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Abstrakt

Prace se zabyva cerebrovaskularnimi projevy vzacného X-vdzaného onemocnéni,
Fabryho choroby (FCh). Screeningové programy mohou odhalit nepoznané
onemocnéni, zvySuji povédomi o nemoci s cilem vc€asného stanoveni diagnozy a
zahdjeni terapie pfed rozvinutim ireverzibilniho orgdnového poskozeni. Identifikace
vaskularnich abnormalit a vliv komorbidit na cerebrovaskularni fenotyp pacient s
FCh mtze pomoci rozsifit znalosti o patofyziologii cerebrovaskularniho postizeni.
Hlavnimi cili studii, které jsou podkladem prace, bylo stanovit prevalenci FCh a
zhodnotit relevanci diagnostiky FCh v rizikové skupiné pacientd s akutnim iktem,
pomoci ultrazvuku analyzovat cerebrovaskularniho fenotyp pacienti s FCh a ur¢it
prediktory vyraznéj$iho cerebrovaskularniho postiZzeni. V praci jsme ukézali relativné
vysokou prevalenci FCh u dospélych pacientt s akutni CMP, navrhli pteklasifikovani
varianty G325S a identifikovali novou variantu R30K. Upozornili jsme, Ze spojeni
aseptické meningitidy s lakundrnim iktem u mladého c¢lovéka by mélo vést
k podezieni na FCh. Déle jsme demonstrovali vicecetné rozdily v neurosonologickych
parametrech mezi pacienty s FCh a skupinou subjekti bez FCh. Potvrdili jsme ¢astéjsi
vyskyt strukturadlnich zmén cévni stény velkych tepen a zjistili niz$i cerebrovaskularni
reaktivitu arteria cerebri media u pacienti s FCh. Jako mozny novy specificky fenotyp
jsme detekovali vyssi variabilitu reaktivity mozkovych cév v odpovédi na test zadrZeni
dechu. Prokazali jsme zvySeny pulzatilni index, ktery by mohl byt odrazem zvySené
cévni rezistence a tuhosti cévniho fecisté. Pozorované zmény tak naznacuji komplexni
postizeni cév. Jako vyznamné prediktory téchto zmén jsme v souboru nemocnych
s FCh identifikovali vék a celkovou tizi nemoci. Vliv hraje rovnéZ ptitomnost

klasickych vaskularnich rizikovych faktord.
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Abstract

The presented thesis deals with cerebrovascular manifestations of a rare X-linked
disease, Fabry disease (FD). Screening programs can detect unrecognized disease and
increase awareness of the disease with the goal of early diagnosis and initiation of
therapy before irreversible organ damage develops. Identifying vascular abnormalities
and the influence of comorbidities on the cerebrovascular phenotype of FD patients
may help promote knowledge of the pathophysiology of cerebrovascular involvement.
The main objectives of the studies underlying this thesis were to determine the
prevalence of FD and to evaluate the relevance of FD diagnosis in an at-risk group of
patients with acute ischemic stroke, to analyse the cerebrovascular phenotype of
patients with FD using ultrasound, and to identify predictors of significant
cerebrovascular involvement. In this study, we showed a relatively high prevalence of
FD in adult patients with acute stroke, proposed reclassifying the G325S variant, and
identified a novel R30K variant. We noted that the combination of aseptic meningitis
with lacunar stroke in a young person should lead to suspicion of FD. We further
demonstrated multiple differences in neurosonological parameters between patients
with FD and a control group of subjects without FD. We confirmed a higher incidence
of structural changes in the vascular wall of large arteries and found lower
cerebrovascular reactivity of the middle cerebral artery in patients with FD. As a
possible new specific phenotype, we detected a higher variability of cerebral vascular
reactivity in response to the breath-holding test. We demonstrated an increased
pulsatile index, which could reflect increased vascular resistance and stiffness of the
vasculature. Thus, the observed changes suggest complex vascular involvement. We
identified age and overall disease severity as significant predictors of these changes in
a cohort of FD patients. The presence of classical vascular risk factors might also play

arole.
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Seznam zkratek:

ACC — arteria carotis communis

ACI — arteria carotis interna

ACM - arteria cerebri media

AV — arteria vertebralis

a-GAL A — alfa-galaktozidaza A

BHI — index zadrzeni dechu, breath-holding index

BHIvar — variabilita indexu zadrZeni dechu

BMI - body mass index, index télesné hmotnosti

cIMT — intimo-mediélni tloustka v distalni arteria carotis communis
CBF — cerebral blood flow, pritok krve mozkem

CMP — cévni mozkové piihoda

CNS JEP — Ceska neurologicka spole¢nost Jana Evangelisty Purkyné
CNS — centralni nervovy systém

CT — vypocetni tomografie

CVR — cerebrovaskularni reaktivita

CVRz — cerebrovaskularni rezistence

CR — Ceska republika

DM - diabetes mellitus

dVA — §ife vertebralni tepny v tseku V2

ERT — enzymova substitu¢ni terapie, enzyme replacement therapy
EKG — elektrokardiografie

FCh — Fabryho choroba

FLAIR — Fluid-attenuated inversion recovery

GLA — gen pro alfa-galaktozidazu A

lysoGb3 — globotriaosylsfingosin

MAP — stfedni arterialni tlak



MPRAGE — magnetization prepared aquisition gradient echoes
MRI — magneticka rezonance, magnetic rezonance imaging
MSSI — Meinz Severity Score Index

NIHSS — National Institute of Health Stroke Scale

OMIM - Online Mendelian Inheritance in Men

pCO2 — parcidlni tlak kysli¢niku uhli¢itého

PCR — polymerase chain reaction, polymerazova fetézova reakce
PI — pulzatilni index

TCCS - transkranidlni barevné kodovand sonografie, transcranial color-coded
sonography

TIA — transitorni ischemicka ataka
VFN — Vs$eobecna fakultni nemocnice
Vmb — pritokova rychlost v ACM za bazalnich podminek

WMASs — abnormality bilé hmoty, white matter abnormalities
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1. Uvod

1.1 Fabryho choroba
1.1.1 Definice a zakladni charakteristika nemoci

Fabryho choroba (FCh, OMIM 30150), zndma také pod ndzvy Anderson-Fabryho
nemoc ¢1 Angiokeratoma corporis diffusum (Anderson, 1898; Fabry, 1898), je vzacné
dédicné metabolické onemocnéni s progresivnim prabéhem. Neékteré varianty genu
GLA, lokalizovaném na chromozomu X, ktery kdduje enzym alfa-galaktozidazu A (o-
GAL A nebo a-GAL A; EC 3.2.1.22) vedou ke snizené az zcela vymizelé aktivité
tohoto lysozomalniho enzymu. Dusledkem enzymové malfunkce je akumulace
neutralnich glykosfingolipidli (zejména globotriaosylceramidu — Gb3, znamy téZ jako
ceramidtrihexosid) v lysozomech bunék mnoha télesnych tkani a orgdnd, vcetné
systému (Germain, 2010). Stfadani substratu iniciuje patofyziologické mechanismy,
které se v konecném dusledku podileji na klinickych projevech onemocnéni. Pocatecni
zména nukleotidové sekvence vSak ovliviluje na biochemické, molekularni,
organelové a bunééné trovni fadu jinych fyziologickych mechanismt (Zivna et al.,
2022), které se spolu s dal§imi vlivy spolupodileji a/nebo modifikuji vysledny fenotyp
nemoci. Prognosticky nejzdvaznéjsi je zejména postiZeni srdce, ledvin a CNS. Kvalita
Zivota je vSak vyrazn€ ovlivnéna rovnéZ vyskytem perifernich neurologickych
komplikaci, projevii koznich a postizenim smyslovych organti (o¢ni a

vestibulokochlerani projevy).
1.1.2 Historické poznamky

FCh byla poprvé popséna na konci 19. stoleti. V roce 1898 dva dermatologové,
Anglican William Anderson (1842-1900) a Némec Johannes Fabry (1860-1930),
nezavisle na sobé publikovali kazuistiky onemocnéni u svych pacienti — muzi
(Anderson, 1898; Fabry, 1898). Zezacatku byla pozornost vénovana zejména koznim
projevim nemoci, i kdyz klinické projevy s postizenim srdce, ledvin, bolestmi
koncetin a poruchami poceni byly rovnéz popsany (Ruiter, 1939). V roce 1947 na
zaklad¢ vysledkli posmrtného pozorovani u dvou pacienti zemielych na selhani ledvin
Pompen vyslovil predpoklad, ze se jedna o systémové stfadavé onemocnéni (Pompen
etal., 1947). Vyznamnymi milniky se staly rok 1950 a 1967. Nejdiive bylo potvrzeno,
ze sttadany material je lipidové povahy (Sweeley a Klionsky, 1963), pozd¢ji byl ur¢en
defekt ptislusného enzymu — ceramidtrihexosidazy, (Brady et al., 1967), dnes spisSe

11



oznacovaného jako alfa-galaktoziddza A. Kompletni nukleotidova sekvence genu byla
publikovana v roce 1989 (Kornreich et al., 1989). Vyzkum a vyvoj specifickych
1éCebnych strategii byl umoznén vytvorenim zvitecich modelt (knock out GLA genu
mysi) (Ohshima et al., 1995). Specificka 1écba pomoci intraven6zné aplikované
enzymové substituce byla pro pacienty s FCh schvalena pro pouziti v bézné klinické
praxi na pocatku tohoto tisicileti a v roce 2015 byl na trh uveden prvni peroralné

podéavany chaperon.
1.1.3 Epidemiologie

FCh je tazena do skupiny lysozomalnich stfddavych nemoci, ktera ¢itd priblizné 60
ruznych dédi¢nych metabolickych onemocnéni (JeSina, 2019). Do nedévna byla FCh
povazovana, po nemoci Gaucherové€, za druhé nejcastéji se vyskytujici lysozomalni
sttadavé onemocnéni. Pravdépodobné se vSak jedna o viibec nejcastéjsi chorobu z této

skupiny.

V dobé pted érou rutinniho genetického testovani, kdy diagnéza FCh byla
stanovovana na zdklad¢ klinické obrazu, biochemické analyzy (aktivita enzymu,
analyza metabolitd) a rodinné anamnézy byla prevalence nemoci odhadovéana
v rozmezi od 1:476 000 do 1:170 000, analyza dat z obdobi 1970-1996 (Meikle et al.;
Poorthuis et al., 1999). Srozvojem nejen biochemickych technik, ale predevSim
genetické diagnostiky se ukazalo, Ze vyskyt FCh v populaci mize byt vyssi. Zejména
zeny, které byly dfive povaZovany za nepostizené pienaSecky, poptipadé
oligosymptomatické pacientky s normalnim nebo mirnym poklesem aktivity a-GAL

A, nemusely byt do starSich prevalen¢nich vyzkumt zahrnuty.

Technika méfeni aktivity a-GAL A v suché krevni kapce (Chamoles et al., 2001),
technologicky pokrok a dostupnost genetické analyzy spolu s uvedenim specifické
terapie na trh vedly ke zvyseni povédomi o nemoci. Ruku v ruce pravé s dostupnosti
specifické 1éCby se zvySovalo také usili o co nevcasnéjsi diagnostiku onemocnéni.
Pozornost se obratila k novorozeneckého screeningu nemoci €1 k testovani rizikovych
populaci. Novorozenecké screeningy (Spada et al., 2006; Lin et al., 2009) a
vySetfovani specifickych, pro FCh rizikovych, populaci pacienti (Rolfs et al., 2005;
Brouns et al., 2010; Linthorst et al., 2010) jiZ v prvnich deseti letech nynéj$iho milénia

vvvvvv

vyskytu FCh. Vys3i prevalence byla rovnéZ zaznamenana v CR. Onemocnéni bylo u
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hemodialyzovanych pacienti zjisténo u 0,26 % muzti a 0,05 % zen (Merta et al., 2007)
a diagnostikovano u 4 % muzii s nevysvétlitelnou hypertrofii levé komory (Palecek et

al., 2014).

Dostupnost genetického vySetfeni a narast testovani novorozenci a pacientl
z rizikovych skupin v pfedchozim desetileti - systematicky piehled zroku 2018
(Doheny et al., 2018) v porovnani s rokem 2010 (Linthorst et al., 2010) uvadi 3,4x
vetsi celkovy pocet testovanych pacientll - vSak s sebou nese rovnéz vzestup poctu
nalezenych variant genu GLA, jejichz klinicky vyznam neni zcela jasny. Pocet
takovych nalezenych variant prevysuje patologické varianty zptisobujici onemocnéni
(Doheny et al., 2018). Vzhledem k tomu, ze klinické projevy mohou byt velmi
rozmanité s nespecifickymi pfiznaky a rizn€ vyjadienou zdvaznosti onemocnéni, je
velmi dilezité tyto varianty spravné interpretovat, zejména ty, které nebyly diive
popsany.

