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Streszczenie

Dane epidemiologiczne wskazuja na to, ze z roku na rok coraz wigcej 0sob
doswiadcza udaru moézgu. Jedna z najczgstszych konsekwencji udaru jest afazja,
definiowana jako zaburzenie funkcji jezykowych. Obecnie coraz powszechniej zwraca
si¢ uwage na wystegpowanie u osob z afazjg deficytéw w zakresie niejgzykowych
funkcji poznawczych, takich jak pamigé, uwaga, planowanie, czy czasowe
przetwarzanie informacji (CzPI). Deficyty te wplywaja na glgbokos¢ zaburzen
jezykowych 1 utrudniajg proces terapii. Ze wzgledu na czasowa dynamike produkcji
1 rozumienia mowy, a takze innych operacji poznawczych wspierajacych procesy
jezykowe, zaburzenia CzPl wydaja si¢ mie¢ szczegélne znaczenie dla trudnosci
obserwowanych w afazji.

Przedstawiony cykl badan sktada si¢ z trzech artykuléw dotyczacych powigzan
niejezykowych funkcji poznawczych, ze szczegdlnym naciskiem na sprawnos$¢ CzPlI,
z funkcjami jezykowymi u 0s6b z afazja.

Badanie pierwsze dotyczy zalezno$ci pomiedzy pamigcig krotkotrwata
1 operacyjng, CzPI i rozumieniem mowy. Zaobserwowano, ze osoby z afazja wykazuja
wieksza sprawnos¢ pamigci krotkotrwatlej, zarowno werbalnej, jak i przestrzennej, niz
operacyjnej. Ponadto wyzszy poziom werbalnej i przestrzennej pamieci krotkotrwatej
oraz werbalnej 1 przestrzennej pamiegci operacyjnej korespondowat z lepszym
rozumieniem mowy. Dalsze analizy wykazaly, ze relacja pomiedzy sprawnoscia
pamieci a CzPI zalezy od modalno$ci zapamietywanego materiatu. CzPI okazalo si¢
Scisle zwigzane z przestrzenng pami¢cig operacyjng. Jego znaczenie bylo jednak mniej
istotne dla funkcjonowania pacjentdéw w zakresie werbalnej pamieci krotkotrwatej
1 operacyjnej oraz przestrzennej pamigci krotkotrwalej. W przypadku tych rodzajow
pamieci u osob z afazja kluczowa rolg okazala si¢ odgrywaé glebokos¢ deficytow
rozumienia mowy.

Drugie badanie mialo na celu okreslenie powigzan pomiedzy parametrami
potencjatu P300 a poziomem funkcji poznawczych u oséb z afazja. Wykazano, ze im
krotsza latencja potencjatu, tym wyzszy poziom CzPI, szybkosci psychoruchowe;j,
przestrzennej pamigci krotkotrwalej, planowania, rozumienia stéw, globalnego
rozumienia mowy, a takze fluencji stownej. Wyniki te $wiadcza o tym, ze u oséb

z afazja latencja potencjalu P300 moze stanowi¢ trafny wskaznik poziomu funkcji



poznawczych, w szczego6lnosci tych dla sprawnos$ci ktorych kluczowe jest tempo
przetwarzania informacji.

Badanie trzecie miato na celu weryfikacj¢ skuteczno$ci nowej S$ciezki
terapeutycznej bazujacej na programie Dr Neuronowski® opracowanej w ramach
niniejszego projektu dla oséb z afazja. Trening ten opieral si¢ na kompleksowym
usprawnianiu wielu funkcji poznawczych, z gldéwnym naciskiem na CzPI. Wykazano,
ze przynidst on poprawe zaré6wno w zakresie trenowanych niejezykowych funkcji
poznawczych, jak i w zakresie nie¢wiczonych funkcji jezykowych. Po treningu
z wykorzystaniem nowej $ciezki programu Dr Neuronowski® zaobserwowano poprawe
w zakresie CzPl, werbalnej pamigci krotkotrwatej 1 operacyjnej, a takze shuchu
fonemowego, globalnego rozumienia mowy, rozumienia gramatyki, nazywania
i fluencji stownej. Z kolei trening kontrolny, oparty wytacznie na ¢wiczeniach
jezykowych, przyniost poprawe jedynie w zakresie trenowanych funkcji. Wyniki te
wskazuja na to, ze ¢wiczenia niejezykowych funkcji poznawczych, w tym CzPI,
przynosza wigksze korzysci, niz samo trenowanie funkcji jezykowych.

Prezentowany cykl badan wskazuje na znaczenie niejezykowych funkcji
poznawczych w kompleksowym rozumieniu, diagnostyce 1 rehabilitacji afazji.
Szczegodlne znaczenie ma tu CzPl, uwazane przez niektorych badaczy za logistyczna
podstawe funkcji poznawczych, w tym funkcjonowania jezykowego. Wilaczenie
¢wiczen CzPI i innych niejezykowych funkcji poznawczych w zakres terapii afazji

moze przynie$¢ znaczace benefity dla pacjentow.



Abstract

Epidemiological data indicates that the number of people suffering a stroke is
increasing every year. One of the most common consequences of a stroke is aphasia,
defined as an impairment of language functions. Growing attention is being paid to the
occurrence of deficits in non-linguistic cognitive functions in individuals with aphasia,
such as memory, attention, planning, and temporal information processing (TIP). These
deficits intensify the severity of language impairments and hinder the therapy process.
Given the temporal dynamics of speech production and comprehension, as well as other
cognitive functions supporting language processes, TIP deficits appear to play
a particularly significant role in the deficits observed in aphasia.

The present thesis consists of three articles focusing on the relationship between
non-linguistic cognitive functions, with a special focus on TIP efficiency, and language
functions in individuals with aphasia.

The first study examines the relationship between short-term and working
memory, TIP, and speech comprehension. It was observed that individuals with aphasia
exhibit greater short-term memory efficiency, both verbal and spatial, compared to
working memory. Furthermore, higher levels of verbal and spatial short-term memory,
as well as verbal and spatial working memory, were associated with better speech
comprehension. Further analyses showed that the relationship between memory
performance and TIP depends on the modality of the memorised material. TIP was
found to be closely linked to spatial working memory. However, its significance was
less pronounced for verbal short-term and working memory, as well as spatial short-
term memory. In these types of memory in individuals with aphasia, the severity of
speech comprehension deficits played a key role.

The second study aimed to determine the relationship between the parameters of
the P300 potential and the efficiency of cognitive functions in individuals with aphasia.
It was demonstrated that shorter latency of the potential was associated with better TIP,
psychomotor speed, spatial short-term memory, planning, word comprehension, global
speech comprehension, and verbal fluency. These results suggest that in individuals
with aphasia, the latency of the P300 potential may serve as an reliable indicator of
cognitive function efficiency, particularly those functions for which speed of

information processing is critical.



The third study evaluated the effectiveness of a new training developed for
individuals with aphasia, based on the Dr. Neuronowski® program. This training
focused on the comprehensive improvement of various cognitive functions with an
emphasis on TIP. It was shown to improve both trained non-linguistic cognitive
functions and untrained language functions. After training, the improvement was
observed in TIP, verbal short-term and working memory, phonemic hearing, global
speech comprehension, grammar comprehension, naming, and verbal fluency. In
contrast, the control training, which was based solely on language exercises, resulted in
improvement only in the directly trained functions. These findings indicate that
exercises that target non-linguistic cognitive functions, including TIP, provide greater
benefits than training language functions alone.

This presented series of studies highlights the importance of non-linguistic
cognitive functions in the comprehensive understanding, diagnosis, and rehabilitation of
aphasia. In particular, TIP is considered by some researchers to be a logistical basis of
cognitive functions, including language functioning. Incorporating TIP exercises and
other non-linguistic cognitive function training into aphasia therapy may have

significant benefits for patients.
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1. Wstep

Niniejsza praca doktorska dotyczy zwigzkéw niejezykowych funkcji
poznawczych z poziomem deficytoéw jezykowych u oséb z afazja, ze wskazaniem
szczegolnej roli czasowego przetwarzania informacji (CzPI). We Wstepie przyblizone
zostanie zagadnienie afazji - jej definicje, epidemiologia i modele. Nast¢pnie
scharakteryzowane  zostang deficyty niejgzykowych  funkcji  poznawczych
wystepujacych w tym zaburzeniu. Ze wzgledu na temat pracy i opisanych w niej badan,
szczegblowo omdwiona zostanie problematyka CzPl i zaburzen tej funkcji u osob
z afazja. W ostatnim rozdziale Wstepu opisane zostang badania nad skuteczno$cig

treningdw niejezykowych funkcji poznawczych, w tym CzPI, w terapii afazji.

1.1. Afazja
1.1.1. Definicje i epidemiologia

Nazwa ,,afazja” pochodzi od greckiego slowa apocia oznaczajacego ,brak
mowy”. Afazja definiowana jest jako ,,zaburzenia przetwarzania jezykowych informacji
wynikajace z nabytego, ogniskowego uszkodzenia mézgu” (Pachalska, 2007, s. 96).
Podobng definicje zaproponowali Papathanasiou i Coppens (2011), wedtug ktoérych
afazja jest ,nabytym, selektywnym zaburzeniem modalnosci jezykowej 1 funkcji
jezykowych, powstaltym w wyniku uszkodzenia w obrgbie dominujacej jezykowo
potkuli mézgu (przewaznie lewej - przyp. M. Ch.), wplywajacym na mozliwosci
komunikacji, funkcjonowanie spoteczne, jakos¢ zycia pacjenta oraz jakos$¢ zycia jego
rodziny 1 opiekunéw” (s. XX). Ze wzgledu na temat pracy warto zwroci¢ uwage na to,
ze definicje te ograniczajg obraz deficytow wystepujacych w afazji do zaburzen
funkcjonowania jezykowego.

Afazja jest najczesciej konsekwencja udaru mézgu. Liczba udaréw mézgu rosnie
z roku na rok. Wedtug danych epidemiologicznych z roku 2021 udar mézgu jest trzecia,
po chorobie niedokrwiennej serca i infekcji COVID-19, przyczyna zgondéw na §wiecie
(Feigin 1 in., 2024). Rocznie odnotowuje si¢ okoto 12,2 miliona nowych przypadkoéw
udarow. Oznacza to, ze co 3 sekundy kto$ na $wiecie doznaje udaru mozgu. Wedtug
szacunkow Swiatowej Organizacji Udaru co czwarta osoba powyzej 25 roku zycia
dozna udaru (World Stroke Organization, 2022). Co wydaje si¢ kluczowe, liczba

nowych przypadkéw udaru podwoila si¢ w ciggu ostatnich 30 lat. Co wigcej, szacuje si¢
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ze w latach 2015-2035 wzros$nie ona o kolejne 34% (Stevens i in., 2017). Przyczyna
tego trendu jest z jednej strony rosngca liczba osdb starszych, stanowiacych szczegdlng
grupe ryzyka. Z drugiej strony coraz czgsciej odnotowywane sg przypadki udaru wsrod
os6b miodszych (w grupie wiekowej 30-40 lat; Ramirez i1 in., 2016). Jest to
spowodowane coraz powszechniejszym wystepowaniem w tej grupie czynnikow ryzyka
udaru, takich jak otylo$¢, nadci$nienie czy cukrzyca. W ostatnich latach wzrost liczby
udarow niedokrwiennych wynikat takze z powiktan zwigzanych z infekcja COVID-19
(Beyrouti i in., 2020).

Afazja dotyka okolo jednej trzeciej pacjentow poudarowych (Enderby i Sutton,
2020). W roku 2022 na $wiecie zylo okoto 15 milionow oséb z afazja (Ivanova
i Dronkers, 2022). Szacuje si¢, ze 61% 0s6b z afazja wcigz doswiadcza jej objawow rok
po udarze (Pedersen i in., 2004), za§ wspolczesne metody rehabilitacji pozwalaja na
pelng restytucje funkcji jezykowych w przypadku jedynie ok. 25% pacjentow (Flowers
1 in., 2016). Z tego powodu wielu badaczy probuje lepiej zrozumie¢ to zaburzenie

1 opracowac¢ innowacyjne i skuteczne metody jego neurorehabilitacji.

1.1.2. Modele afazji

Historia wspotczesnej afazjologii siega dziewigtnastego wieku. Posmiertne
badanie mozgéw pacjentow wykazujacych za zycia deficyty jezykowe pozwolito na
scharakteryzowanie obszarow odpowiedzialnych za poszczegdlne funkcje. W ten
sposob Paul Broca (1865, za: Tippet 1 Hillis, 2017) opisat pacjentow z uszkodzeniem
w tylnej czesci lewego plata czotowego, za zycia charakteryzujacych sie nieplynna,
wysitkowa mowa. Obszar uszkodzenia zostal nazwany na jego cze$¢ polem Broki,
a jego lokalizacj¢ precyzyjniej okreslono jako tylng cze¢s¢ dolnego zakretu czolowego.
W tym samym okresie Karl Wernicke (1881, za: Tippet 1 Hillis, 2017) badajac mozgi
pacjentow charakteryzujacych si¢ ptynng, ale niezrozumiala mowag 1 trudno$ciami
z rozumieniem mowy wskazat na uszkodzenia w obrgbie tylnego obszaru lewego ptata
skroniowego, miejsca nazwanego pozniej obszarem Wernickego. Obserwacje mozgow
pacjentow pozwolily na opracowanie modelu mézgowej lokalizacji funkeji jezykowych,
nazwanego Modelem Klasycznym (Tremblay i Dick, 2016) lub modelem Broki-
Wernickego-Lichtheima-Geschwinda (Poeppel 1 Hickok, 2004). Co prawda pdzniejsze
odkrycia nie pozwalajg ogranicza¢ lokalizacji funkcji jezykowych jedynie do obszarow

Broki i Wernickego, model ten dat jednak poczatek klasycznej typologii afazji. Ponizej
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krotko scharakteryzowane zostana najczesciej spotykane rodzaje afazji opisane na
podstawie Modelu Klasycznego.

Afazja Broki, zwana takze ruchowa, charakteryzuje si¢ nieptynna, wysitkowa
mowa wynikajacg z zaburzenia organizacji ruchoOw migsni aparatu artykulacyjnego
(Jodzio i Nyka, 2008). Pacjenci czesto postuguja si¢ stylem telegraficznym, lub
komunikuja si¢ przy pomocy pojedynczych stow. W mowie wystepuja agramatyzmy.
Zazwyczaj rozumienie mowy jest zachowane, moga jednak wystapi¢ trudnosci
z rozumieniem zlozonych struktur gramatycznych. Afazja Broki najczeséciej wystepuje
na skutek uszkodzen w tylnej cze$ci lewego zakretu czotowego dolnego, wyspy,
wieczka czotowego 1 okolicy przedruchowej (Potagas i in., 2011a).

Drugim klasycznym rodzajem afazji jest afazja Wernickego, zwana takze
sensoryczng. Charakteryzuje si¢ ona plynng mowa, zawierajaca jednak liczne
neologizmy, parafazje semantyczne i fonemowe i kontaminacje (zlepki kilku stow), co
w przypadku znacznego nasilenia tych objawdéw okreslane jest mianem zargonu
afatycznego. Ze wzgledu na zaburzenia stuchowej kontroli mowy, pacjenci czgsto nie
maja $wiadomosci, ze ich mowa jest niezrozumiata. Pacjenci ci wykazuja rowniez
deficyty w rozumieniu mowy spowodowane zaburzeniem stuchu fonemowego
1 roznicowania dzwigkow mowy. Ten wariant afazji jest najczes$ciej spowodowany
uszkodzeniami w tylnej czgsci lewego zakretu skroniowego gornego oraz przylegtych
obszarach potylicznych, ciemieniowych i skroniowych (Jodzio i Nyka, 2008).

Kolejnym rodzajem afazji jest afazja kondukcyjna (przewodzeniowa).
Dominujacg trudno$cig sa w jej przypadku deficyty w powtarzaniu styszanej mowy.
Pacjenci czgsto majg zachowane zdolnos$ci rozumienia mowy oraz cechujg si¢ plynng
mow3 (Jodzio i Nyka, 2008). W mowie wystepuja jednak parafazje fonemowe. Pacjenci
majg rowniez trudnosci z nazywaniem. Pierwotnie uwazano, ze afazja ta jest skutkiem
uszkodzenia lewego peczka tlukowatego taczacego okolice Broki i Wernickego (Bernal
i Ardila, 2009). Obecnie wskazuje si¢ jednak na uszkodzenia w obrgbie lewego styku
skroniowo-ciemieniowego, wyspy, pierwotnej kory stuchowej i zakretu nadbrzeznego
(Potagas iin., 2011a).

Afazja globalna charakteryzuje si¢ glgbokim zaburzeniem wszystkich funkcji
jezykowych - pacjenci charakteryzuja si¢ zar6wno nieptynng mowa, jak i wykazuja
glebokie zaburzenia rozumienia, nazywania i powtarzania (Potagas i in., 2011a).
Wystepuje ona na skutek rozleglych uszkodzen lewej poétkuli obejmujacych okolice
Broki i Wernickego (Mazzocchi i Vignolo, 1979).
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W afazji nominacyjnej dominujagcym objawem sg trudnosci z nazywaniem.
Pacjent mowi w sposob plynny, w jego mowie wystepuje niewiele parafazji, jednak
czesto pojawiaja  si¢  przerwy spowodowane trudno$ciami w  wyszukiwaniu
odpowiednich stow. Afazja ta moze by¢ spowodowana lezjami w r6znych obszarach,
czesto wskazuje sie jednak na uszkodzenia w tylnej czesci lewej potkuli, w strukturach
takich jak zakret katowy lub srodkowy zakret skroniowy (Potagas i in., 2011a).

Kolejnym rodzajem afazji sg afazje transkorowe. Mozna wyr6zni¢ wsrdd nich
transkorowa afazj¢ ruchowsa, transkorowg afazje czuciowg i transkorowa afazj¢
mieszang. Wszystkie te rodzaje afazji charakteryzuja si¢ wystgpowaniem zaburzen
funkcji jezykowych przy zachowanej zdolno$ci powtarzania. Pacjenci z transkorowag
afazja ruchowa wykazuja deficyty w produkcji mowy podobne do wystepujacych
w afazji Broki, potrafiag jednak powtarzaé¢ ustyszane komunikaty w sposob plynny
1 poprawny gramatycznie, co wiaze si¢ z uszkodzeniami w obszarach z przodu lub
powyzej okolicy Broki (Tippet i Hillis, 2017) oraz wtokien docierajacych do okolicy
Broki (Jodzio i Nyka, 2008). Transkorowa afazja czuciowa z kolei charakteryzuje si¢
zaburzeniami rozumienia mowy 1 ekspresji typowymi dla afazji Wernickego, przy
zachowanym prawidlowym powtarzaniu. Wiaze si¢ ona z uszkodzeniami w obszarach
wokot okolicy Wernickego. Natomiast w transkorowej afazji mieszanej wystgpuja
zarowno trudnos$ci z produkcja mowy, glteboko zaburzone rozumienie, ale zachowane
powtarzanie, ktoremu towarzyszy echolalia. Uszkodzenie w tym przypadku obejmuje
rozlegle obszary lewej potkuli w okolicy perisylwianskiej powodujace odizolowanie
okolic Broki i Wernickego od innych obszaréw moézgu (Tippet i Hillis, 2017).

O ile omowione powyzej rodzaje afazji wcigz sg przytaczane w literaturze,
w praktyce rzadko mozna spotka¢ pacjentdéw wykazujacych profil objawow
charakterystyczny dla konkretnego z tych typow. Wspolczesne badania wskazuja
bowiem, ze lokalizacja funkcji jezykowych nie jest ograniczona do konkretnych
pojedynczych obszaréw moézgu, jak pierwotnie uwazano, ale u ich podloza lezy
dziatanie catych sieci obszarow i potaczen miedzy nimi.

Obecnie jednym z najpopularniejszych modeli przetwarzania mowy jest model
dwustrumieniowy zaproponowany przez Hickoka i Poeppela (2007). Zgodnie z nim,
przetwarzanie informacji jezykowej odbywa si¢ w dwoch strumieniach: grzbietowym
1 brzusznym. Schematyczny diagram modelu przedstawiono na Rycinie 1. Pierwszym
etapem przetwarzania mowy jest analiza charakterystyki czestotliwosciowej 1 czasowej

fali dzwigkowej. Odbywa si¢ ona obupdlkulowo w pierwotnej korze stuchowej. Udzial
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obu potkul zostal potwierdzony wynikami badah z uZyciem neuroobrazowania,
wskazujacymi na obustronne zwigkszenie aktywnosci w zakrecie skroniowym gérnym
i bruzdzie skroniowej gornej podczas stuchania dzwickow mowy (Okada i in., 2010;
Price, 2012). Uwaza si¢ jednak, ze pomimo zaangazowania obu poitkul w analizg
dzwiekéw mowy, ich rola si¢ rozni. Zatorre i wspotpracownicy (2002) sugeruja, ze lewa
poikula jest odpowiedzialna za analiz¢ szybkich zmian akustycznych (rozdzielczo$é
czasowa), z kolei prawa odpowiada za przetwarzanie czestotliwosci dzwickow
(rozdzielczo$¢ spektralna). Kwestia specjalizacji potkulowej w analizie dzwickow
wcigz pozostaje jednak tematem badan. Nastgpnie w bruzdzie skroniowej gornej
obupotkulowo, cho¢ z przewaga lewej potkuli, ma miejsce przetwarzanie fonologiczne
(Hickok i Poeppel, 2007). W kolejnym etapie przetwarzanie rozdziela si¢ na dwa
systemy. Strumien brzuszny odpowiada za przetwarzanie dzwigkdw mowy na
reprezentacje pojeciowe. Angazuje tylne platy skroniowe, ktore przechowuja informacj¢
na temat relacji miedzy informacjami fonologicznymi a reprezentacjami pojeciowymi.
Przetwarzanie sktadniowe ma z kolei miejsce w przednim placie skroniowym. Drugi
z systemOw - strumien grzbietowy - ma juz silng lewopotkulowa dominacjg. W nim
stuchowe reprezentacje mowy sa przetwarzane w schematy artykulacyjne. Obejmuje on
lewy styk skroniowo-ciemieniowy 1 tylng czg$¢ lewego dolnego zakretu czotowego,

kore przedruchowa i przednig cze$¢ wyspy (Hickok i Poeppel, 2007).
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Poprzez sieci czotowe wyZzszego rzedu

v )
Strumien
o . ___grzbietowy | Inferfejs sensoryczno- Wejécie z innych
Sie¢ artykulacyjna < P motoryczny € modalnoéci
sensorycznych
4
v
Analiza
czestofliwosciowo- € >  Sie¢ fonologiczna Sie¢ pojeciowa
czasowa
X Strumiefl
brzuszny

N
h

Rycina 1. A: Schemat dwustrumieniowego modelu przetwarzania mowy Hickoka
i Poeppela. B: Lokalizacja dwoch strumieni przetwarzania mowy w mozgu

(opracowanie wtasne na podstawie: Hickok i Poeppel, 2007).

Fridriksson 1  wspotpracownicy (2016, 2018) wykazali uzyteczno$¢
dwustrumieniowego modelu w diagnostyce afazji, przeprowadzajac badania majace
powiaza¢ lokalizacje lezji z demonstrowanymi przez pacjentéw objawami. Zwrocili
uwage na to, ze, pomimo ze produkcja mowy jest zaburzona przewaznie w wyniku
uszkodzenia strumienia grzbietowego, za§ rozumienie - brzusznego, to poszczeg6élne
funkcje jezykowe oceniane przy pomocy testow neuropsychologicznych angazuja wiele
procesoOw zachodzacych dzieki zaangazowaniu obu strumieni. Pacjenci posiadajacy
lezje w r6znych obszarach mogg zatem demonstrowa¢ zblizone objawy, jesli obszary te
byly czgscig tej samej sieci zaangazowanej w dang funkcje jezykowa. Obecnie odchodzi
si¢ zatem od modeli klasyfikacyjnych, przypisujacych dany rodzaj deficytu do
konkretnej lokalizacji, na rzecz charakterystyki obrazu demonstrowanych przez

pacjenta objawow.
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1.1.3. Zaburzenia niejezykowych funkcji poznawczych w afazji

Pomimo, ze afazja poczatkowo rozumiana byla jako zaburzenie obejmujace
jedynie funkcje jezykowe, od kilku lat zwraca si¢ uwage na deficyty niejezykowych
funkcji poznawczych u os6b z afazja. Wystepowanie deficytow w zakresie
niejezykowych funkcji poznawczych okazuje si¢ by¢ w przypadku tych pacjentow
zjawiskiem do$¢ powszechnym. Fonseca i wspotpracownicy (2016) na podstawie
systematycznego przegladu 47 badan uwzgledniajacych w sumie wyniki az 1710 o0sob
z afazja podaja, ze w 61% badan osoby z afazja mialy nizsze wyniki w testach
niejezykowych funkcji poznawczych w poréwnaniu z osobami zdrowymi. Dane
literaturowe donosza, ze osoby z afazja wykazuja deficyty w zakresie funkcji
wykonawczych (Dutta i in., 2023; Fridriksson i in., 2006; Purdy, 2002), uwagi (Murray,
2012; Varkanitsa i in., 2023; Villard i Kiran, 2018) i pamigci operacyjnej, zarOwno
werbalnej jak 1 przestrzennej (Mayer 1 Murray, 2012; Potagas i in., 2011b; Salmons i in.,
2022). Co istotne, wielu badaczy wskazuje, ze trudnosci w niejezykowych funkcjach
poznawczych poglebiaja zaburzenia jezykowe i co wigcej moga tez obniza¢ skutecznosé
terapii afazji (np. Fillingham i in., 2006; Fonseca i in., 2016). Tak na przyktad, Seniow
1 wspOtpracownicy (2009) przeprowadzili badanie majace na celu ocene funkcji
wzrokowo-przestrzennej 1 myslenia abstrakcyjnego 1 ich wptywu na skuteczno$¢ terapii
afazji. Wykazali, ze osoby z afazjag w fazie podostrej (mniej niz 6 miesiecy od udaru)
osiggnety istotnie nizsze wyniki w testach pamigci operacyjnej i1 myslenia
abstrakcyjnego od osob zdrowych. Co wigcej, okazalo si¢, Ze poziom przestrzennej
pamigci operacyjnej przewidywat wielko§¢ poprawy w zakresie nazywania i rozumienia
po trzytygodniowym okresie rehabilitacji logopedyczne;.

W wielu badaniach przeprowadzano kompleksowa ocene¢ funkcji poznawczych
u oséb z afazja. I tak Kalbe 1 wspotpracownicy (2005) dokonali oceny zaburzen
jezykowych 1 niejezykowych osob z afazjg. Wérod niejezykowych funkeji poznawczych
uwzglednili zadania oceniajagce poziom niewerbalnej pamigci krotkotrwatej
1 Srednioterminowej, uwagi i rozumowania. Badacze wykazali, ze 94% zbadanych przez
nich pacjentoéw wykazywalo zaburzenia w co najmniej jednej z domen niejezykowych.
Siedemdziesiat sze$¢ procent pacjentow wykazywalo deficyty w zakresie pamigci
krotkotrwatej, 60% - Srednioterminowej, 77% w zakresie uwagi 1 73% w zakresie

rozumowania. Co wigcej, poziom tych funkcji zwigzany byt z glebokoscig zaburzen
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jezykowych, szczegdlnie rozumieniem tekstu czytanego, rozumieniem stuchowym,
rozumieniem zlozonych komunikatow i fluencjg semantyczng.

Podobnej proby okreslenia profili zaburzen poznawczych u 0sob z afazja podjeli
si¢ Marinelli z zespotem (2017). Obok standardowej diagnozy funkcji jezykowych
oceniano uwage, funkcje wykonawcze, rozumowanie logiczne, pamigé¢, rozpoznawanie
wzrokowo-stuchowe 1 zdolno$ci wzrokowo-przestrzenne. Na podstawie analizy skupien
autorzy wyodrebnili w grupie blisko dwustu oséb z afazja trzy podgrupy pacjentow:
1) grupe bez zaburzen poznawczych, ale w przypadku niektérych pacjentow
z wystepowaniem deficytow w zakresie rozpoznawania wzrokowo-stuchowego (34%
badanych), 2) grupe wykazujaca $redniej glgbokosci deficyty funkcji poznawczych
(40% badanych) i 3) grupe o glebokich zaburzeniach we wszystkich domenach
poznawczych (26% badanych). Grupy o nizszym poziomie niejezykowych funkcji
poznawczych charakteryzowaly si¢ takze nizszym poziomem funkcji jezykowych,
takich jak rozumienie mowy, czytanie i literowanie.

Schumacher 1 wspolpracownicy (2019) postanowili wyodrebni¢ domeny
zaburzen funkcji uwagowych i wykonawczych w badaniu z udzialem pacjentow
z chroniczng afazja i powiazac je z lokalizacja lezji. Przy pomocy analizy gléwnych
sktadowych przeprowadzonej na wynikach 10 testoéw funkcji niejezykowych opisali
trzy domeny zaburzen: 1) przerzutno$é-aktualizacja (uwzgledniajagce wyniki testow
badajacych  podzielnos¢ uwagi, uwage wzrokowo-przestrzenng, planowanie
1 wykrywanie regul), 2) hamowanie-generowanie (uwzgledniajace wyniki zadan
badajacych hamowanie reakcji 1 tworzenie kategorii) oraz 3) szybkos$¢ (uwzgledniajaca
czasy reakcji). Zaburzenia w obrebie domen poznawczych zostaty nastgpnie powigzane
z lokalizacja lezji. Sktadowa °‘przerzutnos$c-aktualizacja’ zwigzana byla z tylnymi
obszarami skroniowo-potylicznymi lewej potkuli 1 obupoétkulowymi przysrodkowymi
obszarami ciemieniowymi. Skladowa ‘hamowanie-generowanie’ zwigzana byla
z lewopotkulowymi obszarami czotowymi 1 obupoétkulowymi przysrodkowymi
czotowymi. Z kolei skladowa ‘szybko$¢’ wigzata si¢ z prawopotkulowymi klastrami
czolowo-ciemieniowo-potylicznymi.

