functional T5*-
weighted BOLD images during task performance and
rest, and fluid-attenuated inversion recovery (FLAIR)
images to visualize brain lesions. Additionally, we
acquired a high-resolution three-dimensional anatom-
ical scan [magnetization-prepared rapid acquisidon
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TABLE 1 Demographic, clinical, and stimulation characteristics of patients

Age at Age at Tsui Tsui score Pre-BoNT Post-BoNT
Patient Sex exam dystonia Type of Injected  score pre- post- stimulation current stimulation current
Nr. M/F (years) onset (years) dystonia muscles BoNT BoNT intensites (mA) intensides (mA)
1 F 58 53 Torticollis left  SCM right 11 8 4.0 4.0
SPL left
TREP right
2 F 58 42 Torticollis right SCM left 10 7 9.0 9.0
TRP left
SPL right
3 M 36 28 Torticollis right SPL right 12 9 6.0 6.0
SCM left
4 F 60 44 Torticollis left  SCM right 11 8 55 55
SPL left
TREP right
5 F 56 45 Torticollis right SPL right 13 10 55 6
SCM left
6 F 58 34 Torticollis right SCM left 10 8 75 75
SPL right
7 F 46 42 Torticollis left ~ SPL left 9 6 7.0 9.0
SCM right

SPL = splenius capitis muscle; TRP = trapezoid muscle; SCM = sternocleidomastoid muscle.

gradient echo (MPRAGE)]. BOLD images were ac-
quired with gradient echo planar imaging (repetition
time/echo time = 2,500/40 ms, field of view = 220 mm)
to provide 3.4 mm x 3.4 mm x 5.0 mm resolution.
In total, 96 images were acquired per each 4-min
functional run, for a total of 192 images per session.
The subject’s head was immobilized with cushions to
assure maximum comfort and minimize head motion.

Analysis

Prior to fMRI analysis, the imaging data of three
patients with tested left hand were flipped in the
left-right direction to allow group analysis [14].
FMRI data preprocessing and analysis were car-
ried out using FSL, the FMRIB’s software library
(http://www.fmrib.ox.ac.uk/fsl) [15]. FMRI data analy-
sis was performed with FEAT (FMRI Expert Analysis
Tool), version 5.91. The following prestatistics pro-
cessing was applied: motion correction using FMRIB’s
MCFLIRT; slice-timing correction using Fourier space
time-series phase-shifting; nonbrain removal using FM-
RIB’s BET; spatial smoothing using a Gaussian kernel
of 8-mm full width at half-maximum; grand-mean
intensity normalization by a single multiplicative factor;
and high-pass temporal filtering (Gaussian-weighted
least-squares straight-line fitting, with sigma = 15.0 s).
Time-series statistical analysis was carried out using
FMRIB’s FILM with local autocorrelation correction.
Registration to high-resolution structural and/or stan-
dard space images was carried out using FMRIB’s
FLIRT.

© 2011 Informa Healthcare USA, Inc.
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Higher-level analysis was carried out using FMRIB’s
local analysis of mixed effects (FLAME) stage 1 + 2.
Z (Gaussianized T/F) statistic images were thresholded
using clusters determined by Z > 2.1 and a (corrected)
cluster significance threshold of p = .05. For between-
group contrasts (CD patients vs. controls), a two-sample
r-test was used. For within-group contrasts (pre-BoNT-
A vs. post-BoNT-A effect in patients), a paired r-test was
employed.

Spatial coordinates are reported in the Montreal
Neurological Institute (MNI) format.

RESULTS

Behavioral and Clinical

All patients were injected (with BoN'T-A) into the mus-
cles identified by polymyography; the mean total dose of
BoNT-A was 107.0 U (SD = 18.9), the mean dose for
one cervical muscle was 50.0 U.

Significant clinical effect of BON'T-A evidenced by the
decrease of Tsui score assessed before each fMRI ses-
sion (mean Tsui score change 2.8, paired r-test, p <
.05) was observed. The mean Tsui score before BoONT-
A treatment was 10.8 (SD = 1.25), the mean Tsui score
after treatment was 8.0 (SD = 1.2).

During electrical median nerve stimulation, the
employed current intensities did not significantly differ
among subject groups (ANOVA, p > .05), the mean
values: controls 5.4 mA (SD = 1.2), pre-BoNT-A
patients 6.4 mA (SD = 1.5), post-BoNT-A patients 6.7
mA (SD = 1.7).
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FIGURE 1. Group mean activation during electrical median nerve stimulation in (A) controls, (B) CD patients before BON'T-A treatment,
and (C) CD patients after BON'I-A treatment.

Imaging

Group Mean Activation

Control Group. In the controls, electrical me-
dian stimulation activated contralateral primary so-
matosensory cortex (MNI coordinates: —44, —32, 60),
contralateral secondary somatosensory cortex (MNI
coordinates: —50, —24, 18), and contralateral insula
(MNI coordinates: —40, 4, —10; Figure 1; Table 2).