Obecné je vyskyt variant rezultujicich v klasicky fenotyp odhadovan v rozmezi od 1:
25000 do 1:40 000 (Desnick, 2014). Vyskyt variant, které se klinicky manifestu;ji
v pozdé&j$im véku a jejich fenotypové projevy jsou mono ¢i oligosymptomatické (tzv.

late-onset varianty) je az 10krat Castéjsi (Desnick, 2015).
1.1.4 Biologicky zaklad nemoci

Pti¢inou FCh jsou patologické varianty genu GLA kodujiciho lysozomélni enzym a-
GAL A. GLA gen je lokalizovan na dlouhém raménku chromozému X, v oblasti
Xq22.1. Kodujici oblast genu je tvofena 1290 pary bazi a je rozdélena do 7 exonil. V
soucasné dobé& jsou znamy stovky riiznych variant tohoto genu (McCafferty a Scott,
2019). Nejcastéji se vyskytuji mutace bodové (missense, nonsense), vzacny vsak neni
ani vyskyt deleci ¢i inserci. Genovym produktem je polypeptid tvoieny 429
aminokyselinami véetné N-termindlni signalni ¢asti ¢itajici 31 aminokyselin. Pomoci
rentgenoveé krystalografie byla aktivni struktura o-GAL A ur€ena vroce 2004
Garmanem (Garman a Garboczi, 2004). Jednd se o homodimer, kazdy monomer
sestdva ze dvou domén, (B/a)s doména, obsahujici aktivni misto enzymu, a C-
terminalni doména, sloZzend zosmi antiparalelnich B listd. Spravné prostorové
uspotadani enzymu je nutné nejen pro dostatecnou aktivitu enzymu, ale také pro
nenaruseny pribeh nitrobunééného transportu a-GAL A a jeho naslednou degradaci.

Enzym je funkéné hydrolazou Stépici a-glykosidickou vazbu mezi terminéalni
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galaktozou a laktosylceramidem (Guce et al., 2010) Disledkem snizené ¢i vymizelé
aktivity enzymu je hromadéni substratu, v ptipadé¢ FCh zejména Gb3, v buinkach
riznych tkani a organt. Patofyziologické zmeény, které iniciuje akumulace
nemetabolizovaného substratu je povazovana za jeden zhlavnich mechanismi
nemoci. V posledni dobé¢ se v§ak ukazuje, Ze ke klinické manifestaci mohou pfispivat
rovnéz dals$i organelopathie, které mohou byt odpovédi na piitomnost Spatné
sbaleného proteinu (Zivna et al., 2022). Mé&fena aktivita enzymu mize byt snizena jen
castecné, presto mize na mikroskopické trovni dochazek k rozvoji patologickych

procest, které mohou pfispét ke klinické manifestaci choroby.
1.1.5Klinicky obraz onemocnéni

Obecné se rozeznavaji dva zédkladni fenotypy nemoci. Pii klasickém (typickém)
pribéhu se onemocnéni projevuje jiz v détstvi nebo v obdobi dospivéni, nejcastéji
palivymi bolestmi rukou a nohou, poruchami poceni, pfitomnosti koznich
angiokeratomu ¢i n¢kterych o¢nich nalezl (cornea verticillata, vinuté retindlni cévy)
(Germain, 2010). V pozdé&jsich fazich zivota se objevuji hlavni orgdnové komplikace

v podobé postizeni ledvin, srdce a CNS.

Fenotypova manifestace FCh vSak mtiZe byt i atypicka. U atypickych variant (varianty
s pozdnim zacitkem, late-onset) FCh mohou nékteré z klasickych ptiznakt
onemocnéni zeela chybét. Tyto varianty mivaji pozdni zacatek (Ctvrtd az Sesta dekada)
a Casto mono ¢i oligosymptomaticky pribc¢h. Byla popsana kardialni nebo rendlni
varianta onemocnéni (Germain, 2010). Prvni manifestaci FCh mtize byt i CMP (Sims
et al., 2009), coz jsme potvrdili vnaSi praci, jako uvadime dale podrobné
v experimentalni ¢asti (Rekova et al., 2021; Tomek et al., 2021). Onemocnéni s pozdni

manifestaci byva spojeno s rezidualni aktivitou enzymu a-GAL A (Germain, 2010).

Diive se predpokladalo, Ze Zeny patologickymi variantami GLA jsou klinicky
asymptomatické a o onemocnéni se hovofilo jako o X-recesivné vazaném. Ukazalo se
vSak, Ze také heterozygotni Zeny mohou mit klinické projevy nemoci. TiZe postiZzeni u
zen ma vyraznou klinickou variabilitu od asymptomatického priibéhu az po tézké
organové projevy nemoci srovnatelné s klasickym pribéhem onemocnéni u muzi. Za
jeden z moznych divodl rozmanitosti klinickych projevi FCh u Zen je oznacovéan

proces inaktivace X chromozomu v cCasnych fazich embryogeneze a jeho piipadné
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zeSikmeni (skewed X-inactivation) upiednostiujici inaktivaci mutované alely

(Dobrovolny et al., 2005).
1.1.5.1 Manifestace nemoci mimo nervovy systém

Mezi hlavni projevy mimo nervovy systém patii postizeni srdce, ledvin, klize, o¢i,
vestibulokochledrniho systému. Pro kozni postizeni jsou typické angiokeratomy.
Nachazeji se zejména v oblasti mezi pupkem a koleny s maximem vyskytu

ey e

s vékem Casto narusta.

U klasického prubéhu onemocnéni dochdzi u muzii ve véku kolem 20-30 let, u zen asi
o deset let pozd¢ji, k postupnému zhorSovani funkce ledvin. Prvnim projevem je
mikroalbuminurie, pot¢ mald az stfedn¢ velka proteinurie a soucasné¢ klesa
glomeruldrni filtrace. Pokud pacienti nejsou 1éceni, pak v ptipadé rendlniho postizeni,
byva asi od treti az ¢tvrté dekady zivota nutna dialyzacni 1éCba a ev. transplantace

ledvin.

Kardidlni postizeni je u pacienti s FCh velmi casté. Pro postizeni srdce je
charakteristickd hypertrofie myokardu. MiiZe jit o hypertrofii obou komor, ale i o
pouhou hypertrofii septa. Jiz EKG vySetfeni mtize upozornit na FCh. Nalez na EKG
kiivce s vyrazné navysSenou voltdzi a v dalsi fazi 1 zménami ST tseku se zndmkami
zatiZzeni levé komory, by mélo byt indikaci k echokardiografickému vysetieni. Kromé
vysoké voltaze odrazejici hypertrofii myokardu je typickou abnormitou zkraceni PQ
intervalu (pod 120ms). Postupné dochazi ke zpomaleni atrioventrikularniho vedeni
vedouci neztidka az k nutnosti implantace kardiostimulatoru.

Zajimavym, Castym a pomérné specifickym projevem jsou o¢ni manifestace, jejichz
prib&hu onemocnéni (Raizman et al., 2017). Z diagnostického hlediska je nejvice
pfinosny prikaz pfitomnosti cornea verticillata (vyskyt u 44-95 % pacientit s FCh
(Laney a Fernhoff, 2008). Jedna se o paprscité se vétvici opacity v povrchnich vrstvach
rohovky viditelné pii vySetieni na Stérbinové lampé. Cornea verticillata se dale
vyskytuje pouze jako polékova (chronickd medikace napf. amiodaronem,
chlorochinem, indometacinem, fenothiazinem, tamoxifenem aj.) (Raizman et al.,
2017). Mezi dalsi o¢ni projevy patii naptiklad také Fabryho zadni subkapsularni

katarakta nebo ptitomnost vinutych retinalnich cév, zvlasté venul.
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Vestibulokochlerani postizeni je pfevazné zastoupeno vertigem a postupnou ztratou

sluchu. Vzécnéji se objevuje Gporny tinnitus.
1.1.5.2Neurologické manifestace nemoci
Postizeni periferniho nervového systému

Nejcastéjsim a také mnohdy nejcasnéjSim projevem FCh jsou akralni (pfevazng)
bolesti (obecné znamy fakt, zkuSenosti autorky). Piesny patofyziologicky
mechanismus vzniku bolesti u FCh neni znam. Pfedpoklada se, ze bolest je disledkem
postizeni tenkych nervovych vldken (neuropatickd bolest), avSak nociceptivni
komponenta je rovnéz pfitomna. Bolest byva nejcastéji lokalizovana do oblasti dlani a
prstl, plant ¢i lytek, mohou byt vSak postizené také jiné Casti téla. Naptiklad bolesti
kloubt jsou referovany az v 27,2 % muzi a 24,1 % zen s FCh (Politei et al., 2016).
Pacienti charakterizuji bolest nejcastéji jako palivou, bodavou, bolestivy chlad.
Epizodické bolestivé ataky ¢i kratkodobé zhorSeni chronické bolesti je popisovano u
70 % muzt a 52 % zen, chronicka bolest pak obtézuje asi 50 % muzii a 33 % Zen s
FCh. Specifickou situaci, charakteristickou pro pacienty s klasickym pribéhem FCh,
jsou tzv. krize. Jde o hodiny aZ dny trvajici bolestivé zachvaty, které zacinaji vétSinou
akralné a rozSifuji se do celého téla. Krize pacienty velmi vycerpavaji, bolesti jsou
kruté, nesnesitelné, agonizujici. Ataky bolesti €1 zhorSeni chronickych obtizi jsou €asto
spoustény interkurentnim onemocnénim, stresem, zménou venkovni teploty, télesnou
aktivitou (zkuSenosti autorky, (Politei et al., 2016). Bolesti vyrazné snizuji kvalitu

zivota pacientll s FCh (Burand a Stucky, 2021).
Projevy postizeni autonomniho nervového systému

Nejcastéjsimi klinickymi projevy, na kterych se spolupodili postizeni autonomniho
nervstva, jsou projevy gastrointestinalni a poruchy poceni. Gastrointestindlni obtize
jsou u pacientii s FCh velmi Casté, postihuji az 50 % zen a téméi 60 % pacienti-muzi.
(Caputo et al., 2021). Kromé bolesti bficha nemocni trpi nadymanim, priijmy ¢i naopak
upornou zacpou, nauzeou, nékdy 1 opakovanym zvracenim. Hypohidrosa ¢i anhidrosa
jsou jinym ptikladem spojenym s postizenim autonomniho nervového systému
(Lidove et al., 2006). V disledku sniZzené schopnosti poceni pacienti Spatné toleru;ji
vys$i teploty ¢i fyzickou zatéz. V literatute byly popsdny 1 dalsi projevy autonomni
dysregulace, naptiklad poruchy pupilarni konstrikce, sniZzeni tvorby slz, slin,

dysregulace krevniho tlaku vedouci k ortostatickym hypotenzim (Rekova, 2018).
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Postizeni cerebrovaskularni reaktivity se mize spolupodilet na zvySené cetnosti

mozkovych ptihod u pacientd s FCh.
Postizeni centrdlniho nervového systemu:
Hlavni klinické projevy z oblasti CNS ukazuje tabulka 1.

CMP a TIA jsou nejcastéjSim projevem cerebrovaskularniho postizeni u pacientt s
a mohou byt dokonce prvni klinickou manifestaci nemoci(Sims et al., 2009), (Tomek
et al., 2021) Retrospektivni studie Citajici mensi pocty pacientti s FCh uvadi frekvenci
vyskytu iktd, at’ uz klinicky manifestnich ptihod ¢i nalezi némych ischemii pfi
zobrazeni CNS, v Sirokém rozmezi (7 %-48 %) (Gupta et al., 2005; Vedder et al.,
2007). Vzhledem k malému poctu pacientl trpicich FCh jsou anonymni data z celého
svéta shromazd’ovéna v registrech (Fabry Registry, Fabry Outcome Survey, FollowMe
Pathfinders Registry), které jsou zdrojem informaci nejen o pfirozeném prubchu
nemoci a klinickych projevech, ale také o u¢innosti 16¢by u pacientt. Udaje z registrii
potvrzuji ¢asty vyskyt mozkovych piihod u nemocnych s Fabryho chorobou (Sims et
al., 2009). Data z Fabry Registry ukazuji, Ze vétSina pacientt prod¢lala prvni iktus ve
veéku mezi 20 a 50 lety, pficemz 22 % pacientd v dob¢ prvni piihody bylo mladsich 30
let. Navic CMP se objevila u velkého procenta pacientl (50 % muzii a 38 % Zen) jesté
pted stanovenim diagn6zy FCh (Sims et al., 2009). Patofyziologie vzniku CMP/TIA u
pacienti s FCh neni pfesné objasnéna. Vaskuldrni postizeni (viz dale) vSak hraje

dualezitou roli ve vzniku CMP.

