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Abstrakt

Starnuti populace a s tim spojend stoupajici incidence neurodegenerativnich onemocnéni
predevsim Alzheimerovy nemoci (AN), jsou zédvaznym socioekonomickym problémem. V
poslednich letech jsou predmétem zajmu piedevsim ¢asné markery onemocnéni a identifikace
pacientlli v prodromadlnich stadiich — mirné kognitivni poruchy a preklinickych stadiich —
subjektivniho kognitivniho poklesu, kteti jsou v riziku rozvoje AN, ale jejich aktivity denniho

zivota jsou stale zachovany.

Predkladana prace piinasi zédkladni piehled soucasného poznéni a rozSifuje znadmé
poznatky v této oblasti se zaméfenim pfedevsim na casné markery. Hlavnim tématem prace je
prostorova navigace, predevSim jeji allocentrickd slozka a integrace drahy. Vysetieni
prostorové navigace muze slouzit jako vhodny diagnosticky nastroj, ktery je pouzitelny i v Sirsi

klinické praxi, k monitorovani pribéhu onemocnéni i k hodnoceni efektu 1é€iv.

Déle zde prezentujeme 1 dalsi experimentalni testy (dotazniky prostorové navigace a testy
vizualni percepce), které maji dostate€nou senzitivitu a specificitu pro identifikaci rizikovych

pacienttl.



Abstract

Aging of population with related increase of incidence of neurodegenerative diseases
mostly Alzheimer disease (AD), poses a serious socioeconomic problem. In the recent years,
research has been focused on specific early disease markers and identifications of patient’s
populations at increased risk of AD, which comprise mild cognitive impairment (MCI) and
subjective cognitive decline (SCD) which may represent prodromal and preclinical stage of AD,

while still preserving functional capacity.

This thesis summarizes and further extends current knowledge in the field of AD with a
specific focus on early disease markers. The main topic of the thesis is spatial navigation,
especially its allocentric component and path integration. Examination of spatial navigation
might serve as the valuable diagnostic tool which could be used in wider clinical practice for

timely diagnostics, disease monitoring and also for evaluation of the treatment effect.

We also present here experimental tests (questionnaires of subjective spatial navigation
complaints and tests of visual perception) that have enough sensitivity and specificity for

identification of subjects at risk for AD.
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Teoreticka ¢ast

1. Kognitivni funkce

Kognitivni funkce jsou tazeny mezi kortikdlni funkce a zahrnuji vSechny psychické
procesy, které umoziuji prijem a zpracovani informaci, komunikaci, u¢eni pohybovym
dovednostem, vytvareni a plnéni planu ¢innosti, ale 1 tvorbu abstraktnich pojmt a slozitych
myslenek. Diky nim je Clov€k schopen rozpoznavat, ucit se, pamatovat si a piizpiisobovat se
neustale se ménicim podminkam prostiedi. Mezi kognitivni funkce patii pamét’, pozornost,

exekutivni, vizuospacidalni, fatické, praktické a gnostické funkce.

1.1 Pamét

Pamét’ je schopnost ukladat, uchovavat a vybavovat informace v mozku. Je to komplexni
kognitivni funkce, jejimz podkladem je integrovana cinnost funk¢ni neuroanatomické sité
tvofené¢ limbickymi a neokortikalnimi oblastmi. Pamét Ize dé€lit podle mnoha hledisek.
Nejbéznéjsi deleni je na pamét’ deklarativni a pamét’ nedeklarativni, kdy zakladnim rozdilem
je, zda pamét’ je nebo neni védomé vybavitelnd. Jina klasifikace, ktera vychdzi z dé€leni dle
casového hlediska, rozliSuje pamét kratkodobou a dlouhodobou podle fyziologického
mechanismu nebo pamét’ okamzitou, recentni a oddalenou podle struktur, které se pii téchto

déjich uplatnuji.

1.1.1 Typy paméti dle ¢asového hlediska
1.1.1.1 Kratkodoba (pracovni) pamét

Kratkodoba pamét’ zaznamendva informace po dobu nékolika desitek vtetin az nékolika
minut a svou definici se ¢astecné prekryva s pojmem pracovni paméti. Podkladem kratkodobé
paméti jsou docasné synaptické spoje. Dle Baddeleyeho je termin kratkodobd pamét’ vhodny
pro jednoduché docasné ukladani informaci, naproti tomu pojem pracovni pamét oznacuje
kombinaci uklddani a manipulace s informacemi (Baddeley, 2012). Z neuropsychologického
hlediska ma pracovni pamét’ tii slozky: fonologickou smycku, vizuospacialni nacrtnik a
epizodickou vyrovnavaci pamét’. VSe fidi centralni fidici slozka (Baddeley, 2012). Fonologicka
smycka je systém, v némz se ukladaji zvukové nefeCové a feCové informace, které se rychle
ztraceji, pokud nejsou opakovany a je funkci dominantniho perisylvijského kortexu.

Vizuospacialni nacrtnik je systém slouzici pro vizualni informace, jeho ¢innost souvisi

11



s nedominantni okcipito-parietalni oblasti. Epizodicka vyrovnavaci pamét je systém s
omezenou kapacitou, ktery je schopen docasné integrovat informace z riznych zdroja.
Ptredpoklada se, ze hraje diilezitou roli pii poskytovani a ziskavani informaci do a z dlouhodobé
epizodické paméti a pro jeji Cinnost je nejzasadnéjsi pravy frontalni lalok. Centralni fidici slozka
je vazana na ¢innost piednich a dorzolateralnich ¢asti prefrontalniho kortexu, ktery integruje a
zpracovava jednotlivé druhy informaci (zrakové, sluchové nebo somatosenzorické) a aktivita
téchto oblasti roste umérné stupni zatéze pracovni paméti (Fuster, 2001). Informace nabyté v
ramci pracovni paméti jsou zavislé na pozornosti (Baddeley, 2012) a jeji kapacita je zavisla i
na podobé konkrétni informace. Naptiklad je zndmo, ze mnohoslabi¢néa slova se udrzuji v

paméti hiife nez slova jednoslabi¢na.

1.1.1.2  Dlouhodobé pamét

Dlouhodobd pamét zaznamendva informace po dobu vice nez nékolik minut.
Podkladem dlouhodobé paméti je zména tvaru dendritickych zakonceni, nezbytna je
proteosyntéza. Je to schopnost, kterd umoziiuje vybavit si prozitky a zkusenosti ze vzdalenéjsi
minulosti. Dle aktualnich pfedstav jsou informace z paméti kratkodobé piepisovany do paméti
dlouhodobé¢ (Baddeley, 2012). Nejbéznéjsi déleni dlouhodobé paméti je dle toho, zda je ulozena
informace pfistupna védomi a zda ji Ize slovné vyjadfit — deklarativni a nedeklarativni pamét’.
V zévislosti na tom, jaké struktury hraji pro dlouhodobou pamét’ klicovou roli, se pak muze
spiSe z klinického hlediska d¢€lit na pamét recentni (minuty, dny, tydny) a dlouhodobou
(oddalenou, trvalou). Recentni pamét’ je zavisla pii ukladani i vybaveni zejména na ¢innosti
hipokampu, pamét’ oddédlend pak pii svém vybaveni zéavisi pfevdzné na neokortikalnich
strukturdch. Pro uplnost je tfeba zminit, Ze klinické déleni rozliSuje i pamét’ okamzitou, ktera je
zéavisla prevazné na frontalnim laloku a tento pojem se piekryva s pojmem paméti kratkodobé

(dle mechanismu).

1.1.2 Typy paméti dle vztahu k funkci hipokampu

1.1.2.1 Deklarativni pamét

Deklarativni (explicitni) pamét’ je védomé vybavitelna, uchovavéa vzpominky a faktické
znalosti. Je verbalné vyjadfitelnd a tzce souvisi s ¢innosti hipokampu. V ramci deklarativni
paméti se vymezuji jest¢ dva typy: sémantickd a epizodicka. Sémantickd pamét’ obsahuje
obecna fakta bez vztahu k mistu ¢i ¢asu vytvoreni. Jedna se vlastné o encyklopedicky slovnik s

vyklady. Epizodicka pamét’ kombinuje informace o tom, co, kde, jak a kdy se stalo. Pravé
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casovy udaj (kdy?) je pro jeji definovani kliCovy. Obsahuje informace ze Zivota jedince

a kombinuje epizodickou slozku se sémantickou.

1.1.2.2 Nedeklarativni pamét’

Nedeklarativni (implicitni, procedurdlni) pamét naproti tomu je pamét, kde jsou
pamétové stopy ovlivnéné predchozim chovanim a zkuSenostmi. Zahrnuje predev§im procesy
na nevédomé urovni, tyka se i osvojovani nékterych motorickych a percepcnich dovednosti
(napf. chiize, sportovni dovednosti, motorické dovednosti, percepéni schémata),
neasociativniho uceni (habituace a senzitizace), asociativniho uceni (klasické podminovani),
mysleni — jak pozdéji jedinec vnima urcity podnét). Podle tohoto déleni zafazujeme mezi pamet
nedeklarativni 1 pamét’ emocni (MokriSova, et al., 2012). Nedeklarativni pamét’ je nezavislana
¢innosti hipokampu, uplatiiuji se nékteré neokortikalni oblasti, bazalni ganglia, mozecek a dalsi.
Znamy je piipad pacienta H.M., ktery mél v ramci 1écby epilepsie provedenu oboustrannou
amygdalo-hipokampektomii, kterd znemoznila vytvaret nové deklarativni pamét'ové stopy, ale

nevedla k poskozeni paméti nedeklarativni (Hort & Rusina, 2007).

1.1.2.3 Prostorova pamét a prostorova navigace

Prostorova pamét’ byla diive fazena mezi pamét’ deklarativni. AvSak vzhledem k tomu,
7e je Castecné neurofyziologicky a funkéné oddélena od paméti deklarativni, mnoho autori ji
dnes vymezuje jako samostatny typ paméti (Moscovitch, et al., 2006). Prostorova pamét’ velmi
uzce souvisi s prostorovou navigaci, kterd je charakterizovana, jako schopnost jedince
pohybovat se v prostoru, je to proces urceni a udrZeni dréhy z jednoho mista na druhé, kde je
zasadni odhad vlastni pozice v prostfedi (Gallistel, 1990). Zasadnim okamzikem ve studiu
prostorové navigace byl objev O'Keefa a Nadela, kteti v hipokampech potkant identifikovali
tzv. place cells, které vykazovaly selektivné aktivitu ve chvili, kdy zvife dosahlo pozadované
polohy v prostfedi (O'Keefe & Nadel, 1978). Aktivace place cells je tak prvnim krokem k
tvorbé pamétové stopy v ramci prostorové navigace. Obecné je prostorova navigace délena do
ttech kategorii: egocentricka navigace, allocentrickd navigace a integrace drahy (path

integration).

1.123.1  Egocentrickd prostorova navigace
Egocentricka prostorova navigace je typ navigace, pii kterém k orientaci v prostoru a

naslednému dosaZeni cile vyuzivame polohu vlastniho téla ve vztahu k cili, nezavisle na
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ostatnich orientacnich bodech v okoli. Struktury, které byly identifikovany jako zasadni, pro

egocentrickou navigaci, jsou striatum a parietalni kortex (Weniger, et al., 2009; Wiener, 1993).

1.1232  Allocentrickd prostorova navigace

Allocentricky typ prostorové navigace je navigace, pii které jsou vyuzivany k nalezeni
cile orientacni body v prostiedi nezavisle na poloze vlastniho téla. Na zéklad¢ orienta¢nich bodti
a jejich vztahu k cili je vytvofena kognitivni mapa prostiedi, diky které¢ je jedinec schopen
spravné ur¢it polohu tohoto cile. Tento typ navigace je vice flexibilni, umoziuje najit cil z
jakéhokoliv mista v okoli a je zavisly pfedevS§im na hipokampu a parahipokampélni oblasti

(Morris, et al., 1982).

1.1233 Integrace drahy (path integration)

Integrace drahy je odli$na strategie prostorové navigace, pti které je k orientaci v prostoru
vyuzito jinych informaci nez vnéjsich orientacnich bodi. Béhem této strategie jsou vyuzivany
informace ze senzorickych zdrojii v pribéhu pohybu, které slouzi k odhadu pozice vzhledem
ke zndmému cili (Mittelstaedt & Mittelstaedt, 2001). Senzorické informace, které slouzi k
navigaci, jsou odvozeny predevsim z vestibularniho systému (translacni a rotacni zrychleni),
propriocepce (svaly, Slachy a klouby) (Loomis, et al., 1993) nebo vizualniho systému (opticky
tok) (Kearns, et al., 2002). VSechny tyto informace jsou nasledné¢ integrovany ve specifickych
mozkovych strukturach, ze kterych jsou podle dostupnych animalnich studii nejdilezité;jsi:
hipokampus (place cells) (Whishaw & Jarrard, 1996; McNaughton, et al., 2006), entorhinalni
ktira (grid cells) (McNaughton, et al., 2006; Van Cauter, et al., 2013) a zadni parietalni kortex
(Parron & Save, 2004). Také u lidi bylo potvrzeno, Ze struktury medialniho temporalniho laloku
a parietalni kortex jsou klicové pro integraci drahy (Worsley, et al., 2001; Philbeck, et al., 2004;
Wiest, et al., 2000; Shrager, et al., 2008; Kim, et al., 2013; Yamamoto, et al., 2014; Philbeck,
et al., 2000).

1.2 Ostatni kognitivni funkce

1.2.1 Exekutivni funkce

Exekutivni funkce jsou $ir§im pojmem, ktery zahrnuje fadu kognitivnich dovednosti
zprostifedkovanych frontadlnim lalokem a jeho spoji. Mezi tyto funkce patii pfedevsim iniciace
cilevédomé aktivity, planovani jednotlivych dil¢ich krokti, udrzeni pfimefené pozornostinutné
k dosazeni cile, feSeni problému, schopnost abstrakce a tlumeni irelevantni nebo nevhodné

aktivity véetné chovani na zéklad¢ zpétnovazebnych podnétii z okoli.
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1.2.2 Pozornost

Pozornost je komplexni funkce charakterizovana schopnosti uvédomovat si vnitini a
vnéj$i podnéty nutné pro vSechny psychické funkce. Je to dynamicka regulacni, koordinacni,
kontrolni funkce, diky které je jedinec schopen selektivné se soustiedit a zaméfit konkrétni
psychickou ¢innost, zpracovat informace uloZzené v dlouhodobé paméti a informace které
pfichazi ze smyslovych systémil nebo z dalSich kognitivnich procesti. Pozornost neni zavisla na
jedné jediné mozkové struktuie, ale je spojovana s Cinnosti rozsahlych a komplexnich siti
mozkovych oblasti — dorzélni parietalni kortex, limbicky systémem, ptfedni ¢ast cingularnho

kortexu, prefrontalni kortex a zasadni je také ascendentni retikularni aktivacni systém (ARAS).

1.2.3 Gnostické funkce

Gnostické funkce jsou vysledkem vyssi syntézy smyslového vnimani, které umozni
jedinci rozpoznat individualni podnét. Pti poruchach téchto funkci hovotime o agnéziich, které
vznikaji pfi poskozeni asociacnich korovych oblasti, jejich blizkého okoli a pti diskonekénich
syndromech. Agnozie je tedy pojem, oznacujici poruchu poznani jiz znamého podnétu, kdy ale
neni pfitomna porucha smyslového vnimani ¢i porucha senzorické drahy véetné primarniho
senzorického kortexu a neni pfitomna ani jind kognitivni dysfunkce. Obecnym mechanizmem
je porucha asociace senzorickych podnéti pii ztrat€¢ nebo nedostupnosti pamétové stopy
piislusného podnétu v asociacnim kortexu. Obecna klasifikace rozdéluje typy agnézii dle
postizené smyslové slozky — agnozie zrakova (neschopnost rozeznat vidéné — tvaie, mista,
objekty), sluchova agndézie (neschopnost rozeznat zvuky — fe¢, neteCové zvuky), taktilni

(neschopnost rozeznat hmatem predméty), komplexni.

1.2.4 Praxe

Praktické funkce zahrnuji schopnost vykonavat (planovat a provadét) koordinované
komplexni u¢elné pohyby. Pti poruchéch téchto funkei dochéazi k apraxii — pacient neni schopen
provadét koordinované, naucené, celné pohyby i pfi zachovalé hybnosti. Porucha maze byt na
urovni myslenky, planu, ¢i vlastniho provedeni, dle toho se apraxie dale klasifikuji nejcastéji
do tfech kategorii: apraxie ideatorni, ideomotorickd, motoricka. Pfi apraxii ideatorni je porusen
plan, pfedstava i koncept ¢innosti, ideomotoricka apraxie se projevuje poruchou planovani i

provedeni, pii motorické apraxii je zachovan plan, ale vdzne provedeni.
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1.2.5 Fatické funkce

Fatické funkce jsou specificky lidska ¢innost a jsou jednim z nejvyznamnéjSich projevi
socialni a kulturni evoluce lov&ka. Re¢ je slozity reflexni d&j a pro jeho spravné fungovani je
nutné spravné fungovani aferentnich mechanismt (sluch a zrak), eferentnich mechanismt
(svalové skupiny), regulacnich okruhii (mozecek, bazalni ganglia a ostatni podkorové struktury)
a mozkové kury. Pfi poruchéch feci hovofime o afézii, které vznikaji pii 1ézich dominantni
hemisféry (fe¢ového centra). Zakladni klinické déleni afézii je dle postiZzeni feCového centra —
na afazie expresivni a senzorické. V piipadé expresivni afazie dochazi k postizeni Brocova
(motorického) centra feci, lokalizovaného v laterdlnim frontalnim laloku. Klinicky vazne
schopnost mluvit, pfi zachovalé¢ schopnosti rozumét. V pfipadé senzorické afdzie je pak
postizeno Wernickeho (senzorické) centrum fe€i v hornim temporalnim gyru, kdy pacienti
mluvi nadmérné, nejsou ale schopni fe¢ kontrolovat, nerozumi, nejsou schopni opakovat.
Problematika poruch feci je vS§ak mnohem $§ir$i, podrobnéjsi rozbor vSak neni predmétem této

prace.

1.2.6 Vizuospacialni funkce (zrakové-prostorové)

Vizuospacialni funkce zahrnuji schopnost zrakového vnimani objektt a jejich vztaht v
prostoru, analyzy téchto informaci a déle jejich pouZiti a schopnost prostorové konstrukce. Diky
témto schopnostem se ¢lovék miize spravné pohybovat v prosttedi, orientovat se v abstraktnim
prostoru, vnimat spravné vzdalenosti a hloubky a reprodukovat geometrické tvary. Struktury

zodpovedné za tyto funkce jsou pfedevsim parietalni lalok a meziotemporalni oblasti.
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2. Kognitivni funkce v priitbéhu fyziologického a patologického starnuti

Problematice starnuti se vénuje cela fada obord. Je vnimano jako pozdni faze prirozené¢ho
zivota, fyziologicky proces, béhem kterého dochazi k tad¢ ireverzibilnich strukturdlnich i
funk¢nich zmén ve vSech organovych systémech, a které konci smrti. V posledni dob¢ je kladen
daraz predevsim na tzv. ,,normalni starnuti. Dle WHO (Svétova zdravotnicka organizace) je
definovano jako proces rozvoje a udrzovani funkénich schopnosti, které umoziuji blahobyt ve
vy$$im vé€ku (WHO, 2018). Jedinec by v tomto idealnim pifipadé mél byt schopen i ve staii
zvladat své zdkladni potieby — byt schopen se sam rozhodovat, ucit se, byt mobilni, budovat a

udrzovat mezilidské vztahy a byt prospésny spole¢nosti (WHO, 2018).

Z pohledu kognitivni neurologie je znamo, Ze fyziologické starnuti souvisi pfedevsim se
strukturdlnimi a funkénimi zménami v prefrontalnim kortexu a v mensi mife i hipokampu, které
se pak projevuji v kognitivnim vykonu téchto jedinct (Gazova, et al., 2012). Zmeény
kognitivnich funkci v pritbehu fyziologického starnuti zahrnuji mirny pokles pozornosti, mirné
zhorseni exekutivnich funkci, pracovni paméti a vybavnosti, zatimco jiné funkce, jako jsou
vizuospacialni funkce, jazyk a sémantickd pamét, zGstavaji zachovany po dlouhou dobu

(Gazova, et al., 2012) (Lester, et al., 2017).

Naproti tomu patologické starnuti zahrnuje nemoci spojené se stafim. V piipadé
kognitivnich zmén pii patologickém starnuti dochazi na zaklad¢ vaskularnich zmén nebo
neurodegenerativnich procest k postupnému rozvoji syndromu demence. Nejcastejsi pric¢inou
demence je Alzheimerova nemoc (AN). Strukturdlni a funkéni zmény jsou v tomto ptipadé
nejvice vyjadieny v oblasti meziotemporalnich struktur — hippokampu a entorhindlnim kortexu
(Jack, et al., 1997), postupné poté progreduji do oblasti laterotemporalnich, do oblasti
parietalniho a frontalniho kortexu (Braak & Braak, 1991). Klinicky se tyto zmény projevuji
nejdiive postizenim epizodické paméti, nasledné postizenim exekutivnich funkci s naruSenim
pozornosti a pracovni paméti. Pozdéji se pfidava i postizeni dalSich kognitivnich domén jako

jsou praktické funkce, vizuospacidlni dovednosti a fe¢ (Gazova, et al., 2012).

Ukolem moderni mediciny je ¢asna diagnostika, prevence a v&asna terapie pacientiis
rizikem rozvoje syndromu demence, a proto byli v poptedi zajmu v poslednich desetiletich
predevsim pacienti s mirnou kognitivni poruchou (z anglického mild cognitive impairment —
MCI). V poslednich letech se vSak zajem déle posunul do jesté casnéjSich stadii — do stadia
preklinického, kdy je$té neni objektivné prokazatelné postizeni kognitivnich funkci. Cast

pacientl s preklinickou AN mlize mit ale jiz subjektivni kognitivni obtiZe a uvédomuji si jejich
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postupné zhorSovani — syndrom subjektivniho kognitivniho poklesu (z anglického subjective

cognitive decline — SCD).

2.1 Subjektivni kognitivni pokles

Jak jiz bylo uvedeno vyse, pojem SCD vznikl z nutnosti ¢asné detekce rizikovych stavi
a Casnych stadii onemocnéni. Tento koncept se postupné vyvijel. Prvnim ndznakem byl pojem
benigni stafecké zapométlivosti (Kral, 1962), ktery vSak implikoval fyziologické starnuti. Dalsi
pojmy zahrnovaly rizné oznaceni: SCI (subjective cognitive impairment), SMC (subjective
memory complains), SMD (subjective memory decline). Nyni pro tyto pacienty pouzivime
prave oznaceni SCD. Soucasny koncept SCD (Jessen, et al., 2014) neomezuje subjektivni obtize
pouze na pamét’, akcentuje dynamiku poklesu a rovnéz subjektivni pocit ve srovnani se stejné

starymi vrstevniky.

Vyvoj AN je pomaly, progresivni s presymptomatickym priibéhem trvajicim nékolik let
az desetileti (Jack, et al., 2013). Ukladani beta-amyloidu v mozku mutze ptedchéazet prvni
klinické ptiznaky o 15-20 let. Na zakladé soucasnych znalosti vime, Ze cilena prevence a lécba
u pacientti s AN by méla byt zahdjena co nejdiive, nejlépe v dobé, kdy je pfitomno jen malé
neuronalni postizeni. Donedavna byli za vhodné kandidaty povazovani pacienti s MCI, kteii jiz
maji takové neurondlni postizeni, které zpisobuje nevratnou poruchu kognitivnich funkei. 'V
poslednich letech se ale pozornost zaméfila na skupinu pacientd, kterd ma jen malé neuronalni
poskozenti, a ktefi jsou schopni tento neuronalni ubytek pln¢ kompenzovat, tzn. klinicky nemaji

pritomny kognitivni deficit.

Na zaklad€ longitudinadlnich a prifezovych studiich bylo potvrzeno, ze subjektivné
pozorovany a udavany pokles kognitivnich funkci je spojeny se zvySenou pravdépodobnosti
abnormalnich hodnot biomarkertt AN a se zvySenym rizikem rozvoje kognitivniho deficitu a
demence Alzheimerova typu i u jedinct s normalnim kognitivnim vykonem (Perrotin, et al.,
2012; Rami, et al., 2011; Jessen, et al., 2006). Samotny pojem subjektivniho kognitivniho
poklesu je nutné vnimat jako syndrom, nikoli jako diagnézou. Pfitomnost SCD nutné
neznamena, ze pacient ma nebo rozvine AN, jelikoz tento stav, miize byt zplisoben 1 jinou
etiologii. V ptipad¢, ze jedinec, ktery spliiuje kritéria SCD, ma 1 dal§i symptomy, které
potvrzuji, ze se jedna o preklinickou AN, oznacujeme takového pacienta jako SCDplus. Vzdy
je ale nutné odlisit pokles kognitivnich funkci v rdmci pfirozeného starnuti, ktery mtze byt
ovlivnén premorbidnim stavem, osobnostnimi rysy, ¢i uzivanou medikaci. V neposledni fad¢

je nutné myslet i na psychiatrickd onemocnénti, jelikoz u této skupiny byly v mnoha studiich
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pozorovany piiznaky deprese a anxiety. Tito jednici vykazovali vySsi skore na piislusnych
neuropsychiatrickych Skéalach, ale nespliovali diagnostickd kritéria psychiatrického
onemocnéni. Na zéklad¢ téchto pozorovani se nyni doporucuje, aby u vSech jedinci byly
pouzivany Skaly ke zhodnoceni anxiety a deprese a jejich skore bylo zohlednéno ve
statistickych modelech, ale nikoliv, aby na zéklad¢ toho byli jedinci vylouceni ze skupiny SCD,
protoze tyto symptomy mohou byt rovnéz projevem preklinické AN.

Skupina pacient udavajici subjektivni kognitivni pokles je tedy velmi heterogenni a
bylo nutné ji 1épe specifikovat a charakterizovat dalsi znaky, které potvrzuji, Ze se jedna o
preklinickou AN. Toho se ujala védeckd pracovni skupina vystupujicich jako Subjective
Cognitive Declaine Initiative (SCD-I) a v roce 2014 publikovala praci, ve které¢ shrnuji zakladni
charakteristiku, terminologii a védecka diagnostickd kritéria SCD pacientd (Jessen, et al.,

2014).

Samotny pojem SCD zde dale specifikuji a zdlraziuji jednotné spravné nazvoslovi.
Zdlraznuji, Zze tento subjektivné vnimany pokles nejsme schopni rozliSit standardnimi
neuropsychologickymi testy, ale 1ze ho urcit na zakladé sebeposuzujicich skal (Dubois, et al.,
2010) (Sperling, et al., 2011; Petersen, 2004). Také se vymezuji proti vS§em ostatnimtermintim
a uprednostiuji pojem SCD. Zdiraznuji, ze vzhledem k tomu, ze se jednd o subjektivni
hodnoceni, mize dochazet snadno k zdméné terminti, kdy pacient — laik — neni schopen piesné
rozli$it, zda se jedna o pokles v pamétovych funkcich nebo v jinych kognitivnich doménach.
Proto by méla byt pozornost vénovana vSem jedinctim, ktefi si st€zuji na pokles ve kterékoliv
kognitivni doméné. Neméné diilezity je i pokles, ktery v tomto ptipad¢ signalizuje progresi a

1épe tak koreluje s patofyziologii AN nez pouhé postiZeni.

2.1.1 SCD kritéria

Pacient spliujici diagnéozu SCD je takovy pacient, ktery si stézuje na postupny
pretrvavajici kognitivni pokles v nékteré z kognitivnich domén v porovnani s dfive normalnim
stavem a tento pokles nesouvisi s zadnym akutnim stavem. SCD neni onemocnéni, je to
syndrom, u kterého je vzdy nutné urcit jeho etiologii. V ptipadé SCDplus je nutné ke stanoveni
diagn6zy neuropsychologické vysetfeni, kde pacienti dosahuji normalniho vykonu, zarovei je

jiz ptitomna typicka AN patologie, prokdzana biomarkery — vice v ¢asti o AN.

Vyzkumna kritéria SCD jako preklinické AN byla definovana nasledovné, splnéna musi byt

obé kritéria:
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1. Subjektivné udavany pretrvavajici pokles kognitivnich funkci v porovnani s drive
normalnim stavem, tento pokles nesouvisi s zadnym akutnim stavem akutni udalosti

2. vykon ve standardizovanych kognitivnich testech je normalni

Vylucujici kritéria: jina etiologie (psychiatrické nebo neurologické onemocnéni, vliv uzivané

medikace nebo jiného onemocnéni)
Podptirna kritéria SCD plus jsou:

1. subjektivni pokles predevsim pamétovych funkei
2. nastup SCD béhem poslednich 5 let

3. vek na pocatku obtizi > 60 let

4. udavané obavy, které jsou spojeny s SCD

5. pocit, ze pamét’ je subjektivné horsi, nez u lidi ve stejném veéku

Dalsi podpiirné kritéria, pokud jsou k dispozici

1. informace od pecovatele
2. rizikovy APOE genotyp
3. biomarkery AN (viz. déle)

2.2 Mirna kognitivni porucha

Koncept mirného poskozeni kognitivnich funkci a snaha o vymezeni hranic mezi
normalnim starnutim a demenci se v literatufe objevuje jiz mnoho let. Pojem mirnéa kognitivni
porucha (MCI z anglického mild cognitive impairemnt) tak vznikl z nutnosti rozlisit jedince se
zménami kognitivnich funkei vznikajicich v rdmci piirozeného starnuti a poc¢inajicim stadiem
demence ruzné etiologie. MCI tedy odpovida mirnému, ale abnormalnimu poklesu kognitivnich
funkci v nékteré z kognitivnich domén, avSak stale je zachovdno samostatné fungovani v
aktivitach denniho Zivota, a tedy sobéstacnost pacientd. Vyvoji konceptu MCI se velmi
intenzivné vénovala pracovni skupina z Mayo kliniky soustfedéna okolo doktora Petersena.
Cilem jejich prace byla identifikace pacienti s MCI, rozlisit jednotlivé podtypy MCI a rozsifit
tim diagnostiku prodromalnich forem AN 1 jinych typti demence. Ro¢né€ konvertuje do demence
5-15 % pacientd s MCI (Gauthier, et al., 2006) a béhem 6 let konvertuje do demence az 80 %
pacienti s MCI (Petersen, 2003). Dalsi rizikové faktory, které ptispivaji ke zvySenému riziku
konverze MCI pacientli do demence pii AN, jsou: genotyp APOE &4 (Petersen & Morris, 2005),
snizeny objem hipokampi (Jack, et al., 2010) ¢i snizeny metabolismus glukozy v temporalnich
a parietalnich oblastech (Landau, et al., 2010).
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2.2.1 Kiritéria MCI

Petersen a jeho skupina se nejdiive zaméfili na poruchy paméti, které se staly hlavni
soucasti diagnostickych kritérii. Kritéria MCI byla poprvé definovana v roce 1999 (Petersen, et
al., 1999) a zahrnovala stiznosti na pamét’ referované pacientem nebo pecovatelem, objektivni
naruseni paméti o 1.5 SD v neuropsychologickych testech, zachované ostatni kognitivni funkce
a aktivity denniho zivota. Tento typ MCI byl ozna¢ovan jako amnestickd MCI (aMCI). Kritéria
byla pozdéji revidovana a dale upravena. Klasifikace dle Petersena z roku 2004 nasledné zavadi
také neamnestickou variantu MCI (naMCI), kdy je postizeni pfitomno v jinych kognitivnich
doménach, nez je pamét’ (Petersen, 2004). Pozd¢ji byl koncept rozvijen 1 smérem k tzv. pre-

MCI, kde staci hranice 1.0 SD od vékove a vzdélanostné vazané normy.
MCI musi napliovat nésledujici kritéria:

1. subjektivni pokles kognitivnich funkci, nejlépe potvrzeno osobou blizkou

2. postizeni v jedné ¢i vice kognitivnich doménéach potvrzené neuropsychologickymi testy
o 1.5 smérodatné odchylky v porovnéani s vykonem zdravych jedincii stejného véku a
dosazen¢ho vzdélani

3. aktivity denniho Zivota jsou zachovany

4. neni pfitomna demence

2.2.2 Klasifikace MCI
Dle ptitomnosti ¢i absence poruchy paméti, rozdélujeme MCI do téchto typt:
1. amnestickd MCI (aMCI) — je pfitomna porucha pamétovych funkei (eventualné ispolu
s jinymi kognitivnimi funkcemi)
2. neamnesticka MCI (naMCI) - porucha pamét'ovych funkci chybi, je ale vyjadiena

porucha jedné ¢i vice jinych nepamét’ovych kognitivnich funkci

Podle poctu porusenych kognitivnich domén se dale MCI rozd€luji na:
1. jednodoménovou MCI (SD-MCI) — je ptitomno postizeni pouze jedné kognitivni funkce

2. vicedoménovou MCI (MD-MCI) — je pfitomno postiZeni vice kognitivnich funkci

Na zéklad¢ vyse uvedenych kritérii potom diagnostikujeme 4 typy MCI:
1. amnesticka jednodoménova MCI (aMClsd) — izolované postiZzeni paméti
2. amnesticka vicedoménova MCI (aMCImd) — postizeni paméti + postizeni alespoii jedné

dalsi kognitivni domény
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3. neamnestickd jednodoménova MCI (naMClsd) — izolované postizeni jedné nepamétoveé
kognitivni domény
4. neamnesticka vicedoménova MCI (naMCImd) — postizeni vice nepamétovych

kognitivnich domén

Klasifikace MCI je dtlezitd z hlediska prognézy a také z pohledu diferencialné
diagnostického. Nejvice rizikovou skupinou pro progresi do demence pii AN jsou pacienti s
aMCI. Odhaduje se, Ze okolo 15 % téchto pacientli konvertuje kazdy rok do AN (Gauthier, et
al., 2006). Naproti tomu pacienti s naMCI cCastéji konvertuji do jinych typii demence, i1 kdyz 1
oni mohou konvertovat v 30-50% do AN. Pro nékteré typy demence je pak typické postiZeni
konkrétnich kognitivnich domén, napt. pro demenci s Lewyho télisky je typické postizeni
exekutivnich a vizuospacidlnich funkci (Petersen, 2004). Na zékladé populacnich studii ale
vime, ze MCI je velmi heterogenni skupina, kdy miize dojit 1 ke konverzi opaénym smérem,
tedy Ze se u téchto pacientii vrati jejich kognitivni funkce zpét do spektra normalniho starnuti.

Tato zpétnd konverze je vSak pozorovana mnohem mén¢ casto.

2.3 Demence

Demence je charakterizovana trvalym progredujicim zhorSovanim kognitivnich funkci,
které vede k poruse sobéstacnosti a aktivit denniho zivota (ADL — z anglického activities of
daily living). Tento syndrom vznika v rdmci onemocnéni, pro které je typicka postupna ztrata
funkce specifickych neurond, kterd konci jejich bunéénou smrti. Vysledkem selektivniho
postizeni a ubytku urc¢ité neurondlni subpopulace je atrofie a nasledny klinicky obraz
konkrétniho onemocnéni. Mechanismy, které vedou ke ztraté neuront, mohou vznikat v rdmci

neurodegenerativnich onemocnéni nebo sekundéarné pti jinych primarnich onemocnénich.

Nejcastéjsi pti¢inou vzniku demence je AN, kterd je pricinou 50-60 % piipadiidemence.
Odhaduje se, ze mezi 5-7 % v populaci starSich 65 let trpi demenci, ve skupinach nad 85let
vyskyt demence exponencialné roste. V této vékové skupiné se odhaduje, Ze se vyskytuje az u

30 % a vice % populace (LoGiudice & Watson, 2014).

2.3.1 Demence vzniklé v ramci neurodegenerativnich onemocnéni
Patofyziologickou podstatou vzniku neurodegenerativnich onemocnéni je ukladéani
ur¢itého specifického proteinu typického pro konkrétni onemocnéni, které vede k naruseni

funkce a pozdéji i k apoptdze neuronti. Z tohoto pohledu se nyni neurodegenerativni
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onemocnéni vymezuji jako proteinopatie, a z tohoto konceptu pak vychazi jejich dalsi
klasifikace. Jako nejvyznamnégjSich patofyziologické mechanismy neurodegenerace jsou
zminovany volné radikaly (Skoumalova & Hort, 2012), apoptoza, abnormalni proteinové

agregaty a genetické pozadi (Rusina, et al., 2014).

Jak jiz bylo uvedeno vySe, nejCastéjSi pfi¢inou demence vibec i1 v ramci
neurodegenerativnich onemocnéni je demence pii AN, kterd bude podrobnéji probréna
nasledovné. V piipadé¢ AN dochézi k patologickému metabolismu beta amyloidu a tau proteinu.
Z dalsich pficin jsou to potom heterogenni skupina onemocnéni — frontotemporalni lobarni
degenerace (FTLD), kam patii jak tauopatie, tak poruchy metabolismu TDP-43 (transaktivniho
DNA vazajiciho proteinu o délce 43 kDa) nebo méné Casté FUS (fused-in-sarcoma protein).
Porucha TDP — 43 je i u onemocnéni motoneuronu — MND, kde byva ¢asty kognitivni deficit
nebo se pfimo kombinuje FTLD-MND. Mezi tauopatie patii dale progresivni supranuklearni
paralyza (PSP) a kortiko-bazalni degenerace (CBD). Mezi synukleinopatie fadime demenci s
Lewyho télisky (DLB), Parkinsonovu nemoc s demenci (PDD) nebo mnohotnou systémovou
atrofii (MSA), kde vSak nemusi kognitivni deficit dosahovat tize demence. Dale jsou to
onemocnéni s opakovanim tripletd (Huntingtonova choroba), prionovd onemocnéni

(Creutzfeldt-Jakobova nemoc — CJN) a ostatni neurodegenerativni onemocnéni.

Frontotemporalni lobarni degenerace (FTLD)

Etiopatologicky i klinicky je FTLD velmi heterogenni skupina onemocnéni, jejichz
spoleCnym rysem je progresivni degenerace frontalnich a temporalnich laloki obvykle s
vyraznou asymetrii, Casto také s postizenim parietdlniho kortexu a bazalnich gangliich.
Podkladem onemocnéni je porucha metabolismu nékterych kliovych proteinil, tvoii se
intracelularni inkluze agregéti abnormalnich forem tau-proteinti a dochazi k ubytku predevsim
serotonergnich neurontl ve frontalnim kortexu. Rada piipadti FTLD viak souvisi s poruchou
metabolismu jiného proteinu, coz celou situaci vyrazné¢ komplikuje. Podle specifickych
intracelularnich depozit v rdmci této skupiny rozliSujeme tauopatie a non-tau FTLD (inkluze
ubikvitinu, proteinu TDP-43 a dals§i, méné¢ vyznamné). Celkové se uvadi, ze FTLD jsou 3.

nejcastéjsi pri¢inou demence v ramci neurodegenerativnich onemocnéni.

Klinicky se nyni uplatiiuje déleni do 3 skupin. 1. Frontotemporalni demence, 2. Primarni
progresivni afazie (PPA), 3. Kombinace demence a poruch hybnosti (extrapyramidové ptiznaky

nebo onemocnéni motorického neuronu) — PSP, CBD a FTLD-MND.
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1. Frontotemporalni demence (behavioralni varianta)
Rozvoj onemocnéni je postupny, s pomalym zacatkem od 5. decenia. Syndrom
frontotemporalni demence se vyznacuje piedev§im postizenim funkci frontalniho laloku
— poruchami osobnosti a chovani (apatii, abulii a dezinhibici), ¢asté jsou perseverace,
stereotypni nebo kompulzivni chovani, poruchy emoci, osobnostni zmény a postupné se
objevuje i dysexekutivni syndrom a porucha paméti v disledku postizeni hipokampu
(porucha epizodické paméti v oblasti vybavnosti s dobrym efektem népovédy). Na
strukturdlnich zobrazovacich metodach je ziejma frontalni a/nebo temporalni atrofie, na
funk¢nich zobrazovacich metodach je pfitomnd frontalni a/nebo temporalni

hypoperfuze nebo frontalni a/nebo temporalni hypometabolismus.

2. Primarni progresivni afazie
Tato skupina onemocnéni je charakterizovana nékolik let izolovanou poruchou feci
postupné progredujici do obrazu tézké frontalni demence. Klinicky se oddéluji 3
jednotky: nonfluentni (agramatickd) varianta (sniZena produkce feci), sémanticka
varianta (porucha porozuméni a sémantické paméti) a logopenicka varianta (naruseni
opakovani delSich vét a anomie). Hlavni klinické znaky jednotek byly uvedeny vyse,
avSak rozliSeni neni snadné, ¢asto dochazi k prekryvani jednotlivych subtypt PPA a
spravna diagnostika vyzaduje spolupraci s neuropsychologem a klinickym logopedem.
Na zobrazovacich metodach je u nonfluentni PPA piitomno asymetrické postizeni s
pfevahou v zadni fronto-inzularni krajin€é v dominantni hemisféfe, u sémantické
varianty asymetrické postiZeni s prevahou v pfedni ¢asti levého temporalniho kortexu a
u logopenické varianty predevSim v parietdlni oblasti levé hemisféry. Podkladem
nonfluentni varianty byva nejCastéji tauopatie, sémanticka demence byva v 90 %

ptipadti TDP-43patie a logopenicka afazie byva Castéji atypickou prezentaci AN.