Patients Pre-BoNT-A Treatment. Inpatients be-
fore BoN'T-A treatment, group mean activation induced
by electrical median nerve stimulation was observed
only in contralateral primary somatosensory cortex
(MNI coordinates: —48, —34, 58; Figure 1; Table 2).

Patients Post-BoNT-A Treatment. The activa-
tion map of patients following BONT-A treatment was
similar to controls and comprised contralateral primary
somatosensory cortex (MNI coordinates: —42, 30, 60),
contralateral secondary somatosensory cortex (MNI
coordinates: —48, —26, 20), contralateral insula (MNI
coordinates: —40, 0, —10) along with inferior parietal
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TABLE 2 Group-mean activation and local maxima of
differential activation (between- and within-group contrasts)
during electrical median nerve stimulation

MNI

x ¥ 2 Z-score
Controls
S1 —44 —32 60 79
S2 -50 —-24 18 7.1
insula —40 4 -10 4.7
Pre-BoNT patients
S1 —48 —34 58 7.8
Post-BoNT patients
S1 —42 =30 60 75
S2 —48 —26 20 6.4
Insula —40 0 —10 4.6
IPL —60 -36 34 59
Contrast pre-BoNT patients < controls
S2 —-50 —22 16 7.1
Insula —40 0 0 4.1
Contrast post-BoNT patients > pre-BoNT patients
S2 —48 -14 16 5.4
Insula —42 6 —8 6.2
IPL —58 —38 34 6.1

International Joumnal of Neuroscience
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FIGURE 2. Between- and within-group comparisons. (A) Reduced activity of contralateral S2 and insula in pre-BoNT-A patients com-~
pared to controls. (B) Increase of activation in contralateral S2, IPL, and insular cortex following BoN'T-A treatment in patients.

lobule (IPL; MNI coordinates: —60, —36, 34; Figure 1;
Table 2).

Between-Group Comparisons

Before BoN'I-A treatment, patients showed significantly
weaker activation in the contralateral secondary so-
matosensory cortex (MNI coordinates: —50, —22, 16)
and contralateral insula (MNI coordinates: —40, 0, 0)
compared to controls (Figure 2; Table 2). No difference
was found in the patients post-BoN'T-A versus controls
contrast.

Within-Group Comparisons
In patients, a significant increase of activation following
BoN'TT-A treatment was detected in the contralateral sec-
ondary somatosensory cortex (MNI coordinates: —48,
—14, 16), contralateral insula (MNI coordinates: 42, 6,
-8), and IPL. (MNI coordinates: —58, —38, 34; Figure
2; Table 2). No significant difference was found in pre-
BoNT-A > post-BoN'T-A contrast.

No major movement artifacts were observed during
fMRI examinations.

© 2011 Informa Healthcare USA, Inc.
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DISCUSSION

The findings of our imaging study reveal attenuated
somatosensory processing in CD patients compared to
healthy individuals and these changes extend beyond
the circuits controlling the affected body part. Cervical
dystonia patients before treatment showed deficient
activation in the contralateral secondary somatosensory
cortex and insula following electrical median nerve stim-
ulation at the wrist and subsequent BoN'I-A therapy re-
stored BOLD activity in these cortical areas. Increased
activation was further observed in the contralateral
IPL.

Somatosensory network activated by median stimu-
lation in our control group comprised identical struc-
tures as described in recent fMRI studies: contralateral
primary and secondary somatosensory cortex and in-
sula [11,16,17]. Most of the imaging studies [11,17]
using region-of-interest analysis approach addition-
ally demonstrated minor activation of ipsilateral S2
and insula, inconsistent across subjects. The employed
whole brain analysis approach provides somewhat lower
power, but permits detection of potential treatment ef-
fects beyond predefined set of somatosensory areas.
This lower power could lead to the fact that our group
mean data did not detect ipsilateral activity in these
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areas. Anatomical variability across subjects may have
contributed as well.

The exact function of S2 and insula in somatosensory
processing in humans has not been fully clarified yet.
It has been documented that S2 plays a role in propri-
oceptive processing [18], sensory learning, and control
of skilled movements demanding sensory feedback [19].
Previous human studies also documented involvement
of S2 in motor execution [20—22] suggesting possible
participation of 82 in sensorimotor integration. Other
debated roles of S2 include higher-order functions like
integration of information from the two body halves, at-
tention, learning, and memory [23].

Functional differences and similarities between S2
and S1 are not well understood either. Several imaging
and electrophysiological studies focusing on this issue
were not able to provide a clear conclusion; the ques-
tion whether these somatosensory cortical areas process
data in a parallel or serial manner remains open as well
[24].