VzacngjSim projevem FCh, ktery se mize vyskytnout ve spojeni s recidivujicimi
mozkovymi piihodami, je aseptickd meningitida, jejiz vyskyt byl v literatufe u
pacientli s FCh opakované popsan a potvrzuji ho rovnéz zkusSenosti autorky. Klinicky
pfitomné bolesti hlavy ve spojeni s fokdlnimi neurologickymi pfiznaky jsou
doprovazeny patologickym likvorologickym nalezem ve smyslu lehké az stfedni

pleiocytdzy (do 100 bunék v 1pul).

Pti vySetfeni magnetickou rezonanci lze identifikovat u pacientti s FCh nékteré castéji
se vyskytujici abnormality. Makroangiopatické zmény zahrnuji dilatace, elongace a
tortuozity tepen jak v karotické, tak ve vertebrobazilarni oblasti. Rozsifeni bazilarni

tepny muze upozornit na moznou FCh (Fellgiebel et al., 2011).
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Nalezy na MRI mozku u pacientti s FCh vykazuji typické charakteristiky onemocnéni
malych tepen, jako jsou lakundrni infarkty (Rekova et al., 2021), hyperintenzity bilé
hmoty nejlépe viditelné v T2 vazenych obrazech ¢i ve FLAIR sekvencich (Korver et
al., 2018) ¢i mikrohemorhagie (Reisin et al., 2011). WMASs postihuji subkortikalni,
hluboké 1 periventrikuldrni oblasti bilé hmoty. Mohou byt teckovité, viceCetné i
splyvajici (obrazek 1). Préace, které hodnotily, at uz pomoci Skal klasickych
numerickych s$kal napt. FazekaSovy skaly (Fazekas et al., 1987) ¢i volumetricky,
pritomnost a rozsah postizeni bilé hmoty (hyperintenzity na T2W) na MRI mozku u
pacienti s FCh ukézaly, ze abnormality jsou detekovatelné jiz v casném véku,
dokonce i u déti. (Cabrera-Salazar et al., 2005), maji progresivni charakter, distribuce
je typicka pro onemocnéni malych tepen CNS (Crutchfield et al., 1998), tize postizeni
je podobné u muzl i symptomatickych zen (Fellgiebel et al., 2005), jejich pfitomnost
muze predchazet klinické neurologické projevy nemoci (Rost et al., 2016a).
Patogeneze WMAS neni zcela objasnéna, roli hraji vaskularni zmény, piepoklada se
vSak, Ze na jejich vzniku se podileji jesté jiné patofyziologické mechanismy nez pouze
vaskuldrné-ischemické. Léze v oblasti bilé hmoty mohou n¢kdy napodobovat néalez u
roztrousené sklerdzy. Na rozdil od roztrouSené sklerozy se vSak WMAs jen zfidka
vyskytuji v oblasti corpus callosum (Cocozza et al., 2017), nemivaji enhancement a,

pokud je autorim zndmo, také spinélni lokalizace nebyla dosud popsana.
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Tabulka 1: Hlavni klinické projevy Fabryho nemoci z oblasti centradlniho nervového

systému
Cerebrovaskularni Neuro- Otoneurologické Ostatni
psychiatrické (vzacnéjsi)
« TIA, CMP e zmény nalady e tinnitus o aseptickd
e abnormity pii zobrazeni - deprese * poruchy sluchu meningitida
CNS * zmény v * vertigo e formy
e vaskulopatie chovani napodobujici
- velké tepny * kognitivni roztrousenou
(dilatace, elongace, deficit a2 skler6zu
tortuosity) demence
- malé tepny (ztidka)
(v€etné némych infarkth)
e postizeni bilé hmoty
Vysvétlivky: TIA = transitorni ischemicka ataka; CMP = cévni mozkova piihoda; CNS = centrélni nervovy
systém
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Obrazek 1: Léze v oblasti bilé hmoty u pacienti s Fabryho chorobou, MRI mozku,
axialni fezy, FLAIR sekvence. 33letd pacientka, teckovité hyperintenzity (vlevo) a
48lety pacient, splyvavé hyperintenzity (vpravo).

Vaskuldrni postizeni

Akumulace Gb3 v endotelu cév a v bunikach hladké svaloviny cév je typické pro FCh.
Ptresné patofyziologické mechanismy, které vedou ke strukturdlnimu a funkénimu

postiZeni tepen u pacientli s FCh vSak nejsou zcela objasnény.

U pacientli s FCh , naptiklad rozSifeni intimo-medie velkych a stiednich tepen (Barbey
et al., 2006a; Kalliokoski et al., 2006), abnormality tepenné vazodilatace vyvolané
zvySenym krevnim pritokem (flow mediated dilation) (Kalliokoski et al., 2006),
postizeni cerebrovaskularni reaktivity (Moore et al., 2002a) ¢i remodelace stén
ptivodnych mozkovych tepen vedouci k jejich tortuozitam a dilatacim (Manara et al.,
2017). Cévni postiZeni se rovnéZ podili na vzniku abnormalit bilé hmoty mozku ¢asto

nachdzenych pfi zobrazeni pomoci MRI (Rost et al., 2016a).
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1.1.5.3Biomarkery nemoci

V roce 2008 deacylovana forma Gb3, lysoGb3, byl objeven jako biomarker FCh.
(Aerts et al., 2008). Plazmatické hladiny lysoGb3 siln¢ koreluji s fenotypem nemoci,
vys$i hladiny maji pacienti s klasickym fenotypem, u pacientll s pozdnim zacatkem

onemocnéni jsou hladiny niZzsi.
1.1.6 MozZnosti terapie

Lécebné strategie u pacientii s FCh zahrnuji postupy specifické 1 nespecifické (Tabulka 2)
Mezi specifickou terapii fadime 1é¢bu pomoci ERT, ktera je v CR k dispozici od roku

2004 a terapii pomoci molekularniho chaperonu —migalastatu.

ERT spociva v dodavani uméle vyrobeného enzymu pacientim. K dispozici jsou dva
preparaty — agalsidaza o (Replagal, Takeda) a agalsiddza  (Fabrazym, Sanofi Genzyme).
Léky jsou podavany pacientiim v infuzi trvajici 120—180 min 1x za 14 dni. Pfestoze klinické
studie prokazaly, Ze béhem 1é¢by dochazi ke redukci naloze akumulovaného Gb3 ve tkanich
a ke snizeni plazmatického biomarkeru nemoci lysoGb3 (Eng et al., 2001; Schiffmann et al.,
2001; van Breemen et al., 2011), dlouhodoba efektivita je individudlni, dilezité je v€asné
zahdjeni terapie, lécba je ucinnéjsi, pokud se zahdji pfed rozvinutim ireverzibilnich
organovych zmén (Arends et al., 2017). Nicméné piesné nacCasovani zahdjeni 1écby je
nejasné, protoZe nemame v tomto ohledu k dispozici Zddné randomizované kontrolované
studie. U ¢asti pacientl bylo potvrzeno zpomaleni zhorSovani renalnich funkci, zpomaleni
progrese hypertrofie myokardu, snizeni kardiovaskularnich komplikaci a zlepSeni kvality
zivota (Eng et al., 2001; Schiffmann et al., 2001; Thurberg et al., 2004; Banikazemi et al.,
2007; Ortiz et al., 2016). Enzymova substitu¢ni terapie miize zmirnit intenzitu bolesti
upacienti s FCh a snizit spotiebu analgetické terapie, zlepSit percepci tepelnych

a vibracnich podnétt (Politei et al., 2016).

Od roku 2015 je v CR schvalen 1ék migalastat, peroralné podavany chaperon. Chaperony
jsou malé molekuly, které vazbou na endogenni (ale 1 exogenné dodavany) enzym jeho
strukturu stabilizuji (cilem je zlepsit spravné skladani mutovaného proteinu) a zvysuji jeho
ucinnost. Migalastat je vhodny jen pro n€které nemocné s uritymi variantami genu, kdy

produkované endogenni a-GAL A je nestabilni.

Specifické terapie pomoci ERT a chaperonii bude mozna v brzké dobé rozsitena o dalsi

moznosti. Ve fazi testovani je druhd generace ERT, Pegunigalsidaza o (Protalix
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Biotherapeutics, Izrael) a moss-aGAL (Greenovation biopharmaceuticals, Némecko). Také
cilend terapie zamétena na redukci substratu je nyni jiz ve fazich klinického zkouseni (napt.
blokator glukosylceramid-syntazy, lucerastat (Idorsia Pharmaceuticals, Svycarsko) ¢i
venglustat (Sanofi Genzyme). Rovnéz genova terapie FCh vzbuzuje nadéje. Je testovan
ptenos genetické informace pomoci lentivirovych vektori s naslednou tvorbou enzymu

v modifikovanych CD34+ hematopoetickych bunikach (van der Veen et al., 2020).

Zahajeni a ptipadné ukonceni cilené specifické 1écby FCh se v zdsadé tidi doporucenim
evropské skupiny odbornikd. O nasazeni 1é€by rozhoduje typ postiZzeni (varianty), kdy
u klasickych forem choroby je tfeba 1écbu indikovat pfi zndmkach prvnich zavaznych symp-
toml a znamek organového postizeni ve vztahu k nemoci (konkrétné u neurologickych
projevll vétSinou indikujeme 1é€bu pii vyskytu neuropatické bolesti, TIA ¢i CMP; mize byt
rovnéz zvazena u postiZzeni bilé hmoty CNS). Naopak 1é¢ba neni doporucena u pokrocilych
forem postizeni au nemocnych s limitovanou progndzou (Biegstraaten et al., 2015).
Problematickd je stale situace unemocnych s pozdnimi formami, tedy predevSim
s izolovanou kardialni manifestaci. Lécba je na misté u pacientii se znamkami hypertrofie
a remodelace levé komory, s poruchami rytmu ¢i s projevy srde¢niho selhani. V soucasné
dob¢ ale probiha tfada projektd, které maji za cil prokazat, ze i u téchto nemocnych je ¢asné

nasazeni terapie piinosné.

Vyznamnou roli v terapii pacientli s FCh hraji 1 nespecifické 1écebné postupy. Piikladem
muze byt chorobu ovliviiyjici 1é€ba (napf. pouZiti inhibitorti angiotenzin konvertujiciho
enzymu a sartanil v terapii proteinurie, primarni a sekundarni prevence CMP) ¢i 1écba
symptomaticka, kterd zahrnuje napf. medikament6zni ovlivnéni neuropatickych bolesti.
V komplexnim terapeutickém piistupu je vSak velmi dilezitd i podplrnd nefarmakologicka
1écba, jako je uprava stravovaciho reZimu u pacientll s gastrointestindlnimi projevy,
minimalizace spoustéci bolestivych atak (rychla terapie horecky a infekci, pfiméfena

fyzickd aktivita, pouzivani klimatizace, udrzovani adekvatni hydratace apod.),

a v neposledni fad¢ psychologicka podpora pacientt.
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Tabulka 2: Piehled 1é¢ebnych moZnosti hlavnich organovych projevi — priklady

e napi. ACE inhibitory,

sartany

Specificka 1é¢ba Nespecificka 1é¢ba
Farmakologicka Nefarmakologicka
Nervovy o enzym-substituéni ¢ neuropaticka bolest e minimalizace
; - napt. gabapentin, spoustovych faktort
system e chaperony
— . regabalin, analgetika dekvatni hydratace
e geneticka terapie™ PIeg & ¢ adekvatiit fiycratac
e primarni a sekundarni y
e substrat redukéni* P * tepelny komfort
prevence iCMP
- napft. protidestickova
terapie, antikoagulacni
1é¢ba aj.
Srdce e farmakoterapie srde¢niho * kardiostimulace
selhani ¢ implantabilni defibrilator
o 168ba arytmi e revaskularizace
e transplantace srdce
Ledviny e ovlivnéni proteinurie o dialyza

e transplantace ledvin

Vysvétlivky: * budouci 1é¢ba

ischemicka cévni mozkova ptihoda

ACE inhibitory = angiotensin converting enzyme inhibitor, inhibitory enzymu aniotenzin-konvertazy, iCMP =
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1.2 Cerebrovaskularni problematika
1.2.1 Cévni zasobeni mozku
1.2.1.1Poznamky k energetickému metabolismu mozku

Mozek je vysoce energeticky naro¢ny orgéan. PfestoZe jeho hmotnost tvoii asi 2 %
celkové télesné hmotnosti, spotfebovava asi 20% celkové spotieby kysliku a asi 25 %
celkové spotieby glukozy. Vysoka spotieba kysliku a glukézy jde zejména na vrub
udrzeni membranového potencidlu prostfednictvim Na+/K+-ATPazy. Pro udrzeni
fadného funkéniho stavu membran a spravnych pochodt na trovni bun€k a bunéénych
organel je zdsadni adekvatni krevniho zasobeni mozku prostfednictvim jeho

vaskularniho systému.
1.2.1.2 Anatomie mozkového cévniho zasobeni

Tepny zésobujici mozek lze z praktického hlediska (zejména z pohledu zobrazeni
mozkovych tepen — diskutovaného podrobné&ji dale v textu) dé€lit na extrakranialni a

intrakranialni.