Podsumowujac, przytoczone badania wskazuja na wystepowanie zaburzen
niejezykowych w réznych domenach poznawczych u znacznej czes$ci osob z afazja.
Profil tych zaburzen jest zwigzany z umiejscowieniem lezji. Omoéwione prace bazowaty
na diagnostyce neuropsychologicznej i neuroobrazowej. Warto jednak wspomnie¢, ze

zaburzenia funkcji poznawczych u o0s6b z afazja mozna monitorowac takze przy
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pomocy metod elektrofizjologicznych. Ocena parametrow potencjalow skorelowanych
ze zdarzeniem (ang. event-related potentials, ERP) pozwala na wnioskowanie
0 sprawnos$ci poznawczej nawet u osob z gleboka afazja. Najwczesniejszym catkowicie
endogennym, a wiec zwigzanym z aktywnos$cig poznawcza, potencjalem jest P300. Jest
to pozytywny potencjal o wysokiej amplitudzie, zwigzany ze zmiang reprezentacji
kontekstu bodzca, pojawiajacy si¢ w granicach 300-600 ms od prezentacji bodzca
(Donchin, 1981; Polich, 2007). Jest on rejestrowany podczas prezentacji bodzcow
o réznej czestosci, w odpowiedzi na pojawienie si¢ oczekiwanego (ze wzgledu na
instrukcj¢ zadania) bodzca rzadkiego, na ktérym osoba badana skupia uwage. Potencjat
P300 najczesciej rejestruje si¢ przy zastosowaniu procedur typu oddball polegajacych
na reagowaniu na bodziec rzadki, badz Go/No-Go - kiedy to nalezy naciska¢ przycisk
w odpowiedzi na bodzce czgste, a w odpowiedzi na bodziec rzadki wyhamowac reakcje.
Amplituda potencjatu P300 jest interpretowana jako wskaznik aktywacji uktadu
nerwowego podczas przetwarzania informacji. Z kolei latencja $wiadczy o szybkos$ci
klasyfikowania bodzcow (Polich, 2007). Ze wzgledu na wysokie korelacje z réznymi
zadaniami poznawczymi, wielu badaczy uwaza latencj¢ P300 za wskaznik ogdlnej
wydolno$ci poznawczej (Emmerson 1 in., 1989; Polich 1 Martin, 1992). Wydtuzenie
latencji 1 obnizenie amplitudy P300 obserwuje si¢ w przypadku pogorszenia funkcji
poznawczych np. w starzeniu (Fjell i Walhovd, 2001). Ponadto, nieprawidtowe
parametry P300 obserwuje si¢ rowniez w chorobach ukladu nerwowego. Badania
z udzialem pacjentow z chorobg Alzheimera wykazaly obnizenie amplitudy
1 wydtuzenie latencji potencjatu w porownaniu z grupa kontrolng oséb zdrowych (Lee
i in., 2013; Polich i Corey-Bloom, 2005). Wydtuzong latencj¢ i zmniejszong amplitude
P300 wykazano rowniez u pacjentow z chorobg Parkinsona (Xu i in., 2022). Co wigcej,
parametry te zwigzane byty z glgbokos$cia zaburzen poznawczych w tych grupach.
Potencjal P300 jest wykorzystywany rowniez do monitorowania w czasie zmian
poziomu funkcji poznawczych u o0so6b z afazja. Nolfe i wspotpracownicy (2006)
dokonywali oceny P300 rejestrowanego podczas stuchowej procedury oddball w grupie
pacjentow z afazja bezposrednio po udarze, a takze co miesigc przez okres szeSciu
miesiecy. Wykazali oni, Ze o ile w pierwszym pomiarze, niedtugo po wystapieniu udaru,
P300 udato si¢ zarejestrowa¢ u mniej niz polowy pacjentéw (41%), to w okresie
poOtrocznym odsetek ten wzrdst do 66%. Co wiecej, pacjenci u ktorych w pierwszym
pomiarze udato si¢ zarejestrowaé potencjat P300 osiggali lepsze wyniki w testach

mierzacych rozumienie mowy w pordwnaniu z pozostalymi pacjentami. Nastgpita
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u nich takze najwigksza poprawa w zakresie funkcji jezykowych w okresie sze$ciu
miesiecy. Podobnej proby podjeli si¢ Cocquyt z zespoltem (2021) badajac osoby z afazja
w dwoch punktach czasowych: okolo tygodnia po udarze (faza podostra) i okoto 30
tygodni po udarze (faza chroniczna). Wykazali oni, ze uczestnicy u ktorych
W pilerwszym pomiarze zarejestrowano potencjal P300 o parametrach zbieznych
z normatywnymi wykazali wigkszg poprawe w zakresie rozumienia mowy niz ci
u ktorych parametry P300 byly zaburzone. Badania te wskazuja zatem na zasadnos$¢
tezy, ze potencjal P300 moze by¢ wiarygodnym wskaznikiem poziomu funkcjonowania
poznawczego réwniez u osob z afazja, co wigcej ocena jego parametréw moze mieé
warto$¢ prognostyczng dla efektéw poprawy funkcji jezykowych.

Konczac rozdzial o niejezykowych funkcjach poznawczych zaburzonych u osoéb
z afazja, nalezy wspomnie¢, ze kolejng taka funkcja jest CzPI. Jednak ze wzgledu na
istotng role CzPI w tematyce niniejszej pracy, funkcja ta zostanie szerzej omoéwiona
w odrgbnym podrozdziale. Wielu autorow wskazuje na kluczowe znaczenie CzPI dla
trudno$ci  jezykowych po udarze, jak 1 szeroko rozumianego funkcjonowania
poznawczego (Fink i in., 2006; Szelag i1 in., 2015, Szymaszek i in., 2009; von
Steinbiichel 1 in., 1999).

1.2. Czasowe przetwarzanie informacji
1.2.1. Hierarchiczny model czasowego przetwarzania informacji

Jednym z pionieréw badan nad czasowym przetwarzaniem informacji byt Paul
Fraisse (1963), ktory rozumial to zjawisko jako umiejetno$¢ spostrzegania zmian we
wlasnym organizmie i $§rodowisku, w ktorym si¢ funkcjonuje. Kompleksowy model
CzPI, nazywany modelem hierarchicznym, zaproponowal Ernst Poppel (1989; 1997;
2009). Ze wzgledu na jego kluczowe znaczenie dla opisanych w niniejszej pracy badan
postaram si¢ przyblizy¢ go w kolejnym paragrafie.

Zgodnie z teoriag PoOppela mozna wyr6zni¢ czas obiektywny - ujmowany
w kategoriach fizycznych, ptynacy w sposob ciagly i czas subiektywny - odczuwany
indywidualnie przez kazda osobe 1 ptynacy nierownomiernie. Subiektywne postrzeganie
uplywu czasu jest zwigzane z dzialaniem mechanizméw moézgowych. W ramach
swojego modelu Poppel (1997) wyrdznit kilka poziomoéw przetwarzania czasu
subiektywnego o uporzadkowanej hierarchii, na ktorych opiera si¢ przetwarzanie

bodzcow.
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Pierwszy, i najbardziej podstawowy poziom operuje w zakresie dziesigtek
milisekund. Sprawne przetwarzanie informacji w tym zakresie pozwala na oceng
jednoczesnosci lub niejednoczesnos$ci bodzcow, a takze postrzegania ich kolejnosci.
Bodzce musza by¢ oddzielone odpowiednio dtuga przerwa, zeby zostaty odebrane jako
niejednoczesne. Diugos¢ tej przerwy jest zalezna od modalnosci, tak na przyktad w celu
odebrania bodzcow stuchowych jako niejednoczesne musi je oddzielaé przerwa
o dlugosci co najmniej 2-5 ms, za$ dla bodzcéw wzrokowych wynosi ona co najmnie;j
20-30 ms (Poppel, 1989).

Z postrzeganiem kolejnos$ci wiaze si¢ pojecie rozdzielczos$ci czasowej, czyli
zdolnos$ci do postrzegania nastepstwa czasowego bodzcoéw prezentowanych w szybkiej
sekwencji. Wskaznikiem rozdzielczosci czasowej jest Prog Postrzegania Kolejnosci
(PPK; ang. temporal order treshold). Oznacza on najkrotszy odstep pomigdzy dwoma
bodZcami potrzebny do podania ich kolejnosci z co najmniej 75%-owa poprawnoscia
(Fink 1 in., 2005). Prog ten jest podobny dla bodzcow roznych modalnos$ci.
W przypadku mtodych zdrowych os6b wynosi okoto 30-80 ms (Szelag i in., 2022).
Ocena PPK najczeséciej odbywa si¢ na podstawie rozrdzniania kolejnosci bodzcow
stuchowych (Fostick 1 Babkoff, 2013; 2017; Ulbrich i in., 2009). Powszechnie
stosowana jest procedura rozdzielnouszna polegajaca na ocenie kolejnosci bodzcow
prezentowanych w szybkim nastepstwie - pierwszy z bodzcoéw prezentowany jest do
jednego z uszu osoby badanej, drugi - do drugiego. Zadaniem osoby badanej jest
okreslenie, czy najpierw styszala dzwigk w uchu prawym, potem - w lewym, czy
odwrotnie. Z kolei procedura obuuszna, zwana czestotliwo$ciowa polega na
prezentowaniu jednocze$nie do obu uszu osoby badanej dzwiekéw o roznej
czestotliwosci - wysokiego 1 niskiego z r6zng przerwa migdzy nimi. W tym przypadku
zadanie osoby badanej polega na okresleniu, czy najpierw styszata dzwigk wysoki,
potem niski, czy tez odwrotnie (Fostick 1 Babkoff, 2017). Nizsze PPK, a wiec krotsza
przerwa potrzebna do prawidtowej identyfikacji kolejnosci dzwickow, $wiadcza
o lepszej rozdzielczosci czasowej, czyli wigkszej sprawnos$ci czasowego przetwarzania
informacji na poziomie dziesigtek milisekund.

W poézniejszych latach scharakteryzowano réwniez poziom kilkuset milisekund
(Wittmann 1 in., 2001). Jest on zwigzany z funkcjami ruchowymi, takimi jak
programowanie sekwencji motorycznych. Najczesciej stosowanym paradygmatem do
oceny wydajnosci tego poziomu jest zadanie synchronizacji naci$ni¢¢ (ang. finger

tapping task; Hubel 1 in., 2013; Loépez 1 Laje, 2019). Osoby badane proszone sa
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o zsynchronizowanie tempa nacis$ni¢¢ z tempem prezentowanych dzwigkoéw (naciskanie
synchroniczne), lub naciskanie w komfortowym tempie (naciskanie spontaniczne).

Kolejnym poziomem w hierarchicznym modelu czasowego przetwarzania
informacji jest poziom kilku sekund. Wedtug Poppela (1997, 2009) odpowiada on za
odczuwanie terazniejszosci. Opiera si¢ na mechanizmie integracyjnym, ktory scala
nastgpujace po sobie zdarzenia w wigksze okoto 3-sekundowe jednostki. Dowodow na
istnienie tego mechanizmu dostarczyty badania nad reprodukcja interwatow czasowych
(Kagerer i in., 2002; Kowalska, 2003), w ktorych wykazano, ze najbardziej precyzyjnie
odtwarzane sa odcinki czasu o dlugosci okoto 3 s. Ponadto, badania wykorzystujace
paradygmat subiektywnego akcentowania, w ktorym osoba badana slucha serii
monotonnych dzwigkow i ma za zadanie nada¢ im subiektywny rytm, réwniez wskazuja,
ze uderzenia te integrowane sg w grupy, ktoérych dlugosé nie przekracza trzech sekund
(Szelag i in., 1996; Szelag i in., 2022). Ostatnim poziomem jest tzw. trwanie — poziom,
ktéry taczy okoto trzysekundowe odcinki w dostepne §wiadomosci catosci. Wedlug
autora, stanowig on podstawe poczucia ciggtosci uptywajacego czasu.

CzPI pelni zdaniem wielu badaczy bardzo wazng rolg w funkcjonowaniu
poznawczym cztowieka. Zgodnie z klasyfikacja funkcji poznawczych zaproponowang
przez von Steinbiichel 1 Poppela (1993) mozna wyr6zni¢ funkcje kontekstowe (funkcje
,€0”) odnoszace si¢ do konkretnych modalnosci i tresci, odpowiadajacych za tres¢
subiektywnego doswiadczenia oraz funkcje logistyczne (funkcje ,jak™), okreslajace
ogolne reguly formalne aktywnos$ci umyslowej podczas przetwarzania. Przykladami
funkcji kontekstowych sa planowanie, pamig¢, czy jezyk. Z kolei przyktadem funkcji
logistycznej jest CzPI. Stanowi on wedtug tych autoréw neuronalng matryce, na ktorej
opiera si¢ dziatanie funkcji kontekstowych, takich jak planowanie (Nowak i in., 2016,
Jablonska i in., 2022), pamig¢ operacyjna (Jablonska i in., 2020), czy jezyk (Szelag i in.,
2015). Ta ostatnia domena - jezykowa - jest szczegOlnie wazna ze wzglgedu na temat

niniejszej pracy.

1.2.2. Zaburzenia czasowego przetwarzania informacji u 0sob z afazjg

Mowa charakteryzuje si¢ specyficzng organizacja czasowg. Elementy
komunikatu, aby zosta¢ zrozumiane przez odbiorce, muszg odznaczaé si¢ specyficzng
dynamikg temporalng, zwykle nadawang na poziomie nieSwiadomym (Abrams i in.,

2010). Takze zrozumienie wypowiedzi zalezy od poprawnej identyfikacji wyrazow,
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sylab i glosek, ktore opiera si¢ na identyfikacji 1 uporzadkowaniu szybko nastepujacych
po sobie dzwiekow. Przetwarzanie informacji na poziomie kilkudziesigciu milisekund
zwigzane jest ze stuchem fonemowym, czyli zdolnoscig rozrozniania glosek. Spotgtoski
zwarto-wybuchowe, takie jak b, p, g, k, d, t niezaleznie od jezyka trwaja okoto 30-40
ms, 1 w naturalnej mowie nie jesteSmy w stanie ich przedtuzy¢ (Szelag 1 Szymaszek,
2014). Zatem umieje¢tnos¢ analizy krotkich, trwajacych kilkadziesigt milisekund,
dzwickow pozwala na prawidtowa identyfikacje foneméw. Kolejnym przyktadem na
udziat milisekundowego CzPI w rozumieniu mowy jest czas rozpoczecia dzwigcznosci
gloski (Voice-Onset-Time), definiowany jako czas pomigdzy koncem plozji (otwarcia
w narzadach artykulacyjnych drogi dla wydychanego powietrza), a poczatkiem wibracji
faldow gtosowych (Szelag i Szymaszek, 2014). Czas ten wynosi ok. 40 ms. Percepcja
dzwigcznosci pozwala na rozrdznienie glosek dzwigcznych od bezdzwigcznych (jak
d od t).

Kolejny poziom CzPI (poziom kilku sekund) zaangazowany jest w produkcje
ptynnej wypowiedzi, charakteryzujacej si¢ wypowiadaniem ok. 3-4 sylab lub dwoch
stow w ciagu sekundy i segmentacja na fragmenty w kilkusekundowych przedziatach,
pomigdzy ktorymi nastepuje krotka pauza. Ponadto, CzPI na poziomie kilku sekund
bierze udziat w aktualizacji stownictwa oraz produkcji i rozumieniu zdan (Szelag i in.,
2015).

Jako pierwsi na zaburzenia CzPI u os6b z afazjg zwrocili uwage Efron (1963)
1 Swisher 1 Hirsh (1972). W podzniejszych latach wykazano, ze rodzaj afazji jest
zwigzany z zaburzeniem CzPI w konkretnej domenie przetwarzania informacji w czasie.
Szelag 1 wspotpracownicy (1997) wykazali, ze osoby z afazja Broki wykazywali gorsze
zdolnosci integracji bodzcow w czasie na poziomie kilku sekund w poréwnaniu
z osobami zdrowymi, pacjentami z afazja Wernickego 1 pacjentami z uszkodzeniami
prawej potkuli. Z kolei pacjenci z afazja Wernickego demonstrowali podwyzszony PPK
(odnoszacy si¢ do poziomu kilkudziesieciu milisekund) w poréwnaniu z osobami
zdrowymi, pacjentami z lezjami lewopdtkulowymi nie wykazujacymi objawoéw afazji
oraz z lezjami prawopodtkulowymi (von Steinbiichel i in., 1999). Umiejscowienie
uszkodzenia mozgu jest wigc zwigzane ze specyficznym obrazem trudnosci w zakresie
CzPI , co wedlug niektorych autorow przeklada si¢ na wystgpowanie okreslonego
rodzaju deficytow komunikacyjnych w afazji (Szelag i in., 2015). W ostatnich latach
Oron i wspotpracowniczki (2015) wykazaty, ze pacjenci z afazja z dominacja zaburzen

rozumienia mowy charakteryzowali si¢ ponad trzykrotnie wyzszym PPK, niz osoby
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zdrowe. U pacjentdw $redni odstep miedzy dzwiekami potrzebny do prawidlowej oceny
ich kolejnosci wynosit 252 ms, podczas gdy u 0osob zdrowych byt on rowny 74 ms. Co
wiecej, analiza korelacji wykazala, ze wysoko$¢ progu zwigzana byta z trudnosciami
jezykowymi. Im wyzszy PPK (a wigc im dluzsza przerwa potrzebna to prawidtowe;j
oceny kolejnosci bodzcoéw), tym nizsza poprawno$¢ w testach mierzacych rozumienie
ztozonych komunikatéw, stuch fonemowy i1 réznicowanie dzwieczno$ci. Badania te
wskazuja na wystepowanie zaburzen w zakresie czasowego opracowywania informacji
u 0sob z afazja, oraz ich zwigzek z deficytami funkcji jezykowych.

Doniesienia te sktonily do refleksji, czy poprawa w zakresie CzPI wigzaé sie
moze ze zwigkszeniem sprawno$ci w zakresie innych funkcji poznawczych (w tym
jezykowych i niejezykowych). Opierajac si¢ na modelu von Steinbiichel i Poppela
(1993) mozna podejrzewaé, ze poprawa logistycznej matrycy modzgu poprzez
usprawnienie CzPI podniesie poziom funkcji kontekstowych. W kolejnym rozdziale
omoOwione zostang badania nad skuteczno$cig treningdéw niejezykowych funkcji

poznawczych, w tym CzPI, w rehabilitacji afaz;ji

1.3. Zastosowanie treningow niejezykowych funkcji poznawczych w terapii afazji

Tradycyjna terapia afazji opiera si¢ na d¢wiczeniu zaburzonych funkcji
jezykowych. Terapia ma charakter ¢wiczen logopedycznych dostosowanych do
problemow jezykowych, z jakimi zmaga si¢ pacjent. Ponadto, opracowany zostat szereg
programéw rehabilitacji opartych o ¢wiczenia komunikacji werbalnej, ktérych
skuteczno$¢ w restytucji jezyka wykazano empirycznie (np. Doesborgh i in., 2004;
Elman i Bernstein-Ellis, 1999; Sparks i in., 1974). Rowniez na polskim rynku dostepny
jest szereg multimedialnych narzg¢dzi do ¢wiczen jezykowych dedykowanych pacjentom
z afazja - Afasystem, Afast Powiedz to!, afazja.net. Mimo dostgpno$ci wspominanych
wyzej mozliwosci, ich skuteczno$§¢ w rehabilitacji afazji wydaje si¢ by¢ ograniczona,
dlatego tez badacze i klinicy$ci wcigz pracuja nad nowymi metodami terapii. Waznych
wskazowek dostarczaja tu oméwione w poprzednim rozdziale doniesienia
0 wystgpowaniu u oséb z afazja zaburzen niejezykowych funkcji poznawczych i ich
wplywie na poziom trudnosci jezykowych. Cwiczenia tych funkcji moga pomoéc
pacjentom w komunikacji 1 przyspieszy¢ poprawe zaburzonych zdolnos$ci jezykowych.
Badacze opieraja sie tu na zjawisku transferu efektow treningu (Barnett i Ceci, 2002).

Transfer bliski odnosi si¢ do uogdlnienia efektow treningu na domeny $cisle zwigzane
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z ¢wiczong funkcja. Z kolei transfer daleki ma miejsce, gdy poprawa nastgpuje
w zakresie domeny niezwigzanej, badz w niewielkim stopniu zwigzanej z ¢wiczong
(Karbach i Kray, 2009; Noack i in., 2009). Badacze oczekuja wigc, ze ¢wiczenia
w zakresie funkcji niejezykowych przyniosa poprawe takze w zakresie nie¢wiczonych
funkcji jezykowych.

W literaturze istnieja doniesienia, ze C¢wiczenie niejezykowych funkcji
poznawczych przez osoby z afazja przynosi poprawe w zakresie funkcji jezykowych.
Tak na przyktad Zakarias i wspotpracownicy (2018a) opracowali trening oparty na
¢wiczeniu pamigci operacyjnej i funkcji wykonawczych z wykorzystaniem wzrokowe;j
procedury n-wstecz z literowymi bodZcami. Autorzy chcieli zweryfikowaé czy nastapi
transfer na nie¢wiczone w treningu rozumienie zdan. Dwoje z trojga trenowanych
pacjentdow z afazja wykazalo poprawe zardwno w zakresie ¢wiczonej funkcji jak
1 rozumieniu zdan. Badacze wykazali zatem wystapienie dalekiego transferu z domeny
pamigci operacyjnej na zdolno§¢ rozumienia zdan. W kolejnym badaniu, Zakarias
1 wspolpracownicy (2018b) zastosowali trening w zadaniu n-wstecz: wersja wzrokowa
z obrazkami i sluchowa z wyrazami. Badacze wykazali, ze po treningu wszyscy
pacjenci osiagneli poprawe w co najmniej trzech z pigciu miar funkcjonowania
jezykowego. 1, 2 1 3) zdolnos$ci rozumienia zdan, badang trzema testami, 4) komunikacji
funkcjonalnej, badanej testem polegajacym na probie wypowiedzenia komunikatu przez
pacjenta w scenkach nawigzujacych do codziennych sytuacji lub 5) zdolnosci
komunikacji w zyciu codziennym na podstawie kwestionariusza wypetnianego przez
opiekuna. Co wigcej, diagnoza odroczona wykazata, ze u dwojga pacjentdow poprawa
w zakresie rozumienia zdan utrzymala si¢ rowniez 6 tygodni po zakonczeniu treningu.
Badaczom udato si¢ zatem zreplikowa¢ poprzednio uzyskany przez nich wynik
wskazujacy na uzyteczno$¢ zadan ¢wiczacych pamig¢ operacyjng w rehabilitacji afazji.
Oba badania byly jednak przeprowadzone na matych probach (po 3 pacjentow
w kazdym), co znaczaco ogranicza mozliwo$¢ wnioskowania.

Skuteczno$¢  treningu pamigci  operacyjnej byla réwniez tematem
zainteresowania Nikravesh 1 wspotpracownikow (2021). W ich badaniu wzi¢to udziat
25 pacjentéw z afazja Broki w fazie chronicznej, z ktorych trzynascioro uczestniczyto
w treningu eksperymentalnym, a dwanascioro - kontrolnym. Trening eksperymentalny
sktadal si¢ z szeregu zadan ¢wiczacych pamie¢ operacyjng. Trening kontrolny miat
z kolei charakter ¢wiczen jezykowych prowadzonych pod kierunkiem logopedy.

Autorzy wykazali wystgpienie w grupie eksperymentalnej bliskiego transferu
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przejawiajacego si¢ poprawa w zakresie pamiegci operacyjnej. Ponadto, grupa ta
osiggneta poprawe w zakresie fluencji stownej, rozumienia stuchowego, nazywania
1 powtarzania, co $wiadczy o transferze dalekim. Co ciekawe, w grupie kontrolnej nie
wykazano istotnej poprawy ani w zakresie nie¢wiczonej pamigci operacyjnej, ani
w ¢wiczonych funkcjach jezykowych.

Salis (2012) opisat skutecznos$¢ treningu pamieci krotkotrwalej na podstawie
przypadku 73-letniej kobiety cierpiacej na transkorowa afazje ruchowa. Cwiczone
zadanie polegato na wskazywaniu, czy dwa ciagi styszanych stow sg identyczne, czy si¢
réznig. Badacz wykazal popraw¢ w zakresie pamigci krotkotrwatej, a takze
w rozumieniu zdan. Jego zdaniem poprawa ta nastgpita na skutek wolniejszego zaniku
reprezentacji jezykowych (stow i fraz) w wyniku poprawy pamieci krotkotrwatej. Warto
jednak doda¢, ze proba replikacji wyniku na wickszej grupie pacjentow zakonczyta si¢
niepowodzeniem (Salis, 2017).

W Instytucie Nenckiego przeprowadzono réwniez badania weryfikujace
skuteczno$¢ ¢wiczen CzPl w poprawie funkcji jezykowych u oséb z afazjg. Autorzy
opracowali program treningowy w postaci pojedynczych gier komputerowych majacych
na celu usprawnianie zdolno$ci rozpoznawania kolejnosci dwoch dzwiekow. W badaniu
pierwszym (Szelag i1 in, 2014) procedura treningu byla adekwatna do paradygmatu
rozdzielnousznego, a w drugim (Szymaszek i in., 2017) do obuusznego opisywanych
w podrozdziale 1.2.1. Grupa kontrolna ¢wiczylta z kolei roznicowanie gtosnosci dwoch
dzwigkow, co nie wymagalo zaangazowania CzPI. Trening rozpisany byl na osiem 45-
minutowych sesji. W obu badaniach badacze zaobserwowali poprawg¢ sprawnosci CzPI
u pacjentéw bioracych udziat w treningu eksperymentalnym. Co wigcej, pacjenci ci
wykazali poprawe w zakresie nie¢wiczonych funkcji jezykowych, takich jak rozumienie
zdan, réznicowanie fonemow 1 réznicowanie dzwigczno$ci (Voice-Onset-Time, Szelag
1 in., 2014; Szymaszek 1 in., 2017). Grupa kontrolna nie osiggneta poprawy w zadnej
z badanych funkc;ji.

Opisane badania wskazuja na przydatno$¢ uwzglednienia ¢wiczen
niejezykowych, w tym w zakresie CzPI, w terapii afazji. Poprawa niejezykowych
funkcji poznawczych moze si¢ bowiem przyczynia¢ do zlagodzenia deficytow
jezykowych. Warto jednak zauwazy¢, ze wiele z dotychczasowych badan
przeprowadzono na niewielkich grupach pacjentéw. Badania te nie uwzglednialy takze
kompleksowej diagnostyki poziomu funkcji poznawczych jezykowych i niejezykowych

przed i po treningu, co utrudnia wnioskowanie o mechanizmach na ktérych opiera si¢
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obserwowana poprawa. W kolejnych czg$ciach pracy zaprezentowalem zatozenia badan
wlasnych wraz z otrzymanymi wynikami, szczegélowo opisanymi w przedtozonym

cyklu artykutéw. Wyniki te zostang poddane merytorycznej analizie w Dyskusji.
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2. Zalozenia i cele pracy

Omoéwione we Wstepie badania wskazujg na wystepowanie u oséb z afazja
zaburzen w zakresie CzPI. Funkcja ta jest czg¢sto pomijana w badaniach obejmujacych
kompleksowa diagnostyke pacjentow z afazja. Niejasny jest tez zwigzek tej funkcji
z innymi niejezykowymi funkcjami poznawczymi zaburzonymi w tej populacji.
Zgodnie z modelem von Steinbiichel i Poppela (1993) oraz bazujac na wynikach badan
z udziatem 0s6b zdrowych, mozemy przypuszczac, ze zaburzenia CzPI moga wplywaé
na poziom trudnos$ci jezykowych u oséb z afazja, ale i na deficyty w zakresie innych
funkcji poznawczych, takich jak pamie¢ operacyjna (Jablonska i in., 2020), czy funkcje
wykonawcze (Nowak i in., 2016). Wazne jest zatem przeprowadzanie badan
ukazujacych powiazanie CzPI z innymi funkcjami poznawczymi, zarowno jezykowymi
jak 1 niejezykowymi u oso6b z afazja.

Celem niniejszej pracy bylo zbadanie zwigzkéw pomiedzy CzPI oraz
jezykowymi i niejezykowymi funkcjami poznawczymi u osob z afazja przy pomocy
metod neuropsychologicznych i elektrofizjologicznych. Sprawdzono ponadto, czy
usprawnienie CzPI przyniesie w tej populacji poprawe w zakresie innych funkcji
poznawczych. Wyniki pilotazowych badan nad skuteczno$cig ¢wiczen CzPI (Szelag
i1in., 2014; Szymaszek i in., 2017) daly podstawy do twierdzenia, ze jest to obiecujacy
kierunek prac. Wykazano, ze u 0s6b z afazjg usprawnienie w zakresie milisekundowego
CzPI przyczynialo si¢ do poprawy w zakresie rozumienia mowy, stuchu fonemowego
1 roznicowania dzwigcznosci. W niniejszym projekcie podjeto si¢ kontynuacji tych
badan. Weryfikacji poddano skuteczno$¢ nowej S$ciezki terapeutycznej programu
treningowego uwzgledniajagcego ¢wiczenia rdéznych funkcji  poznawczych, ze
szczegdlnym naciskiem na usprawnianie CzPI.

Celem badania pierwszego (Choinski i in., 2020) bylo zbadanie zwigzkoéw
pomiedzy pamigcig krotkotrwata 1 operacyjna, CzPl, a poziomem rozumienia mowy
u 0sob z afazja. Zatozono, ze poziom pamigci krotkotrwalej i operacyjnej bedzie w tej
grupie powiazany zardwno ze sprawnoscig CzPI jak 1 zdolnos$cig rozumienia mowy.

Celem badania drugiego (Choinski i1 in., 2023b) byto zbadanie zwigzkow
poziomu funkcji poznawczych u oséb z afazja z parametrami potencjatu P300. Jak
omowiono w Wstepie, amplituda i latencja potencjatu jest zwigzana z poziomem funkcji
poznawczych zarowno u 0s6b zdrowych, jak i w grupach klinicznych. Nie ma jednak

doniesien na temat zwigzkow parametrow P300 z poziomem funkcji poznawczych
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u oséb z afazja. Dlatego tez w badaniu tym zweryfikowano zaleznosci migdzy
parametrami P300 i poziomem funkcjonowania poznawczego, zarOwno niejezykowego
1 jezykowego, w tej grupie pacjentow.

Celem badania trzeciego (Choinski i in., 2023a) byta weryfikacja skutecznos$ci
wieloaspektowego treningu poznawczego z naciskiem na usprawnianie CzPI u oséb
z afazja. Trening ten powstal w oparciu o nowatorskie multimedialne narzedzie Dr
Neuronowski® (Szelag i Szymaszek, 2016) opracowane w Pracowni Neuropsychologii
Instytutu Biologii Doswiadczalnej PAN. Do celow niniejszego projektu opracowano
nowg $ciezke terapeutyczng Dra Neuronowskiego®, przeznaczong dla osob z afazjg.
Efekty treningu z uzyciem tego oprogramowania porownano z efektami ¢wiczen
jezykowych opartych o multimedialne programy logopedyczne stosowane obecnie
w terapii afazji. Zakladano, ze oba treningi przyczynig si¢ do poprawy w zakresie
¢wiczonych funkcji, tj. trening eksperymentalny przyniesie popraw¢ w zakresie funkcji
niejezykowych, takich jak CzPI, uwaga, czy pami¢¢ operacyjna, za$ trening kontrolny -
w zakresie funkcji jezykowych. Oczekiwano jednak, ze po treningu eksperymentalnym
poprawa nastgpi rowniez w domenie jezykowej, co bedzie $wiadczylo o dalekim
transferze efektow treningu.

Przedstawione w przedtozonych artykutach badania przeprowadzone zostaly
ramach projektu dotyczacego weryfikacji skutecznos$ci terapii afazji opartej o czasowe
przetwarzanie informacji kierowanym przez dr hab. Anete¢ Szymaszek (Narodowe
Centrum Nauki, OPUS 11; UMO-2016/21/B/HS6/03775). Przed przystapieniem do
badan kazda osoba z afazja lub, w przypadku osob glebiej zaburzonych, jej opiekun
prawny otrzymywali pisemng informacj¢ na temat celu i przebiegu badania, a nastepnie
podpisywali §wiadoma zgod¢ na udziat w badaniu.