3. Demence spojené s poruchou hybnosti
a. Progresivni supranuklearni obrna
PSP je progresivni neurodegenerativni onemocnéni fazené mezi tauopatie, jehoz
hlavnimi projevy jsou atypicky parkinsonsky syndrom (dominuje axialni
rigidita, posturalni instabilita s Casnymi pady jiz v pocatku onemocnéni),
supranuklearni paréza pohledu, behavioralni a kognitivni poruchy. Je popsano
vice klinickych podtypii tohoto onemocnéni s rozdilnou symptomatikou a

riznou délkou preziti. Onemocnéni zacind po 40. roku, typicky vSak kolem
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60.roku, s délkou pteziti od prvnich symptomi okolo 7 let. Pacienti maji typicky
,»uzasly vyraz* diky oblicejové a $ijové dystonii a rigidité v kombinaci s parézou
pohledu. Rozviji se pseudobulbarni syndrom s tézkou dysartrii, postupné se
objevuje demence s vyraznymi projevy frontalniho postizeni. Na zobrazovacich
metodach je typickd atrofie mezencefala, kterd na sagitalnim fezu pfipomina
svym vzhledem kolibfika. Na funkénich zobrazovacich metodach pak
nachazime hypometabolismus thalamu, frontalni oblasti nebo putamen.
b. Kortikobazalni degenerace
CBD je onemocnéni ze skupiny tauopatii, které se klinicky projevuje kombinaci
extrapyramidovych syndroma a piiznakii z postizeni pfedevSim parietalniho
laloku. Parkinsonsky syndrom je asymetricky s pfevahou akineze a rigidity,
pfitomna je také apraxie (ideomotorickd a konstrukéni), porucha feci a kognice
(frontalni dysexekutivni syndrom), syndrom cizi ruky, myoklonus (fokalni,
Casto asymetricky) a dystonie. Z behavioralni symptomu byva casto pfitomna i
deprese. Na MRI se pozdé&ji rozviji asymetricka atrofie temporalné, na funkcnich
zobrazovacich metodach u typickych forem je pfitomna hypoperfiuze predevsim
parietalné (Casto asymetricky), ¢astecné i frontalné.
c. Amyotroficka lateralni skler6za s demenci — FTLD-MND

U pacientli s amyotrofickou laterdlni skler6zou (ALS) se casto objevuji i
poruchy kognitivni, frontadlniho charakteru, casto az pod obrazem
frontotemporalni demence. Typické pro toto onemocnéni jsou inkluze proteinu
TDP-43. Mira postizeni je rizna od mirnych kognitivnich ptiznakl az po t€Zkou
demenci s vyraznymi poruchami chovani a zménami osobnosti. U pacientl s
ALS se mohou ptiznaky FTD rozvinout postupné, stejné tak u pacientii s FTD se
mohou postupné rozvinout pfiznaky ALS. Soucasny rozvoj ALS a FTD je velmi
neobvykly. Progndza a doba pfeziti pacientd se soucasnym kognitivnim a
motorickym postizenim je vyrazné horsi. Problematika této skupiny je slozité&jsi
aneni naplni této prace. V poslednich letech je o tuto skupinu mimotadny z4jem,
protoze se ukazuje, ze se ALS miize vyskytovat soucasné i s jinymi typy

demence, nejcastéji AN.

Demence s Lewyho télisky

DLB je neurodegenerativni onemocnéni ze skupiny synukleinopatii, kdy dochazi
k difaznimu postizeni mozku (Lewyho téliska a beta amyloidu). Klinicky se projevuje
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poruchou pozornosti a kognitivnich funkeci, které vyrazné¢ fluktuuji, dale rozvojem
parkinsonského syndromu a zrakovych halucinaci. Kognitivni a behavioralni zmény jsou
pritomny nejdiive, parkinsonsky syndrom se ptidava postupné (uvadi se pravidlo 1 roku pro
arbitrarni rozliSeni PDD a DLB) a miva agresivnéjsi pribéh nez u pacientti s Parkinsonovou
chorobou, byvéd symetricky akineticko-hypertonicky s pfevahou na dolnich koncetinach.
DalSim velmi senzitivnim symptomem je porucha chovéani vazana na REM spanek, ktera mize
predchazet fadu let rozvoji DLB. Casté jsou také projevy autonomni dysfunkce. Po AN je
druhym nejcastéjSim neurodegenerativnim onemocnénim zpusobujici demenci. Pti diagnostice
je pro DLB typické postizeni vizuospacidlnich funkci, porucha pozornosti a porucha
exekutivnich funkci. Na MRI je velikost hipokampt na rozdil od AN zachovana. Na funk¢énich
zobrazovacich metodach je v typickych ptipadech hypoperfize nebo hypometabolizmus
piedevsim parieto-okcipitalné. K odliSeni klinicky nejasnych ptipadit DLB a AN je s vyhodou
vyuziti DaTSCAN, ktery je u DLB patologicky.

Creutzfeldt-Jakobova nemoc

CJN patii mezi prionova onemocnéni a je jejich nejcastéjsi formou. Jsou to vzacna
neurodegenerativni onemocnéni zplisobend uklddanim patologicky zménéného prionového
proteinu. Rozlisuji se 3 typy: sporadicka, geneticka a iatrogenni. V Ceské republice je povinna
autoptickd verifikace v Narodni referencni laboratofi lidskych prionovych onemocnéni v

Thomayerové nemocnici.

Sporadicka forma je nejcastéjs$i formou lidskych prionovych onemocnéni, je rychle
progredujici s infaustni prognozou. Klinicky se projevuje rychle progredujici demenci s fadou
dalSich neurologickych ptiznaki, s incidenci v Evropé okolo 2 pfipadii na milion obyvatel.
Primérny v&k v dob¢ onemocnéni je 65 let. Genetickou predispozici sporadickych i ziskanych
forem je polymorfismus genu pro prionovy protein PRNP, vétSina chorob postihuje
homozygotni formy methionin/methionin. Klinicky jsou pfitomny na pocatku onemocnéni
nespecifické prodromalni pfiznaky (asi u tfetiny nemocnych), postupné se rozviji demence, s
rychlou progresi ve vSech kognitivnich doménéch. Dale se vyskytuje myoklonus, mozeckové a
zrakové prostorové dysfunkce, pyramidové a extrapyramidové projevy, postupné se rozviji
akineticky mutismus. Onemocnéni probiha nejcastéji nékolik mésici, ve vétsing piipadl ne déle
nez jeden rok (trvani déle nez 2 roky diagnézu prionového onemocnéni vylucuje). Z
pomocnych vySetfeni je pro diagndézu uzitecné EEG vySetfeni, na kterém je v idedlnich
ptipadech specificky nélez trifdzickych az polyfazickych vin, které se periodicky opakuji,

vétSinou az v pokrocilém stddiu onemocnéni, proto je vhodné EEG vysetieni opakovat. Déle se
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stanovuje v likvoru pfitomnost proteinu 14-3-3, ktery je ale pro diagnézu nespecificky, jelikoz
je obecnym markerem neurondlniho rozpadu. VéEtsi ptinos ma likvorologické vysetfeni hladiny
celkového tau-proteinu, kdy se ukazuje, Ze nalez velmi vysokych hladin (vice jak 1200mg/1)je
citlivgjsi a relativné patognomicky. Na zobrazovacich vysettenich je zvyseny signal v difiznim
vazeni a na FLAIR sekvencich v oblasti bazalnich ganglii (typicky v putamen a ncl.caudatus) a
korové (s ptevahou frontaln¢ a v inzule). Neuropsychologicky profil neni pro CJN specificky

(Rusina, et al., 2014).

2.3.2 Demence vzniklé sekundarné v ramci jinych onemocnéni

Demence muze vzniknout i sekundarné v ramci jinych onemocnéni, pii nadorech,
autoimunitné podminénych onemocnénich CNS nebo piisobenim chemickych latek. Z
metabolickych pficin je nejvyznamnéjsi demence v rdmci Wilsonovy choroby, kdy je geneticky
podminéna porucha metabolismu médi a demence vznika u velmi mladych jedinct. Z dalSich
metabolickych pficin je to potom hypothyredza, demence vzniklé v ramci uremické a jaterni
encefalopatie, pfi poruSe funkce nadledvin, nebo v rdmci karen¢nich stavli — zejména deficit
vitaminu B12. Psobenim chemickych latek, pfi jejich chronickém uzivani nebo 1 jako
nezddouci ucinek 1écby — alkoholovd demence, tricyklicka antidepresiva, anticholinergni
antiparkinsonika, benzodiazepiny, cytostatika a dal$i. Samoziejmé je nutné zminit infek¢ni

choroby (HIV, syfilis), traumata a demenci vzniklou v rdmci normotenzniho hydrocefalu.

V ramci sekundéarné vzniklé¢ demence se vymezuje vaskularni demence, jelikoz vaskularni
pfi¢iny jsou druhé nejcastéj$i pfi vzniku demence. Tento typ demence je charakterizovan
postizenim paméti a minimaln€ dvou dalSich kognitivnich domén, které pacienta omezuji v
béznych dennich aktivitach. Pro diagnostiku vaskularni demence je dale nutny loziskovy
neurologicky nélez, pfitomnost vaskularnich zmén na zobrazovacich vySetfenich mozku a
rozvoj demence ¢i zhorSeni kognitivnich funkci by mélo nasledovat do 3 mésict od
prokdzaného iktu (Roman, et al., 1993). V ramci vaskuldrni demence se dale vymezuji tii
patogeneticky a klinicky odlisné jednotky: cévni mozkovéa piihoda (CMP) v kognitivné
strategické oblasti, multiinfarktovd demence (kortikosubkortikdlni demence a dalsi loziskové
pfiznaky), subkortikdlni ischemickd leukoencefalopatie  (subkortikalni demence s
dysexekutivnim syndromem soucasné typicky s parkinsonskym syndromem vznikajici v
ramci postizeni malych cév). Pro zékladni diferencidlni diagnostiku demence pii AN a
vaskularni demence miiZe pomoci stanoveni skére na Hachinského ischemické skale, kde skore

nad 6 bodu jsou velmi suspektni pro vaskularni demenci.
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3. Alzheimerova nemoc

AN je progresivni neurodegenerativni onemocnéni. Prvni popis patologickych struktur
typickych pro toto onemocnéni pochézi jiz z roku 1862 kdy Block s Marinescem poprvé popsali
struktury podobné plakam. Poprvé pouzil oznaceni plaky ,,plaque* pro tyto struktury Emil
Redlich v roce 1898 a v roce 1906 Alois Alzheimer prezentoval piipad jeho pacientky Auguste
D., u které popsal v mozku nejen ptitomnost plak, ale i neurofibrilarnich klubek. Néasledn¢ Emil
Kraepelin vyzval Alzheimera, aby ptfipad publikoval v jeho ucebnici psychiatrie, nazval tuto
nemoc ,,Alzheimerovou* a tento ndzev se pouziva od roku 1910 az do dnesni doby. Molekularni
slozeni plak a klubek se podaftilo zjistit v 80. letech 20. stoleti. AN je onemocnéni sporadické,
jsou vSak popsany velmi vzacné autozomalné dominantni genetické formy. U familidrnich
forem AN byla zjisténa vazba s lokusem na 21.chromozomu (1987). V roce 1991 pak byla
popsana mutace v genu amyloidového prekurzorového proteinu (APP), coz piispélo k formulaci
amyloidové hypotézy. V dalSich letech byly popsany dal§i mutace, a to v genu pro presenilin
(PSENI na 14. chromozomu, PSEN2 na 1. chromozomu), ktera se zpétné v roce 2013 potvrdila

i u prvni prezentované pacientky s AN Augusty D.

Vyznamnym, i kdyz ne tak vSeobecné¢ znamym, pfinosem bylo i dilo prazského
neuropatologa Oskara Fishera, ktery v roce 1907 publikoval 12 ptipada ,,presbyofrenie®. U
téchto pacientii také v mozku popsal struktury podobné plakam a sva pozorovani poté potvrdil
v roce 1910 u dalSich 56 pacientl, u kterych v mozku mimo plak popsal i neurofibrilarni klubka.

V roce 1912 pak jako prvni charakterizoval smiSenou demenci.

AN je nejcastéjsi pfi¢inou zplsobujici demenci, odpovida asi 50-60% vSech demenci.
Podle zpravy Alzheimer Disease International zilo v roce 2015 na celém svété odhadem 46,8
miliont pacientii s demenci, odhad pro rok 2017 byl 50 miliont. Piedpoklada se, ze kazdych
20 let se pocet zdvojnasobi a odhady pro rok 2030 hovoti o 75 milionech, v roce 2050 dokonce
az o 131,5 milionech pacienti s demenci (ALZ, 2015). V Ceské republice bylo v roce 2015
postizeno demenci odhadem 156 000 osob, vice zeny (104 950) nez muzi (50 925). V roce 2050
se pak odhaduje, Ze v CR bude demenci trp&t okolo 383 000 pacienttl (Matl, et al., 2016).

3.1 Patofyziologie a postup neurodegenerace

Patofyziologie AN je stale pfedmétem vyzkumu, typickymi uznavanymi znaky jsou ale
extracelularni depozita (plaky) beta amyloidu (Ap) a intracelularni akumulace neurofibrilarnich
klubek (tangles) z hyperfosforylovaného tau proteinu, cholinergni deficit, numericka atrofie v

oblasti hipokampti a entorhindlniho kortexu a zmény na synaptické urovni.
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Porucha metabolismu transmembranového proteinu — amyloidového prekurzorového
proteinu (APP) vede v kone¢ném disledku k tvorbé jeho forem, které nejsou solubilni, a proto
dochazi k jeho akumulaci. Za normélnich okolnosti je APP Stépen a-sekretdzou na solubilni
protein o 39 aminokyselindch zvany spinovy amyloid prekurzor protein alfa (sSAPPa), ktery ma
pravdépodobné neuroprotektivni charakter. Za patologickych podminek dochazi ke Stépeni
APP B-sekretazou, vznikaji proteiny o 82 aminokyselinach a jeho dal§im §tépenim y-sekretazou
vznikaji 39-43 aminokyselinové nerozpustné fragmenty. U AN dochazi pfedevsim k nadmérné
tvorbé beta amyloidu 42 (AB42). Tyto monomerické formy, jejichz tvar se dynamicky méni a
tvoii synapto-toxické oligomery. Nasledné tento nesolubilni protein agreguje a hromadi se ve
form¢ plak predevsim kortikaln€. V okoli téchto plak dochazi ke sterilnimu zadnétu. Soucasné
dochazi k fosforylaci a agregaci tubuldrniho tau proteinu intracelularné do podoby
neurofibrilarnich klubek. Dochézi k destabilizaci cytoskeletu a k poruse axonalniho transportu.
Dusledkem vSech téchto déja je apoptéza neuronli vedouci ke zpocatku lokalni a pozdéji

celkové mozkové atrofii.

Neurodegenerativni proces pravdépodobné probiha jiz nékolik desitek let pied
objevenim se prvnich klinickych ptiznakt. Ukladani patologického proteinu ve forme klubek v
urcitych oblastech CNS ma svou typickou posloupnost, diky tomu pak mizeme délit AN do
6 stadii dle Braaka (Braak & Braak, 1991). Prvni a druhé stddium onemocnéni je
charakterizované ukladdnim klubek v oblasti transentorhindlniho kortexu (transentorhinalni
stadium I-11). Ve tfetim a ctvrtém stadiu (limbické stadium II1-IV) se neurodegenerativni zmeény
§$ifi do entorhinalniho kortexu a ptilehlé ¢asti hipokampu. V tomto stadiu se jiz objevuji prvni
klinické pfiznaky. V patém a Sestém stadiu onemocnéni dochazi k dal§imu Sifeni patologickych
zmeén, a to do neokortikélnich oblasti (isokortikalni stddium V-VI). V této fazi je klinicky AN
pln¢€ rozvinuta (Braak & Braak, 1991).

V pribéhu AN dochizi ke zméndm také neurotransmiterovych systémi, kdy
nejvyznamnéjsi je nedostatek acetylcholinu. U pacienti s AN byl prokazan presynapticky
deficit acetylcholinu v ncl.basalis Meynerti a septum verum, ktery je zpusobeny snizenou
funkci acetylcholintransferazy, ktera se podili na jeho syntéze. Déle bylo prokazano i snizené
zpétné vychytavani acetylcholinu ze synaptické Stérbiny (Nilsson, et al., 1986). Deficit
acetylcholinu vyrazné¢ koreluje s tizi postizeni u téchto pacientii (Perry, et al., 1978). VSechny

tyto poznatky vedly k formulaci cholinergni hypotézy vzniku AN.
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3.2 Klinicky obraz

U klasické varianty AN se jako prvni ptfiznak objevuje postupné zhorSovani epizodické
paméti, jinak je neurologicky néalez v normé. Zpocatku se jednd o subjektivni obtize (koncept
SCD), které se pozd¢ji dafi i objektivizovat (MCI a demence). Porucha paméti ma typicky
profil, a to amnesticky syndrom hipokampalniho typu, ktery odpovidd postupu
neurodegenerace v oblasti meziotemporalnich struktur — hipokampus, entorhinalni kortex a
parahipokampalni gyrus. Pamétové obtize se postupné zhorsuji a dochazi k postizeni i dalSich
kognitivnich domén, dle dalsi distribuce neuropatologickych zmén. Objevuje se porucha
exekutivnich funkei, pozdéji poruchy feci a vizuospacidlnich funkci. U vétSiny pacientt se diive
¢1 pozdéji pfidavaji i behavioralni a psychiatrické symptomy jako je apatie, snizeny zajem o

vvvvvv

deprese), mohou se vyskytovat i bludy a halucinace.

S postupem onemocnéni dochézi k naruSeni aktivit denniho Zzivota. Zpocatku
instrumentalnich, ve stadiu demence jsou potom postizeny i zékladni aktivity jako je hygiena,
stolovani, oblékani. V literatufe se udava, Ze nemocni prezivaji v priméru 7-10 let od prvnich

ptiznakd, s celkovou dobou nesobéstacnosti 5-8 let (Rusina, et al., 2014).
Rozlisuji se 3 stadia AN:

1. V preklinickém stadium AN pacient nemé zadné subjektivni ani objektivni obtize,
které bychom byli schopni zjistit neuropsychologickym vySetfenim, ale jiz jsou
pritomny patologické biomarkery AN. Vzhledem k diskrétni klinické manifestaci je
nutné v tomto stadiu vyuzit k diagnostice biochemickych a funk¢nich zobrazovacich
biomarkerti (Sperling, et al., 2011). Diagnostika v tomto stadiu ale zatim nema
terapeuticky vyznam. Cast téchto jedincli se miize projevovat jako syndrom SCD.

2. Ve stadiu prodromalnim, které odpovidd syndromu MCI, jiz pacient popisuje
subjektivni postizeni kognice nebo ji udéva jeho okoli a tento deficit je mozné
objektivizovat neuropsychologickymi testy. Sobéstacnost pacienta a jeho aktivity
denniho zivota jsou zachovany. Pacienti s MCI jsou velmi heterogenni skupinou,
pouze u ¢asti je MCI projevem prodromélni AN a okolo 15 % jich ro¢né konvertuje
do demence. Urcita ¢ast pacientl ziistava stabilni a mensi ¢ast pacientl se mize opét
normalizovat. Aktudlné je cilem umét v rdmci této skupiny rozpoznat ty pacienty,
kteti jsou ve vyS$im riziku rozvoje AN a u téchto zah4jit v€asné terapii.

3. Ve staddiu demence jsou v disledku kognitivniho postizeni pacienta postizeny i

aktivity denniho Zivota, pacient postupné ztraci svou sobéstacnost. K ovlivnéni
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priabéhu onemocnéni v tomto stadiu se pouziva 1é€cba inhibitory acetylcholinesterazy
(pocatecni a stiedné pokrocilé stadium) nebo memantinem (stiedné pokrocilé atézké

stadium).

3.3 Diagnosticka Kkritéria

Definitivni diagn6za AN u pacientll s demenci je stanovena pouze neuropatologickym
vySetfenim. Syndrom demence se zacal standardné diagnostikovat pomoci MMSE — mini-
mental state examination, ktery byl publikovan v roce 1975 (Folstein, et al., 1975). Prvni
vyzkumna diagnosticka kritéria, ktera vSak méla i presah do klinické praxe byla publikovana v
roce 1984 pracovni skupinou National Institute of Neurological and Communicative Disorders and
Stroke (NINCDS) a the Alzheimer’s Disease and Related Disorders Association (ADRDA)
(NINCDS-ADRDA kritéria), vypracovand McKhannem a kolektivem na zékladé ptistupu per
exclusionem. Nejdiive bylo nutno vyloucit jind onemocnéni a pak bylo mozno stanovit
diagn6zu mozné nebo pravdépodobné AN (McKhann, et al., 1984).

S postupem dalsiho vyzkumu na poli AN, rozvojem dalSich vySetfovacich metod, definici
biomarkert AN umoznujicich ¢asnou diagnostiku a soucasné s definici dalSich klinickych
jednotek neurodegenerativnich onemocnéni zplisobujicich demenci, byla diagnosticka kritéria
pro demenci v roce 2011 revidovana piivodni skupinou NINCDS- ADRDA (McKhann, et al.,
2011). Na zédklad¢ téchto kritérii mlze byt demence pii AN diagnostikovdna jako
pravdépodobnd, mozna a pravdépodobna nebo mozna s prikazem biomarkert. Pravdépodobna
a mozna diagnéza jsou urceny pro klinické pouziti, mozna a pravdépodobna diagnodza s
prikazem patofyziologického procesu ziistava pouze pro vyzkumné tcely.

Mezi aktualné pouzivané biomarkery piitomnosti AN zmén v mozku patii markery, které
prokazuji ukladani beta amyloidu v mozkové tkani — snizeni AB42 v mozkomiSnim moku a
pozitivni vySetfeni PET (pozitronova emisni tomografie) s beta amyloid vazicimi ligandy. Déle
potom markery neuronalniho poskozeni a neurodegenerace — zvyseny tau a fosforylovany tau
protein v mozkomisnim moku, hypometabolismus v temporalnim a parietalnim kortexu na FDG
PETu (18-fluordeoxyglukézovy PET) a temporalni a parietalni atrofie na magnetické rezonanci.
Vysledky biomarkerd mohou diagnozu AN bud podporovat zcela (vysokd mira
pravdépodobnosti) — pokud jsou pfitomny markery potvrzujici ukladani amyloidu + markery
neuronalniho poskozeni. Pokud jsou pozitivni biomarkery jen z jedné skupiny je diagn6za AN
podporovana jen ¢astené (stiedni mira pravdépodobnosti diagnézy AN). Jestlize vSak nejsou
pozitivni biomarkery ukladdni amyloidu ani markery neuronalniho poskozeni, diagn6za AN je

jen velmi malo pravdépodobna.
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Ve stejném roce byla diagnosticka kritéria NINCDS-ADRDA pro demenci (McKhann et
al.., 2011) doplnéna skupinou National Institute on Aging-Alzheimer's Association (NIA-AA)
o kritéria prodromalnich a preklinickych stadii AN (Albert, et al., 2011; Sperling, et al.,2011).
Poprvé je tak AN chapéna jako kontinuum a délena do 3 stadii: preklinické stadium AN,
stddium prodromalni - MCI a stadium plné rozvinuté demence pii AN. Jednd se o kritéria
pfevazné vyzkumnda, kterd vSak vyuZzivaji 1 nékterd specializovana klinickd pracoviste.

Diivodem je omezena dostupnost vySetfeni biomarkeri v klinické praxi.

V soucasnosti probiha dalsi revize téchto kritérii za Gcasti n€kolika evropskych expertt a
Sirokého piipominkového fizeni. Navrh obsahuje koncept, kdy je AN definovana pouze na
podkladé¢ biomarkeri, bez ohledu na klinickou symptomatiku. Divodem je nutnost
diagnostickych kritérii vhodnych pro vyvoj novych 1¢kt a diiraz na vyzkumné vyuziti (Panel

pro demence EAN, 2017, Amsterdam).

Pivodni prevazné americka kritéria NINCDS-ADRDA byla uz v roce 2007 revidovana
evropskymi vyzkumniky z International Work Group (IWG) v Cele s prof. Duboisem, ktera
definovala nova kritéria. Pro nutnost pouziti biomarkert byla ale tato kritéria Castokritizovana
a zistala pouze jako kritéria vyzkumna (Dubois, et al., 2007). Terminy pouzité v téchto
kritériich prof. Dubois v roce 2010 dale uptesnil formou lexikonu (Dubois, et al., 2010). V roce
2014 prof. Dubois a jeho pracovni skupina publikovali revizi ptivodnich IWG kritérii — IWG-2
kritéria (Dubois, et al., 2014), ktera op€t pro svoji narocnost na biomarkery zlstala pouze jako
kritéria vyzkumna.

V klinické praxi se pouzivaji celosvétové vétSinou guidelines klinickd, ktera jsou
sestavena prevazn¢ narodnimi odbornymi spoleCnostmi. VétSinou se jednd o guidelines
geriatrickych, psychiatrickych a neurologickych spole¢nosti nebo spole¢nosti praktickych
I¢katd. V ramci neurologie je v poslednim desetileti vyrazna aktivita Evropské Federace
Neurologickych spole¢nosti (EFNS) a jeji nastupkyné Evropské Akademie Neurologie (EAN),
ktera vypracovala tii guidelines a doporucila jejich piijeti narodnim neurologickym
spolecnostem. Jedna se o guidelines EFNS pro diagnostiku a management AN (Hort, et al.,
2010), guidelines EFNS — ENS pro diagnostiku a 1écbu ostatnich onemocnéni spojenych s
demenci (Sorbi, et al., 2012) a guidelines EAN pro 1écbu demence (Schmidt, et al., 2015).

V ramci CR byla adoptovana do &eitiny guidelines EFNS (Hort, 2011), guidelines pro
diagnostiku demenci (Ressner, et al., 2009) a guidelines pro 1é¢bu (Sheardova, et al., 2007).
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3.3.1 National Institute on Aging-Alzheimer's Association criteria (NIA-AA)
Kritéria NIA-AA definuji 3 stadia AN:

1. Preklinické stadium
a. klinicky je pacient asymptomaticky
b. + znamky uklddani AP a pozitivni markery neuronalniho postizeni (nejvyssi

pravdépodobnost pii ptitomnosti obou typli biomarkerti)
t.C. se jedna o vyzkumny koncept bez ptimého klinického vyuziti

2. Prodromalni stadium (MCI pii AN)
a. pacient s nov€é detekovanym kognitivnim postizenim zplsobenym
alzheimerovskou patologii
1. neuropsychologické vysetfeni v kombinaci se zobrazovacimi metodami
a biomarkery
3. PIné rozvinuté stadium (demence pii AN)
a. pacient s nové vzniklym déletrvajicim kognitivnim deficitem vyvolanym
alzheimerovskymi zménami, ktery narusuje jeho sobéstacnost a aktivity denniho
Zivota
1. anamnéza + orientacni neuropsychologické vySetteni — zobrazeni mozku

il. mozné potvrzeni pomoci dalSich biomarkert

3.4 Diagnostika

Diagnostika Alzheimerovy nemoci by méla probihat jako komplexni vySetfeni, jehoz
soucasti je podrobnd anamnéza a orientacni vySetfeni paméti a dalSich kognitivnich funkci
pomoci jednoduchych screeningovych testii — test hodin, mini-mental state examination
(MMSE) a dalsi, vétsinou v ordinaci neurologa. Déle by mélo nésledovat vySetfeni pameéti
pomoci neuropsychologické baterie testii a laboratorni vySetieni k vylouceni jinych
sekundarnich pfi¢in vzniku poruchy paméti. Mezi dalsi komplementarni vySetfeni patii
strukturalni zobrazovaci metody, pfedevS§im magnetickd rezonance mozku, ve specifickych
piipadech potom i funk¢ni a molekuldrni zobrazovaci metody. Déle v téchto specifickych
piipadech mizeme indikovat genetické vySetfeni, lumbalni punkci se stanovenim biomarkert

AN nebo experimentalni testy.
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3.5 Neuropsychologické vySetieni

Neuropsychologie mé zdsadni vyznam v rdmci vysetiovaciho procesu kognitivnich
poruch. Pouzivaji se rozsahlé¢ testové baterie, které testuji globalni kognitivni funkce a
jednotlivé kognitivni domény. Ukolem neuropsychologického vysetfeni je objektivizace
kognitivniho deficitu, stanoveni neuropsychologického profilu kognitivni poruchy, vylouceni
deprese a anxiety jako pficiny obtizi, eventudlné pfi opakovanych vySetienich potvrdit progresi
kognitivniho deficitu v Case. Konkrétni baterie testl, které byly pouzity v ramci naSeho

vyzkumu, jsou uvedeny nasledovné v rdmci metodologie u jednotlivych ¢lankt.

3.6 Zobrazovaci metody
Zobrazovaci metody maji v casné a diferencialni diagnostice nenahraditelné misto. Dle
principu zobrazeného signalu mizeme zobrazovaci metody rozdé¢lit na strukturalni, funkéni a

molekularni.

3.6.1 Strukturalni zobrazovaci metody

Strukturalni zobrazovaci metody umoziiuji zobrazeni intrakranidlnich anatomickych
poméra a patologickych zmén. Patii sem vypocetni tomografie (CT) a magnetickd rezonance
(MRI). V diagnostice AN je piinosné&jsi MRI vysetieni, avSak 1 CT mé nadale sviij vyznam. Je
jedinou strukturalni zobrazovaci metodou u pacienti, ktefi jsou kontraindikovani k MRI. Stéle
se na vetsSiné pracoviSt pouziva jako vySetfeni prvni linie, kvlili své dostupnosti a piinasi
dilezité informace k vylouceni piedev§im sekundérnich pficin kognitivnich poruch — cévni
zmény (krvéaceni, ischemie), loziskové procesy (nadory), velikosti komorového systému.

Orienta¢né zde zhodnotime 1 atrofii.

MRI je pro diagnostiku kognitivnich poruchu vyhodnéjsi pro svou vyssi senzitivitu i
specificitu. Nespornou vyhodou je i absence radiacniho zareni béhem vysetfeni. Na MRI se
obecné 1épe zobrazi atrofie a cévni zmény. Hodnotime zejména atrofii meziotemporalnich
struktur, pfedevs§im hipokampu, ktera se vyskytuje az u 96 % pacientti s AN (Scheltens, et al.,
1992). Atrofii mizeme hodnotit kvalitativné pomoci vizualnich $kal nebo kvantitativné
volumetrii, a to bud’ manualni nebo automatickou pomoci specialniho softwaru. Vizualni skala
k hodnoceni hipokampt dle Scheltense piedstavuje jednodusSe zvladatelny nastroj k hodnoceni
strukturalnich zmén vyuzitelny v rutinni klinické praxi i proto, Ze vysledna variabilita v

hodnoceni je pomérné mald i u méné erudovanych lékait (Kadlecova, et al., 2013).
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3.6.2 Funkéni zobrazovaci metody

Funkéni zobrazovaci metody jsou takové, které zobrazuji intenzitu perfuze nebo
metabolismu a tim i funkci zobrazovanych struktur. Patii sem pfedevsim scintigrafické metody
nuklearni mediciny a funk¢ni magneticka rezonance (fMRI). Z hlediska diagnostiky AN jsou
tyto metody vyznamné proto, Ze poruchy perfuze a metabolismu jsou pifitomny diive nez
atrofie, jiz v prodromalnim stddiu onemocnéni. Perfizni metodou je SPECT mozku, od které¢ho
se v soucasné dobé upousti. Nejpouzivangjsi je v souCasné dobé PET (pozitron emisni
tomografie) vySetfeni mozku pomoci radiofarmaka 18-fluordeoxyglukézy (FDG-PET), ktera
potvrdi redukci metabolismu glukoézy. K posouzeni perfuze muze slouzit i Casnd faze
amyloidového PET. K funkénimu zobrazeni mozku pomoci fMRI se pouziva 2 principi: 1.
zména perfuze v misté neuronalni aktivity (perfuzni fMRI) nebo 2. zména poméru okyslicené
a neokyslicené¢ formy hemoglobinu v dané oblasti (BOLD fMRI). Pomoci vySetieni fMRI je
mozno ziskat obrazy celého objemu mozku v klidu a pfi feSeni ukold. Dals§i moznosti v ramci
funkéniho zobrazeni MRI je zobrazeni tenzora diftze (DTI). To je metoda, ktera je schopna
zobrazit nervové drahy bilé hmoty mozku a michy a je schopna detekovat i jemné strukturalni

abnormity této bilé hmoty.

3.6.3 Molekularni zobrazovaci metody

ktery umoziuje in vivo detekci amyloidu v mozku. Prvnim ligandem, ktery byl pfi tomto
vysetieni pouzivan, a i nadale plati za zlaty standart, byla Pittsburské substance B (PIB) —
odvozena od radioizotopu uhliku. Polocas rozpadu PIB je vSak pouhych 20 minut, coz velmi
komplikuje Sir§i pouziti tohoto ligandu. V soucasné¢ dobé se pouzivaji 1 jiné ligandy,
radioizotopy fluoru — Flutemetamol, Florbetapir a Florbetaben, které jsou stabilnéjsi, s
poloc¢asem rozpadu v fadu hodin, a proto jsou dostupnéjsi pro vétsi mnozstvi pracovist. Diky
tomu se amyloidovy PET postupné stava dostupnym vysetienim i v Ceské republice. Dalsim
slibnym ligandem je Fluselenamyl, ktery by mél mit jeste vétsi afinitu k amyloidovym plakam.
V pokrocilé fazi vyvoje jsou ligandy s vazbou na tau protein. V ramci diferencialni diagnostiky
neurodegeneraci ma stale své misto neuroreceptorova scintigrafie s ioflupanem (DatSCAN).
Ioflupan se vdze na presynapticky dopaminovy transportni systém zpétného vychytédvani
dopaminu a umoznuje tak odlisit Parkinsonovu nemoc od esencialniho tfesu, psychogennich
nebo polékovych parkinsonskych projevi. Z hlediska diagnostiky AN je uzite¢nym vysetienim,
které nam pomuze odliSit AN od demence s Lewyho télisky a nékterych Parkinson Plus

syndromii, kdy nachazime snizenou akumulaci radiofarmaka ve striatu.
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3.7 Likvorologické vySetireni

Dalsi dulezitou soucasti komplexniho vySetfeni pacienta s kognitivnim deficitem je
vysetieni likvoru. Timto vySetienim je mozno vyloucit sekundarni pti¢iny demence jako jsou
infekce (bakteridlni, virové i parazitarni) nebo autoimunitni postizeni CNS (paraneoplastické ¢i
limbické encefalitidy). Nemén¢ dulezité je vySetteni likvoru v rdmeci diferencialni diagnostiky,
kdy nartistd vyznam stanovovani specifickych biomarkert. V soucasnosti se vysetiuji
predevsim izoformy beta amyloidu AB42, celkového t-proteinu (t-tau) a fosforylovaného tau
proteinu (p-tau), diky kterym jsme schopni odliSit AN od jinych demenci. V literatute se uvadi,
ze vySetfeni hladiny AB42 ma specificitu 90 % a senzitivitu 85 % pii odliSeni AN a zdravych
kontrol. V pfipad¢ t-tau je specificita 90 % a senzitivita 80 % a u p-tau je specificita 92 % a
senzitivita 80 % (Blennow & Hampel, 2003). Zmény AB42 v likvoru mohou pfedchazet manifestaci
klinickych ptiznaki a jsme tak schopni diky tomuto vysetieni identifikovat pacienty se zvySenym
rizikem konverze do demence pii AN v ramci heterogenni skupiny MCI nebo i v preklinickém

stadiu.

3.8 Genetické vySetreni

Genetické formy AN jsou relativné vzacné (ptiblizné 1% ptipadi) a jsou zptisobeny fadou
genetickych mutaci, dédi¢nost je autozomalné dominantni s vysokou penetranci — gen pro APP
na 21. chromozomu, gen pro PSENI na 14. chromozomu a pro PSEN2 na 1. chromozomu. 50

% vSech familidrnich forem AN, je vyvolano mutaci ve vySe uvedenych genech.

Zvysené riziko rozvoje, Casnost manifestace a rychlost progrese sporadické AN je
asociovano s lokusem na 19. chromozomu, ktery kéduje gen pro apolipoprotein E (APOE).
APOE je plazmaticky protein dilezity pro lipidovy metabolismus, je produkovan astrocyty, je
dualezity pro transport cholesterolu do neuronti a existuje ve 3 izoformach: E2, E3, E4. APOE
gen je lokalizovan na dlouhém raménku 19. chromozomu a ma tfi alely €2, €3 a €4. Alela &4,
kterd je zodpoveédna za syntézu APOE4 je davana do souvislosti se zvySenym rizikem rozvoje
familiarnich i1 sporadickych forem AN. Riziko rozvoje roste s potem APOE &4. Pfitomnost
genotypu €4 ma pouze informativni hodnotu, ne prediktivni (Corder, et al., 1993). Naopak

nosicstvi alely €2 se uvadi jako protektivni faktor.
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3.9 Experimentalni testy

V soucasné dobé je vénovano velké Usili vyvoji dalsich, levnych, senzitivnich a
specifickych test pro v€asny zachyt, diferencialni diagnostiku a monitorovani pritbé¢hu
onemocnéni i efektu farmak. Rada téchto postupti hleda rovnéZ prisediky s animalnim

vyzkumem nebo dal§imi podoblastmi klinické mediciny.

3.9.1 VySetieni prostorové paméti

Postizeni prostorové navigace je pfitomno velmi ¢asné€ u pacientii s AN, a to jiz ve stadiu
MCI. Mize tak v heterogenni skupiné pacienti s MCI identifikovat jedince, ktefi jsou ve
zvyseném riziku rozvoje demence pii AN. (Hort, et al., 2007) (Monacelli, et al., 2003) (Laczo,
et al., 2012) (Laczd, et al., 2010)

3.9.1.1 Morrisovo vodni bludisté

Morrisovo vodni bludisté bylo vytvofeno jako prvni ndstroj slouzici k testovani
prostorové navigace a pameéti u laboratornich potkant (Morris, 1981). K testovani Morris
pouzival kruhovy bazén naplnény vodou s ostrivkem, ktery byl umistény do jednoho z
kvadrantii. Potkani byli do bazénku vypusténi na periferii a jejich kolem bylo conejrychleji z
vody uniknout — najit ostrivek a vylézt na ngj. Celkové tato uloha probihala za 4 riznych
podminek. 1. skupina potkanti byla testovana za podminek, kdy byl ostriivek viditelny (nad
hladinou) a nijak béhem jednotlivych pokusii neménil svoji polohu. 2. skupina potkanti mé¢la za
ukol najit viditelny cil, ktery ale svoji polohu rizné¢ ménil. 3. skupina hledala ostritvek, ktery
byl skryty (pod vodou), ale nalézal se stale na stejném misté. I tato skupina potkanti se po delSim
Case, naucila ostriivek vzdy spravné najit, i kdyz byli vypusténi z riznych mist. 4. skupina
hledala skryty ostrtivek, ktery svou pozici neustale ménil. Tato skupina na rozdil od skupin
piedchozich nebyla ani pfi opakovanych pokusech schopna ostrivek nalézt. Tim Morris
prokézal, ze potkani jsou schopni vnimat vztahy mezi jednotlivymi orientatnimi body v
prostiedi mimo bazén a ostriivkem, ktery méli nalézt. Naopak, pokud nebyly respektovany
vzdjemné vztahy orientacnich bodt a ostritvku a pozice ostriivku se ménila zcela ndhodné, byla
schopnost najit cil vyrazné omezena. Tato schopnost prostorové navigace byla siln€ zavisla na
hipokampu a podpofila tedy teorii kognitivni mapy navrzenou O’Keefem (O'Keefe & Nadel,
1978).

3.9.1.2 Blue Velvet Aréna
Blue Velvet Aréna (BVA), kterd vznikla ve spolupraci s Fyziologickym tstavem AV
CR, je lidskou analogii Morrisova vodniho bludisté (hMWM), ktera slouzi k testovéni
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prostorové orientace v redlném prostiedi. BVA je aréna kruhového tvaru o velikosti 2,8 metru
v pruméru a vysoka 2,9 metrti. Cely povrch je pokryt modrym sametem, aby bylo zajisténo stalé
tmavé prostfedi uvnitt arény. Nad stfedem arény je umisténa kamera, ktera snima polohu
infraCervené LED, ktera je umisténa na tyci, kterou testovany oznacuje misto, kde je cil. Po
obvodu stropu arény je umisténo 8 digitalnich orienta¢nich znacek, vzajemné jsou od sebepod
uhlem 45° a pouzivaji se jako jednotlivé orienta¢ni znacky a pozice startu. Pro testovany subjekt
jsou neviditelné, pokud nejsou cilené¢ zapnuté a promitané na st¢tnu BVA. Jsou zde 2 typy
orientaCnich znacek — 1. znacka je reprezentovana jako tfi vertikalni carky, 2. znacka jako dvé
horizontalni ¢arky a dale je zde pozice startu, ktera je zde zobrazena jako kruhové znacka.
Pozice cile je oznacena na podlaze v podobé malého kruhu pomoci laserového svétla, které
vychézi vzdy z jednoho z 8 laserovych zdroji na stropu arény. V BVA jsme schopni testovat

allocentricky i egocentricky typ navigace a také integraci drahy (PI).