Extrakranialni mozkové tepny zahrnuji vSechny tepny a jejich segmenty pfivadéjici
krev ze srdce pod bazi lebecni (Bar, 2003). Intrakranidlni ¢ast tepenného fecisté
zahrnuje tzv. pfedni mozkovou cirkulaci, kterou tvofi potupné vétvici se tepny
z odstupujici z karotickych tepen (karotické povodi) a tzv. zadni mozkovou cirkulaci,
jenz je konstituovédna zcév navazujicich na extrakranidlni Gsek aa. vetebrales
(vertebrobazilarni povodi). Hlavni tepenné kmeny piedniho a zadniho povodi jsou
propojeny do tzv. Willisova okruhu. Z hlavnich intrakranialnich tepennych kment pak
postupné odstupuji tepny mensi, superficidlni tepny a hluboké perforujici arterie.
Velké tepny (extrakranialni a hlavni intrakranialni kmeny) a malé tepny maji rozdilné
strukturalni 1 funk¢ni charakteristiky, které se mohou 1 odlisné€ uplatiiovat v ramci

patofyziologickych schémat u patologickych stavli a nemoci.
1.2.1.3 Anatomie a histologie arterialni stény, mozkova mikrocirkulace

Extrakranialni tepny (ACC, ACI) a hlavni mozkové kmeny (naptiklad ACM) maji
tifvrstvou strukturu stény, skladaji se z tunica intima, tunica media a z adventicie.
Intrakranidlni tepny maji na rozdil od tepen extrakranidlnich ten¢i adventicii s mensim
poctem elastickych vlaken 1 tenci tunica media. Malé tepny, arterioly, odstupujici

z hlavnich tepennych kment (hluboké perforujici arterie) ¢i z kortikdlnich vétvi
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hlavnich mozkovych tepen (dfenové perforujici tepny) jsou v podstaté konecnymi
tepnami s minimem anastomo6z. Malé arterie a arterioly jsou rezistentni cévy a jsou
odpovédné za periferni cévni odpor, cerebrovaskuldrni rezistenci. Parenchymové
arterioly (cévy o priméru 30 pum a mensi, tloustka cévni stény 6 pm) spolu
s kapilarnim systémem (prumér kapilar je 8 pm, Sife stény 0,5 pm) a venulami (primér
lumina 20 pm a tloustka stény 1 pm) tvoii hlavni ¢asti mozkové mikrocirkulace, ktera

je odpovédna za vymeénu krevni plyna a nutrientii (Chandra et al., 2017).
1.2.1.4 Vazoreaktivita mozkovych tepen, kontrola mozkového krevniho priatoku

Cerebralni vazoreaktivita je fyziologicky mechanismus, schopnost mozkovych tepen
reagovat na vazoaktivni impulzy konstrikci ¢i dilataci. Cilem je udrzet dostateény
krevni pritok (CBF). Dostatecny prutok krve mozkem, jehoZ hnaci silou je cerebralni
perfuzni tlak (CPP), je nutny pro adekvatni oxygenaci nervovych bunék, pfisun
glukézy a odsun metaboliti. CBF je nepifimo umérny cerebrovaskularni rezistenci.
Krevni pritok mozkem miizeme vyjadrit vztahem CBF = CPP/CVRz. CPP je rozdil
mezi MAP a tlakem v zZilnim fecisti, resp. intrakranialnim tlakem (ICP). CPP = MAP-
ICP. V situaci, kdy je ICP stabilni, miizeme CPP odhadnout z MAP. A tedy, pokud
CBF = (MAP-ICP)/CVRz, v pifipad¢ stabilniho intrakranidlniho tlaku je CBF =
MAP/CVRz.

Dostate¢ny krevni pritok je zajiStén n¢kolika zdkladnimi mechanismy. Mechanismem
cerebralni autoregulace a chemicko-metabolickou regulaci (hlavni roli hraje pCO2 a
dale pak spfazeni a souhra bun¢k nervového systému s blizkymi cévami v souvislosti
sjejich funkénim stavem — tzv. neurovaskuldrni couplingem). Doplilkkem k vysSe
jmenovanym zakladnim mechanismiim je neurogenni regulace krevniho toku. Cely
systém pak plsobi ve vzajemné souhie a je velmi komplexni a dosud ne zcela dobie

prozkoumany.
1.2.1.5Regula¢ni mechanismy krevniho pritoku mozkem
Cerebralni autoregulace

Autoregulace je fyziologickd schopnost cév orgénu udrzet stabilni krevni pritok pii

zménach perfuzniho tlaku.

Jako mozkovou autoregulaci v uz§im slova smyslu oznacujeme vnitini schopnost

tepenného teciSt¢ mozku udrzet adekvatni stabilni mozkovou perfuzi navzdory
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vykyvim krevniho tlaku (respektive ptesnéji CPP). Za fyziologického stavu je
autoregulace zajisténa myogenni kontrolou cévniho tonu, tj. déje zménou tonu arteriol,

ktera vede ke zméné CVRz.

V rozmezi MAP 60-150 mmHg (8-20 kPa) je u normotenzniho jedince mozkovy
prutok konstantni. Se zménou stfedniho arteridlniho tlaku dochéazi ke zméné prusvitu
tepének ve smyslu vazokonstrikce ¢i vazodilatace, coz vede k udrzZeni stabilniho
krevniho pritoku. Konkrétné vzestup MAP vede k vazokonstrikci, s poklesem MAP
dochazi na turovni tepenného feCisté k vazodilataci. Uvedené limity plati pro
normotenzni jedince. U pacienti s hypertenzi je autoregulacni oblast posunuta

doprava, u hypotenznich naopak doleva.

Myogenni kontrola je zajiSténa vnitini vlastnosti hladkych svalovych bunék cévy, coz
bylo poprvé v pokusech in-vitro demonstrovano pocatkem 80. let minulého stoleti
(Vinall a Simeone, 1981). Tlakem indukované protazeni bun¢k hladkého svalstva vede
k depolarizaci membrany hladkych svalovych bunék za i¢asti mechanosenzitivnich
kationtovych kanali (TRPC6 a TRPM4) (Earley et al., 2004). Depolarizace membrany
vede k vzestupu Ca+ do bunky skrze napétové fizené vapnikové kanaly. Zaroven
dochéazi k uvolnéni Ca+ ze sarkoplazmatického retikula bun&k. Vysledkem fetézce

reakci je vazokonstrikce.

In vitro, na izolované arteriole z krysiho mozku, bylo demonstrovano, Ze myogenni
reakce tonu tepének (ve smyslu vazokonstrikce a vazodilatace) je odrazem jak zmén
intraluminalniho tlaku, tak pritoku uvnitf cévy, a to nezavisle na sob&. Autofi
demonstrovali, Ze vzestup intraluminalniho tlaku z 20 mmHg na 100 mmHg pfi
nulovém pritoku je provazeno vasokonstrikci. Vasokonstrikce je maximalni pti 60
mm Hg. Pokud v tepné je udrzovan konstantni tlak 60 mmHg je nizky pritok provazen

vazodilataci, zvySeni pritoku pak vazokonstrikci (Ngai a Winn, 1995).

V podminkach Zivého organismu nelze od sebe odd¢€lit zmény tlaku a pritoku uvniti
cévy. Zmeény v krevnim prutoku vedle odpoveédi hladkych svalovych bun¢k na zmény

intraluminalniho tlaku pfispivaji k myogenni odpovédi.
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Chemicko-metabolicka kontrola krevniho prutoku mozkem:
Vliv krevnich plynt

Parciélni tlak kysli¢niku uhli¢itého v krvi a pritok krve mozkem. Hematoencefalicka
bariéra je volné prostupnd pro CO2, rovnovdha mezi pCO2 krve a pCO2
v extracelularnim prostoru mozku se vytvaii rychle. Tepny mozku reaguji velmi citlivé
na zvyS$eni parcidlniho tlaku kysli¢niku uhli¢itého v krvi (paCO2), které vede k jejich
dilataci. Snizenim cévni rezistence v disledku rozsifeni arteriol dochazi ke zvyseni
CBF a naopak. Jeho velikost pak zavisi na arteridlnim pCO2. Naptiklad inhalace 7 %
CO2 ve vzduchu vyvola u mladého ¢loveka vice nez 100% vzestup krevniho toku
(Kalvach, 2010). Zmény cévniho tonu v disledku zmén arteridlniho pCO2 se d&ji
v rozmezi 2,7-9,3 kPa (Peisker et al.). Mimo toto rozmezi jsou cévy v maximdlni

dilataci ¢i konstrikci a dal$i zmény tonu jiz nejsou mozné.

Reaktivitu mozkovych tepen na zménu arterialniho pCO2 doklada fada praci, at’ jiz
vyuzivaji ke zvyseni paCO2 inhalaci vzduchu obohacené¢ho CO2 ¢i metody zadrzeni
dechu. Zmény CBF v hlavnich kmenech mozkovych tepen v odpovédi na zvySeni
pCO2 lze hodnotit pomoci transkranialni dopplerovské sonografie (Ide et al., 2007,
Battisti-Charbonney et al., 2011). Na zmény pCO?2 jsou citlivé jak velké tepny (vnitini
karotidy, vertebralni arterie, hlavni kmeny mozkovych tepen) tak pidlni a
parenchymové arterioly (Willie et al., 2014). Zd4 se, Ze vice nez samotné CO2 hraji
roli H+ a sniZeni extraceludrniho pH (Kontos et al., 1977). Acid6za svym modulujicim
efektem na Ca2-+ signalizaci svalovych buiiky cévni stény a jejim prostfednictvim na
vysokovodivostni Ca2+ ovladané¢ K+ kanaly (BKCa) zplisobuje snizeni tonu

cerebralnich arteriol (Dabertrand et al., 2012).
Funk¢éni hyperémie (neurovaskuldrni vazba, neurovaskuarni coupling)

Neurovaskularni vazba je Casové spfaZzeni mezi zvySenim neurondlni aktivity a
regionalnim zvySenim krevniho pritoku, na které se podili neurovaskularni jednotka
(céva, neuron a gliova bunika — astrocyt). Zjednodusen¢, aktivita neuronti moduluje
zmény v lokalnim pratoku krve (a to jednak zprostfedkované pfenosem pies astrocyt,

ale rovnéz nezavisle na astrocytarnim zprostiedkovani). (Phillips et al., 2016)
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Neurogenni kontrola mozkového priitoku

Extrakranidlni a pialni tepny jsou inervovany sympatickymi nervovymi vlakny, které
vychézeji z horniho kréniho ganglia. K regulaci CBF pfispivaji prostiednictvim
noradrenalinu a neuropeptidu Y. Hlavovy parasympatikus (zejména neurony
z ganglion pterygopalatinum a ganglion oticum) moduluji tonus uvoliiovanim
acetylcholinu, vazoaktivniho instestindlniho peptidu a oxidu dusnatého. Rovnéz
vldkna z trigeminalniho ganglia uvolnuji fadu dalSich vazoaktivnich mediatord.
Ptestoze ptena uloha vazomotorickych nervli v oblasti mozku stile neni detailné
prozkoumana, a prestoze néktefi autofi povazuji vliv autonomni inervace v oblasti
autoregulacni funkce krevniho pritoku za méné vyznamny (Phillips et al., 2016) je
tato kontrola diilezitou soucasti celého komplexu regulace mozkové perfiuze. Svou roli
uplatituje zejména na velkych cévach a nabyva na vyznamu pii ndhlych zménéach

perfuzniho tlaku (Willie et al., 2014)
1.2.2 Zobrazeni mozkovych tepen a vaskularnich zmén CNS

1.2.2.1Sonografie pfivodnych mozkovych tepen a hlavnich mozkovych tepennych

kment

Sonografické vySetieni je neinvazivni, nebolestivé a bezpecné vySetieni, pouzivané
klinické praxi rutinn€. Jeho rozvoj vedl od vyuzZiti pouze B-obrazu, pies zaclenéni
dal§ich technik, jako je barevny, energeticky a dopplerovsky modd, k Sirokému

pouzivani v diagnostice cévnich patologii.