Osoby badane byly rekrutowane przy wsparciu logopeddéw i neuropsychologow
pracujacych na oddziatach neurologicznych i rehabilitacji neurologicznej warszawskich
i podwarszawskich klinik, w tym: Wojskowego Instytutu Medycznego, Mazowieckiego
Szpitala Brodnowskiego, Centrum Kompleksowej Rehabilitacji w Konstancinie,
Szpitala Czerniakowskiego i1 Szpitala Grochowskiego. Ponadto, badani zglaszali si¢
rowniez w odpowiedzi na ogloszenia zamieszczone na grupach internetowych
zrzeszajacych osoby z afazja i ich opiekundéw na portalu Facebook (AFATYCY.pl,
AFAZJA Pomoc, Udar mézgu — nowe zycie) oraz na stronie dedykowanej projektowi

(https://afazja.nencki.edu.pl/). Rekrutacja miata miejsce od maja 2018 do maja 2021.
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Pacjenci badani w ramach niniejszego projektu rekrutowani byli wedtug
nastgpujacych kryteriow wiaczenia:
- uszkodzenie moézgu spowodowane pierwszym w zyciu lewopodtkulowym udarem
moézgu niedokrwiennym lub krwotocznym;
- czas od udaru do pierwszego spotkania diagnostycznego wynosit 5 tygodni do 24
miesiecy (ze wzgledu na trudnos$ci w rekrutacji, zdecydowano si¢ poszerzy¢ kryterium
dotyczace maksymalnego czasu od wystgpienia udaru do 60 miesiecy);
- afazja;
- jezyk polski - jezykiem ojczystym pacjenta;
- praworecznosc;
- brak dyzartrii;
- prawidlowy shich - weryfikowany za pomoca przesiewowego badania
audiometrycznego (audiometr MAICO MA33) dla czgstotliwosci wybranych ze
wzgledu na bodzce zastosowane w procedurach diagnostycznych i treningowych: 250,
500, 1000, 2000, 3000 Hz;
- wzrok w granicach normy lub skorygowany okularami, brak zaburzen widzenia
zwigzanych z udarem;
- brak innych (poza udarem) chor6b neurologicznych lub psychiatrycznych;

- brak urazéw gltowy z utratg przytomnosci w ciggu 5 lat poprzedzajacych badanie.
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3. Opis badan wlasnych

3.1. Zwiqzki pomiedzy pamiecig, czasowym przetwarzaniem informacji i deficytami

rozumienia mowy u osob z afazjg

Jednym z najcze$ciej badanych, u oséb z afazja, obszaréw zaburzen
poznawczych sg deficyty pamigci, w tym pamigci krotkotrwatej (Harris i in., 2014;
Martin i Ayala, 2004; Minkina i in., 2018) i1 operacyjnej (Kasselimis i in., 2018; Martin
1 in., 2012; Mayer 1 Murray, 2012; Wright i Fergadiotis, 2012). Deficyty te nie sa
ograniczone jedynie do pamigci werbalnej, jako ze badania wskazuja réwniez na
zaburzenia pamigci przestrzennej (Martin i Ayala, 2004). Potagas i wspotpracownicy
(2011b) wykazali, ze osoby z afazja osiggaja nizsze od oséb zdrowych wyniki
w zakresie zarowno werbalnej, jak 1 przestrzennej pamieci krotkotrwatej 1 operacyjne;.
Dodatkowo, glebokos¢ afazji byla w ich badaniu zwigzana z miarami wszystkich
czterech rodzajow pamigci. Jako, ze wspolczynniki korelacji z glgboko$cig afazji byty
podobne dla pamigci krotkotrwatej i operacyjnej, autorzy ci sugeruja, ze podstawowym
deficytem u tych pacjentéw jest trudnos¢ z utrzymywaniem materialu w pamigci, co
Ww nastgpstwie uniemozliwia takze efektywne wykonywanie na nim operacji.

Celem prezentowanego badania (Choinski i in., 2020) byto sprawdzenie, w jaki
sposob werbalna i przestrzenna pami¢¢ krotkotrwata i operacyjna wiaze si¢ z CzPI
1 poziomem rozumienia mowy u oséb z afazja. Jak opisano w podrozdziale 1.2.1, CzPI
stanowi logistyczny fundament funkcjonowania umyslowego, umozliwiajacy sprawne
dziatanie funkcjom kontekstowym, takim jak pamig¢é, czy jezyk (von Steinbiichel
1 Poppel, 1993). Mozna zatem oczekiwaé, ze zaburzenia CzPI na poziomie milisekund,
dobrze udokumentowane u 0sob z afazja, beda wigza¢ si¢ z deficytami w zakresie
pamigci 1 rozumienia mowy.

W pierwszej kolejnosci porownano u osob z afazja poziom wykonania zadan
oceniajgcych poziom pamigci krotkotrwatej z zadaniami mierzacymi pamig¢ operacyjng.
Nastegpnie analizie poddano zwiazki pomiedzy werbalng i przestrzenng pamiecia
krotkotrwata 1 operacyjna, a poziomem rozumienia mowy. W ostatnim kroku
sprawdzono, czy relacje pomiedzy pami¢cig a CzPI a s zalezne od poziomu rozumienia
mowy.

Ocena pamigci opierata si¢ na zadaniach badajacych rozpigtos¢ pamigciowa
(ang. memory span). Z kolei do pomiaru CzPI zastosowano rozdzielnouszng procedure

badania PPK (opisang w podrozdziale 1.2.1). W celu oceny rozumienia mowy

31



postuzono si¢ za$ wskaznikiem skonstruowanym z usrednionych wynikéw testow
badajgcych globalne rozumienie mowy!, rozumienie gramatyki, rozumienie stéw i stuch
fonemowy.

W ramach przeprowadzonych badan wykazano, ze osoby z afazja wykazuja
istotnie wyzszy poziom pamigci krotkotrwatej, niz operacyjnej niezaleznie od
modalnosci (werbalna vs przestrzenna).

Na podstawie analiz korelacyjnych zanotowano pozytywny zwigzek werbalnej
pamigci krotkotrwalej i operacyjnej oraz przestrzennej pamigci operacyjnej z poziomem
rozumienia mowy. Z kolei przestrzenna pamie¢¢ krotkotrwata wykazywata staby
zwiazek z poziomem rozumienia mowy jedynie w zakresie jednego ze wskaznikow —
wyniku punktowego, nie za$ liczby zapamigtanych elementéw, czyli rozpigtosci (Tabela
1).

Ponadto, wyzszy poziom werbalnej pamigci kréotkotrwatej 1 operacyjnej oraz
przestrzennej pamigci krotkotrwatej (wynik punktowy) 1 operacyjnej towarzyszyt
nizszemu PPK, zatem osoby o lepszej pamie¢ci cechowaty si¢ bardziej sprawnym CzPI.

Analiza korelacji czastkowych ujawnita jednak, ze po uwzglednieniu poziomu
rozumienia mowy zwiazki werbalnej pamigci krotkotrwatej 1 operacyjnej z CzPI
stawaly si¢ nieistotne statystycznie. Podobny efekt zaobserwowano w przypadku
przestrzennej pamigci krotkotrwatej. Z kolei zwigzek przestrzennej pamigci operacyjnej
i CzPI pozostawat istotny nawet po uwzglednieniu wptywu poziomu rozumienia mowy.

Wiyniki analiz korelacyjnych przedstawiono w Tabeli 1.

I'W niniejszym opracowaniu ,,globalne rozumienie mowy” oznacza funkcje mierzong przy pomocy Testu Zetondéw
z baterii Aachener Aphasia Test (Huber i in., 1983).
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Tabela 1. Wyniki analiz korelacyjnych pomigdzy wskaznikami testow werbalnej
1 przestrzennej pamigci krotkotrwatej 1 operacyjnej (wynik punktowy i rozpietosé)

i wskaznikami rozumienia mowy, CzPl oraz CzPI z kontrolg poziomu rozumienia

mowy.
Pamig¢ Wskaznik Rozumienie CzPI CZPl z
mowy kontrola
rozumienia

Werbalna Krétkotrwata Wynik pkt  0,7027%*%* -0,462%* -0,128
Rozpigtos¢  0,734%** -0,483** -0,140
Operacyjna ~ Wynik pkt ~ 0,822%*** -0,575*** 0,258
Rozpigtos¢  0,764%** -0,492%** -0,134
Przestrzenna Krétkotrwata Wynik pkt  0,316*** -0,385* -0,267
Rozpigtos¢ 0,154 -0,242 -0,191

Operacyjna ~ Wynik pkt ~ 0,638*** -0,661%**  -(0,483**

Rozpigtos¢  0,644%** -0,689%**  -(,524%*

Istotne korelacje rho Spearmana oznaczono gwiazdkami: *p < 0,05; **p <0,01;

w5 < 0,001

Otrzymane wyniki pozwalajg lepiej zrozumie¢ mechanizm zaburzen pamigci
u 0sob z afazjg. W przypadku pamigci werbalnej kluczowym czynnikiem wptywajacym
na jej poziom wydaje si¢ by¢ deficyt rozumienia mowy. Osoby badane wykazywatly
istotnie wyzszy poziom werbalnej pamigci krotkotrwatej, niz operacyjnej, jednak
wspotczynniki korelacji pomiedzy oboma rodzajami pamigci i poziomem rozumienia
mowy nie roéznily si¢ istotnie. Sugeruje to, ze przyczyng zaburzen obu rodzajow pamigci
moze by¢ deficyt w zakresie petli fonologicznej, utrudniajacy utrzymanie materiatu.
Zaburzenia manipulowania nim w pamigci operacyjnej mogg mie¢ tu charakter wtorny
wzgledem deficytu pamiegci krotkotrwalej. Rowniez CzPl w przypadku pacjentow
z zaburzeniami afatycznymi wydaje si¢ mie¢ niewielki zwigzek z pamiecig werbalna.

Odmienny obraz pokazuja analizy dotyczace pamigci przestrzenne;j.
Przechowywanie materialu w pamigci krotkotrwatej nie byto jednoznacznie powigzane
z poziomem rozumienia - istotny zwigzek zanotowano jedynie w przypadku jednego
wskaznika. Z kolei korelacja pomigdzy przestrzenng pamigciag operacyjng
a rozumieniem mowy byla istotna statystycznie w przypadku obu zastosowanych

wskaznikow. Relacja ta nie wplywala jednak na zwiazek przestrzennej pamigci
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operacyjnej z CzPI, ktory pozostawat istotny nawet przy kontroli funkcji rozumienia
mowy. Wydaje si¢ zatem, ze to sprawno$¢ CzPI ma kluczowe znaczenie w manipulacji

materiatem wzrokowo-przestrzennym.

3.2. Potencjal P300 jako wskaZnik sprawnosci poznawczej osob 7 afazjq

Opisane we Wstepie badania wskazuja, ze parametry potencjalu P300 stanowia
trafny wskaznik zdolnosci poznawczych zar6wno u 0s6b zdrowych (Emmerson i in.,
1989; Fjell i Walhovd, 2001), jak i w grupach klinicznych (Lee i in., 2013; Polich
1 Corey-Bloom, 2005, Xu 1 in., 2022). Ocena parametrow tego potencjalu moze roéwniez
by¢ pomocna w diagnostyce sprawnosci poznawczej osob z afazja. Przesiewowe testy
do badania poziomu funkcjonowania umystowego stosowane w klinikach czesto nie
daja trafnych wynikow w przypadku badania osob z afazjg ze wzgledu na konieczno$¢
kontaktu werbalnego. Ocena parametrow potencjatu P300 stanowi szybka i obiektywna
miare, mogaca znalez¢ zastosowanie nawet w przypadku osob z glebokim poziomem
zaburzen jezykowych. Brakuje jednak badan wykazujacych zwiazki parametréw tego
potencjatu z poziomem funkcji poznawczych w tej grupie pacjentow.

Celem niniejszego badania (Choinski i in., 2023b) byta weryfikacja czy latencja
P300, stanowigca miar¢ szybkosci przetwarzania bodzcow, bedzie zwigzana
z funkcjami poznawczymi, dla ktorych kluczowe jest tempo wykonywania procesow
umystowych. Co wigcej, podejrzewano, ze latencja potencjalu bedzie wskaznikiem
poziomu funkcji jezykowych, szczegélnie rozumienia mowy, jako ze wigze si¢
z mozliwos$cig szybszej analizy naptywajacych bodzcéw werbalnych. Z kolei literatura
dotyczaca zwigzkow amplitudy potencjatu P300 a poziomem funkcji poznawczych nie
wskazuje na spdjny obraz zalezno$ci. Niektorzy badacze (Egan i in., 1994) donosza, ze
wiekszej sprawnos$ci poznawczej towarzyszy nizsza amplituda, z kolei u innych (Lee
1 in., 2013) relacja ta jest pozytywna. W zwigzku z tym opisane w niniejszej pracy
analizy dotyczace amplitudy maja charakter eksploracyjny.

Rejestracji potencjatu P300 dokonano podczas wykonywania przez pacjenta
wzrokowego zadania Go/No-Go. Zastosowano w nim dwa rodzaje bodZcow
prezentowanych pojedynczo na $rodku ekranu - trojkat (bodziec Go, w odpowiedzi na
ktéry nalezato nacisng¢ przycisk) i koto (bodziec No-Go, w odpowiedzi na ktory
nalezalo powstrzyma¢ si¢ od naci$nigcia przycisku). Zadanie sktadalo si¢ z 75%

bodzcéw Go 1 25% bodzcéw No-Go. Czas wyswietlania bodzca wynosit 300 ms.
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Kolejne bodzce oddzielone byly interwatami o jednej z trzech dtugosci (800, 1000
1 1200 ms).

Wartosci amplitudy i latencji potencjatu P300 identyfikowano w miejscu
najwyzszego dodatniego wychylenia sygnalu w zakresie od 300 do 600 ms od poczatku
ekspozycji bodzca rzadkiego (No-Go). Analizowano sygnal zarejestrowany na
dziewigciu elektrodach - trzech z linii srodkowej (Fz, Cz 1 Pz) najczgséciej stosowanych
w badaniach potencjatu P300 ze wzgledu na maksymalng amplitudg, oraz trzech
elektrod nad poétkulg lewa (F3, C3, P3) i nad potkulg lewa (F4, C4, P4), co umozliwito
sprawdzenie wplywu lewopotkulowej lezji na lateralizacje potencjatu. Przebieg

potencjatéw zilustrowano na Rycinie 2.
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Rycina 2. Usredniony zapis potencjatéw w odpowiedzi na rzadkie bodzce No-Go (linie

czarne) i czgste bodzce Go (linie czerwone).
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Obok elektrofizjologicznego zadania Go/No-Go pacjenci z afazjag wykonywali
szereg testOw poznawczych oceniajacych ich: szybko$¢ umystowa (CzPI i szybko$¢
psychoruchowsg), pamig¢ (werbalng 1 przestrzenng pami¢é krotkotrwaly), uwage
(podzielno$¢ uwagi) i funkcje wykonawcze (planowanie, przetaczanie si¢ miedzy
zadaniami, werbalng 1 przestrzenng pami¢¢ operacyjna) oraz funkcje jezykowe
(globalne rozumienie mowy, rozumienie stoéw, shuch fonemowy, fluencje¢ stowna).

Pierwszy krok analiz stanowito sprawdzenie lateralizacji potencjalu P300.
Porownano wskazniki latencji i amplitudy pomiedzy trzema liniami elektrod - lewa,
centralng i prawg. Wyniki wskazaty, ze latencja nie r6zni si¢ istotnie pomig¢dzy trzema
liniami. Z kolei amplituda zarejestrowana nad uszkodzong lewa potkula byla istotnie
nizsza niz nad linig centralng i potkulg prawa (Rycina 2).

Analiza korelacji pomiedzy dlugoscig latencji potencjatu P300 a poziomem
funkcji poznawczych ujawnita nastepujace zaleznosci:

A) Szybko$¢ umystowa: Diuzsza latencja (wszystkie linie elektrod) zwigzana byla
z nizszg sprawnoscig CzPI oraz mniejsza szybkoscig psychoruchowa.

B) Pamie¢: Dhuzsza latencja potencjalu (wszystkie linie elektrod) zwigzana byla
z mniejsza rozpigtoscig przestrzennej pamigci krotkotrwatej. Nie wykazano istotnych
zwigzkow pomiedzy latencja a krotkotrwata pamigcig werbalng.

C) Uwaga: Nie zanotowano istotnych statystycznie zalezno$ci pomiedzy diugoscia
latencji a poziomem podzielno$ci uwagi.

D) Funkcje wykonawcze: Dhuzsza latencja (wszystkie linie elektrod) zwigzana byla
z nizszym poziomem planowania. Nie wykazano jednak zwigzku dlugosci latencji
z poziomem przetgczania si¢ miedzy zadaniami (ang. fask switching) oraz z werbalng
1 przestrzenng pamigcig operacyjna.

E) Jezyk: Dluzsza latencja (linia centralna) zwigzana byla z nizszym poziomem
globalnego rozumienia mowy, rozumienia stoéw 1 fluencji stownej. Nie wykazano

zwigzku pomiedzy dlugoscig latencji a stuchem fonemowym.

Istotne zalezno$ci pomiedzy dilugoscig latencji potencjatu P300 a poziomem funkcji

poznawczych zilustrowano na Rycinie 3.
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Funkcje WYkOHOWcze
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Rycina 3. Schemat korelacji pomiedzy dtugoscia latencji potencjatu P300 a poziomem

funkcji poznawczych. Istotne korelacje oznaczono strzatkami.

Analiza powigzah amplitudy z funkcjami poznawczymi wykazata, Zze nizsza
amplituda rejestrowana na elektrodach nad prawa poltkula odpowiadata nizszej
sprawnos$ci CzPI. Z kolei wysokos¢ amplitudy rejestrowanej na elektrodach nad pétkula

lewa byta negatywnie zwigzana z poziomem podzielno$ci uwagi.

Uzyskane wyniki potwierdzaja na grupie pacjentow z afazja doniesienia
o przydatno$ci analizy parametrow potencjalu P300 w ocenie funkcjonowania
poznawczego. Dotychczasowe badania skupiaty si¢ na osobach zdrowych lub innych
grupach klinicznych. W opisanym badaniu po raz pierwszy wskazano, ze potencjal
P300, a w szczegolnosci jego latencja, moze stanowi¢ wskaznik poziomu
funkcjonowania poznawczego réwniez u osob z afazja. Dlugos¢ latencji okazata sig
zwigzana przede wszystkim z tymi funkcjami, ktorych sprawnos$¢ w duzej mierze zalezy

od szybkosci przetwarzania.

3.3. Skutecznosé treningu poznawczego opartego o czasowe prietwarzanie informacji

u 0sob z afazjq

Trzecie badanie (Choinski i in., 2023a) stanowilo kontynuacj¢ pilotazowych
prac prowadzonych w Pracowni Neuropsychologii Instytutu Nenckiego dowodzacych

wptywu usprawnienia CzPI na jezykowe funkcje u oséb z afazjg (Szelag i in., 2014;

37



Szymaszek 1 in., 2017). W cytowanych pracach wykorzystano prototypowy program
treningowy, w postaci pojedynczej gry komputerowej koncentrujacej si¢ na ¢wiczeniu
CzPI na poziomie dziesigtek milisekund.

W kolejnych latach w Pracowni opracowano nowatorskie multimedialne
narzedzie terapeutyczne Dr  Neuronowski® (Szelagg 1 Szymaszek, 2016;
http://www.neuronowski.com). Opiera si¢ ono na kompleksowej, wielomodalnej terapii
poznawczej, ze szczegdlnym naciskiem na ¢wiczenia CzPl. W obecnie dostepnej na
rynku wersji narzgdzie przeznaczone jest dla seniordw majacych trudnosci poznawcze
1 dla dzieci ze specyficznymi zaburzeniami jezykowymi (ang. specific language
impairment, SLI). Badania walidacyjne potwierdzily skuteczno$¢ oprogramowania
u obu wspomnianych grup w zwigkszeniu sprawnos$ci poznawczej (w tym jezykowej
u dzieci z SLI; Baszuk, 2023; Dacewicz i in., 2018; Szymaszek i in., 2018).

Wiyniki pilotazowych badan nad zastosowaniem ¢wiczen CzPI w terapii afazji
(Szelag 1 in., 2014; Szymaszek 1 in., 2017) oraz dane literaturowe wskazujace na
zaburzenia poznawcze w innych domenach (Fonseca i in., 2016; Marinelli i in., 2017;
Schumacher i1 in., 2019) sugeruja, ze wieloaspektowa terapia poznawcza, w tym
angazujaca CzPI w réznych domenach czasowych, moze przynie$¢ znaczacg poprawe
funkcji poznawczych u osob z afazja, a w dalszym kroku réwniez przetozy¢ si¢ na
ztagodzenie objawow afazji. W ramach niniejszego projektu badawczego opracowano
nowg S$ciezke treningowag Dra Neuronowskiego® przeznaczong dla osob z afazja.
Charakteryzuje si¢ ona migdzy innymi dostosowaniem rodzaju zadan do trudnos$ci
poznawczych pacjentow z afazja i parametrow ¢wiczen (dtugosci dzwickow, tempa
ekspozycji bodzcow, liczby dyktatoréw) do ich mozliwosci.

Celem niniejszego badania (Choinski i in., 2023a) byta weryfikacja skutecznos$ci
nowej Sciezki terapeutycznej (trening eksperymentalny), w porownaniu do treningu
jezykowego bazujacego na ¢wiczeniach rozumienia i1 produkcji mowy (trening
kontrolny). Badanie miato charakter podtuzny i sktadato si¢ z kilku etapéw (Rycina 4),
tj. trzykrotnej diagnozy: przed treningiem (diagnoza PRE), bezposrednio po
zakonczonym treningu (diagnoza POST) i1 3 miesigce po zakonczeniu treningéw
(diagnoza odroczona majaca dostarczy¢ informacji o stabilnosci efektow zastosowanych
oddziatywan). Wszystkie trzy diagnozy byly analogiczne i obejmowaty kompleksowa
ocen¢ funkcji poznawczych, w tym: a) jezykowych: rozumienie mowy (globalne
rozumienie mowy, rozumienie gramatyki, rozumienie stéw, stuch fonemowy)

1 produkcje mowy (nazywanie i fluencja slowna), oraz b) niejezykowych: CzPI
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(mierzone wskaznikiem PPK), pamig¢ (werbalna 1 przestrzenna pamig¢ krotkotrwata)

1 funkcje wykonawcze (planowanie oraz werbalna i przestrzenna pami¢¢ operacyjna).

TRENING
EKSPERYMENTLNY
N=18
DIAGNOZA DIAGNOZA DIAGNOIA
PRE POST ODROCIONA
------------ -
N=16 1
@ @ 3 miesigce @
= rozumienie mowy * rozumienie mowy * rozumienie mowy
+ produkcja mowy * produkcja mowy » produkcja mowy
= CzPI = CzPI + CzPI
= pamiec *  pamigc * pamiec
« funkcje wykonawcze » funkcje wykonawcze = funkcje wykonawcze

Rycina 4. Schemat badania.

Po diagnozie PRE pacjenci przydzielani byli losowo do jednej z grup
treningowych: eksperymentalnej (¢wiczacej za pomoca nowo stworzonej $ciezki Dra
Neuronowskiego®) lub kontrolnej (¢wiczgcej z grami jezykowymi). Nie informowano
ich do ktorej grupy zostali zakwalifikowani, aby zniwelowaé wplyw oczekiwan
pacjenta na efekty treningu (zgodnie z metoda Slepej proby). Grupy nie rdznity si¢ pod
katem czynnikéw kluczowych dla procesu zdrowienia z afazji i mogacych wplywac na
efekt treningu, takich jak wiek, pte¢, czas od udaru, rozlegto$¢ lezji. Takze

umiejscowienie lezji byto poréwnywalne w obu grupach (Rycina 5).
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Rycina 5. Graficzne zestawienie zbiorcze umiejscowienia lezji mézgu u uczestnikow
z grupy eksperymentalnej (A) i1 grupy kontrolnej (B). Kolory jasniejsze (zo6lty,
pomaranczowy 1 zielony) odpowiadaja regionom uszkodzonym u wigkszej liczby osob
(zgodnie ze skalg koloru). Kolorami ciemniejszymi (niebieskim i granatowym)
oznaczono regiony, w ktorych lezje miato mniej os6b. Mapy zaprezentowano w trzech

przekrojach: a) strzatkowym, b) czotowym i ¢) poprzecznym.

Jak wspomniano wyzej, w ramach badania zastosowano dwa rodzaje treningow:
trening poznawczy z wykorzystaniem nowo stworzonej $ciezki Dra Neuronowskiego®
(trening eksperymentalny) 1 trening jezykowy (trening kontrolny).

Trening eksperymentalny obejmowal intensywna, stymulacje wielu funkcji
poznawczych. Sktadal si¢ z 10 modutdéw, z ktorych kazdy zawieral inny rodzaj gier.
Modut 0 miat na celu zapoznanie pacjenta z obsluga programu oraz bodzcami
stosowanymi w kolejnych ¢wiczeniach. Nastepne moduly zawieraty gry ¢wiczace rdzne
funkcje: pamig¢¢ 1 uwage stuchowa w oparciu o bodzce niewerbalne (Modut 1), CzPI
w zakresie milisekund (Modut 2), werbalng 1 niewerbalng pamig¢ shuchowa
krotkotrwata 1 CzPI w zakresie milisekund (Modutl 3), planowanie i przelaczanie si¢
migdzy zadaniami (Modul 4), uwage stuchowg, pordwnywanie szybko zmieniajacych

si¢ bodzcow werbalnych 1 CzPI w zakresie milisekund (Modut 5), werbalng pamigé
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stuchowga krotkotrwatg (Modut 6), CzPI w zakresie milisekund i sekund, szacowanie
dlugosci interwatéw czasowych (Modut 7), CzPI w zakresie milisekund i sekund,
porownywanie dtugosci dzwigkow (Modut 8), stuch fonemowy, réznicowanie glosek
dzwigcznych 1 bezdzwiecznych, CzPl w zakresie milisekund (Modut 9). Na
podkreslenie zastuguje fakt, ze wickszo$¢ modutéw skoncentrowana byla na ¢wiczeniu
funkcji CzPL

Trening kontrolny natomiast bazowat na multimedialnych oprogramowaniach
uzywanych obecnie w terapii logopedycznej, takich jak: AfaSystem (Harpo),
Logopedyczne Zabawy cz. VII — stuch fonemowy (Komlogo) i Trening stuchu — naucz
si¢ rozroznia¢ gloski (PWN). W ramach treningu kontrolnego ¢Ewiczone byly
nastepujace funkcje jezykowe: rozumienie mowy, produkcja mowy, stuch fonetyczny,
czytanie i uktadanie stow z liter.

Oba treningi opracowano tak, aby zagwarantowa¢ jak najwigksze formalne
podobienstwo, co umozliwito rzetelne pordwnanie ich efektoéw. Zaréwno trening
eksperymentalny, jak i trening kontrolny sktadal si¢ z 24 spotkan po 45 minut, 3 razy
w tygodniu. Spotkania prowadzone byly indywidualnie przez autora niniejszej pracy,
wyszkolonych psychologéw, logopedow, badz studentow ostatnich lat studiow
psychologicznych, specjalizujacych si¢ w rehabilitacji neuropsychologiczne;.
Zrdznicowanie o0sOb prowadzacych treningi miato na celu zagwarantowanie jak
najwickszej obiektywizacji badan. Oba treningi uruchamiane byly na tabletach.
Cwiczenia w obu treningach byly w podobnym stopniu angazujgce poznawczo
1 oprawione atrakcyjng szata graficzng. Jednocze$nie zadbano o to, zeby nie sprawiaty
wrazenia infantylnych. Pacjent wykonywal ¢wiczenia samodzielnie pod statym
nadzorem, dostajac od osoby prowadzacej jedynie wskazowki i informacje zwrotne.
Oba treningi ztozone byly z okreslonego zestawu ¢wiczen o adaptacyjnym poziomie

trudno$ci, dostosowywanym do glebokosci zaburzen pacjenta.

Poréwnanie wynikdéw uzyskanych przez pacjentow po treningu (diagnoza POST)
z wynikami uzyskanymi przed treningiem (diagnoza PRE) ujawnilo nast¢pujace zmiany:
Rozumienie mowy:
A) Globalne rozumienie mowy: Osoby z grupy eksperymentalnej uzyskaly istotnie
wyzszg poprawnos¢ po treningu niz przed treningiem. W grupie kontrolnej réznica byta

nieistotna statystycznie.

41



B) Rozumienie gramatyki: Zanotowano istotng statystycznie poprawe¢ w obu grupach
treningowych.

C) Rozumienie stoéw: Nie wykazano istotnej statystycznie roznicy w zadnej z grup.

D) Stuch fonemowy: Zanotowano istotng statystycznie poprawe u osOb z grupy
eksperymentalnej. W grupie kontrolnej rdznica byta nieistotna.

Produkcja mowy:

A) Nazywanie: Zanotowano istotng statystycznie poprawe w obu grupach treningowych.
B) Fluencja slowna: Zanotowano istotng statystycznie poprawg¢ u oséb z grupy
eksperymentalnej. W grupie kontrolnej rdznica byta nieistotna.

CzPI:

A) Postrzeganie kolejnosci dzwigkéw: Zanotowano istotng statystycznie poprawe
u 0sob z grupy eksperymentalnej. W grupie kontrolnej roznica byta nieistotna.

Pamiec:

A) Werbalna pami¢¢ krotkotrwata: Zanotowano istotng statystycznie poprawe u osob
z grupy eksperymentalnej. W grupie kontrolnej roznica byla nieistotna.

B) Przestrzenna pami¢é krotkotrwata: Nie wykazano istotnej statystycznie roznicy
w zadnej z grup treningowych.

Funkcje wykonawcze:

A) Planowanie: Nie wykazano istotnej statystycznie réznicy w zadnej z grup
treningowych

B) Werbalna pamig¢ operacyjna: Zanotowano istotng statystycznie poprawe u osob
z grupy eksperymentalnej. W grupie kontrolnej réznica byta nieistotna.

C) Przestrzenna pami¢¢ operacyjna: Nie wykazano istotnej statystycznie roznicy

w zadnej z grup treningowych.

Zmiany w zakresie funkcji poznawczych osiagnigte na skutek treningow

zwizualizowano na Rycinie 6.
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Rycina 6. Zmiana poziomu poszczegdlnych funkcji wyrazona w wartoSciach
standardowych z (wynik w diagnozie po treningu [POST] - w diagnozie przed
treningiem [PRE]) dla grupy eksperymentalnej (niebieskie stupki) 1 kontrolnej
(czerwone stupki). Wartos$ci dodatnie (na prawo od przerywanej linii) wskazuja na
poprawe; wartosci ujemne (na lewo od przerywanej linii) - pogorszenie wykonania.

Istotne statystycznie réznice oznaczono gwiazdkami: * p < 0,05; **p < 0,01.

Poréwnanie wynikéw uzyskanych w diagnozie odroczonej i diagnozie po
treningu (diagnoza POST) w grupie eksperymentalnej nie wykazato istotnych
statystycznie r6znic w obrgbie zadnej z badanych funkcji poznawczych, co wskazuje na
stabilno$¢ w czasie efektow treningu. Z kolei w grupie kontrolnej zanotowano poprawe
w zakresie shuchu fonemowego i przestrzennej pamieci krétkotrwatej.