An fMRI study of Butterworth et al. [5] using vibro-
tactile stimulation of index and little finger in focal hand
dystonia detected disorganized cortical activation in S1,
plus hypoactivation of S2 and posterior parietal cortex
compared to normal controls. While our study did not
address somatotopy in S1, we documented a similar re-
duction in S2 and treatment-related increases in S2 and
posterior parietal cortex using electrical stimulation.

The role of the insula, representing many functions
[25], in somatosensory processing is even less character-
ized. Besides its involvement in pain processing, imag-
ing studies demonstrated contribution of insula to so-
matosensory processing of nonpainful stmuli [12, 16,
26). Muldple data suggest that insular cortex works as
an integrator of various converging sensory inputs [25].
This structure becomes involved during motor recovery
after stroke [27] and may also take part in sensorimo-
tor integration. The role of insula in the development of
dystonia is not clear, but abnormal activation of insular
cortex was detected in fMRI experiments studying sen-
sorimotor activation in focal hand dystonia [28], as well
as in CD [29].

The S2 and insular activation abnormality detected in
cortical representation of body part not directly affected
with dystonia provides imaging evidence that the dis-
ruption of somatosensory system is widespread in CD
[30,31].

From the fMRI data alone, it is not easy to decide,
whether the observed S2/insula hypoactivation origi-
nates in these areas [32] or perhaps further upstream,
e.g., in disordered S1 or other structures, such as thala-
mus, not activated in our data [5].

Electrical median nerve stimulation at motor thresh-
old results in both cutaneous and proprioceptive
afferentation. A recent study of Backes et al. [16]
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demonstrated that S2, in contrast to S1, is more
activated by stimulation intensities below the motor
threshold, i.e., by cutaneous afferentation. They have
shown that S2 activation is not directly related to
stimulation current intensities, which may signify that
the pathways involved in the processing of different
modalities of peripheral somatosensory inputs might be
independent to some extent.

In the light of these data, the observed reduced activa-
tion of 82 in our CD patients compared to healthy con-
trols could signify either an abnormality of cutaneous
afferentation processing alone [33], or impaired simul-
taneous processing of proprioceptive and cutaneous af-
ferent information.

Finding no difference between the post-BoN'T-A pa-
tients and controls may suggest normalization of the so-
matosensory processing.

BoNT-A Effect

Following effective treatment with BoN'T-A, significant
BOLD response was detected in the contralateral S2,
insula, and IPL, an evidence of increased cortical
activation. The effects in S2 and insula correspond to
the disappearance of group difference between controls
and patients after treatment within these structures.
Regarding IPL, support for the observation that the
central effect of BONT-A on sensorimotor processes
in focal dystonias also includes the IPL comes from
a recent study of Ali et al. In a positron emission
tomography (PET) imaging study of patients suffering
from laryngeal dystonia, they have documented post-
treatment speech-related increase of regional cerebral
blood flow in heteromodal sensory areas including the
IPL, which were hypoactive before treatment [32].

IPL is regarded as a site for higher-order processing of
sensory information, sensorimotor integration [34, 35],
and movement preparation [36]. Activation of this area
has been reported in studies on both monkeys [34] and
humans [37] following innocuous somatosensory stim-
ulation. There are several pieces of evidence suggesting
close relationship between IPL and S2, e.g., strong bidi-
rectional projections between these two cortical areas
documented in animal studies [36, 38] or observation of
similar semiology of seizures arising from these regions
in patients with partial seizures [39].

The finding of treatment-related increase of act-
vation in S2, IPL, and insula may reflect BoNT-A
capability to induce reorganization and normalization
of function at the cortical level. This effect is probably
mediated via alteration of Ia sensory feedback induced
by blockage of the neuromuscular junction of y-motor
neurons [40, 41]. The observed treatment-related
change in somatosensory cortical activation induced by
upper extremity stimulation also supports the finding
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that BoN'T-A may exert effects beyond the circuits con-
trolling the treated muscles. It has been hypothesized
that these effects could be mediated by enlargement
and overlaps of disorganized sensory cortical represen-
tations of the treated neck muscles and upper extremity
[42].

We can hypothesize that the observed BoNT-A-
induced increase of cortical activation in S2, insula, and
IPL may at least partly represent a neuroimaging cor-
relate of higher-order somatosensory processing modu-
lation expressed by correction of spatial discrimination
threshold in CD patients reported in a study of Walsh
and Hutchinson [42].

CONCLUSIONS

In summary, the present study provides imaging evi-
dence that both somatosensory abnormalities (in com-
parison to controls) and the effect of BON'T-A treatment
may be demonstrated in somatosensory representations
of the clinically unaffected body part.

Declaration of interest: The authors report no con-
flicts of interest. The authors alone are responsible for
the content and writing of the paper.

REFERENCES

1. Naumann M, Magyar-Lehmann S, Reiners K, Erbguth F,
Leenders KL. Sensory tricks in cervical dystonia: perceptual
dysbalance of parietal cortex modulates frontal motor program-
ming. Ann Neurol. 2000;47:322-8.