Pomoci ultrazvukového vySetteni tepen krku, za pouziti sondy s emisni frekvenci 5-
10 MHz, 1ze dobie zhodnotit karotické tepny a extrakranialni usek obou AV. Pfi
vySeteni odstupu ACC nebo truncus brachiocephalicus je vhodngjsi vyuzit sondu
sniz§i emisni frekvenci 3-5 MHz. Pifi vySetfeni posuzujeme jak strukturdlni
charakteristiky cév (lumen, cévni sténa, tvar tepen, intimo-medidlni §ite, pfitomnost a
struktura  patologickych utvarii, =zejména aterosklerotickych platd), tak
hemodynamické parametry krevniho pritoku. Analyzou dopplerovské kiivky lze tak
ziskat informace o stavu vySetfované cévy a krevniho proudu nejen v misté méfent,

ale rovnéz proximalniho a distalniho cévniho feciste.

Zékladnimi rutinné méfenymi parametry jsou maximalni systolickad rychlost (peak

systolic velocity, PSV) - maximalni rychlost dosazena v prib¢hu jednoho srde¢niho

28



cyklu, kone¢na diastolicka rychlost (end-diastolic velocity, EDV) - prutokova rychlost
na konci diastoly, maximalni stfedni prutokova rychlost (time-averaged maximum
velocity, Vmpeak), stiedni pratokova rychlost (time-average mean velocity, Vm),
Goslingtiv neboli pulzatilni index (PI). Ultrazvukové pfistroje méti vySe uvedené
prutokové charakteristiky automaticky. Pokud pii vySetfeni nelze pro horsi insona¢ni
podminky ziskat kvalitni obraz, 1ze manuéln¢ oznacit dopplerovskou kiivku v prabc¢hu
vybranych srdecnich cyklu a piistroj takto oznaenou kiivku analyzuje a zobrazi PSV,
diastolické rychlosti déleny stiedni pritokovou rychlosti béhem jednoho srde¢niho
cyklu (maximadlni systolickd rychlost — koncené diastolicka rychlost)/Vm. (Gosling a
King, 1974). PI odrazi stav distalniho fecisté, resp. periferni cévni rezistenci v povodi
metené tepny. Miize tak byt vyuzit jako marker mikroangiopatickych zmén v distalnim
vaskularnim feciSti v povodi insonované tepny. Vzestup pulzatilniho indexu byl
popsan u pacientl s riznymi cévnimi rizikovymi faktory jako je hypertenze, diabetes,
vyssi vek ¢i muzské pohlavi (KesSnerova et al., 2022). Je znamo, ze vékoveé vazany
vzestup PI vykazuje rozdily mezi pohlavimi (vyraznéj$i vzestup s vékem je u Zen)

(Alwatban et al., 2021).

Pomoci transkranidlni sonografie mtizeme pies intaktni lebku v redlném Case méfit
hemodynamické parametry v oblasti hlavnich tepennych kmenti Willisova okruhu.
Transkranidlni dopplerovskéa sonografie (TCD) byla vyvinuta a zavedena do klinické
praxe v 80. letech minulého stoleti (Aaslid et al., 1982). Asio 10 let pozdé€ji ma pocatek
rozvoj transkranialni barevna duplexni sonografie (TCCS). Doplnénim TCD o
zobrazeni intrakranidlnich struktur ve dvojrozmérném B-obraze a moZnost piimé
vizualizace vySetiovanych cév (zobrazeni cév v barevném i energetické modu) se diky
TCCS rozsifily a zpfesnily moZnosti diagnostiky v oblasti cerebralni cirkulace.
V soucasné dobé je, podobné jako ultrazvukové vySetieni tepen krku, TCCS vySetteni

pouzivano k hodnoceni krevniho priitoku mozkovymi tepnami rutinné.

Pfi transkranidlnim vySetfeni se pouziva ultrazvukovd sonda emitujici vysoce
pronikavy ultrazvukovy svazek schopny prekonat lebe¢ni kosténou piekazku. K
vySetieni se vyuzivaji anatomickd mista v oblasti 1bi, kde je kosténa bariéra nejtenci,
tzv. ,,okénka®, ptipadné¢ se vyuzivaji fyziologické lebni otvory. Hodnoceni ACM se

provadi tzv. transtemporalnim piistupem, M1 tsek Ize zobrazit z transverzalniho fezu
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zurovné¢ mezencefala, distaln¢jSi useky ziezli zurovné thalamu a zuarovné

postrannich komor.(Skoloudik, 2003)

Prutokova kiivka a pritokové rychlosti, které ziskavame pomoci transkranialni
dopplerometrie, nejsou identické s krevnim priitokem, nicméné velmi dobie odrazeji

stav mozkové cirkulace. (Gosling a King, 1974; Greisen, 1986; Dahl et al., 1992)

Kromé ptimého hodnoceni hemodynamickych parametri z oblasti hlavnich kmeni
tepen Willisova okruhu Ize pomoci funkcnich vysSetfeni za pouziti TCD/TCCS
posuzovat funkéni stav malych mozkovych tepen (arteriol). Hodnocenim podnétem
evokovanych zmén krevniho pratoku v hlavnich kmenech tepen (napt. M1 ACM) tak
muzeme posoudit schopnost cerebralni autoregulace, funk¢éni vazoreaktivity a funkéni
hyperémii v souvislosti s neuronalni aktivaci (neurovaskularni coupling) (Skoloudik,

2003)

K vySetteni cerebralni autoregulace byla pouzivana fada podnétil, které vedou ke
zvySeni/zménam krevniho tlaku a/nebo krevniho priatoku. Mezi né patii napiiklad
pouziti Valsalvova manévru, komprese stehen tlakovymi manzetami a jejich deflace,
zmény polohy téla (sed-stoj, diep-stoj) ¢i transientni komprese a uvolnéni karotidy.
(Claassen et al., 2016) VySetteni vyuzivajici vySe uvedené stimuly maji ¢etnd omezeni
(néroky na spolupréci, diskomfort vySetfovaného). Proto se stale Castéji v hodnoceni
cerebralni autoregulace uplatiiuji metody zaloZené na hodnoceni spontannich fluktuaci

krevniho tlaku a krevniho pratoku.

Sonografické hodnoceni neurovaskuldrniho couplingu vyuzivd zrakovych a
motorickych podnétii k méteni zmén krevniho pritoku v jednotlivych insonovanych

tepnach.

Stanoveni vazomotorické reaktivity pomoci sonografie

Podnétem evokované zmény priitoku v tepné patii mezi testy, pomoci kterych lze
hodnotit funk¢ni stav mozkového tepenného fecisté. Pti vySetfeni vazomotorické
rezervy (funk¢ni vazoreaktivity, funkéni rezervni kapacity) porovnavame priatokové
parametry v tepnach za klidovych podminek a po aplikaci stimulu. Nej€astéji
uzivanym vazodiolataénim podnétem je hyperkapnie. Pti zvySeni pCO2 se

z fyziologickych podminek pritok mozkovymi tepnami zvysuje. ZvySeni pCO2 lze
dosahnout n€kolika zptisoby. Vdechovanim vzduchu s vy$§im obsahem CO?2

(Ringelstein et al., 1988), zadrzenim dechu (Markus a Harrison, 1992) ¢i aplikaci
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acetazolamidu (Ringelstein et al., 1992). Acetazolamid blokuje karboanhydrazu,
blokada zptsobuje lokalni zvyseni koncentrace CO2 vedouci k dilataci mozkovych

arteriol.

Za predpokladu dobré spoluprace pacienta je bézné v klinické praxi i ve vyzkumu
citace vyuzivan test se zadrzenim dechu. Pomoci TCD i MIR (BOLD) bylo prokéazano,
ze zmény pratoku v ACM pfi pouziti testu zadrzeni dechu koreluji s testy vyuZzivajici
inhalaci CO2 ¢i aplikaci Acetazolamidu (Miiller et al., 1995; Kastrup et al., 2001). Test
zadrzeni dechu vyuziva pfechodny vzestup pCO2 navozeny apnoi. Hyperkapnie vede
k vyraznému zvyseni krevniho prutoku. Na zvySeni pritoku krve mozkovymi tepnami
se podili z ¢asti také hyperkapnii navozena elevace krevniho tlaku. VEtsi vliv ma vsak

zvySeni pCO2 v krvi.(Przybylowski et al., 2003)

Meteni CVR pomoci zadrzeni dechu za pouziti TCD/TCCS v literatufe opakované
popisovano u Alzheimerovy choroby a mirného kognitivniho deficitu (Tomek et al.,
2014; Urbanova et al., 2014; Shim et al., 2015; Diomedi et al., 2021), pacient
s migrénou (Silvestrini et al., 1995; Fiermonte et al., 1999; Akgiin et al., 2015). Test
zadrZeni dechu nevyzaduje Zadny externi zdroj, at’ uz se jedna o zdroj CO2 ¢i

acetazolamid. Je snadnéji proveditelny v bézné klinické praxi.
1.2.2.2 Magnetick4 rezonance a vaskularni zmény mozku

Zobrazeni mozku pomoci MRI je zakladnim nastrojem k vyhodnoceni strukturalnich
zmén odréazejicich vaskularni poSkozeni mozku na podkladé onemocnéni malych
tepen. Kromé detekce lakunarnich infarktG a mikrohemorhagii je mozné pomoci
volumetrického méfeni piesné objemove kvantifikovat postizeni bilé hmoty. Na T1W
obrazech MRI, stejné jako na CT, se chronické vaskuldrni zmény zobrazuji sniZenou
intenzitou obrazu (hypointenzity, hypodenzity), na rozdil od T2W ¢i FLAIR sekvenci
MRI, které zobrazuji tyto léze jako hyperintenzity. Vzhledem ke zfetelnéjSimu
zobrazeni 1¢ézi na FLAIR ¢i T2W sekvencich doneddvna pouzivala vétSina
vyzkumniki prednostné hodnoceni 1ézi prave na téchto sekvencich, a to jak za pouziti
vizudlnich $kal, tak s vyuzitim volumetrické analyzy zaloZené na automatickém (nebo
manudlnim) méteni velikosti objemu 1€zi bilé hmoty. Nejéastéji pouzivanou vizudlni
Skalou k hodnoceni rozsahu 1€zi bil¢ hmoty je FazekaSova Ctyfstupniova Skala (Fazekas
et al., 1987. ). Volumetrickd analyza pomoci pocitacovych programti dokaze piesné

kvantifikovat objem postizené bilé hmoty (v ml).V soucasné dobé existuje nékolik
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automatizovanych a poloautomatizovanych metod pro segmentaci 1ézi bilé hmoty,
které ke kvantifikaci vyuzivaji rizné algoritmy.(Heinen et al., 2019). S védeckym
pokrokem a zlepSenim technik zobrazeni (vyuzivani MPRAGE) doslo ke zvyseni
citlivosti zobrazeni 1 v TIW a volumetrické techniky se vyuzivaji i na téchto
sekvencich. Navic se ukazuje, ze pii pouziti automatického softwarového
kvantifikovani objemu 1ézi vysledky z TIW a z FLAIR sekvenci spolu siln¢ koreluji
(Wei et al., 2019).
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2. Cile prace a hypotézy
2.1 Tematické okruhy

Tato disertatni prace zahrnuje dva tematické okruhy, které byly zamétfeny na
neurologické projevy u pacientl s Fabryho chorobou s dliirazem na cerebrovaskularni

problematiku.

1. Prvni ¢ast se zabyva stanovenim prevalence Fabryho choroby v populaci
pacientt s akutni CMP a analyzou genotyp-fenotyp identifikovanych variant
genu GLA

2. Druha ¢ast zkouma cerebrovaskularni abnormality detekované sonograficky a
pomoci MRI mozku a stanovuje jejich prediktory jednak ve skupiné pacientti

s Fabryho chorobou a jednak ve srovnani se subjekty bez tohoto onemocnéni.

2.2 Hypotézy a cile

2.2.1Prace 1: Stanoveni prevalence Fabryho choroby u neselektovanych pacientii

s akutni cévni mozkovou piihodu v Ceské republice (1. tematicky okruh)

FCh je znamou pfi¢inou cévni mozkové piihody u mladych pacienti (Rolfs et al.,
2005; Sims et al., 2009). Vzhledem k omezenému mnoZstvi dostupnych informaci o
prevalenci FCh u pacientll s cerebrovaskuldrnim onemocnénim mimo nejvice
studovanou skupinu mladych pacientd s kryptogenni ischemickou CMP jsme
naplanovali studii v populaci neselektovanych pacientl (tj. bez ohledu na podtyp
CMP, etiologii, pohlavi nebo vé€k) s iktem. Jak bylo uvedeno v tivodu, vyskyt FCh
v b&Zné populaci je odhadovan na 0,0025-0,004 %. V CR bylo v dobé planovani
screeningovée studie v Centru pro FCh sledovano 135 pacientl s timto onemocnénim.
Pocet obyvatel CR k 30.8. 2017 byl 10 597 051 (Cesky statisticky uiad, 2017). Vyskyt
diagnostikované FCh v CR jsme na zakladé téchto udaji stanovili na 1:78 500
(0,0013%). Vzhledem k heterogenni klinické manifestaci nemoci a faktu, ze CMP
muze byt prvni manifestaci choroby (Sims et al., 2009) jsme piedpokladali, ze
prevalence FCh CR je podhodnocena, a Ze v rizikové skupiné neselektovanych

pacientll s cévni mozkovou identifikujeme dosud nediagnostikované pacienty s FCh.
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Hypotéza €. 1: Mezi pacienty s akutni CMP se nachézeji dosud nediagnostikovani

nemocni s Fabryho chorobou.