Obrazek cislo 1.BVA, (zaptjceno od MUDr. Martiny Patizkové)

39.12.1 Testy prostorové paméti — Test skrytého cile

Test skrytého cile (The Hidden Goal Task - HGT) vySetfuje prostorovou orientaci ve
virtudlnim prostfedi (na po¢itadi) a v prostiedi realném (v BVA). Ukolem je najit polohu
skrytého cile. Témito testy jsem schopni vySetfovat egocentricky i allocentricky typ navigace,
a to podle toho, zda pacientovi poskytneme jako napovédu k orientaci pozici startu nebo
orientatni znaCky. Kazda faze nejdiive probiha ve virtudlnim prostiedi na pocitati a poté v
redlném prostiedi — v BVA. Celkem je test koncipovany do 4 fazi, prvni 3 faze maji 8 pokusii a

4. faze oddalené¢ho vybaveni ma 2 pokusy. Pfed samotnym testovanim je zde jesté faze
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zéacviku, kdy pacientovi vysvétlime princip testu a ukazeme mu, v jaké vzdalenosti a sméru od
jednotlivych znacek a od startu se cil nachazi. Vzdalenost a smér cile od navigacnich znacek
nebo startu se béhem testovani nemeéni, instrukce jsou opakovany pied kazdou fazi. V 1. fazi
ma pacient k orientaci k dispozici pozici startu a 2 orientacni znacky, vzdalenost a smér od
znacek 1 od startu je v kazdém pokusu stejnd — v této fazi je na pacientovi, jakou strategii
pouzije. Ve 2. fazi, je pro pacienta zasadni smér a vzdalenost cile od startu. Zde béhem
jednotlivych pokusii nejsou viditelné zadné orientacni znacky. Pacient je v této fazi nucen
vyuzivat orientaci egocentrickou s pomoci pozice startu. Ve 3. fazi je pacient nucen ke spravné
orientaci vyuZit navigaci allocentrickou, tzn. pozice a vzdalenosti znacek od cile je vzdy stejna,
start ale svoji pozici béhem jednotlivych pokust rizné méni. Ve 4. fazi vySetiujeme oddalené
vybaveni 3. faze, kdy ¢asovy odstup mezi nimi by mél byt alespon 30 minut. Vykony v testech

hodnotime pomoci softwaru a urCujeme vzdalenostni chybu.

.-/. =
i ™ allo-ego allo

; ego
K [ \.\]
x'f \".
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Obrazek ¢islo 2. HGT

A: vychozi situace pred zacatkem 1.pocitacového testu ukazujici polohu cile (maly krouzek s
teCkou), umisténi startu (vetsi krouzek s teCkou) a orientacnich bodil (na pocitaci cerveného a
zeleného). Nejvétsi kruh znazornuje arénu.

B: Ukazka tii fazi testu. Ukolem je v aréné najit polohu cile (erné tecka), ktery neni vidét. K
orientaci je pouzita bud’ poloha startu (maly kruh) v testu 2 nebo polohy dvou orientacnich bodti

(kratké ¢arky na okraji arény) v testu 3 nebo poloha startu i orienta¢nich bodli v testu 1.
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39.122  Testy integrace drahy— The Arena Path Integration Task

Testy integrace drahy (PI) vySetiuji navigaci v realném prostiedi v BVA. Pfi vySetfovani
The Arena Path Integration Task (APIT) jsou testovanému subjektu, ktery stoji na startovni
pozici, prezentovany na podlaze BVA pomoci laserovych zdroju 2 cile — misto ¢islo 1 a misto
&islo 2. Ukolem pacienta je zapamatovat si polohu mista ¢. 1 a mista &. 2. P¥i kazdé jednotlivé
prezentaci je testovany subjekt vyzvan, aby rukou ukazal smér a misto prezentované znacky, tak
abychom ovéfili, ze rozumi instrukcim. Poté si subjekt na o¢i nasadi masku, na hlavé ma
sluchatka s LED diodou, jejiz polohu snima kamera na strop¢ arény a projde celou dréahu (bez
pouziti zraku). Pacient je instruovan, aby se pohyboval po aréné¢ s predpazenou rukou, tak
abychom se pii testovani vyhnuli pfipadné nehod¢, kdy by subjekt mohl Spatné odhadnout
vzdalenost a ,,projit* arénou ven. Testovany subjekt projde vS§emi misty v potadi, jak mu byly
prezentovany, a vrati se pfimou a co nejkratSi cestou zpét do startu — projde pomyslnou
trojihelnikovou cestu. Celou drahu by mél projit rovné, to znamend, ze potom co piijde do
mista €. 1 a toto misto je oznaceno, mél by pozici svého téla pfipravit tak, aby do mista €. 2. Sel
opét piimo, aby je mél piimo pied sebou. Béhem cesty oznac¢i polohu mista ¢. 1, mista ¢. 2 a
startu. Po oznaCeni Zadného z mist neni poskytnuta zpétna vazba, ani po dokonceni celého

pokusu. Uloha ma celkem 8 pokustl.

Hodnoceni tohoto testu probiha pomoci softwaru a hodnoti se zde nékolik moznych
chyb. Hodnotime 1) chybu odhadu vzdélenosti (v cm) pro kazdé jednotlivé misto zv1ast’ (pro
misto ¢. 1, misto €. 2 a pro pozici startu) a z jednotlivych udaji nasledné hodnotime celkovou
piesnost PI. Abychom zjistili, zda jsou chyby zplsobeny Spatnym odhadem uhli nebo
vzdalenosti, hodnotime 2) absolutni vzdalenostni chybu (absolutni rozdil mezi odhadovanou a
spravnou pozici dvou po sob¢ jdoucich poslednich mist — misto ¢. 2 a start). Nejde zde o
piesnost mista €. 2, ale zda vzdalenost od mista ¢. 2 do pozice startu je spravnd. Obdobné se
hodnoti 3) absolutni uhlova chyba, opét hodnocena jako absolutni rozdil mezi odhadem a
spravnou polohou dvou po sobé jdoucich mist — mista ¢. 2 a startu, také vypocitana z diive

navstiveného mista, a ne dle pfesnosti uréeni mista €. 2.

ProtoZe mira chybovosti v PI mize byt ptimo imérné délce celé trasy, pfidava se jeste
dalsi méteni a to 4) relativni vzdalenostni chyba. Ta je uréena jako podil vzdalenosti chyby k
celkové uslé vzdalenosti. Celkova vzdalenost je potom vypoctena jako soucet vzdalenosti vSech

po sobé¢ jdoucich mist (misto ¢islo 1, misto Cislo 2 a start).
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Obrazek ¢islo 3. APIT

Ukolem testu je zapamatovat si polohu startu (¢arka na okraji arény), misto &islo 1 (maly
kruh s ¢islem 1) a misto ¢islo 2 (maly kruh s ¢islem 2) a projit tato mista v potadi, ve kterém
byla prezentovana a poté piimou nejkrat$i cestou zpét do startu bez pouziti zraku. Projde

pomyslnou trojuhelnikovou cestu

3.9.2 Dotazniky prostorové orientace

Dotaznik byl navrzen na Neurologické klinice 2. LF UK a FNM na zaklad¢ klinickych
zkuSenosti a ptfedchozich vyzkumit. Subjekty, kterym je dotaznik ptedlozen, vybiraji nejlepsi
odpovéd’, ktera odpovida jejich navigacnim schopnostem v poslednich 3 mésicich. Dotaznik se
sklada celkem z 15 otdzek, rozdélenych do 7 sekci. V prvni ¢asti dotazniku jde o sebeposouzeni
schopnosti prostorové navigace ve 4 riiznych prostfedich, sefazenych od nejvice znamého
je hodnocena podle zavaznosti ptiznakt 0-4 body (0 = nikdy, 4 = kazdy den). Ve druhé casti
dotazniki, se subjektti dotazujeme, zda se ztratily v né¢jakém specifickém prostiedi, hodnocena
je opét zavaznost piiznakill, 0-4 body. Ve tfeti ¢asti pozadujeme od subjektli, aby posoudily
svoje navigacni schopnosti na relativné znamych mistech, hodnotime 0-3 body (0 = stejné nebo
lepsi, 3=vyrazné horsi). Pata ¢ast hodnoti pokles navigacnich schopnosti, ktery vedl k tomu, ze
potiebovaly vétsi pomoc, hodnoceno 0-4 body (0 = nikdy, 4 = kazdy den). Sesta ¢ast se zabyva
odpovédi jsou opét skdrovany podle zdvaznosti ptiznaki 0-4 body (0 = nikdy, 4 = kazdy den).
Posledni, sedma ¢ast, se zabyva tim, jak moc porucha navigacnich schopnosti ovliviiuje celkové
kazdodenni fungovani testované osoby (odpoveéd’ ano = 1 bod, odpovéd ne = 0 bodit). Hodnoti

se celkové skore a jednotliva podskore ke kazdé otdzce.
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3.9.3 Testy vizualni percepce

Test znamych tvaii je pocitacovy test, ktery byl upraven podle Keaneovy studie (Keane,
et al., 2002) pro Ceskou populaci. Testovanym subjektiim jsou prezentovany oblic¢eje 10 velmi
znamych &eskych osob (politici, herci, hudebnici atd.) a 10 neznamych. Ukolem pacienta je,
aby u kazdé prezentované tvare rozhodl, zda se jedna o osobu vSeobecné znadmou nebo

nezndmou. Hodnoti se celkové skore spravnych odpovedi (0-20 bodi).

Test znamych mist je pocCitaovy test, ve kterém je pacientim prezentovano 25 vSeobecné
znamych domdcich nebo mezinarodnich mist (budovy, mosty, sochy atd.) a 25 nezndmych mist,
vizualng podobnych. Ukolem pacienta je oznaéit, zda se jedna o vieobecnd znamé misto nebo
misto neznamé. Prezentované objekty byly do testu vybrany na zéklad¢ ptedchoziho pilotniho
testovani zdravé star$i populace, kdy objekty, které nebyly spravné identifikovany u vice jak

20 % testovanych, nebyly do testu zatfazeny.

Pro test rozeznéani vyrazu tvare jsou pouzity obrazky ze série Ekmana a Friesena (Ekman,
1976), které predstavuji 5 zdkladnich emoci (radost, vztek, smutek, strach a znechuceni). Test
se sklada celkem z 25 prezentovanych tvaii, kdy kazdd emoce je zastoupena na 5 raznych
obrazech s riznymi lidmi. Ukolem pacientt je vybrat ke kazdému obrazku oblieje emoci, ktera

nejlépe odpovida. Hodnoceno bylo celkové skore, tzn. 0-25 bod.

3.10 Terapie

V soucasné dobé je pro pacienty s AN dostupnad pouze 1é€ba symptomatickd a 1écba
kauzalni se zkousi v klinickych studiich II a III faze. V klinické praxi se celosvétové bézné
pouzivaji 4 léky — 3 ze skupiny inhibitorGi acetylcholinesterazy (rivastigmin, galantamin,

donepezil) a memantin.

3.10.1 Farmakologické terapeutické postupy

Inhibitory acetylcholinesterdzy

Princip inhibitorti acetylcholinesterazy spociva v tom, Ze reverzibiln¢ blokuji enzym
acetylcholinesterdzu, ktera zprostfedkovéava rozklad acetylcholinu v synaptické Stérbing, to
nasledné vede ke zvySeni mnozstvi acetylcholinu v nervovych synapsich. Jsou uréeny pro 1écbu
lehké az stiedné tézké demence. Efekt téchto 1€ki (donepezil, galantamin, rivastigmin) byl
potvrzen v fad¢ studii. Nejdelsi, placebem kontrolovana studie, prokazala trvani efektunejdéle

rok po nasazeni bez pteruseni terapie (Mohs, et al., 2001; Hort, et al., 2010), dalsi studie, které
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byly zaméteny na dlouhodobéjsi sledovani, az 5 let, prokazaly zpomaleni progrese symptomu
u lécenych pacientd (Winblad, et al., 2006). Tyto léky zlepSuji nejen kognitivni funkce a
funk¢ni stav pacienta, ale také pfiznivé ovliviiuji behaviordlni a psychiatrické piiznaky
(Feldman, et al., 2001). Kazdy ze 3 inhibitorii acetylcholinesterazy pouzivanych v soucasnosti
k 1écbé AN ma sva specifika. LiSi se farmakokinetikou, selektivitou, sndsSenlivosti a
interakcemi. V Ceské republice je jejich preskripce vazana na obory neurologie, psychiatrie a

geriatrie.

Nejdéle a nejcastéji pouzivany inhibitor acetylcholinesterazy je donepezil, ktery je na
evropském trhu od roku 1997. Je to 1ék s dlouhym polocasem, ve formé tablet se uziva jedenkrat
denn€. Rivastigmin se pouziva od roku 1998, ve form¢ kapsli, ndplasti a peroralniho roztoku.
Je to centralni inhibitor cholinesteraz (acetylcholinesterazy a butyrylcholinesterazy). U pacientt
AN se pouziva spise jako 1¢k 2. volby, kdy je vyhodou jeho moznost podani veformé naplasti,
diky kterym je mozno se vyhnout nej¢astéj§im nezadoucim ucinkiim této 1ékové skupiny, coz
jsou gastrointestinalni obtize. Je 1€ékem 1. volby k 1é€bé demence u Parkinsonovy nemoci.
Galantamin je inhibitor acetylcholinesterazy a alostericky modulator nikotinovych receptora,

pouziva se od roku 2001, ve formé¢ tobolek se uziva jedenkrat denné.

Aktudlné jsou inhibitory acetylcholinesterazy hrazeny u pacientli, u kterych je
vylou¢ena demence jind nez AN, je potvrzena diagnéza AN se stupném postizeni dle mini-
mental state examination Test (MMSE) 25-13 boda. Kontroly MMSE by pak mély probihat
nejdéle v 3 mésicnich intervalech a u pacientl, u kterych nedojde k prokazatelnym ucinkiim
(zastaveni progrese nebo pokles maximalné o 2 body v MMSE), pak neni tato 1écba dale
indikovana. Tyto 1éky jsou obecné dobie tolerovany. Nejcastéjsi nezddouci ucinky jsou
gastrointestindlni obtize, kterym jde pfedejit opatrnou titraci. Kontraindikaci téchto 1€ka kromé

intolerance jsou t¢Z§i srde¢ni prevodni vady a viedova choroba gastroduodenélni.
Memantin

Memantin je nekompetitivnim antagonistou glutamatovych N-methyl-D-aspartatovych
(NMDA) receptord, blokuje jejich chronickou excitabilitu, kterd je potom spojovana se
zvysenou apoptdzou, kvili zvysenému vtoku vépniku do neuronti. Lék je indikovan u pacientt
se stfedné-té¢zkou az té¢zkou demenci, a to bud’ v monoterapii nebo v kombinaci s inhibitory
acetlycholinesterdzy. Tento 1€k je dobfe tolerovan a je hrazen u pacienti, u kterych je vyloucena
demence jind nez AN, je potvrzena diagndéza AN se stupném postizeni dle MMSE 17-6 bodd.
Kontroly MMSE by pak mély probihat nejdéle v 3 mésicnich intervalech a u pacientti, u kterych

nedojde k prokazatelnym u¢inkiim (zastaveni progrese nebo pokles maximalné o 2 body

43



v MMSE), pak neni tato 1é¢ba dale indikovéana. Pfi hodnot¢ MMSE 19-18 boda je memantin
hrazen pouze u pacientl, kteti netoleruji 1éCivé pripravky ze skupiny inhibitorQ

acetylcholinesterazy. Preskripce je vdzana na obory neurologie, psychiatrie a geriatrie.

Vyvoj 1€kt pro 1écbu AN je od 80. let neptetrzity, bohuzel od roku 2004 se na evropském
trhu neobjevil zadny novy 1ék. V 80. a 90 letech byla zdkladem pro vyvoj 1ékt cholinergni
hypotéza. Ta vedla k vyvoji 1€kt které jsou doposud nejpouzivanéjsi a zaroven poslouzila jako
zéklad pro vyvoj dalSich 1€ka: modulatori nikotinovych a muskarinovych receptort, které maji
vliv na cholinergni funkci. Béhem nasledujicich let se objevily i jiné hypotézy terapeutickych
antidiabetika. Nejnovéji se pak testuji 1€ky ovliviiujici tvorbu beta-amyloidu, kam patii jednak
malé molekuly (inhibitory a modulatory y-sekretdzy a inhibitory [3-sekretdzy) a metody aktivni
(vakciny) 1 pasivni imunizace (monoklonalni protilatky). Mimé zpozdén je vyvoj

imunologickych preparatii proti tau proteinu.

3.10.2 Ovlivnéni beta-amyloidu

Teorie amyloidové kaskady a mozné terapeutické ovlivnéni jejiho pribéhu je v popiedi
zajmu od konce 90. let. Amyloidové kaskada je komplexni déj, v ramci kterého probihaji
jednotlivé patologické reakce a v kazdém kroku této kaskady je potencialni terapeuticky cil.
Navzdory rozsahlému preklinickému 1 klinickému vyzkumu 1€kt ovliviiujicich amyloidovou

kaskadu, vSak zatim stale nebyl vyvinut vhodny Iék pro pacienty s AN.

Od roku 2001 probihaji studie s aktivni nebo pasivni imunizaci proti riiznym epitopiim
beta amyloidu - studie s modulatory y-sekretdzy a inhibitory agregace beta amyloidu. Dalsi
kapitolou ve vyvoji 1€Civ byly latky modifikuji pribéh onemocnéni: protilatky proti beta
amyloidu (bapineuzumab, solanezumab, crenezumab, ganterenumbab a nejnovéji aducanumab)
a imunoglobuliny G (IVIG). V soucasné dobé se vyvoj 1€kl zamétuje predevsim na 3 Casti
amyloidové kaskady: vakciny proti beta amyloidu, inhibitory enzymu Stépiciho APP beta 1
(BACE-1) a inhibitory B-sekretazy. V posledni fazi vyvoje je i derivat tamiprosatu, kterybrani
polymerizaci beta amyloidu u APOE &4 homozygott.

Slibnym terapeutickym cilem byl i tau protein, kdy se testovaly pfedevs§im inhibitory
enzymd, které se podileji na fosforylaci tau, inhibitory agregace tau a stabilizatory mikrotubuld

— vysledky jsou ale zatim nejisté.
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3.10.3 Nefarmakologické terapeutické postupy

Lécba AN musi byt komplexni, a krom¢ farmakologickych postupli jsou neméné
dilezité i postupy nefarmakologické. U lehkych a stfedné-tézkych forem je vhodné pacienta
podporovat v obvyklych aktivitdich at” uz s dohledem ¢i dopomoci. Vhodna je kognitivni
rehabilitace nebo skupinové aktivity v ramci dennich stacionaii, kde je vétSi moznost
aktivizace. V tézkych stadiich je pak daraz kladen na individudlni aktivity, nonverbalni
techniky a senzitivni stimulaci. Je tfeba dbat na celkovou kondici, dostate¢nou vyzivu, hydrataci

a pohybovou aktivitu (Frankova, 2015).

3.10.4 Primarni a sekundarni prevence

pted prvnimi klinickymi symptomy, je velky diiraz kladem také na prevenci. U osob, které maji
rizikové faktory se jednd o primarni prevenci a u osob, které jiz v mozku maji amyloid, ale jesté
nemaji klinické ptiznaky se jedna o sekundarni prevenci. Studie zabyvajici se prevenci jsou
velmi naro¢né, protoze vyzaduji dlouhodobé sledovani velkého vzorku subjektli, proto byly
zaméfen¢ predevSim na vSeobecné znamé rizikové faktory (rodinnd anamnéza,
kardiovaskularni onemocnéni, diabetes, fyzicka a dusevni aktivita, urazy hlavy, vyssi vék nebo
MCI) a snazily se vyuzit dostupné a bezpecné l1éky a doplnky stravy. Zkoumal se piredevSim
vliv antihypertenziv, hypolipidemik, estrogenti, vitaminu E a selenu, Gingo Biloby a
nesteroidnich antiflogistik. V soucasné dobé nebyl prokazan presvéd¢ivy ucinek téchto latek

(Vellas, et al., 2012; Kryscio, et al., 2003; Lyketsos, et al., 2007; Schneider, 2008).
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Védecka ¢ast
4. Cile prace a hypotézy

Cilem prace bylo identifikovat v heterogenni skupiné pacientti s MCI jedince, ktefi maji
vyssi riziko rozvoje demence pfi AN za pomoci testll prostorové navigace. Kromé testli
prostorové navigace jsme se snazili najit 1 dalsi casné markery AN, a to jak u pacientii s MCI,

tak u pacienti s SCD. Testy prostorové navigace jsme dale pouzili k objektivizaci efektu

inhibitori acetylcholinesterazy u pacientt s lehkou demenci pti AN.
Stanovili jsme si nasledujici hypotézy:

e Navigace bez pouziti zraku bude postizena jiz v ¢asnych stadiich AN
a bude zavisld na objemu hipokampu, entorhindlniho a dolniho
parietalniho kortexu

e Subjektivné udavané obtiZe s prostorovou navigaci mohou slouzit jako
Casny marker AN

e Vykony v testech prostorové navigace budou horsi u pacienti s MCI a
alelou APOE &4 nez u pacientli bez této alely; mira postizeni bude
zéavisla na poctu €4 alel a objemu hipokampu

e Porucha vizuélni percepce bude ptitomna jiz v Casnych stadiich AN, a
pfedevsim postiZzeni rozeznavani znamych mist by mohlo byt citlivym
markerem k identifikaci pacientii s vétSim rizikem rozvoje AN

e Vykony v testech prostorové navigace mohou slouzit k posouzeni
efektu uzivané medikace u pacientt s lehkou demenci pii AN

e StarSi lidé budou dosahovat v testech prostorové navigace horSich

vysledkil, nez mladsi lidé a budou mit horsi efekt uceni
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5. Metodika

Vysledky dizertacni prace vznikly na zékladé pouziti nékolika riiznych metodik, které

jsou popsany v ramci jednotlivych publikovanych praci.
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6. Zpisob organizace prace a sbéru dat

Sbér dat probihal v Kognitivnim centru pti Neurologické klinice 2. LF UK a FN Motol, na
zavedeném pracovisti, které se problematice kognitivnich poruch vénuje jiz od roku 2004. Pacienti
jsou do centra referovani cestou praktickych 1ékaiti, ambulantnich specialistli a kontaktnich mist
Ceské Alzheimerovské spolecnosti. Kontrolni soubor potom tvofili dobrovolnici z fad ptibuznych
pacientil, zaméstnanct, student Univerzity 3. véku 2. LF UK nebo dobrovolnikd, ktefi se ptihlasili
na zékladé inzerce v médiich. VSichni jedinci po podepséni informovaného souhlasu prosli
kompletnim neurologickym vysetienim vcetné podrobné anamnézy, absolvovali laboratorni
vySetteni k vylouceni sekunddrnich pfi¢in a vySetieni zobrazeni mozku a podrobné
neuropsychologické vysetfeni. Dale byli testovani pomoci experimentalnich testd, které jsou

uvedené v ramci jednotlivych prezentovanych publikaci.

48



7. VyuZziti a prinos vysledki

Vysledky prezentovanych praci jsou dulezitou soucésti vyzkumu ¢asné diagnostiky AN, diky
kterym je mozné ve vySetfovacim procesu pouzit rizné metody s dostatecnou senzitivitou a
specificitou s ohledem na komfort pacienta, ekonomické aspekty, ¢asovou a prostorovou
naroc¢nost. NasSe poznatky umoznuji posunout diagnostiku do prodromélnich stadii a

identifikovat pacienty v riziku, kterym je tfteba vénovat zvySenou pozornost.
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8. Clanky

8.1 Clanky k tématu — abstrakta

8.1.1 Real-space path integration is impaired in Alzheimer’s disease and mild cognitive
impairment

(Mokrisova 1., 2016)

Uvod: PI je dilezitou soudasti prostorové navigace, diky které se jedinec miize pomoci
informaci ze senzorickych zdroji v priitbéhu pohybu vratit zpét do pozice startu. PI je zavisla
na strukturéach, které jsou poskozeny velmi brzy v ramci AN jako je medidlni temporalni lalok

a parietalni ktra.

Cil: Cilem prace je posoudit, zda je PI poskozena u pacientl s poc¢ate¢ni formou AN, ve stadiu
aMCI a zjistit, jakou roli hraje v problematice PI hipokampus, entorhinalni kortex a dolni

parietalni kortex.

Metodologie: 27 pacientti s aMCI, 14 pacientii s asnou AN a 18 kontrolnich subjektti bylo
vySetieni testem APIT. Béhem testu subjekty musely bez pouziti zraku projit ttibodovou trasu
tvaru trojuhelniku, ktera jim byla prezentovana na zacatku kazdého pokusu: start - misto €. 1 —
misto €. 2 — start. Déle vSichni pacienti absolvovali 1,5T MRI mozku, na zaklad¢, které byl

nasledn¢ softwarem FreeSurfer spocitan objem a tloustka jednotlivych mozkovych struktur.

Vysledky: aMCI a AN pacienti dosahovali v testu horSiho vysledku nez kontrolni skupina, a to
predevsim v piesnosti v koncovém bodé APIT (p = 0,042 a p = 0,013). Hipokampalni objem a
tloustka entorhinalniho a parietalniho kortexu vysvétlily 36-45 % rozdilt v pfesnosti PI mezi

kontrolami a aMCI a 28-31 % rozdilu mezi kontrolami a AN.

Zavér: Pl je u aMCI a AN postiZzena pravdépodobné v disledku postizeni meziotemporalnich
struktur a parietalniho kortexu. Testy PI, jako soucdst testovani prostorové navigace, by mohly

byt uzitecné pro identifikaci pacientti s casnou AN.
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8.1.2 Subjective Spatial Navigation Complaints (SSNC) — A Frequent Symptom
Reported by Patients with Subjective Cognitive Decline, Mild Cognitive
Impairment and Alzheimer's Disease

(Cerman J., 2017)

Uvod: V posledni dobé je kladen velky diiraz na vyvoj jednoduchych néstroj k diagnostice
pacientll v ¢asném stadiu AN. Prostorova navigace je postizena velmi casné u pacientii s AN

jiz ve stadiu MCIL.

Cil: Cilem studie bylo zjistit frekvenci subjektivné udédvanych stiznosti s prostorovounavigaci
u pacientit s SCD, aMCI a naMCI a pacientli a demenci pii AN a posoudit, zda jednoduchy
dotaznik zalozeny na téchto stiznostech muze byt pouzit k identifikaci pacientli v Casnych

stadiich AN.

Metodika: Celkem bylo zatazeno 184 osob: pacienti s aMCI (n = 61), naMCI (n = 27), SCD
(n = 63), pacienti s lehkou demenci pfi AN (n = 20) a zdravé kontroly (n = 13). VSichni
podstoupili neuropsychologické vySetfeni a vyplnili dotaznik SSNC. Odpovédi na 15
polozkovy dotaznik byly rozd€leny do 4 kategorii dle tize postizeni (bez stiznosti, mirné, sttedni

a velké stiznosti).

Vysledky: 55% pacientd s aMCI a 64 % pacientli s naMCI, 68 % s SCD a 72 % s AN si
stézovalo na obtiZe s prostorovou navigaci. 38-61 % téchto stiznosti bylo tiZe stiedné zavazné
nebo zavazné. Pouze 33 % zdravych kontrol vyjadiilo stiZznosti na prostorovou navigaci a nikdo
nehodnotil tizi obtizi jako stfedné zavaznou ¢i zdvaznou. Pacienti s SCD, aMCI a AN Ccast¢ji
vyjadiovali stiZznosti na prostorovou orientaci oproti zdravym kontrolam (p < 0,050) po korekci
pro vék, vzdélani, pohlavi, depresivni (OR: SCD = 4,00, aMCI = 3,90, AN = 7.02) a uzkostnou
(OR: SCD = 3,59, aMCI = 3,64, AN = 6,41) symptomatiku,

Zavér: Subjektivni stiznosti na prostorovou navigaci jsou ¢asnym ptiznakem nejen u demence

pti AN, ale také SCD a aMCI a mohou byt odhaleny pomoci jednoduchého a levného dotazniku.
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8.1.3 APOE and Spatial Navigation in Amnestic MCI: Results From a Computer-
Based Test. Journal of Alzheimer's Disease
(Lacz6 J., 2014)

Cil: Cilem prace bylo zhodnotit souvislost mezi genotypem APOE &4 a prostorovou navigaci
u pacientll s aMCI. Dal§im cilem bylo zhodnotit vztah mezi objemem hipokampu a vykonem v

prostorové navigaci.

Metodika: Studie se celkem ucastnilo 74 pacientl s klinicky potvrzenym aMCI (33 pacientis
genotypem APOE jinym nez alela €4, 26 heterozygotnich a 15 homozygotnich nosict alely €4).
Hodnoceny byly vykony v pocitacovych testech egocentrické a allocentrické navigace, které
jsou analogii ptivodnich testli Morrisova vodniho bludisté. U vSech pacientli byla provedena i

MRI mozku, u které byla nasledné provedena automatickd volumetrie hipokamp.

Vysledky: VSichni pacienti méli podobny neuropsychologicky profil, ale po korekci pro vék,
pohlavi, vzd€lani a volné pamétové vybaveni ti pacienti, ktefi méli alespon jednu alelu &4,
dosahovali horSich vysledkii ve vSech ¢astech testl prostorové navigace (p < 0,05). APOE &4
homozygoti dosahovali horsich vysledkii nez heterozygoti (p = 0,021). Objem pravého
hipokampu m¢l vztah k vysledkiim test, a to v allocentrické navigaci a oddaleném vybaveni

(ps > 0.05), ale ne k vysledkiim v testech egocentrické navigace.

Zavér: Pouzitim jednoduchého pocitacového testu pro posouzeni prostorové navigace jsme
zjistili, ze vykony v téchto testech jsou zavislé na genotypu APOE &4 a jsou tim horsi, ¢im vice
alel €4 jedinec ma. Tyto rozdily jsou c¢asteCné vysvétlitelné rozdily v objemu pravého

hipokampu.

8.1.4 Famous landmark identification in amnestic mild cognitive impairment and
Alzheimer’s disease

(Sheardova K., 2014)

Uvod: FLI, FFI a FER jsou kognitivni funkce, které jsou postizeny velmi ¢asn& v pribéhu AN.
FLI, FFI a FER pfedstavuji specifické schopnosti, které jsou typické pro konkrétni oblasti
medialniho temporalniho laloku. Tyto oblasti jsou postupné postizeny v ramci postupu AN.
Dosavadni poznatky o FFI a FER jsou sporné a doména FLI zistava téméf neprozkoumand. Z

neurofyziologického hlediska se pfedpoklada vazba FLI na transentorhinalni oblast, ktera
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byvé postizena nejcasnéji v prubéhu AN. FER se vaze na hipokampus a amygdalu a FFI na
teoreticky nejpozdéji postizeny fusiformni gyrus. Tato hypotéza kombinuje znalosti o Sifeni

AN podle Braakovych stadii se sou¢asnymi poznatky z neuropsychologie.

Cil: Cilem bylo ur¢it, jak jsou tyto tfi kognitivni schopnosti naruSeny u pacientti s aMCI a to

aMClsd a aMCImd. Ptredpokladali jsme, ze FLI by mohlo byt nejspolehlivéjSim testem v

odliSeni zdravych jedinct od aMClsd, ktera je povaZzovéana za prodromalni fazi AN.

Metodologie: Celkem 114 pacienti, 13 s aMClsd a 30 s aMCImd, 29 pacientli s mirnou AN a
42 zdravych kontrol podstoupilo standardni neurologické a neuropsychologické vySetieni a

testy FLI, FFI a FER.

Vysledky: Pacienti s AN vykazovali horsi vysledky u FFI (p = 0,020), FER (p < 0,001) a FLI
(p < 0,001) v porovnani s kontrolni skupinou. Pacienti s aMCImd vykazovali vyrazn¢ horsi
skore pouze ve FLI (p = 0.002), a také byli horsi ve FER, kde ale rozdil nebyl statisticky
vyznamny (0.053). Skupina aMClsd dosahovala signifikantné horsi skore pouze v testech FLI

ve srovnani s kontrolni skupinou (p = 0,028).

Zavér: Pacienti s aMClsd vykazovali izolované poSkozeni omezené na FLI, zatimco pacienti s
aMCImd vykazovali poSkozeni jak v testu FLI, tak v testu FER. Pacienti s lehkou demenci pfi
AN maji rozsahlejsi posSkozeni vizualni percepce, které zahrnuje vSechny zminéné domény.
Vysledky naznacuji, ze testovani pomoci testu FLI miize pfispét k identifikaci pacientd v
CasnéjSim stadiu s rizikem AN. Predpokladame, ze vySetfeni vSech 3 domén muze odrazet
postup neurodegenerace u AN z transentorhinalniho kortexu, pfes amygdalu do fusiformniho

8.1.5 Effect of Donepezil in Alzheimer Disease Can Be Measured by a Computerized
Human Analog of the Morris Water Maze
(Hort J., 2014)

Uvod: Vyvoj 1ékti pro 16¢bu AN je hnan kupiedu Gspéchy na zvifecich modelech testovanych
v Morrisové vodnim bludisti (MWM) a brzdén néslednymi netispéchy v klinickych studiich ve
fazich II nebo III na pacientech. hMWM nam umoziuje vysetiovat allocentrickou 1

egocentrickou prostorovou navigaci podobné¢ jako na zvifatech v MWM.

Cil: Cilem této prace bylo provéfit uziteCnost pocitatového hMWM k posouzeni ucinnosti

terapie donepezilem u pacientt s lehkou demenci pti AN.
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Metodika: Po vstupnim vySetieni v hMWM léCend skupina uzivala donepezil Smg/den (n =
12) a po 28 dnech byla davka navySena na 10 mg/den. Vykon v navigacnich testech po 3

mésicich 1é€by byl srovnan se skupinou pacientd, kteti nebyli 1é¢eni (n = 12).

Vysledky: Donepezil stabilizoval nebo zlepsil vykony v prostorové navigaci po 3 mésicich

uzivani, a to zejména v allocentrickém oddaleném vybaveni (p = 0,014).

Zavér: Pocitacové testy hMWM maji potencial k méteni kognitivniho efektu donepezilu u
lehké demence pii AN. Je to jednoduchy a senzitivni nastroj k méfeni efektu farmak v 1ékovych

studiich.

8.1.6 Spatial navigation in young versus older adults

(Gazova ., 2013)

Uvod: Starnuti je spojovano se zménami v mozku, mimo jiné i v oblasti sttedniho temporalniho

laloku, coz mize mit za nasledek mirné zhorSeni prostorové navigace, zejména allocentrické.

Cil: Cilem této studie bylo porovnat a charakterizovat allocentrickou prostorovou navigaci
(zévislou na hipokampu) a egocentrickou navigaci (zavislou na parietdlnim kortexu) a
schopnost u¢eni u mladych a starSich lidi a dale zhodnotit mozny vliv pohlavi na vykon v

testech prostorové navigace v redlném prostiedi.

Metodika: Do studie byli zafazeni jedinci bez kognitivniho deficitu stanoveného na zakladé
neuropsychologického vySetfeni, nebyla u nich prokdzdna vyrazngjsi 1éze v bilé hmoté ani
hipokampalni atrofie. 24 mladych jedincii (18-26 let) a 44 starSich jedinct, ktefi byli rozdéleni
na zakladé veéku do dalsich dvou podskupin: 60-70 let (n = 24) a 71-84 let (n = 20) bylo
vysetfovano testy prostorové navigace v redlnim prostiedi v hMWM. Hlavni vyhodou téchto
testll je moznost samostatné vysetfit jak allocentrickou tak egocentrickou navigaci a efekt uceni.
Z 8 pokust byl hodnocen 2.-8. pokus, tak aby byla zmirnéna chyba rebound efektu (vyraznéjsi

rozdily ve vykonu mezi 1.-2. pokusem ve srovnani s dal§imi pokusy).

Vysledky: Subjekty ve véku mezi 71-84 lety dosahovaly horSich vysledkii v testech
allocentrické navigace oproti mlad$im jedincim (p < 0,001). V testech egocentrické navigace
zadné statisticky vyznamné rozdily mezi skupinami nebyly. VSechny 3 skupiny subjekta
vykazovaly efekt uceni (p < 0,01). V testech navigace a v efektu uceni nebyly zadné rozdily

mezi pohlavimi. Linearni regrese u starsSich jedinct prokazala linedrni ( = 0,30, p = 0,045) a
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kvadraticky (B = 0,30, p = 0,046) efekt v€ku na allocentrickou navigaci. Nebyl prokazan zadny

vliv v€ku na vykon v egocentrické navigaci.

Zavér: Nase vysledky ukazuji, Ze poSkozeni prostorové navigace u starSich je omezeno pouze
na allocentricky typ navigace, zatimco egocentricky typ a uCeni zGstavaji intaktni. PoSkozeni
tohoto specifického typu prostorové navigace by mohl pomoci odliSit normalni starnuti a

prodromalni AN.

8.2 Clanky k tématu in extenso
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9. Diskuze ke stanovenym hypotézam

9.1 Navigace bez pouziti zraku bude postiZena jiZ v ¢asnych stadiich AN a bude
zavisla na objemu hipokampu, entorhinalniho a dolniho parietalniho
kortexu

Na zakladé ptedchoziho vyzkumu vime, Ze prostorova navigace (za pouziti zraku) je
postizena u pacientii s AN velmi ¢asné, a to jiz ve stadiu aMCI (Hort, et al., 2007) (Laczo, et
al., 2010) (Laczé, et al., 2012). Tento deficit je zplisoben zhorSenou funkci meziotemporalnich
struktur, zejména hipokampu (delpolyi, et al., 2007) (Nedelska, et al., 2012), a parietalniho
laloku (Weniger, et al., 2009) (delpolyi, et al., 2007), které jsou velmi casn¢ poskozeny u AN.

Tyto struktury jsou vSak také zdsadni pro PI, kterd neni ovlivnéna vnéj§im prostiedim nebo

zhorSenou funkci senzitivniho systému, a proto jsme piedpokladali, ze jeji poskozeni, mtze byt

jeste citlivéjSim markerem pro detekci ¢asnych zmén u AN. Pouzitim testu APIT v redlném
prostoru (viz.vyse) jsme tak prokazali, Ze u pacienti s aMCI a demenci pfi AN je vyrazné

zhorsena PI ve srovnani se zdravymi kontrolami.

Ve skupiné aMCI bylo pfitomno poskozeni navigacnich schopnosti ptedevsim v
koncovém bod¢ APIT (start) v porovnani s kontrolni skupinou. U pacientii s AN jsme nasli
stejnou tizi postizeni jako u aMClI, tedy nejhorSiho vysledku dosahovali v poslednim bodu APIT
ve srovnani se zdravymi kontrolami. Mezi skupinami aMCI a AN nebyly zjistény zadné
vyznamné rozdily v PI. Nena$li jsme zddné vyznamné rozdily v pfesnosti ur¢eni 1. a 2. bodu
(misto €. 1 a misto €. 2) v testu APIT. Protoze jsme predpokladali, ze vykon v testu APIT muze
byt zavisly na celkové dosazené vzdalenosti (¢im del$i trasu musi testovany subjekt ujit, tim
vice chyb se na ni miize dopustit), analyzovali jsme také relativni vzdalenostni chybu, ktera
byla pocitana jako piiblizna vzdalenostni chyba ve vztahu k celkové dosazené vzdalenosti. |
zde pacienti s aMCI a AN vykazovali hor$i vysledky nez kontrolni skupina, coz potvrzuje

zhorSenou schopnost navigace u téchto pacientt bez ohledu na celkovou dosazenou vzdalenost.

Dale jsme se zabyvali otazkou, zda hor$i vykon u pacientli s aMCI a AN v testech PIje
zpisoben Spatnym odhadem vzdélenosti nebo Spatnym odhadem thlu, pod kterym cil hledali.
Na zéklad¢ naSich vysledki mizeme fict, Zze skupiny se nijak neliSily v absolutni chybé v
linearni vzdalenosti, ale rozdil byl pouze v absolutni thlové chybé¢ u pacientii s AN v porovnani
se zdravymi kontrolami. U pacientli s aMCI ale nebyl zji§tén rozdil v absolutni tthlové chybé
oproti zdravym kontroldm, a tak neni zcela jasné, zda a jakou mérou miiZe pfispét nespravny
odhad uhlu k celkové horSim vysledkiim v PI u této skupiny pacientti. Zde je prostor pro dalsi

vyzkum.
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V neposledni tfadé nas zajimalo, zda vykony v PI budou ovlivnény atrofii
meziotemporalnich struktur a parietadlniho kortexu. Nase vysledky ukazuji, ze atrofie
hipokampu vysvétluje horsi vykony v PI u 37 % pacienti s aMCI a 28 % pacientll s AN.
Rozdilna tloustka parietalniho kortexu vysvétlila hor$i vysledky PI u 36 % pacienti s aMCI a
29 % pacientd s AN. PredevSim byl zjistén rozdil v tloustce zadniho dolniho parietalniho
kortexu, ktery vysvétloval horsi PTu 45 % pacienti aMCl a 31 % pacienti s AN. Tyto vysledky
jsou v souladu s nasi hypotézou a s predchozimi vyzkumy o vyznamu meziotemporalnich
struktur (Worsley, et al., 2001) (Philbeck, et al., 2004) a zadniho parietalniho kortexu (Philbeck,
et al., 2000) v PI u lidi i na zvifecich modelech (Whishaw & Jarrard, 1996) (Van Cauter, etal.,
2013).