Otrzymane wyniki wskazuja na poprawe funkcjonowania poznawczego 0soOb
z afazjg na skutek obu treningdéw (Rycina 6). W przypadku treningu eksperymentalnego,
angazujacego ¢wiczenie CzPIl, poprawa nastgpita zardéwno w zakresie ¢wiczonych
funkcji niejezykowych, takich jak CzPI, werbalna pamig¢ krotkotrwata i operacyjna, jak
i w funkcjach jezykowych tj. globalnym rozumieniu mowy, rozumieniu gramatyki,
fluencji stownej, nazywaniu 1 sluchu fonemowego. Trening kontrolny bazujacy na
¢wiczeniach jezykowych przyniost natomiast poprawe jedynie w zakresie ¢wiczonych
funkcji - rozumienia gramatyki i nazywania. Trening z wykorzystaniem nowej $ciezki

terapeutycznej Dra Neuronowskiego® (Rycina 6, niebieskie stupki) przyniost zatem



zdecydowanie wigksze benefity, zaréwno dla funkcjonowania poznawczego, jak
1 stricte jezykowego, w porownaniu do metod obecnie stosowanych w praktyce

klinicznej (trening kontrolny, czerwone stupki).
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4. Dyskusja

Celem prezentowanego cyklu badan bylo ukazanie powigzan zaburzen
niejezykowych funkcji poznawczych z deficytami jezykowymi u oséb z afazjg ze
wskazaniem szczegolnej roli CzPI. Wyniki dotychczasowych prac (Fonseca 1 in., 2016;
Seniow 1 in., 2009) i oméwionych badan wtasnych pokazuja, ze deficyty te wchodza we
wzajemng interakcje poglebiajac trudnosci jezykowe i utrudniajagc proces terapii.
Okreslenie zwigzku zaburzen niejezykowych funkcji poznawczych, w tym CzPI,
z funkcjami jezykowymi i1 uwzglednienie w terapii ¢wiczen usprawniajacych ich
poziom pozwala adekwatnie poprawiac¢ rozumienie i produkcje mowy.

Jednymi z funkcji, ktorych deficyty najczgsciej wskazuje si¢ u 0sob z afazja sa
pamie¢ krotkotrwata i operacyjna (Murray, 2012; Murray 1 in. 2018; Potagas i in.,
2011b). Pierwsze omoéwione badanie (Choinski i in. 2020) dotyczylo zwigzkow
werbalnej i przestrzennej pamigci krotkotrwalej i operacyjnej z poziomem rozumienia
mowy 1 CzPl. Otrzymane wyniki wskazuja na to, ze osoby z afazja majg istotnie
wieksze trudnos$ci w zakresie pamigci operacyjnej niz krotkotrwatej. Co wiecej, zwiazek
poziomu pamigci ze zdolnoscia rozumienia mowy jest zalezny od modalno$ci
zapamigtywanego materialu. Werbalna pamig¢ zarowno kroétkotrwala, jak i operacyjna
wykazuja silny zwiazek z poziomem rozumienia mowy, co jest spdjne z wezesniejszymi
doniesieniami (Kasselimis i in., 2018; Murray, 2012; Potagas 1 in., 2011b; Salis 1 in.,
2015). W niniejszym badaniu wykazano rdéwniez zwiazek przestrzennej pamigci
operacyjnej z rozumieniem mowy. Z kolei zwigzek przestrzennej pamigci krotkotrwalej
z rozumieniem okazat si¢ znacznie stabszy (istotnos¢ statystyczng zaobserwowano tylko
w przypadku jednego wskaznika testu pamigciowego, przy czym wspOtczynnik
korelacji byl znacznie nizszy niz w przypadku innych rodzajéw pamigci). Réwniez
w poprzednich badaniach (DeDe i in., 2014; Kasselimis i in., 2018; Martin i Ayala,
2004) wskazywano na wystepowanie deficytow w zakresie pamigci przestrzennej
u oso6b z afazja i ich zwiazki z glebokoscia zaburzen funkcji jezykowych (Potagas i in.,
2011b). Moze to budzi¢ zdziwienie, jako zZe zdolno$ci wzrokowo-przestrzenne sa
tradycyjnie przypisywane prawej potkuli (De Renzi i in., 1977). Wyniki badan (Paulraj
i in., 2018) wskazuja jednak na udzial takze lewej potkuli w przetwarzaniu bodzcow
wzrokowo-przestrzennych, co wyjasnia wystepowanie deficytow w tym zakresie
u pacjentéw z afazja. Na poziomie przetwarzania informacji, zwigzek deficytow

rozumienia z poziomem pamigci przestrzennej thtumaczy¢ mozna stosowaniem strategii
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werbalnych podczas dokonywania operacji pamigciowych (Martin 1 Ayala, 2004).
Szczegodlnie zadania wymagajace manipulacji materiatem w przestrzennej pamigci
operacyjnej moga wymagac¢ positkowania si¢ takimi strategiami. Zgodne z ta
argumentacja s3 wyniki badania z wudzialem oso6b zdrowych, dokumentujace
pogorszenie wykonania zadania klockow Corsiego w warunku wstecz podczas
ttumienia strategii werbalnej (Vandierendonck i in., 2004). Badania wskazuja jednak, ze
mowa wewnetrzna u 0osob z afazjag moze by¢ zachowana (Fama i Turkeltaub, 2020), co
powinno im umozliwia¢ stosowanie strategii werbalnych. Innego wyjasnienia
dostarczyli Kasselimis 1 wspotpracownicy (2018). Rozwazaja oni, ze zdolno$ci
wzrokowo-przestrzenne pojawity si¢ w filogenezie czlowieka znacznie wcze$niej niz
zdolnosci jezykowe, zatem mogly by¢ kontrolowane mechanizmami moézgowymi
obecnie odpowiedzialnymi za jezyk. Dopiero reorganizacja mézgu na skutek jezykowej
specjalizacji obszarow lewopotkulowych spowodowala przejecie funkcji wzrokowo-
przestrzennych w duzej mierze przez potkule prawa. Obszary lewopotkulowe wcigz sa
jednak zaangazowane we wspieranie poétkuli prawej w bardziej zaawansowanych
operacjach wzrokowo-przestrzennych, takich jak manipulacja materialem w pamieci
operacyjnej. Uszkodzenie lewej pdtkuli, jak w przypadku uczestnikow niniejszego
projektu, uniemozliwia pelnienie tej funkcji tym obszarom, przyczyniajac si¢
jednoczes$nie do afazji.

Kolejng wazna obserwacja zanotowang w prezentowanym badaniu (Choinski
11n., 2020) sa zwiazki pamigci krotkotrwatej 1 operacyjnej z CzPIl. Zgodnie z teorig von
Steinbiichel 1 Poppela (1993) i wynikami wcze$niejszych badan (Jablonska i in., 2020;
Ustiin i in., 2017), CzPI moze stanowié logistyczng baze do wykonywania operacji
pamigciowych. Opisane w niniejszym badaniu analizy wskazuja, zgodnie z powyzszym
zatlozeniem, na istnienie zwigzku pomiedzy werbalng pamiegcig krotkotrwalg
1 operacyjng i przestrzenng pamigcig operacyjng a CzPl. W przypadku przestrzennej
pamieci krotkotrwatej zwigzek ten ponownie osiggnatl poziom istotno$ci statystycznej
tylko dla jednego wskaznika (Tabela 1). Zwiazki werbalnej pamigci z CzPI moga by¢
wyjasnione rolg rozdzielczosci czasowej w dekodowaniu odbieranej informacji
werbalnej (Fink 1 in., 2006; Oron 1 in., 2015), ktoéra nastepnie musi zosta¢ utrzymana
w pamigci. Od sprawnosci CzPl zalezy rowniez uszeregowanie w kolejnosci
przechowywanych elementow. Réwniez manipulacja na tym materiale w pamigci
operacyjnej, polegajaca na odwrdceniu kolejnosci elementdéw, odbywa sie zgodnie

z okre$long dynamika czasowa. Na kazdym z tych etapéw zaburzenie CzPI moze
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przyczyni¢ si¢ do zaktocenia pracy pamigci. Uwzglednienie poziomu rozumienia mowy
spowodowato, ze ukazane relacje staly si¢ nieistotne statystyczne. Wskazuje to na
posredniczaca role deficytu jezykowego w relacji CzPI-pami¢¢ werbalna. Co prawda
prawidlowe rozumienie prezentowanych stow bylo w badaniu kontrolowane poprzez
umozliwienie wykonania testu jedynie pacjentom, ktérzy pomyslnie wykonali zadanie
wstepne (poprawne rozumienie pojedynczych stéw), jednak deficyt rozumienia okazat
si¢ zaktocac prace petli fonologicznej, utrudniajgc utrzymywanie materiatu. W dalszej
kolejnosci uniemozliwito to efektywng manipulacje na werbalnym materiale w pamigci
operacyjne;j.

Roéwniez w przypadku przestrzennej pamieci operacyjnej CzPI okazato si¢ mie¢ wazne
znaczenie. Relacja pomiedzy tymi funkcjami okazala si¢ w tym przypadku niezalezna
od glebokosci deficytow rozumienia. Zwigzek CzPl z przestrzenng pamigcig
krotkotrwata byt jednak znacznie stabszy. Jest to zgodne z wynikami badania
Jablonskiej 1 wspotpracownikoéw (2020), ktoére wskazuja, na przyktadzie wykonywania
zadania n-wstecz przez osoby starsze, ze CzPI ma znaczenie dla manipulacji materialem
pamigciowym, nie za$§ dla przechowywania materiatu w pamieci krotkotrwate;.

W badaniu drugim (Choinski 1 in., 2023b) analizie poddano zwigzek parametrow
potencjatu P300 z poziomem funkcji poznawczych u oséb z afazja. Dotychczasowe
badania przeprowadzone na matolicznych grupach (Cocquyt i in., 2021; Nolfe i in.,
2006) wskazuja na mozliwos¢ przewidywania efektow terapii afazji na podstawie
obecnosci 1 parametrow potencjalu P300 bezposrednio po udarze. Brakowalo jednak
danych na temat zwigzkdéw parametroéw owego potencjalu z poziomem poszczegdlnych
funkcji, zarowno jezykowych, jak i niejezykowych. W zaprezentowanym badaniu
wykazano zwigzek latencji potencjatu z funkcjami takimi jak: CzPI, szybkos¢
psychoruchowa, przestrzenna pamie¢ krotkotrwala, planowanie, rozumienie stow,
globalne rozumienie mowy 1 fluencja stowna (Rycina 3). Krétsza latencja odpowiadata
wyzszemu poziomowi tych funkcji. Latencja P300 moze by¢ zatem interpretowana jako
wskaznik szybkosci proceséw mozgowych lezacych u podtoza tych funkc;ji.

CzPI 1 szybko$¢ psychoruchowa sa w sposob Scisly zwigzane z tempem
przetwarzania bodzcoéw. Zwigzek szybko$ci przetwarzania z poziomem przestrzennej
pamigeci krotkotrwatej 1 planowania jest mniej jasny. Zapamigtywanie serii elementow
prezentowanych z okre§long dynamika czasowa wymaga odpowiednio szybkiego
przetwarzania. We wcze$niejszych pracach (Boucher i in., 2010) wykazano u dzieci

zwigzek latencji potencjatu P300 z rozpigtoscia werbalnej pamieci krotkotrwatej.
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W obecnym badaniu analogicznej relacji nie zanotowano, co moze by¢ spowodowane
specyfika grupy - pacjentow z afazja. Jak wykazano w badaniu pierwszym (Choinski
i in., 2020) werbalna pamig¢ krotkotrwata jest w ich przypadku w duzej mierze
uzalezniona od glebokosci deficytow rozumienia mowy, co modyfikuje prosta relacje
szybko$ci przetwarzania z rozpigtoscia pamigci obserwowang u osob zdrowych.
W obecnym badaniu wykazano jednak, Zze poziom przestrzennej pamigci krotkotrwate;,
W mniejszym stopniu zwigzanej z gltebokoscia afazji, wykazuje zalezno$¢ z dhugoscia
latencji P300.

Z kolei zdolno$¢ planowania byta w opisywanym badaniu mierzona za pomoca
testu Wiezy Londynskiej (Schuhfried, 2013) wymagajacego rozwiazywania problemow
w ograniczonym czasie (jedna minuta na kazdy przyktad). Ostateczny wynik zalezat
zatem od szybko$ci przetwarzania, warunkujacej tempo planowania 1 wykonania
kolejnych ruchéw prowadzacych do poprawnego rozwigzania problemu.

W przypadku oséb z afazja szybkos$¢ przetwarzania ma szczeg6dlne znaczenie dla
poziomu rozumienia stow 1 globalnego rozumienia mowy. Wigksza szybkos¢
przetwarzania umozliwia bowiem bardziej skuteczng analiz¢ jednostek jezykowych
w danym czasie, co przeklada si¢ na wyzszy poziom rozumienia mowy. Tempo
przetwarzania ma znaczenie takze dla poziomu fluencji stownej, ktéra mierzona byta
przy pomocy zadania polegajacego na podaniu w ciggu minuty jak najwigkszej liczby
stow z okreslonej kategorii semantycznej. Wynik, tj. liczba poprawnie podanych stow,
uzalezniony byt zatem od dynamiki przeszukiwania zasobow leksykalno-
semantycznych.

Latencja potencjalu P300 okazala si¢ nie wykazywaé zwigzku z funkcjami
takimi jak podzielno$¢ uwagi, przelaczanie si¢ migdzy zadaniami, czy pamieé
operacyjna. Funkcje te oparte sa na szeregu ztozonych operacji, takich jak manipulacja
materialem (pami¢¢ operacyjna), czy wykonywanie dwoch zadan jednocze$nie
(podzielno$¢ uwagi). Mozna przypuszczaé, ze szybko$¢ przetwarzania jest wskaznikiem
zbyt podstawowych procesdw umystowych, nie bedacym w prostej relacji z poziomem
tak ztozonych funkcji. Zgodnie z ta argumentacja interpretowa¢é mozna réwniez
wspomniany brak zaleznosci latencji P300 i werbalnej pamigci krotkotrwatej, ktorych
zwigzek wykazywany u oséb zdrowych w przypadku z oso6b z afazja moze by¢
modyfikowany przez glebokos¢ deficytéw jezykowych.

Przeprowadzone eksploracyjne analizy dotyczace zwigzkéw amplitudy

potencjatu P300 z poziomem funkcji poznawczych nie dostarczyly jasnych wynikow.
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Jedyne zaobserwowane istotne korelacje dotyczyly pojedynczych funkcji
z pojedynczymi liniami elektrod. Wynik ten powiela dotychczasowe doniesienia
o niejednoznacznym zwigzku wysoko$ci amplitudy z poziomem funkcji poznawczych
(Eganiin., 1994; Lee i in., 2013).

Podsumowujac, otrzymane wyniki sugeruja, ze latencja potencjatu P300 moze
stanowi¢ trafny wskaznik funkcjonowania poznawczego osob z afazjg. Na jego
podstawie mozna wnioskowac o poziomie podstawowych funkcji, zaleznych od tempa
przetwarzania informacji. Warto rowniez podkresli¢, ze rejestracje potencjatu P300
przeprowadzono przy pomocy procedury wzrokowej. Zanotowane zwigzki pomigdzy
latencja a poziomem funkcji poznawczych, takze jezykowych, wskazuja na kluczowa
role podstawowych procesOw neuronalnych (niezaleznych od domeny jezykowej)
w operacjach poznawczych, nawet takich jak rozumienie, czy produkcja mowy. Ocena
latencji potencjalu P300 moze zatem stanowi¢ szybka 1 obiektywng miarg
funkcjonowania poznawczego osob z afazja. Ze wzgledu na mozliwo$¢ zastosowania
procedury wzrokowej, badanie takie przeprowadzi¢ mozna nawet przy diagnostyce
pacjentow z gleboka afazja.

Wyniki trzeciego z prezentowanych badan (Choinski i in., 2023a) wykazaly
skuteczno$¢ w rehabilitacji afazji poznawczego treningu z zastosowaniem nowo
stworzonej $ciezki terapeutycznej bazujacej na programie Dr Neuronowski®. Trening
ten skladatl si¢ z gier ¢wiczacych rozne funkcje, ze szczegdlnym naciskiem na
usprawnianie  CzPI na ro6znych poziomach czasowych (milisekundowym
1 sekundowym). U uczestnikéw treningu zanotowano poprawe w zakresie szeregu
funkcji poznawczych: CzPI, werbalnej pamigci krotkotrwatej 1 operacyjnej, globalnego
rozumienia mowy, rozumienia gramatyki, stuchu fonemowego, nazywania i fluencji
stownej (Rycina 6). Czg$¢ z nich tj., CzPI, werbalna pamie¢ krétkotrwata oraz stuch
fonemowy ¢wiczone byly bezposrednio. Poprawie ulegly jednak réwniez funkcje
nie¢wiczone podczas treningu, takie jak werbalna pami¢é operacyjna oraz szereg
funkcji jezykowych, co $wiadczy o wystapieniu dalekiego transferu (Karbach i Kray,
2009). Poprawa werbalnej pamigci operacyjnej moze by¢ skutkiem usprawnienia
pamieci krotkotrwatej. Jak wykazano w badaniu pierwszym (Choinski i in., 2020)
zaburzona p¢tla fonologiczna 1 zdolno$¢ utrzymywania materiatu werbalnego w pamigci
moze bowiem by¢ przyczyna deficytéw werbalnej pamigci operacyjnej u osob z afazja.

Najwazniejsza obserwacja jest jednak poprawa w zakresie funkcji jezykowych,

ktéra miata miejsce na skutek treningu z uzyciem nowej S$ciezki terapeutycznej
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programu Dr Neuronowski®, co potwierdza wyniki badan pilotazowych (Szelag i in.,
2014, Szymaszek 1 in., 2017). Poprawie ulegla zdolno§¢ rozumienia mowy, zar6wno
globalnego, jak i struktur gramatycznych. Jako ze rozumienie ztozonych jednostek
jezykowych, jakimi s3a zdania, wymaga sprawnego dekodowania odbieranych
w szybkim tempie bodzcow werbalnych i utrzymywania ich w pamieci, poprawa ta
moze by¢ skutkiem wickszej sprawnosci w zakresie CzPI i1 werbalnej pamigci
operacyjnej. Ponadto, omawiane badanie jest pierwszym demonstrujgcym poprawe
w zakresie produkcji mowy (nazywanie i fluencja stowna) na skutek usprawnienia CzPI.
W tym wypadku poprawa mogla wynika¢ z rowniez z usprawnienia (obok CzPI) takze
pamigci operacyjnej, co skutkowato lepszym dostepem do reprezentacji semantyczno-
leksykalnych. Uzasadnienie tej hipotezy wymaga jednak dalszych badan.

Uwzglednione w nowej $ciezce terapeutycznej Dra Neuronowskiego® gry
¢wiczyly rézne funkcje poznawcze, jednak w wiekszosci modulow zawarte byty
elementy ¢wiczace CzPl. Zaobserwowana poprawe mozna zatem w duzej mierze
przypisa¢ usprawnieniu CzPI. Stanowitoby to potwierdzenie teorii von Steinbiichel
i Poppela (1993), wedle ktorej poprawa logistycznej matrycy neuronalnej (CzPI)
przyczynia si¢ do usprawnienia funkcji kontekstowych.

Trening kontrolny, zlozony z gier jezykowych, przynidst poprawe jedynie
w zakresie niektorych ¢wiczonych funkcji - rozumienia gramatyki i nazywania (Rycina
6). Nie zaobserwowano poprawy w ramach zadnej nie¢wiczonej funkcji poznawcze;.
Warto jednak tu zaznaczy¢, ze trening ten zostal tak zaprojektowany, by stanowi¢ jak
najlepszy odpowiednik treningu eksperymentalnego. Podobnie jak w przypadku
treningu eksperymentalnego, udzial osoby prowadzacej byl minimalny. Waznym
elementem terapii jezykowej jest z kolei relacja pacjenta z terapeuta i swobodna
komunikacja mi¢dzy nimi. Zatem, o ile omawiany trening kontrolny stanowi dobre
odniesienie dla ¢wiczen zawartych w treningu eksperymentalnym, jest on procedurg
zaprojektowang dla potrzeb badania i1 jego skuteczno$¢ nie oddaje rzeczywistej
skutecznosci terapii neuropsychologicznej 1 logopedyczne;j.

Warto réwniez zaznaczyC, ze badanie to wykazalo stabilnos¢ efektow obu
treningdbw w okresie trzech miesigcy, co stanowi niewatpliwy wyznacznik jako$ci
oddziatywan (Jaeggi i in. 2011).

Trening poznawczy uwzgledniajacy d¢wiczenia CzPI stanowi obiecujacy
kierunek w rehabilitacji afazji. Testowana nowa $ciezka programu Dr Neuronowski®

pozwala na skuteczne ¢wiczenie szeregu funkcji poznawczych, ale 1 usprawnienie
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nie¢wiczonych funkcji jezykowych. Jako, ze poprawa dotyczy innego zakresu funkc;ji,
niz kontrolny trening jezykowy, ¢wiczenia CzPI moga stanowi¢ uzupetnienie dla terapii
logopedycznej. Warto réwniez wspomnie¢, ze niewatpliwg zaleta tego typu ¢wiczen jest
ich niejezykowy charakter. Wykazano bowiem, ze koniecznos$¢ stosowania zaburzonego
jezyka czesto wigze sie u osob z afazjg z silnym stresem (Cahana-Amitay i in., 2011),
co dodatkowo utrudnia proces rehabilitacji. Uwzglednienie ¢wiczen niejezykowych
pozwala zredukowa¢ ten problem, jednocze$nie potencjalnie przyczyniajac si¢ do
posredniej poprawy funkcji jezykowych.

Podsumowujac, wyniki uzyskane w opisanym cyklu badan nie tylko poglebiaja
wiedze¢ na temat afazji, ale dostarczaja rowniez wskazoéwek dla postepowania z tym
zaburzeniem w praktyce klinicznej. Na podstawie otrzymanych wynikéw mozna
stwierdzié¢, ze w diagnozie trudnos$ci poznawczych osob z afazja warto uwzglednié
oceng takich funkcji jak CzPI i pamig¢ krétkotrwata 1 operacyjna, ktore moga by¢ $cisle
zwigzane z deficytami jezykowymi. Poza miarami neuropsychologicznymi obiektywnej
informacji o ogdlnym poziomie funkcjonowania poznawczego przynie$¢ moze ponadto
ocena latencji potencjalu P300. Najwigkszym atutem prezentowanego cyklu badan jest
jednak stworzenie i walidacja nowej $ciezki terapeutycznej programu Dr Neuronowski®
przeznaczonej dla oséb z afazja. Wykazano, ze jej stosowanie przynosi bowiem wigksze
korzysci dla funkcjonowania poznawczego, w tym jezykowego, niz metody obecnie
wykorzystywane w klinikach.

Opisane badania nie sa jednak wolne od ograniczen. W prezentowanym cyklu
badan zastosowano bardzo restrykcyjne kryteria wlaczenia do projektu, co powodowane
bylo dbaloscia o mozliwie najwyzsza homogeniczno$¢ proby badawczej, ale
skutkowalo jednocze$nie jej stosunkowo niewielka liczebno$cig. Analiza literatury
wskazuje jednak, ze jest to do$¢ powszechny problem w badaniach z udziatem
pacjentow z afazja poudarowa. Co wigcej, grupa badawcza w zaprezentowanym
badaniu treningowym (Choinski i in., 2023a) jest znacznie wyzsza niz w wielu
omoOwionych w podrozdziale 1.3. dotychczasowych pracach dotyczacych skuteczno$ci
treningdw poznawczych u osob z afazja.

Pomimo zastosowania rygorystycznych kryteriow wlaczenia 1 ograniczenia
obszaru udaru do lewej potkuli, pacjenci roznili si¢ umiejscowieniem uszkodzenia
moézgu. Co wiecej, r6zny byt czas jaki uptynat od wystgpienia udaru. Ma to znaczenie
szczegolnie w przypadku badania treningowego, jako ze dynamika i zakres poprawy

oraz regeneracji moézgu rozni w zalezno$ci od fazy rekonwalescencji (Kiran, 2012;
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Rogala i in., 2024). W badaniu nad skutecznos$cig treningu z uzyciem nowej §ciezki Dra
Neuronowskiego® zadbano jednak, zeby nie bylo istotnych rdznic w lokalizacji
uszkodzenia mézgu (Rycina 5) i czasie od udaru pomiedzy grupami treningowymi,
w zwigzku z czym wplyw tych czynnikow zakldcajacych powinien by¢ minimalny.
Jako, ze badanie trzecie (Choinski i1 in., 2023a) miato charakter podtuzny,
kolejnym problemem okazalo si¢ utrzymanie oséb z afazja w projekcie przez caty czas
jego trwania. Czas prowadzenia badan pokryl si¢ czgSciowo z wybuchem pandemii
COVID-19. Z obawy przed zakazeniem, niektorzy pacjenci, stanowigcy grupeg
podwyzszonego ryzyka w przebiegu infekcji, zdecydowali si¢ na rezygnacje z udziatu
w projekcie przed przystapieniem do kolejnych jego etapéw (diagnoza POST lub
diagnoza odroczona). Z tego powodu, dane z badania elektrofizjologicznego po treningu,
okazaly si¢ zbyt malo liczne, by przeprowadzi¢ analizy zmian w zakresie parametrow
P300 na skutek treningéw. Analiza taka dostarczytaby informacji na temat mozgowego
podtoza efektéw treningu i stanowitaby obiektywna miare uzyskanej poprawy. Jest to
z catym przekonaniem temat warty dalszych dociekan w przysztych badaniach.
Prezentowany cykl badan ukazuje ztozono§¢ problemu zaburzen jezykowych
1 niejezykowych funkcji poznawczych u o0s6b z afazja. Funkcje jezykowe, deficyty
ktérych pierwotnie uwazano za podstawowy problem w afazji, okazuja si¢ by¢ $cisle
zwigzane ze wspierajagcymi je funkcjami niejezykowymi, takimi jak pamigé
krotkotrwata, operacyjna, czy tempo przetwarzania informacji. Sprawno$¢ systemu
poznawczego osoby z afazjg moze zaleze¢ od logistycznego fundamentu przetwarzania,
jakim jest CzPI. Optymizmem napawa jednak fakt, Ze praca nad owym fundamentem
moze przynie$¢ znaczace korzysci dla osoby z afazja, poprawiajac jej mozliwosci

komunikowania sig.
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5. Podsumowanie i wnioski

Opisane wyniki wskazuja na potrzebe oceny niejezykowych funkcji
poznawczych u 0sob z afazja. Funkcje takie jak CzPI, pamig¢¢ krotkotrwata 1 operacyjna,
czy szybko$¢ przetwarzania informacji biorg udzial w procesach jezykowych. Ich
zaburzenia u 0so6b z afazja maja Scisty zwigzek z poziomem deficytow jezykowych.
Szczegolne znaczenie ma CzPI, ktére zgodnie z teorig von Steinbiichel i Poppela (1993),
nadaje odpowiednig dynamike przebiegowi wielu procesow poznawczych, pozwalajac
na ich prawidlowe dziatanie. W przypadku osob z afazja deficyty w zakresie CzPI moga
stanowi¢ podtoze wystepujacych u nich trudnosci poznawczych, w tym jezykowych.
W niniejszej rozprawie wykazano takze, ze usprawnienie CzPl pozwala na
poprawe wielu aspektow funkcjonowania poznawczego. Trening wykorzystujacy nowa
$ciezke programu Dr Neuronowski®, ktorej skuteczno$¢ udokumentowano w ramach
niniejszych badan, moze mie¢ duze zastosowanie w praktyce klinicznej. Uwzglednienie
w rehabilitacji afazji ¢wiczen niejezykowych funkcji poznawczych, w tym CzPI, obok
standardowych ¢wiczen jezykowych, moze przyczyni¢ si¢ do przywrdcenia pacjentom
optymalnego funkcjonowania poznawczego, w tym mozliwosci komunikowania sig.
Prezentowane badania wpisuja si¢ w aktualnie dominujagcy w afazjologii trend,
wskazujacy na konieczno$¢ diagnozy 1 usprawniania w afazji zaré6wno funkcji
jezykowych, jak i niejezykowych funkcji poznawczych.
Podsumowujac, u oséb z afazja:
® sprawno$¢ CzPI jest $ci§le zwigzana z przestrzenng pamigcig operacyjng. Kluczowe
znaczenie dla poziomu pamigci werbalnej oraz przestrzennej pamigci krotkotrwalej
ma natomiast gtgboko$¢ deficytOw rozumienia mowy;

® latencja potencjalu P300 jest trafnym wskaznikiem poziomu funkcji poznawczych,
dla ktérych istotne jest tempo przetwarzania informacji;

® trening w zakresie niejezykowych funkcji poznawczych, w tym CzPI, przynosi

poprawe w zakresie nieCwiczonych funkcji jezykowych.
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Aphasia is an acquired impairment of language functions resulting from a brain
lesion. It is usually accompanied by deficits in non-linguistic cognitive processes. This
study aimed to investigate in patients with aphasia the complex interrelationships
between selected cognitive functions: auditory speech comprehension, working memory
(WM), and temporal information processing (TIP) in the millisecond time range. Thirty
right-handed subjects (20 males) aged from 27 to 82 years suffering from post-stroke
aphasia participated in the study. Verbal working memory (VWM) and spatial working
memory (SWM) were assessed with: (1) a receptive verbal test and (2) the Corsi
Block-Tapping Test, respectively. Both these WM tests used the forward tasks (mainly
engaging maintenance processes, i.e., storing, monitoring, and matching information)
and backward tasks (engaging both maintenance and manipulation processes, i.e.,
reordering and updating information). Auditory comprehension was assessed by
receptive language tests, and TIP efficiency was assessed by auditory perception of
temporal order in the millisecond time range. We observed better performance of forward
WM tasks than backward ones, independently of the type of material used. Furthermore,
the severity of auditory comprehension impairment correlated with the efficiency on
both forward and backward VWM tasks and the backward SWM task. Further analysis
revealed that TIP plays a crucial role only in the latter task. These results indicate the
divergent pattern of interactions between WM and TIP depending on the type of WM
tasks. Level of verbal competency appeared to play an important role in both VWM tasks,
whereas TIP (which is associated with manipulation processes) appeared to be important
for SWM, but only on the backward task.

Keywords: aphasia, working memory, auditory speech comprehension, temporal information processing,
time perception

INTRODUCTION

Over the years, researchers focused on the distortion of verbal communication as the
core symptom of post-stroke aphasia. However, it has become evident that people with
aphasia (PWA) also display impairments in cognitive domains other than language
functions, such as: executive functions (Purdy, 2002; Fridriksson et al., 2006), attention
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Murray, 2002, 2012; Hula and McNeil, 2008; Villard and
Kiran, 2017), learning and memory (including working memory;
Wright and Shisler, 2005; Mayer and Murray, 2012), as well as
temporal information processing (TIP) considered to be a neural
frame for many cognitive functions (Szelag et al., 2015). These
non-language deficits may intensify communication difficulties
and hinder the rehabilitation process (El Hachioui et al., 2014;
Simic et al., 2019).

Despite the widespread awareness of deficiencies in language
and other cognitive functions in PWA, the interactions of these
functions have rarely been studied (Sung et al., 2009; Laures-
Gore et al,, 2011; Oron et al.,, 2015). Such relationships seem
important as these functions interact in our working brain. The
current study concerns complex interactions in PWA between
selected cognitive functions; i.e., auditory speech comprehension,
working memory (WM), and TIP (on the millisecond level). We
expected that the deficient TIP observed in PWA would play a
crucial role in both language and WM deficits.