Hlavnim cilem prvni ¢asti prvniho tematického okruhu, ktera probihala pod zastitou
Cerebrovaskularni sekce CNS JEP, bylo stanoveni prevalence FCh u pacientt s akutni
CMP. Dalsim cilem prace bylo zhodnotit, zda je nutné provadét screening FCh u
neselektovanych pacientd siktem v bézné klinické praxi, respektive pro které

podskupiny pacienti je screening nemoci relevantni.

2.2.2 Prace 2: Podrobné fenotypové charakteristiky GLA variant identifikova-
nych vramci celostatniho screeningu pacienti s cévni mozkovou prihodou

v Ceské republice (1. tematicky okruh)

Jak bylo nastinéno v uvodu, prevalence FCh se uvadi v Sirokém rozmezi. Jednou
z pri¢in jsou heterogenni fenotypové projevy, od zavaznych multiorgdnovych
postizeni az po asymptomatické priibéhy. Screeningové programy ¢astecné zptesnily
odhady prevalence nemoci (Doheny et al, 2018). Zairoven vSak klinické
charakteristiky nalezenych variant a interpretace genetickych dat v literatuie Casto
chybi a neni vyjimkou, Ze varianty jsou z hlediska patogenity ¢asem piehodnoceny
(Niemann et al., 2013; Terryn et al., 2013; Lenders et al., 2016). Chybna klasifikace
varianty jako patogenni mé vyrazny dopad nejen na pacienty a jejich rodiny, ale
ovlivituje nastaveni zdravotni péce spojené s nemoci, a rovnéz i védecko-vyzkumné
¢innosti. Naopak nespravna klasifikace varianty jako benigni mize diskvalifikovat
nemocné z pristupu k G¢inné 1€cbé. Piredpokladali jsme, ze pfesnd podrobna analyza
genotyp-fenotyp u ndmi identifikovanych variant GLA genu povede k identifikaci jak
zndmych patologickych variant ¢i variant nejasného vyznamu, ptipadné prispeje ke

zptesnéni jejich dalSiho zatazeni, tak k popisu variant novych.

Hypotéza ¢. 2 Genetickd analyza variant GLA genu u pacientli s cévnim postizenim
s nasledky CMP povede k identifikaci pacientli se zndAmymi patogennimi variantami

spojenymi s Fabryho chorobou, ale i k popisu novych variant.

Cilem druhé¢ casti prvniho tematického okruhu bylo pomoci strukturované klinické

fenotypizace klasifikovat nalezené varianty genu GLA zhlediska patogenity u
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pacient s iktem a jejich ptibuznych. Predpokladali jsme, Ze integrace genetickych a
klinickych informaci mtze vést k piesné kategorizaci varianty s cilem predejit chybné

interpretaci varianty s nutnosti pozdéjsiho prehodnoceni.

2.2.3Prace 3: Cerebrovaskularni fenotyp u pacienti s Fabryho chorobou

hodnoceny pomoci ultrazvuku (2. tematicky okruh)

Presnd patofyziologie vzniku CMP u pacienti s FCh neni jasna. Dilezitou
patofyziologickou roli pfi vzniku mozkovych ptihod, at’ uz klinicky némych ¢i
manifestnich, mize hrat funk¢ni a strukturdlni postizeni stén intra a extrakranidlnich

tepen zasobujicich mozek.

Hypotéza €. 3:

Mezi pacienty s FCh a zdravymi kontrolami existuji rozdily ve strukturalnich a
hemodynamickych neurosonologickych parametrech v oblasti extrakranialnich a

intrakranidlnich tepen.

Cilem neurosonologické studie bylo pomoci studie ptfipadi a kontrol zhodnotit
pritomnost a tizi vybranych strukturdlnich a hemodynamickych vaskularnich
charakteristik CNS. Cilem studie extrakranidlnich tepen byla analyza Sife intimo-
medie v distalni arteria carotid communis a analyza Sife vertebrdlni tepny v jejim
useku V2. Predpokladali jsme, v souladu s literaturou, Ze pacienti s FCh maji Sirsi
intimo-medialni komplex v ACC. Z publikovanych dat rovnéz vyplyva, ze FCh mtze
vést k dilatacni arteriopatii. Jak bylo uvedeno v tivodu, z tepen zasobujicich mozek je
nejvice dat o tomto typu strukturdlniho postizeni u tepen zadniho mozkového povodi,
konkrétn¢ a. bazilaris. Pokud je ndm znamo, Sife vertebralnich tepen ve vztahu k FCh
hodnocena dosud nebyla. Cilem neurosonologické studie intrakranidlnich tepen bylo,
za pouziti transkranidlni duplexni barevné kodované sonografie, zhodnoceni
pratokovych rychlosti, pulzatilniho indexu a vazoreaktivity sttedni mozkové tepny u
pacientt s FCh a jejich porovnani se zdravou populaci. Pfedpokladali jsme, ze vékovée
vazany pokles stfednich pritokovych rychlosti na ACM je u pacientii s FCh vyraznéjsi
v porovnani s pacienty bez tohoto onemocnéni. Dale jsme piedpokladali, ze —

vzhledem k mikrovaskularnimu postizeni vyskytujicim se u pacientli s FCh — bude
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pulzatilni index u pacientti s FCh vyssi. Rovnéz jsme predpokladali, ze u pacientli

s FCh dochézi k naruseni vazoreaktivity.

2.2.4Prace 4: Prediktory cerebrovaskularnich abnormit u pacienti s Fabryho

chorobou

Na vzniku cévnich onemocnéni mozku se podili tfada rizikovych faktord.
Ptedpokladali jsme, Ze v populaci pacient s FCh se budou na vyraznéjSim postizeni

cév podilet nejen klasické rizikové faktory, ale také tize samotné FCh.

Hypotéza 4:

U pacientl s FCh Ize mezi vybranymi klinickymi parametry nalézt prediktory

vaskularniho postizeni

Cilem kohortové prifezové studie bylo mezi vybranymi klinickymi parametry
identifikovat prediktory vyraznéjSiho vaskularni postizeni (strukturalni abnormality
extrakranidlni tepen, hemodynamické abnormality v ACM, strukturalni postiZeni bilé
hmoty hodnocené na MRI mozku) u nemocnych s FCh. Vybrané parametry
zahrnovaly jak ovlivnitelné a neovlivnitelné klasické rizikové faktory CMP, tak
faktory vazané specificky na Fabryho chorobu. Predpoklddali jsme, Ze 1 nékteré
kombinace téchto faktorii mohou vysvétlit variabilitu pozorovanych parametrii ve

skupin€ pacientli s FCh.
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3. Metodika

3.1 Prvni tematicky okruh

3.1.1 Prace 1: Stanoveni prevalence Fabryho choroby u neselektovanych

pacientii s iktem v Ceské republice
3.1.1.1 Charakteristika souboru

Celkem jsme do studie zaradili 986 pacientii. Nabor pacienti probihal v iktovych
centrech v CR v definovaném obdobi, a to béhem fijna 2018, biezna 2019 a fijna 2019.
Studijni populaci tvofili pacienti s akutni CMP bez ohledu na jeji typ (to znamena
pacienti s TIA, s ischemickou CMP vcetné zilnich trombdz CNS, s hemorhagickou
CMP véetné subarachnoidalniho krvaceni). Uéast ve studii byla podminéna udélenim
pisemného souhlasu s ucasti v projektu véetné¢ souhlasu s genetickym vySetienim
GLA genu. Dalsi podminkou tucasti ve studii byl v€k nad 18 let. Omezeni horni

veékovou hranici nebylo stanoveno.
3.1.1.2Schvéleni, souhlas pacienta

Studie byla provedena v souladu s Etickym kodexem Svétové zdravotnické organizace
(Helsinska deklarace zroku 1973, revize z roku 2013). Od vSech ucastnikli jsme
ziskali pfed vstupem do studie informovany pisemny souhlas, v¢etné souhlasu
s diagnostickymi postupy a analyzou anonymizovanych klinickych udaji pro védecké
ucely a souhlasu s genetickym vySetfenim. Protokol studie byl schvélen Etickou
komisi VSeobecné fakultni nemocnice a 1. I¢katrské fakulty Univerzity Karlovy
v Praze (10/18-S-IV) a byl proveden v souladu s instituciondlnimi a ndrodnimi

etickymi normami.
3.1.1.3Sbér dat, provedend vySetieni

Klinickd data jsme sbirali za pomoci Registry of Stroke Care Quality (RES-Q),
internetové registracni databaze pouzivané pro priabézné sledovani kvality iktoveé péce
vSemi certifikovanymi iktovymi centry v CR. PiestoZe je RES-Q primarné uréen pro
sledovani kvality a zejména logistiky akutni iktové péce, byl béhem sledovanych
obdobi do registru pfidan zaznam o zafazeni pacienta do nasi studie. Zaznamenavali
jsme zdkladni demografické charakteristiky ucastnikii (v€k, pohlavi), typ cévni
mozkové ptihody (ischemickd CMP, TIA, tromboza mozkovych zil a splavi,

hemorhagicka CMP, subarachnoidalni krvaceni), pfitomnost vaskularnich rizikovych
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faktort (arteridlni hypertenze, fibrilace sini, sten6za karotidy, CMP/TIA v anamnéze,
koufeni), tizi iktu podle skaly NIHSS (National Institute of Health Stroke Scale) a
klinicky funk¢ni vysledek v dob¢ propusténi z hospitalizace pomoci modifikované
Rankinovy skaly (tabulka 3). VSichni pacienti byli klinicky vySetfeni svym oSetfujicim
lékafem podle Néarodniho standardu péce o cévni mozkové piithody a transientni

ischemické ataky (Skoda, 2016).

38



Tabulka €. 3: Modifikovana Rankinova $kala, upraveno podle Saver et al. (2021)

Charakteristika stavu/hodnoceni

Skalarni — tize

Popisné — popis zdravotniho

Valen¢ni — jednoslovné

CMP = cévni mozkova piihoda

postizeni stavu pacienta hodnoceni klinického vysledku

0 Z4adné normalni zdravotni stav, idealni
stejny jako pred CMP

1 Lehké urcité symptomy piitomny, vyborny
ale bez omezeni (bez
disability)

2 Mirné pritomno postiZeni dobry
(disabilita), ale sobéstacny,
nezavisly

3 stiedné tézké castecné zavisly, chodici bez | pfiméfeny
dopomoci druhé osoby

4 Teézké zavisly, nechodici samostatné | Spatny

5 Tézké vyZzaduje trvalou péci velmi Spatny

6 mrtvy

Vysvétlivky:
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3.1.1.4Stanoveni pfitomnosti varianty genu GLA