Nedavné studie prokazaly vyrazné postizeni prostorové navigace u demence pii AN i u
MCI i v testech zaméfenych zejména na alocentrickou a egocentrickou orientaci (Serino &
Riva, 2013) a také specificky deficit v prechodu mezi alocentrickym a egocentrickym zptisobem
navigace (Pai & , 2013), coz se vysvétluje hlavn€ postizenim retrosplenialniho kortexu (Byrne,
etal., 2007), jehoz funkce je postizena velmi ¢asné u AN (Pengas, et al., 2010). My jsme na tyto
poznatky navdazali a rozsifili je o zjiSténi, ze postizeni dalSiho typu prostorové navigace — Pl u
AN a MCI byla ovlivnéna zménami objemu hipokampu, entorhinalniho a parietalniho kortexu
(Mokrisova, et al., 2016). VSechny tyto nélezy svédci pro to, Ze prostorova navigace miize byt

vyrazné postizena jiz v ¢asnych stadiich AN.

Hlavnim pfinosem této studie bylo, Ze se jedna o prvni préci, kterd se vénuje zkoumani
PI u aMCI a AN v realném prostiedi. Touto praci jsme se snazili prezentovat test APIT jako
velmi jednoduchy nastroj k vysSetieni PI v ramci kazdodenni praxe, ktery klinikovi miize pomoci

identifikovat pacienty s incipientni AN.

Soucasné poznatky jsou limitované nedostatkem prospektivnich longitudindlnich studii,
které by jednoznacné prokazaly, zda vySetfeni prostorové navigace u osob s rizikem nebo v
preklinickém stadiu AN muze byt prediktorem rozvoje MCI nebo demence pii AN. Hledani
specifického a senzitivniho markeru je diilezité v souvislosti s diirazem na ¢asnou diagnostiku
a perspektivu terapeutické intervence, piedevSim v ptipadé tspéchu probihajicich 1ékovych
studii s Iéky proti beta-amyloidu. V minulosti jsme publikovali vysledky (Laczo, et al., 2010),
kdy pacienti s nékterymi subtypy MCI, ktefi maji obecné vétsi riziko konverze do demence pti
AN, m¢éli deficit v egocentrické i allocentrické prostorové navigaci. To naznacuje, ze vySetieni
prostorové navigace by mohlo predikovat rozvoj AN. Potvrdit tuto hypotézu bude mozné ale

az analyzou mnohaletého sledovani pacientii z Czech Brain Ageing Study, kterd na nasem
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pracovisti probiha. Longitudinalni data na dostate¢ném souboru konvertorti o¢ekavame

pocatkem roku 2019.

9.2 Subjektivné udavané obtiZe s prostorovou navigaci mohou slouzit jako

¢asny marker AN

Cilem této studie bylo popsat a porovnat SSNC u pacienti s SCD, MCI, AN a zdravymi
kontrolami, protoze jsme piedpokladali, Ze tyto stiznosti by mohly slouzit jako jednoduchy
screeningovy nastroj pocinajici AN. K tomu, abychom zjistili SSNC jsme pouzili nami
vytvoieny dotaznik, ktery vychdzel z klinickych zkusenosti a predchoziho vyzkumu a celkem
se skladal z 15 otazek, v ramci kterych pacient hodnotil zdvaznost svych obtizi s prostorovou
navigaci v poslednich 3 mésicich. Na zaklad¢ tohoto dotazniku jsme zjistili, Zze 55 % pacientl
s aMCI, 64 % pacientti s naMCI, 68 % s SCD a 72 % pacientll s AN si stéZovalo na svoji
prostorovou navigaci, 38-61 % t&chto stiznosti pak hodnotili jako stfedn€ zavazné nebo
zéavazné. Naproti tomu ve skupiné zdravych jedincii udavalo obtize s prostorovou navigaci
pouze 31 % pacientl a hodnotilo je pouze jako mirné. Vysledky se nijak nezménily ani po
korekci pro depresivni symptomatiku a uzkost, vék, pohlavi a vzdélani, coz jeste vice podporuje
hodnotu SSNC dotazniku jako jednoduchého screeningového nastroje.

Tyto vysledky jsou v souladu s ptfedchozimi vyzkumy, které dokazuji, ze pacienti s AN
trpi poruchou prostorové navigace (McShane, et al., 1998) (Mapstone, et al., 2003) a tato
porucha byva piitomna i u nékterych pacienti s aMCI (Pai & Jacobs, 2004), ale nikoli u
pacientti s SCD (Hort, et al., 2007). Doposud ale nebyly publikovany zadné studie zabyvajici
se subjektivni poruchou prostorové navigace u pacientti s SCD. Podle definice pacienti s SCD
nemaji zadné objektivni postiZzeni. V nasi praci jsme ale zjistili, Ze jejich profil v dotaznicich
SSNC se spiSe podoba pacientim s aMCI. Toto zjisténi podporuje tvrzeni, ze SCD jako
preklinické stddium AN jiz ma urcity stupeni kognitivniho postizeni, ktery ale nejsme schopni
detekovat standardizovanymi diagnostickymi ndstroji (Jessen, et al., 2014) a maji tak az
dvojnasobné zvysSené riziko rozvoje demence pfi AN v porovnani s kontrolni skupinou bez
SCD. Na zakladé této studie tedy miizeme tvrdit, ze screeningovy dotaznik zalozeny na SSNC
byl schopen tyto pacienty v riziku odhalit, 1 kdyz jejich postizeni zatim neodpovidalo postizeni
z4dné z testovanych kognitivnich domén v ramci neuropsychologického vysSetreni.

Hlavnim zajmem neurovédci i laické vetejnosti je predevsim patologické starnuti, kdy je

AN celosvétoveé vniméno jako jedno z nejvice obadvanych onemocnéni souvisejicich se starim.
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Castym, aviak nedostateéné prostudovanym symptomem AN je topograficka dezorientace. Jiz
v pocatecnich stadiich AN mohou byt pacienti desorientovani v prostoru, coz je ptiznak, ktery
je Casto popisovan jako ,,ztraceni se“ nebo ,,bloudéni’’. Tato skutecnost spolu s perspektivou
casné intervence u AN vedou ke zvySenému zajmu o studium prostorové navigace nejen u
demence pfi AN, ale zejména u pacientii s MCI a SCD, které mohou ptedstavovat prodromalni

stadium AN.

9.3 Vykony v testech prostorové navigace budou horsi u pacientii s MCI
a alelou APOE &4 neZ u pacienti bez této alely; mira postiZeni bude zavisla

na poctu &4 alel a objemu hipokampu

Cilem nasi prace bylo urc€it vliv genotypu APOE €4 na prostorovou navigaci pomoci
hMWM u pacientli s aMCI. V souladu s nasi hypotézou jsme zjistili, Ze pacienti s aMCI, ktefi
maji alesponl jednu alelu €4, dosahuji v testech prostorové navigace horSich vysledkli nez
pacienti, ktefi tuto alelu nemaji. Navic mira poSkozeni prostorové navigace, predevsSim
egocentrické, byla u pacientli s aMCI piimo umérna poctu alel ¢4 — APOE &4 homozygoti
dosahovali horsich vysledkii nez APOE &4 heterozygoti nebo ti, kteti neméli ani jednu alelu 4.
V testech allocentrické navigace vSak nebyl prokazan statisticky vyznamny vztah poctu APOE
€4 alel a vykonem v téchto testech. Diivodem je nejpravdépodobnéji skutecnost, ze homozygoti
€4 jiz dosahovali podlahového efektu, a proto rozdily ve vysledcich v této casti ulohy jiz
nemohly dosdhnout statistické vyznamnosti. Vysledky mohla rovnéZ ovlivnit velikost souboru

homozygotu.

Vysledky potvrzuji ndlezy naSich ptedchozich studii (Laczo, et al., 2010) (Laczo, et al.,
2012) a ukazuji, ze prostorova navigace je ovlivnéna genotypem APOE &4. Déle také potvrzuji
piedpoklad, ze genotyp APOE €4 ma vliv na prostorovou navigaci u starSich osob, podobné
jako na prostorovou pozornost a prostorovou pracovni pamét (Greenwood, et al., 2005)

(Parasuraman, et al., 2002).

Dalsim cilem bylo prokazat, ze atrofie hipokampu je zodpovédna alespon Castecné za
poruchu prostorové navigace u pacienti s APOE &4. Objem pravého hipokampu byl u
homozygotl €4 sniZzen a souvisel pfedev§im s dosahovanymi vysledky v testech allocentrické
navigace a v oddaleném allocentrickém vybaveni. Konkrétné byla tato zavislost pozorovana u

50 % homozygoti &4 v allocentrické Casti testli prostorové navigace a u 69 % v Casti
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oddaleného vybaveni. U heterozygotl €4 vysvétlovala atrofie pravého hipokampu 41 % ptipada
v testech allocentrické navigace a 33 % v testech oddaleného vybaveni. I tyto nalezy
koresponduji s diive zjist€énym vlivem objemu pravého hipokampu na allocentrickou navigaci

(Nedelska, et al., 2012).

Testy prostorové navigace predstavuji jednoduchy ndastroj pro hodnoceni deficitu
prostorové navigace a zaroven jsme diky nim schopni testovat funkéni ale 1 strukturdlni zmény

hipokampu (Gazova, et al., 2012).

Vliv genetické variability na prostorovou navigaci byl prokdzén i v nedavné studii u
mladych jedinct, ktefi byli nosici rizikové alely €4 genu pro APOE a piedstavovali tak
preklinickou AN. U téchto jedincti byla pomoci metodiky fMRI prokazana porucha funkce grid
cells (Kunz et al., 2015). Tato studie tedy naznacuje, ze zmény fungovani grid cells se mohou
objevit jiz ve stfednim véku u rizikovych jedinci. Krom& APOE &4 byl zjistén negativni vliv
na prostorovou navigaci i u dalSich genetickych rizikovych faktort AN, naptiklad genu
TOMMA40 a jeho velmi dlouhé (VL) poly-T varianty (Laczd, et al., 2015) anebopolymorfismu
genu KIBRA (Schuck, et al., 2018). Pfedpoklada se, ze nejen jedinci s rizikovymi polymorfismy
APOE ale i KIBRA mohou byt vhodnou populaci pro terapeutickou intervenci.

9.4 Porucha vizualni percepce bude pritomna jiz v ¢asnych stadiich AN, a
prredevsim test znamych mist, by mél byt citlivy marker k identifikaci

pacientii s vétSim rizikem rozvoje AN

Cilem prace bylo prokazat poruchu vizualni percepce jiz v ¢asnych stadiich AN, ve stadiu
aMCI. K testovani vizualni percepce byly pouzity tii specifické testy, z nichz kazdy testuje
jinou vizualni doménu. Test FFI testuje funkci fusiformniho gyru, test FER testuje funkci
amygdaly a pfilehl¢ oblasti a test FLI testuje funkce parahipokampalniho a lingualniho gyru.
(Gorno-Tempini & Price, 2001) (Young, et al., 1996) .

V nasi pfedchozi praci jsme prokazali, Ze FER na rozdil od FFI miize byt poskozeno u
aMCImd a Ze ani jedna z nich neni postizena u aMClsd (Varjassyova, et al., 2013), coz jsme
potvrdili 1 v ramci této studie, kde pacienti s aMCImd byli statisticky vyznamné horsi predevsim
v testech FER, ale obecné¢ dosahovali horSich vysledkl 1 v testech FLI. V testech FLI byli
pacienti s aMClIsd vyznamné hors$i nez kontroly, v testech FER a FFI jsme ale rozdil mezi

skupinami neprokézali.
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Vysledky této studie potvrzuji, ze deficit FLI je pfitomen u jedincti s aMCI a mtizeme na
jeho zakladé odlisit oba subtypy aMCI (aMCIsd a aMCImd) od zdravych kontrol. Diky
postupnému postizeni riiznych domén v disledku postupu patologickych zmén u AN, mizeme
pomoci téchto testll urcit 1 rozsah strukturalniho postizeni u daného pacienta. Podle Braaka
(Braak & Braak, 1991) se zakladni patologie §ifi postupné a ovliviluje meziotemporalni
struktury v typickém potadi. Na zdklad¢ této teorie mizeme fict, ze FLI odrazi postiZeni
parahipokampalniho a lingualniho gyru, coz odpovida klinickému stadiu aMClsd a postupné
dochazi k dalsi progresi postizeni, kdy se strukturalni postizeni projevi i ve FER, tedy v
pozdé¢jsi fazi patologie, kdy je postizena i amygdala. V dalsi fazi postupu patologie, kdy dochazi
ke zméndm ve vice laterdlnich oblastech temporalniho kortexu zejména fusiformniho
(parietooccipitalniho) gyru, odpovida strukturalni postizeni jiz klinickému stadiu rozvinuté

demence a v testech se ptidava postizeni i FFI.

Na zaklad¢ vyse uvedenych vysledkti predpokladame, ze by tyto testy mohly piinést
cenné klinické informace o postupujicim neuropatologickém procesu a testy FLI by mohly byt

pouzity, jako jednoduchy marker k identifikaci pacienti v riziku rozvoje AN.

9.5 Vykony v testech prostorové navigace mohou slouzit k posouzeni efektu

uzivané medikace u pacienti s lehkou demenci pri AN

Neustale probiha vyvoj novych Iékt, ktery je ovlivnén pozitivnimi vysledky ve fazich II
klinického vyzkumu. Bohuzel mnoho téchto 1¢kti nasledné selhalo ve fazi I1I. Jednim z dtivoda
muze byt 1 skuteCnost, ze k hodnoceni efektu 1é¢iv se pouzivaji rizné neverbalni testy pro
zvitata, které nelze ptfimo srovnat s vysledky verbalnich testi u lidi. Naptiklad v klinickych
studiich s tarenflurbilem, solanezumabem, bapineuzumabem a jinymi byl prokazan pozitivni
efekt na zakladé testovani prostorové navigace u zvifat pomoci MWM, ale tento pozitivni efekt
se nasledné nepodaftilo zopakovat ve fazi III, kde byl efekt hodnocen na zéklad¢ testu ADAS-

cog, ktery ale testuje piedevsim epizodickou verbalni pamét’.

Na zéklad¢ naSich ptedchozich vyzkumii vime, Ze prostorova navigace je poSkozena
velmi brzy v rdmci AN jiz ve stadiu aMCI (Hort, et al., 2007) (Laczo, et al., 2010) (Laczo, et
al., 2012) a to ptedevsim z divodii poskozeni meziotemporalnich struktur predev§im pravého
hipokampu (Nedelska, et al., 2012). Na zdklad¢ cholinergni hypotézy jsme ptedpokladali, ze
pomoci inhibitort acetylcholinesterazy dojde ke zvySeni cholinergni transmise a néasledné ke
zlepSeni funkce hipokampu, a tedy i vykonu v testech prostorové navigace u pacientt s lehkou

demenci pii AN.
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Na zakladé¢ této hypotézy vznikla pilotni studie, ktera vyuzila pocitaCové testy prostoroveé
navigace pro hodnoceni efektu podavané medikace na zlepSeni kognitivnich funkci. Nové
diagnostikovani pacienti, ktefi byli 1é¢eni donepezilem po dobu 3 mésicii, dokazali zlepsit sviij
vykon v testech allocentrické prostorové navigace a oddaleném vybaveni. V egocentrické

prostorové navigaci jsme efekt 1€cby nepozorovali.

Nase vysledky ukazuji, ze pocitacové testy prostorové navigace mohou byt vhodnéjsim
nastrojem k posouzeni efektu inhibitorti acetylcholinesterdzy u pacient s lehkou AN, nez
naptiklad ADAS-cog test, ktery vyzaduje opakované testovani na velké kohorté a delsi dobu

sledovani, aby byla prokdzana funkéni zména.

PocitaCové testy prostorové navigace mohou byt snadnym, casov€é nendrocnym a
spolehlivym ndéstrojem pro diagnostické ucely i preklinickych stadii AN. Klinicky potencial
prostorové navigace je velky také v hodnoceni efektu 1éCby a v monitorovani pribéhu
onemocnéni. Muze byt také vyuzita jako outcome measure v klinickych studiich, kde se testuje
farmakologické i nefarmakologickd intervence. Tento potencial jsme demonstrovali u asné
AN (Hort, et al., 2014) a v odliSném designu byla prok4zéana i zvySend hipokampalni aktivita
béhem navigace u MCI (Gron, et al., 2016).

9.6 Starsilidé budou dosahovat v testech prostorové navigace horsichvysledkii,

nez mladsi lidé a budou mit horsi efekt uceni

K tomu, abychom byli schopni posoudit rozdily ve vykonech v prostorové navigaci u
mladych a starSich osob, jsme pouzili h(MWM v redlném prostiedi. Studie se zii¢astnily mladé
osoby ve véku 18-26, jejichz vykony v prostorové navigaci jsme porovnavali se dvéma
skupinami starSich, kognitivné normalnich subjekti — subjekty ve veéku 60-70 a 71-84 bez

vyrazngj$i hipokampalni atrofie ¢1 vétsich 1€zi v bilé hmoté mozkoveé.

V souladu s nasi hypotézou jsme potvrdili, Ze skupina starSich osob ve véku 71-84 let
dosahuje horSich vykonid v testech allocentrické prostorové navigace a Ze jejich vykon se
zhorSuje se vzristajicim vékem. Neprokdzali jsme Zzadné rozdily ve vykonech mezi
jednotlivymi skupinami v testech egocentrické prostorové navigace. Efekt uceni byl jak v
testech egocentrické, tak i allocentrické prostorové navigace zachovan u vSech skupin. VSechny
nase vysledky jsou v souladu s vysledky ptedchozich studii zabyvajicich se podobnou tematikou

(Moftat, et al., 2006) (Moffat & Resnick, 2002).
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Dale nas také zajimalo, zda jsou ve vykonech v testech prostorové navigace rozdily mezi
pohlavim. Efekt pohlavi na vykonnost v testech prostorové navigace jsme ale neprokazali. Tyto
vysledky jsou v souladu s fadou dalSich praci vychazejicich z priifezovych a epidemiologickych
studii (Chai & Jacobs, 2009) (Woolley, et al., 2010). Nov¢ se vSak objevila data z populacni
studie ziskané pomoci hry Sea Hero Quest, kde na vzorku 2 milionli osob byly zjistény rozdily
mezi muzi a Zenami. Zeny byly primérné o 11% horsi v lokaci cile a pouzivaly jinou naviga¢ni
strategii, kdy vice upfednostiiovaly navigaci egocentrickou (nepublikovana data, prezentovano

dr. Hornbergerem na konferenci ISCAN Magdeburg, 2016).

Z hlediska klinické praxe je dulezit¢ rozli§it normalni fyziologické starnuti od
patologického. V nasi studii jsme prokazali, Ze 1 ptes to, Ze u starSich jedinct dochazi k mirné
poruse prostorové navigace, uceni je stale zachovano (subjekty béhem testu zlepSovaly). Na
rozdil od patologického starnuti napt. v prodromalnich stadiich AN je u€eni u téchto subjekti
poruseno (Hort, et al., 2007) (Laczo, et al., 2012) (Laczo, et al., 2010). Zda se tedy, zZe
prostorové uceni neni u kognitivné normalnich subjektti ovlivnéné vékem a diky tomu, miizeme
odlisit subjekty s fyziologickym poklesem ve vykonech v prostorové navigaci od pacienti v

prodromalnim stadiu AN.
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10. Souhrn

V souvislosti se starnutim populace vzriistd incidence neurodegenerativnich onemocnéni,
a tim 1 osob s demenci, coz predstavuje obrovskou socioekonomickou zatéz pro celou

spolecnost.

Nejcastéjsi pricinou demence u osob nad 65 let je AN. AN je v soucasné dobé onemocnéni,
pro které nemame kauzalni 1é€cbu, dostupna terapie je pouze symptomatickd, a méla by byt
podavana v co nejcasnéjSich stadiich onemocnéni. Se stale hlubSim a piesnéj$im porozuménim
patofyziologii AN se zajem kliniki 1 vyrobct 1éCiv pfesunul predevSim k pacientim v
prodromalnim stadiu, u kterych jsou jesté¢ zachovany aktivity denniho zivota a patologické
zmény mozku nejsou tak vyrazné. Z toho divodu je zapotfebi v klinické praxi pouzivat

jednoduché nastroje, které identifikuji pacienty v riziku rozvoje AN.

Soucasné poznatky z animdlnich i humannich studii konzistentné¢ prokazuji zhorSeni
prostorové navigace ve vyssim veéku. Prostorova navigace je komplex kognitivnich operaci, kdy
k jejimu naruseni mize dochazet na mnoha urovnich a v riznych kombinacich. Predkladana

prace rozsifuje dosavadni informace o allocentrické a egocentrické navigaci a o PI.

Predkladana préce rozsifuje dosud zndmé poznatky v této oblasti. Nase vysledky podporuji
hypotézu, Ze vySetfeni prostorové navigace jak PI tak allocentrické navigace, které jsou zavislé
na funkci hipokampu a dalSich meziotemporalnich struktur a parietalniho kortexu, jez jsou
postizeny velmi Casné¢ vramci AN, jsou vhodnym markerem k identifikaci pacientd v
prodromalnim stadiu AN. VySetfeni prostorové navigace je nejen vhodnym diagnostickym
markerem, jejiz pocitacova verze by mohla umoznit toto vySetfovani i v $ir$i klinické praxi, ale

také se nam podaftilo prokazat jeji snadné vyuziti v ramci hodnoceni efektu 1éCiv.

Skutecnost, Ze prostorova navigace a jeji postizeni je pfitomno velmi Casné, ato jiz v
preklinickém stadiu AN, jsme prokézali i tim, Ze jsme poukazali, jak dilezité jsou subjektivné
udavané stiznosti na navigaci. Na zaklad¢ naSeho vyzkumu predpokladame, Ze tyto obtize jsou
pritomny jiz ve stadiu SCD, kdy jsme schopni je detekovat pomoci dotazniku, 1 kdyz jiny
objektivni kognitivni deficit na zaklad¢ bézného neuropsychologického vySetieni jesté neni

pfitomen.

V neposledni fad¢ jsme se zabyvali i jinymi testy, které jsou schopny odliSit pacienty v
prodromalnich stadiich AN, a to testy vizudlni percepce. Zde se ukazalo, Ze predevSim
pocitacovy test FLI je dostatené senzitivni a specificky pro identifikaci rizikovych pacientli a

vyzaduje pouze minimalni vybaveni a ¢as testujiciho.
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Soucasny vyzkum prostorové navigace a jeji klinické vyuziti je limitovano nedostatkem
longitudinalnich studii. Pfedkladand prace vychazi z metodiky BVA, ale v oblasti vyzkumu
prostorové navigace v soucasnosti neexistuje jednotné doporuceni. VéEtSina laboratoti pouziva
vlastni testy, které nejsou navzajem srovnatelné, a vysledky tedy nelze jednoduSe reprodukovat.
DalSim problém na poli tohoto vyzkumu je skute¢nost, ze nemame dostatek informaci o tom,
co je ,,normalni“ navigacni chovani v riznych v€kovych skupinach. Tento problém by mohly

objasnit pouze populacni studie.
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11. Summary
The increasing number of neurodegenerative diseases and people with dementia is related
to the aging of population and is associated with significant socioeconomic burden of the whole

society.

The most common cause of dementia in people over 65 is Alzheimer Disease (AD). AD is
currently a disease that has no causal treatment. The available treatment is just symptomatic
and should be given at the earliest stages of the disease. Together with the deeper and more
accurate understanding of the AD pathophysiology, the general interest of clinicians and
biopharmaceutical companies has moved towards patients in prodromal stages with preserved
activities of daily living and mild pathological brain changes. Because of that, there is a need
for effective and simple tools for identifying patients in the early stages of the disease or with

high risk for AD development.

This paper extends the current knowledge in this field. Our results support the hypothesis,
that examination of spatial navigation — both path integration and allocentric navigation that are
dependent on the hippocampus and other mesiotemporal structures and parietal cortex affected
early in the AD are the reliable markers for identification patients in prodromal stages of AD.
Examination of spatial navigation is not only a valuable diagnostic marker but may be also a

reliable and easy-to-use tool to evaluate the effect of drug treatment.

We found that spatial navigation impairment is present very early, inpre-clinical stages of
AD. This may address the importance of subjective spatial navigation complaints in older
population. Based on our research, we assume that spatial navigation difficulties are present
already in the SCD stage, where they can be detected with a specific questionnaire even if there

is an absence of other objective cognitive deficits in neuropsychological examination.

We also used the other tests including the tests of visual perception that are able to identify
patients in prodromal stage of AD. Our results have shown that especially computer test FLIis
a sensitive and specific tool for identification of patients at risk for AD, which is time-saving

and requires very little additional equipment.

Current research of spatial navigation and its clinical use is limited by the lack of
longitudinal studies. This thesis is based on the BVA methodology, but currently there is no
uniform recommendation in spatial navigation research. Most laboratories use their own tests

that are not comparable and cannot be easily reproduced. Another problem of this research is
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that we don’t have enough information about “normal” navigation behaviour in different age

groups. This problem could be solved only by population studies.
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inferior parietal cortices in this association.

Path integration (PI) depends on structures affected early in Alzheimer’s disease (AD).
We examined PI in patients with mild AD and amnestic mild cognitive impairment (aMCI) and assessed the role of the hippocampus, entorhinal and

We used a novel real space Arena Path Integration Task.
AD and aMCI subjects were impaired in Placcuracy.
Hippocampal volume and thicknesses of entorhinal and parietal cortices partially explained differences in PI between controls, aMCI and AD subjects.
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abstract

Introduction: Path integration (PI) is an important component of spatial navigation that integrates self-
motion cues to allow the subject to return to a starting point. PI depends on the structures affected early
in the course of Alzheimer’s disease (AD) such as the medial temporal lobe and the parietal cortex.
Objectives: To assess whether Pl is impaired in patients with mild AD and amnestic mild cognitive impair-
ment (aMCI) and to investigate the role of the hippocampus, entorhinal and inferior parietal cortex in this
association.
Methods: 27 patients with aMCI, 14 with mild AD and 18 controls completed eight trials of Arena Path
IntegrationTask. Thetaskrequired subjectswithamaskcoveringtheireyestofollowanenclosed triangle
pathway through two previously seen places: start-placel-place2-start. Brains were scanned at 1.5T MRI
and respective volumes and thicknesses were derived using FreeSurfer algorithm.
Results: Controlling for age, education, gender and Mini-Mental State Examination score the aMCI and AD
subjects were impaired in PI accuracy on the pathway endpoint (p = 0.042 and p = 0.013) compared to con-
trols. Hippocampal volume and thickness of entorhinal and parietal cortices explained separately 36-45%
of the differences in PI accuracy between controls and aMCI and 28-31% of the differences between
controls and AD subjects.
Conclusions: PI is affected in aMCI and AD, possibly as a function of neurodegeneration in the medial
temporal lobe structures and the parietal cortex. PI assessment (as a part of spatial navigation testing)
may be useful for identification of patients with incipient AD.
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1. Introduction

Spatial navigation is the process of determining and maintain-
ing a course or trajectory from one place to another [1] and its
impairment is seen mainly in older adults, limiting considerably
independence and quality of life [2-5]. Spatial navigation difficul-
tiesmay also beafirsthallmark of Alzheimer’s disease (AD) evident
at the stage of amnestic mild cognitive impairment (aMCI) [6-9].
Most of the studies dealing with spatial navigation used tests under
visual control [3,4,6,8-10]. However, impairment of vision among
older adults may adversely influence, or even prevent, spatial nav-
igation testing. Thus testing of a specific type of spatial navigation,
path integration (PI), that is independent of vision control and
depends on the brain structures affected very early in patients with
AD, on the medial temporal and parietal lobe [11-13] may be more
specific for early AD changes.

Pl is a strategy of spatial navigation that uses cues from different
sensory sources that are entirely self-generated during locomotion
to estimate position relative to a known starting point without ref-
erence to visual or external landmarks [14]. The cues are derived
from vestibular system (translational and rotational accelerations),
proprioception (feedback from muscles, tendons, and joints) [15] or
visual system (linear and radial optic flow) [16]. PI is an uncon-
scious process that happens automatically whenever an individual
is moving around its environment. It allows an individual to keep
track of its own position in space, in relation to its home baseor  a
fixed starting point. The information about homeward direction and
distance is maintained by a continuous integration of moment- to-
moment changes to update the position [17]. This allows one  to
return to the starting point along the shortest path without any
external (e.g. visual) cues [18]. Signals from vestibular sys- tem,
proprioception and optic flow in mammals are integrated in specific
brain structures, in which neural cells encode information about
position and movement in space. The most important brain

structures for PI in animals are the hippocampus with place cells
[19,20], entorhinal cortex with grid cells [20,21] and posterior pari-
etal cortex [22]. Lesions of these brain structures may impair the
ability of animals to integrate path [22,23].

The medial temporal lobe structures and parietal cortex are fur-
ther important for PIin humans. PI deficits were found in patients
after medial temporallobe resections, who wereimpaired inrepro-
ducing a complex route [24] or walking without vision toward a
previously seen goal [25], and in patients with hippocampal atro-
phy, who were impaired in reproducing rotational displacements
[26]. However, more recent reports suggested that in tasks with
spatialworkingmemory demands, medialtemporallobestructures
may not be necessary for successful return to the starting place
after short outward paths [27,28]. Other studies suggested that the
medial temporal lobe structures may be essential forpreliminary
estimates of the target path and that patients with medial temporal
lobe lesions are not impaired in PI tasks, which do not require tra-
jectory prediction (e.g. in the experimenter-guided walking tasks)
[29]. In contrast, patients with posterior parietal cortex lesions are
not impaired at walking to the previously seen targets [30],
however, inhibition of this brain area by repetitive transcranial
magneticstimulation disrupts perceptionof angular displacements
[31].

Impairment of medial temporal lobe structures and parietal cor-
tex has been demonstrated even in the early stages of AD and also
inaMCland may help to explain why spatial navigation deficits are
commonly observed in patients with AD and aMCI [6-9]. To the
best of our knowledge, none of the studies examined PI in aMCI
and AD patients as a potentially important type of spatial naviga-
tion. There are several studies which examined PI in cognitively
normal older subjects [32-35] and demonstrated that older adults,
compared toyoungerindividuals, wereless successful inreturning
to the starting point on triangle completion task. However, most of
these studies shared the limitation of using virtual space [33,35],

Fig. 1. Example of the recorded path of a hypothetical median control subject in eight trials of APIT. The large red circles with numbers inside indicate the correct start and

goal positions, the small open blue circles indicate the goal positions as estimated by the subject. Each path begins at the small filled red circle, near to the short line sign on

the arena wall that indicates start position. The first and the second trial further demonstrate the way of computation of the absolute distance (d1-d3) and absolute angular
(al-aB) errors, respectively. For explanation see the Methods section in the body of the manuscript. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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where the subjects are not able to use self-generated cues derived
from vestibular system and proprioception as in the real space.
As we reported previously, spatial navigation impairment is a
very frequently reported clinical symptom in patients with AD and
aMClI[6,8,9,36]. Patients withaMCl are first and foremostimpaired
in allocentric navigation and later in the disease progression also
in route learning and egocentric navigation [2] as a result of AD-
related changes in the hippocampus and posterior parietal cortex,
respectively [10,12,37]. These impairments have been frequently
connected with visuo-perceptual and optic flow perception deficits
[38,39]. Here, we build on this research by examining PI in real
space as an additional marker of spatial navigation deficits indica-
tiveofcognitiveimpairmentduetounderlying AD-relatedchanges.
We expected that PI performance would reliably distinguish AD and
aMClpatientsfromcognitivelynormal olderadults. Thenextaimof
this study was to assess the associations among volumetric mea-
sures of medial temporal lobe structures (the hippocampus and
the entorhinal cortex) and the inferior parietal cortex and scores
from the PI task in AD and aMCI patients. We expected that PI
performance would be associated with hippocampal volumeand
thicknesses of the entorhinal and the inferior parietal cortices.

2. Methods
2.1. Participants

A total of 46 patients with aMCI and mild AD were recruited
at the Memory Clinic, Department of Neurology, Motol Univer-

sity Hospital and 2nd Faculty of Medicine, Charles University in
Prague. Cognitively healthy controls (n = 19) were patients’ care-
givers, family members or students of the University of the Third
Age, associated with 2nd Faculty of Medicine, Charles University in
Prague. All subjects underwent neurological, internal, and lab-
oratory evaluations, clinical scaling, brain MRI with subsequent
automated volumetry, neuropsychological examination, and PI
testing in the real-space navigation setting called the Blue Vel- vet
Arena (BVA) within two months. Participants with depression (>5
points on the 15-item Geriatric Depression Scale), Hachin- ski
Ischemic Scale score >4 or moderate to severe white matter lesions
on MRI (Fazekas score 2 points) were not included in this study.
Based on these inclusion criteria 6 participants (9.2%) con- trol (n =
1), aMCI (n = 3) and AD (n = 2) were not included in this study.
Patients were classified into three groups based on clin- ical criteria,
results of the neuropsychological tests, subjectively reported
memory complaints and information provided by the patients’
informants. (1) Mild AD group (n = 14) met the Diagnostic and
Statistical Manual of Mental Disorders IV criteria for demen- tia and
the National Institute of Neurological and Communicative Disorders
and Stroke and Alzheimer Disease and Related Disorders
Association criteria for probable AD [40]. (2) aMCI group (n = 27)
met Petersen’s criteria for MCI [41]. All participants had memory
complaints, scored 1.5 SD lower than the control group in mem- ory
tests and had Clinical Dementia Rating global score no greater than
0.5 [42]. (3) Control group (n = 18) was without neurologi- cal and
psychiatric disorders and memory complaints, which was
subsequently confirmed by neuropsychological testing, and had a



L. Mokrisova et al. / Behavioural Brain Research 307 (2016) 150-158 153

500_' * * *
v — Expected
% 450 - = - Observed
E
T 400
‘?"_J. r'—"__’.-""-.._.
=
2 350—
[
=
£
= 300+
(%]
c
]
® 250
o
200—
| | |
control aMCl AD

Fig. 3. The differences between total distance covered (Observed) and expected total
distance covered (Expected) in the APIT for each group. * p < 0.05. AD: Alzheimer’s
disease; aMCI: amnestic mild cognitive impairment.

CDR score of 0.0. All participants involved in this study had signed
written informed consent that was approved by a local ethics com-
mittee of the Motol University Hospital.

2.2. Neuropsychological testing

Comprehensive neuropsychological battery that was used to
assess all cognitive domains included: Mini-Mental State Examina-
tion (MMSE), the Auditory Verbal Learning Test (AVLT), Enhanced
Cued Recall test (ECR), Rey-Osterrieth Complex Figure copy and
reproduction (ROCF), Digit Span forward and backward, Digit Sym-
bol Substitution Test, Trail Making Test A and B (TMT A and B),
Controlled Oral Word Association test (COWAT) and Boston Nam-
ing Test (BNT).

2.3. Blue velvet arena

The PI test_the Arena Path Integration Task (APIT) was per-
formed in the real-space navigation setting called BVA [36,43], a
fully enclosed cylindrical arena 2.8 m in a diameter surrounded by
a2.9m high dark blue velvet curtain. A TV camera above the cen-
ter of the arena enabled recording the position of an infrared light
emitting diode, whichwas on the top of aheadset placed on the sub-
jects” heads. At the top of the arena eight laser pointers mounted at
45° intervals created eight circles 12 cm in diameter on the arena
floor and were used as indicators of the two goal places (place 1,
place 2) of the triangle pathway. Decimal point signs on eightlarge
digital numerical displays, hanging at45° intervals 1.5mabove the
floor, indicated starting point of each path. The laser circles and
numerical displays were invisible to the subject, unless they were
turned on.

2.4. The path integration test the arena path integration task
(APIT)

The APIT was designed as a form of the triangle completion task
in real space, enabling to record errors in estimation of all three cor-
ners of a triangle [44]. The task involved free navigation on triangle
paths from a starting point through two indicated places back tothe
start. Each subject began each trial at one of eight fixed positions on
the arena periphery, marked by a circle sign on a numerical display
on the arena wall. The order of eight starting positions was pseudo-
random but same for all subjects. The subject was instructed to align
by hand touching the arena walls and face the arena center. Then two
positions were indicated one by one by a laser indicator —place 1
and place 2. The first place was to the left or right from the start

positionalternately in the eight trials (from the subject’s view when
facing the arena center). The examiner asked subjects to point at
each position by hand (to ensure they understood) and remember
them to walk through both positions in the same order back to the
starting place. Then the subject was instructed to navigate to place
1, place 2and back to the starting place with amask on his/ her eyes.
Before going to each place, the subject should first turn to face its
assumed position and then go straight. When the subject thought
to be at the desired destination, the examiner marked his/her posi-
tion in computer software (see Fig. 1). No feedback was provided
to the subjects. An assistant was present inside the BVA setting to
prevent subjects from falling down or accidentally hitting the arena
wall. None of the participants hitor had to be stopped before hitting
the arena walls.

Three measures of the subjects’ performance on each target
placepositionin APITwereusedintheanalysisand computed from
the recorded subject coordinates at the estimated position of each
target place. The distance in centimeters between the estimated
and correct position (place distance error) for starting place at the
end of the enclosed triangle pathway (placel-place2-start) repre-
sented the overall Placcuracy. To distinguish whether the changes
inPlaccuracy inpatients were caused by thelinearand angularnav-
igationcomponents, weused twoadditional measures. The absolute
distance error (d) was computed as the absolute difference between
the estimated and correct distance between the last two consecu-
tive places (place2-start) on the triangle pathway. Both estimated
and correct distance to the starting place was computed from the
previously visited place (place2) on the triangle pathway (i.e. not
from the correct place2 position). Similarly, the absolute angular
error (d) was computed as the absolute differences between esti-
mated and correct heading from the last but one place (place2) to
the last place (starting place) of the triangle pathway (also com-
puted from the previously visited place and not from the correct
place2 positions). The same procedures were used to calculate place
distance error, absolute distance error and absolute angularerror
for the first two places of the enclosed triangle pathway (placel
and place2) representing a combination of visuo-spatial memory
and PI ability. See Fig. 1 for graphical explanation.

Additionally, because the degree of error in PI may be propor-
tional to the distance travelled at each point within the triangle [45],
we used an additional measure, the relative place distance error. It
was calculated as a proportion of place distance error over the
total distance covered. The total distance covered was computed
as a sum of the distances between the consecutive correct places
(placel, place 2 and starting place) across the enclosed triangle
pathway.

2.5. MRI acquisition and analysis

Brain scans were performed at 1.5T device (Siemens AG,
Erlangen, Germany) using T1l-weighted 3-dimensional high res-
olution magnetization-prepared rapid acquisition with gradient
echo (MP-RAGE) sequence with the following parameters:
TR/TE/TI=2000/3.08/1100 ms, flip angle 15°, 192 continuous parti-
tions, slice thickness 1.0 mm, and in-plane resolution 1 mm. Scans
were visually inspected by a neuroradiologist to ensure appro- priate
data quality and to exclude patients with a major brain pathology
that could interfere with cognitive functioning such as cortical
infarctions, neoplasm, subdural hematoma or hydro- cephalus. We
used fully automated FreeSurfer algorithm (version 5.3.0;
http:/ /surfer nmr.mgh harvard.edu), described in details elsewhere
[46,47] to measure cortical thicknesses and hippocam- pal volumes.
The outputs from FreeSurfer were visually checked for any potential
errors.

To limit the number of multiple comparisons, only regions
known to be involved in PI [21,22,24,26,40,41] were included in
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Fig. 4. Correlations (Pearsons’) between place distance error and hippocampal volume (a), entorhinal thickness (b) and inferior parietal thickness (c). cm: centimeters; mm:
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the analyses. These included hippocampal volumes and thickness
measurements of entorhinal and inferior parietal cortices. The dis-
tributions of hippocampal volumes and all thickness measures
were assessed and no substantial outliers were identified. Hip-
pocampal volumes were corrected for the differences in head size
by regressing the estimated total intracranial volume (eTIV) using
this formula: Hippocampal volume; (adjusted) = hippocampal
volume; (baseline) B(eTIV:eTIV mean), where eTIV;, = the ith
subject’s eTIV, eTIV mean=overall average eTIV, and B=the slope
of the hippocampal volume regression on eTIV. Cortical thick-
ness derived from aforementioned areas was not eTIV adjusted.
Finally, the volumes and thicknesses were reported as a mean of
the left and right side. We also included arbitrary brain structure
measure_brainstem volume as a covariate in the analyses. The
brainstem volume was corrected for differences in head size using
the same formula as for hippocampal volumes.

2.6. Data analysis

A one-way analysis of variance (ANOVA) in a general linear
model (GLM) with post hoc Sidak’s test evaluated mean differ- ences
between the groups in age, years of education, MMSE, and
neuropsychological measures. The X test evaluated differences in
proportions (gender). Data from APIT were found to be adequate for
parametric analysis skewness was consistently less than 1.5 (i.e. 1.4
in the control group, 1.1 in the aMCI group and 0.9 in the AD
group).

The averages of place distance, absolute distance and absolute
angularerrorsacross the eight trials for the starting place were used

in the main Pl analyses as the dependent variables, whereas group
status was the independent variable. For analysis, we used a one-
way analysis of covariance in a GLM with one between-subjects
factor (group: controls versus aMCI versus AD). Again, post hoc
Sidak’s test was used to compare individual groups. Age, gender,
andeducation, whichmay affectspatialnavigation, werecontrolled
to provide more conservative estimates of the hypothesized associ-
ations. Because spatial navigation canalso beinfluenced by general
cognitive function, we controlled for the MMSE score as well.

Since the groups differed in gender distribution, we also
reported the main effect for gender and gender-by-errors interac-
tions, which reflect potential gender differences in PI performance
among the groups. To eliminate the potential effect of outlierson
differences in PI performance, we repeated the main PI GLM anal-
yses without scores that were more than 2.5 SDs away from the
mean. Thelearning effectacross the 8 trials was evaluated for place
distance error using a separate repeated measures GLM analysis
with the group (controls versus aMCI versus AD) as a between-
subjects factor and trial (trials 1-8) as a within-subjects factor
controlling for age, gender, education and MMSE score.