2. Katiovsky P, Bares M, Streitova H, Klajblové H, Daniel P, Rek-
tor I. Abnormalities of cortical excitability and cortical inhibi-
tion in cervical dystonia. Evidence from somatosensory evoked
potentials and paired transcranial magnetic stimulation record-
ings. J Neurol. 2003;250:42-50.

3. Mazzini L, Zaccala M, Balzarini C. Abnormalities of so-
matosensory evoked potentials in spasmodic torticollis. Mov
Disord. 1994;9:426-30.

4. Tinazzi M, Fiorio M, Bertolasi L, Aglioti SM. Timing of tac-
tile and visuo-tactile events is impaired in patients with cervical
dystonia. ] Neurol. 2004;251:85-90.

5. Butterworth S, Francis S, Kelly E, McGlone F, Bowtell R,
Sawle GV. Abnormal cortical sensory activation in dystonia: an
fMRI study. Mov Disord. 2003;18:673-82.

. Nelson AJ, Blake DT, Chen R. Digit-specific aberrations in the
primary somatosensory cortex in Writer’s cramp. Ann Neurol.
2009;66:146-54.

7. Pujol J, Roset-Llobet J, Rosinés-Cubells D, Deus J, Narberhaus
B, Valls-Solé J, Capdevila A, Pascual-Leone A. Brain cortical
activation during guitar-induced hand dystonia studied by func-
tional MRI. Neuroimage. 2000;12:257-67.

8. Haslinger B, Altenmiiller E, Castrop F, Zimmmer C, Dresel C.
Sensorimotor overactivity as a pathophysiologic trait of em-~
bouchure dystonia. Neurology. 2010;74:1790-7.

9. Tinazzi M, Fiorio M, Fiaschi A, Rothwell JC, Bhatia KP. Sen-
sory functions in dystonia: insights from behavioral studies. Mov
Disord. 2009;24:1427-36.

o

© 2011 Informa Healthcare USA, Inc.

132

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Somatosensory Activation in Cervical Dystonia 7

Tsui JK, Eisen A, Stoessl AJ, Calne S, Calne DB. Double-
blind study of botulinum toxin in spasmodic torticollis. Lancet.
1986;2:245-7.

Ferretti A, Babiloni C, Arienzo D, Del Gratta C, Rossini PM,
Tartaro A, Romani GL. Cortical brain responses during passive
nonpainful median nerve stimulation at low frequencies (0.5—4
Hz): an fMRI study. Hum Brain Mapp. 2007;28:645-53.
Brashear A. The botulinum toxins in the treatment of cervical
dystonia. Semin Neurol. 2001;21:85-90.

Ward AB, Aguilar M, De Beyl Z, Gedin S, Katiovsky P, Molteni
F, Wissel ], Yakovleff A. Use of botulinum toxin type A in man-
agement of adult spasticity—a European consensus statement.
J Rehabil Med. 2003 Mar;35(2):98-9.

Johansen-Berg H, Dawes H, Guy C, Smith SM, Wade DT,
Matthews PM. Correlation between motor improvements
and altered fMRI activity after rehabilitative therapy. Brain.
2002;125:2731-42.

Smith SM, Jenkinson M, Woolrich MW, Beckmann CF,
Behrens TE, Johansen-Berg H, Bannister PR, De Luca M,
Drobnjak I, Flitney DE, Niazy RK, Saunders J, Vickers J, Zhang
Y, De Stefano N, Brady JM, Matthews PM. Advances in func-
tional and structural MR image analysis and implementation as
FSL. Neuroimage. 2004;23 Suppl 1:5208-19.

Backes WII, Mess W, van Kranen-Mastenbroek V, Reulen JP.
Somatosensory cortex responses to median nerve stimulation:
fMRI effects of current amplitude and selective attention. Clin
Neurophysiol. 2000;111:1738-44.

Manganotti P, Formaggio E, Storti SF, Avesani M, Acler M,
Sala F, Magon S, Zoccatelli G, Pizzini F, Alessandrini F, Fi-
aschi A, Beltramello A. Steady-state activation in somatosen-
sory cortex after changes in stimulus rate during median nerve
stimulation. Magn Reson Imaging. 2009;27:1175-86.

Alary F, Simées C, Jousmiiki V, Forss N, Hari R. Cortical ac-
tivation associated with passive movements of the human index
finger: an MEG study. Neuroimage. 2002;15:691-6.
Huttunen J, Wiksttdm H, Korvenoja A, Seppildinen AM,
Aronen H, Ilmoniemi R]. Significance of the second so-
matosensory cortex in sensorimotor integration: enhancement
of sensory responses during finger movements. Neuroreport.
1996;7:1009-12.

Forss N, Jousmiiki V. Sensorimotor integration in human
primary and secondary somatosensory cortices. Brain Res.
1998;781:259-67.