Multicomponent Model of WM

Working memory (WM) has been conceptualized as a limited
capacity system, designed to maintain, process, and manipulate
information over short periods of time (Baddeley, 2000, 2003). In
an influential model developed by Baddeley and Hitch (Baddeley
and Hitch, 1974; Baddeley, 2000), a system named central
executive supervises three components: (1) the phonological
loop which directs the rehearsal and maintenance of verbal
information; (2) the visuo-spatial sketchpad which stores visual
and spatial information; and (3) the episodic buffer which
integrates information from these two subsystems and refers it
to long-term memory.

Measuring memory span is one method commonly used to
assess WM capacity. This paradigm includes a series of items
presented to a subject, whose task is to reproduce the sequence
either in the same order (forward task) or in the reverse one
(backward task). While the forward task requires the storage and
maintenance of information, the backward one, in addition to
maintenance, requires active manipulation of memory traces.

In verbal working memory (VWM) tests, backward tasks are
usually more difficult than forward ones, both in healthy and
clinical populations (Kessels et al., 2008; Laures-Gore et al., 2011).
While forward tasks depend mainly on the phonological loop,
the manipulation necessary to reverse the order in backward
tasks requires the engagement of the central executive. On the
other hand, in spatial working memory (SWM) tests, like the
Corsi Block-Tapping Test, the difference in performance between
forward and backward tasks is less pronounced. For example,
Kessels et al. (2008) reported that both tasks are equally difficult
for healthy elderly people. Thus, it is hypothesized that both
forward and backward SWM tasks rely mostly on the visuo-
spatial sketchpad, as the spans need to be maintained as visual
patterns, with no need for serial ordering (Smyth and Scholey,
1992). On the other hand, Vandierendonck et al. (2004) argued
that both SWM tasks involve the central executive, especially for
longer sequences, which may lead to similar difficulty levels on
both tasks.

Working Memory in PWA

For many years, WM has been extensively studied in PWA
(De Renzi and Nichelli, 1975; Caspari et al., 1998). Researchers
suspected that language impairments may result in deficient
VWM because of language problems. But WM deficits have
been observed not only in verbal, but also in visuo-spatial
tests (Potagas et al., 2011), which suggests more general WM
impairment in PWA (see above the multicomponent model
of WM).

Potagas et al. (2011) showed significant correlations between
WM performance and severity of aphasia. While associations
between verbal spans and aphasia severity are well-documented,
studies concerning visuo-spatial span give inconsistent results.
While in the aforementioned study by Potagas et al. (2011),
significant correlations were observed between aphasia severity
and forward and backward SWM (Corsi Block-Tapping
Test), their magnitudes were rather low (0.36 and 0.33 for
these two tasks, respectively). On the other hand, Paulraj
et al. (2018) did not observe any significant correlations
between either forward or backward spatial spans and language
functions (comprehension, repetition, fluency, or overall
language score).

Neuroanatomical Evidence for the

Co-existence of WM and Language Deficits
Further support for the co-existence of WM and language deficits
in PWA comes from neuroanatomical data. Using voxel-based
morphometry, Leff et al. (2009) reported that the density of the
posterior region of the left superior temporal gyrus predicted the
efficiency of both auditory VWM capacity and comprehension of
spoken sentences.

Moreover, most lesion studies reported that PWA displayed
deficient WM, assessed by behavioral tests. For example,
some studies (Baldo and Dronkers, 2006; Kasselimis et al.,
2018) reported that PWA with lesions in the left inferior
parietal cortex presented significant impairment in VWM
(forward task). Moreover, Kasselimis et al. (2018) found
decreased VWM performance (forward Digit Span) in PWA
with lesions in the inferior frontal gyrus. Nevertheless, the
authors did not identify the regions specifically associated
with performance on either backward VWM tasks or SWM
(both tasks).

Although, the execution of visuo-spatial tasks is traditionally
associated with the right hemisphere (De Renzi et al., 1977),
the deficient SWM in PWA suggests that the left hemisphere
contributes to the processing of visuo-spatial stimuli (Martin
and Ayala, 2004; Potagas et al., 2011). This has been confirmed
by Paulraj et al. (2018) who showed that performance of
backward SWM was poorer in patients with lesions in the left
fronto-parietal network, including the somatosensory cortex,
supramarginal gyrus, lateral prefrontal cortex, and frontal
eye fields.

Based on results observed on both VWM and SWM tasks,
Baldo and Dronkers (2006) concluded that the left parietal cortex
is specialized for processing successive stimuli, regardless of the
material presented.
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To summarize, the neuroanatomical data cited above indicates
that the left hemisphere also plays a role in the co-existence of
deficits in language and WM (both verbal or spatial material).

Temporal Information Processing in PWA

A number of studies have demonstrated a link between TIP
and language. Human speech is constrained by temporal
organization on different time levels. Millisecond TIP is related
to phonological encoding/decoding and syllabification, while
multisecond TIP is involved in lexical selection, sentence
production, and perception (Szelag et al., 2015). The current
study concerned associations between millisecond TIP, auditory
speech comprehension, and WM.

Numerous studies have reported that millisecond TIP is
involved in phonemic hearing, i.e., the ability to analyse and
synthesize speech sounds. For example, information about
the formant transition related to the place of articulation in
stop-consonants is constrained on a time range of about 20-
40 ms intervals (Szelag et al., 2014). Thus, the differentiation
between stop consonants requires highly precise millisecond TIP.
Accordingly, the phoneme identification impairment observed
in PWA may be accompanied by deficient processing of
rapid auditory stimuli. Deficient TIP is evidenced in PWA
with lesions in left temporo-parietal cortices (von Steinbiichel,
1998; Wittmann et al.,, 2004). This corresponds to difficulties
identifying phonemes, resulting in an inability to decode verbal
auditory input. The severity of TIP deficits in the millisecond
range is associated with deficient comprehension in PWA
(Swisher and Hirsh, 1972; Tallal and Newcombe, 1978; Fink
et al., 2006; Oron et al., 2015). Some recent studies have also
confirmed significant correlations between TIP and phoneme
discrimination on the level of words and sentences (Fink et al.,
2006; Oron et al., 2015).

According to previous studies, TIP may be considered as a
neural frame for many cognitive functions, including WM (von
Steinbiichel and Poppel, 1993; Szelag et al., 2011; Bao et al., 2013).
As WM is characterized by temporal dynamics in the millisecond
range, the distortion of the internal clock may severely impair
the proper execution of mental functions (Nowak et al., 2016).
It might be expected that both VWM and SWM tests require
effective TIP — the verbal task due to linguistic processing and
the SWM task due to the manipulation of processed material
(which seems to be engaged mostly in the backward task). Such
manipulation requires dynamic mental processes in which the
temporal frame seems crucial.

On this basis, one may expect that TIP distortions caused by
brain injury will be strongly associated with impairment of both
auditory speech comprehension and WM. Thus, in the present
study we explore the complex associations between WM, speech
comprehension, and TIP.

Experimental Aim

In the current study we compared the performance of PWA on
VWM and SWM tests, considering forward vs. backward tasks.
Furthermore, we explored the relationship between performance
on these two WM tasks and auditory speech comprehension.
Finally, we examined the complex relationships between WM

and TIP to verify whether they are modified by deficient auditory
comprehension in PWA.

MATERIALS AND METHODS

Participants

Thirty patients (20 male and 10 female) aged from 27 to 82
years (x£ SD = 59 =+ 14 years) participated in the study. They
suffered from aphasia after their first stroke (hemorrhage or
infarction; lesion age x4+ SD = 51 £ 55 weeks). PWA were
classified into two subgroups according to time post stroke with
a cutoff point at 6 months post onset (Bernhardt et al., 2017):
(1) the subacute subgroup (n = 14) and (2) the chronic one
(n = 16). They were recruited in cooperation with neurological
and neurorehabilitation clinics located in the area of Warsaw.
PWA were right-handed, Polish native speakers with normal
or corrected to normal vision. Patients suffered predominantly
from disordered auditory comprehension; however, they were
able to follow experimental instructions. The hearing level
was screened using pure-tone audiometry (Audiometer MA33,
MAICO; American National Standard Institute, 2004). The
tested frequencies were selected to encompass the frequency
spectrum of the presented auditory stimuli, which included 250,
500, 750, 1,000, 1,500, 2,000, and 3,000 Hz.

A description of the patient sample is given in Table 1.

The location of the lesion was identified by CT or MRI! in
20 (10 subacute/10 chronic PWA) out of the 30 subjects and is
visualized in Figure 1.

Neuroanatomical analyses confirmed that subgroups differed
in the lesion volume (U = 18.0; p = 0.02, Mann-Whitney
U test) with significantly greater lesion volume in the chronic
subgroup. However, in both subgroups lesions were localized
only in the left hemisphere and comprised mainly the following
structures: frontal orbital cortex, middle frontal gyrus, inferior
frontal gyrus - pars opercularis and pars triangularis, precentral
gyrus, central and frontal operculum, temporal pole, superior and
middle temporal gyrus, planum polare, Heschl’s gyrus, planum
temporale, insular cortex, putamen with a higher overlap in the
chronic subgroup.

The exclusion criteria were: recurrent stroke, global aphasia
with poor verbal contact or severe comprehension deficits
(which may make the understanding of experimental instructions

LAll images were acquired on a 3T MRI scanner (Magnetom Trio TIM VB17)
using a 12-channel head matrix coil. Parameters of MRI sequences: T1 MPR
isotropic sequence — TR=2530ms, TE=3.32ms, TI=1100ms, FA=7 deg, voxel
size=Ix1x1 mm, 176 sagital slices, IPAT=2, TA=6:03 min. T2 SPC isotropic
sequence — TR=3200 ms, TE=402ms, voxel size=1x1x1 mm, 176 sagital slices,
IPAT=2, TA=4:43 min. DTT isotropic sequence - TR=8300 ms, TE=87 ms, voxel
size 2x2x2 mm, 64 axial slices, IPAT=2, TA= 2 x 9:26 min (AP and PA phase
encoding direction), b-valuel = 0 s/mm2, b-value2 = 1000 s/mm?2.

Patients’ MRI images were spatially normalized with appropriate templates (T1
and T2 standard MNI templates) using the SPM12 toolbox. Patients’ CT images
were first filtered to remove bone structures from the image. The images
prepared in this way normalized very well to the Proton-density template from
the SPMI12 toolbox. Lesion areas were pre-segmented by the image intensity
thresholding (watershed algorithm in the lesion region) and then manually
corrected based on MRI T1, T2 and diffusion weighted images or CT images using
the MRICroN software.
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TABLE 1 | Characteristics of the patient sample
(I, infarction; H, hemorrhage stroke).

Patients Age range (years) Type of stroke Lesion age (weeks)
1 26-30 H 84
2 26-30 H 19
3 36-40 1 73
4 41-45 H 28
5 41-45 1 25
6 46-50 | 9
7 46-50 | 20
8 46-50 1 191
9 51-55 H 37

10 51-55 | 12
1 51-55 1 194
12 56-60 1 72
13 56-60 1 169
14 56-60 | 15
15 56-60 1 67
16 56-60 | 8
17 56-60 1 81
18 56-60 | 12
19 61-65 1 31
20 66-70 | 19
21 66-70 1 57
22 66-70 | 21
23 71-75 1 44
24 71-75 | 145
25 71-75 | 6
26 71-75 | 6
27 71-75 1 47
28 76-80 | 8
29 76-80 | 24
30 81-85 | 13

Chronic patients are marked in bold. Both subgroups did not differ significantly in subjects’
age and education.

difficult), visual deficits after stroke, other neurological disorders
beside stroke, psychiatric disorders, reported history of head
injuries, poor general health, or signs of dementia. These criteria
were verified during an interview with the patient’s carer or with
the clinicians who recruited the patients.

Ethical Approval

The study was approved by the Ethical Commission at the
University of Social Sciences and Humanities (permission no
26/2017, registered as 35/2017) and was in accordance with
the ethical standards of the Helsinki Declaration. All patients
provided written informed consent to participate in the study
prior to testing.

Experimental Material and Procedures
The assessment was conducted in a quiet experimental room in
the Laboratory of Neuropsychology, Nencki Institute over the

course of two or three sessions, depending on each patient’s
fatigue and health status.

Assessment of Auditory Comprehension

Auditory comprehension deficits were assessed on the basis
of four language tests: (1) the Token Test, which is a part
of the Aachener Aphasia Test (Huber et al, 1983); (2)
Comprehension of Syntactic Structures (Smoczynska et al.,
2015); (3) Comprehension of Words (Kertesz, 1982); and (4)
Phoneme Discrimination for Pseudowords (Krasowicz-Kupis
et al., 2015). In all these tests, the experimenter presented the
material verbally to the subjects. Below we summarize briefly the
tests used.

(1) The Token Test examines auditory comprehension deficits
on the sentence level. It is remarkably sensitive to disrupted
linguistic processes, e.g., semantic, syntactic, and/or post-
interpretative  processes. Aphasic patients responded
gesturally to verbal commands given by the experimenter.
The materials consisted of tokens which differ in color, shape
(squares and circles), and size (large and small). The subject
followed 50 verbal instructions given in five sections of
increasing complexity, e.g., “Touch the little red circle and the
big yellow square.”

Outcome measure: percent of correct responses on the
entire test (Table 2).

(2) Comprehension of Syntactic Structures: participants
listened to 16 sentences. During each sentence (e.g., “The duck
is flying above the tree”) the subject was presented with a set of
4 pictures on a response card indicating 4 different syntactic
situations (e.g., above, next to, behind, or under) and was
asked to point to the picture corresponding to the situation in
the sentence heard.

Outcome measure: percent of correct responses on the
entire test (Table 2).

(3) Comprehension of Words consists of 14 trials. In each trial
the subject was presented with a set of four different pictures
on a single response card. All pictures in each set belonged
to the same semantic category, e.g., vegetables. The task was
to point to the picture corresponding to the word heard. The
first seven test trials consisted of verbs (describing actions; e.g.,
to crawl) and the next seven trials consisted of nouns (object
names; e.g., hole punch).

Outcome measure: percent of correct responses on the
entire test (Table 2).

(4) Phoneme Discrimination for Pseudowords consists of 25
pairs of pseudowords in which 18 pairs were different and 7
were the same. The task was to decide whether the pair of
pseudowords heard are the same or different and to respond
by pointing to one of two response cards (Yes/No). The
pseudowords differed in consonants in terms of place of
articulation, fricatives, voicing, and nasality.

Outcome measure: percent of correct responses on the
entire test (Table 2).

The Auditory Comprehension Index (ACI; Table 2) was used
as a measure of aphasia severity and defined as the mean percent
of correct responses on these four tests.
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FIGURE 1 | Overlay of the participants’ normalized lesion reconstructions on a common brain template in three sections: (A) axial, (B) coronal, and (C) sagittal for two
subgroups: the subacute subgroup (top level) and the chronic one (bottom level). Brighter areas (red, orange, yellow, and green) indicate regions of greater overlap,

The comparison between subacute vs. chronic subgroups
indicated a lack of difference in ACI (t5y = 0.41; p = 0.68;
Independent Samples ¢ Test).

Working Memory (WM)

The efficiency of WM was assessed on the basis of two tests
differing in terms of the type of applied material: (1) verbal WM
test (VWM developed in our Laboratory) and (2) spatial WM test
(SWM; using the Corsi Block-Tapping Test, Vienna Test System;
Schuhfried, 2013). In both these tests, sequences of elements
(words or squares, respectively) were presented and the subject
had to reproduce the order of the presented elements. Each test
was conducted in two tasks. In the forward task, the elements
were to be reproduced in the same order as they were presented,
whereas in the backward task the elements were to be reproduced
in the opposite order. Each task becomes more difficult as the
number of elements presented in each sequence increases. In
both tests, the forward task was conducted first, followed by the
backward one.

Verbal Working Memory Test (VWM)
Consists of nine concrete unrelated monosyllabic words (in
Polish: “kot, smok, sok, plot, miot, koc, nos, noc, blok,” in English:

“cat, dragon, juice, fence, hammer, blanket, nose, night, building”)
and a set of nine pictures corresponding to these words.

Before the administration of the test proper, two practice trials
were done to ensure that the patient was able to match correctly
each of these nine words with the appropriate picture. In each of
these two trials, the subject was presented with the nine words
separately in a random order and it was verified whether the
proper picture had been identified. Performing at least one of
these two practice trials correctly was required to proceed with
the test proper. Participants who could not manage the practice
session were excluded from further testing. The majority of tested
subjects were able to correctly match the words with pictures
during the first trial.

After successful practice trials, the forward VWM was
administered. The experimenter reads a sequence of unrelated
words and, after listening to the whole sequence, the subject
was asked to reproduce the order of the words by pointing to
appropriate pictures. The test starts with a sequence consisting
of two words. In subsequent steps, the difficulty was increased
by adding one word up to the maximum nine words in the
last sequence. In the backward task, the subject was asked to
reproduce the words in the opposite order to which they were
presented. The backward task proceeded from a sequence of two
words to the maximum length of eight words.
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TABLE 2 | Performance on particular language tests (percent of correct
responses).

Patients Token Comprehension Comprehension Phoneme Auditory
test of syntactic of words discrimination comprehension
structures for index (ACI)
pseudowords
1 88 94 100 96 94
2 - 75 50 64 63
3 22 44 93 68 57
4 72 75 93 76 79
5 20 50 71 76 54
6 92 100 100 100 98
7 98 94 93 92 94
8 62 81 100 76 80
9 84 100 100 96 95
10 90 94 100 96 95
11 70 75 100 100 86
12 40 38 86 92 64
13 52 38 100 100 72
14 70 69 100 96 84
15 - 50 79 100 76
16 82 56 100 72 78
17 54 81 86 84 76
18 96 94 93 100 96
19 54 81 86 64 71
20 - 25 50 48 41
21 66 88 100 96 87
22 16 56 79 92 61
23 18 56 86 52 53
24 - 31 79 52 54
25 94 100 100 88 96
26 68 69 100 72 77
27 62 81 100 96 85
28 - 19 64 44 42
29 82 75 93 100 87
30 42 69 50 84 61

It was impossible to carry out the Token Test for five patients, as they were not able to
follow the introductory session for this test due to specific problems in color differentiation.
For these subjects, the auditory comprehension index (ACI) was calculated on the basis
of the three remaining tests, which were successfully completed.

There were two trials at each sequence length. The test
was terminated when a patient fails to correctly reproduce two
sequences of the same length.

Outcome measure: the VWM score? and VWM span for each
task of the test.

The VWM score was defined as the total number of
correctly reproduced sequences in each task. For each sequence
reproduced correctly, one point was awarded; the maximum
possible scores were 16 (on the forward task) and 14 (on the
backward one).

The VWM span was defined as the longest sequence length
reproduced correctly (at least once); the maximum possible spans
were 9 (on the forward task) and 8 (on the backward one).

The comparison between subacute vs. chronic subgroups
indicated a lack of difference in VWM performance either for
scores or spans in the forward and backward tasks (forward score:

2 As scores are usually more sensitive to a subject’s performance, we concentrated
mainly on this indicator.

U = 105 p = 0.79; forward span: U = 103.5 p = 0.73; backward
score: U = 107.5 p = 0.85; backward span: U = 109 p = 0.92,
Mann-Whitney U test).

Spatial Working Memory Test (SWM)

The computerized version of the Corsi Block-Tapping Test was
used. The subject was shown a constant matrix of nine identical
squares located in the same position on the screen in all trials.
Two practice trials were initially performed. In each trial, a cursor
pointed to two squares on the matrix in a random sequence.
After a tone signal, the subject was asked to touch these two
squares on the screen in the same order as the cursor. If the
response was correct, the subject proceeds to the next practice
trial. After correct performance of both practice trials, the proper
forward SWM task started with a three-square sequence. The
number of squares in the next sequences increased from 3 up
to 8. There were three trials for each number of squares. Next,
analogous practice trials were performed for the backward task
and the subject was asked to recall the sequence of two squares
in the opposite of the order that it was presented. After successful
backward practice trials, the proper backward task began.

The task was terminated when the subject failed to correctly
reproduce the sequence in three consecutive trials.

Outcome measures: the SWM score and SWM span for each
task of the test.

The SWM score was defined as the total number of
correctly reproduced sequences in each task. For each sequence
reproduced correctly, one point was awarded; the maximum
possible score was 18 (in both forward and backward tasks).

The SWM span was defined as the longest sequence length
successfully recalled (at least twice); the maximum possible span
was 8 (in both forward and backward tasks).

The comparison between subacute vs. chronic subgroups
indicated a lack of difference in SWM performance either for
scores or spans in the forward and backward tasks (forward score:
U = 94.5 p = 0.47; forward span: U = 105 p = 0.79; backward
score: U = 110.5 p = 0.95; backward span: U = 101 p = 0.67,
Mann-Whitney U test).

Temporal Order Threshold (TOT)

The procedure for measurement of TOT was used in our previous
studies and is described in Szymaszek et al. (2009), Szymaszek
etal. (2017) and Szelag et al. (2014).

Stimuli were pairs of 1 ms rectangular clicks presented in rapid
succession with varied inter-stimulus-intervals (ISI). The paired
clicks were presented monaurally, i.e., one click is presented
to one ear, followed by a second click to the other ear. The
stimuli were delivered at a comfortable listening level through
Sennheiser HD 201 headphones. The subject’s task was to report
the temporal order of clicks within each presented pair—either
right-left or left-right.

The ISIs varied from 1 to 600 ms according to the adaptive
maximum-likelihood-based algorithm (Treutwein, 1997). For
each trial, IST was calculated on the basis of correctness achieved
in previous responses. This tracking procedure estimated
individual TOTs as the minimum ISI between two clicks at
which a subject reports their order at 75% correctness. TOT
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TABLE 3 | Individual data for VWM and SWM in the backward and forward tasks (scores and spans for each participant), along with temporal order threshold (TOT).

VWM SWM
Patient ID Score Span Score Span TOT (in ms)
Forward Backward Forward Backward Forward Backward Forward Backward
1 0 0 1 1 8 5 5 3 259
2 5 1 4 2 9 3 5 3 206
3 1 0 2 1 8 4 5 3 202
4 1 2 2 3 9 8 5 5 129
5 1 1 2 2 7 9 4 5 75
6 5 2 4 2 9 8 5 5 136
7 1 0 2 1 5 2 4 3 230
8 2 0 2 1 5 1 4 2 168
9 5 4 4 4 7 7 4 4 113
10 2 2 2 2 5 3 4 3 104
11 5 5 5 4 3 4 3 3 120
12 8 6 6 4 8 10 4 6 97
13 8 6 6 5 9 10 5 5 90
14 2 1 2 2 3 2 3 3 395
15 1 0 2 1 4 3 3 3 134
16 6 3 4 3 5 4 4 3 207
17 5 7 4 5 10 10 5 6 90
18 4 2 4 3 4 5 4 4 257
19 5 6 4 5 5 6 4 4 97
20 2 1 2 2 4 1 4 2 214
21 6 2 5 2 10 10 5 5 76
22 5 5 4 4 5 3 4 3 99
23 4 3 3 3 3 6 3 4 76
24 4 2 3 2 8 7 5 5 67
25 2 1 3 2 4 4 4 4 85
26 10 6 6 4 11 9 6 6 60
27 2 1 2 2 7 6 4 4 100
28 2 1 2 2 8 5 4 114
29 8 8 6 6 10 10 5 5 55
30 4 2 3 2 4 4 3 101

A score of O reflects situations where subjects did not score any points on the test, even though they successfully passed the practice trials.

TABLE 4 | Descriptive statistics for VWM and SWM on forward and backward
tasks: medians (Me) and ranges of obtained scores and spans.

Test Task Me Range
VWM Score Forward 4 o 0-10
Backward 2 0-8
Span Forward 3 1-6
]**
Backward 2 1-6
SWM Score Forward 7 I 3-11
Backward 55 1-10
Span Forward 4 3-6
Backward 4 2-6

Asterisks indicate significant differences in medians between forward and backward tasks
for VWM and SWM: *p < 0.05; **p < 0.01, **p < 0.001.

values were assessed using “Yet Another Adaptive Procedure”
(Mates et al., 2001) on the basis of maximum likelihood
parameter estimation. Measurement continued until the TOT
value was located with a probability of 95% inside a +5-ms
interval around the currently estimated threshold (Treutwein,
1995).

Prior to the task proper, the experimenter familiarized
the participants with the TOT task and performed a few
practice trials, in which the participants reported the
order of two clicks separated by a long interval selected
on the basis of our previous studies (e.g., from 600 to
300ms; see Szelag et al, 2014; Szymaszek et al., 2017).
After each response, feedback on correctness achieved was
given. During the proper task no feedback on correctness
was given.
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Outcome measure: TOT value (in milliseconds).

The comparison between subacute vs. chronic subgroups
indicated a lack of difference in TOT (U = 107 p = 0.854;
Mann-Whitney U test).

Statistical Analyses
To verify the distribution of the resultant data, the Shapiro-Wilk
Test was used. Apart from ACI, all variables deviated from the
Gaussian distribution: TIP, VWM, and SWM data were skewed
positively, with the exception of the backward SWM score, which
had a platykurtic distribution.

Therefore, in further analyses, non-parametric statistics were
used to investigate:

(1) the differences in performance between the forward
and backward tasks of each WM test (VWM/SWM) using the
Wilcoxon Signed-Rank Test;

(2) the relationships between the two types of
WM (VWM/SWM) and  auditory  comprehension
(indexed by ACI) using Spearman’s Rank Correlations,
controlling for subjects Age, Time Post Stroke, and
Lesion Volume.

Moreover, Williams-Hotelling test (Williams, 1959) was

used to compare coefficients obtained for correlations
“VWM-ACI”  and “SWM-ACI” for forward and
backward tasks.

(3) the relationships between the two types of WM
(VWM/SWM) and TIP (indexed by TOT) with Spearman’s
Rank Correlations, controlling for Age, Time Post Stroke,
Lesion Volume, and ACIL. Moreover, Williams-Hotelling test
(Williams, 1959) was used to compare coeflicients obtained for
correlations “VWM-TOT” and “SWM-TOT” for forward and
backward tasks.

VWM
A Score

- Forward better than Backward

score and (D) SWM span.

- Forward worse than Backward

FIGURE 2 | The distribution of patients (in %) with differences in performance between the forward and backward tasks for (A) VWM score, (B) VWM span, (C) SWM

C Score

13.3%

- Forward the same as Backward

TABLE 5 | Spearman’s rho correlation coefficients and significance levels between particular VWM and SWM outcome measures on the forward and backward tasks

(scores and spans) and auditory comprehension index (ACI).

Test ACI ACI controlling for Age ACI controlling for Time Post Stroke ACI controlling for Lesion Volume
VWM Score Forward 0.702*** 0.684*** 0.709*** 0.626** (0.664***)
Backward 0.822*** 0.813*** 0.831** 0.759* (0.774***)
Span Forward 0.734*** 0.719** 0.744** 0.645** (0.679*)
Backward 0.764*** 0.750*** 0.767** 0.739"** (0.767**")
SWM Score Forward 0.316™ _ . 0.254 0.290 0.333 (0.343)
Backward 0.638*** 0.620*** 0.642*** 0.741** (0.701**%)
Span Forward 0.154 .. 0.090 0.136 0.139 (0.129)
Backward 0.644*** 0.623*** 0.649*** 0.786™* (0.729"**)

Asterisks indicate significant correlations: **p < 0.01, **p<0.001.

Square brackets indicate significant differences between coefficients obtained for correlations “VWM-ACI” and “SWM-ACI” for forward and backward tasks (Williams-Hotelling test).
The partial correlations were performed controlling for Age, Time Post Stroke, Lesion Volume (N = 20 PWA, the raw correlation coefficients are given in brackets).
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FIGURE 3 | Scatter plots illustrating correlations between WM scores and auditory comprehension index (ACI, in %) in particular tasks: (A) VWM forward, (B) VWM
backward, (C) SWM forward, (D) SWM backward. Significant correlations were observed for A,B,D (see also Table 5). Similar relationships were observed for
WM spans.

TABLE 6 | Spearman’s rho correlation coefficients (and significance levels) between particular outcome measures of VWM and SWM on the forward and backward tasks
(scores and spans) and temporal order threshold (TOT) values.

Test TOT TOT controlling TOT controlling for TOT controlling for TOT controlling for ACI
for Age Time Post Stroke Lesion Volume
VWM Score Forward —0.462** -0.410* —0.462* —0.474* (—0498) -0.128
Backward —0.575"* —0.510* —0.575** —0.644** (—0.658") —0.258
Span Forward —0.483** —0.436* —0.483** —0.502* (—0.524%) —0.140
Backward —0.492** —0.444* —0.493** —0.626"* (—0.641*%) —0.134
SWM Score Forward —-0.385" __ —0.269 —0.402* —0.282 (—0.295) —0.267
Backward —0.661*** —0.580"** —0.661*** —0.681*(—0.683"*) —0.483**
Span Forward -0.242 _ —0.135 —0.247 —0.211 (-0.209) —0.191
Backward —0.689"** —0.619"** —0.689*** —0.746"** (—0.743") —0.5624**

Asterisks indicate significant correlations: *p < 0.05; **p < 0.01, **p < 0.001.
Square brackets indicate significant differences between coefficients obtained for correlations “VWM-TOT” and “SWM-TOT” for forward and backward tasks (Williams-Hotelling test).
The partial correlations were performed controlling for Age, Time Post Stroke, ACI, and Lesion Volume (N = 20 PWA, the raw correlation coefficients are given in brackets).
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RESULTS

Relationships Observed Between VWM

and SWM

Individual data for VWM and SWM (scores and spans) on
the backward and forward tasks are presented in Table 3 and
descriptive statistics are given in Table 4.

For VWM, both the median score and span were significantly
higher on the forward than the backward task (Z = —3.520; p <
0.001 and Z = —3.065; p = 0.002 for score and span, respectively)
indicating better performance on the forward than the backward
task. For SWM, the median score on the forward task was also
significantly higher than on the backward task (Z = —2.363; p =
0.018), but the difference in span was nonsignificant (Z = —1.906;
p=0.057).

These results are displayed in Figure 2, which shows the
percent of patients with a difference in performance between
tasks (forward vs. backward) on VWM and SWM. In particular,
for scores on both VWM and SWM, as well as for span
on VWM, the majority of patients performed better on
the forward than on the backward task (Figures2A-C for
VWM and SWM, respectively). In contrast, for SWM span,
50% of subjects had similar performance on the two SWM
tasks (Figure 2D).

“WM - Auditory Comprehension”

Relationships

The results of correlational analyses between WM (for both
VWM and SWM indexed by scores and spans) and auditory
comprehension (reflected in ACI) indicated divergent results for
these two types of WM tests (Table 5).

For VWM, both scores and spans on the forward and
backward tasks were strongly positively correlated with ACIL
Thus, better VWM performance was accompanied by better
comprehension skills. On the other hand, for SWM only the
indices of the backward task were correlated positively with
ACI, whereas, these correlations on the forward task were
nonsignificant (Table 5, Figure 3).

The aforementioned “WM - auditory comprehension”
relationships remained relatively stable when the subject’s Age
was controlled for, indicating a weak influence of Age on the
obtained correlations. These “WM - auditory comprehension”
relationships were unchanged when controlling for Time Post
Stroke and Lesion Volume (Table 5).