Ptitomnost varianty genu GLA jsme stanovovali pomoci metody suché krevni kapky,
ktera kombinovala enzymové a genetické testovani. Po ziskani informovaného
souhlasu jsme pacientim odebrali vzorek zilni krve punkci periferni zily a prenesli ji
na komercné dostupny filtracni papir (CentoCard, CentoGene AG). Vzorky jsme
nechali zaschnout pii bézné pokojové teploté. K dalsi analyze jsme vzorky nasledné
odesilali do urcené studijni laboratofe CentoGene AG (Rostock, Némecko).
V piipadech, kdy nebylo mozno po zaschnuti krevni kapky vzorek do laboratote ihned
odeslat, skladovali jsme vzorky v plastovém pouzdru pii pokojové teploté do doby
odeslani, ne vsak déle nez po dobu jednoho tydne. Algoritmus dal$iho vySetfeni suché
krevni kapky pro screening pfitomnosti varianty genu GLA byl zavisly na pohlavi. U
muziit byla pomoci fluorimetrie a kapalinové chromatografie-hmotnostni
spektrometrie stanovena aktivita enzymu a-GAL A a koncentrace biomarkeru
lysoGb3. (Aerts et al., 2008). V pripad¢, ze byla zjisténa snizend aktivita enzymu a-
GAL A <15,3 pmol/I/h a/nebo zvySena koncentrace lysoGb3 > 1,8 ng/ml, byl v dal§im
kroku vzorek podstoupen k sekvenaci genu GLA. Gen GLA byl analyzovan pomoci
PCR a sekvenovani (NGS-Illumina) celé kodujici oblasti a vysoce konzervovanych
sestithovych spojeni exon-intron (pouzita referenéni sekvence genu GLA byla
NM 000169.2). U Zen, vzhledem k vysoké mife ocekavanych falesn¢ negativnich
vysledkl enzymatickych testi, bylo pouZito ptimo sekvenovani genu GLA. Pokud byl
nalezen variantni genotyp, bylo provedeno meéfeni lysoGb3. Vysledek screeningu
pfitomnosti varianty GLA genu byl zaslan odesilajicimu lékati. Pacienti s pozitivnimi
vysledky screeningu byli odesilani z pfislusnych iktovych center do specializovaného
centra pro Fabryho chorobu ve VSeobecné fakultni nemocnici v Praze k dalSimu
klinickému a laboratornimu vySeteni, vcetné¢ rodinného screeningu, za ucelem
stanoveni podrobného fenotypu subjektl, korelaci genotyp-fenotyp a wurceni

patogenity odhalenych variant genu GLA.
3.1.1.5Statistické zpracovani

Demograficka a klinickd data jsme analyzovali pomoci deskriptivni statistiky.
Srovnani pfislusnych shromédzdénych parametrii bylo provedeno podle ptitomnosti
diagnozy FCh a korigovdno na vicenasobna srovnani. Pro spojité proménné jsme

pouzili Mann-Whitneyho U test, pro nespojité proménné x2 test nebo Fishertv exaktni
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test. Pro porovnani genotypovych frekvenci jsme pouzili Fisheriv exaktni test
obsazeny ve funkci EPITAB programu STATA. Hodnoty p <0,05 byly povazovany za
statisticky vyznamné. Statisticka analyza byla provedena pomoci programt IBM SPSS

Statistics 25 (IBM, USA, 2017) a Stata/IC 16.1 (StataCorp LLC, USA, 2020).

3.1.2 Prace 2: Podrobné fenotypové charakteristiky GLA variant identifiko-
vanych v ramci celostatniho screeningu pacienti s cévni mozkovou prihodou

v Ceské republice
3.1.2.1 Charakteristika souboru

Studovanou populaci souboru predstavuje celkem 23 pacientdl. Sestnact nositeld
varianty genu GLA bylo identifikovano ve screeningové studii pacientt s akutni CMP.
U téchto piipadii, s vyjimkou nositelli varianty D313Y, byla provedena analyza
rodokmenu a nasledné genetické testovani rodinnych ptislusnikl, coz vedlo k
identifikaci sedmi ptibuznych nesoucich variantu genu. Komplexni diagnostické
vySetieni vSech piipadii za ¢elem urceni organovych projevli FCh jsme provedli ve
spolupraci s Centrem pro Fabryho chorobu pfi II. interni klinice kardiologie a
angiologie VFN. Vsechna vySetieni byla provedena podle interniho protokolu ¢eského
Centra pro FCh pro vstupni hodnoceni onemocnéni, ktery se opird o mezinarodni

doporuceni (Ortiz et al., 2018).
3.1.2.2Schvéleni, souhlas pacienta

Studie byla provedena v souladu s Etickym kodexem Svétové zdravotnické organizace
(Helsinska deklarace zroku 1973, revize z roku 2013). Od vSech ucastnik jsme
ziskali pfed vstupem do studie informovany pisemny souhlas, vcetné souhlasu
s diagnostickymi postupy a analyzou anonymizovanych klinickych tdaji pro védecké
ucely a souhlasu s genetickym vySetfenim. Protokol studie byl schvalen Etickou
komisi VSeobecné fakultni nemocnice a 1. I¢katské fakulty Univerzity Karlovy
v Praze (10/18-S-IV, 01/21-S-1V) a byl proveden v souladu s instituciondlnimi a

narodnimi etickymi normami.
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3.1.2.3Sbér dat, provedena vySetieni, stanoveni fenotypu, korelace genotyp-fenotyp
Zakladni klinickeé vysetreni

Od pacientii jsme ziskali anamnézu se zaméfenim na ptipadné projevy FCh, zméfili
jsme krevni tlak, tepovou frekvenci, dechovou frekvenci, vysku a hmotnost. Déle

nasledovala klinick4 vySetieni.
Nervovy systém

Vysetieni se skladalo ze strukturované anamnézy cilené na neurologické projevy FCh
— znamky periferni neuropatie, gastrointestindlni symptomy, zmény v poceni, tole-
rance tepla a fyzické zatéze, ptitomnost piedchozich CMP. Ke zhodnoceni pfitomnosti
a tize 1ézi bilé hmoty podstoupili subjekty MRI mozku, které zahrnovalo T1 vazené,
T2 vazené a fluid attenuated inversion recovery (FLAIR) sekvence, difuzné véazené
sekvence (DWI, diffusion weighted images) a susceptibilné vazené zobrazeni (SWI,
susceptibility weighted images). Léze bilé hmoty byly kvantifikovany podle Fazeka-
Sovy Skaly (Fazekas et al., 1987). Dale jsme provedli vySetfeni mozkovych tepen po-
moci sonografie (extrakranidlni a transkranidlni vySetfeni) nebo CT angiografie nebo
MR angiografie. U pacientl s patologickou variantou genu GLA jsme doplnili vySetie-
ni intraepidermalni denzity nervovych vlaken v kozZni biopsii, kornealni konfokalni
mikroskopie rohovky a kvantitativni testovani senzitivity k objektivizaci pfitomnosti
neuropatie tenkych nervovych vldken. Pacienti s patologickou variantou genu pod-

stoupili vySetfeni mozkomisniho moku.
Kardiologickeé vysetreni

V réamci vySetifeni moznych kardidlnich projevli nemoci jsme natocili klidové
12svodové EKG, pacienti podstoupili echokardiografické vySetieni a vySetfeni srdce
pomoci magnetické rezonance. Déle jsme analyzovali né€které biochemické parametry,
N-terminalni prohormon natriuretického peptidu (NT-proBNP) a vysoce senzitivni

troponin I.
Vysetreni renalniho systému

Ke zhodnoceni mozného postiZeni ledvin jsme zméfili sérovy kreatinin, cystatin C,
analyzovali pfitomnost a velikost proteinurie, vypocetli pomér albumin/kreatinin.
V piipadé ptitomnosti proteinurie ¢i albuminurie jsme vypocetli albumin/protein

exkre¢ni pomér. Odhad glomerularni filtrace (estimated glomerular filtration, eGRF,
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mL/min/1,73m2) jsme vypocetli za pouziti Chronic Kidney Disease Epidemiology
Collaboration equation se sérovym kreatininem a cystatinem (CKD-EPlkrea, CKD-
EPIcys) (Levey et al., 2009). Podle GRF a albuminurie jsme podle Kidney Disease:
Improving Global Outcomes (KDIGO CKD Work Group 2013) urcili kategorie tize

postizeni ledvin.
VySetreni ocni a kozni
Podrobné o¢ni vySetfeni zahrnovalo vySetfeni predniho segmentu ve §térbinové lampé

a fundoskopii. V ramci dermatologického vySetieni jsme se zamé&fili na pfitomnost

typickych angiokeratomu. VySetfeni bylo doplnéno kapilaroskopii.
Stanoveni aktivity alfa-GAL A

Aktivita enzymu byla v této €asti projektu méefena fluorometrickou metodou podle
Mayese (Mayes et al., 1981). Vysledky méfeni jsme porovnali s aktivitou enzymu

v nasi skupiné hemizygotii a heterozygotek.

3.2 Druhy tematicky okruh

3.2.1Prace 3: Cerebrovaskularni fenotyp u pacienti s Fabryho chorobou

hodnoceny pomoci ultrazvuku
3.2.1.1 Charakteristika souboru

Celkem jsme do studie zatadili 154 subjekti. Do kone¢né analyzy bylo zatazeno 130

osob. Nabor tcastnikil studie byl zahdjen v kvétnu 2018 a ukoncen v fijnu 2022.

Zkoumanou populaci tvofili pacienti s patologickou variantou genu GLA (geneticka
analyza nebyla soucasti studie, vychdzeli jsme ze zdravotni dokumentace pacientit).
Variantu GLA genu jsme povazovali za patologickou na zakladé klinického obrazu
pacientt, dale pokud byla popsana v publikované literatute v pfipadech spojenych s
klasickym multiorganovym postizenim, u muzi s nizkou ¢i vymizelou aktivitou o-
GAL A v plasmé ¢i leukocytech, a také v piipadech s abnormalni hladinou lysoGb3.
Konsekutivné jsme do studie zaradili celkem 65 dospélych pacienti s FCh (38 Zen,
primérny veék 47,24 let, rozmezi 20-73 let; 27 muzi, pramerny veék 47,56 let, rozmezi
20-70 let), kteti v ramci pravidelného sledovani za ti€elem posouzeni pfitomnosti a

zavaznosti neurologickych projevli nemoci byli vySetieni na Neurologické klinice
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VFEN. Sedesat pét osob bez FCh (pramérny vék 47,37 let, rozmezi 20-73 let) bylo
rekrutovano na zakladé v€ku a pohlavi zregistru dobrovolnikii naseho Centra
klinickych neurovéd. Kontrolni osoby odpovidaly ptipadim vékem (v rozmezi dvou
let v porovnani s vékem pacienti s FCh) a pohlavim. VyluCovacim kritériem pro
zatazeni kontrolnich subjektii byla pfitomnost neurologického onemocnéni, vyjma

anamnézy migrény.

Vseobecnym vylucujicim kritériem pro ucast v projektu (pro piipady i1 kontroly) byla
nedostatecna prostupnost temporalniho kostniho okna pro ultrazvukové vinéni
s nemoznosti ziskat a udrzet kvalitni ultrazvukovy signal v pribéhu vysetieni a
nemoznost adekvatni spoluprace (zadrzeni dechu po dobu dostatecné dlouhou a bez
pouziti Valsalvova manévru) a/nebo neochota podstoupit test zadrzeni dechu vice nez
jednou. Pro zafazeni do analyzovaného souboru byla nutnd pfitomnost obou
temporalnich oken tak, aby bylo mozno ziskat parametry z obou ACM. DalSim
vyluc¢ovacim kritériem byla pfitomnost vice nez 50% stenézy v karotidy (ACC, ACI)

nebo ACM. Vybér pacientl a kontrol do této ¢asti studie zobrazuje obrazek 2.
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Vstupni screeningoveé vysetieni

84 pacientu a 70 kontrol

Vyrazeni pro stenozu karotidy

1 pacientka
0 kontrol

v

h

Extrakranialni vysetreni

83 pacientt and 70 kontrol

Vyrazeni pro nedostatecné
temporalni okno

v

8 pacientek a 3 pacienti
3 kontroly — Zeny

v

Transkranialni vySetfeni

72 pacient a 67 kontrol

Vyrazeni pro nedostate¢né
zadrzeni dechu

v

7 pacientek
2 kontroly — Zeny

L

Kompletni vySetieni

65 pacient a 65 kontrol

Obrazek 2: Diagram procesu vybéru pacientil ve studii piipadt a kontrol

3.2.1.2Schvéleni, souhlas pacienta

Studie byla provedena v souladu s Etickym kodexem Svétové zdravotnické organizace
(Helsinskd deklarace zroku 1973, revize zroku 2013). Od vSech ucastnikli jsme
ziskali pfed vstupem do studie informovany pisemny souhlas, vCetn¢ souhlasu
s diagnostickymi postupy as analyzou anonymizovanych klinickych Udaji pro
veédecké ucely. Studii odsouhlasila Etickd komise VSeobecné fakultni nemocnice a

1. Iékarské fakulty Univerzity Karlovy v Praze.
3.2.1.3Sbér dat, provedena vySetieni

VSichni ucastnici studie podstoupili neurologické vysetfeni. Zaznamenali jsme jejich
vysku a hmotnost, vypocitali jsme BMI, zméfili jsme krevni tlak a tepovou frekvenci.
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Krevni tlak a tepova frekvenci jsme méfili v klidu, v poloze na zadech, bezprostfedné
po provedeni sonografického vysetieni extrakranidlniho useku karotid a vertebralnich
tepen. Zaznamendavali jsme zakladni demografické charakteristiky UcCastnikt studie
(v€k, pohlavi), anamnestickd data vcetné pfitomnosti komorbidit a vaskularnich
rizikovych faktort (arteridlni hypertenze, cukrovka, dyslipidémie, ischemicka choroba
srdeCni, fibrilace sini, CMP/TIA v anamnéze, koufeni, migréna, hyperurikémie).