Inoue K, Yamashita T, Harada T, Nakamura S. Role of
human S2 cortices in sensorimotor integration. Brain Res.
1998;781:259-67.

Whasaka T, Nakata H, Akatsuka K, Kida T, Inui K, Kakigi
R. Differential modulation in human primary and secondary
somatosensory cortices during the preparatory period of self-
initiated finger movement. Eur J Neurosci. 2005;22:1239-47.
Chen TL, Babiloni C, Ferretti A, Perrucci MG, Romani
GL, Rossini PM, Tartaro A, Del Gratta C. Human sec-
ondary somatosensory cortex is involved in the processing
of somatosensory rare stimuli: an fMRI study. Neuroimage.
2008;40:1765-71.

Hari R, Forss N. Magnetoencephalography in the study of hu-
man y cortical pr . Philos Trans R Soc
Lond B Biol Sci. 1999;354:1145-54.

Nagai M, Kishi K, Kato S. Insular cortex and neuropsychi-
atric disorders: a review of recent literature. Eur Psychiat.
2007;22:387-94.

Francis ST, Kelly EF, Bowtell R, Dunseath WJ, Folger SE, Mc-
Glone F fMRI of the responses to vibratory stimulation of digit
tips. Neuroimage. 2000;11:188-202.

Weiller C, Ramsay SC, Wise R], Friston KJ, Frackowiak
RS. Individual patterns of functional reorganization in the




8 R Opavsky et al.

28.

29.

30.

31.

32.

33.

34.

human cerebral cortex after capsular infarction. Ann Neurol.
1993;33:181-89.

Hu XY, Wang L, Liu H, Zhang SZ. Functional magnetic res-
onance imaging study of writer’s cramp. Chin Med ] (Engl).
20065119:1263-71.

de Vries PM, Johnson KA, de Jong BM, Gieteling EW, Bohn-
ing DE, George MS, Leenders KL. Changed patterns of cere-
bral activation related to clinically normal hand movement in
cervical dystonia. Clin Neurol Neurosurg. 2008;110:120-8.
Quartarone A, Morgante F, Sant’angelo A, Rizzo V, Bagnato
S, Terranova C, Siebner HR, Berardelli A, Girlanda P. Abnor-
mal plasticity of sensorimotor circuits extends beyond the af-
fected body part in focal dystonia. ] Neurol Neurosurg Psychiat.
2008;9:985-90.

Pelosin E, Bove M, Marinelli L, Abbruzzese G, Ghilardi MF.
Cervical dystonia affects aimed movements of nondystonic seg-
ments. Mov Disord. 2009;13:1955-61.

Ali SO, Thomassen M, Schulz GM, Hosey LA, Varga M, Lud-
low CL, Braun AR. Alterations in CNS activity induced by bo-
tulinum toxin treatment in spasmodic dysphonia: an H2150
PET study. J Speech Lang Hear Res. 2006;49:1127-46.
McDonnell MN, Thompson PD, Ridding MC. The effect of
cutaneous input on intracortical inhibition in focal task-specific
dystonia. Mov Disord. 200;22:1286-92.

Yokochi H, Tanaka M, Kumashiro M, Iriki A. Inferior pari-
etal somatosensory neurons coding face-hand coordination in
Japanese macaques. Somatosens Mot Res. 2003;20:115-25.

133

35.

36.

37.

38.

39.

40.

41.

42.

Fogassi L, Luppino G. Motor functions of the parietal lobe.

Curr Opin Neurobiol. 2005;15:626-31.

Dijkerman HC, de Haan EH. Somatosensory processes
subserving perception and action. Behav Brain Sci.
2007;30:189-201.

Ruben J, Schwiemann J, Deuchert M, Meyer R, Krause T, Cu-
rio G, Villringer K, Kurth R, Villringer A. Somatotopic organi-
zation of human secondary somatosensory cortex. Cereb Cor-
tex. 2001;11:463-73.

Disbrow E, Litinas E, Recanzone GH, Padberg J, Krubitzer
L. Cortical connections of the second somatosensory area and
the parietal ventral area in macaque monkeys. ] Comp Neurol.
2003;462:382-99.

Yamamoto J, Ikeda A, Matsuhashi M, Satow T, Takayama M,
Ohara S, Matsumoto R, Mikuni N, Takahashi J, Miyamoto
S, Taki W, Hashimoto N, Shibasaki H. Seizures arising from
the inferior parietal lobule can show ictal semiology of the sec-
ond sensory seizure (S2 seizure). J Neurol Neurosurg Psychiat.

2003;74:367-69.

Abbruzzese G, Berardelli A. Neurophysiological effects of bo-
tulinum toxin type A. Neurotox Res. 2006;9:109-14.

Rosales RL, Dressler D. On muscle spindles, dystonia

and botulinum toxin. Eur J Neurol. 2010;17 Suppl 1:71-
80.