Next, werepeated the main fully adjusted PIGLM analysis with
another dependent variable, relative place distance error, to control
for the total distance covered by each subject. To assess whether
total distance covered whilewalking the triangle was differentfrom
the expected total distance covered (sum of the distances between
the consecutive correct places — placel, place 2 and starting place),
we used repeated measures GLM analysis with the group (controls
versus aMCI versus AD) as a between-subjects factor and differ-
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ence between distances (expected total distance covered versus
observed total distance covered) as a within-subjects factor.
Additional GLM analyses with average place distance, absolute
distance and absolute angular errors across the eight trials for the
placel and place2 as the dependent variables and group status as
theindependentvariablecontrollingforage, gender, educationand
MMSE score were used to assess for differences in a combination

of visuo-spatial memory and Pl abilities. To eliminate the potential
effect of outliers werepeated the GLM analyses without scores that
were more than 2.5 SDs away from themean.

Further, to assess the influence of medial temporal lobe structures
and parietal lobe on PI accuracy, we estimated three separate GLM
analyses identical to the main PI GLM analysis (with the place
distance error for the starting place as the dependent variable), while
also controlling for hippocampal volume, thick- ness of the
entorhinal cortex, or thickness of the inferior parietal cortex. Further,
we examined the proportion of the association
accounted for by these structures with the following formula:

% accounted for = (adjusted mean differencesasicmodel — adjusted

mean differencemodelwithvolumetricmeasurements/ adeSted
differencevasicmodel) 3800.

Finally, to assess the ability of APIT to discriminate the con- trol
group (reference) from the aMCI and AD groups relative to standard
neuropsychological tests, the Receiver operating charac- teristics
(ROC) analysis was performed, with calculation of the size of the area
under the ROC curve (AUC), sensitivity and specificity for PI
accuracy (place distance error) and significance of the differences
between AUCs of PI and neuropsychological measures.

Statistical significance was set at two-tailed (alpha) of 0.05. All
analyses were conducted using SPSS for Windows. Significance of
the differences between the AUCs was calculated with the statisti-
cal tool on http:/ /vassarstats.net/roc.comp.html [48].

mean

3. Results

The groups did not differ in age (F[2,56] =0.63; p = 0.538) or
years of education (F[2,56] = 1.88; p = 0.162), but there were more
women in the control group than in the aMCI and AD groups (83%
vs. 37% and 29%, X*[2] = 12.37; p = 0.002). The groups were different
in global cognitive functioning measured by the MMSE score (F[2,56]
=27.36; p <0.001). Specifically, the AD group had lower MMSE score
compared to the control (p <0.001) and aMCI (p <0.001) groups. The
descriptive comparisons regarding demographic characteristics and
neuropsychological measures are displayed in Table 1.

3.1. Path integration

In the main GLM analysis with the place distance error on the
pathway endpoint (starting place) as the dependent variable, con-
trolling for age, gender, education and MMSE score, the groups
differed in PI accuracy (F[2,53] = 4.89; p = 0.011). Specifically, the
aMCI group exhibited poorer PI accuracy than the control group
on the pathway endpoint (p = 0.042). The AD group also exhib-
ited poorer PI accuracy than the control group on the pathway
endpoint (p = 0.013), see Fig. 2a. The effect of gender was not
significant (F[1,53] = 1.75; p = 0.193). Further, there was no sig-
nificant gender-by-place distance error interaction (F[2,53] =2.19;
p = 0.123) indicating no gender differences in PI accuracy among
the groups. In the subsequent GLM analyses, we used the same
models without scores that were more than 2.5 SDs away from
the mean (1.7% of all scores). This adjustment did not change the
results. In the repeated measures GLM analysis, the effect of trial
was not significant (F[7,364] = 0.59; p = 0.763), indicating no sig-
nificant learning effect across consecutive trials on the pathway

Table 1
Demographic and neuropsychological characteristics of the groups.

Controls aMCI AD P value
Participants 18 27 14
Men/women 3/15 17/10 10/4 0.001
Age, years 71.3 (6.6) 70.2 (7.8) 75.0 (7.2) 0.538
Education, years  15.5 (3.0) 15.4 (3.4) 12.4 (2.9) 0.162
MMSE score 29.2 (0.9) 27.4 (2.3) 21.5 (3.6)"" <0.001
GDS 2.6 (3.5) 3.7 (3.1) 3.6 (2.6) 0.471
AVLT1-5 47.8 (6.6) 34.00 (7.0)"" 25.20 (8.8)"" <0.001
AVLT30 9.3 (3.0) 4.0 (3.4 1.5 (2.4)" <0.001
TMT A 31.3 (12.4) 47.3 (34.9) 81.9 (40.0)" 0.002
TMTB 90.6 (26.5) 160.1 (95.9)" 269.1 (68.6) " <0.001
COWAT 44.5 (13.1) 34.9 (9.1)" 27.2(9.4)"" <0.001
ROCF-C 30.0 (4.5) 31.0 (3.7) 27.6 (5.1) 0.070
ROCF-R 17.2 (5.4) 10.2 (6.5)" 5.9 (8.0)" <0.001
DigitSpan 9.1 (2.2) 8.7 (2.5) 6.9 (2.3) 0.038
DigitSpanR 6.4 (2.1) 5.1 (2.5) 4.0 (1.9)" 0.027
ECR-FR 9.9 (2.1) 5.4(3.4)" 2.2 (2.3)" <0.001
ECR-TR 15.9 (0.3) 13.3 (3.8) 9.9 (4.6) 0.001
BNT 2.8 (2.8) 4.6 (3.9) 9.0 (3.5) <0.001
Digit Symbol 43.2 (10.2)  36.2 (13.0) 18.5 (6.9)" <0.001

Demographic and neuropsychological characteristics of the groups. Values are
means (SD). SD is used here to allow direct comparison of the groups based on the
diagnostic criteria. An impairment of at least 1.5 SD from the control group in
memory tests either verbal or non-verbal defined the aMCI group. P-value indicates
the level of significance in the differences among all groups. AD: Alzheimer’s dis-
ease; aMCI: amnestic mild cognitive impairment; GDS: Geriatric depression scale;
AVLT: Auditory verbal learning test; AVLT 1-5: trials 1-5 total; AVLT 30: word recall
after 30 min; TMT A and B: Trail making tests A and B, time to completion; COWAT:
Controlled oral word association test—Czech version using letters N, K and P; ROCF:
Rey-Osterrieth complex figure test, C—copy, R—reproduction; Digitspan R: reversed
Digit span; ECR-FR: Enhanced cued recall test —free recall; ECR-TR: Enhanced cued
recall test—total recall; BNT: Boston naming test; Digit Symbol: Digit symbol sub-
stitution test.

" p<0.05.

" p<0.01.

" p < 0.001, compared with controls by ANOVA with post hoc Sidak’s test.

e

endpoint in the sample overall. Finally, there was no significant
group-by-trial interaction (F[14,364] = 0.83; p = 0.638), indicating
that differences in learning between the groups were not signifi-
cant.

To control for total distance covered on the enclosed tri- angle
pathway, which may influence the degree of error in PI [45], the
relative place distance error calculated as a propor- tion of place
distance error over the total distance covered was entered as a
dependent variable to the fully adjusted main PI GLM analysis.
The groups differed inrelative place distance error on the pathway
endpoint (F[2,53] = 5.18; p = 0.009). Specifically, the aMCIl and AD
groups exhibited higher relative place dis- tance error on the
pathway endpoint than the control group on the pathway
endpoint (p=0.041 and p=0.009, respectively). The next repeated
measures GLM analysis revealed the main effect for difference
between expected vs. observed distances travelled (F[1,56] =
217.97; p < 0.001), indicating that, on average, the partic- ipants
covered less total distance than the expected total distance. There
was no significant group-by-difference between distances
interaction (F[2,56] =0.39; p =0.678), indicating that the groups did
not vary with respect to the difference between the expected vs.
observed distance travelled, see Fig.3.

When the absolute linear distance error on the return path was
entered as the dependent variable into the main GLM analysis, con-
trolling for age, gender, education and MMSE score, the groups
did not differ in linear distance error (F[2,53] = 2.71; p = 0.076),
see Fig. 2b. The effect of gender was not significant (F[1,53] =0.39;
p =0.538). Further, there was nosignificant gender-by-absolutelin-
ear distance error interaction (F[2,53] = 0.85; p =0.435) indicating
no gender differences among the groups. Re-running these anal-
yses without scores that were more than 2.5 SDs away from the
mean (3.4% of all scores) did not change the results.
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When the absolute angular error on the return path was entered
as the dependent variable into the main GLM analysis, controlling
for age, gender, education and MMSE score, the groups differed in
angular error (F[2,53] =3.48; p =0.039). Specifically, the AD group
had higher angular error than the control group on the pathway
endpoint (p=0.034). TheaMCl group did not differ from the control
group on the pathway endpoint (p =0.200), see Fig. 2c. The effect of
gender was not significant (F[1,53] =3.49; p =0.068). Further, there
was no significant gender-by-absolute angular error interaction
(F[2,53] <0.01; p=0.999) indicating no gender differences among
the groups. Eliminating scores more than 2.5 SDs away from the
mean (3.4% of all scores) did not change the results.

3.2. First two segments of the triangle path

In the additional GLM analyses controlling for age, gender,
education and MMSE score, the groups did not differ in place dis-
tance errors on the first (F[2,53] = 2.64; p=0.081) or the second
(F[2,53] =1.29; p =0.285) place on the pathway (placel and place2,
respectively). Further, the groups did not differ in absolute linear
distance errors on the first (F[2,53] =0.37; p=0.691) or the second
(F[2,53] =1.03; p=0.364) place on the pathway. Finally, the groups
did not differ in absolute angular errors on the first (F[2,53] =0.54;
p =0.587) or the second (F[2,53] =2.72; p = 0.076) place on the path-
way. Removing scores that were more than 2.5 SDs away from the
mean from any of these analyses did not change the results.

3.3. Role of specific brain structures in path integration

Associations between hippocampal volume, thickness of the
entorhinal and inferior parietal cortices and place distance error on
the pathway endpoint are shown in Fig. 4a-c.

The fully adjusted GLM analyses with the place distance error
on the pathway endpoint as the dependent variable were repeated
while also controlling for available volumetric measures. When
hippocampal volume was entered into the model, the differences
in PI accuracy became non-significant (F[2,52] = 1.99; p = 0.151).
Using the formula to calculate the proportion of the group differ-
ence in adjusted mean value accounted for hippocampal volume,
we found that hippocampal volume accounted for 37% of the dif-
ferences between the control and aMCI group in the PI accuracy
on the pathway endpoint and 28% of the differences between the
control and AD group.

When thickness of the entorhinal cortex was entered into the
fully adjusted GLM analysis, the differences in PI accuracy on the
pathway endpoint became non-significant (F[2,52] = 1.89; p =
0.165). Thickness of the entorhinal cortex accounted for 36% of the
differences between the control and aMCI group in the PI accu-
racy on the pathway endpoint and 29% of the differences between
the control and AD group.

When thickness of the inferior parietal cortex was entered into
the fully adjusted GLM analysis, the differences in Pl accuracy on
the pathway endpoint became non-significant (F[2,52] = 1.84; p =
0.172). Thickness of the inferior parietal cortex accounted for 45%
of the differences between the control and aMCI group in the PI
accuracy on the pathway endpoint and 31% of the differences
between the control and AD group.

To control for the possibility that the hypothesized results
(reduction of the magnitude of the association due to the control for
brain structure measures) may be due to the loss of statistical power
stemming from the addition of a covariate as opposed to the
hypothesized mediation, we repeated the GLM analysis while
controlling for an arbitrary brain structure measure—brainstem
volume, which was not documented to be either affected by AD-
related changes (i.e. volume reduction) or be associated with PI
accuracy, whereby any reduction of the strength of the association

can be presumed to be purely due to loss of power. When brain-
stem volume was entered into the fully adjusted GLM, the results
were essentially unchanged for the effect of group (F[2,52] =4.24;
p=0.020), with the aMCI and AD groups still exhibiting poorer PI
accuracy than the control group (p = 0.042 and p = 0.028, respec-
tively).

3.4. ROC analysis

The size of the area under the ROC curve for place distance error
on the pathway endpoint discriminating the aMCI and AD groups
from the control group was 0.78 (95% confidence intervals [0.65,
0.91], p = 0.001) and the values of optimal sensitivity and specificity
were 82% and 68%, respectively. There were no differences between
AUGC:s of place distance error and most of the neuropsychologi- cal
tests (MMSE, ECR, ROCF reproduction, Digit Span forward and
backwards, Digit Symbol Substitution, TMT A and B, COWAT and
BNT) indicating that PI accuracy was neither superior nor inferior in
discriminating the control group from the aMCI and AD groupsrel-
ative to these standard neuropsychological measures. PI accuracy
was superior in discriminating the control group from the aMCI and
AD groups relative to ROCF copy (AUC ifference =0.29, p=0.012) and
inferior to AVLT (AUCudifference = 018, p = 0.034). The values of
optimal sensitivity and specificity were 53% a 50%, respectively, for
ROCE copy and 93% and 89%, respectively, for AVLT.

4. Discussion

Impairment of spatial navigation to a hidden goal under visual
control has been described in patients with dementia dueto AD and
also very early in the course of AD in the stage of aMCI [6,8,10] and
has been proposed to be caused by impairment of medial temporal
structures, especially of the hippocampus [10,12], and parietal lobe
[10,11]. These brain structures, affected very early in patients with
AD, arealsocrucial for spatial navigationindependent of vision_PI,
which is neither influenced by vision impairment or by knowledge
about the environment, and may thus be more specific to early
AD-related changes. However, Pl ability has not yet been studied
in patients with aMCI or AD. Using a real space task APIT, which
requires subjects to return to the start after a blindfolded three
angles outbound journey, we demonstrated thatsignificantimpair-
ment in the PI ability exists in patients with aMCI and AD when
compared to cognitively normal controls. In the aMCI group, we
found PI impairment on the pathway endpoint of the APIT com-
pared to the control group. In AD patients we found the same
pattern of PI deficits as in aMCI patients. Specifically, there were
larger errors on the pathway endpoints in the AD group compared
tothecontrol group. No differencesin Plwere found betweenaMCI
and AD groups. The differences between the groups on the firstand
second points of the APIT pathway were not significant, suggest-
ing that the subjects were similar in a combination of visuo-spatial
memory and PI abilities.

Because the degree of error in PI may be proportional to the dis-
tance covered while travelling within the triangle, according to the
leaky integrator model [45], and because of the nature of the APIT,
where the subjects may have covered different distances, we ana-
lyzed also relative place distance error, which was calculated as a
proportion of place distance error over the total distance covered.
The aMCI and AD groups exhibited higher relative place distance
error than the control group on the pathway endpoint, suggesting PI
deficits in aMCI and AD patients which are not attributable to
variation in the length of the triangular path. On average the par-
ticipants in all groups covered less total distance than the expected
total distance on the triangular path and thus generally undershot
the intended targets.
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We were further interested whether PI inaccuracy on the path-
way endpoint may be caused primarily by incorrect estimate of
distance or incorrect estimate of rotation angle on the return path of
APIT (place2-starting place). Our results suggested that the groups
did not differ in the absolute linear distance error, but only in the
absolute angular error on the return path. These differences were
mainly driven by higher absolute angular error of the AD group
compared to the control group. Because the differences in absolute
angular error were not found in the aMCI group compared to the
control group, it is not obvious whether incorrect estimate of rota-
tion angle may contribute to Pl impairment in patients with aMCIL.
Further research would be necessary to clarify this issue.

Finally, we evaluated whether Pl impairment in our cohort was
caused by atrophy of medial temporal structures and the parietal
cortex, structures substantially affected in patients with aMCI and
AD[11-13].Ourresultsindicated thatsmaller hippocampal volume
and also thinning of entorhinal cortex partially explained poorer
PI accuracy in aMCI and AD groups. Specifically, differences in
hippocampal volume accounted for 37% of the covariate-adjusted
effects in the aMCI group and 28% in the AD group, respectively,
resultingintheirpoorPlaccuracy onthe pathwayendpoint. Inaddi-
tion, differences in thickness of the entorhinal cortex accounted for
36% of the covariate-adjusted effects in the aMCI group and 29% in
the AD group, respectively. These findings are consistent with our
hypothesis and with previous evidence for the role of the medial
temporal lobe structures in human PI [24,25,47]. Further, these
findings also converge with animal data showing that hippocam-
pus and entorhinal cortex play an essential role in PI [19-21,49].
Next, more pronounced thinning of the posterior inferior parietal
cortexalsoexplained poorerPlaccuracyintheaMCland AD groups.
Specifically, differences in thickness of the posterior inferior pari-
etal cortex accounted for 45% of the covariate-adjusted effects in
the aMCI group and 31% in the AD group, respectively. This sup-
ports previous findings indicating the essential role of posterior
parietal cortex in human PI [32,50] and animal data showing that
posterior parietal cortex is a part of the neural network mediating
PI[22,23].

Our results are consistent with Worsley et al. [24] who found
that patients after temporal lobectomy are impaired in finding the
endpoint on a triangle completion task but not in estimating
simple distances and angles. Similarly, the patients in our study
had difficulties to find the pathway endpoint and to estimate a
rotation angle toward this endpoint, but they did not have dif-
ficulties to estimate a simple linear distance and an angle to the
first point of the triangle path. The APIT test may be similar to the
triangle completion task [24] in predicting the walking trajectory
(i.e. target-directed walking), because the subjects could see their
upcoming trajectory, including return path to the starting place,
beforethey started tomove. Further, Plimpairmentin ADandaMCI
patients and its association with hippocampal volume is in agree-
mentwith the theory of Yamamoto etal. [51]. This and other studies
documented impairmentof target-directed walking toa previously
seen goal in patients after temporal lobectomy [30,51]. However,
compared to controls, patients after temporal lobectomy overshot
the goal and walked larger distance, while in the current study the
subjects in all groups generally walked shorter distance. InAPIT,
the target places were close to the arena wall and thus the subjects
might deliberately undershoot when approaching places in order
toavoid walkinginto the walls, which may explain theincongruent
results.

Currently, there is a lack of research examining path integra- tion
in patients with MCI or AD. However, several studies have
examined the differences in PI within virtual or real space between
young and older subjects, where older subjects compared to the
young subjects have shown significantly greater rotation estima- tion
errors in a triangle completion task and where smaller age

effects on distance estimation was shown [32,33]. Older partici-
pants seem to be more dependent on vestibular and proprioceptive
information during PI [32,34]. The results also indicated that the
differences between groups are dependent on a complexity of an
outbound pathway and that triangle completion is more sensitive
for testing of PI impairment than only simple estimation of dis-
tances or angles [32,33]. Our findings are consistent with previous
results from virtual space, where older subjects showed errors on
the endpoint of the triangle completion task [32,33].

The PI accuracy discriminated with 82% sensitivity and 68%
specificity cognitively normal controls from patients with aMCIand
AD. The PI accuracy was neither superior nor inferior in this
discrimination relative to the most neuropsychological tests with
two exceptions. The test of visuospatial functions (ROCF copy) was
inferior to Pl accuracy and the test of verbal memory and learn- ing
(AVLT) was superior to PI accuracy. PI tasks may be a possible
option to detect cognitive impairment in AD and aMCI individuals
because they are less influenced by age-related changes of vision,
hearing and psychomotor speed, which may affect performance in
neuropsychological tests [52]. More studies are needed to address
this issue.

The strength of our study is that it is the first study examin- ing
PI in patients with AD and aMCI in the real space. The study
further extends findings from the previous studies, which sug-
gested thatspatial navigation deficitsin patients with AD and aMCI
are caused by visuo-perceptual and optic flow perception deficits
[38,39] or allocentric navigation impairment [6,37]. Real space nav-
igationrequires input from three sensory sources: vestibular input,
proprioceptive and visual input, and subjects are thus encouraged
to use self-generated cues, which is less dependent on the envi-
ronmental knowledge. The APIT is very easy to create as only three
marks on the floor, which together create a triangle pathway, and
mask for patients’ eyes are sufficient to meet condition of spatial
navigation without vision. This represents an easy-to-use and inex-
pensive way to examine spatial navigation in a daily practice with
minimal equipment requirements.

Our study could be limited by a relatively small sample size,
especially in the AD group, and differences in gender distribu-
tion among the groups. However, differences between the groups
were still significant, corresponded to the current knowledge
[3,4,6,8,9,32,33] and no effect of gender or gender differences inPI
accuracy among the groups were observed. Also, it is possible
that our APIT did not exhibit a sufficient degree of difficulty to
detect greater differences between the groups, possibly also due
to the small size of the arena, where subjects might deliberately
undershoot the intended targets in order to avoid walking into the
walls. Future studies should consider testing PI with more difficult
tasks onalarger area and compare the results from APIT with other
established tests for spatial navigation testing. Finally, we cannot
completely refute that the magnitude of the between-group dif-
ferences in PI explained by differences in volumes or thicknesses
of relevant brain structures may be partially influenced by loss of
statistical powerin the analyses, although the analysis with an arbi-
trary brain structure measure as a covariate did not support this
possibility.

In summary, this study reports significant differences between
the groups in PI, where AD and aMCI patients performed more
poorly than healthy controls on the pathway endpoint on APIT in
the real space. Specific brain structures including the hippocampus,
entorhinal and parietal cortices may play a crucial role in PI per-
formance of aMCI and AD patients. These findings suggest that PI
testing could help to identify patients with incipient AD and reflects
problems with spatial navigation in their daily life, especially when
light condition is poor.
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Subjective Spatial Navigation Complaints - A Frequent Symptom Reported
by Patients with Subjective Cognitive Decline, Mild Cognitive Impairment and
Alzheimer’s Disease
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Abstract: Background: Great effort has been put into developing simple and feasible tools capable to
detect Alzheimer's disease (AD) in its early clinical stage. Spatial navigation impairment occurs very early
in AD and is detectable even in the stage of mild cognitive impairment (MCI).

Objective: The aim was to describe the frequency of self-reported spatial navigation complaints in pa-
tients with subjective cognitive decline (SCD), amnestic and non-amnestic MCI (aMCI, naMCI) and AD
dementia and to assess whether a simple questionnaire based on these complaints may be used to detect
early AD.

ARTICLEHISTORY Method: In total 184 subjects: patients with aMCI (n=61), naMCI (n=27), SCD (n=63), dementia due to

AD (n=20) and normal controls (n=13) were recruited. The subjects underwent neuropsychological ex-
amination and were administered a questionnaire addressing spatial navigation complaints. Responses to
the 15 items questionnaire were scaled into four categories (no, minor, moderate and major complaints).
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?()(.)21}74/1567205014666171120145349 Results: 55% of patients with aMCI, 64% with naMCI, 68% with SCD and 72% with AD complained
about their spatial navigation. 38-61% of these complaints were moderate or major. Only 33% normal
controls expressed complaints and none was ranked as moderate or major. The SCD, aMCI and AD de-
mentia patients were more likely to express complaints than normal controls (p’s<0.050) after adjusting
for age, education, sex, depressive symptoms (OR for SCD=4.00, aMCI=3.90, AD dementia=7.02) or
anxiety (OR for SCD=3.59, aMCI=3.64, AD dementia=6.41).

Conclusion: Spatial navigation complaints are a frequent symptom not only in AD, but also in SCD and
aMCI and can potentially be detected by a simple and inexpensive questionnaire.

Keywords: Alzheimer's disease, anxiety, depressive symptoms, mild cognitive impairment, subjective cognitive decline, spa-
tial navigation complaints, screening.

1. INTRODUCTION in successful early AD diagnosis, these efforts often produce
misleading results as practitioners lack a brief and simple

Recently, a great effort has been put into developing a re- screening ool [3-5].

liable tool for early diagnosis of AD. Following some prom-

ising results, diagnostic criteria involving new metabolic
biomarkers, neuropsychological tests and imaging studies
have been created [1, 2]. However, despite undeniable use-
fulness of these diagnostic tools, their utilization is challeng-
ing and often limited to well-equipped specialized centers. In
primary healthcare settings, application of these tools is dif-
ficult given their expensive and time consuming nature. Al-
though primary healthcare screening should be the first step
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Spatial navigation impairment is typically a very early
indicator of oncoming AD [6, 7]. Patients with early signs of
AD are frequently getting lost, particularly in unfamiliar
places or in situations challenging in terms of spatial naviga-
tion (e.g. parking lots, supermarkets). Therefore, it is possi-
ble that inquiring about self-reported spatial navigation com-
plaints may provide useful clues to improve accuracy of
cognitive screening without a great burden on clinicians.
Spatial navigation impairment in patients with AD has been
well documented in a number of studies using the human
analogue of Morris Water Maze [8, 9]. However, these stud-
ies also show that impairment similar in quality and quantity
with early AD may already be present in MCI subjects with

© 2018 Bentham Science Publishers
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hippocampal type of memory impairment, a prodromal stage
of AD [8, 9].

Furthermore, in recent years there is a great effort to de-
tect patients at risk of developing AD in the earliest possible
stage. Therefore, to characterize patients who do not have
cognitive impairment on neuropsychological testing and thus
do not meet criteria for the MCI diagnosis, but who self- report
cognitive difficulties, the term subjective cognitive decline
(SCD) has been established. Recently, it has been also
proposed that SCD may represent preclinical stage of AD,
thus preceding the MCI stage (2014, the SCD initiative) [10].

However the prevalence of self-perceived cognitive prob-
lems is relatively high [11, 12]. In a large study of 16 900
women the complaint about spatial navigation was one of two
complaints that was strongly and systematically associ- ated
with cognitive impairment [13]. Inquiring about subjec- tive
spatial navigation complaints (SSNC) may therefore represent
a more direct approach to detect patients at risk of developing
AD, however in order to develop a clinically useful tool, the
extent of self-perceived spatial navigation difficulties needs to
be assessed and understood first.

The aim of this study was:

1) To compare the frequency of SSNC as a symptom in
patients with AD, MCI and SCD.

2) To examine whether significant differences exist on a
self-reported questionnaire assessing SSNC across patients
with SCD, MCI and AD versus healthy controls, above and
beyond the effect of potentially important covariates such as
age, sex, education, depressive symptoms and anxiety. If
differences could be found, this symptom could be used in
further studies to create and validate an inexpensive screen-
ing tool that can be used in primary healthcare settings and
guide further decision making about patients with self-
reported memory complaints.

3) To relate SSNC to well-established cognitive domains
(attention, language, visuo-spatial function, executive func-
tion, verbal memory and non-verbal memory) in order to
assess whether SSNC adds a new, potentially useful diagnos-
tic information.

We hypothesized that SSNC may be a relatively frequent
symptom in AD and aMCI patients given the already docu-
mented objective spatial navigation impairment in these
groups. Although we would expect spatial navigation im-
pairment to increase in intensity with disease progression, the
frequency of any self-perceived spatial navigation com-
plaints may not necessarily increase in parallel with disease
progression due to developing anosognosia [14-18]. We also
expected that some SCD patients would express SSNC.

Although spatial navigation impairment is usually pre-
sent early in AD and amnestic MCI, it has not been unambi-
guously documented in non-amnestic MCI patients [9, 19].
Because this patients’ group is relatively heterogeneous, we
hypothesized that SSNC may not be present in this group as
consistently as in patients with AD and amnestic MCI, pro-
viding further evidence for keeping the non-amnestic MCI as
a separate diagnostic category.

Jiii et al.

2. MATERIAL AND METHODS
2.1. Subjects and Settings

In total 184 subjects, amnestic MCI (aMCI, n=61), non-
amnestic MCI (naMCI, n=27), subjective cognitive decline
(SCD, n=63) and patients with dementia due to AD (n=20)
were recruited from the Memory Clinic in Motol University
Hospital, Prague, Czech Republic during years 2011-2015.
Normal controls without subjective cognitive complaints
(n=13) were recruited from volunteers attending the Univer-
sity of the Third Age, an education program for older adults.
The controls were recruited to approximately match patients
with AD, SCD, aMCI and naMCI in age, sex and education
(Table 4).

Patients had been referred to our clinic by general practi-
tioners, neurologists, psychiatrists, geriatricians and contact
sites of the Czech Alzheimer Society. All subjects signed an
informed consent approved by hospital ethics committee and
underwent brain MRI, clinical and laboratory evaluations, a
semi-structured interview, and the following neuropsy-
chological tests: 1) memory: a) verbal memory — measured
with the Auditory Verbal Learning Test (AVLT; trials 1-5 and
Delayed Recall), and the Free and Cued Selective Re- minding
Test (FCSRT; Free Recall and Total Recall), b) non-verbal
memory: the Benton Visual Retention Test (BVRT) and Rey-
Osterrieth Complex Figure (ROCF) Recall Condition; 2)
attention/processing speed — measured with the Digit Span
(Forward and Backward) and Trail Making Test (TMT) A; 3)
executive function — measured with the TMT B and Controlled
Oral Word Association (COWAT); 4) lan- guage — measured
with the Boston Naming Test (BNT); and
5) visuospatial function — measured with the ROCF Copy
Condition. Performance on TMT was measured in time to
completion. The Mini-mental State Examination (MMSE) and
the Czech version of Addenbrooke’s Cognitive Screen- ing
were administered to measure global cognitive function- ing
[20, 21]. Hachinski ischemic scale was also administered to all
subjects.

The classification of patients into MCI, SCD, AD was
clinically based and included the results of neuropsychologi-
cal tests mentioned above and self-reported cognitive diffi-
culties, which included any subjective cognitive complaints
actively mentioned by subject. Diagnosis of MCI was estab-
lished according to Petersen’s criteria for MCI [22]. Patients
with MCI were further classified as 1) amnestic (aMCI) when
they scored more than 1.5 standard deviations below the mean
of age- and education-adjusted norms on any memory test and
2) non-amnestic (naMCI) when they scored more than 1.5
standard deviations below the mean of age- and education-
adjusted norms on any non-memory test (at-
tention/processing speed, executive, language or visuo-
spatial). The MCI subjects had Clinical Dementia Rating
(CDR) score of maximum 0.5. SCD was defined with con-
sideration of previous research [10, 23, 24] as individuals
actively seeking medical help for cognitive complaints per-
ceived by themselves or their caregiver who did not show
objective cognitive deficit characterized by scoring less than
1.5 standard deviations below the mean of age- and educa-
tion-adjusted norms on any cognitive test [23] (therefore not
meeting criteria for MCI). To evaluate cognitive complaints a
structured interview by an experienced clinician with the



Subjective Spatial Navigation Complaints

patient and caregiver was used, taking into account the quali-
tative and quantitative aspect of complaints as well as the
reported timing of their onset and change over time. Diagno-
sis of dementia due to AD (n=61) was made according to
National Institute on Aging — Alzheimer's Association (NIA-
AA) criteria [24] and only patients with probable AD were
included in the study. The diagnosis of dementia due to AD
was supported by CSF biomarker analysis (tau, p-tau and beta-
amyloid levels) in 20% of subjects [25].

Subjects in the control group did not report any cognitive
difficulties and this was confirmed by neuropsychological
testing. They were selected to have similar age, education and
sex ratio as the other groups. Subjects with other pri- mary
neurological or psychiatric disorders were not included in this
study. Subjects with Hachinski ischemic scale score above 4
and GDS above 6 were excluded from the study.

2.2. Questionnaire Regarding Subjective Spatial Naviga-
tion Complaints

The questionnaire was designed at our memory clinic
based on clinical experience and our previous research. The
questionnaire was administered to the subjects at the begin-
ning of the examination. The subjects were asked to choose
the most suitable answer with a particular emphasis on the
“last 3 months” timeframe. Reasonable assistance was pro-
vided by trained person when needed. Otherwise no other
general instructions were provided. Questions were formu-
lated to address the extent (e.g. difficulties in neighborhood or
outside of own town) and frequency of spatial navigation
complaints with an emphasis on navigational skills necessary
in everyday functioning.

The questionnaire consisted of 15 items across seven sec-
tions (see Table 1): (1) Self-perceived difficulties with navi-
gation in four different environments ordered from the most
familiar (own home) to the more challenging (out of own
town). Every item (environment) was scored according to the
severity of symptoms (0-4 points; never = 0, every day = 4).
(2) In the second section we inquired whether subjects actually
got lost in the specific environment. This section was scored
the same as the previous one. (3) Self-perceived decline of
spatial navigation skills in relatively well known places (0-3
points; same or better = 0, significantly worse = 3). (4) Self-
perceived decline of spatial navigation skills in relatively less
known places (scored the same as previous one). (5) Decline
in spatial navigation skills that resulted in seeking more help
(0-4 points; never = 0, every day = 4). (6) A question
specifically addressing navigational skills at more
challenging places (supermarket), scored according to the
severity of symptoms (0-4 points; never = 0, every day = 4).
The final section (7) investigates whether and how much these
self-perceived difficulties influence everyday general
functioning. This sections contains dichotomous (yes/no)
questions (Each “yes” answer on dichotomous questions was
coded as 1 point; “no” as 0 points)

Total composite score (SSNC composite) was calculated
as the sum of all points from all items (possible maximum 49
points). Scores in this sample ranged from zero to 31. The
sample averaged 3.07 points (SD=5.06 points). In the subse-
quent analysis, each question (item) was evaluated separately
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as well (SSNC specific questions). The Cronbach’s alpha for
the combined scores was 0.894.

2.3. Covariates

Covariates were age, sex, years of education, depressive
symptoms and anxiety. Depressive symptoms were meas-
ured with 15-item Geriatric Depression Scale (GDS), (26) and
anxiety was measured with Beck Anxiety Inventory (BAI)
(27). Both the GDS and BAI were administered dur- ing the
neuropsychological test session and standardized official
Czech translations were used.

2.4. Statistical Analysis

One-way analysis of variance (ANOVA) with diagnostic
category as a single factor followed by Tukey’s Honestly
Significant post-hoc test was used to examine between-group
differences in age, education, depressive symptoms and
anxiety. Chi-Square was used to determine differences in sex.

To correct for non-linear distribution of the SSNC com-
posite, the SSNC severity scale was categorized based on the
SSNC composite as ‘no complaints’ (SSNC composite = 0,
coded as SSNC severity scale 0, 39% of the sample), ‘minor
complaints’ (SSNC composite = 1, coded as 1, 17% of the
sample), ‘moderate complaints’ (SSNC composite 2-4, coded
as 2, 23% of the sample), and ‘major complaints’ (SSNC
composite greater than 4, coded as 3, 21% of the sample — see
Table 2).

Correlations among neuropsychological tests, age, sex,
education, depressive symptoms, anxiety and SSNC severity
scale were assessed using Pearson correlation for continuous
measures and Spearman correlation for ordinal measures.

Finally, four multinominal logistic regression models were
used to estimate differences in SSNC severity scale and SSNC
specific questions between the groups. First, an unad- justed
model was built only with diagnostic category as de- pendent
variable and SSNC severity scale as the fixed factor (Model
1). The second model was adjusted for age, sex, edu- cation
and either depressive symptoms (Model 2a) or anxiety (Model
2b) to avoid bias due to multicollinearity (high level of
correlation between the depressive symptoms and anxi- ety).

In the next model (Model 3) we examined the possible
interaction between GDS and SSNC severity scale in a model
based on Model 2a (adjusted for adjusted for age, sex,
education, depressive symptoms).

3. RESULTS
3.1. Cohort Characteristics

The group of patients with SCD was younger (F=4.832,
p=0.001) than patients with AD (p=0.001) and aMCI
(p=0.031). We found no significant differences in age com-
pared to controls in any group. In education, the only differ-
ence among the groups (F=2.74, p=0.030) was between the
SCD group and AD patients (p=0.031), who achieved lower
education. As expected, the AD patients achieved lower score
in MMSE (F=86.579, p<0.001) as compared to any
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Table 1.
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Patients” version of SSNC questionnaire. Please note, that reliability of presented wording has been based on reversed

translation from Czech language to English and back to Czech language.

I have had difficulties in the last 3 months with:

Orientation in my home

never ‘ less than once a week approximately once a week ‘ several times a week ‘ every day
Orientation in my neighborhood

never ‘ less than once a week approximately once a week ‘ several times a week ‘ every day
Orientation in my town

never ‘ less than once a week approximately once a week ‘ several times a week ‘ every day
Orientation outside of my town

never ‘ less than once a week approximately once a week ‘ several times a week ‘ every day
I have been lost in the last 3 months:
in my flat

never ‘ less than once a week approximately once a week ‘ several times a week ‘ every day
in my neighborhood

never ‘ less than once a week approximately once a week ‘ several times a week ‘ every day
in my town

never ‘ less than once a week approximately once a week ‘ several times a week ‘ every day
in the other town, than where I live

never ‘ less than once a week approximately once a week several times a week ‘ every day

when I was young:

With respect to places that I visit every day or almost every days, in the last 3 months, my ability to orient myself has been

compared to

same or better ‘ little worse

‘ much worse

significantly worse ‘

young:

With respect to places that I visit several times a year, in the last 3 months, my ability to orient myself has been

compared to when I was

same or better ‘ little worse

‘ much worse

significantly worse ‘

In the last 3 months, I have had to ask for directions more often than in the past:

never ‘ less than once a week approximately once a week ‘ several times a week ‘ every day
In the last 3 months, I have had difficulties getting oriented in my supermarket:

never ‘ less than once a week approximately once a week ‘ several times a week ‘ every day
Because of worries that I may get lost, I have had to:

reduce traveling out of my town. yes no

reduce traveling to my relatives and friends. yes no

reduce activities around my home (shopping, go to post, etc.). yes no

other group and there was no difference in MMSE between
SCD, aMCI, naMCI or controls. The aMCI (p=0.004), naMCI
(p<0.001) and SCD (p=0.017) scored higher in GDS
(F=4.682, p=0.001) compared to the control group, however,
we found no difference between AD patients and the control
group. The only difference in anxiety (F=2.646, p=0.036) was
between the control group and the naMCI patients

(p=0.022) who reported more anxious symptoms. The
groups did not differ in sex ratio (Table 4).

3.2. Differences in Subjective Spatial Navigation Com-
plaints

The basic frequencies of no complaints, minor, moderate-
and major complaints were compared among the groups. The
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Table 2. SSNC severity scale categorization.

SSNC severity scale Frequency SSNC composite Percent
0 (no complaints) 73 0 39
1 (minor complaints) 32 1 17
2 (moderate complaints) 43 2-4 23
3 (major complaints) 39 >5 21

Table 3. Correlations among SSNC, neuropsychological tests, age, sex, education, depressive symptoms anxiety.

Age MMSE EDU GDS BAI |SSNCsev.s.|AVLT 1-5| Del. R. | TMT A | TMT B |COW AT|ROCF C| ROCF R | Digit Sp. | Digit Sp. [FCSRT F [FCSRT T |BNT
F B

Age -

MMSE -0.253" -

EDU 0.028 0.291" -
GDS -0.162" -0.036 -0.161" -
BAI -0.276" 0.011 -0.139 | 0.704™ -

SSNC sev. s.| -0.163" -0.058 0.006 | 0.2357 | 0.362" -

AVLT 1-5 | -0.313" | 0.635 | 0.210™ | -0.024 | 0.076 0.181" -

Del. R. -0.289" | 0.475" 0.098 0.105 0.158 0.100 0.7217 -

TMT A 0.144 -0.489” | -0.063 0.178" | 0.143 0.030 -0.297" | -0.229™ -

TMT B -0.254" | -0.686 -0.171" 0.076 | -0.065 0.037 -0.438" | -0.304™ | 0.498” -

COWAT -0.106 | 0.343" | 0.384™ | 0.018 | 0.104 0.036 0.453™ | 0.432" | -0.365" | -0.317" -

ROCF C -0.214" | 0.400™" -0.021 -0.012 | 0.011 0.015 0.164" 0.176" | -0.401™ | -0.293" | 0.167 -

ROCFR -0.418" | 0.6157 | 0.232" | -0.086 | 0.100 -0.062 0.539™ | 0.500" | -0.251" | -0.446™ | 0.332"" | 0.570" -

DigSp.F | -0.024 | 0285 | 0.176" | -0.104 | -0.106 | -0.112 0.263" | 0.236™ | -0.221 | -0.165° | 0.376™ | 0.045 | 0.160° -

DigSp.B | -0.144 | 0457 | 0.183° | -0.195" | -0.156 | -0.013 0418 | 0.286™ | -0.268™ |-0.330" | 0.353" | 0.178" | 0.286" | 0.584 -

FCSRTF | -0.295" | 0.614™ | 0268 | 0.034 | 0.160 -0.037 0.6917 | 0.572" | -0.208" | -0.438™ | 0.435™ | 0.339" | 0.662” | 0.215" | 0.294" -
FCSRTT | -0.287" | 0.719" | 0.267" | 0.073 | 0.133 -0.054 0.536" | 0.502" | -0.217" | -0.510 | 0.253" | 0.278" | 0.543" | 0.203" | 0.299" | 0.693™ -
BNT 0426 | -0.417" | -0.264" | 0.180" | 0.031 -0.012 -0.360" | -0.327" | 0.318"" | 0.456" | -0.363" | -0.283" | -0.451 | -0.157" | -0.270" |-0.324™ | -0.397" | -

BVRT -0.382" 0.136 0.557"" | -0.171" | -0.063 0.029 0.668™ | 0.499" | -0.262" | -0.443" | 0.367" | 0.319" | 0.600” | 0.186" | 0.368" | 0.611"" | 0.477" D.398

Note: Pearsons correlation are shown except for SSNC sev. s. where Spearman correlation coefficient is shown

*, Correlation is significant at the 0.05 level (2-tailed), **. Correlation is significant at the 0.01 level (2-tailed).