“WM - TIP” Relationships

The pattern of “WM - TIP” correlations differed between the
two WM tests, depending on the type of material used (Table 6).
In VWM, correlations were mediated significantly by ACL in
SWM, a similar mediation effect was observed on the forward
task only.

In particular, in VWM forward and backward tasks both
score and span values correlated negatively with TOT, ie.,
better VWM performance corresponded to lower TOT values
(more precise TIP). These correlations were relatively stable
when the subject’s Age was controlled for (indicating a weak
contribution of Age to the relationship between VWM and

TIP) and became nonsignificant when controlling for ACI. This
suggests the relevance of auditory comprehension to the “WM -
TIP” relationship in VWM (Table 6).

Different relationships were observed on the backward
SWM task, where the significant correlations between score
and span values with TOT were independent of auditory
comprehension (controlling for ACI, see Table 6). It should be
stressed that the mediatory effect of ACI was observed only on
the forward SWM task, but not on the SWM backward task,
suggesting the crucial role of TIP (but not of ACI) on the
backward SWM.

Furthermore, “WM - TIP” relationships remained stable
controlling for Time Post Stroke and Lesion Volume indicating
a lack of influence of these variables on the obtained correlations
(Table 6).

Summary of Results

1. Performance on forward WM tasks was usually better than on
backward ones, with the exception of the SWM spans. The
discrepancies between the forward and backward tasks were
more pronounced for VWM than SWM (Table 4, Figure 2).

. The severity of auditory comprehension impairment
correlated with performance on VWM (on both tasks), as
well as with performance on SWM (but only on the backward
task). Thus, better comprehension corresponded to better
VWM and better backward SWM performance (Table 5,
Figure 3).

3. The “WM - TIP” relationship depended strongly on
the type of material used in the WM test. For VWM,
significant correlations with TIP were observed on both
tasks (forward and backward), while for SWM, significant
correlations were found for the backward task. The weak
correlation between forward SWM and TIP was noted only
for score. Moreover, partial correlation analysis controlling
for ACI revealed that correlations between TIP and SWM
backward indices remained significant, while those for VWM
(both forward and backward) and forward SWM score
became nonsignificant. This indicates that TIP alone plays
the central role in backward SWM. In contrast, VWM
performance is strongly affected by auditory comprehension
deficits (Table 6).

DISCUSSION

The Relationships Between Forward vs.

Backward WM Tasks

In both the verbal and spatial WM tests studied here, the forward
tasks were significantly easier, i.e., subjects scored better than
on the backward tasks, independently of the type of material
used (verbal in VWM or visuo-spatial in SWM, Figure 2).
The better performance on the forward VWM task is in-line
with previous literature reports regarding PWA (Potagas et al,,
2011), as well as healthy elderly people (Kessels et al., 2008).
The neural mechanisms underlying this relationship will be
discussed subsequently.
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It should be stressed that for SWM we observed a smaller
discrepancy between the number of subjects who performed
better on the forward than the backward task (Figures 2C,D).
Although for most participants (60%) the forward task was
still easier than the backward one, a substantial number of
patients (23.3%) scored better on the backward SWM. This
reduced disproportion was more pronounced for span, as 50%
of participants performed equally on the forward and backward
SWM tasks.

A similar pattern of results for SWM was noticed by Potagas
et al. (2011), where PWA performed significantly better on the
forward than the backward task (Corsi Block-Tapping Task). On
the other hand, in healthy elderly, Kessels et al. (2008) reported
different results, i.e., the forward and backward SWM tasks (Corsi
Block-Tapping Task) were equally difficult. Such differences
in performance between patients and the normal sample may
suggest that different processes contribute to the backward
SWM in these two subject populations. In the normal sample,
both forward and backward tasks rely only on the visuo-spatial
sketchpad. In contrast, for PWA (especially backward task) seems
more demanding and may engage additional compensatory
processes besides those typical for healthy subjects which
might be disrupted. Our results indicated that these processes
were related to complex interrelations between WM, auditory
comprehension, and TIP. These interrelations are discussed in
detail below.

“WM - Auditory Comprehension”

Relationships

Our results indicate that, in PWA, comprehension deficits
correlate strongly with VWM performance on both forward and
backward tasks independently of Age, Time Post Stroke and
Lesion Volume. This is in-line with the results of several other
studies indicating that VWM requires the storage (maintenance)
of memory traces coded verbally in the phonological loop
subsystem. In backward VWM, in addition to the maintenance
process, there is also a process of manipulation of verbal
traces (Baddeley, 2001). The similar magnitude of correlation
coefficients (Williams-Hotelling test nonsignificant, Table 5)
between ACI and both VWM tasks may suggest that PWA
display basic deficits in the maintenance of verbal material in the
phonological loop regardless of manipulation of verbal material
in the backward task. These basic maintenance deficits (involved
in both forward and backward tasks) seem crucial for VWM
performance in PWA and reflect the major language problems
caused by the brain lesion.

As mentioned in the Introduction, our results regarding
associations between VWM performance and language
competency are supported by several previous studies. For
example, Potagas et al. (2011) tested both subacute and chronic
patients within one group or Laures-Gore et al. (2011) examining
only subacute patients showed that performance on both forward
and backward VWM tasks (Digit Span) is associated with the
severity of aphasia (assessed by the Boston Diagnostic Aphasia
Examination - Short Form; BDAE-SF; Tsapkini et al., 2010
and the Western Aphasia Battery WAB; Kertesz, 1982). In
both these studies, the severity of the language deficits in PWA

correlated with the performance on both forward and backward
VWM with comparable correlation coefficients. It seems that the
phonological loop may be engaged in both VWM tasks and plays
a crucial role in the performance thereof. In PWA, distortion
to the phonological loop due to the brain lesion impairs the
ability to encode incoming auditory verbal input (maintenance),
resulting in manipulation being performed on disordered traces
during backward VWM.

This supports the thesis that PWA display not only receptive
language deficits measured with standard language tests, but also
deficient processing of verbal material in inner speech on both
forward and backward WM tasks.

In our study, on the other hand, backward SWM performance
was also associated with auditory comprehension, while that of
the forward SWM task was not (Table 5). These results seemed
independent of subjects Age, Time Post Stroke and Lesion
Volume. This may suggest that, in the forward task, the presented
material was processed using visuo-spatial (non-verbal) cues,
regardless of the severity of the patient’s comprehension deficits.
This is in accordance with the classic view of the Corsi Block-
Tapping Task as a nonverbal, visuo-spatial analog of the verbal
span tasks. Such visuo-spatial operations seemed to be relatively
preserved in PWA, indicating lesions to the left but not right
hemisphere (see Figure 1).

The correlation between the performance on the
backward SWM task and ACI in our study indicated a
contribution of some verbal strategies to SWM, which may
be applied during the coding, rehearsing, or recalling of
spatial stimuli. However, the present study cannot clarify
at which stage such processes are involved and further
studies are needed. Other evidence for the engagement of
verbal strategies during performance of the backward Corsi
Block-Tapping Task was provided by Vandierendonck et al.
(2004), who documented worsened performance in a healthy
population when verbal strategies were suppressed by an extra
articulatory task.

Literature studies did not provide any clear insight into
relationships between the forward or backward SWM task and
auditory comprehension. For example, Potagas et al. (2011),
using the Corsi Block-Tapping Task, reported that performance
of both forward and backward SWM correlated at a similar
magnitude with language deficits measured using BDAE-SF. On
the other hand, in a study by Paulraj et al. (2018), neither
forward nor backward spatial span correlated with language
abilities measured with the WAB. This disagreement may result
from inter alia different patient pool tested and indicates that
future studies are needed to explain the contribution of language
processes to SWM.

Regarding neuroanatomical issues, in our study all patients
indicated left-hemispheric lesions, while the right hemisphere
was intact (Figure 1). Traditionally, visuo-spatial abilities are
associated with right hemispheric processing (De Renzi et al.,
1977; Ratcliff, 1979). Nevertheless, some literature studies
(Paulraj et al., 2018) have suggested that visuo-spatial deficits can
also be observed in patients with lesions in the left hemisphere.
This may be explained by the evolutionary hypothesis of
Kasselimis et al. (2018), which suggests that cortical areas of the
left hemisphere, initially dedicated to visuo-spatial processing,
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subsequently evolved to support language functions. Therefore,
in some cases, left hemispheric areas might still engage in their
initial visuo-spatial processes supporting right hemispheric areas.
Hence, lesions to the left hemisphere might hinder the processing
of visuo-spatial information, especially in more demanding tasks.
This hypothesis may help to explain the results observed in
our study.

Further support for the involvement of verbal processes
in visuo-spatial operations was found by Kasselimis et al.
(2013). They reported that patients with left-hemispheric lesions
without aphasia performed significantly better on the SWM
task than PWA. This may suggest that impairment of the left
hemispheric areas dedicated to language selectively worsens
SWM performance.

“WM - TIP” Relationships

To explain the “WM - TIP” relationships, we refer to
the functional taxonomy of mental activity proposed by
von Steinbiichel and Poppel (1993; see also Szelag et al,
2011; Nowak et al, 2016) which distinguish two types of
cognitive functions: content-related (“what”) functions and
logistic (“how”) ones. Content-related functions correspond
to the content of our subjective experience, e.g., language,
perception (auditory, visual), and memory. On the other hand,
the logistic functions constitute the neural base for content-
related functions. Accordingly, TIP may be considered to be
a logistic function and play a crucial role in WM, as well as
in other content-related functions (Szelag et al, 2015, 2018
;Jablonska et al., 2020)

Previous reports indicated the co-existence of TIP and
language deficits in PWA (von Steinbiichel et al., 1999; Wittmann
et al, 2004; Oron et al., 2015; Szelag et al, 2015). On this
basis, one may anticipate that VWM is also associated with the
efficiency of TIP because of verbal material processing. This may
be supported by our results discussed above (Table 6), indicating
that, in VWM, the maintenance processes are mainly related to
disordered comprehension.

Many previous studies have suggested that TIP creates the
neural frame for processing verbal material, including auditory
comprehension. Accordingly, our results showed the dominating
role of auditory comprehension in VWM, as the “TIP - VWM”
correlations became nonsignificant when controlling for ACI
(Table 6). Due to massive language impairment, distortion on
the level of the phonological loop plays the major role in overall
WM performance for verbal material. In such situations, the role
of TIP is masked by the language impairment caused by the
brain lesion.

In contrast, in the backward SWM, TIP (but not ACI) played
the crucial role, as the “backward SWM - TIP” correlation
still remained significant when controlling for ACI (Table 6).
As discussed above, in PWA the backward SWM may engage
some verbal strategies, in addition to the visuo-spatial sketchpad.
However, more advanced processes seemed the most important
here, i.e., manipulation (which requires the central executive
component of WM). Millisecond TIP provides a defined
temporal frame for such executive processes.

Support for TIP contributing to manipulation WM processes,
but not to maintenance ones, can be found in a study

by Jablonska et al. (2020) on healthy elderly people who
performed the auditory verbal n-back task. The authors argued
that the manipulation in the n-back task involves continuous
reorganization and online updating of information. For these
dynamic resources, efficient TIP in the millisecond range
is crucial.

It seems evident that impaired auditory comprehension may
interfere with the performance of verbal tests. However, some
authors (Schumacher et al., 2019) based on a detailed behavioral
assessment of both verbal and non-verbal performance combined
with structural imaging have demonstrated that in PWA the
separable behavioral- brain components for attention, executive
functions and language features may be identified.

To summarize, we expected that the backward tasks for
both VWM and SWM would require manipulation, which is
a dynamic process related to precise TIP. But because of the
brain lesion causing language impairment, this hypothesis was
confirmed only for SWM. In the backward VWM task, due to the
massive language impairment, disordered comprehension plays
a primary role in PWA, in contrast to the backward SWM task,
in which TIP was the crucial factor.

Limitations of the Current Study and

Directions for Future Research

The current study has some limitations. Firstly, due to the
correlational design we cannot speculate on causal relationships
between WM, auditory comprehension, and TIP. Future
experiments involving suppression of particular cognitive
functions may be helpful in elucidating causality between the
elements of the proposed model.

Some discrepancies between our results and previously
published studies involving PWA may be caused by the relatively
small samples in these studies, various inclusion criteria, as well
as different impairment profiles of PWA. In our study, 30 PWA
were included, with relatively high variability of Age (ranging
from 27 to 82 years). Nevertheless, the confounding factors were
identified and controlled in data analyses.

In our study ACI was considered as the index of aphasia
severity, being aware of that it is related selectively to auditory
comprehension abilities. However, due to lack of Polish version
of any validated and normalized language battery (e.g., the BDAE
or AAT) we are not able to provide a global aphasia severity index.

Moreover, the studied sample included PWA in both
subacute and chronic phase. Such approach was previously
applied by other authors (Potagas et al, 2011; Kasselimis
et al., 2018) investigating “language-WM” interrelations. As no
group difference in behavioral performance was noted (probably
because of a greater lesion volume in the chronic group,
Figure 1), correlational analyses were conducted on the whole
sample. However, Time Post Stroke (N = 30 PWA) and Lesion
Volume (N = 20 PWA) were controlled for and did not modify
the results. It is however possible, that the dynamics of cognitive
restitution in both language and memory domains progress
differently in the subacute and chronic phase. Therefore, it would
more conclusive, in the further studies, to test PWA in the
same stroke phase with comparable prognostic factors including
neuroanatomical characteristics.
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To elucidate the relationships between WM and TIP in
the general population, healthy controls should be also tested.
This could indicate whether the obtained results are ubiquitous
or typical for PWA who display impaired TIP, WM, and
language comprehension.
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Abstract

Background: Aphasia is often accompanied by impairment of non-language
cognitive functions. Assessment of cognitive capacity in people with aphasia
(PWA) with standard neuropsychological methods may be problematic due to
their language difficulties. Numerous experimental studies indicate that P300
may be considered as an index of cognitive capacity in both healthy and clinical
samples. Accordingly, the measurement of event-related potentials enables the
investigation of behaviourally non-observable mental processes underlying the
cognitive functions that are assessed with neuropsychological tests.

Aims: To investigate in PWA the relationship between P300 parameters and
cognitive function efficiency measured with neuropsychological methods.
Methods & Procedures: A total of 25 PWA after left-hemispheric stroke par-
ticipated in the study. Electrophysiological (EEG) signals were recorded during
the performance of a visual Go-No Go task. P300 was identified on nine elec-
trodes, which were then pooled in three lines: left (F3, C3, P3), central (Fz, Cz,
Pz) and right (F4, C4, P4). The neuropsychological assessment of cognitive func-
tions included mental speed, short-term memory, divided attention, executive
functions, auditory language comprehension and expression.

Outcomes & Results: P300 latency correlated with indices of several cognitive
functions: temporal resolution, psychomotor speed, spatial short-term memory,
planning, word and sentence comprehension, as well as verbal fluency. Shorter
P300 latencies were accompanied by greater efficiency of the abovementioned
functions. In contrast, significant correlations between P300 amplitudes and
cognitive measures were fragmentary.

Conclusions & Implications: In PWA, P300 latency might be related to cog-
nitive functioning, especially to measures that rely heavily on the speed of
information processing. However, P300 seems to be unrelated to more com-
plex cognitive functions. P300 latency may be used as a neurophysiological
correlate of cognitive efficiency in PWA and might have potential applications
in monitoring the effects of therapeutic interventions in this patient group.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium,

provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2022 The Authors. International Journal of Language & Communication Disorders published by John Wiley & Sons Ltd on behalf of Royal College of Speech and Language
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KEYWORDS

in PWA.

INTRODUCTION
Cognitive deficits in aphasia

The core symptom of post-stroke aphasia is disruption of
communication skills—impairment of speech production
and/or comprehension accompanied by deficient writing
and reading. However, people with aphasia (PWA) often
display parallel deficits in non-language cognitive func-
tions. Among the functions often reported to be impaired
in PWA are executive functions (Choinski et al., 2020;
Fridriksson et al., 2006; Mayer & Murray, 2012), attention
(Murray, 2012) and temporal processing, which are consid-
ered to be the neural basis of a wide range of cognitive
functions. Moreover, due to the impaired communica-
tion skills of PWA, the efficiency of such non-language
functions is often difficult to assess. The majority of cog-
nitive tests that assess mental capacity in PWA require
verbal skills and therefore results may be biased by lan-
guage difficulties. Moreover, neuropsychological methods
are unable to investigate the behaviourally non-observable
mental processes underlying cognitive functions. There-
fore, it would be advantageous to be able to investigate

Disorders

aphasia, cognition, evoked-related potientials, mental status, P300

What this paper adds

What is already known on the subject

* P300 parameters have been reported to be associated with cognitive perfor-
mance in both healthy individuals and clinical groups (e.g., patients with
Alzheimer’s disease). Previous studies show that the presence of P300 at the
early post-stroke stage may be a predictor of better recovery of comprehension

What this paper adds to existing knowledge

* Our results show for the first time that P300 may be used as a neurophysio-
logical correlate of cognitive efficiency in PWA. In our study, P300 latency was
associated with several languages and non-language cognitive functions, espe-
cially with those whose effectiveness depends mainly on processing speed. In
PWA, shorter latency corresponded to more efficient cognitive functioning.

What are the potential or actual clinical implications of this work?

* P300 measurement may be potentially useful in assessing the efficiency of cer-
tain cognitive functions in PWA. It may be also used to monitor the recovery
process of PWA and to verify the effects of therapeutic interventions.

the neural correlates of cognitive functioning in PWA
using non-verbal event-related potentials (ERPs). This
paper is focused on the relationship between ERP param-
eters (P300, in particular) and the efficiency of cognitive
functions in PWA.

P300 as a neurophysiological correlate of
cognitive functioning

P300is alarge positive ERP component elicited by changes
in the neural representation of a stimulus’s context
(Donchin, 1981; Polich, 2007). It is commonly registered in
oddball tasks in which stimuli of two or more types are pre-
sented in random order and the task is to respond or inhibit
reaction to one of them. The P300 is elicited in response
to rare stimuli occurring over a background of frequent
ones and is observed approximately from 300 to 600 ms
after stimulus onset. The P300 usually consists of two sub-
components: P3a and P3b. In our study, we refer to the
P3b subcomponent, as our procedure required voluntary
reaction (inhibition) to infrequent stimuli. While the neu-
ral generators of P300 are yet to be elucidated, studies on
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healthy subjects suggested that P3b may be produced dur-
ing memory storage operations that activate temporopari-
etal areas (Polich, 2003). The topography of P300 depends
on the task used to evoke it. In Go/No-Go tasks, P300 has
a fronto-central distribution, which is interpreted as being
due to frontal inhibitory processes (Pfefferbaum et al.,
1985). The P300 amplitude can be viewed as a measure of
central nervous system activity that reflects the process-
ing of incoming information when memory updating is
engaged. P300 latency is considered to be an index of stim-
ulus classification speed, as well as a sensitive temporal
measure of neural activity underlying attention allocation
and immediate memory (Polich, 2007). Many studies have
shown that P300 latency may also be a sensitive index
of the efficiency of many cognitive functions. In healthy
subjects, shorter P300 latencies usually correspond to bet-
ter cognitive performance (Emmerson et al., 1989; Polich
& Martin, 1992). Moreover, P300 latency gets longer with
aging, in parallel with age-related cognitive declines (Fjell
& Walhovd, 2001).

Abnormal P300 parameters are observed in many
pathological states. For example, patients suffering from
Alzheimer’s disease display significantly reduced ampli-
tudes and delayed latencies of P300 compared to healthy
controls. These abnormalities correlate with cognitive
decline in patients (Lee et al., 2013; Polich & Corey-Bloom,
2005; Polich et al., 1990) and have been observed in both
auditory and visual oddball tasks (Polich & Corey-Bloom,
2005). P300 abnormalities are also observed in patients
with Parkinson’s disease, in whom the absence of audi-
tory P300 corresponds to deficient executive functions
(Nojszewska et al., 2009).

There is sparse knowledge about the nature of P300
in PWA. Few studies have examined the P300 compo-
nent during the process of recovery from aphasia. Nolfe
et al. (2006) examined P300 in PWA in acute and subacute
stroke phases using a passive auditory oddball task; they
found that the percentage of patients who displayed P300
increased significantly in the 6 months after the stroke. The
most significant progress in speech comprehension during
this half-year period was observed in PWA who displayed
P300 at baseline. The authors concluded that the P300
component is a good prognostic tool for aphasia recovery.

The utility of P300 in aphasia recovery was also exam-
ined by Cocquyt et al. (2020). They performed electrophys-
iological and neuropsychological assessments at two time
points: first in the acute/subacute stroke phase and later
in the chronic phase. PWA who displayed P300 within the
normative range at the first assessment had better recov-
ery of language comprehension over time than those with
P300 abnormalities. Moreover, even PWA who achieved
ceiling effects on language tests displayed abnormal P300

parameters (reduced amplitudes and longer latencies). The
authors suggested, therefore, that some existing subtle
language deficits may not be properly detected using stan-
dard neuropsychological tests. Thus, electrophysiological
assessment may be a more sensitive method for evaluating
even subtle language impairments in aphasia.

The aforementioned studies (Cocquyt et al., 2020; Nolfe
et al., 2006) suggest that auditory P300 parameters are
a sensitive index of language functions (especially recep-
tive ones). The presence of P300 at the early stages
of stroke recovery is a predictor of better recovery of
comprehension. Due to previous reports suggesting that
P300 (especially the latency) corresponds with numerous
cognitive domains, it seemed worth investigating which
cognitive functions are associated with P300 in PWA.

Experimental aim

The purpose of this study was to investigate in PWA
the relationships of P300 parameters with language and
non-language cognitive efficiency measured with neu-
ropsychological tests.

We hypothesized that P300 latency, as a neurophys-
iological marker of stimulus processing speed, will be
associated with some cognitive functions (e.g., mental
speed) for which efficient temporal processing seems piv-
otal. Furthermore, we hypothesized that P300 latency will
be associated with language functions. Faster processing
of the incoming language units enables a greater num-
ber of them to be processed in a given time, which results
in more effective language performance (Salthouse, 1996).
Slower processing limits the number of language units one
may analyse, which might intensify language difficulties in
PWA.

Based on previous literature studies (Boucher et al.,
2010) we also expected to find a relationship between P300
latency and short-term memory retention capacity in PWA.

However, in accordance with the theories by Polich
(2007), we expected that P300 latency would not be related
to more complex cognitive functions.

Due to the literature suggesting that there is a more
congruent relationship between P300 latency and cogni-
tive functioning, we consider the latency to be a more
reliable parameter than the amplitude. Most studies con-
cerning P300 amplitude have failed to demonstrate a
consistent relation between P300 amplitude and cogni-
tive functioning. They have reported that more efficient
cognitive abilities are associated with either decreased
(Egan et al., 1994) or increased (Lee et al., 2013) ampli-
tude. In this context, our investigation of relationships
between P300 amplitude and cognitive functioning was
more exploratory.
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METHOD
Participants

A total of 25 patients (16 male) suffering from aphasia
after their first left-hemispheric stroke (haemorrhage or
ischaemic; lesion age X + SD = 53 + 50 weeks) partici-
pated in the study. The characteristics of the patients are
presented in Table 1. They were recruited from neurolog-
ical and neurorehabilitation clinics and via the Internet.
Participants varied in age from 40 to 78 years (X + SD =
60 + 12 years). They were right-handed native speakers of
Polish who were able to cooperate while performing the
experimental procedures. Patients had normal hearing lev-
els verified by pure-tone audiometry (Audiometer MA33,
MAICO) and had normal or corrected to normal vision.
The exclusion criteria were recurrent stroke, global
aphasia, severe comprehension impairment, post-stroke
visual deficits, prior neurological or psychiatric diseases,
substance abuse, history of head injuries, and signs of
dementia. The above-mentioned criteria were verified
during an interview with the caregivers of the patients.

TABLE 1 Characteristics of the patient sample

No. Age (years) Sex

1 60 Male

2 58 Male

3 48 Male

4 69 Male

5 74 Male

6 78 Male

7 40 Male

8 60 Male

9 78 Male
10 51 Male

1 74 Male
12 59 Male
13 67 Male
14 43 Male
15 71 Male
16 64 Male
17 58 Female
18 54 Female
19 62 Female
20 51 Female
21 75 Female
22 48 Female
23 44 Female
24 49 Female
25 72 Female

Disorders

The location of the lesion was verified by computed
tomographic (CT) scan or magnetic resonance imaging
(MRI) in 20 out of 25 individuals (Figure 1). Neuroanatom-
ical analyses using MRIcroN and SPMI2 confirmed
that lesions were localized only in the left hemisphere
and mainly comprised the following areas: frontal pole,
frontal orbital cortex, middle frontal gyrus, inferior frontal
gyrus—pars opercularis and pars triangularis, precentral
gyrus, postcentral gyrus, central and parietal operculum,
temporal pole, superior and middle temporal gyrus, planum
polare, Heschl’s gyrus, planum temporale, supramarginal
gyrus, angular gyrus, lateral occipital cortex, insular cortex,
caudate, putamen, pallidum and amygdala.

Experimental procedure

The experimental procedure consisted of an electrophys-
iological Go/No-Go assessment and neuropsychological
assessment of cognitive functions (see below). The assess-
ments took place in a quiet laboratory room over the course
of two or three sessions, depending on the participant’s
stamina.

Type of stroke Lesion age (weeks)
Ischaemic 12
Ischaemic 173
Ischaemic 13
Ischaemic 25
Ischaemic 14
Ischaemic 30
Ischaemic 77
Ischaemic 85
Ischaemic 9
Ischaemic 15
Ischaemic 10
Ischaemic 20
Ischaemic 74
Ischaemic 51
Ischaemic 22
Ischaemic 14
Ischaemic 75
Ischaemic 197
Ischaemic 34
Haemorrhagic stroke 44
Ischaemic 50
Ischaemic 25
Ischaemic 29
Ischaemic 98
Ischaemic 118
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number of subjects

FIGURE 1

Overlay of the participants’ normalized lesion reconstructions on a common brain template in three sections: (a) axial, (b)

coronal and (c) sagittal. Brighter areas (red, orange, yellow and green) indicate regions of greater overlap, while darker areas (blue and dark

blue) indicate lesser overlap [Colour figure can be viewed at wileyonlinelibrary.com]

Electrophysiological assessment

The experimental visual Go/No-Go task was
designed using Presentation software, version 14.9
(Neurobehavioural Systems Inc.). The participant was
seated in a comfortable chair in front of a monitor located
at a distance of approx. 85 cm in front of the participant.
Stimuli were displayed on a 22-inch screen.

Experimental stimuli were two black shapes—a triangle
(Go stimulus) and a circle (No-Go stimulus)—presented
on a grey background in the centre of the screen. Partic-
ipants were instructed to press a key on a response box
(Cedrus RB-834, Cedrus Corporation, San Pedro, USA)
while the Go stimulus was presented on the screen (the
triangle) and to inhibit reaction while the No-Go stimulus
(the circle) was shown.

The task consisted of five blocks of 60 trials each (75%
Go trials and 25% No-Go trials). The order of stimuli was
pseudo-randomized such that two No-Go trials could not
appear in a row. The stimuli were presented for 300 ms
and three interstimulus intervals (800, 1000 and 1200 ms)
were applied. Before the task proper, an introductory ses-
sion was administered to familiarize the participant with a
task and ensure that they could follow the instructions.

Data acquisition

Electrophysiological (EEG) signals were collected from
32 scalp electrodes with Ag/AgCl active electrodes (Act-
iCAP, Brain Products, Germany) placed according to the
10-20 international system (Jasper, 1958). An impedance-
reducing gel, NuPrep, was used to maintain the electrode
impedance below 10 kQ. The signal was recorded with
BrainVision Recorder v.1.10 software (Brain Products,).
Data were referenced online to an electrode placed on the

nose. The ground electrode was placed at AFz. A bandpass
filter of 0.1-1000 Hz and sampling rate of 1000 Hz were
used.

Data analysis
The signal was processed offline with Brain Vision Ana-

lyzer v.2.0 (Brain Products). The data were filtered with
a passband of 0.5-20 Hz (zero-phase Butterworth with
24 dB/octave). Eye blinks, horizontal eye movements and
cardiac artifacts were removed from the continuous signal
using Independent Component Analysis (ICA). Single-
trial EEG data epochs (0-1000 ms post-stimulus onset)
were corrected using a 100 ms pre-stimulus baseline. Tri-
als including amplitude exceeding +100 uV were excluded
from further analysis. Epochs were classified into Go and
No-Go conditions and then averaged. The ERP waveforms
were only averaged for the correct trials. The number of
included No-Go trials, in response to which P300 was iden-
tified, ranged from 43 to 74 (on maximum 75 trials, X + SD
= 64.08 + 8.28).

The P300 peak amplitudes and latencies were measured
from the most positive peak between 300 and 600 ms
for the No-Go stimuli and were visually inspected by
two researchers independently. EEG data were taken from
nine electrodes: three midline electrodes (Fz, Cz and
Pz)—commonly used in P300 studies, as they show max-
imum amplitude at central-parietal scalp sites (Polich,
2007)—and three left-hemispheric (F3, C3, P3) and right-
hemispheric (F4, C4, P4) electrodes, to evaluate the effect
of post-stroke lesions on the P300 signal. P300 was iden-
tified in nearly all patients for all electrodes, with the
exceptions being F3, P3 and P4, for which identifica-
tion was impossible in one, three and one participants,
respectively. Due to artifacts, the F3 and F4 electrodes were
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excluded from analysis for one patient. Furthermore, the
analysed electrodes were pooled in three lines: left (F3, C3,
P3), central (Fz, Cz, Pz) and right (F4, C4, P4).

Neuropsychological assessment

Mental speed
Mental speed was assessed in terms of temporal resolution
and psychomotor speed.

Temporal resolution. Participants were presented with
pairs of 1 ms rectangular clicks in rapid succession with
varied interstimulus intervals (ISI). The clicks were pre-
sented monaurally: one click was presented to one ear
followed by a second click to the other ear. The stimuli
were delivered through Sennheiser HD 201 headphones.
The participant’s task was to report the order of clicks
within each presented pair by pointing to the ears in the
order that the clicks occurred.

The ISIs between clicks in a pair varied from 1 to
600 ms, according to the adaptive maximum-likelihood-
based algorithm (Treutwein, 1997). Each ISI was calculated
on the basis of correctness achieved in previous trials. ISI
values were adjusted using ‘Yet Another Adaptive Proce-
dure’ (Mates et al., 2001) on the basis of maximum like-
lihood parameter estimation. Individual temporal order
thresholds (TOTs) were estimated as the minimum ISI
at which a participant reported the order of the clicks at
75% correctness. Measurement continued until the TOT
value was located with a probability of 95% inside a +5 ms
interval around the currently estimated threshold.

Prior to the test proper, the participants completed a
practice session in which a few trials consisting of two
clicks separated by a long ISI (from 600 to 300 ms) (Choin-
ski et al., 2020; Szymaszek et al., 2017) were presented.
After each response in the practice phase, participants
received feedback on the correctness achieved. If the exper-
imenter was sure that the participant understood the task,
the test proper was started without any feedback.