‘Walsh R, Hutchinson M. Molding the sensory cortex: spatial
acuity improves after botulinum toxin treatment for cervical dys-

tonia. Mov Disord. 2007;22:2443-6.

International Joumal of Neuroscience



Ptiloha €. 3

Biomed Pap Med Fac Univ Palacky Olomouc Czech Repub. 2006, 150(2):223-226. 223

© R. Opavsky, P. Hlustik, P. Kanovsky
CORTICAL PLASTICITY AND ITS IMPLICATIONS FOR FOCAL HAND DYSTONIA

Robert Opavsky*, Petr Hlustik, Petr Kanovsky

Department of Neurology, Palacky University, University Hospital, LP. Paviova 6, 775 20 Olomouc, Czech Republic
e-mail: robo74@centrum.cz

Received: October 10, 2006; Accepted: November 20, 2006

Key words: Focal hand dystonia/Cortical plasticity/Sensorimotor integration/Botulinum toxin

Background: The exact origin of focal dystonias has not been elucidated so far. Aberrant plasticity of the brain
cortex is suspected to be a crucial factor in the development of this group of movement disorders. The aim of this
article is to summarize recent findings on the etiopathogenesis of focal hand dystonias with a focus on the role of
abnormal cortical plasticity.

Methods And Resulfs: A search of the literature mainly from 1995 to 2005 was done using the PubMed and Ovid
search engines. English-language articles were identified using the following keywords: focal hand dystonia or writer’s
cramp and cortical plasticity, sensorimotor, imaging. Additional references were found through bibliography reviews of
relevant articles. The data from neurophysiological and imaging studies, as well as clinical observation, in focal hand
dystonia suggest multiple failures at different levels of the somatosensory and motor systems, particularly in the brain

cortex. This disorders lead to attenuation of inhibitory and fortification of excitatory processes.
Conclusions: The emerging theory presumes that a maladaptive plasticity of brain cortex with abnormal sensorimo-
tor intergration can evolve in predisposed individuals. Consequent methods of management of focal hand dystonias

are outlined.

INTRODUCTION

Over the past several decades, there has been enor-
mous progress in our understanding of the structure and
function of the cerebral cortex. One of the most signifi-
cant discoveries is the knowledge that the adult mamma-
lian brain cortex is not a rigid structure, but is dynamically
reorganized throughout life by experience, learning and
central or peripheral insults. This phenomenon is known
as cortical plasticity®.

The pioneer of the term cortical plasticity at the be-
ginning of the 20 century was the Italian psychiatrist
Ernesto Lugano. Basic studies in the field were initiat-
ed by Donald Hebb, who showed that in rats neuronal
cortical synapses are strengthened and remodeled by
experience?.

Cortical plasticity can be subdivided into two types:
adaptive and maladaptive. Adaptive plasticity results in
the enhancement of special skills with practice and learn-
ing. It allows the brain to compensate for lost functionality
due to brain injury of various etiologies (e.g. stroke), dam-
aged motor efferentation (e.g. peripheral nerve lesions) or
changes in sensory input (amputation, local anaesthesia).
In contrast, excessive plasticity leading to neurological
diseases such as mesial temporal sclerosis or focal hand
dystonia is maladaptive®.

Several mechanisms have been implicated to under-
lie plasticity of the nervous system at the cellular level:
growth of new neurons (neurogenesis), axonal sprouting
with new synapse formation, unmasking or potentiation
of existing but normally ineffective neural connections.
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‘Whereas the first mentioned mechanism represents in an
adult mammalian brain a rather debated exception limited
to the hippocampal dentate gyrus and olfactory bulb*, de-
novo growth of axonal branches and synapses have been
described several weeks after lesioning CNS afferents’
and modification of existing synapses takes place within
several minute after the insulté. In the following text, we
will first discuss the last mentioned mechanism, modifica-
tion of existing synapses, which seems to dominate the
adult mammalian CNS.

The basic processes of synaptic plasticity in the mam-
malian central nervous system are known as long-term
potentiation (LTP) and long-term depression (LTD).
LTP is defined as a long-term enhancement of synaptic
strength resulting from repeated activation of synapses.
LTD refers to the opposite phenomenon, a decline in
synaptic strength. These processes are highly compli-
cated and not fully elucidated to date - the majority of
cellular structures take part in them. A crucial role in
the regulation of LTP involves the activation of o-amino-
3-hydroxy-5-methyl-4-isoxazole propionate (AMPA) and
especially N-methyl-D-aspartate (NMDA) type of gluta-
mate receptor followed by Ca* ion entry into post-synap-
tic neurons®. Depending on the duration, strength, and
site of Ca* action, phosphatase calcineurin modulates
ion channels, neurotransmitter receptors, cytoskeletal
proteins, transcription factors and neurotrophins. In
this way, calcineurin initiates both short- and long-term
changes in neuronal activity leading to modification of
neural plasticity’. Compared to the effects exhibited by the
NMDA receptor, the gamma-aminobutyric acid (GABA)
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receptor exhibits the opposite phenomenon. Nitric oxide
(NO) also plays a role in these processes®.