Abbreviations: MMSE — Mini-mental State Examiantion, EDU — Education; GDS — Geriatric Depression Scale; SSNC sev. s.— Subjective Spatial Navigation
Complaints Severity Scale; AVLT — Auditory Verbal Learning Test trials 1-5; Delayed R. — AVLT Delayed Recall; TMT A, B — Trail Making Test (A, B);
COWAT - Controlled Oral Word Association; ROCF C, R — Rey-Osterrieth Complex Figure Copy, Recall Condition; Dig Sp. F, B — Forward and Backward;
FCSRT F- Free and Cued Selective Reminding Test Free Recal; FCSRT T — Free and Cued Selective Reminding Test Total Recall; BNT — Boston Naming Test;
BVRT - Benton Visual Retention Test.

highest percentage of no complaints and minor complaints SSNC score correlated depressive symptoms (r=0.235,
were in the control group (67% and 33%), whereas highest p=0.003) and anxiety (r=0.362, p<0.001). The scale did not
percentage of major complaints was in the SCD group (29%) correlate with any of the neuropsychological tests except the
and moderate complaints in the AD group (44%) respec- very weak and correlation with AVLT (1-5 trials; r = 0.165,
tively. Overall, the lowest percentage of no complaints and p=0.04; see Table 3).

minor complaints was in the AD group. (Fig. 1).
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Fig. (1). Distribution of SSNC across diagnostic categories.
Table 4. Characteristics of the Sample by Diagnostic Category.
Total AD SCD aMCI naMCI Controls
n= 184 n=20 n=63 n=61 n=27 n=13
Female,n (%) | 103 (56) 10 (50) 39 (62) 31 (51) 15 (56) 8 (62)
Ag?’sg)ean 7038 | (9.07) | 7488 6.17) | 67.40" | (9.43) | 71.96' | (8.74) | 7136 | (899) | 69.54 | (4.01)
Education, B .
mean (SD) 1467 | (3.14) 13 (2.73) 15.32 (2.79) | 1425 | (3.19) | 1489 | (3.97) 1554 | (2.07)
MMfSE]’);nea“ 2648 | (3.63) | 193 | (331) 2855 | (125) | 2560" | (2.97) | 2777 | (1.76) | 2892 | (1.19)
GDS, mean + " s ot
D) 3.96 (3.17) 3.40 (2,01) 3.85 (2.89) | 426 (341) | 528 (337) | 092 | (1.04)
Bec(ks’g;ean 1189 | (10.72) 8.56 (8.67) 123 | (1038) | 1153 | (10.62) | 1636° | (1254) | 538 | (6.17)

Notes. *, T, I, & Two corresponding symbols indicate that the mean difference between two specific diagnostic categories is significant at the 0.05 level.

The SSNC severity sscale was a significant factor for di-
agnostic category prediction in all groups in the unadjusted
Model 1 (SCD OR=3.14, p=0.008; aMCI OR=2.43, p=0.040;
naMCI OR=2.71, p=0.027; and AD OR=3.18, p=0.013) and
in Model 2a, which was adjusted for age, sex, education and
depressive symptoms (SCD OR=4.00, p=0.032; aMCI
OR=3.90, p=0.037; naMCI OR=3.83, p=0.046; and AD
OR=7.02, p=0.007).

In Model 2b, which was adjusted for age, sex, education
and anxiety, the SSNC severity scale was significant in SCD
(OR=3.59, p=0.014,), aMCI (OR=3.64, p=0.014;), and AD
(OR=6.41, p=0.03) groups and non-significant in the naMCI
group (OR=6.41, p=0.055). Although the greatest effect was
observed for AD vs. the control group, the effects were com-

parable in magnitude when confidence intervals around the
odds ratios were considered (Table 5).

Depressive symptoms was the only covariate that consis-
tently conferred association with diagnostic classification,
with depressive symptoms being higher for SCD, aMCI and
naMCI (but not AD) compared to the control group. The
interaction of depressive symptoms by SSNC severity scale
was not significant for SCD (p=0.923), aMCI (p=0.931),
naMCI (p=0.949) and AD (p=0.882).

Only one specific question (difficulty with orientation in
places that are not often visited) was associated with the di-
agnostic category in the unadjusted model, however this as-
sociation became insignificant after correction for covariates
(education, age, sex, depressive symptoms and anxiety).
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Table 5. SSNC Severity Scale multinominal logistic regression models.
SCD aMCI naMCI AD
OR 95% CI p-value OR 95% CI p-value OR 95% CI p-value OR 95% CI p-value
Model 1 3.14 1.35-7.32 0.008 243 | 1.04-5.67 0.040 2.71 1.12-6.56 0.027 3.18 1.28-7.88 0.013
Model 2a'" 4.00 | 1.13-14.20 | 0.032 3.90 | 1.09-14.02| 0.037 3.83 1.03-14.26 |  0.046 7.02 1.72-28.68 |  0.007
Model 2b'* 3.59 1.30-9.90 0.014 3.64 | 1.30-10.20| 0.014 2.87 0.98-8.40 0.055 6.41 1.91-21.51| 0.003
Model 3" 1.05 0.36-3.05 0.923 1.05 | 0.36-3.03 0.931 1.04 0.36-3.00 0.949 1.09 0.37-3.23 0.882

"Unadjusted SSNC Severity Scale model
"SSNC Severity Scale adjusted for age, sex, education and depressive symptoms

f"SSNC Severity Scale adjusted for age, sex, education and anxiety

" Interaction between GDS and SSNC scale (adjusted for age, sex, education, depressive symptoms and SSNC severity scale)

Participants in the control group were the reference category.

4. DISCUSSION

The aim of this study was to describe and compare the
frequency of SSNC as a symptom in patients with AD, MCI
and SCD and as such imply utility as a potential screening
tool. To address these aims, we proposed a simple 15-item
self-reported questionnaire that was administered to the pa-
tients and healthy controls as well. Using a four-level scale
classification of self-reported spatial navigation complaints
(no complaints, minor, moderate, and major complaints), we
found that 55% of patients with aMCI, 64% with naMCI, 68%
with SCD and 72% with AD complained about their spatial
navigation. 38-61% of these complaints were moder- ate or
major on our scale. These results are in strong contrast to the
healthy controls group, where only 33% subjects com- plained
about their spatial navigation and none was ranked as
moderate or major on our scale.

We also found that subjects expressing significantly more
complaints on the SSNC severity scale are more likely to be
associated with other diagnostic category other than normal
controls (SCD, aMCI or AD). The odds ratios became even
larger after controlling for age, education and gender and
depressive symptoms or anxiety. The odds ratios were simi-
lar in both models controlled for either depressive symptoms
or anxiety. The subjects were approximately 3-4x times more
likely to be diagnosed with SCD or aMCI for each point at the
SSNC severity scale (odds ratios 4.00 for SCD and 3.90 in the
model controlled for depressive symptoms and 3.59 and 3.64
in the model controlled for anxiety) and 6- 7x more likely to
belong to the AD group (odds ratios 7.02 and 6.41 — Table 5)
in comparison to the controls. These findings support the
potential diagnostic value of the SSNC screening tool.

Our results are consistent with previous reported findings
indicating that patients with dementia due AD experience
difficulties in spatial navigation in everyday activities [28,
29].This may also be true for some patients with aMCI [30,
31]. Studies describing subjective spatial navigation impair-
ment in patients with SCD are lacking. Although patients with
SCD by definition do not suffer from any objective im-
pairment, in our study they expressed complaints about spa-
tial navigation ability that appear more similar to patients with
aMCI than to normal controls.

Our previous study showed that objective spatial naviga-
tion impairment is present very early in both aMCI and AD
patients and undetectable in patients with SCD [8]. However,
based on recent advances in the biomarker model of the AD,
it has been proposed that the SCD stage may represent pre-
clinical stage AD, where cognitive changes are already pre-
sent, but undetectable by standardized diagnostic tools [10,
32]. Recent metaanalysis also showed they are at twofold
increased risk of developing dementia as compared to con-
trols without SCD. Our screening tool based on SSNC was
able to detect these patients.

The relationship between depressive symptoms, anxiety
and self-reported cognitive complaints in general is well do-
cumented in literature [33-35]. Patients with SCD, MCI and
dementia due AD report frequently depressive symptoms [36,
37]. This is consistent with our findings, where both
depressive symptoms and SSNC severity scale were associ-
ated with diagnostic category. Our group has also shown
previously that anxiety influences subjective perception of
spatial navigation abilities in non-demented elderly, regard-
less of their objective spatial navigation deficit [38]. How-
ever, depressive symptoms and SSNC appear to act inde-
pendently of each other as we found no interaction between
these two variables and their correlation was very weak
(rs=0.235; p<0.01). SSNC may reflect the ongoing patho-
logical process with depressive symptoms accompanying it.

The SSNC severity scale did not correlate with any of the
well-established cognitive domains tested (attention, lan-
guage, visuo-spatial function, executive function, verbal
memory and non-verbal memory). Except for the correlation
between AVLT 1-5 and SSNC severity scale that was very
weak and of a low statistical and clinical value. Our results
may thus indicate that SSNC can enrich standardized neuro-
psychological testing which focuses on the traditional cogni-
tive domains.

4.1. Limitations and Further Research

Our main objective was to examine whether simple tool
based on the frequency of SSNC can discriminate between
healthy controls and subjects in risk of developing AD. In
order to be usable in clinical practice such a tool needs to be
kept as simple as possible.
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Given the relatively stringent definition of the SCD in our
study and despite our great effort we were not able to recruit
more subjects who would meet the inclusion criteria for the
control group.

Based on the SSNC severity scale, the questionnaire could
not distinguish between patients with SCD, MCI or AD. In our
previous studies, we found a clearer pattern of results with
objective spatial navigation tests, whereby it was possible to
differentiate between patients with SCD, naMCI and AD
based on their results in egocentric and allocentric subtests and
their learning curve. Objective spatial naviga- tion impairment
in patients with early AD and aMCI appears to be similar in
quality and quantity [8, 39]. SSNC did not elucidate diagnosis-
based differences in the same manner, either as a result of
limited explanatory power of the catego- ries representing
SSNC or because potential limited sensitiv- ity of the SSNC.
Future research should investigate SSNC to confirm or refute
its clinical utility. The score in the SSNC questionnaire is
subjective in its nature and cannot be used interchangeably
with real spatial navigation testing. Patients with SCD may
tend to exacerbate their complaints [40] (they even
complained more frequently than patients with aMCI). On the
other hand, patients with AD and aMCI may not be able to
realize the full extent of their impairment due to lim- ited
awareness and anosognosia [14-18].

The difference in the SSNC severity scale between the
naMCI group and the controls was reduced to non- significant
after correcting for anxiety, but it was significant when
controlling for all other covariates including depres- sive
symptoms. The association between the likelihood of being in
the naMCI group compared to the control group was initially
relatively weak. We also found that the correlation between
SSNC severity scale and anxiety was quite strong (r=0.362).
Therefore, controlling for anxiety could be ex- pected to affect
this result in particular. Overall, the naMCI group is a very
heterogeneous group of patients [41] who may progress into
vascular dementia or frontotemporal lobar degeneration that
presents with relatively spared spatial navigation and this may
be reflected in the SSNC question- naire [42].

It appears that global SSNC severity scale is a good indi-
cator of the diagnostic category. However, items from the
scale may not offer the same validity as the overall scores. In
our clinical experience, the spatial navigation complaints are
often very individual in their nature as every patient de-
scribes his symptoms in his unique way. In our study none of
SSNC specific question yielded significant differences across
the diagnostic categories but some of them appear to be
potentially promising (i.e. difficulty with orientation in places
that are not often visited or difficulty with orientation in
situations challenging for spatial navigation). Based on these
results, in further studies a more sensitive set of ques- tions
could be proposed and subsequently validated on a larger
number of subjects.

It needs to be highlighted that although the questionnaire
identified subjects likely at the highest risk of developing AD,
its predictive value was not tested in this cohort study. The
question of which subjective measure has greater predic- tive
value of conversion to AD, memory or navigation falls beyond
the scope of this study. However, the predictive
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value of a SSNC-based questionnaire and perhaps also sensi-
tivity and reliability of a SSNC-based screening tool may be
tested in future, preferably longitudinal, studies. Given the
relatively high prevalence of SCD in the population of older
adults, the clinical significance of self-perceived general
cognitive complaints is yet to be fully understood. Using the
SSNC and the frequency of these complaints may offer a more
direct pathway to identifying individuals at risk of de-
veloping AD.

It should be noted, that this questionnaire may not re- place
spatial navigation testing and comprehensive neuro-
psychological examination.

Also, given the association of depressive symptoms with
diagnostic category in our analysis, we would propose that in
the clinical settings the GDS, BAI and SSNC questionnaire
are administered together as they both add different valuable
information. Depressive symptoms may affect the subjects’
performance in cognitive tests and are also associated with an
increased risk of AD [43, 44]. The SSNC questionnaire has
been shown to detect early AD stages in our study.

CONCLUSION

According to our findings, the subjective spatial naviga-
tion complaints are a frequent symptom reported by SCD,
MCI and AD patients. This symptom may be exploited to
create an inexpensive screening tool that can be used in pri-
mary healthcare settings. We proposed a simple question-
naire that was able to distinguish healthy controls from pa-
tients with SCD, aMCI and AD and thus detect early AD
stages in our study.
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Objective: We investigated the association between APOE &4 status and spatial navigation in patients with
amnestic mild cognitive impairment (aMCI) and assessed the role of hippocampal volume in this association.
Method: Participants were 74 patients with clinically confirmed aMCI (33 APOE &4 noncarriers, 26
heterozygous, and 15 homozygous €4 carriers). Body-centered (egocentric) and world-centered (allocentric)
spatial navigation in a computerized human analogue of the Morris Water Maze was assessed. Brain MRI with
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subsequent automated hippocampal volumetry was included. Results: Groups were similar in neuropsycho-
logical profile. Controlling for age, sex, education, and free memory recall, the APOE &4 carriers performed
more poorly on all spatial navigation subtasks (ps < .05). APOE &4 homozygotes performed worse than
heterozygotes (p = .021). Right hippocampal volume accounted for the differences in allocentric and delayed
subtasks (ps > .05), but not in the egocentric subtask (p < .001). Conclusions: Using an easy-to-use, computer-
based tool to assess spatial navigation, we found spatial navigation deficits to worsen in a dose-dependent
manner as a function of APOE &4 status. This was at least partially due to differences in right hippocampal

volume.

Keywords: mild cognitive impairment, apolipoprotein E, hippocampus, Hidden Goal Task, neuropsychology

Dementia due to Alzheimer’s disease (AD) is preceded by the
prodromal stage of mild cognitive impairment (MCI). Diversity of
symptomology and the scarcity of easy to use, reliable instruments
designed to predict conversion rates from MCI to dementia due to
AD have been major obstacles to the development of preventive
and therapeutic strategies (Andrieu et al., 2008). Impaired orien-
tation in space is a frequently reported symptom in AD patients and
recent studies have confirmed spatial navigation impairment in AD
and MCI patients in both real-space (Cherrier, Mendez, &
Perryman, 2001; Monacelli, Cushman, Kavcic, & Duffy, 2003;
delpolyi, Rankin, Mucke, Miller, & Gorno-Tempini, 2007) and
virtual (Cushman, Stein, & Duffy, 2008) environments, with sim-
ilar results (Cushman et al., 2008; Kalova, VI¢ek, Jarolimova, &
Bures, 2005; Hort et al., 2007). For example, cognitively intact
APOE &4 noncarriers were found to outperform APOE &4 carriers
on spatial navigation and on object recognition tasks, yet per-
formed similarly on a number of other cognitive measures
(Berteau-Pavy, Park, & Raber, 2007). Although the underlying
neurostructural correlates of this association were not assessed,
hippocampal dysfunction, a known early finding in AD (Dubois et
al., 2007; Jack et al., 2011) is the likely culprit. Further, APOE &4
has been associated with greater atrophy of the right hippocampus
(Farlow et al., 2004; den Heijer et al., 2002), which plays a major
role in spatial navigation (Astur, Taylor, Mamelak, Philpott, &
Sutherland, 2002).

In our previous study (Laczo et al., 2011), we used a real-space
version of the Hidden Goal Task (HGT). The HGT is a human
analogue of the Morris Water Maze. We found that APOE &4
carriers with amnestic MCI (aMCI) had poorer spatial navigation
accuracy, mirroring the performance of patients with early-stage
AD, yet their neuropsychological profile was similar to APOE &4
noncarriers with aMCI. However, real-space navigation testing
takes time, special equipment, and substantial effort to administer.
Therefore, we aimed to compare performance of APOE &4 carriers
and noncarriers with aMCI in a computerized 2-dimensional ver-
sion of the HGT, which is a more practical, easier-to-administer
diagnostic tool to measure spatial navigation in clinical settings.

An advantage of both versions of the HGT is the ability toallow
for separate and more refined measurements of two basic naviga-
tion strategies (egocentric and allocentric) that rely on different
brain structures (Astur et al., 2002; Aguirre & D’Esposito, 1999).
Another important point is that the computerized version appears
to be a good approximation of the real-space version. Specifically,
in our original article (Hort et al., 2007), we reported that the two
versions yielded almost the same results when used within one
study. Specifically, both versions reliably distinguished different
patterns of spatial navigation impairment in patients with aMCI.

Further, in the following studies, we reported strong correlations
between theresults fromthe computerized and real-space versions
for allocentric (Laczo et al., 2012; Nedelska et al., 2012) and
egocentric(Laczéetal.,2012)navigation,respectively. Addition-
ally, Nedelska and colleagues (2012) found almost an identical
patternofresults fortheassociationbetweenspatialnavigationand
hippocampal volume using the real-space and computerized test.
We build on previous research by presenting the initial investi-
gation of the structural correlates of variations in computer-based
spatial navigation performance as a function of APOE status. Our
goals were to examine: (a) Whether spatial navigation perfor-
mance in a computerized setting would vary in a dose-dependent
manner across APOE &4 noncarriers (¢4—/—), APOE &4 heterozy-
gous carriers (e4+/—), and homozygous carriers (¢4+/+) and, if
so, (b) whether these APOE-based differences in spatial navigation
would be accounted for by volume reduction of the right hip-
pocampus, a center for spatial navigation and topographical mem-
ory (Spiers etal.,2001). We hypothesized that APOE &4 noncar-
riers would outperform APOE &4 carriers, particular the
homozygous carriers. In addition, we hypothesized that right hip-
pocampal volume would at least partially account for these differ-
ences.

Method

Participants

Seventy-four right-handed participants with clinically con-
firmed amnestic MCI (aMCI) were recruited at the Memory Dis-
orders Clinic at Motol University Hospital in Prague, Czech Re-
public, and underwent standard neurological, internal, and
laboratory evaluations, clinical scaling, brain MRI, neuropsycho-
logical examination, and computer-based spatial navigation testing
in the HGT. Participants were referred to the clinic by general
practitioners, neurologists, psychiatrists, and geriatricians. Referral
to the memory clinic was triggered by memory complaint from the
patient or the caregiver. All participants met published clinical
criteria for aMCI including memory complaints reported by a
patient or caregiver, evidence of memory dysfunction on neuro-
psychological testing, generally intact activities of daily living
(measured by Functional Activities Questionnaire), and absence of
dementia (Petersen, 2004). All aMCI patients had Clinical Demen-
tia Rating global score no greater than 0.5, which commonly
designates MCI (Morris, 1993). Memory impairment was estab-
lished when the patient scored more than 1.5 standard deviations
below the mean of age- and education-adjusted norms on any
memory test. The aMCI patients included patients with aMCI
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single domain (aMClIs; n = 26), with isolated memory impair-
ment, and patients with aMCI multiple domain (aMCIm; n = 48),
with additional impairment in any other nonmemory domain.
Participants with depression (>5 points on the 15-item Geriatric
Depression Scale; Yesavage, 1988; n = 8), those meeting the
Diagnostic and Statistical Manual of Mental Disorders IV-TR
criteria for dementia (» = 1), and those unable or unwilling to
complete the spatial navigation task were excluded (n = 5). The 74
aMClpatients were furtherstratified into three groups based onthe
APOE genotype—e4 noncarriers (aMCI e4—/—; n = 33), &4
heterozygous carriers (aMCI e4+/—; n = 26) and €4 homozygous
carriers (aMCI g4+/+; n = 15). Those in the aMCI e4—/— group
represented €3/e3 homozygotes (n = 27) and €2/e3 (n = 6)
heterozygotes. Those in the aMCI g4+/— group represented £2/e4
(n = 1) and €3/e4 (n = 25) heterozygotes. The distribution of
APOE alleles was similar in patients with aMCls (e4—/—, n = 11;
ed+/—, n = 8; e4+/+, n = 7) and aMCIm (e4—/—, n = 22;
ed+/—, n = 18; ed+/+, n = 8).

The study was approved by an institutional ethical committee
and the participants have signed written informed consent.

Neuropsychological Tests

The psychometric battery included the Mini-Mental State Ex-
amination (MMSE), the Rey Auditory Verbal Learning Test
(RAVLT): Trials 1- 6 (sum of the five learning trials and the
delayed recall Trial 6) and the 30-min delayed recall trial, Trail
Making Tests A and B, Controlled Oral Word Association Test,
Forward and Backward Digit Spans and Benton’s Visual Retention
Test (BVRT): A and C administration.

APOE Genotyping

To determine the APOE genotype, DNA was isolated from blood
samples and genotyping was performed using a polymerase chain
reaction-based assay (Laczo et al., 2011; Hixson & Vernier, 1990).

MRI Acquisition and Automated Volumetry

Brain images were obtained on a 1.5T scanner (Gyroscan, Philips
Medical Systems, Best, The Netherlands) using T1- weighted 3-
dimensional Fast Field Echo sequence in coronal plane with 170
contiguous partitions, with slice thickness 1.0 mm and no gap,
TE/TR = 5/25 ms, flip angle 30°, field of view = 256 mm, matrix
256 X 256 and in-plane resolution 1 mm. Scans were visually
inspected by a neuroradiologist to ensure appropriate data quality
and to exclude patients with relevant brain pathology such as
cortical infarctions, neoplasm, subdural hematoma or hydro-
cephalus. Volumes of the left and right hippocampus were com-
puted using fully automated FreeSurfer algorithm (Fischl et al.,
2002) v4.4.0 (http://surfer.nmr.mgh.harvard.edu) installed on local
Mac OS X (Apple) workstation. We have visually checked the
outputs of FreeSurfer’s segmentation for potential errors in hip-
pocampal ROI segmentation. We also assessed the distribution of
hippocampal volumes and did not identify any substantial
outliers. Finally, we normalized hippocampal volumes with est-
imated total intracranial volume (eTIV) using following for-
mula: Normalized hippocampal volume = raw hippocampal
volume mm?/eTIV mm? * 1000.

Spatial Navigation Testing With the Hidden Goal
Task—the Human Analogue of the Morris Water
Maze Test

Spatial navigation testing was performed in the Laboratory of
Spatial Cognition, a joint workplace of the Department of Neurol-
ogy, 2nd Faculty of Medicine, Charles University in Prague, Czech
Republic and Institute of Physiology, Academy of Sciences of the
Czech Republic v.v.i., Prague, Czech Republic. The HGT was
designed to test separately two basic types of navigation. The first
type is allocentric (world-centered) navigation, which is
hippocampus-dependent and independent of an individual’s posi-
tion and where salient distal cues (landmarks) are used for navi-
gation (Astur et al., 2002). The second type is egocentric (body-
centered) navigation, which is parietal cortex-dependent, and relies
on an individual’s position and the start location (Weniger,
Ruhleder, Wolf, Lange, & Irle, 2009). The HGT has two ver-
sions—the 2-dimensional computerized version and the real-space
version performed in the real-space navigation setting called the
Blue Velvet Arena (BVA) described in detail in our previous
studies (Hort et al., 2007; Lacz6 et al., 2011) and also in our last
study (Hort et al., 2014), where the apparatus was described under
a different name. In this study we used the 2-dimensional com-
puterized version of the HGT, where a map-view of the arena (used
in the real-space testing procedure) was projected on a 17-inch
computer touch screen (Laczd et al., 2012). The arena in the
computerized version was shown as a large white circle with the
start position (medium-sized red circle) and two orientation cues
(red and green lines) on its perimeter. A small red circle inside the
arena represented the goal (Figure 1a).

The aim was to locate the invisible goal in four different
subtasks using the start position or two distal orientation cues,
respectively (Figure 1b). On the computer touch screen, the par-
ticipants were requested to move a pointer directly from their start
position at the arena’s perimeter to the goal position inside the
arena, which was briefly visible (approximately 10 —15 seconds)
just prior to the trial, and to finish on the presumed goal position.
The allocentric-egocentric subtask involved locating the goal using
its spatial relationship with both the start position and the two distal
orientation cues. This was considered a training subtask designed
to familiarize participants with the testing procedure. The
egocentric subtask involved using only the start position to locate
the goal with no distal orientation cues displayed. The allocentric
subtask involved using only two distal orientation cues at the
perimeter for navigation to the goal as the start position was
unrelated to the goal position. Finally, the delayed subtask was a
repeat of the allocentric subtask administered 30 minutes after the
initial allocentric subtask was completed (see Table 1).

Each subtask involved eight trials performed in direct sequence.
The delayed subtask involved only two trials. The positions of the
goal were consistent across trials relative to (a) the positions ofthe
start location and both orientation cues in the allocentric- egocentric
subtask, (b) positions of the start location in the ego- centric
subtask, and (c) positions of both orientation cues in the allocentric
and delayed subtask. Each consecutive trial involved a 45-degree
clockwise rotation around the virtual arena. For exam- ple, in the
allocentric-egocentric task (Figure 1a), the two cues positioned at
about 7:30 o’clock and 10:30 o’clock, respectively, and the start
location positioned at about 4:30 o’clock all rotated
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allocentric-egocentric

egocentric allocentric

Figure 1. The Hidden Goal Task. (a) Computerized version—a computer screen view with the largest circle
representing the arena, the small circle in the arena representing the goal position, the midsize circle on the edge
of the arena representing the start position and the two lines on the edge of the arena representing the cues. The
line representing tracking by a subject between the start and the goal positions is also depicted. (b) The scheme
of the first three individual subtasks: allocentric-egocentric, egocentric, and allocentric. The delayed subtask (not
shown here) is the same as the allocentric subtask. (c) A computer screen view of the arena rotated 45 degrees

clockwise from the previous trial shown in Figure la.

clockwise by 45 degrees between two trials. This rotation is
expressed Figure lc with the cues moved to 9 o’clock and 12
o’clock and the start position moved to 6 o’clock. The goal position
also moved correspondingly. The correct position of the goal was
visible for 10 —15 seconds after each trial in each subtask as
feedback to enable continual learning of the goal position. It

Table 1 i
Description of Spatial Navigation Subtasks

Spatial navigation subtasks

Allocentric- Delayed
Key characteristics ~ egocentric ~ Egocentric Allocentric allocentric
Number of trials 8 8 8 2
Start related to the
goal® Yes Yes No No
Orientation cues” Yes No Yes Yes
Learning® Yes Yes Yes No

Note. Allocentric-egocentric navigation subtask = both the positions of the
start and orientation cues are used for navigation to the goal;egocentric
navigation subtask = only the start position is used for navigation; allo-
centric navigation subtask = only the position of the orientation cues is used
for navigation; delayed allocentric subtask = similarly to allocentric subtask
only orientation cues are used for navigation.

* The goal is a consistent distance away from the starting position, the goal
is always in the same distance and direction from the starting posi- tion.
® Orientation cues are visible at the sides of the circle to facilitate
orientation, they always appear at the same angle and distance from the goal
position. ¢ Each trial was followed by feedback to facilitate learning.

was, however, not shown anytime during the delayed subtask.
Thus, all tasks except for the delayed subtask allowed for learning
across trials.

Performance was measured automatically by the computer as the
distance error between the estimated position on the screenand the
actual goal location (in screen pixels, the diameter of the map-view
of the arena was 280 pixels). There was no time limit to find the
goal, mainly to reduce bias by differences in cognitive, sensory, and
physical functioning. Examiners were blinded to the

results of the other examinations and they supervised the correct
performance of the task without interference beyond standard
instructions.

Statistical Analyses

An analysis of variance (ANOVA) with post hoc Tukey’s test
evaluated mean differences between groups in age, years of edu-
cation, the MMSE, neuropsychological tests, and left and right
hippocampal volumes. The X test evaluated differences in pro-
portions (gender).

To properly account for the repeated measures structure of the
data, we used linear mixed effects regression (Littell, Milliken,
Stroup, Wolfinger, & Schabenberger, 2006; Singer & Willett,
2003). This method of analysis yields the same output as repeated
measures ANOVA but it is also more versatile, properly handling
repeated measures and allowing specification of best-fitting cova-
riance structure accounting for random effects.



and is not to be disseminated broadly.

gical Association or one of its allied publishers.

s article is intended solely for the personal use of the individual user

This document is copyrighted by the American Psycholo,

APOE AND COMPUTER-BASED SPATIAL NAVIGATION 5

The distance between the participant’s choice of the goal position
and the correct goal position (distance error) measured in pixels on
each of the eight spatial navigation trials (allocen- tric or
egocentric), or the two delayed allocentric trials was entered as the
outcome in linear mixed effects models. APOE status was the
independent variable. The models yielded main effect for group
(aMCI e4—/— vs. aMCI e4+/— vs. aMCI
e4+/+) and trial (Trials 1- 8 for the egocentric or allocentric
subtasks, or Trials 1-2 for the delayed subtask). All distance error
values were converted into z-scores (M = 0, standard deviation =
1), which allowed us to present the main results in standard
deviation units.

Age, gender, and education, which may affect spatial naviga-
tion, were controlled to provide more conservative estimates ofthe
hypothesized associations. Because spatial navigation can be in-
fluenced by memory impairment, we subsequently also controlled
for free verbal memory recall, measured with the sum of two
indices from the RAVLT (sum of the five learning trials and the
Trial 6) and for free nonverbal memory recall, measured with the
index from the BVRT administration A (total number of errors). To
assess the influence of right hippocampal volume, we esti- mated
the same linear mixed effects models while also control- ling for
the right hippocampal volumes. The same models were estimated
separately for women and men. The intercept and a person
identifier were specified as random effects. Based on model fit,
the final models used the compound symmetric covariance
structure.

We examined the proportion of the association accounted for by
right hippocampal volume with the following formula: % ac-

counted for = (adjusted mean differencevasic modet —adjusted
mean differencemodel with hippocampal volume / adjusted mean
dferencenasic model) *100.

Statistical significance was set at 2-tailed (alpha) of .05. Effect
sizes were reported using Cramér’s V for the X test (Cramér, 1999)
and partial eta’ for ANOVA and linear mixed effects re- gression
analyses (Tabachnick & Fidell, 2007). Partial eta®> of 0.2
corresponds to Cohen’s d of 1.0. With our sample size, Cramér’s V
of about 0.47 corresponds to Cohen’s d of 1.0. All analyses were
conducted by using IBM SPSS for Windows version 20.0.

Results

The groups did not differ in age, education, MMSE and GDS
scores or any neuropsychological test, but there were more men in the
aMCI e4—/— group than in the g4+/— and e4+/+ groups (33% vs.
73% and 73%, x> = 11.74; p = .003; Cramér’s V = 0.40). The aMCI
groups did not differ in left hippocampal volume (F(2, 71) = 2.48;
p = .096; partial eta> = 0.10), but differed in right hippocampal
volume (F(2,71) = 3.99; p = .026; partial eta® = 0.19). Specifically,
the aMCI g4+/+ group had smaller right hippocampal volume com-
pared to the aMCI e4—/— group (see Table 2).

APOE E4 Genotype and Spatial Navigation in aMCI

Controlling for age, gender and education, we found significant
main effects for group in all spatial navigation subtasks—in the
egocentric (F(2, 68) = 19.44; p < .001; partial eta’>= 0.40),
allocentric (F(2, 68) = 6.74; p = .001; partial eta® = 0.36) and

Table 2
Demographic, Neuropsychological and MRI Volumetric Characteristics of Study Participants
aMCI e4—/— aMCI e4+/— aMCI g4+/+

Variables (n=33) (n=26) (n=15) Effect sizes
Women, 7 (%) 11(33) 19 (73) 11(73) 0.40™
Age in years, mean (SD) 74.4 (10.8) 74.9 (7.3) 71.7 (7.3) 0.02
Education in years, mean (SD) 13.4(24) 13.6 (2.9) 12.7 (3.0) 0.02
MMSE raw score, mean (SD) 27.0 (2.1) 26.7 (2.6) 2552.4) 0.07
GDS raw score, mean (SD) 4.2 (3.2) 3.1(L.6) 2.5(L.7) 0.08
RAVLT 1-6 raw score, mean (SD) 35.4(9.3) 35.7(11.6) 32.0(9.1) 0.02
RAVLT 30 raw score, mean (SD) 4.0 (2.9) 293.3) 2.1(2.3) 0.06
TMT A score (in seconds), mean (SD) 24.7(11.2) 27.0 (12.8) 32.3(12.7) 0.05
TMT B score (in seconds), mean (SD) 178.1 (85.1) 182.0 (83.4) 167.5 (95.0) 0.01
COWAT raw score, mean (SD) 33.2(11.6) 34.8(11.8) 38.4 (9.6) 0.03
Digit span total numbers recalled, mean (SD) 6.7 (3.2) 6.4 (1.3) 6.0 (1.2) 0.01
Reversed digit span total numbers recalled, mean (SD) 4.2(1.3) 4.5 (1.1) 3.9 (1.0) 0.05
BVRT A errors’ raw score, mean (SD) 7.8 (4.9) 10.7 (3.2) 8.7 (4.7) 0.05
BVRT C errors’ raw score, mean (SD) 1.1 (1.6) 1.1 (1.0) 0.7 (1.2) 0.01
Egocentric navigation subtask (pixels), mean (SD) 39.4(29.9) 78.5 (43.6)° 96.7 (30.1) 0.40""
Allocentric navigation subtask (pixels), mean (SD) 73.2 (40.5) 97.7 (32.3)° 113.7 (26.5) 0.36™
Delayed navigation subtask (pixels), mean (SD) 65.7 (46.4) 101.5 (52.3)f 110.9 (50.9)F 0.29"
Left hippocampal volume normalized with ¢TIV, mean (SD) 2276 (685) 2302 (361) 1767 (235) 0.10
Right hippocampal volume normalized with eTIV, mean (SD) 2371 (509) 2223 (436) 1776 (259)F 0.19"

Note. MCI = mild cognitive impairment; aMCI ¢4—/— = amnestic MCI &4 negative; aMCI ¢4+/— = amnestic MCI &4 heterozygotes; aMCl e4+/+ =
amnestic MCl g4 homozygotes; MMSE = Mini-Mental State Examination; GDS = Geriatric Depression Scale; RAVLT = Rey Auditory Verbal Learning
Test; RAVLT 1-6 = trials 1 to 6 total; RAVLT 30 = word recall after 30 minutes; TMT A and B = Trail Making Tests A and B; COWAT = Controlled
Oral Word Association Test; BVRT A and C = Benton’s Visual Retention Test A and C administration; eTIV = estimated total intracranial volume.

Neuropsychological characteristics of the groups. Values are mean (SD) except for gender. Effect sizes indicating the differences among all groups were
calculated as Cramér’s V for chi-square (gender) and partial eta-squared for ANOVA comparisons (all other variables). For p indicating the level of

*k ook

significance for the size effects are: “ p < .05.
are: T p < .05.Fp< .01.%p < .001.

p <.0l.

p < .001. For p indicating the level of significance compared with aMCI g4—/— group
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Figure 2. Spatial navigation performance across trials. Mean distance errors from the goal and SD are depicted.

delayed (F(2, 68) = 4.85; p = .012; partial eta> = 0.29). Specif-
ically, the aMCI e4+/+ group exhibited poorer overall navigation
accuracy than the aMCI e4—/— group in the egocentric, allocentric
and delayed subtasks (see Figure 2). In addition, the aMCI g4+/—
group exhibited poorer overall navigation accuracy than the aMCI
eg4—/— group in the egocentric, allocentric and delayed subtasks.
The aMCI g4+/+ group also exhibited poorer overall navigation
accuracy than the aMCI e4+/— group in the egocentric subtask,
whereas differences in the allocentric and delayed subtasks were
not significant (see Table 3).

The main effects for trial in the egocentric and allocentric
subtasks were not significant, indicating no significant learning
effect across consecutive trials in the sample overall (F(1,476) =
0.06; p = .812; partial eta® = 0.02 and F(1,476) = 0.46; p = .422;
partial eta> = 0.02, for egocentric and allocentric subtasks, respec-
tively). Finally, there were no significant group-by-trialinterac-
tions, suggesting no differences in learning between the groups in
the egocentric (F(2, 476) = 0.43; p = .650; partial eta> = 0.03)
and allocentric (F(2, 476) = 0.26; p = .769; partial eta’> = 0.06)
subtasks. In the subsequent analyses, we used the same models

Table 3

while also adding the RAVLT score (sum of Trials 1 to 6) and
BVRT score from administration A (total number of errors), re-
spectively, as a covariate to control for free verbal and nonverbal
memory recall. This adjustment did not change the results in any
spatial navigation subtask.

The linear mixed effects models analyses conducted for women
and men separately yielded results similar to those with the overall
sample. Specifically, significant main effects for group in both men
and women were found in egocentric (F(2,36) = 11.76; p < .001;
partial eta? = 0.37 and F(2, 28) = 13.92; p < .001; partial eta® =
0.48, respectively) and delayed (F(2, 36) = 4.86; p = .016; partial
eta> = 0.25 and F(2, 28) = 6.57; p = .007; partial eta®> = 0.33,
respectively) subtasks. Only in the allocentric subtask the differences
between groups were driven mainly by men (F(2, 28) = 8.16; p <
.001; partial eta? = 0.35) and not by women (F(2,36) = 1.88; p =
.155; partial eta®> = 0.20).

The main effects for trials and for group-by-trial interactions in the
linear mixed effects models analyses conducted for women and men
separately remained nonsignificant for women (ps > .50) and men (ps
> .60), which mimics the results with the overall sample.

Comparisons of Adjusted Mean Error Distances From the Goal Across Groups

Egocentric subtask

Allocentric subtask Delayed subtask

Mean difference

Mean difference Mean difference

(I) Group code (J) Group code () Effect size () Effect size (=) Effect size
aMClI g4—/— aMCI g4+/— —0.71 0.76™" —0.41 0.50" —0.63 0.71"
aMCI e4+/+ —1.24 1.55"" —0.74 091" —0.85 0.98"
aMCI g4+/— aMCI e4+/+ —0.54 0.64" —0.33 0.59 —0.22 0.26
Note. aMCI = amnestic Mild Cognitive Impairment; é4—/— = APOE &4 noncarriers; ¢4+/— = APOE &4 heterozygous carriers; ¢4+/+ = APOE &4

homozygous carriers.

Linear mixed models adjusted for age, gender and education. Mean differences are measured in standard deviation units. Effect sizes were calculated as
Cohen’s d using standardized mean differences and pooled standard deviation. For p indicating the level of significance for the size effects are: “ p <

.05. " p<.01.7" p<.001.
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The Role of Hippocampal Volume in the Association
Between APOE E4 Genotype and Spatial
Navigation in aMCI

In models adjusted for age, gender, and education, the right
hippocampal volume accounted for the association between &4
status and spatial navigation on the allocentric (F(2, 67) =1.78;
p = .170; partial eta> = 0.13) and delayed (F(2, 67) = 1.22;p =
.306; partial eta> = 0.07) subtasks, but not on the egocentric
subtask (F(2, 67) = 15.69; p < .001; partial eta> = 0.34). Spe-
cifically, the aMCI e4+/+ group still exhibited poorer overall
navigation accuracy than the aMCI e4—/— group in the egocentric,
but not in the allocentric and delayed subtasks (see Figure 2).
Further, also the aMCI eg4+/— group still exhibited poorer overall
navigation accuracy than the aMCI e4—/— group in the egocentric,
but not in the allocentric and delayed subtasks. Differences be-
tween aMCI g4+/+ and aMCI g4+/— groups were reduced to the
trend in the egocentric subtask, and remained nonsignificantin the
allocentric and delayed subtasks (see Table 4).

Using the formula to calculate the proportion of the group
difference in adjusted mean value accounted for right hippocampal
volume (see values in Tables 3 vs. 4), we found that right hip-
pocampal volume accounted for 50% of the association between
being a e4+/+ carrier (as opposed to eé4—/— carrier) and spatial
navigation on the allocentric subtask, 69% of the association on the
delayed subtask, and 4% of the association on the egocentric
subtask. Further, right hippocampal volume accounted for 41% of
the association between being a g4+/— carrier and spatial navi-
gation on the allocentric subtask, 33% of the association on the
delayed subtask, and 1% of the association on the egocentric
subtask.

The main effects for trial in the egocentric (F(1, 469) = 0.38;
p = .540; partial eta’> = 0.02) and allocentric (F(1, 469) = 0.14;
p = .708; partial eta®> = 0.02) subtasks, as well as the group-by-
trial interactions in the egocentric (£(2, 469) = 0.06; p = .938;
partial eta®> = 0.05) and allocentric (F(2, 469) = 0.50; p = .607;
partial eta®> = 0.05) subtasks, remained nonsignificant.

Discussion

We examined the influence of APOE &4 genotype on spatial
navigation using a computerized version of the human variant of
the Morris Water Maze in patients with amnestic MCI (aMCI).
Consistent with our hypothesis, patients with aMCI who carried at

Table 4

least one APOE &4 allele performed significantly worse on spatial
navigation than their counterparts without this allele irrespective of
age, gender, education, and degree of verbal and nonverbal mem-
ory impairment. Further, spatial navigation in this aMCI sample
was sensitive to the influence of APOE &4 in a dose-dependent
manner, particularly in the egocentric (body-centered) type of
navigation, whereby APOE &4 homozygotes were more impaired
than APOE &4 heterozygotes and APOE &4 noncarriers.