The outcome measure was TOT value in milliseconds

Psychomotor speed. The first part of the Color Trail Test
(CTT-1; Stanczak & Lojek, 2012) was administered to mea-
sure psychomotor speed. This consisted of pink and yellow
circles with numbers from 1 to 25, which the partici-
pant had to connect in order using straight lines. The
examination part was terminated after 240 s.

The outcome measure was performance time in seconds.

Memory. Two memory tests were applied (1) Verbal Mem-
ory test (developed in our Laboratory) and (2) Spatial
Memory test (using the Corsi Block-Tapping Test, Vienna

Disorders

Test System; Schuhfried, 2013). A detailed description of
both tests is presented in Choinski et al. (2020).

Verbal short-term memory. This test was a part of the Ver-
bal Memory test. It consists of nine concrete unrelated
monosyllabic words (in Polish: kot, smok, sok, ptot, mtot,
koc, nos, noc, blok, in English: cat, dragon, juice, fence,
hammer, blanket, nose, night, building) and a set of nine
pictures corresponding to these words. First, it was ver-
ified that the participant was able to identify these nine
words presented separately in a random order. All partic-
ipants were able to correctly match the words with the
appropriate pictures.

Next, the experimenter read a sequence of unrelated
words and after listening to the whole sequence, the partic-
ipant was asked to reproduce the words in the same order
by pointing to the appropriate picture. The test started with
a sequence consisting of two words. In subsequent steps,
the difficulty was increased by adding one word up to the
maximum nine words in the last sequence.

The outcome measure was the score (i.e., the total
number of correctly reproduced sequences of words).

Spatial short-term memory. This test was a part of the Spa-
tial Memory test. A matrix of nine identical blocks was
shown to the participant. In each trial, a cursor pointed to
a sequence of blocks in the matrix. After a signal, the par-
ticipant was instructed to tap the blocks in the same order
as indicated by the cursor. Prior to the task proper, the par-
ticipants had to complete two practice trials correctly. In
the task proper, the number of blocks increased from three
to eight. The task consisted of three trials for each number
of blocks. The task was terminated when the participant
failed to reproduce the sequence in three consecutive
trials.

The outcome measure was the span (i.e., the longest
sequence length reproduced correctly at least twice in a
TOW).

Attention
Divided attention. This test was a part of the Test for Atten-
tional Performance battery (Zimmermann & Fimm, 2007).
The procedure consisted of two simultaneous tasks: visual
and auditory ones. In the visual task, a 4 X 4 matrix (con-
sisting of 16 fields) was presented with six to seven crosses
appearing in arandom configuration. The task was to press
the response key when four crosses formed a square. In the
auditory task, two tones—high and low—were presented
in turns. The participant was instructed to press a key each
time the same two tones were presented in a row.

The outcome measure was the number of omissions in
the whole test (i.e., when the participant failed to identify
a square or the repetition of tones).
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Executive functions. Planning ability, task switching and
working memory (verbal and spatial) were assessed as
measures of executive functions (Diamond, 2013).

Planning ability. The computerized Tower of London—
Freiburg Version task (short form, Vienna Test System;
Schuhfried, 2013) was administered to assess planning
ability. The participant was presented with two boards dis-
played on the screen. Each board contained three rods of
different heights (low, medium and high) and a set of three
balls of different colours (red, blue and yellow). The task
was to replicate on the lower board the configuration of ball
placement presented on the upper board in the minimum
number of moves. Only one ball could be moved at a time.
The highest rod could hold all three balls, the medium—
two balls, and the lowest—only one ball. For each trial,
the time limit was 1 min. The test consisted of 14 trials. It
was terminated when the participant failed to achieve the
goal state in three consecutive trials, independently of the
number of moves used. The trials were presented with an
increasing minimum number of moves, varying from three
to six.

The outcome measure was the number of trials solved
in the minimum number of moves.

Task switching. The second part of the CTT (CTT-2) was
administered. It contained circles with numbers from 1
to 25 presented twice, once in pink and once in yellow.
The participant connected circles numbered from 1 to 25
in sequence using straight lines, alternating between pink
and yellow colours (i.e., start at pink 1, select yellow 2
avoiding pink 2, etc.). The examination was terminated
after 240 s.

The outcome measure was performance time in seconds.

Verbal working memory. This test is the second part of
the Verbal Memory test described above. The participant
was asked to reproduce the words in the order opposite
to that presented by the experimenter, by pointing to the
appropriate picture. The test started with a sequence con-
sisting of two words. In subsequent steps, the difficulty was
increased by adding one word up to the maximum eight
words.

The outcome measure was the score (i.e., total number
of correctly reproduced sequences of words).

Spatial working memory. This test is the second part of the
Spatial Memory test described above. The only difference
in this test was that the participant was instructed to tap the
blocks in the order opposite to that indicated by the cursor.

The outcome measure was the span (i.e., the longest
sequence length reproduced correctly at least twice in a
rOW).

Language
Word comprehension. This test is part of the Language
Test battery (Smoczynska et al., 2015). The test materials
consisted of response cards with four different pictures of
objects or actions belonging to the same semantic category.
During the presentation of each card, the patient was asked
to point to the picture of a given object or action. Of 14 test
trials, seven consisted of action verbs (e.g., to crawl) and
the next seven of object names (e.g., cauliflower).

The outcome measure was the number of correct
responses.

Sentence comprehension. Sentence comprehension was
measured with the Token Test, which is part of the
Aachener Aphasia Test battery (Huber et al., 1983). The
participant’s task was to carry out 50 verbal commands
classified into five sections of increasing length and com-
plexity. The commands required manipulation of 20 tokens
of two sizes (large and small), two shapes (rectangular and
round), and five colours. The test was terminated when the
participant failed to score a single point in a section. Before
the test proper, the ability to correctly recognize colours
and shapes was assessed. Only participants who completed
this session participated in the test proper.

The outcome measure was the number of correct
responses.

Phoneme discrimination in pseudowords. This test is part
of the Battery of Phonological tests (Krasowicz-Kupis et al.,
2015). Participants listened to 25 paired pseudowords. In 18
pairs, the pseudowords differed in terms of place of articu-
lation, manner of articulation or voicing, whereas in seven
pairs the pseudowords were the same. The participant was
asked to decide whether the presented pair included the
same or different pseudowords by pointing to one of two
response cards (same/different).

The outcome measure was the number of correct
responses.

Verbal fluency. The task was to produce, in one minute,
as many words as possible from the categories of animals
(first part) and fruits (second part) (Lezak, 1995).

The outcome measure was the total number of correctly
produced nouns.

Statistical analyses

A repeated-measures analysis of variance (ANOVA) was
used to investigate differences in latency and amplitude
across the three electrode lines (left, central and right).
Due to missing data from single electrodes in a few
patients (see the Method section), statistical analyses for
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the left, central and right lines were calculated for 20, 25
and 23 patients, respectively. Any significant differences
were further explored with post-hoc tests using Bonferroni
correction for multiple comparisons. Due to the major-
ity of analysed neuropsychological variables violating the
assumption of normality, non-parametric Spearman’s rank
correlations (controlled for the participant’s age) were used
to investigate the associations between P300 parameters
and the outcome measures of the applied neuropsycholog-
ical tests.

RESULTS

Comparison of P300 latencies and
amplitudes across particular electrode lines

The behavioural data indicated that the number of correct
inhibitions on No-Go stimuli ranged from 45 to 75 (with a
maximum of 75, X + SD = 65.6 + 8.03).

The values of latencies and amplitudes for particular
pooled electrode lines are shown in Table 2.

Using repeated-measures ANOVA, we investigated
differences between electrode lines in P300 latencies
and amplitudes. For latencies, no significant difference
between electrode lines was found (F(2,38) = 0.092,
p < 0.913; eta® = 0.005) (Table 2).

For amplitudes, a significant difference between elec-
trode lines was found (F(2,38) = 14.18, p < 0.001; eta’? =
0.427). Post-hoc analyses revealed significant differences
between amplitudes of the left and central electrode line
(p < 0.001) and between the left and right line (p = 0.011).
Amplitude on the left line was significantly lower than on
the central and on the right line (Table 2). It is important
to stress that electrodes of the left line were located on
the scalp above the lesioned area. The grand averages for
particular electrodes are visualized in Figure 2.

Relationship between P300 parameters and
cognitive functions

The results of particular cognitive tests are summarized in
Table 3.

TABLE 2
pooled electrodes lines

Mean (SD) P300 peak amplitudes and latencies on

Pooled electrode lines

P300 Left Central Right
Latency (ms) 437 (36) 437 (36) 437 (36)
Amplitude (uV) 7.2(3.5) 9.7 (4.6) 9.4 (4.5)

Disorders

The Spearman’s rank correlations controlled for partic-
ipants’ ages revealed numerous significant correlations of
P300 latencies with the efficiencies of particular cognitive
functions, whereas correlations of P300 amplitudes with
the outcomes of cognitive tests were only fragmentary.

Latency

The correlations between P300 latency and outcomes of
particular cognitive tests are summarized in Table 4 and
displayed in Figure 3.

Mental speed. On the Temporal Resolution test, TOT value
was correlated positively with latencies measured on the
left, central and right lines (rho = 0.500, p = 0.029;
rho = 0.475, p = 0.019; rho = 0.593, p = 0.004, respectively)
(Table 4). Better temporal resolution (reflected by lower
TOT) corresponded to shorter P300 latencies.

On the Psychomotor Speed test (CTT-1), performance
time correlated positively with P300 latency on the left,
central and right lines (rho = 0.574, p = 0.016; rho = 0.458,
p = 0.042; rho = 0.559, p = 0.016, respectively) (Table 4).
Faster completion of the CTT-1 (reflecting psychomotor
speed) was accompanied by shorter latency.

Memory. On the Spatial Short-term Memory test, mem-
ory span correlated negatively with P300 latencies on the
left, central and right lines (rho = -0.554, p = 0.014;
rho = -0.497, p = 0.014; rho = -0.495, p = 0.019, respec-
tively) (Table 4). Greater span corresponded to shorter
latencies. No significant correlations were found between
Verbal Short-term Memory score and latency on any
analysed lines.

Attention. On the Divided Attention test, correlations
between the number of omissions and P300 latency were
non-significant for all analysed electrode lines.

Executive functions. On the Tower of London test, the
number of trials solved in the minimum number of moves
(reflecting the efficacy of planning ability) was negatively
correlated with P300 latencies on the left, central and right
lines (rho = -0.478, p = 0.045; rho = -0.493, p = 0.020;
rho = -0.452, p = 0.046, respectively) (Table 4). Better
planning efficiency was accompanied by shorter latencies.

None of the outcomes of the Task Switching test or Spa-
tial and Verbal Working Memory correlated significantly
with P300 latencies on any of the analysed electrode lines.

Language. On both Word Comprehension and Sentence
Comprehension tests, the number of correct responses was
negatively correlated with P300 latencies on the central
electrode line (rho = -0.467, p = 0.021; rho = -0.472,
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FIGURE 2 Grand averages of event-related potentials in response to infrequent No-Go stimuli (black lines) and frequent Go stimuli (red

lines) [Colour figure can be viewed at wileyonlinelibrary.com]

p = 0.031, respectively) (Table 4). Better comprehension
was accompanied by shorter P300 latencies.

In contrast, for Phoneme Discrimination in the Pseu-
dowords test, the number of correct responses did not
correlate significantly with P300 latencies on any of the
analysed electrode lines.

Moreover, on the Verbal Fluency test, the total num-
ber of correctly produced names correlated negatively with
P300 latencies on the central electrode line (rho = -0.445,
p = 0.038) (Table 4). Better fluency corresponded to shorter
P300 latencies.

Amplitude
Fragmentary significant correlations between P300 ampli-
tudes and cognitive measures are reported below.

Mental speed. On the Temporal Resolution test, TOT value
was correlated positively with amplitudes measured on the

right electrode line (rho = 0.424; p = 0.049). Better tem-
poral resolution (reflected by lower TOT) corresponded to
lower amplitude.

Attention. On the Divided Attention test, number of omis-
sions correlated positively with P300 amplitude on the left
line (rho = 0.542; p = 0.025). Poorer performance was
accompanied by higher amplitude.

DISCUSSION

The results of the current study are congruent with
previous knowledge about associations between P300
parameters and cognitive capacity measured with neu-
ropsychological tests. The role of P300 as a neurophysio-
logical correlate of cognitive functions has been previously
reported in both normal samples (Houlihan et al., 1998;
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TABLE 3 Outcomes of neuropsychological tests
N Mean/median SD/IQR Minimum Maximum
Mental speed
Temporal resolution (ms) 25 111.3 72.83 60.02 395.06
Psychomotor speed (ms) 20 89.98 32.34 41.63 154.42
Memory
Verbal short-term memory (score) 23 4.17 2.62 0 10
Spatial short-term memory (span) 25 4 1 6
Attention
Divided attention (number of omissions) 21 2 5 0 14
Executive functions
Planning ability (/14) 23 3 3 1 10
Task switching (ms) 17 160.30 36.50 106.83 221.97
Verbal working memory (score) 23 2 5 0 7
Spatial working memory (span) 24 4 2 3 6
Language
Word comprehension (/14) 25 13 3 5 14
Sentence comprehension (/50) 22 37 24.75 10 50
Phoneme discrimination (/25) 25 23 6 14 25
Verbal fluency (number of words) 23 10.61 7.82 0 28

Note: N, number of subjects who performed the test, mean (SD) or median (with IQR: interquartile range): test scores.

Polich & Martin, 1992) and clinical groups (Lee et al., 2013).
In the current study, it was confirmed in PWA as well. In
particular, P300 latency was found to correspond with per-
formance on selected cognitive measures in this group of
patients.

P300 parameters as correlates of cognitive
functioning

Latency

Correlation analyses between P300 parameters and out-
come measures from neuropsychological tests revealed
that the latency measured on all analysed electrode lines
correlated with the efficiency of numerous cognitive func-
tions. In general, shorter latency was accompanied by
more efficient functioning. For non-language functions
(Figure 3), this was reflected in lower TOT (better per-
formance) on the Temporal Resolution test, as well as
in shorter performance time on the Psychomotor Speed
test. Furthermore, shorter latencies corresponded to bet-
ter spatial short-term memory (i.e., greater span) on the
Corsi Block-Tapping test, as well as to better planning (i.e.,
greater number of trials solved) on the Tower of London
test.

In parallel, in the language domain, shorter P300 laten-
cies were also associated with higher correctness on the

Word and Sentence Comprehension tests, as well as with
higher numbers of correctly produced nouns on the Verbal
Fluency test. These relationships are in line with the previ-
ous studies on stroke patients (Cocquyt et al., 2020; Nolfe
et al., 2006) that reported amelioration of P300 parameters
along with the recovery of language comprehension.

According to the literature, P300 latency is considered
a measure of stimulus classification speed, independent
of the response selection processes (Polich, 2007). Thus,
P300 latency may be considered an index of the speed of
cognitive processes underlying many mental functions. In
our study, P300 latency was associated with neuropsycho-
logical measures of mental speed, namely: psychomotor
speed and temporal resolution. Both these functions are
based on the speed at which information is processed. As a
consequence, performance on these tests depends on basic
processes reflected by P300 latency.

Since, previous studies (Boucher et al., 2010) reported a
relationship between P300 latency and memory span, we
expected that such a relationship may also be observed in
PWA. It appeared, however, that only spatial short-term
memory performance correlated significantly with P300
latency. In contrast, due to language deficits, performance
on the verbal short-term memory task in PWA may be
affected to a greater extent by disturbed language pro-
cesses, rather than the basic role of processing speed in this
task.

85U0|7 SUoWWoD aA a1 8|qed![dde 8y} Aq pausenob are ssjoie YO ‘88N JO SN 10} A%eiq1 8uluO 8|1 UO (SUOTHPUOD-pUR-SWUSH W0 A8 |IM"AReid 1 Ul |uo//SAnY) SUORIPUOD pUe sWie 1 8y} 89S " [7202/60/0T] Uo Akeiqiaulluo A8|1m ‘puejod aueiyood Aq T8.ZT #869-097T/TTTT OT/I0p/woo A8 i Areiqiul|uo//sdny woiy papeojumod ‘Z ‘€202 ‘869091 T



266

Spearman’s rho correlation coefficients and significance levels between the P300 latencies and outcome measures of particular cognitive tests (controlled for the participant’s

TABLE 4
age)
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-0.467

p=0.154
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0.475
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p=0.038
-0.426

0.172
-0.282
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p=0021 p
-0.420
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-0.425

0.289 p=0.052
-0.340

0.288

0.020 p

0.014 p=0.054 p
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p:

0.483

-0.085
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0.593

p

-0.428

-0.452

0.323

0.559

Right (F4, C4, P4)
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0.061

p:

0.203

p:

0.068

p:

0.052

p:

0.143 p=0.055

p:

0.046 p = 0.299

p:

0.019 p=0.177

p:

0.723

0.004 p=0.016 p=

p:

Note: p < 0.05 are shown in bold.

Evidence indicates that language is characterized by
the specific temporal dynamics and that the efficiency of
language functions is rooted in the speed of processing
of segmented language units. In the current study, this
was evidenced by associations between P300 latency
and word and sentence comprehension as well as verbal
fluency. Greater processing speed of incoming language
input enables faster implicit rehearsal and more effective
analysis of language units in a given time, which results in
more efficient performance in comprehension tasks. On
the other hand, the verbal fluency test, as a time-restricted
task, requires dynamic lexico-semantic searching to
successfully produce many appropriate items. The lack of
significant correlation observed here between phoneme
discrimination and P300 latency could result from match-
ing of elements based on echoic memory traces, without
any need for in-depth processing of consecutive phonemes.
Furthermore, this task also appeared to be relatively easy
for the majority of participants, resulting in relatively
correct performance and low dispersion of results.

We also observed a significant correlation between P300
latency and planning ability. As suggested by other authors
(Jablonska et al., 2022; Nowak et al., 2016), the temporal
dynamics facilitate the ability to organize and coordinate
the sequences of actions required to perform mental plan-
ning. Thus, processing speed underlies the rate at which
planning operations are executed.

To summarize, reduced processing speed reflected in
prolonged latencies affects cognitive functions in which
temporal dynamics are crucial.

In contrast, the other functions studied here (divided
attention, task switching, and spatial and verbal working
memory) were not associated with P300 latency (Figure 3).
We assume that the performance on these tests required
engagement of numerous mental processes—for example,
mental manipulation of processed material, reordering of
incoming elements (verbal or spatial working memory,
task switching), and performing two tasks simultaneously
(divided attention). The complexity of operations required
to perform these tasks resulted in there being no straight-
forward relationship with neurophysiological measures of
processing speed.

We conclude that P300 latency seems to be associated
with performance on tasks for which processing speed is
the major aspect, as opposed to demanding more complex
mental processes, in which it does not appear to have such
associations.

Amplitude

For the P300 amplitude, only fragmentary significant
correlations with cognitive functions were observed; for
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example, higher amplitude in the right electrode line
corresponded with poorer performance on the temporal
resolution test, while higher amplitude in the left line
corresponded with poorer performance on the divided
attention test.

Previous studies do not paint a clear picture of the asso-
ciations between P300 amplitude and cognitive functions.
Egan et al. (1994) and Houlihan et al. (1998) showed a
negative association between P300 amplitude and intelli-
gence in healthy individuals. Similarly, in our study higher
amplitude was accompanied by poorer cognitive perfor-
mance indicated by attention and temporal resolution in
PWA. In contrast, Fabiani et al. (1990) and Lee et al. (2013)
suggested the opposite finding that higher P300 ampli-
tude was associated with superior cognitive performance
(i.e., better working memory) in healthy subjects and AD
patients, respectively. Future studies are needed to clarify
these relationships.

The effect of electrode lines

Our study analysed the signal from central (Fz, Cz and Pz),
left (F3, C3 and P3), and right (F4, C4 and P4) electrode
lines. The Fz, Cz and Pz are the electrodes most com-
monly used when assessing P300 (Duncan et al., 2009).
Additionally, left-hemispheric and right-hemispheric lines
were used to evaluate the effect of post-stroke lesions on
P300 signal. Accordingly, the left line was placed on the
scalp above the lesioned area (Figure 1), whereas the right
one was placed above the undamaged area. Regardless of
the location of the analysed electrodes, the latencies did

Summary of correlations between P300 latency and particular cognitive tests. Significant correlations are indicated by

not differ significantly over all analysed lines. In contrast,
the lowest amplitude was observed on the left-hemispheric
line, which significantly differed from that of the cen-
tral and right-hemispheric lines. The weaker signal from
the lesioned area may suggest possible neural reorgani-
zation after stroke. Further studies using high-density
EEG and source localization techniques involving healthy
subjects would help explore possible right-hemispheric
compensation in information processing in PWA.

Strengths and limitations of the study

The novel value of this study was the identification of
relationships between P300 in the visual paradigm and
some cognitive outcomes. Most existing studies on PWA
have used auditory electrophysiological procedures (Coc-
quyt et al., 2020; N#4tinen & Escera, 2000) to measure
correlates of receptive language processing. As our study
used the visual P300 paradigm, we suggest that the P300
latency (independently of the modality of electrophysio-
logical paradigms: auditory versus visual) can be viewed
as a correlate of cognitive status in PWA. This is espe-
cially interesting given the theories that suggest language
deficits in aphasia are accompanied by more general cogni-
tive impairments (Potagas et al., 2011). This study provides
evidence that basic neural processes (studied in the visual
modality) are associated with cognitive functioning in
PWA, in both language and non-language domains. As
far as we are aware, this is the first study on PWA to
explore P300 using a visual task in the context of language
impairment. However, more studies are needed, engag-
ing tasks of different modalities, to extend our knowledge
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of the relationship between electrophysiological parame-
ters and post-stroke cognitive dysfunctions measured with
neuropsychological tests in PWA.

The major limitation of the current study was the
absence of a healthy control group. The inclusion of such
participants would allow us to compare P300 parameters
between PWA and demographically matched healthy par-
ticipants. It is known that P300 latency is associated with
cognitive capacity in healthy individuals (Polich & Martin,
1992), but it should be further investigated whether this
relationship is more pronounced in post-stroke patients.
The establishment of a normal range of P300 parameters
in the experimental task would also allow future studies to
compare the cognitive functioning of PWA with abnormal
P300 parameters to those with parameters within the nor-
mal range. Although the current study was conducted on
PWA who were native speakers of Polish, we believe that
the observed relationship can be generalized to speakers of
other languages.

In our study peak amplitude and latency were used
as crucial parameters, because the majority of reports
concerning relationships between P300 and behavioural
measures also in clinical populations applied these param-
eters (e.g., Boucher et al., 2010; Cocquyt et al., 2020; Lee
et al., 2013). However, we recommend using in future
studies more sophisticated ERP measures (e.g., mean
amplitude, fractional area latency, etc.; Luck, 2014).

Final conclusions

To conclude, the current study provides evidence that P300
latency (in non-verbal visual task), as a neurophysiological
index of processing speed, is associated with several cogni-
tive functions in PWA. P300 measurement is a relatively
brief and objective method that requires minimal verbal
interaction with the patient and may provide informa-
tion about behaviourally non-observable mental processes
underlying cognitive functioning.
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Cognitive training incorporating
temporal information
processing improves linguistic
and non-linguistic functions

in people with aphasia

Mateusz Choinskil2, Magdalena Stanczyk® & Aneta Szymaszek'*

People with aphasia (PWA) often present deficits in non-linguistic cognitive functions, such as
executive functions, working memory, and temporal information processing (TIP), which intensify the
associated speech difficulties and hinder the rehabilitation process. Therefore, training targeting non-
linguistic cognitive function deficiencies may be useful in the treatment of aphasia. The present study
compared the effects of the novel Dr. Neuronowski® training method (experimental training), which
particularly emphasizes TIP, with the linguistic training commonly applied in clinical practice (control
training). Thirty four PWA underwent linguistic and non-linguistic assessments before and after the
training as well as a follow-up assessment. Patients were randomly assigned to either experimental
(n=18) or control groups (n =16). The experimental training improved both non-linguistic functions
(TIP and verbal short-term and working memory) and linguistic functions: phoneme discrimination,
sentence comprehension, grammar comprehension, verbal fluency, and naming. In contrast, the
control training improved only grammar comprehension and naming. The follow-up assessment
confirmed the stability of the effects of both trainings over time. Thus, in PWA, Dr. Neuronowski®
training appears to have broader benefits for linguistic and non-linguistic functions than does
linguistic training. This provides evidence that Dr. Neuronowski® may be considered a novel tool with
potential clinical applications.

Abbreviations

PWA  People with aphasia

ExpG  Experimental group

ConG  Control group

TIP Temporal information processing
TOT  Temporal-order threshold

TOJ Temporal-order judgement

Stroke is the second leading cause of death and disability in the world'. One of the most common consequences
of stroke is aphasia, which affects at least one third of stroke survivors? Aphasia is a communication disability
due to acquired impairment of language modalities resulting from a brain lesion in the language-dominant
hemisphere®*. Depending on the region of the brain in which the lesion occurs, people with aphasia (PWA)
present difficulties with speech production and/or comprehension accompanied by deficient writing and read-
ing. In addition to linguistic impairments (the most salient symptoms of aphasia), PWA often exhibit difficul-
ties with non-linguistic cognitive functions, such as attention>®, executive functions”®, and memory®!°. These
cognitive deficits are often reported to occur independently of the verbal stimuli used to assess them (e.g.,''*4).
However, as communication skills are dependent on the abovementioned functions, such impairments may

!Laboratory of Neurophysiology of Mind, BRAINCITY-Center of Excellence for Neural Plasticity and Brain
Disorders, Nencki Institute of Experimental Biology, Polish Academy of Sciences, Warsaw, Poland. %Faculty of
Psychology, University of Warsaw, Warsaw, Poland. *’email: a.szymaszek@nencki.edu.pl
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potentially intensify language deficits in PWA and impede the process of aphasia rehabilitation and language
function restoration'.

PWA also have difficulties with temporal information processing (TIP). Some studies have demonstrated a
link between TIP and language. Human speech is constrained by temporal organization in the millisecond and
multisecond time domains. Millisecond TIP is related to phonological encoding/decoding and syllabification,
while multisecond TIP is involved in lexical selection, sentence production, and perception'®'. In the multi-
second domain, the spontaneous flow of speech is temporally segmented and chunked into phrases limited in
time up to a few seconds separable by pauses. This segmentation plays a crucial role by allowing the speaker to
prepare the next phrase and the listener to process the incoming information'®. Several authors have indicated
that PWA demonstrate deficits on different TIP levels depending on their aphasic symptoms'”. Thus, patients with
left hemispheric lesions and Broca’s aphasia, who present remarkable difficulties with speech production, have
TIP deficits on the multisecond level compared to patients with right-hemisphere lesions, healthy controls, or
people with Wernicke’s aphasia'®?. Authors conclude that impairment in fluent speech and sentence construc-
tion may derive from deficient temporal integration on the level of a few seconds.

The present study focused mainly on millisecond TIP which seems essential for speech perception, espe-
cially for the processing of basic units of language—phonemes (e.g., stop-consonants limited in time up to ca.
40 ms?!). Specifically, the differentiation of voiced and unvoiced stop-consonants in syllables (like Do and To)
is dependent on the Voice-Onset-Time, i.e., the time between the burst of air and the start of laryngeal pulsing.
The Voice-Onset-Time phenomenon is further evidence for the millisecond range being fundamental for speech
perception'®*2. Thus, efficient TIP in the millisecond range may be crucial for correctly encoding and decoding
phonological forms.

The efficiency of millisecond TIP is determined by patients’ ability to accurately identify and process the order
of stimuli that occur in rapid succession. It is often measured with the auditory Temporal-Order Judgment (TOJ)
paradigm?®-**. This paradigm can be used to assess temporal-order threshold (TOT), which is defined as the
shortest time gap between two sounds (in the auditory TOJ paradigm) at which the participant is able to report
the before-after relation of those sounds. Lower threshold values reflect more efficient millisecond TIP. Several
studies have indicated that, for normal healthy volunteers, this gap usually ranges from ca. 30 ms up to 80 ms**-%.
Elevated thresholds in the detection of temporal order compared to control participants have been identified in
people with Wernicke-like deficits (i.e., in phonemic hearing and auditory comprehension). Wittmann et al.?
reported that participants with left-hemispheric lesions that overlap in the supramarginal gyrus, angular gyrus,
middle temporal gyrus, and superior temporal gyrus are characterised by elevated auditory TOTs. These regions
are known to participate in phoneme processing and speech comprehension®**.

According to previous studies, TIP may be also considered as a neural frame for many non-linguistic cogni-
tive functions that are characterised by specific temporal dynamics in the millisecond range**. This is in line
with the taxonomy of cognitive functions proposed by von Steinbiichel and Poppel**, who suggested that cogni-
tive functions may be divided into content-related functions (“what” functions) and logistic functions (“how”
functions). Content-related functions include perception, memory, and language. On the other hand, TIP is
considered a logistic function, which constitutes the neuronal template of our abovementioned content-related
functions. Numerous studies have shown that TIP is positively associated with planning®, short-term and work-
ing memory*”*® as well as motor behaviours*, which provides evidence for von Steinbiichel and Péppel’s model.

Many speech and language trainings that directly train impaired linguistic functions are recognized as stand-
ard elements of rehabilitation*’. However, as mentioned above, linguistic functions in PWA are frequently asso-
ciated with parallel impaired non-linguistic ones. In this context, some researchers have investigated whether
cognitive trainings improve language competency in PWA*'=*, For example, Zakarias et al.*"*? applied training
based on the n-back task using verbal and non-verbal stimuli and reported improved sentence comprehension.
Nikravesh et al.* noticed significant improvements of PWA in language performance, i.e., speech fluency, nam-
ing, repetition and auditory comprehension following working memory training. Furthermore, Salis** reported
the effectiveness of a short-term memory treatment using a serial word recognition task in improving sentence
comprehension in a patient with severe aphasia. This effect was, however, not replicated in the further study of
Salis et al.*? involving five PWA. The generalisation of memory training outcomes to various aspects of language
processing could be interpreted as indicating far-transfer effects—that is to say, the transfer of training benefits
to a different domain that shares underlying mental processes with the trained domain*®*.

Some pilot studies investigating the effects of millisecond TIP trainings in PWA have been conducted. Szy-
maszek et al.*® compared the effects of an experimental training based solely on the perception of the temporal
order of two sounds presented in rapid succession with a nontemporal control training based on differentiat-
ing the loudness of two sounds. After eight sessions of the experimental training, improved TIP was observed.
Moreover, a transfer of improvement was noticed in untrained linguistic functions (sentence comprehension
and voice/unvoiced contrast detection), while the control training did not result in any changes in either TIP or
in linguistic functions. Similar results were obtained in another study?®!, which provided evidence that several
functions improved following TIP training: the directly-trained millisecond TIP, language functions such as
sentence comprehension and phoneme discrimination, as well as some cognitive functions (working memory
and attention). The control group improved only in phoneme discrimination. The abovementioned studies on
the effectiveness of TIP training in aphasia demonstrate well-replicated far-transfer effects on untrained linguistic
functions. This complements the previously-described role of TIP in language functioning, as well as the coexist-
ence of TIP and linguistic deficits in PWA.

Dr. Neuronowski® is a novel multimodal computer software treatment method for PWA that focuses on a
variety of cognitive functions, with a particular emphasis on TIP. The current study investigated the effectiveness
of the Dr. Neuronowski® treatment method, comparing it with a computer-based linguistic therapy software
as a control. This enabled us to directly compare the effects of Dr. Neuronowski® training with exercises more
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traditionally used in aphasia rehabilitation. Moreover, the benefits of training were assessed with extended diag-
nostic procedures that focused on TIP and language as well as other cognitive functions that are also temporally
segmented in the millisecond domain and are strongly related to language skill.