Dendritic spines are considered to be a key structure in
neuronal plasticity. They are covered with a large number
of excitatory receptors, particularly glutamate NMDA
receptors. Numerous electron-microscopy studies have
shown the ability of the spines to change number and
shape dynamically after exogenous stimulation®.

Components of the spines play distinct roles in proc-
esses of plasticity. The volume of the spine head is impor-
tant for the regulation of synaptic transmission, possibly
through variation of functional glutamate receptor expres-
sion. By contrast, the spine neck can, within minutes,
influence synaptic signaling through the control of Ca?*
influx into dendrites and in this way directly control com-
munication between the spine and dendrite. As a result,
this structure is considered to play a decisive role in the
induction of synaptic plasticity'.

Synaptic plasticity of the LTP-type was first described
in the hippocampus! but under specific experimental con-
ditions has also been observed in the neocortex'%.

Another important mechanism involved in brain plas-
ticity is neurogenesis. Its significance is highest in the
postnatal period, but recently it was demonstrated in the
adult human brain, too. The source of neurogenesis is
allegedly neural stem cells located especially in the hip-
pocampus and in the subventricular zone. However, the
existence of neurogenesis outside of a limited area of ar-
chicortex remains disputed*.

There is increasing evidence that glial cells, in particu-
lar astrocytes, also play an essential role in brain plasticity.
This is accomplished through the regulation of the synap-
tic environment and maintenance of appropriate levels of
neurotransmitters and neurotrophins™.

Focal hand dystonia

As mentioned above, focal hand dystonias are a sig-
nificant example of disease with presumed involvement
of maladaptive cortical plasticity in their pathogenesis.
Dystonia is a disorder characterized by persistent invol-
untary muscle contractions causing sustained twisting
movements and abnormal postures of the affected body
parts. Excessive co-contractions of agonist and antagonist
muscles, difficulty in activating the appropriate muscles
and overflow of muscular activity into extraneous muscles
can all occur in dystonia. Focal hand dystonias include
writer’s cramp, typist’s cramp, pianist’s cramp and others.
These occupational, disabling diseases are usually trig-
gered by the long-term repetition of quickly alternating,
highly skilled movements. Therefore these types of dysto-
nias are known as task-specific.

The exact pathophysiology of dystonias is unknown,
though it is widely held that dysfunction of the corticostri-
atal-thalamocortical motor circuits plays a major role> %,
A fundamental finding in the field of cortical plasticity in
focal hand dystonias came from primates. Monkeys per-
formed a repetitive digital grasp task while weak vibratory
stimuli were delivered to the hand. After several weeks of
repetitive practice, their motor performance deteriorated.
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Subsequent examination of the somatosensory cortex re-
vealed an alteration in the cortical representation of the
hand with fusion of individual finger boundaries'¢. Similar
observations were made in the human models.

Neurophysiological and imaging methods

In the study of cortical plasticity, imaging and neuro-
physiological methods can be used. Imaging methods dif-
fer in temporal and spatial resolution. Positron emission
tomography (PET) displays brain activity with a tempo-
ral resolution of minutes and spatial resolution of 1 cm?.
Temporal and spatial resolution of functional magnetic
resonance imaging (fMRI) is in the order of seconds and
cubic millimeters, respectively. Electroencephalography
and magnetoencephalography excel with a temporal
resolution of milliseconds, but their spatial resolution is
lower. One of the most frequently used neurophysiologi-
cal methods is transcranial magnetic stimulation (TMS).
A suitable modification of TMS, known as paired asso-
ciative stimulation, involves repetitive peripheral nerve
stimulation paired with supra-threshold TMS over the
homologous primary motor cortex. The increased corti-
cal excitability is expressed as growth of motor evoked
potentials (MEP) amplitude. This amplitude probably cor-
responds to the processes associated with LTP. Among
the parameters likely associated with cortical inhibition
are cortical silent period (CSP), short-latency intracor-
tical inhibition (SICI), and interstimulus interval (ISI).
Different parameters of somatosensory evoked potentials
(SEP) serve for the study of analogous processes in the
somatosensory system'>'7,

With the help of PAS, significantly higher excitability
of the motor cortex with a decreased specificity of in-
dividual finger representations was detected in patients
with writer’s cramp. The observation of only minimally
prolonged CSP in patients compared to healthy volunteers
is important evidence of attenuation of intracortical in-
hibitory processes in motor cortex'”.