The results for allocentric (world-centered) navigation as a
function of APOE &4 categorization were not significant. One
possibility is that these results were affected by the floor effect.
Specifically, the APOE &4 heterozygotes scored rather poorly on
this task, recording large distance errors from the goal. Although
the APOE &4 homozygotes scored even more poorly than the
APOE &4 heterozygotes, they sometimes reached the threshold for
the magnitude of the error allowed by the program, presumably
preventing the difference between these two groups from reaching
the threshold for statistical significance.

Overall, these findings map on our previous findings showing
poor navigation by APOE &4 heterozygous carriers with aMCI in
the real space (Laczo et al., 2010, 2011) and extend them to an easy-
to-use computerized variant that has much greater clinical utility.
Furthermore, they show that spatial navigation may be sensitive to
the number of APOE &4 alleles. Therefore, these findings
strengthen the notion that APOE genotype is an important
determinant of spatial navigation performance in nondemented
older adults, possibly in a similar way as it affects spatial attention
and spatial working memory (Parasuraman, Greenwood, & Sun-
derland, 2002; Greenwood, Lambert, Sunderland, & Parasuraman,
2005).

There are notable differences between the studies by Parasura-
man et al. (2002) and Greenwood et al. (2005) and our study. Both
Parasuraman and Greenwood focused on spatial working memory
where the task revolves around the ability to recognize whether a
dot on a screen is located on the same (match) or a different
(nonmatch) location from an attached location cue dot over adelay
of 2 seconds, with reaction time (RT) being the main outcome. The
task we used here revolves around the assessment of spatial
navigation per se and its two basic components— egocentric (using
a start position to find a hidden goal) and allocentric (using a
configuration of landmarks in relation to the position of the hidden
goal). Also, by using the human analogue of the Morris Water
Maze, the subjects are asked to imagine navigating themselves

Comparisons of Adjusted Mean Error Distances From the Goal Across Groups Controlled for Right Hippocampal Volume

Egocentric subtask

Allocentric subtask Delayed subtask

Mean difference

Mean difference Mean difference

(I) Group code (J) Group code () Effect size () Effect size (=) Effect size
aMCled—/— aMCI g4+/— —0.70 0.75™" —0.24 0.29 —0.42 0.47
aMCI g4+/+ —1.19 1.48" —0.37 0.46 —0.26 0.30
aMCled+/— aMCI g4+/+ —0.49 0.57 —0.14 0.25 —0.16 0.19
Note. aMCI = amnestic Mild Cognitive Impairment; e¢4—/— = APOE &4 noncarriers; e¢4+/— = APOE &4 heterozygous carriers; e¢4+/+ = APOE &4

homozygous carriers.

Linearmixed models adjusted forage, gender, education, and righthippocampal volume. Mean differences are measured in standard deviation units. Effect
sizes were calculated as Cohen’s d using standardized mean differences and pooled standard deviation. For p indicating the level of significance for the

size effects are: “p < .05. " p < .01."" p < .001.
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within a defined space (or an arena). Finally, we were interestedin
spatial navigation accuracy rather than time to completion to
minimize the influence of spatial attention and psychomotor speed.
Therefore, this study provides a new view of the utility of spatial
tasks in the examination of the association between APOE &4 and
cognitive function.

Our findings are in line with research indicating that spatial
navigation may be an important indicator of cognitive impairment.
Notably, AD patients have approximately 3— 4 times higher prev-
alence of APOE &4 genotype compared to the general population,
and APOE &4 is a significant risk factor for conversion from MCI
to AD (Xu et al., 2013). Future research should investigate spatial
navigation impairment as an important indicator of cognitive im-
pairment among individuals with APOE &4.

Right hippocampal volume was decreased in APOE e¢4homozy-
gous carriers, which is consistent with studies reporting a greater
atrophy of the hippocampus among nondemented APOE &4 carri-
ers (Farlow et al.,, 2004; den Heijer et al., 2002). Because the
hippocampus is known to play a major role in spatial navigation
(Astur et al., 2002; Aguirre & D’Esposito, 1999), we hypothesized
that its volume loss could be at least partially responsible for spatial
navigation impairment in the APOE &4 carriers. In fact, decreased
right hippocampal volume accounted for a substantial portion of the
association between APOE &4 status and poorer allocentric and
allocentric delayed navigation accuracy. Specifi- cally, 50% and
69% of the covariate-adjusted effect showing poor navigation on
the allocentric and allocentric delayed subtasks among APOE &4
homozygous carriers was accounted for by differences in right
hippocampal volume. In parallel, 41% and 33% of the covariate-
adjusted effect for the APOE &4 heterozy- gous carriers on the same
subtasks was accounted for by right hippocampal volume. This
finding is consistent with our hypoth- esis and with previous
evidence for the role of the right hippocam- pus for allocentric
navigation (Feigenbaum & Morris, 2004; Ne- delska et al., 2012).
Allocentric navigation with the computerized test directly
examines functional, but reflects also structural changes of the
(primarily right) hippocampus (Gazova et al., 2012).

Combined with the relative simplicity of administration com-
pared to the real-space version, we propose that the computerized
test based on the MWM paradigm may be a useful tool for
evaluation of spatial navigation deficits and may be a more ap-
propriate cognitive task than traditional tests for examination of the
role of APOE in human cognition. However, with respect to study
limitations, it should be noted that the real-space and com-
puterized 2-dimensional versions are inherently not fully inter-
changeable, as the computerized spatial navigation tasks lack
vestibular and proprioceptive feedback that is normally available in
the real-world navigation tasks and that contributes to successful
navigation (Hort et al., 2007). Second, we used a cross-sectional
design, which does not allow for tracking aMCI patients for riskof
dementia diagnosis. Third, the diagnostic criteria used to define
aMCI vary across studies to at least some extent, which reduces
generalizability of our findings. Finally, we were unable to eval-
uate the association between egocentric navigation and parietal
cortex, which is associated with poorer egocentric navigation
performance in aMCI patients (Weniger et al., 2011). Future studies
where these data are available may provide a more refined look at
the mechanisms underlying egocentric navigation. Along

the same lines, the relationship between APOE status and egocen-
tric navigation in patients with MCI is still underexplored and
should be a focus of future studies.

Conclusion

Our findings indicate that APOE genotype influences spatial
navigation in aMClI patients in a computerized version of the HGT,
similar to our previous findings with the real-space version of this
test, in a dose-dependent manner. Spatial navigation impairmentin
APOE ¢4 carriers with aMCI was independent of demographic
variables and neuropsychological profile, but was partially ac-
counted for by differences in right hippocampal volume. Future
studies are needed to correlate performance on this test with real
life spatial navigation outcomes such as driving impairments,
getting lost and misplacing items. If such correlation was demon-
strated, this test could serve as a clinical screening tool for eval-
uation of spatial navigation deficits in people at risk of AD.
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Abstract
Background: Identification of famous landmarks (FLI), famous faces (FFI) and recognition of facial emotions (FER) is affected

distinctregions of the medial temporal lobe, which are affected successively during the course of AD. However, the dataon
FFl and FER in MCI are controversial and FLI domain remains almost unexplored.

controls.
Patients and Methods: A total of 114 patients, 13 with single domain (SD—aMClI) and 30 with multiple domains (MD—-aMCl),
FLI, FER and FFI.

Results: Compared to the control group, AD subjects performed worse on FFl (p =0.020), FER (p , 0.001) and FLI (p , 0.001),
MD-aMCI group had significantly worse scores only on FLI (p=0.002) and approached statistical significance on FER (0.053).
SD-aMCI group performed significantly worse only on FLI (p = 0.028) compared to controls.

Conclusions: Patients with SD-aMClI had an isolated impairment restricted to FLI, while patients with MD—aMCI showed
impairmentin FLIaswell asin FER. Patients with mild dementia due to AD have more extensive impairment of higher visual
perception. The results suggest that FLI testing may contribute to identification of patients at risk of AD. We hypothesize

amygdala to fusiform gyrus.
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early in the course of Alzheimer’s disease (AD). FFI, FER and FLI may represent domain specific tasks relying on activation of

Objectives: To determine whether and how are these three specific domains impaired in head to head comparison of
patients with amnestic MCI (aMCl) single domain (SD-aMCI) and multiple domain (MD-aMCl). We propose that FLI might be
most reliable in differentiating SD-aMCI, which is considered to be an earlier stage of AD pathology spread out, from the

29 with mild AD and 42 controls underwent standard neurological and neuropsychological evaluations as well as tests of

that clinical examination of all three domains might reflect the spread of the disease from transentorhinal cortex, over
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Introduction

Alzheimer disease (AD) is considered to be a continuum from
preclinical stage through the prodromal stage represented by mild
cognitive impairment (MCI) syndrome to the dementia syndrome
[1,2,3]. The difference between MCI and dementia is inpreserved
functional capacity of MCI individuals whereas cognitive impair-
ment is present in both stages. It is well accepted that beside the
impairment of episodic memory, there are also other cognitive
domains affected in early stages of AD, such as semantic memory,

PLOS ONE | www.plosone.org

executive functions, attention, language, visuo-constructive skills
and spatial navigation [4,5,6,7].

The individuals with MCI form a heterogeneous group, where
those with memory impairment — amnestic MCI (aMCI), seem to
be more vulnerable to convert to AD with estimated average rate
of conversion 12% per year [8]. Some of aMCI subjects present
with isolated memory impairment — aMCI single domain (SD-
aMCI), while others present with impairment in additional
domains to memory — aMCI multiple domain (MD-aMCI) [9].
Individuals with MD-aMCI are more likely to convert to dementia
than SD-aMCI subjects [10] and might thus represent a more
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advanced stage of AD pathology than SD-aMCI subjects.
However, not all of the individuals with aMCI syndrome convert
to dementia; some may remain stable or even reverse back to
normal cognition. Therefore much effort is spent to identify
subjects at higher risk with putative underlying AD pathology who
are considered to be at prodromal stages of AD.

Besides the structural and functional neuroimaging, focused on
the hippocampus and related structures, and the cerebrospinal
fluid assessment of amyloid-b peptide, tau, and phosphorylated tau
proteins, specific memory tests play an important role in
identification of the high risk MCI subjects. Specifically, “amnestic
syndrome of the hippocampal type” [11] seems to be characteristic
for prodromal stages of AD [12,13]. Besides clinically well-
established episodic memory tests [14], there has been ongoing
search for novel instruments aiming even for earlier AD related
changes with highest possible sensitivity and specificity.

Higher visual perception, which includes identification and
recognition of faces and landmarks as well as recognition of facial
emotions, is dependent on the medial temporal lobe structures that
are affected early in the course of AD. There is some empirical
evidence that these domains might be affected already in the MCI
subjects [15,16,17].

Studies on famous faces identification (FFI) report consistently
impairment of this domain in subjects with dementia due to AD
[18,19,20] while studies with MCI subjects report rather
inhomogeneous results [15,16,21,22].

Another domain affected early in patients with AD is
recognition of facial emotions (FER) [17,23]. Reports on FER
impairment in MCI are controversial [24,25,26,27]. However,
evidence favors the hypothesis that worse FER is associated with
MCI compared to normal aging [28].

Only very sporadic data exists on famous landmark identifica-
tion (FLI) in AD — casuistic report is available of an AD patient
with impaired discrimination between famous and unknown
buildings despite of preserved identification of faces [29]. The
single study with FLI in MCI [16] found that MCI subjects were
impaired in naming of famous buildings, famous faces, and of well-
known objects compared to controls.

The inconsistent results of FLI, FFI and FER impairment in
MCI might be the result of different study populations: Some
studies compared subgroups of patients with amnestic MCI while
the others also included those with non-amnestic MCI. In
addition, these studies use different paradigms exploring each
specific domain. Some studies rely on testing the naming of famous
faces/objects which also involves some semantic processing
[15,16] while others use face matching tasks, comparing similar-
ities or differences in facial features or emotions [17,21,22].

Recognizing famous faces, famous landmarks and emotions is
probably domain specific task. Imaging studies in cognitively
healthy subjects have shown category specific activation in medial
temporal structures during tasks with buildings, emotion and
famous faces recognition. Parahippocampal/lingual gyti ate more
responsive to buildings [30]; amygdala and adjacent cortex are
activated during emotion recognition [31,32], while the fusiform
gyri are preferentially responsive to famous faces [22,33].

Clinical staging of AD corresponds with spread of tau pathology
(formation of typical argyrophilic neurofibrillary tangles and
neuropil threads within the neurons) characterized in Braak staging
[34], where stage I-IV corresponds with the spread of pathology in
the direction from transentorhinal and parahippo- campal cortices,
to hippocampus, fusiform gyrus and beyond [35]. We suggest that
the impairment in identification of these domain specific
categories (FER, FFI and FLI) could appear based on their
structural correlates in a timely manner during the course of AD

PLOS ONE | www.plosone.org

FLI'in MCI

following the Braak stages. We have used well defined groups of
patients (SD-aMCI, MD-aMCI and mild AD).

The aim of our study was to perform head to head comparison
of these three domain specific paradigms relying on various medial
temporal lobe structures in well-defined subgroups of aMCI and
mild AD and to assess whether these tests can reliably distinguish
SD-aMCI and MD-aMCI from controls. Based on the domain
specific structural correlates, we expected that all 3 tasks will be
affected in mild AD, while only FER and FLI would be impaired
in aMCI compared to controls. Assuming that SD-aMCI might be
an earlier stage of AD pathology then MD-aMCI, wehypothesize
that FLI, which is relying on the parahippocampal gyrus, a brain
region affected very early in the course of AD, might be more
reliable in distinguishing SD-aMCI from controls.

Materials and Methods

1. Participants

The study was approved by the institutional ethics committee of
University Hospital Motol and all participants provided a written
informed consent. In demented people a research consent form
was approved and signed on the patient’s behalf by the caregiver.
A total of 114 subjects were recruited at the Memory Clinic of the
University Hospital Motol, 29 patients with mild AD, 43 patients
with aMCI (13 SD—aMCI and 30 MD-aMCI), and 42 cognitively
healthy controls. Cognitively healthy participants were recruited
from the older adults attending University of the Third Age at
Charles University in Prague or from relatives of patients of the
Memory Clinic, Motol University Hospital in Prague. Subjects
with memory complaints, history of neurological or psychiatric
disease, psychiatric medication usage, or abnormal neurological
examination including gait or movement difficulties were not
included. Participants meeting DSM IV-TR criteria for dementia,
Petersen’s criteria for MCI [36] or scoring more than 1.5 SD below
the age- and education-adjusted norms on neuropsycho- logical
examination were not included into the control group. MCI and
AD subjects were referred to the clinic by general practitioners,
neurologists, psychiatrists, and geriatricians. AD patients met the
NINDS ADRDA diagnostic criteria and all participants with aMCI
met published revised clinical criteria for MCI [36] including
memory problem reported by patient or caregiver, generally intact
activities of daily living, evidence of cognitive dysfunction with
predominant memory involvement on neuropsychological testing,
and absence of dementia. The aMCI patients scored in memory
tests 1.5 standard deviation points below the mean of age- and
education-adjusted norms. The aMCI subjects were further
classified into SD-aMCI and MD-aMCI. SD-aMCI patients had an
isolated memory deficit. Cognitive impairment in attention and
executive function, language skills,or visuospatial skills in addition
to memory impairment was used to classify subjects as having
MD-aMCI. Patients with a Hachinski Ischemic Scale score .4
[37] or with a history of other neurological or psychiatric
disorders including depression —scoring - 5 in the short 15 items
Geriatric depression scale [38] were not included in the study. All
participants underwent standard neurological and laboratory
evaluations, 1.5T magnetic resonance brain imaging, clinical
scaling Mini Mental State Examination (MMSE) [39] and complex
neuropsychological testing. Patients with extensive vascular
changes — Fazekas score
3 [40], lacunar stroke, meningioma or other severe structural
pathology on brain MRI were excluded from the study.
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2. Neuropsychological evaluation

The neuropsychological battery was covering 1) memory,
measured by Auditory Verbal Learning Test trials 1-6 and the
Auditory Verbal Learning Test Delayed Recall [41,42], Rey-
Osterrieth Complex Figure Recall condition [43] and modified
version of FCSRT called Enhanced Cued Recall (ECR test in
Czech validated version) [13,44]; 2) attention/processing speed,
measured with the Digit Span Backwards [45] and Trail Making
Test A [46]; 3) executive functions, measured with the Trail
Making Test B [46] and Controlled Oral Word Association
(COWAT) test [47]; 4) language, measured with the Boston
Naming Test [48]; and 5) visuospatial functions measured with the
Rey-Osterrieth Complex Figure Copy condition [43]. The score
for each domain was expressed as a unit weighted composite score
from the relevant tests. The Trail Making Test subtasks, which are
expressed in seconds to completion, were reverse scored before the
means were generated. Boston Naming Test scores were used only
for MCI patient classification. The MMSE was administered to
measure global cognitive functions.

3. Test of famous faces identification

This test was adapted from Keane’s study [49] and adjusted for
a Czech population [50]. Faces of 10 highly famous persons
(politicians, actors, musicians, etc.) and 10 unfamiliar faces were
presented to the subjects in a fixed pseudo-random order. We used
pictures of famous people from visual media. For each face, the
participant decided whether the person was familiar or not. The
performance was measured by the number of faces correctly
recognized as familiar or unfamiliar (correct rejections) with
possible scores ranging from 0-20. The battery of famous faces
was composed only from Czech personalities. The test was
administered by a single qualified test administrator to avoid
interrater vatiability.

4. Test of famous landmarks identification (Fig.1)

The famous objects were depicted considering Czech generally
well known buildings and international buildings well-known
within the Czech population. Identification of these objects was
previously tested on a set of elderly cognitively healthy volunteers.
Items which were not recognized by 20% or more of the
volunteers were not included in the test. The administration of the
test was fully computer based to avoid interrater variability.

Charles Bridge

Figure 1. Test of famous landmarks identification. lllustration of two
famous places for the Czech population and two similar but
unfamiliar places. For each place, the participant decided whether the
place was familiar or not.

doi:10.1371/journal.pone.0105623.g001
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Pictures of 25 highly famous places worldwide (buildings,
bridges, statues etc.) and 25 matched pictures of unfamiliar places
were presented in a fixed pseudo-random order. For each place,
the participant decided whether the place was generally familiar or
not. Each correctly recognized place as familiar or unfamiliar
(correct rejections) was scored with one point — score range 0-50.

5. Test of facial emotions recognition

Pictures from the Ekman and Friesen series [51] representing
five basic emotions, i.e., happiness, anger, sadness, fear and disgust
were used to measure recognition of facial emotions. Each
category of the five emotions was presented by using five pictures
of different faces. The description of each emotion was printed
under each picture in a random order in multiple choices. The
participants were asked to point to the emotion which correlated
best with the facial expression shown above. There were 25 trials
(five for each emotion) with possible scores ranging from 0-25.
The emotions were randomly presented and no target picture was
used more than once.

6. Statistical evaluation

Inferential statistics involved a one-way analysis of variance
(ANOVA) to evaluate between-group differences in age, MMSE,
and neuropsychological tests. The X2 test was used to evaluate
differencesin proportions (gender). The between-group differences
in the main analyses with FFI, FER and FLI were evaluated using
a general linear model (GLM). As the groups differed in the level
of education, education was used as a covariate in these models. In
the second GLM model we controlled for global cognitive
functioning by adding a MMSE score to the previous model. All
post hoc analyses were carried out with the Sidak test.

In the correlation analyses, first, zero-order Pearson cortelation
with Holm-Bonferroni correction for multiple comparisons was
used to assess the relationship between the FFI, FER and FLI and
neuropsychological tests. Subsequently, partial Pearson correlation
with Holm-Bonferroni correction was used to control for the effect
of group membership. Due to low variability of the scores across
the groups, we used all participants within one correlation analysis.
This step did not affect the results. The significance level was set at
two-tailed 0.05. All analyses were run using SPSS 13.0 for
Windows.

Results

The groups did not differ in age (F[3,110] = 2.11; p = 0.103) and
gender (x2(3) = 3.03; p = 0.387), but in education (F[3,110] = 8.65;
p »0.001), specifically AD (p,0.001) and SD-aMCI (p =0.023)
had less years of education than the control group. The
demographical and neuropsychological characteristics are pre-
sented in Table 1.

There was a moderate positive correlation between FER and
FLI, and a low positive correlation between FFI and FLI and
between FFI and FER. Correlations between FFI, FER, FLI,
MMSE and cognitive domains are presented in Table 2. Whenwe
controlled for a group membership in the correlation analyses,
only a low positive correlation between FER and FFI and between
FER and FLI together with a moderate positive correlation
between FLI and MMSE remained significant; see Table 2.

In the main GLM analysis controlling for education, we found
significant main effects for group in FFI (F[3,109] = 3.54; p =
0.017), FER (F[3,109]=12.00; p,0.001) and FLI
(F[3,109] = 15.60; p » 0.001) tests. Specifically, the SD-aMCI was
impaired only in FLI (p = 0.028) compared to the control group.
Further, the MD-aMCI had lower performance in FLI (p = 0.002)
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compared to the control group. Differences between the MD-
aMCI and the control group in FER approached statistical
significance (p = 0.053). Finally, the AD group had lower
performance in all three main tests, FFI (p =0.020), FER (p,
0.001) and FLI (p ,0.001), compared to the control group. There
were no differences between the SD-aMCI and MD-aMCI groups.
For the differences in the performance among the groups see in
Figure 2, 3, 4. In the second GLM analysis controlling for
education and MMSE score, the main significant effect remained
for the FLI (F[3,108] = 5.97; p = 0.001) and FER (F[3,108] = 5.38;
p = 0.002) tests, but not for the FFI (F[3,108] = 2.21; p = 0.091).
Specifically, the differences between the SD-aMCI and the control

Table 1. Demographic characteristics of the groups.
Controls (n = 42) SD-aMCI (n = 13) MD-aMCI (n = 30) mild AD (n = 29) P value Effect size
Age 71.55 (4.95) 72.62 (7.68) 71.93 (9.18) 74.41 (8.44) 0.1032 0.054¢
Sex W/M 25/17 (0.60) 9/4 (0.69) 13/17 (0.43) 17/12 (0.59) 0.387° 0.1629
Education 15.79 (2.59) 13.23 (2.89)* 14.83 (3.44) 12.59 (2.21)** ,0.0012 0.190°
MMSE 28.54 (1.44) 27.04 (2.32) 26.02 (2.86)*** 19.79 (3.26)*** ,0.0012 0.617¢
FCSRT 15.88 (0.33) 12.25 (2.71) 13.81 (3.03)* 9.00 (1.41)*** ,0.0012 0.362°
AVLT 1-6 58.41 (12.15) 30.75 (9.71)* 29.00 (6.57)*** 30.0 (2.83) *** ,0.0012 0.701°
AVLT 30 10.18 (3.38) 1.25 (1.49)*** 2.24 (1.64)*** 0.50 (0.71) *** ,0.0012 0.752°
ROCF -R 18.38 (6.17) 6.80 (4.10)** 8.95 (5.16)** 1.50 (2.12)** ,0.0012 0.501°
DSB 4.94 (0.97) 4.50 (1.41) 4.19 (1.66) 4.50 (0.71)** 0.0032 0.193¢
TMT A 40.68 (8.72) 45.63 (30.66) 60.14 (23.80) 65.00 (32.53)** 0.0012 0.172°
TMT B 87.56 (19.74) 113.75 (36.51) 186.62 (119.79)** 355.00 (205.06)*** ,0.0012 0.353¢
COWAT 43.24 (11.86) 37.88 (9.99) 30.76 (10.40)** 25.50 (7.78)*** ,0.0012 0.249°
ROCF -C 31.76 (1.79) 31.88 (2.03) 26.95 (5.24)* 16.75 (9.55)*** ,0.0012 0.448°
BNT err. 2.50 (1.89) 5.25 (2.44) 6.19 (3.81)* 12.40 (5.76)*** ,0.0012 0.800°
FFI 18.61 (1.48) 18.38 (1.66) 17.66 (2.72) 16.79 (2.90)* 0.017 0.098°
FER 21.93 (2.23) 20.00 (2.20) 20.03 (2.54) 17.13 (4.02)** ,0.001 0.223°
FLI 42.27 (3.79) 37.62 (4.25)* 37.90 (4.72)* 33.17 (5.91)** . 0.001 0.317¢
Mean values (SD); Auditory Verbal Learning Test (AVLT)trials 1-6 and AVLT Delayed Recall (AVLT 30), Rey-Osterrieth Complex Figure Copy (ROCF - C)and Recall (ROCF -
R), Free and Cued Selective Reminding Test (FCSRT) total recall, Digit Span Backward (DSB), Trail Making Test (TMT) Aand B, Controlled Oral Word Association (COWAT),
Boston Naming Test errors (BNT err.); one-way ANOVA - between-group differences.
3ANOVA, X2 test, °Partial eta 2, 9Cramér's V, * p , .05, ** , .01, *** , .001 (compared to the control group) Note: Partial eta? of 0.2 corresponds to Cohen’s d of 1.0 with our
sample size, Cramér's V of about 0.175 corresponds to Cohen’s d of 0.356.
doi:10.1371/journal.pone.0105623.t001

group approached statistical significance in FLI (p = 0.057). Further,
the differences between the MD-aMCI and the control group
remained significant for FLI (p = 0.013), but not for FER  (p =
0.083). Finally, the differences between the AD and the control
group remained significant for FER (p =0.001) and FLI (p = 0.001)
tests. The differences between the SD-aMCI and MD- aMCI groups
remained non-significant.

Discussion

The findings indicate that SD-aMCI patients performed
significantly worse than controls on FLI but not on FER and
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Table 2. Correlations of FFI, FER and FLI with cognitive domains (EGM — correlations controlled for effect of group membership).
FFI FER FLI
MMSE EGM 0.127 0.114 0.407**
0.313* 0.411** 0.681***
memory EGM 0.220 0.171 0.139
0.370** 0.438** 0.531***
attention EGM 0.248 0.248 0.177
0.309* 0.333* 0.299*
executive EGM 0.092 0.228 0.245
0.247 0.425** 0.511***
visuospatial EGM 20.094 20.110 0.228
0.104 0.181 0.504***
*p,0.05 **,0.01, ***,0.001 values in bold indicate significant correlations after Holm-Bonferroni correction for multiple comparisons. The tests used for testing each
cognitive domain are closely described in the methods.
doi:10.1371/journal.pone.0105623.t002
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Figure 2. Differences across groups in the FFI test. The total
number of faces correctly recognized as familiar or unfamiliar (correct
rejections) in each group is depicted. * p ,0.05. Note: mean, median
andinterquartileranges characterise performance ofeachgroup. FFI =
Testoffamousfacesidentification, SD-aMCI = single domainamnestic
mild cognitive impairment, MD-aMCI = multiple domain amnestic mild
cognitive impairment, AD = Alzheimer’s disease dementia.
doi:10.1371/journal.pone.0105623.9002

FFI, MD-aMCI scored worse on FLI and approached statistical
significance in FER performance. Further, AD patients exhibited
impairment in all 3 visual domains. The findings could not be
explained by differences in education but were partially modified
by MMSE.

In our previous work we have shown that FER but not FFI may
be impaired in MD-aMCI and that neither FER nor FFI is
impaired in SD—aMCI [27] which is consistent with the results of
this study using different patients’ cohort. Similar finding was
reported from the study of University of California Los Angeles,
which also compared two groups of aMCI subtypes [26].
However, FLI seems to be impaired in both SD-aMCI as well as
MD-aMCI group of patients compared to controls and no
differences in FLI performance seem to be present between SD-
aMCI and MD-aMCI patients. This suggests that FLI could be
helpful in combination with other scales in cognitive screening for
aMClI in geriatric population.

On the contrary, impairment of FFI does not seem to be very
sensitive for MCI. Studies with face matching tasks in MCI subjects
suggested no differences in the number of correct answers, but only
longer completion time when compared to normal controls [21,22].
This is consistent with our results where no impairment of FFI
compared to controls was found in any of the aMCI subtype and both,
SD-aMCI as well as MD-aMCI group, performed similarly when
compared with each other.

On the other hand, the Barcelona group [15] reported that slight
FFI impairment may be predictive of dementia due to AD developed
2 years later and the Cambridge group did report impairment of FFI
in MCI [16]. The different results can be explained by using of
different paradigm. Both studies relay the testing of these categories
on naming faces and/or buildings, which involves a complex
processing network including involve- ment of stored semantic
knowledge about the people or buildings. Psychological studies have
suggested that the task of fully identifying and naming a famous
person is achieved by a cascade of sequential processing stages [52]:
the pre-semantic stage, when recognition of famous faces is impaired
only in the visual domain, the semantic stage, when loss of
biographical information about known people (person-specific
semantics) occurs regardless of the
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Figure 3. Differences across groups in the FER test. The total
number of correctly recognized emotions in each group is depicted.
* p,0.05 *** p,0.001. Note: mean, median and interquartile ranges
characterise performance of each group. FER = Test of facialemotions
recognition, SD-aMCI = single domain amnestic mild cognitive
impairment, MD-aMCI = multiple domain amnestic mild cognitive
impairment, AD = Alzheimer’s disease dementia.
doi:10.1371/journal.pone.0105623.g003

stimulus modality; and the post-semantic lexical retrieval stage,
when name retrieval is impaired but semantic information is
retrieved correctly. In our study however, subjects did not name
the faces/buildings, they were just deciding whether the presented
item was famous or not. This is similar to paradigm used in a
different Cambridge study [19], which indicated that pure
recognition and sense of familiarity can occur independently of
accessing semantic information.

Results of our present study show that impairment of FLI is
present in aMCI subjects and it can discriminate both aMCI
subtypes from controls. There are very few studies on recognizing
famous or familiar buildings or landmarks in AD and MCI [16,29];
the results of these studies correspond with our findings of

EELF

204
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1

I
(=]
1

FLI (number of correct responses)
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control SD-aMCI MD-aMC| AD

Groups

Figure 4. Differences across groups in the FLI test. The total number
of correctly recognized places as familiar or unfamiliar (correct
rejections) in each group is depicted. * p ,0.05, ** p ,0.01, *** p ,0.001.
Note: mean, median and interquartile ranges characterise performance
ofeachgroup. FLI = Testoffamouslandmarks identification, SD-aMClI
= single domain amnestic mild cognitive impairment, MD-aMCI =
multiple domain amnestic mild cognitive impairment, AD = Alzhei-
mer’s disease dementia.

doi:10.1371/journal.pone.0105623.g004
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FLI impairment in AD as well as in MCI and to a more

pronounced FLI than FFI impairment in these subjects [53].
According to the literature the FLI, FER and FFI depends on
various anatomical structures [17,21,30,31,32,54] therefore the
differences in the impairment of specific domains among the
groups of patients with different severity of cognitive impairment
might be caused by distinct neuropathological correlates involved
in each paradigm. According to Braak and Braak [35], underlying
AD pathology spreads gradually; affecting medio-temporal struc-
tures in the typical order and clinical staging corresponds with tau
pathology and Braak staging [34]. Our results could be interpreted

in this context. FLI refers to parahippocampal/lingual gyri [30].

Lesion of the parahippocampal gyrus may lead to inability to
recognize salient environmental landmarks during spatial naviga-
tion and may thus cause significant spatial navigation deficits [54].

Transentorhinal cortex, a part of parahippocampal gyrus is the
first affected by the AD pathology. This corresponds with a view

that SD-aMClI is an eatlier stage than MD-aMCI, where besides

FLI also FER is impaired. FER depends on the function of the
amygdala [31,32] which is affected later in the course of AD [35].

Spreading of the pathology beyond the mesiotemporal struc- tures
in subjects with dementia would correspond to our observation
that FFI impairment relying on more lateral regions within
temporal neocortex [17,21] was present together with FLI

and FER impairment only in demented subjects.

Our study shates limitation with similar studies in the field
which is the absence of neuroimaging correlates. Further, we used
a relatively small sample size, which could also influence the
results. Especially, due to the small sample size we failed to find
differences between SD-aMCI and MD-aMCI groups in FER,
although MD-aMCI patients seem to be impaired unlike SD-
aMCI patients when compared to the control group. We could not
exclude problems with familiarity assessment as an influencing
factor, similarly like the other studies on familiarity cited in this
article. We acknowledge that some studies in aMCI reported
difficulties with assessing familiarity in these subjects [55] and
over-reliance on familiarity as well [56]. However other studies did
not find impaired familiarity-based recognition in contrary to
impaired recognition based on recollection in MCI subjects,
suggesting that recollection and familiarity might be independent
processes associated with distinct anatomical substrates [57,58].
PET studies also show that the distinction of famous and non—
famous stimuli independently of its category [30,59,60,61] relies on
anterior temporal pole, which as a part of associative neocortex is
affected later in the course of AD pathology spread out (Braak
IV). This might suggest that the statistical differences observed in
aMCI subjects reflect the domain specific differences in the task
rather than difficulties in familiarity assessment. We cannot also
exclude a ceiling effect in the FFI task, which could cover up some
of the group differences in performance within this task. The
selection of participants is limited because the diagnosis of aMCI
was based only on a complex neuropsychological examination and
no imaging or biochemical biomarkers were used. Therefore we
could not exclude subjects which would not convert to AD in a
short time.

However, this study has potential implications for future
research. We have introduced a new paradigm on famous
landmark identification which allows direct comparison with
analogical paradigm described in Keane’s study [49] on identifi-
cation of famous faces. This is to our knowledge the first head to
head comparison of these 3 paradigms, which allows interpreta-
tion of the usefulness of each paradigm for distinguishing aMCI
patients from the controls. The tasks of FLI, FER and FFI
probably involve segregated neurocognitive networks part of
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which are affected in prodromal stages of AD and future research is
needed to test this hypothesis. Especially studies with the employment
of functional neuroimaging would be of a great advantage. The carly
spread-out of pathology through the visual ventral stream is a specific
feature for AD therefore assessment of these domains could also help
in early differential diagnosis of AD versus other forms of dementia
such as frontotemporal lobar degeneration where ventral visual
stream is spared and diffuse Lewy body disease where dorsal visual
stream is eatly involved.

Another important future implication for research would be to
assess how FLI impairment correlates with real spatial navigation
difficulties. Spatial orientation difficulties is a well-known and
stressful feature reported by caregivers of individuals with
dementia due to AD and impairment in spatial navigation is one
of the early markers of MCI due to AD pathology while it
correlates with hippocampal type of memory impairment [62] and
with right hippocampal volume [63]. FLI is related to the ability of
recognizing landmarks important for navigation. Recent findings
indicated that learning and subsequent recalling or recognition of
landmarks or famous places may not be dependent on the way how
and in which environment they were perceived. In the study
addressing this issue [64] similar results were found when
landmarks or places visited by subjects were learned in the real-
world and virtual environment, respectively, and also when they
were subsequently recalled or recognized from photographs and
video clips. The more unique an object is within an environment
and the more it is perceived as having a stable spatial position, the
more likely it is that it will be used as a landmark. Objects ratedas
more stable (larger and less “portable”) automatically evoked
landmark-based neural processes in the study subjects [65]. In line
with this, it has also been shown that making spatial judgments
with reference to stable environmental objects (e.g., a large
buildings) compared with unstable objects (e.g., a ball) elicit greater
activity in navigationally relevant medial parietal and temporal
brain regions, including the hippocampus (for review see [66,67]).
Objects included in our FLI test fulfil both of these criteria (shape
uniqueness and stability) hence could be relevant for testing one
part of complex spatial navigation behaviour used in. Objects used
for navigation in the neighbourhood and town are usually
landmarks learned long time ago. Therefore difficulties in
recognizing them as familiar could be part of the problem
everyday navigation scenario of AD subjects. Establishing the
relationship between FLI and spatial navigation impairment might
confirm the usefulness of FLI in assessment in MCI at high risk for
conversion to AD dementia. The practical implication may be that
being impaired in the FLI can reflect the difficulties with
otientation in the real environment, which may contribute to
driving impairments and getting lost.

Conclusions

Our results suggest that the tasks with recognizing famous
landmarks, facial emotions and familiar faces involve segregated
neurocognitive networks and might be impaired in a time order in
relation to the course of AD. Since these tests refer to different
brain structures which are considered to be related to vatious
stages of the disease, assessment of FLI, FER and FFI may provide
valuable clinical information indirectly reflecting underlying
pathology. Future research is needed to match pathological
changes, test performance and longitudinal data.
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Abstract

Background: Drug development for Alzheimer disease (AD)
is challenged by the success in animal models tested in the
Morris water maze (MWM) and the subsequent failuresto
meet primary outcome measures in phase Il or lll clinical tri-
alsin patients. Thehumanvariantof MWM (hMWM) enables
usto examine allocentricand egocentric navigationasinthe
MWM. Objective: It was the aim of this study to examine the
utility of a computerized hMWM to assess the effects of do-
nepezil in mild AD. Methods: Donepezil 5 mg/day was start-
ed after initial AMWM testing in the treated group (n=12),
and after 28 days, the dose was increased to 10 mg/day. The
performance after 3 months was compared to that of a non-
treated group (n = 12). Results: Donepezil stabilized or im-
proved the spatial navigation performance after 3 months,
especiallyintheallocentricdelayedrecallsubtask(p=0.014).

Conclusions: The computerized hMWM has the potential to
measure the effects of donepezil in mild AD. It is a sensitive
cognitive outcome measure in AD clinical trials.

© 2013 S. Karger AG, Basel

Introduction

The developmentofnew drugs for Alzheimer disease
(AD)is challenged by successful animal studies thatem-
ploy the Morris water maze (MWM) which later fail to
meet primary outcome measuresin phase Il or IIl of clin-
ical trials. For example, spatial navigation testing in ani-
malsinthe MWM showed positiveeffectsof tarenflurbil,
solanezumab, bapineuzumab and other drugs whose
promising effects werenotreplicated in phaselIll studies
in which the AD Assessment Scale — cognition (ADAS-
cog) test, which targets episodic memory, was employed
[1, 2]. One reason why promising preclinical effects might
not translate to clinical research is because different as-
pectsof memory and other cognitive functionsare tested
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indifferentphasesof drugdevelopment.Itmightbe pos-
sible to improve the continuity from preclinical to clinical
development by testing spatial navigation in humans us-
ing versions of the MWM [3] adapted for use with hu-
mans [4].
OuroriginalstudyusingahumananalogoftheMWM
(hMWM) demonstrated spatial navigationimpairment
in patients with multiple-domain amnestic mild cogni-
tive impairment (aMCI) similar to that found in AD pa-
tients [5]. Follow-up studies expanded this finding to
show that spatial navigation can be employed to identify
aMCl patients athigh risk of conversion to dementia,
specifically aMClI patients with a hippocampal type of
memory impairment, who were similar in their perfor-
mance to patients with mild AD [6, 7]. A subsequent
study reported that the geneticrisk factor for late-onset
AD-apolipoprotein E e4 allele, whichis frequently ana-
lyzedin clinical trials — further exacerbated spatial navi-
gationimpairmentinaMClI patients [8]. The mostrecent
study revealed that the right hippocampus was responsi-
ble for allocentricnavigation impairment in prodromal
AD [9], especially in subjects with cognitive impairment.
Our objective was to examine the utility of the comput-
erized hMWM test to assess the effect of therapy with cho-
linesteraseinhibitorsin mild AD. Based on the previous
findings that a cholinergic deficitimpaired spatial naviga-
tionin animals[10] and that treatment with cholinester-
ase inhibitors improved the hippocampal function during
thespatialnavigation taskin MCI[11], we hypothesized
that increasing cholinergic transmission using cholines-
terase inhibitor therapy would improve spatial navigation
inmild ADinacomputerized version ofthehMWM.

Subjects and Methods

Subjects

Subjects were recruited between March 2009 and June 2012
from consecutive referrals to the memory clinic by primary care
physicians because of memory complaints. All newly diagnosed pa-
tientswithmild AD [n=24; meanage75years; 50% females; mean
education 14 years; mean Mini-Mental State Examination (MMSE)
score 24| metthe DSM-IV-TR criteria for dementia and the Na-
tional Institute of Neurological and Communicative Diseases and
Stroke/Alzheimer’s Disease and Related Disorders Association cri-
teria for probable AD [12]. All subjects signed informed consent
and underwent neurological, internal and laboratory evaluation,
1.5-teslamagnetic resonance imaging, clinical and neuropsycho-
logical testing and, in 8 subjects, spinal tap was performed revealing
typical AD-related changes [5]. The hMWM was part of this pro-
tocol performed at the beginning and the end of a 3-month interval.
Participants with depression (Geriatric Depression Scale >6) and
vascular changes (Hachinski score >4) were excluded.

2 Neurodegener Dis
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Clinical Trial Design

Groupstreated withdonepezil (n=12) and those withouttreat-
ment (n = 12) were tested by the computer-based version of
hMWM. Donepezil at 5 mg/day was started after initial testing,
and thedosewasincreased to10mg/dayafter28 days. All patients
were retested after 3 months. The non-treated group was started
with donepezil after the 3-month trial period.