Methods

Participants. Thirty four post-stroke patients (22 male) suffering from aphasia after their first left-hemi-
spheric stroke (lesion age: Me =32 weeks; min-max: 5-195 weeks) participated in the study. Participants’ ages
ranged from 30 to 82 years (M +SD: 59 + 13 years). They were right-handed native speakers of Polish. Partici-
pants displayed normal hearing verified by pure-tone screening audiometry (Audiometer MA33, MAICO). The
following exclusion criteria, verified during an interview with the caregivers of the patients, were applied: recur-
rent stroke, global aphasia, severe comprehension impairment, post-stroke visual deficits, prior neurological or
psychiatric diseases, substance abuse, history of head injuries, and signs of dementia. Detailed characteristics for
the patients are presented in Table 1.

This study was controlled, randomised, and single-blinded. The patients were classified into two groups: the
experimental group (ExpG), who used the experimental training program, and the control group (ConG), who
used the control training. For a detailed description of both trainings, see below. As PWA usually display huge
inter-individual variability, ExpG and ConG were matched as closely as possible for age, lesion age and volume,
gender, as well as pre-training levels of tested functions (i.e., speech difficulties, TIP, memory, and executive
functions). It is worth noting that even though some of the abovementioned cognitive variables tended to be
higher and lesion age tended to be shorter in ExpG, the statistical differences were nonsignificant. Descriptions

Age Lesion age | Lesion volume | Type of Follow-up
Number | (years) | Sex | (weeks) (mm?) stroke | Group assessment
1 82 F 13 69,227 I Yes
2 75 F 47 n.a I Yes
3 62 F 31 56,184 I No
4 48 F 20 na I No
5 44 F 25 98,472 I No
6 72 F 114 111,584 I No
7 67 M 19 165,650 I Yes
8 60 M 67 131,755 I Yes
9 60 M 8 n.a I Yes
o " Vi 5 15,655 ; Experimental group (ExpG) You
11 69 M 21 56,011 I Yes
12 64 M 10 84,121 I Yes
13 58 M 169 53,182 I No
14 78 M 5 n.a I No
15 43 M 49 121,210 I No
16 51 F 37 44,781 H Yes
17 42 M 28 n.a H Yes
18 62 M 33 76,228 H No
19 58 F 72 93,033 I Yes
20 54 F 194 103,136 I Yes
21 49 F 96 71,275 I No
22 50 F 195 168,693 I No
23 68 M 73 n.a I Yes
24 67 M 57 157,949 I Yes
25 49 M 191 n.a I Yes
26 60 M 81 73,481 I Yes
27 46 M 18 17,216 I Control group (ConG) Yes
28 78 M 8 55,118 I No
29 40 M 73 95,664 I No
30 51 M 12 42,429 I No
31 74 M 6 37,303 I No
32 71 M 20 140,928 I No
33 62 F 67 69,760 H Yes
34 30 M 19 33,579 H Yes

Table 1. Characteristics of the patient sample (M male, F female, n.a. not available, I ischemic stroke, H
haemorrhagic stroke).
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of particular assessment procedures can be found in the Procedure section and a statistical comparison of the
groups before training can be found in Table 2.

The location of the lesion was verified by CT or MRI in 27 out of 34 individuals (13 from ExpG, 14 from
ConG; Fig. 1). Neuroanatomical analyses using MRIcroN and SPM12 confirmed that lesions in both groups
were localised only in the left hemisphere. In ExpG, the lesion mainly affected the insula, central operculum,
precentral gyrus, and planum temporale. In ConG, the lesion mainly affected the central operculum, planum
polare, insula, postcentral gyrus, Heschl’s gyrus, and planum temporale.

Procedure. The study was comprised of both assessment and training procedures. The assessment proce-
dures consisted of several neuropsychological measurements evaluating speech comprehension and produc-
tion, TIP, memory, and executive functions (Fig. 2; see below for description of particular procedures). The
assessment procedures were conducted three times: before training (pre-training assessment), after training
(post-training assessment), and at a follow-up ca. 3 months after the training. Only 19 patients (10 from the
experimental group and 9 from the control group; Table 1) took part in the follow-up assessment. During the
3 months between the training and follow-up, the remaining 15 patients either suffered from additional medical
incidents that may affect long-term language recovery (i.e., recurrent stroke, epileptic seizures), and therefore
could not be considered in the follow-up assessment, or it was not possible to perform the scheduled follow-up
at 3 months due to COVID lockdowns. The schema of the study design is displayed in Fig. 2.

ExpG (n=18) ConG (n=16)
M (SD) M (SD) Comparison
Demographic variables
Age (years) 60.28 (12.30) | 56.69 (13.02) L(izzjs’ 0.827
Lesion age (weeks) 39.17 (41.67) | 73.88 (66.09) E: }(2)(9).0
Lesion volume (mm?) 85,697 (37,704) | 82,826 (46,959) ;(isgg A74
21) =
x*(1)=0.216
Gender (male/female) 11/7 11/5 p=0.642
Pre-training assessment results
Speech comprehension
. U=55.5
Sentence comprehension (/50) 33.69 (12.19) 26.58 (13.17) _
p=0.220
Grammar comprehension (/16) 10.56 (3.7) 9.56 (4.29) t(iZ) =-0.725
p=0.474
. U=131.0
Word comprehension (/14) 11.44 (2.83) 11.94 (2.46) p=0.645
e U=116.5
Phoneme discrimination (/25) 20.78 (4.05) 19.38 (4.47) _
p=0.340
Speech production
. U=875
Naming (/13) 5.56 (4.21) 3.79 (3.77) p=0.303
U=88.0
Verbal fluency (number of words) 10.56 (7.29) 9.31 (7.09) p=0.482
TIP
U=91.0
TOJ (ms) 16624 (8723) | 12258 (50.39) | "2
Memory
U=89.0
Verbal short-term memory (score) 3(2.56) 4.2 (2.88) p=0215
Spatial short-term memory (score) 6.0 (2.32) 6.75 (2.54) ;(ilo) ;802.89
Executive functions
. s U=99.5
Planning ability (/14) 3.47 (1.92) 3.93 (2.15) p=0.584
. U=115.5
Verbal working memory (score) 2.75 (2.49) 2.73(2.37) p=0.856
Spatial working memory (score) 5.47 (2.90) 5.31(2.75) ;:»(3:’10) ;7_30'161

Table 2. Characteristics of the two training groups in the pre-training assessment: mean and standard
deviation values of demographic variables and scores of tests.
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PRE-TRAINING ASSESSMEN.T.TRAINING ASSESSMENT
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executive functions

Figure 1. Lesion overlap maps of participants from (A) ExpG and (B) ConG. Brighter colours (yellow, orange,
and green) indicate a greater number of participants with lesions in particular regions. Darker colours (blue and
green) indicate regions of less overlap. The overlays are presented in three sections: (a) sagittal, (b) coronal, and
(c) axial.
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FOLLOW-UP ASSESSMENT
24 sessions x 45 min

*  speech comprehension *  speech comprehension
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Figure 2. Schema of the study.

Assessment procedures. Speech comprehension was assessed with sentence comprehension, grammar
comprehension, word comprehension, and phoneme discrimination.

Sentence comprehension was assessed with a Token Test (Aachener Aphasia Test battery*’), consisting of
50 spoken commands classified into five sections of increasing length and complexity. The task was to fol-
low the commands (e.g., “Touch the white circle after taking away the yellow square”) either by pointing to or
manipulating plastic tokens (coloured squares and circles of two sizes: big / small).

Outcome measure: number of correct responses.
Grammar comprehension was assessed with the Grammar-Sentence Comprehension Test™. Participants
listened to 16 sentences. During each sentence (e.g., “The duck is flying above the tree”) the participant was
presented with a set of four pictures on a response card indicating four different syntactic situations (e.g.,
above, next to, behind, or under). The task was to indicate the picture corresponding to the situation in the
sentence heard.

Outcome measure: number of correct responses.
Word comprehension was assessed with the Vocabulary-Word Comprehension Test*, consisting of cards
with four different pictures each from the same semantic category. The task was to point to the picture of a
given object or action. Of 14 test trials, seven consisted of action verbs (e.g., to crawl) and the next seven of
object names (e.g., cauliflower).
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Outcome measure: number of correct responses.

e Phoneme discrimination was assessed with the Phoneme Hearing Test (Battery of Phonological tests®"). This
test consists of 25 paired pseudowords (18 pairs differing in terms of the place/manner of articulation or
voicing; seven pairs were the same). The task was to indicate by pointing to response cards (Yes/No) whether
the heard pair included the same or different pseudowords.

Outcome measure: number of correct responses.

Speech production was assessed with naming and verbal fluency.
e Naming was assessed with the Vocabulary-Word Production Test*°, which consists of 13 pictures of objects
(e.g., koala) or actions (e.g., jump). The task was to name the object or action using a single word.
Outcome measure: the number of correct responses.
e Verbal fluency was measured with the Semantic Verbal Fluency Test in two categories (animals or fruits)®.
The task was to produce, in one minute, as many words as possible from each category.
Outcome measure: number of correctly produced nouns.

Temporal information processing was assessed with a Temporal Order Judgement (TOJ) task?. Participants
were presented with pairs of two rectangular pulses (clicks) of 1 ms duration each with varied inter-stimulus
intervals. The clicks were presented monaurally—one click was presented to one ear, followed by a second click
to the other ear. The stimuli were delivered through Sennheiser HD 201 headphones. The participant’s task
was to report the order of the paired clicks by pointing to their ears in the order that the clicks appeared. Two
alternative responses were possible: left-right or right-left. The intervals between clicks in a pair varied from 1
to 600 ms, according to an adaptive maximum-likelihood-based algorithm®. Each interval was calculated on
the basis of correctness achieved in previous trials and adjusted with ‘Yet Another Adaptive Procedure® on the
basis of maximum likelihood parameter estimation. Individual TOT was estimated as the minimum interval at
which a participant reported the order of the clicks with 75% correctness. Measurement continued until the TOT
value was located with a probability of 95% inside a + 5 ms interval around the currently estimated threshold.

Outcome measure: TOT value in milliseconds.

Memory was assessed in verbal short-term memory and spatial short-term memory.

e Verbal short-term memory was assessed with the Verbal Memory Test Forwards (Verbal Memory Test>),
which consists of nine concrete unrelated monosyllabic words (in Polish: “kot, smok, sok, plot, miot, koc,
nos, noc, blok”, in English: “cat, dragon, juice, fence, hammer, blanket, nose, night, building”) and a set of nine
pictures corresponding to these words. After verifying that participants were able to correctly match the
words with the appropriate pictures, the task was to reproduce (by pointing to the appropriate pictures) the
sequence of words in the same order as read by the experimenter. The test difficulty in subsequent steps was
increased from two words in the first sequence up to a maximum of nine words in the last sequence.

Outcome measure: score—the number of correctly reproduced sequences of words.

e Spatial short-term memory was assessed with the Corsi Block Tapping Test Forwards (Vienna Test System®®).
The participant was presented with a matrix of nine identical blocks. The task was to tap the blocks in the
same order as previously indicated by the cursor. The test difficulty in subsequent steps was increased from
three blocks in the first sequence up to the maximum eight blocks in the last sequence.

Outcome measure: score—the number of correctly reproduced sequences.

Executive functions were assessed in terms of planning ability and verbal working memory and spatial work-
ing memory.

e Planning ability was assessed with the short form of the Tower of London—Freiburg Version task (Vienna
Test System®). The task consisted of two boards, each containing three balls of different colours placed on
three rods of different height. The task was to replicate on the lower board the configuration of ball placement
presented on the upper board in the minimum number of moves. The test difficulty increased in consecutive
trials with an increasing minimum number of moves, varying from three to six.

Outcome measure: total number of problems solved in the minimum number of moves.

e Verbal working memory was assessed with a Verbal Memory Test Backwards®. This test is the second part
of the Verbal Memory Test described above. The task was to reproduce the words in the order opposite to
that presented by the experimenter by pointing to the appropriate picture. The test difficulty increased from
two words in the first sequence up to a maximum of eight words in the last sequence.

Outcome measure: score—the number of correctly reproduced sequences of words.

e Spatial working memory was assessed with Corsi Block-Tapping Test Backwards (Vienna Test System™). This
test is the second part of the Spatial Memory Test described above. The task was to tap the blocks in the order
opposite to that indicated by the cursor. The test difficulty increased from three blocks in the first sequence
up to a maximum of eight blocks in the last sequence.

The outcome measure: score—the number of correctly reproduced sequences.

Training procedure.  The experimental training used Dr. Neuronowski®’—a novel multimedia therapeutic
software designed at the Nencki Institute and tailored to PWA. The software consists of 31 therapeutic games
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that simultaneously train several cognitive domains, with a strong emphasis on TIP. The therapeutic games are
divided into nine modules. The majority of games involve TIP in the millisecond range, sequencing abilities, and
duration judgement. Moreover, Dr. Neuronowski® is extended by exercises training other cognitive functions,
i.e., working memory, attention, executive functions, and voice onset time (for detailed description of modules
see Table 3).

The task difficulty in particular games was modified by: number, length, and presentation rate of verbal and
nonverbal stimuli, the rate of modified speech, various inter-stimulus intervals in sequentially presented stimuli,
application of distractors, and time limits for the patient’s responses.

The control training focused on exercises for improving impaired language functions. It was based on multi-
media speech-therapy software available on the Polish market: AFASystem®® Logopedic Games (Logopedyczne
Zabawy™), and Phonation—Training of Correct Speech (DZwieczno§¢é—trening poprawnej wymowy®’). The
games involved picture naming (nouns, verbs, adjectives) and speech comprehension (of words, sentences, and
longer sections). The task difficulty in following games was determined by word length and frequency, length of
linguistic units (words vs sentences vs longer sections), and the presence or absence of cues (initial letter of the
word). In contrast to the experimental training, these tasks did not involve any TIP.

The protocols of both the experimental and control trainings involved 24 individual sessions of 45 min each,
3 times a week. All exercises were performed on a tablet. The training sessions were conducted with the assis-
tance of a therapist, whose role was to monitor the patient’s performance and to provide technical assistance in
handling the tablet. In both experimental and control trainings, the task difficulty in particular games changed
adaptively on the basis of the actual level of the patient’s performance.

Statistical analyses. To verify the distributions of the resultant data, the Shapiro-Wilk Test was used and
further statistical analyses were adjusted accordingly.

To verify the effects of each training type on particular cognitive functions (post- vs pre-training performance),
either the Wilcoxon Signed-Rank Test for two dependent samples (if any variables deviated significantly from the
Gaussian distribution) or a mixed-design ANOVA (if all variables were normally distributed) was performed.

To examine the stability of training effects (follow-up vs post-training), a Wilcoxon Signed-Rank Test for two
dependent samples (within-group comparisons) was performed due to the small number of participants in the
follow-up assessment and the fact that most variables deviated from the normal distribution.

Results

Pre- vs post-training comparison of cognitive functions. The effect of experimental and control
training was evaluated for particular tasks. The profile of changes in pre- vs post-training performance is given
in Fig. 3.

Module Trained functions

Introductory games to familiarise patients with the training, types of games, and sounds used
Auditory perception

Module 0 | Reaction speed

Response inhibition

Alertness

Auditory perception of nonverbal stimuli
Short-term nonverbal auditory memory

Module 1 Selective attention
Sustained attention

Module 2 Millisecond TIP—perception of the order of two sounds presented either monaurally or binaurally with various inter-stimulus
intervals

Module 3 Millisecond TIP—processing of short sounds presenting in rapid succession

Nonverbal and verbal auditory short-term memory—memorising sequences of various length

Module 4 | Executive functions—planning, switching, inhibitory control

Millisecond TIP—processing of rapidly changing sounds
Module 5 | Phonemic hearing based on phoneme change detection in syllables or in words differing in single consonant sounds
Verbal auditory short-term memory based on artificially slowed verbal stimuli

Module 6 | Verbal auditory short-term memory based on listening to stories with an artificially slow speech rate

Module 7 | Millisecond and multisecond TIP—judgement of the duration of short sounds

Millisecond and multisecond TIP—estimation of time intervals
Module 8 | Delay of responses
Response inhibition

Phonemic hearing based on artificially modified voice onset time

Module 9 Millisecond TIP—voice onset time perception

Table 3. Overview of Dr. Neuronowski® modules.
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Figure 3. Difference in z scores (post-training minus pre-training) for participants in the two training groups.
The z scores for both post-training and pre-training were referred to pre-training performance of all participants
(across both groups). The following formula was implemented: difference in z scores = [(X2—M1)/SD1] —[(X1—
M1)/SD1], where X1 and X2 refer to an individual score for particular test in pre-training and post-training
assessment respectively, M1 and SD1 refer to mean and standard deviation for all participants in this test in
pre-training assessment. Positive values (right side from the 0 point) correspond to improved performance.
Negative values correspond to worsened performance (left side from the 0 point). The significant differences
between post-training and pre-training scores are indicated by asterisks: *p <0.05; **p <0.01. Mean z score values
(and standardised deviation) for ExpG and ConG for each test respectively: sentence comprehension: 0.32

(0.29) and 0.20 (0.58); grammar comprehension: 0.32 (0.61) and 0.32 (0.67); word comprehension: 0.36 (0.73)
and 0.12 (0.61); phoneme discrimination: 0.39 (0.5) and 0.13 (0.67); naming: 0.22 (0.31) and 0.41 (0.70); verbal
fluency: 0.42 (0.54) and 0.27 (0.71); TOJ: 0.53 (0.93) and 0.03 (0.5); verbal short-term memory: 0.62 (0.94) and
0.05 (0.81); spatial short-term memory: 0.53 (0.62) and — 0.03 (0.95); planning: 0.17 (0.97) and 0.36 (1); verbal
working memory: 0.34 (0.58) and 0.22 (0.47); spatial working memory: 0.19 (0.58) and 0.02 (0.66).

Speech comprehension.

e Sentence comprehension: the number of correct responses post-training (M = 37.85) was significantly higher
(Z=-3.068; p=0.002) compared to pre-training (M =33.69) in ExpG. The corresponding difference in ConG
was nonsignificant (Z=-1.072; p=0.284; M =29.17 vs M =26.58 in post- and pre-training, respectively).

® Grammar comprehension: the number of correct responses post-training was significantly higher than pre-
training (F(1;32) = 8.465; p=0.007; n>=0.209). The interaction between the group and measurement was
nonsignificant (F(1;32) =0.001; p=0.975; 1< 0.001).

®  Word comprehension: the difference in the number of correct responses was nonsignificant between post-
training (M =12.39) and pre-training (M =11.44) in ExpG (Z=- 1.87; p=0.062). This difference was also
nonsignificant in ConG (Z=- 0.66; p=0.509; M =12.25 and M =11.94 for post- and pre-training, respectively).

® Phoneme discrimination: the number of correct responses post-training (M =22.44) was significantly higher
(Z=-12.885; p=0.004) than pre-training (M =20.78) in ExpG. The corresponding difference in ConG was
nonsignificant (Z=- 0.537; p=0.591, M=19.94 vs M =19.38 in post- and pre-training, respectively).

Speech production.

e Naming: the number of correct responses post-training (M = 6.44) was significantly higher (Z=- 2.003;
p=0.045) than pre-training (M =5.56) in ExpG as well as in ConG (Z=-2.458; p=0.014; M=5.43 vs M=3.79
for post- and pre-training respectively).

® Verbal fluency: the number of produced words was significantly higher (Z =— 2.626; p=0.009) post-training
(M=13.56) than pre-training (M =10.56) in ExpG. The corresponding difference in ConG was nonsignificant
(Z=-1.160; p=0.246; M =11.23 vs M=9.31 in post- and pre-training, respectively).
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Temporal information processing.

Temporal order judgement: TOT values in ExpG were significantly lower (Z=-2.154; p=0.031) post-train-
ing (M =126.68) than pre-training (M =166.24). The corresponding difference in ConG was nonsignificant
(Z=-0.517; p=0.605; M =120.17 vs M = 122.58 in post- and pre-training, respectively).

Memory.

Verbal short-term memory: the number of correctly reproduced sequences in ExpG was significantly higher
(Z=-12.599; p=0.009) post-training (M =4.69) than pre-training (M =3). The corresponding difference in
ConG was nonsignificant (Z=- 0.205; p=0.837; M=4.33 and M =4.20 for post- and pre-training, respec-
tively).

Spatial short-term memory: the number of correctly reproduced sequences in post-training and pre-training
did not differ significantly (F(1;31) =3.39; p=0.075; n>=0.098). The interaction between measurement and
group was nonsignificant F(1;31) =4.11; p=0.051; qz =0.117).

Executive functions.

Planning ability: the difference between the number of correctly solved trials was nonsignificant (Z=— 0.595;
p=0.552) between post-training (M =3.80) and pre-training (M =3.47) in ExpG. The corresponding differ-
ence was also nonsignificant in ConG (Z=—-1.35; p=0.177; M=4.67 and M = 3.93 for post- and pre-training,
respectively).

Verbal working memory: the number of correctly reproduced sequences in ExpG was significantly higher
(Z=-2.132; p=0.033) post-training (M =3.56) than pre-training (M =2.75) The corresponding difference in
ConG was nonsignificant (Z=-1.705; p=0.088; M =3.27 and M =2.73 for post- and pre-training, respectively).
Spatial working memory: the number of correctly reproduced sequences post-training and pre-training did
not differ (F(1;31)=0.961; p=0.335; n*>=0.030). The interaction between measurement and group was non-

significant F(1;31) =0.598; p =0.445; n?=0.019).

Stability of changes. The stability of changes was assessed in ExpG and ConG on the basis of comparisons
between follow-up vs post-training. The results of these comparisons are given in Table 4. In ExpG, the differences

‘ ExpG (n=10) | ConG (n=9)
Speech comprehension
Sentence comprehension 2==0.141 Z=-1289
P p=0.888 p=0.197
Grammar comprehension 2=-0259 Z=-0781
P p=0.79 p=0.435
. Z=-0.857 Z=-0.544
Word comprehension p=0.391 p=0.586
e Z=-0.962 Z=-2.032
Phoneme discrimination p=0336 p=0.042
Speech production
Namin: Z=-1.802 Z=-0.276
& p=0.072 p=0.783
Z=-1.131 Z=-0.405
Verbal fluency p=0258 p=0.686
TIP
Z=-0.533 Z=-0415
TOJ p=0.594 p=0.678
Memory
Z=-0.844 Z=-1.066
Verbal short-term memory p=0.399 p=0.286
. Z=-0.214 Z=-2251
Spatial short-term memory p=0.831 p=0.024
Executive functions
Plannin Z=0.0 Z=-1.200
8 p=1.0 p=0.230
. Z=-1.179 Z=-0.108
Verbal working memory p=0238 p=0.914
Spatial working memor: 2=-03%9 Z=~ 1845
P s ¥ p=0.719 p=0.065

Table 4. The stability of training effects over a 3-month period in ExpG and ConG (follow-up vs post-training
assessment comparisons). The significant results are bolded.
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between follow-up and post-training assessments for all measured cognitive functions were nonsignificant. This
suggests that the effects of experimental training were stable over a 3-month period. In ConG, most cognitive
measures remained unchanged; however, the number of correct responses on the Phoneme Discrimination Test
and Spatial Short-term Memory Test were higher at follow-up compared to post-training.

Summary of results.  The application of the experimental training in PWA improved all assessed functions,
apart from word comprehension, spatial short-term and working memory and planning ability. On the other
hand, following the control training, significant improvement was observed only in grammar comprehension
and naming. All reported improvements were relatively stable for 3 months after the experimental and control
trainings, apart from the significant improvement in ConG in phoneme discrimination and spatial short-term
memory.

Discussion

The present study measured the effects of the Dr. Neuronowski® training software (experimental training) and
linguistic training (control training) on Temporal Information Processing (TIP), language skills, and other cogni-
tive functions in people with aphasia (PWA). The results indicated that, after the experimental training, improve-
ments could be observed in several non-linguistic functions (TIP, verbal short-term and working memory) as
well as in several linguistic functions: sentence comprehension, grammar comprehension, fluency, naming, and
phoneme discrimination (Fig. 3). In contrast, the control training resulted in significant improvement only in
grammar comprehension and naming (Fig. 3). As the level of pre-training performance might be considered
to be comparable between both groups (nonsignificant statistical between-group differences, despite some dis-
crepancies between means of some variables in favour of ExpG (see Table 2), the differences in the effects of the
trainings indicates divergent clinical effects.

Several cognitive functions were exercised in the experimental training, with a particular emphasis on TIP,
which resulted in the lowering of participants’ temporal order thresholds (TOT), enhancement of phoneme
discrimination (i.e., increased number of correct responses on the Phoneme Hearing Test), as well as improved
maintenance of verbal stimuli in short-term memory (i.e., higher score on the Verbal Memory Test Forwards)
in the post-training assessment. This improvement of the directly-trained functions may be considered as near
transfer—improvement in tasks structurally similar to those trained?.

However, as phoneme hearing is also heavily rooted in millisecond TIP?, we cannot exclude the possibility
that the enhancement of phoneme discrimination may be also a result of TIP-phoneme discrimination domain
transfer. Moreover, we speculate that improvement of verbal short-term memory—that is to say, the increase
of the number of verbal elements maintained in memory—further facilitated manipulation of those elements,
resulting in amelioration of verbal working memory following experimental training.

Of particular interest is the improvement of the following linguistic functions in ExpG: sentence comprehen-
sion, grammar comprehension, fluency, and naming. Experimental training did not provide practice for those
functions, which may suggest more complex mechanisms of transfer. PWA improved in the comprehension of
longer language units, as evidenced in better performance on sentence comprehension and grammar comprehen-
sion in post-training vs pre-training assessment. Similar effects were reported by Szelag et al.?! and Szymaszek
et al.*® following the trainings based solely on TIP exercises. Additionally, Oron et al.' documented a link
between millisecond TIP and sentence comprehension. They emphasised that decoding the meaning of complex
sentences requires high working memory load**¢>%. This is also in line with studies showing the amelioration of
sentence comprehension following working memory training in PWA*"#>#, It has also been shown that working
memory is associated with TIP*, Thus, the observed increased number of correct responses on the Token Test
(sentence comprehension) and Grammar-Sentence Comprehension Test (grammar comprehension) in ExpG
may be caused by improvement of verbal working memory capacity as well as TIP ability (far-transfer effect).

It is an important and novel finding of this study that the Dr. Neuronowski® training method has significant
clinical benefits for the amelioration of speech production functions—in particular, for naming and verbal flu-
ency. Both naming and verbal fluency require the engagement of working memory and, furthermore, verbal
fluency is additionally based on processing speed and auditory attention®-%. The experimental training might
have enhanced these functions, which in turn resulted in improvement of speech production.

This improvement of untrained functions following the experimental training may indicate a far-transfer
effect—that is, the transfer of training benefits to a different domain that shares underlying mental processes with
the trained one***”. On the basis of von Steinbiichel and Péppel’s model® (see Introduction), we suspect that the
enhancement of TIP may result in the improvement of other, not directly trained functions, such as language.
We postulate that this effect may be mediated by improvements in working memory. However, further studies
are needed to elucidate this hypothesis.

After the Dr. Neuronowski® training, no significant improvement was observed in word comprehension,
spatial short-term and working memory, or planning ability. This may be due to different factors. We postulate
that a ceiling effect was observed in the pre-training assessment of word comprehension, which resulted in little
room for improvement by the post-training assessment. The factors which likely contributed to improvements in
verbal short-term and working memory—TIP exercises, phonological hearing, and maintenance of verbal stimuli
in memory—did not, by their nature, provide any transferable benefits for the visuo-spatial domain. Finally,
referring to a previous study with a healthy group®, we expected that improved TIP would enhance the organi-
sation and coordination of sequences of events, resulting in better performance on the planning task. However,
we did not observe any significant improvement here. As planning is a very complex function, performance of
the Tower of London task greatly engages one’s spatial working memory®®, which is impaired in PWA and did
not improve here, potentially contributing to the lack of significant improvement.
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It is, however, worth noting that, despite the emphasis on TIP, particular modules of Dr. Neuronowski®
engaged other cognitive functions, such as short-term memory or executive functions. It is difficult to disentangle
the influence of each trained function on the final improvement following experimental training. However, the
inclusion of TIP in the majority of modules, as well as the findings of previous studies?"*® in which the training
of TIP alone improved linguistic functions, suggest that the observed effects may be attributable to the improve-
ment of TIP.

In contrast, the control training resulted in improvement of only grammar comprehension and naming,
which were directly practised. No significant improvement was observed in several linguistic measures: sentence
comprehension, verbal fluency, and phoneme discrimination. As previously noted, sentence comprehension
(measured with the Token Test) requires non-linguistic functions (e.g., working memory, which was not trained
in this group), and therefore simple practice in sentence comprehension may have been insufficient to improve
performance in this test. Similarly, tasks that assess verbal fluency, involving spontaneous generation of words
from specific semantic categories, engage verbal working memory and semantic control as well as auditory atten-
tion and processing speed, which were not trained in the control group®. Phoneme discrimination also did not
improve. While the experimental training involved exercises dedicated to practicing phoneme discrimination,
the control exercise was more focused on the word and sentence level. We also did not observe any improvement
in non-linguistic functions, such as TIP, verbal short-term and verbal working memory, and planning, which
were not trained in this group.

According to Abikoff and Ramsey®, in addition to the transferability of the effects, the value of a training
should be assessed based on the stability of the improvement. The performance in the follow-up assessment
indicated the stability of the effects of both trainings. Most functions remained on a relatively stable level over
the 3-month period in both groups—with the exception of phoneme discrimination and spatial short-term
memory which further improved in the control group. Although PWA did not participate in any therapy during
this period, this may be due to further restoration of brain functions following the stroke or as a consequence
of spontaneous daily activities”.

It is worth mentioning that we expected more widespread linguistic improvement in the control group.
However, we speculate that the standardising and adjusting of experimental settings for both trainings resulted
in a reduction of patient-therapist communication that occurred, which is typically associated with traditional
speech training. This may have also hindered the effectiveness of this training”*.

It is important to note that unequal number of patients participated in the following assessments (pre- and
post- vs follow-up) was the limitation of the current study. Consequently, the main analyses were conducted
only on the post- vs pre-training assessments as the follow up assessment was completed by a smaller number of
patients (see “Methods”), which did not allow us to include all three measurements in the single statistical model.
Another limitation is that, due to relatively small sample sizes and the large heterogeneity typically observed in
studies involving clinical populations, correction for multiple comparisons was not applied. This decision was
made to avoid potential non-detection of existing effects.

In summary, the current results are in line with previous studies regarding the use of training of TIP alone
in PWA!62148_ The use of the comprehensive Dr. Neuronowski® cognitive training, which addressed a variety
of cognitive functions with major emphasise on TIP, proved to be effective for restoring impaired linguistic and
non-linguistic functions in PWA. Clinically, the results demonstrate that Dr. Neuronowski® may be considered
as a new tool for ameliorating linguistic and non-linguistic processing in PWA, and may therefore find use in
the future clinical practice.

Data availability
The datasets generated and/or analysed during the current study are available from the corresponding author
on request.
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