Although the primary manifestation of task-specific
hand dystonia is a motor abnormity, there is growing
evidence showing a role of the disorder in dysfunctions
localized to different levels of the somatosensory system.
It has been known for a long time that a change of hand
posture or tactile and proprioceptive stimulation of specif-
ic sites within the affected region (geste antagonistique)
can alleviate dystonic symptoms'®. Patients suffering from
dystonia often describe ill-defined feelings of discom-
fort, pain, and kinaesthetic sensations before the clinical
manifestations of the disease'’. Many neurophysiologi-
cal studies have demonstrated failures of temporo-spatial
somatosensory discrimination®. Other studies have con-
firmed disorders of inhibitory functions at spinal, brain
stem, and cortical levels of the somatosensory system,
particularly in relation to proprioceptive afferentation?..
Fusion in the cortical sensory representation of dys-
tonic hand fingers has been observed?2. Another inter-
esting study has demonstrated abnormal cortical finger
representations from the non-dystonic hand?. Bilateral
alteration of sensory processing has also been found in
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asymptomatic first-degree relatives of patients with focal
dystonia®,

Findings from neurophysiological methods are con-
gruous with information obtained from imaging methods.
An fMRI study of patients with writer’s cramp during
writing demonstrated more significant activation of con-
tralateral thalamus, ipsilateral cerebellar hemisphere, and
in particular contralateral primary sensorimotor cortex
extending to the premotor association area, in comparison
with healthy subjects. This finding supports a hypothesis
of extensive motor cortex activation via the thalamus in
writer’s cramp patients?. Another fMRI study demon-
strated overlapping and even inversion of particular finger
representation in the S1 area of task-specific hand dysto-
nia patients®. Similar findings were also found in a study
using MEG?.. Significantly decreased levels of GABA in
the contralateral sensorimotor cortex and nucleus lenticu-
laris, with insignificant decreases ipsilaterally, have been
detected by MR spectroscopy?. Voxel-based morphom-
etry study also verified the increased volume of gray mat-
ter bilaterally in S1 and decreased volume in M1 areas in
patients with writer’s cramp®. Finally, a study employing
PET with O'*H,0 has demonstrated increased metabolic
activity in the primary somatosensory cortex in patients
with focal hand dystonia®.

Sensorimotor integration

It is generally accepted that the somatosensory sys-
tem is the main determinant of motor system function.
The gamma system comprised of gamma motoneurons,
muscle spindles, and their Ia proprioceptive afferentation
to the somatosensory cortex, plays this principal role in
movement. Every motor performance is a result of interac-
tion between the gamma and alpha system. Any disorder
in this interaction results in abnormal movement3.

Information from the studies mentioned above con-
firms the hypothesis that fortified excitatory and at-
tenuated inhibitory processes at different levels of the
somatosensory system are a characteristic feature for
task-specific hand dystonias. Ia afferentation and GABA
transmission participate significantly in these disorders.
Other components of the motor system that are likely to
participate in the pathogenesis of focal dystonias are the
basal ganglia and the thalamus. It is likely that the basal
ganglia are responsible for the initiation of automatic and
highly trained movement routines in relation to sensory
inputs. The fundamental structure for interaction between
the motor and sensory systems could be the reticular nu-
cleus of the thalamus with an inhibitory effect on soma-
tosensory transmission’s,

In summary, these results suggest that focal hand
dystonias develop as a result of disorder in sensorimo-
tor integration. The emerging theory presumes that re-
petitive sensory stimulation evolving during repetitive
skilled movements can, in predisposed individuals, lead
to a maladaptive plasticity of the sensorimotor cortex.
Consequently, the insufficient inhibition of afferent sen-
sory information results in aberrant movement.
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Therapeutic implications

Therapeutic implications for focal dystonias can be
extracted from the above hypotheses. Procedures using
manipulation of the sensory, particularly proprioceptive,
afferentation seem to be promising. One of the effective
methods could be immobilization of the affected hand
and fingers combined with rehabilitation. This procedure
causes a decrease in proprioceptive afferentation as well
as motor efferentation, possibly resulting in clinical im-
provement for the patient. The presumed mechanism is
suppression of the maladaptive plasticity with a corre-
sponding decrease in the extent of the excitable motor
cortex’? or decrease of MEP amplitude in TMS33.

Intramuscular application of botulinum toxin type
A into affected muscles is another therapeutic approach.
Botulinum toxin blocks neuromuscular transmission in
extrafusal muscle fibers as well as intrafusal ones. The
afferentation from muscle spindles is subsequently de-
creased. Neurophysiological studies after the therapy have
demonstrated transient normalization of hand cortical
motor map following injection®. Further studies using
neurophysiological methods have verified normalization
of inhibitory and excitatory cortical functions in patients
with focal dystonia.

CONCLUSIONS

The mammalian brain cortex has been continuously
modified by the complicated processes of cortical plastic-
ity. But its abnormal increase can lead to pathological con-
ditions such as focal hand dystonia. Although the exact
etiopathogenesis of this group of diseases has not been
fully elucidated, several findings have already allowed us
to alleviate symptoms.

Presumably, future progress in the understanding of
processes participating in cortical plasticity will lead to
the development of more effective therapy for these and
other neurological disorders.
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