The Human Analog of the MWM Task

ThehMWM [4]is designed to examine twobasic types of nav-
igation: (1) world centered = allocentric (hippocampus depen-
dent), and (2) body centered =egocentric (parietal cortex depen-
dent), controlled by the structures involved in early AD pathology.
Allocentric navigation is independent of an individual’s position
and distal orientation cues are used for navigation, while egocentric
navigation depends on an individual’s position and the start posi-
tionisused fornavigation. Weused the 2-dimensional computer-
ized version of the hMWM that was developed to mimic the real-
space version. The real-space navigation setting called the “Urania’
isafully enclosed cylindrical arena2.8 min diameter surrounded
by a2.9-meter-high dark blue velvet curtain. The design of the Ura-
nia and the real-space testing procedure are described in detail else-
where [4]. In the computerized version, amap view of the arena was
projected ona 17-inch computer touch screen and the participant
moved amouse pointer from the start position to the goal. The
arenain the computerized version ofthe hMWM was shownasa
large white circle with the start position (medium-sized red circle)
and?2orientationcues(red and greenlines)onitsperimeter (fig. 1).
A smallred circleinside the arenarepresented the goal.

The aim was tolocate the invisible goal in 4 different subtasks
using the start position or 2 distal orientation cues, respectively.
Onthe computer touchscreen, the participants wererequested to
move a pointer directly from their start position at the arena’s pe-
rimetertothegoal positioninsidethearena, whichwasbriefly vis-
iblejust prior to the trial, and to finish on the presumed goal posi-
tion. Theallo-ego (allocentric+egocentric) subtaskinvolvedlocat-
ing the goal using its spatial relationship with both the start position
and the 2 distal orientation cues. This was considered a training
subtask designed to familiarize participants with the testing proce-
dure. The ego (egocentric) subtask involved using only the start
position to locate the goal with no distal orientation cues displayed.
Theallo (allocentric) subtask involved using only 2 distal orienta-
tion cues at the perimeter for navigation to the goal as the start
position was unrelated to the goal position. Finally, the delayed
subtask was arepeat of the allo subtask administered 30 min after
the initial allocentric subtask was completed.

Each subtask involved 8 trials with 8 different locations of the
goal, but the delayed subtask involved only 2 trials with 2 different
locations of the goal. The positions of the goal relative to (1) the
positions of the start location and both orientation cues in the al-
locentric-egocentric subtask, (2) the positions of the startlocation
intheegocentricsubtask, and (3) the positions of both orientation
cuesin the allocentric and delayed subtask were stable across all
trials. The correct position of the goal was shown after each trial in
each subtask as feedback to enable continual learning of the goal
position. However, it was not shown at any time during the delayed
subtask. Thus, all tasksexceptfor the delayed subtask allowed for
learning across trials.

The performance was measured automatically by the comput-
er as the distance error between the estimated position on the
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Fig. 1. Human analog of the MWM. a
Computerized version: computer screen
view with the largest circle representing the
arena, thesmall circlein the arenarepre-
senting the goal position, the mid-sized cir-
cle ontheedge of thearena representing
thestart positionand the twolineson the
edge of the arena representing the cues.
Thelinerepresenting tracking by a subject
between the start and the goal positions
is also depicted. b Real-space version: in-
scale diagram of the Urania. ¢ The scheme
of the first 3 individual subtasks: allocen-
tric-egocentric, egocentric and allocentric.
Thedelayed subtask (datanotshownhere) c
isthe same as the allocentric subtask.

Allocentric-egocentric

Egocentric Allocentric

screen and the actual goal location (in screen pixels; the diameter
of the map view of the arena was 280 pixels). There was no time
limittofind thegoal, mainly toreducebiasby differencesincogni-
tive, sensory and physical functioning. Examiners were blinded to
theresults of the other examinations and they supervised the cor-
rect performance of the task without interference beyond standard
instructions.

Statistical Analysis

Student’s t test evaluated mean between-group differences and
the x? test evaluated differences in proportions (gender). Inthe
mainspatialnavigationanalysisfor theego, alloand delayed sub-
tasks, we used repeated-measures analysis of variance with the 2
(treated vs.untreated)by2 (testvs.retest)factorial design (thefirst
factor was between subjects and the second within subjects). The
same analysis was used to evaluate the results of the MMSE. Sig-
nificancewassetattwo-tailed p=0.05.5PSS13.0for Windowswas
used.

Results

The treated and untreated groups did not differin ba-
sic characteristics including gender, age, education and
MMSE score (p values>0.08). The MMSE score remained
unchanged after 3 months (p =0.20) and there wasno
group-retest interaction (p = 0.51), indicating no differ-
ence in change of performance between the treated and
untreated groups in the MMSE score. In the main analy-

Effect of Donepezilin AD Measured by
Computerized hAMWM

sis, the group-retest interaction emerged in the allocen-
tric (p = 0.028) and allocentric delayed subtasks (p=
0.014),indicating thatthe treated group significantly im-
proved their performance after 3 months of donepezil ad-
ministration(fig.2). Thegroup-retestinteractionwasnot
detectable in the egocentric subtask (p=0.316). Further,
the overall retest effect emerged in the allocentric delayed
subtask (p =0.003), but not in the other subtasks (p =
0.624). The between-group differences were not signifi-
cantin any spatial navigation subtask (p>0.104).

Discussion

Wereporta pilot trial with donepezil in patients with
mild AD in whom the computerized h(MWM was em-
ployed as a primary outcome measure. Newly diagnosed
patients with mild AD treated with donepezil showed
no changesin their egocentricnavigation skills. Howev-
er, allocentricnavigationinthe donepezil-treated group
was moderately but significantly improved in the spatial
delayed recall and allocentric navigation tasks after
3 months. This study highlights the potential utility of the
hMWM to be used as a translational medicine tool that
can be employed to bridge the gap between those meth-
ods used to establish proof of concept preclinical effects
and early-stage clinical development.
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Fig.2. Spatial navigation performance (computerized version) acrosstrials.a Treated group. Mean distance errorsand SD from the goal
are depicted. The asterisks represent significant differences (p <0.05) between test and retest performance. b Untreated group. Mean

distance errors and SD from the goal are depicted.

Compared to the ADAS-cog test, which typically re-
quires approximately 200 subjects per arm over 6 months
toshow efficacy [13], our donepezil study achieved posi-
tive results with quite a small cohort. Our findings suggest
that the hMWM might be a more effective tool for mea-
suringtheimpactofcholinesteraseinhibitorsinmild AD
than traditional measures, such as the ADAS-cog. Further
validation of this observation could be helpfully verified
by comparing hMWM and ADAS-cog sensitivity in a
large-scale, phase III clinical trial. The benefit of using
hMWM in addition to ADAS-cog and other neuropsy-
chological tests is supported by recent evidence, suggest-
ing that spatial navigation may be a separate cognitive do-
main [14] with scores independent of memory, executive
or visuospatial performance. Successful spatial navigation
is also of importance in the performance of generalac-
tivities of daily living. Finally, spatial navigationpara-
digms have good ecological and crosscultural validity as a
measure of functional skills reliant on the integrity of spa-
tial working memory. The limitation of our study was that
we were not able to show the power of the test in detecting
the spatial memory deficit in AD patients, and thus, the
real clinical meaning of the improvementbrought about
by donepezil treatment. However, the main aim of this
pilot study was to show whether spatial navigation testing
in hMWM is able to detect the effect of donepezil treat-
mentin AD patients, and therefore, can be used as a sec-
ondary outcome measure in clinical trials. Future studies
may solvethequestionofthereal clinicalmeaning of spa-
tial navigation improvement after donepezil treatment.

Inconclusion, thecomputerizedversionofthehMWM
may serve as a useful, easy to administer (generally taking
20-30 min to complete) and reliable tool for the evalua-

4 Neurodegener Dis
DOI: 10.1159/000355517

tionofindividuals with cognitive deficitsaswellasa po-
tential measure of the efficacy of donepezil in early AD.
Our findings provide initial promising evidence for the
use of spatial navigation paradigms as an outcome mea-
sure in longer-term AD clinical trials. Furthermore, the
performance might alsobe a useful outcome measurein
clinical trials of prodromal and even preclinical AD. The
computerized hMWM test has the potential tobecome
more widely applied for diagnostic purposes and could be
more readily employed in later confirmatory studies to
detect drug responses in clinical trials in this sought-after
population.

Acknowledgements

Thestudy wassupported by the European Regional Develop-
ment Fund - Project FNUSA-ICRC (No. CZ.1.05/1.1.00/02.0123),
theInstitutional Supportof Laboratory Research grantNo.2/2012
(699002), the Grant Agency of Charles University in Prague
(grantsNo. 624012 and 546113) and by MH CZ—-DRO, Univer-
sity Hospital Motol, Prague, Czech Republic (00064203).

1 Green R, Schneider L, Amato D, Beelen A,
Wilcock G, Swabb E, Zavitz K, Tarenflurbil
Phase 3 Study Group: Effect of tarenflurbil on
cognitive decline and activities of daily living
in patients with mild Alzheimer disease: a
randomized controlled trial. JAMA 2009;302:
2557-2564.

2 KukarT, Prescott S, Eriksen JL, Holloway V,
Murphy MP, Koo EH, Golde TE, Nicolle MM:
Chronic administration of R-flurbiprofen at-
tenuates learning impairments in transgenic
amyloid precursor protein mice. BMC Neu-
rosci 2007;8:54.

References

Hort et al.

195.113.40.7 - 10/31/2013 4:57:23 PM

Univerzita Karlova v Praze

Downloaded by:



MorrisRG, Garrud P, Rawlins JN, O'Keefe]:
Place navigation impaired in rats with hippo-
campal lesions. Nature 1982;297:681-683.
HortJ, Lacz6 ], Vyhnalek M, Bojar M, Bure$
J, Vlcek K: Spatial navigation deficit in amnes-
tic mild cognitive impairment. Proc Natl
Acad Sci USA 2007;104:4042—4047.

Hort ], Glosova L, Vyhnalek M, et al: The li-
quor tau protein and beta amyloid in Al-
zheimer’sdisease. Cesk Slov Neurol N 2007;
70:30-36.

Laczd], VI¢ek K, Vyhnalek M, Vajnerova O,
OrtM, Holmeroval, Tolar M, Andel R, Bojar
M, HortJ: Spatial navigation testing discrimi-
nates two types of amnesticmild cognitive im-
pairment. Behav Brain Res 2009;202:252-259.
Laczd], AndelR, VyhnalekM, Vl¢ek K, Mag-
erova H, Varjassyova A, Nedelska Z, Gazova
I, Bojar M, SheardovaK, HortJ: From Morris
Water Maze to computer tests in the predic-
tion of Alzheimer’s disease.Neurodegener
Dis 2012;10:153-157.

Effect of Donepezilin AD Measured by
Computerized hAMWM

8 Laczo], AndelR, Vl¢ek K, Macoska V, Vyh-
nalek M, Tolar M, Bojar M, Hort J: Spatial
navigationand APOE in amnestic mild cog-
nitive impairment. Neurodegener Dis 2011;8:
169-177.

9 Nedelska Z, Andel R, Laczé ], VIcek K,
HorinekD, Lisy], SheardovaK, Bures], Hort
J: Spatial navigation impairment is propor-
tional to right hippocampal volume. Proc
Natl Acad Sci USA 2012;109:2590-2594.

10 Berger-SweeneyJ, StearnsN, Murg S, Floer-

ke-Nashner L, Lappi D, Baxter M: Selective
immunolesions of cholinergic neurons in
mice: effects on neuroanatomy, neurochem-
istry, and behavior. ] Neurosci 2001;21:8164—
8173.

11

12

13

14

Gron G, Brandenburg I, Wunderlich A, Riepe
M: Inhibition of hippocampal function in
mild cognitive impairment: targeting the cho-
linergic hypothesis. Neurobiol Aging 2006;
27:78-87.

McKhann G, Drachman D, Folstein M,
KatzmanR, Price D, Stadlan EM: Clinical di-
agnosis of Alzheimer’s disease: report of the
NINCDS-ADRDA Work Group under the
auspices of Department of Health and Hu-
man Services Task Force on Alzheimer’s Dis-
ease. Neurology 1984;34:939-944.

Birks ], Harvey R: Donepezil for dementia due
to Alzheimer’s disease. Cochrane Database
Syst Rev 2006;1:CD001190.

Laczo],AndelR, Vl¢ek K, VyhnalekM, Gazova
I, Nedelska Z, Mokrisova I, Hyncicova E,
Literakova E, Sheardova K, Wagner M, Coul-
son EJ, Hort J: Spatial navigation in the real
worldisaseparate cognitivedomain: study on
cognitively normal elderly and mild cognitive
impairment.Neurodegener Dis2013,inpress.

Neurodegener Dis

DOI: 10.1159/000355517

195.113.40.7 - 10/31/2013 4:57:23 PM

Univerzita Karlova v Praze

Downloaded by:



fromtiers in

AGING NEUROSCIENCE

ORIGINAL RESEARCH ARTICLE
published: 19 December 2013
doi: 10.3389/fnagi.2013.00094

o

Spatial navigation in young versus older adults

Ivana Gazova'?, Jan Laczé"?*, Eva Rubinova?, lvana Mokrisova'-?, Eva Hyncicova', Ross Andel %3,
MartinVyhnalek'?, Katerina Sheardova?, Elizabeth J. Coulson* and Jakub Hort'?

I Memory Clinic, Department of Neurology, 2nd Faculty of Medicine, Charles University in Prague and Motol University Hospital, Prague, Czech Republic
2International Clinical Research Center, St. Anne’s University Hospital Brno, Brno, Czech Republic

3School of Aging Studies, University of South Florida, Tampa, FL, USA

“Queensland Brain Institute, The University of Queensland, Brisbane, QLD, Australia

Edited by:

Philip P.Foster, The University of Texas
Health Science Center at Houston,
USA

Reviewed by:

Junming Wang, University of
Mississippi Medical Center, USA
Gustavo Pacheco-Lopez, Universidad
Auténoma Metropolitana Lerma,
Mexico

*Correspondence:

Jan Laczd, Memory Clinic,
Department of Neurology, 2nd Faculty
of Medicine, Charles University in
Prague and Motol University Hospital,
V Uvalu 84, Prague 5, 150 06, Czech
Republic

e-mail: janlaczo@seznam.cz

INTRODUCTION

Older age is associated with changes in the brain, including the medial temporal lobe,
which may result in mild spatial navigation deficits, especially in allocentric navigation. The
aim of the study was to characterize the profile of real-space allocentric (world-centered,
hippocampus-dependent) and egocentric (body-centered, parietal lobe dependent) naviga-
tion and learning in young vs. older adults, and to assess a possible influence of gender.
We recruited healthy participants without cognitive deficits on standard neuropsychological
testing, white matter lesions or pronounced hippocampal atrophy: 24 young participants
(18-26 years old) and 44 older participants stratified as participants 60-70 years old (& 24)
and participants 71-84 years old (n 20). All underwent spatial navigation testing in the real-
space human analog of the Morris Water Maze, which has the advantage of assessing
separately allocentric and egocentric navigation and learning. Of the eight consecutive
trials, trials 2—8 were used to reduce bias by a rebound effect (more dramatic changes in
performance between trials 1 and 2 relative to subsequent trials). The participants who
were 71-84 years old (p < 0.001), but not those 60-70 years old, showed deficits in
allocentric navigation compared to the young participants. There were no differences in
egocentric navigation. All three groups showed spatial learning effect (p’ s<0.01). There
were no gender differences in spatial navigation and learning. Linear regression limited to
older participants showed linear (8 0.30, p 0.845) and quadratic (B 0.30, p 0.046) effect
of age on allocentric navigation. There was no effect of age on egocentric navigation. These
results demonstrate that navigation deficits in older age may be limited to allocentric
navigation, whereas egocentric navigation and learning may remain preserved. This specific
pattern of spatial navigation impairment may help differentiate normal aging from prodromal
Alzheimer’s disease.

Keywords: spatial navigation, aging, allocentric navigation, egocentric navigation, spatial learning, gender,
Alzheimer’s disease, hippocampus

70 years of age (Barrash, 1994). Studies performed in virtual real-

Aginginvolves accumulation of adverse biological, psychological,
and social changes over time (Bowen and Atwood, 2004) that may
or may not signal pathology. Because of the long preclinical period
of Alzheimer’s disease (AD), recognizing normal and pathological
aging has been challenging and the frontier between these two
conditions is blurred (Sperling et al., 2011). The relatively high
prevalence of AD makes this an important public health issue.
Age-related changes interfere unevenly with cognitive functioning
(Gazova etal., 2012). While certain cognitive domains do show a
decline, other may remain stable (Burke and Barnes, 2006).
Navigation in space is a complex cognitive function that is
essential for independence, safety, and quality of life. Differences
in spatial navigation between young and older adults were demon-
strated by previous research (Barrash, 1994; Wilkniss etal., 1997,
Burns, 1999; Newman and Kaszniak, 2000; Moffat and Resnick,
2002; Driscoll etal., 2005; Iaria etal., 2009; Head and Isom, 2010;
Jansen et al., 2010). The decline in spatial navigation was shown
to be apparent after 60 years of age and further accelerated after

ity showed a specific pattern of spatial navigation deficits in older
adults restricted to allocentric navigation (Moffat and Resnick,
2002; Iaria et al., 2009). Allocentric navigation isworld-centered
processing of spatial information, when individuals have to rely
on a “spatial map” using distant landmarks. It was shown to be
dependent on medial temporal lobe structures, especially thehip-
pocampus (Gron et al., 2000; Moffat et al., 2006). According to
functional neuroimaging studies, reduced hippocampal activation
occurs during spatial navigation tasks in older adults compared to
their young counterparts (Moffat et al., 2006; Antonova et al.,
2009). Therefore, hippocampal dysfunction may be responsible
for any allocentric deficits in older adults. Egocentric, or body-
centered, spatial navigation where distance and directions from
individuals’ body position are used for navigation, is instead pari-
etal lobe dependent (Maguire et al., 1998) and was shown not to
be affected in older adults (Rodgers etal., 2012).

However, studies in real-space environment testing separately
allocentric and egocentric navigation in older adults are lacking.
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General spatial navigation learning seems to be unimpaired in
older age according to some studies (Barrash, 1994; Newman and
Kaszniak, 2000). However, specific comparison of allocentric and
egocentric navigation in the real-space setting has not yet been
reported. Due to specific age-related changes in spatial naviga-
tion, older individuals may avoid new environments and become
restricted to well-known familiar places.

Further, there is evidence suggesting that the ability of spatial
navigation and spatial learning is severely impaired in patients with
AD and contributes to the loss of functional independence. This
impairment is present very early in the course of AD, even in pre-
dementia stages with the same pattern as in the clinical dementia
stage (Mapstone etal., 2003; delpolyi etal.,2007; Hort etal., 2007;
Laczo et al., 2009, 2011, 2012), where atrophy of the hippocam-
pus (Nedelska et al., 2012) and parietal cortex (Weniger et al.,
2011), known biomarkers for AD, is the likely culprit. However,
differentiation between age-related spatial navigation changes
and spatial navigation impairment in the very early, preclinical,
stage of AD may be challenging. Furthermore, the situation is
complicated by white matter (WM) lesions that are commonly
present in the brain of AD patients and also cognitively normal
elderly people and may influence spatial navigation performance
(Weniger et al.,2011).

Although much work has been done in the field of age-related
spatial navigation changes, some issues still remain unsolved.
Recent studies showing spatial navigation deficits in older adults
were performed in the virtual reality settings that lack vestibular
and proprioceptive feedback and therefore may not fully reflect
navigation in the real world. On the other hand, original studies
investigating spatial navigation in older adults that were performed
in the real-space settings did not discriminate between allocentric
and egocentric spatial navigation and learning.

Further, findings of spatial navigation changes in the older
adults may be biased when using an unselected cohort of older
patients defined as normal only on the basis of neuropsycholog-
ical test results. Because WM lesions and hippocampal atrophy
suggestive of preclinical stage of AD may impair spatial naviga-
tion, it is desirable to exclude participants with these pathologies
to get a more homogeneous cohort of healthy and cognitively
normal older adults. Beside age, gender may also influence spa-
tial navigation as indicated by previous research, where men
outperformed women in several spatial navigation tasks (Mof- fat
et al., 1998; Astur et al., 1998; Saucier et al., 2002; Chai and
Jacobs, 2009; Woolley et al., 2010), especially in allocentricnav-
igation (Saucier et al., 2002), where a possible explanation may
lie in a different activation of the left hippocampus in men and
women (Gron et al., 2000). However, a recent study per- formed
in a real-world setting reported no gender differences in spatial
navigation (Burke etal., 2012). Although research explor- ing the
link between gender and spatial navigation has been extensive in
the past 20 years, the majority of studies were per- formed in
virtual reality settings with young participants, and thus studies
conducted in the real-space environment separating allo- centric
and egocentric navigation and focused on elderly are still lacking.

Using the real-space human analog of the Morris Water Maze
(hMWM) that allows for separate testing of two basic spatial

navigation strategies and using a selected cohort of older adults
without pronounced hippocampal atrophy (indicative of incipient
AD) or WM lesions that may affect spatial navigation perfor-
mance, we assessed the differences between young and older adults
and possible influence of gender on real-space allocentric and
egocentric spatial navigation and learning.

Specifically, the first aim of this study was to characterize the
profile of spatial navigation performance and learning in young
versus older adults. The older adults were further stratified based
on previous spatial navigation research (Barrash, 1994) into partic-
ipants 60—70 years old and those 71-84 years old, all of whom were
free of WM lesions or pronounced hippocampal atrophy to reflect
genuine physiological spatial navigation deficit in older age. We
hypothesized that in older adults spatial navigation performance
would be worse compared to young adults, mainly in allocen- tric
navigation. The second aim was to evaluate the influence of
gender on the real-space navigation performance and learning
irrespective of age, given that female gender was also reported to
interfere with allocentric navigation (Astur et al., 1998; Saucier
et al., 2002). The third aim was to assess whether allocentric and
egocentric navigation performance would decline in a linear or
curvilinear (quadratic) fashion in participants 60 years of age and
older.

MATERIALS AND METHODS

PARTICIPANTS

Older adult participants (60-84 years, # 62) without memory
complaints, neurological and psychiatric disorders and psychiatric
medication were recruited from the seniors attending University
of the Third Age at Charles University in Prague or from rela-
tives of patients of the Memory Clinic, Motol University Hospital
in Prague. Young adult participants (18-26 years, & 24) were
mostly students of medicine or psychology and were selected to be
matched to elderly participants by sex and education. All subjects
underwent standard medical and neurological examination, com-
plex neuropsychological and spatial navigation testing. Subjects
with memory complaints, history of neurological or psychiatric
disease, psychiatric medication, abnormal neurological examina-
tion including gait or movement difficulties, were not included.
Elderly subjects further underwent magnetic resonance imaging
(MRI) brain scan.

Participants meeting DSM IV-TR criteria for dementia (& 1),
Petersen’s criteria for mild cognitive impairment (Petersen, 2004)
(n 3) or scoring more than 1.5 SD below the age- and education-
adjusted norms on neuropsychological examination (1&=7) were
excluded. Seven more participants were excluded due to abnor-
mal images of the brain (see Magnetic resonance imaging for
details).

Therefore, the final sample included 68 participants: 24 young
participants 18-26 years old and 44 older participants were
included in the analyses. The older adult participants were fur-
ther stratified into two subgroups—participants 60—70 years old (1
24)and participants 71-84 years old (1 20)=This stratifica- tion
was adopted froma study by Barrash (1994) in which apparent
changes in spatial navigation were observed after age 60 and even
greater changes after age 70. Similar stratification was used in some
neuropsychological studies (e.g., Whelihan and Lesher, 1985).
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Finally, this stratification corresponds to neuropsychological find-
ings suggesting that decline in cognitive domains such as executive
function, working memory, and long-term memory becomes
empirically observable after 60 years of age (Treitz et al., 2007,
Park et al., 2002), and working memory decline appears further
accelerated after 70 years of age (Park etal., 2002).
All participants involved in this study had signed written

informed consent that was approved by a local ethics committee.

NEUROPSYCHOLOGICAL TESTING

Comprehensive neuropsychological battery that was used to assess
all cognitive domains of participants consisted of Auditory Ver-
bal Learning Test, Free and Cued Selective Reminding Test,
Logical Memory II, Brief Visuospatial Memory Test — Revised,
Rey—Osterrieth Complex Figure Test (Copy and Recall Con-
dition), Clock Drawing Test, Digit Span Task (Forward and
Backward), Digit Symbol-Coding Test, Stroop test (Victoria
version), Trail Making Test (A and B), Controlled Oral Word Asso-
ciation Test, Semantic Fluency Test, Boston Naming Test. Mini-
Mental State Examination was used to evaluate global cognitive
functions.

MAGNETIC RESONANCE IMAGING

Magnetic resonance imaging was performed using a 1.5T MRI
scanner (Gyroscan; Philips Medical Systems, The Netherlands).
Scans were inspected by a neuroradiologist to ensure appropri-
ate data quality. Two participants with relevant brain pathology
(meningioma) were excluded. Visual scoring was performed to
evaluate hippocampal atrophy (Scheltens et al., 1992) and WM
lesions (Fazekas et al., 1991) on a MRI brain scan. WM lesions
were evaluated using Fazekas scale (Fazekas etal., 1991) on axial
sections of T2-weighted and FLAIR sequences. Fazekas scale is
a 4-point visual scale (0-3), where “0” signifies absence of WM
lesions, “1” signifies sporadic WM lesions, “2” signifies conflu-
ence of WM lesions, and “3” signifies severe WM lesions. Subjects
with moderate to severe WM lesions — Fazekas scorg.2 points
were excluded (n.2). Hippocampal atrophy was evaluated using
Scheltens visual scale (Scheltens etal., 1992) on coronal sections of
T1-weighted 3D FFE sequences. Scheltens visual scale is a 5-point
medial temporal lobe atrophy (MTA) rating scale (0—4), where

grades are assessed according to width of temporal horn, length
of chorioidal fissure, and preservation of height of hippocampus,
with “0” signifying no atrophy and “4” signifying the most severe
atrophy. The MTA scores were assessed for the rightand left side of
thebrainseparately. Theimages wereevaluatedbytwo experienced
raters blinded to the clinical diagnosis and results of neuropsycho-
logical and spatial navigation tests. A definite scorewas assigned

when consensus was reached. Subjects with hippocampal atro-
phy—MTA score above the age-adjusted cut-offs (Scheltens etal.,

1992) —< 2 on any side in subjects - 75 years (n_ 1) and
> 3 insubjects >75 years (n= 1) were excluded. One subject
with simultaneous WM lesions and hippocampal atrophy was
also excluded.

SPATIAL NAVIGATION TESTING

Spatial navigation tests were performed in the Laboratory of Spa-
tial Cognition in the Department of Neurology, 2nd Faculty of
Medicine, Charles University in Prague, Czech Republic, a joint
workplace with Institute of Physiology Academy of Sciences of
the Czech Republic v.v.i., Prague, Czech Republic. The hMWM
is designed to separately test two basic types of navigation—
allocentric and egocentric. Allocentric (world-centered) naviga-
tion, hippocampus-dependent, that is independent of an individ-
ual’s position and where salient distal cues (landmarks) are used
for navigation (Astur et al., 2002). Egocentric (body-centered)
navigation is considered parietal cortex-dependent, and relies on
an individual’s position and the start location (Maguire et al.,
1998). The participants were tested in the real-space version of
the hMWM that was located in the navigation setting called the
Blue Velvet Arena — a fully enclosed cylindrical arena 2.8 m in
diameter surrounded by a 2.9 m high dark blue velvet curtain
(Figure 1A). The design of the Blue Velvet Arena and the real-
space testing procedure were described in detail elsewhere (Laczo
et al., 2009; Laczo et al., 2010). The aim was to locate the invisi-
ble goal in three different subtasks using the start position or two
distal orientation cues, respectively (Figure 1B).

The allocentric—egocentric subtask was a training task to make
the subject familiar with the test and involved locating the goal
using its spatial relationship with both the start position and the
two distal orientation cues. The egocentric subtask involved

allocentric—egocentric, egocentric, and allocentric (courtesy of K. Vi¢ek).

allocentric-egocentric

FIGURE 1 |Human analog of the Morris Water Maze. (A) In-scale diagram of the real-space navigation setting. (B) The scheme of three individual subtasks:

egocentric allocentric

X
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using only the start position to locate the goal with no distal ori-
entation cues displayed. The allocentric subtask involved using
only two distal orientation cues at the perimeter for navigation to
the goal as the start position was unrelated to the goal posi- tion.
Each subtask involved eight trials. The relative positions of the
goal, start position, and both orientation cues were identi- cal
across all trials. The correct position of the goal as well as its
relationship to the start position and to the orientation cues was
shown after each trial in each subtask to facilitate learning. The
performance was measured as the distance error between the
subject’s final position and the actual goal location (in cen-
timeters). There was no time limit to find the goal, mainly to
reduce bias by differences in cognitive, sensory, and physical
functioning.

STATISTICAL ANALYSIS

An analysis of variance (ANOVA) with post hoc Tukey’s test of
honestly significant differences (HSD) evaluated mean differences
between the groups in gender, years of education, and neuropsy-
chological measures. A ¥* test evaluated differences in proportions
(gender). The distance between the participant’s final position and
the correct goal location (distance error) measured in cen-
timeters was used in the analyses as the measure of navigational
accuracy (dependent variable), whereas group status was the inde-
pendent variable. These main analyses included the assessment of
between-group and between-gender differences in spatial nav-
igation performance and learning effects in the egocentric and
allocentric subtasks separately. Weused a repeated measures (RM)
ANOVA with two between-subjects factors (group: young ver-
sus young—old versus old—old and gender: female versus male)
and one within-subjects factor (trial: trials 2—8). Note that trial 1
was not used in the analyses to reduce possible bias by a rebound
effect, whereby the performance changes more dramat- ically
between the first and second trial relative to subsequent trials.
Again, post hoc Tukey’s test was used to compare individual
groups.

Linear regression was used to evaluate age-related differences
in spatial navigation in participants 60—84 years old, where spatial
navigation accuracy was the dependent variable and age (linear
effect) and agesage (quadratic effect) were the independent
variables.

Statistical significance was set at two-tailed (alpha) of 0.05. All
analyses were conducted by using SPSS for Windows.

RESULTS

The groups did not differ in gender and education (p’s > 0.05). The
descriptive comparisons regarding demographic characteristics
and neuropsychological measures are displayed in the Table 1.

In the main analyses, we first addressed our first hypothesis that
spatial navigation performance would be impaired in older partic-
ipants. We found a significant main effect for group performance
in the allocentric subtask (F[2,64]9.40; p < 0.001), where the
participants 71-84 years old consistently exhibited poorer over-
all spatial navigation accuracy than the participants 60—70 years
old (p < 0.001; Figure 2). There were no differences in the
allocentric navigation accuracy between the young participants

and those 60-70 years old (p = 0.182). Differences between the

participants 60—70 years old and those 71-84 years old were sig-
nificant (p= .043). The main effect for group performance in the
egocentric subtask was not significant (F[2,64]= 1.74;p= 0.184)
indicating no differences in egocentric navigation across groups.
However, the resultant performance was not due to failure to exe-
cute the task as a learning effect, based on a change in performance
across consecutive trials in the sample overall, was observed forall
groups in the allocentric (F[6,384] = 2.72, p = 0.022) and the
egocentric (F[6,384] = 3.50, p= 0.020) subtasks. There were no
significant group-by-trial interactions, suggesting no differences
in learning among the groups in the allocentric (F[12,384] = 1.50;
p= 0.140) and egocentric (F[12,384]= 0.99; p= 0.429) subtasks.
We next addressed the second hypothesis, that gender would
influence spatial navigation performance. Wedid not find any
main effect for gender in the allocentric (F[2,64] = 0.08;p= 0.777)
and egocentric (F[2,64] = 0.15; p= 0.704) subtasks. Further,
there were no significant gender-by-trial interactions, suggesting
there were no gender differences in learning in the allocentric
(F[6,384] = 1.18; p = 0.319) or egocentric (F[6,384] = 0.50;
p £.664) subtasks. There were also no significant gender-by-
group-by-trial interactions, suggesting no gender differences in
learning among the groups in the allocentric (F[6,384] Q51 p
0.484) and egocentric (F[6,384] 0.332;—=p 0.906) subtasks.
Finally, linear regression analyses were used to address the third
hypothesis regarding whether greater error distance on allocentric
and egocentric spatial navigation tasks would be associated with
age in participants 60 years of age and older, and whether the
decline would be linear or quadratic. We found that scores in allo-
centric navigation performance did get progressively worse for the
older participants (standardized regression coefficient [$] 0.30, p
0.045). We also found a quadratic effect (- 0.30, p=0.046),
indicating that worsening of spatial navigation performance was
further accelerated in older ages. There was no linear (B3 9.06, p
0.722) or quadratic (B 0.06, £ 0.713) effect of age on egocentric
navigation.

DISCUSSION
We used a real-space hMWM to investigate the differences in
spatial navigation performance between young and older partici-
pants and to assess the influence of gender on spatial navigation
and learning. We compared young participants (1826 years old)
with two groups of cognitively normal older participants:
participants 60—70 years old and those 71-84 years old who did
not present with WM lesions or pronounced hippocampal atrophy.
Consistent with our hypotheses, we found spatial naviga- tion
deficits in allocentric navigation in participants 71-84 years old.
There were no significant differences between young and older
participants in egocentric navigation. Both allocentric and
egocentric spatial learning was preserved in older participants
compared to young participants. Further, we found that gender
did not influence spatial navigation or learning in the real-space
environment. Finally, we found that worsening of allocentric nav-
igation with age was gradual, with further acceleration in older
ages.

Our results are consistent with previous studies describing
general spatial navigation deficits in older adults compared to
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Table 1 | Characteristics of the Sample by Age Group.

Variables

18-26 years old

Participants

Participants
60-70 years old

Participants
71-84 years old

Age, mean (SD), years

Education, mean (SD), years

Women, No (%)

Mini-Mental State Examination, mean (SD)

Geriatric Depression Scale, mean (SD)

Auditory Verbal Learning Test 1-5, mean (SD)

Auditory Verbal Learning Test 30, mean (SD)

Free and Cued Selective Reminding Test — free recall, mean (SD)
Free and Cued Selective Reminding Test — total recall, mean (SD)
FAS Verbal Fluency Test, mean (SD)

Trail Making Test A, mean (SD)

Trail Making Test B, mean (SD)

Digit Span Forward Task — points, mean (SD)

Digit Span Backward Task — points, mean (SD)

Rey Osterrieth Complex Figure Test — recall condition, mean (SD)
Egocentric Navigation Test, mean (SD), cm

Allocentric Navigation Test, mean (SD), cm

22.45 (4.9) 67.74 (5.6) 75.50 (5.8)
15.55 (0.6) 14.84 (0.5) 16.19 (0.6)
15 (62.5) 17 (70.8) 13 (65.0)
29.73 (0.5) 29.16 (1.4) 28.31 (1.2)%*
1.36 (1.8) 2.32(35) 2.00(2.2)
60.75 (6.5) 50.95 (9.413) 41,56 (7.394)%**
13.18 (1.6) 10.58 (3.0)* 8.50 (2.6)*xxt
10.18 (0.8) 9.84 (0.4) 10.19 (0.5)
15.82 (0.4) 15.95 (0.2) 15.94 (0.3)
40.36 (11.0) 47.11 (10.7) 42.94 (11.1)
30.55 (5.7) 35.56 (15.0) 38.96 (8.8)
64.55 (19.0) 78.63 (25.2) 105.06 (23.5)%**1t
10.00 (2.8) 10.21 (2.2) 8.31 (1.9)*t
8.45 (2.3) 7.26 (1.6) 5.50 (2.3)**+t
26.18 (5.2) 17.61 (3.9)%** 16.13 (5.1)#%*
18.88 (1.0) 26.35 (3.6) 27.27 (3.7)
22.86 (2.0) 31.41(2.7) 41.80 (4.9)***

*p < 0.05, **p < 0.01, ***p < 0.001 compared to participants 18-26 years old. Tp < 0.05, TTp < 0.01 compared to participants 60—70 years old. SD, standard

deviation; cm, centimeters.

their younger counterparts (Barrash, 1994; Wilkniss et al., 1997;
Burns, 1999; Newman and Kaszniak, 2000; Moffat and Resnick,
2002; Driscoll etal., 2005; Iaria etal., 2009; Head and Isom, 2010;
Jansen et al., 2010) and later studies in virtual reality showing
selective allocentric navigation impairment (Moffat and Resnick,
2002; laria et al., 2009) accompanied by a compensatory shift
from hippocampus-dependent (allocentric) to non-hippocampal
(egocentric) strategy (Rodgers etal., 2012).

From the clinical point of view, it is important to be able to
differentiate between physiological spatial navigation deficit in
older age and spatial navigation impairment in prodromal  or
even preclinical stages of AD. These differences may lie in a
different pattern and quantity of spatial navigation impairment
(Mapstone etal., 2003; delpolyietal.,2007; Hortetal.,2007; Laczo
etal.,2009,2010,2011,2012). Specifically, even very early in the
course of AD, besides profound allocentric navigation impairment,
egocentric navigation is also affected, presumably due to atro-
phy of parietal cortex, especially precuneus (Weniger etal., 2011).
However, differentiation between age- and AD-related spatial nav-
igation changes, especially in the preclinical stage of AD remains
challenging.

In our study cognitively normal participants demonstrated
spatial learning effect (by presenting improvement across seven
consecutive trials in allocentric and egocentric navigation) com-
pared to patients in the early stage of AD, where spatial learning
was found to be impaired (Hort et al., 2007; Laczo et al., 2009,
2011, 2012). Thus, spatial learning does not seem to be influ-
enced by age in cognitively normal adults, differentiating them

from patients with early stage AD where pronounced hippocam-
pal atrophy (Nedelska et al., 2012), accumulation ofpathological
tau (Braak and Braak, 1991) and beta amyloid proteins are present
in the brain.

We did not find any effect of gender on allocentric or ego-
centric spatial navigation performance and learning. Our results
are in concordance with current literature showing that male and
female participants can learn spatial tasks equally well (Astur et
al., 1998; Moffat et al., 1998; Saucier et al., 2002; Chai and
Jacobs, 2009; Woolley et al., 2010). However, spatial navigation
performance and navigation strategies were found to be gen- der
dependent, with men showing an advantage over women (Astur
et al., 1998; Moffat et al., 1998). Specifically, women tended to
make more errors relative to men in use of the allocentric
navigation (Saucier et al., 2002). A possible cause of gender
differences in spatial navigation was may be dif- ferent levels of
activation of the left hippocampus and the right parietal and
prefrontal cortex between men and women (Gron et al., 2000).
However, all studies reporting superior- ity of males in spatial
navigation were conducted with young participants and decreased
levels of testosterone are associ- ated with worse spatial
navigation (Driscoll et al., 2005). Thus our findings suggesting no
relation between gender and spatial navigation performance may
be caused partially by recruit- ment of older cohort in which
hormonal differences are less pronounced.

Furthermore, the previously reported effects of gender on
spatial navigation in young participants was observed only in
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FIGURE 2 | Performance across individual trials in three spatial
navigation subtasks forthethree age groups. Mean distance errors from
the goal with SD are depicted for each trial. Trial 1 was excluded from the
analyses to reduce possible bias by a rebound effect. Allocentric—egocentric
subtask was not included in statistical analyses, because it was intended asa
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learning trial to familiarize participants with testing procedure. In the
allocentric subtask, the participants 71-84 years old made on average
significantly more distance errors than those 18-26 and 60-70 years of age.
No significant results were observed for the egocentric subtask. All groups
improved their performance in a similar way across seven consecutive trials.

the virtual reality setting (Astur et al., 1998; Moffat et al., 1998;
Saucier etal., 2002; Chai and Jacobs, 2009; Woolley etal.,2010)
and a recent study performed in a real-world setting reported no
between-gender differences in spatial navigation (Burke et al.,
2012), similar to our findings. More studies are thus needed to
solve the issue of gender influence on spatial navigation in the
real-world setting.

One strength of our study is the use of the real-space h(MWM,
which allows for separate evaluation of two basic navigation
strategies (allocentric and egocentric) and spatial learning effect.
The real-space setting mimics very well navigation in the real
world due to vestibular and proprioceptive feedback that con-
tributes to successful navigation. Further cognitively normal older
participants were precisely selected to be free of WM lesions and
pronounced hippocampal atrophy that were found to affect spatial
navigation performance (Weniger et al., 2011; Nedelska et al.,
2012). In the absence of WM lesions and pronounced
hippocampal atrophy in our older adult sample, we speculate that
allocentric navigation deficits in participants 71-84 years of age
may be a result of reduced hippocampal activation in response to
a spatial navigation task, as previously demon- strated by
functional neuroimaging studies (Moffat et al., 2006; Antonova
et al.,2009).

Some limitations of this study should be mentioned. Due to the
lack of availability of participants 2759 years old we were not able
to assess age-related changes in spatial navigation through the
entirety of the life course. However, it is possible that we still
captured most of the age-related differences in spatial nav- igation
as previous research suggests that decline in cognitive domains
such as executive function, working memory, and long- term
memory may become apparent only after 60 years of age (Park et
al., 2002; Treitz etal., 2007). Still, a future study with par- ticipants
representing all decades of adult life should be conducted.
Additional limitation is the use of a cross-sectional design, which
makes it impossible to evaluate longitudinal changes. Therefore,
we are not able to fully exclude the possibility of future devel-
opment of cognitive impairment eventually leading to dementia
despite the current absence of hippocampal atrophy or WM
lesions. Future research that adopts a longitudinal design may be
needed.

CONCLUSION

In summary, our results suggest that, in cognitively healthy older
adults, spatial navigation deficit in the real-space environment may
be limited to allocentric navigation. Egocentric spatial navigation
and learning appear to be preserved in older age. This specific
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pattern of spatial navigation impairment may help differentiate
normal aging from prodromal AD.
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