Nasledné¢ jsme provedli extra a transkranialni sonografické vysetieni.
3.2.1.4 Vysetieni cerebrovaskularniho fenotypu

Pro charakteristiku cévniho fenotypu jsme zvolili parametry strukturalniho postizeni
velkych extrakranidlnich tepen a strukturdlniho a funkcéniho postizeni velkych a
malych intrakranidlnich tepen, které zahrnovaly: tloustku intimo-medie v distalni
spoleéné karotidé (cIMT), S$ifi vertebrdlni tepny v jejim extracerebralnim
meziobratlovém prabéhu (dVA), a déle klidovou stedni pritokovou rychlost (Vmb),
PI a vazoreaktivitu mozkovych tepen stanovenou pomoci BHI (dale jen BHI) v arteria

cerebri.

Neurosonolgické vysSetieni

Abychom zabranili variabilité pfi vySetfovani riznymi vySetfujicimi, provadéla
veSkera ultrazvukova vySetfeni jedena sonografistka (Petra Rekova), kterd je
drzitelkou certifikatu Ceské neurologické spole¢nosti (funkéni odbornost
v neurosonologii). VySetfeni jsme realizovali vzdy ve stejné mistnosti, v tichém
prostiedi, za normalnich teplot (22-24°C) vzdy ve stejné denni dob¢ (mezi 09:00 a
12:00 hodinou dopoledne) s vylou¢enim pifimého slune¢niho svétla. Sonografické

vySetfeni probihalo ve vodorovné (bez jakékoliv elevace hlavy a trupu) poloze na

zadech, s rukama podél téla a s nepfekiizenymi dolnimi koncetinami.

Sonograficke vysetreni extrakranialnich tepen — méreni intimo-medidlni Sive v distalni

spolecné karotida (cIMT) a méreni Sive vertebralni tepny (dVA)

Vysetfeni jsme provadéli vsouladu s doporuéenym  postupem  Ceské
neurosonologické spolecnosti pro vySetieni extrakranialnich a transkranidlnich tepen
(Skoda, 2002). Ke viem vysetieni vyuzivali piistroj Toshiba Aplio 300. Na§ postup
méfeni cIMT (obrazek 3) vychdzel z doporuceného postupu Mannheim IMT

consensus (Touboul et al., 2012).
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Obrazek 3: M¢fteni tloustky intimy-medie v distalni spole¢né karotidé u 73leté zeny

s Fabryho chorobou (A), 73 leté Zeny-kontroly (B) 35letého muze s Fabryho chorobou
(C) a 35leté kontroly-muze (D). Distalni spole¢na karotida, podélny fez, B-mode.

Za pouziti sondy snosnou frekvenci 10 MHz jsme nejdiive provedli vySetfeni
extrakranidlnich tepen zdsobujicich mozek (pofadi ACC, ACI, AV), v poradi vlevo,
poté vpravo. Protokol zahrnoval vySetfeni extrakranidlnich tepen v B-modu
k posouzeni anatomickych a morfologickych poméria, véetné méfeni IMT v distalni
ACC a pruméru AV ve V2 tseku mezi obratli C5C6 nebo CC4C5. Nasledné jsme
zméfili pritokové rychlosti ve vSech tepndch s vyuzitim spektralnich pritokovych
ktivek ze zvolené oblasti zajmu. Ke zhodnoceni cIMT jsme provedli na kazdé strané
(vpravo 1 vlevo) dvé méfenti, a to z lateralniho pfistupu, v misté, kde nebyly pfitomny
zadné aterosklerotické zmeény, cca 1-2 cm od bifurkace ACC. Hodnoceny usek byl asi
10 mm, k méfeni jsme vyuzivali automaticky software (AutoIMT — Toshiba Medical
System, autoIMT poskytuje 80 méfeni na 5 mm v hloubce 3,5 cm nebo 70 v hloubce
4 cm). Méfeni bylo provedeno dvakrat na levé a dvakrat na pravé ACC. Prvni méfeni
cIMT jsme provedli na konci vySetieni ACC. Po posouzeni bifurkace a proximalnich
segmentd arteria carotis interna a arteria carotis externa jsme se vratili k distalni ACC
a provedli druhé méteni cIMT. VSechny snimky, na kterych jsme hodnotili cIMT jsme

zaznamenali jako smycky obsahujici alespon tfi srdecni cykly. Z nich jsme k méfeni
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cIMT pouzili ,,zmrazené* diastolické (méfeno v rezimu B identifikaci minimalniho
pruméru tepny béhem srdecniho cyklu) snimky tepen. Z kazdého meéfeni jsme
zaznamenali primérnou hodnotu cIMT vypocitanou automatickym softwarem. Pro

dalsi analyzu jsme pouzili primérnou hodnotu cIMT ziskanou ze vSech 4 méteni.

Primér vertebralni tepny jsme méfili manualné v B-modu ve stfednim krénim
segmentu (V2) mezi Ctvrtym a patym nebo patym a Sestym krénim piicnym
obratlovym vybézkem. Méfeni jsme provadéli na obou stranach, v diastole (stanoveno
pomoci barevného dopplerovského meétfeni s individualizovanym nastavenim
parametrii pfistroje tak, abychom se vyhnuli pfekryti stény tepny barevnym
zobrazenim). Zaznamenavali jsme vnitini primér vertebralni tepny (obrazek 4).

5.1 mm Precision A Pure
v : o

A

3.6 mm recision APure
. o . .

Obrazek 4: Primér vertebralni tepny u 46let¢ho muze s Fabryho chorobou (A) a 47leté
kontroly-muze (B). Vertebralni tepna mezi obratlovymi vybézky pateie, podélny fez,
barevné kdédovany sonogram (diastola)
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Transkranialni ultrazvukové vySetreni — vySetreni prutokovych parametrii ve stredni

mozkové tepné, méreni indexu zadrzeni dechu

Pted zacatkem transkranialniho vySetfeni byli pacienti sezndmeni s metodou zadrZeni
dechu a instruovani k provedeni testu (zadrzeni dechu na pokyn po normalnim inspiriu
s vylou¢enim Valsalvova manévru). Transkranidlni vySetieni jsme provadéli pomoci
2 MHz sondy. Pritokové parametry jsme zaznamenavali ze stfedni mozkové tepny
v hloubce 48-58 mm. Registrovali jsme klidovou stfedni vrcholovou rychlost pratoku
krve (Vmb) a index pulzatility (PI). Oba parametry byly vypocteny automaticky
pomoci automatického sledovani kiivky (obrazek 5). Stiedni pratokova rychlost byla
vypocitavana automaticky jako ¢asoveé zprimerovand maximalni (vrcholova) rychlost.
Vypocet PI byl rovnéz provadén pomoci automatizovaného softwaru, jako rozdil mezi
zprumérované prutokové rychlosti za jeden srdecni cyklus (Gosling a King, 1974).
Postupné jsme natocili 4 zdznamy, prvni dva z levé ACM a druhé dva z pravé ACM.
Mezi jednotlivymi zdznamy byla vzdy nejméné tfi minuty trvajici pauza. U kazdého
jednotlivého vySetfeni jsme zméfili nejprve pritokové parametry za klidovych
podminek, a to stfedni pritokovou rychlost Vmb a pulzatilni index PI. Poté pacienti
na pokyn zadrzeli dech na co nejdéle dokazali, maximalné vSak na 30 vtefin. Bez
prostiedné po ukonceni apnoe jsme zméfili a zaznamenali pritokové parametry,
stiedni pritokovou rychlosti (stiedni pritokova rychlost po apnoi, Vma) a pulzatilni
index po apnoi (Pla). Rovnéz jsme zaznamenali délku trvani apnoe ve vtefinach. BHI
byl vypocten podle rovnice (Vma-Vmb)/(Vmb*¢€as zadrzeni dechu)*100. Pro dalsi
statistickou analyzu jsme dle pouzili primérné hodnoty Vmb, PI a BHI ziskané ze
vSech 4 méfeni. K popisu rozdilné variability méteni BHI mezi opakovanymi
métenimi byl BHIvar vypocten jako vybérova smérodatnd odchylka méteni BHI na

obou stranach dohromady.
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Obrazek 5: Vizualizace levé stftedni mozkové tepny v tthlové korigované méteni
rychlosti pritoku. Spektralni pritokova kiivka v hloubce 51 mm u 30letého muze
s Fabryho chorobou (A) a vhloubce 52 mm u 30leté kontroly — muze (B).
Transkranidlni barevné kodovany duplexni obraz.

3.2.1.5 Statistické zpracovani

Demografické a klinické charakteristiky byly hodnoceny dohromady jednak pro
pacienty s FCh a jednak pro kontroly, a dale rozdélen¢ podle pohlavi. Rozdily mezi
pacienty s FCh a kontrolami byly hodnoceny bud’ pomoci dvouvybérového t-testu s
predpokladem stejnych rozptyli (pro spojit¢ proménné) a dvouvybérového
proporéniho z-testu (pro bindrni proménné). Navic, pokud pti hodnoceni binarnich
proménnych klesl ocekavany podil pro alesponi jednu buiiku pod 5, byl pouZit

neparametricky Fisherliv exaktni test.
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Rozdily mezi pacienty s FCh a kontrolami ve sledovanych neurosonologickych
parametrech (cIMT, dVA, Vmb, BHI, BHIvar, PI) byly analyzovany pomoci
linearnich regresnich modeld. Vzhledem k tomu, Ze jsme predpokladali, ze FCH muze
byt dlivodem neurosonologickych zmén, Fabry status byl modelovan jako prediktor
ve v§ech modelech. VSechny vysledky mély ptiblizn¢ Gaussovo rozdéleni. V prvnim
kroku byly na vSechny subjekty, a dale pro jednotliva pohlavi, pouzity jednoduché
regresni modely pro kazdy parametr, pouze s rozliSenim FCh vs. kontrola. Ve druhém
kroku vicerozmérné regresni modely hodnotily vliv pfitomnosti FCh na kazdy
sledovany parametr, po korekci na ptislusné kovariaty: kontinualni vék a BMI a
binarni pohlavi. Vicerozmérné modely nemohly byt upraveny pro vliv typickych
vaskuldrnich rizikovych faktori — aktivniho koufeni, vyskyt DM, hypertenze a
dyslipidémie, protoze v populacich nebyl dostatek piipadii nebo kontrol s témito
faktory. Pokud maji kovaridty vysoce nevyvazené rozdéleni nebo pokud se

nevyskytuji ¢asto zptsobuji nestabilitu statistickych modelti a neni mozné je zahrnout.

Pro zjiSténi vlivu pohlavi (nebo véku) na rozdily v neurosonologickych vysledcich
mezi FCh a kontrolami, jsme pouzili vicerozmérné regresni modely, které zahrnovaly
obousmérné interakce mezi pohlavim (nebo v€kem) a bindrnim prediktorem FCh
(pacient vs. kontrola). I zde byla v modelech zahrnuta korekce pro vék (nebo pohlavi)
a BMI. Pokud byla p-hodnota interakce vyznamnd nebo téméf vyznamnd, byly
popsany genderové nebo veékoveé specifické ucinky na asociaci mezi FCh a

neurosonologickymi vysledky.

Vzhledem k priazkumné povaze tohoto ¢lanku jsme p-hodnoty mens$i nez 5 %
povazovali za vyznamné. VSechny analyzy byly provedeny v Stata/BE 17.0, Stata
Statistical Software (StataCorp LLC, USA, 2021).

3.2.2 Prace 4: Prediktory cerebrovaskularnich abnormit u pacienti s Fabryho

chorobou
3.2.2.1 Charakteristika souboru

V kohortové studii jsme vySetfili celkem 85 pacientli (46 zen, primérny vek 47,70,
rozmezi 20-76 let, 39 muzi, praimérny veék 50,15, rozmezi 20-72 let), s FCh. VSichni

pacienti byli nositelé patologické varianty GLA genu. Patogenita varianty byla ur¢ena
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stejnym zptisobem jako v praci €. 3. Do studie byli postupné zatazovani pacienti, kteti
v ramci pravidelného sledovani za ucelem posouzeni prfitomnosti a zavaznosti
neurologickych projevi nemoci byli v obdobi od kvétna 2018 do prosince 2021
vysetieni na Neurologické klinice VFN. (extenze subjekti s FCh z ptredchoziho

souboru, z prace €. 3).

Vseobecnym vylucujicim kritériem pro ucast v této Casti projektu byla nedostate¢na
prostupnost temporalniho kostniho okna pro ultrazvukové vinéni s nemoznosti ziskat
a udrzet kvalitni ultrazvukovy signal v prib¢hu vysetieni a nemoznost adekvatni
spoluprace (zadrzeni dechu po dobu dostatecné dlouhou a bez pouziti Valsalvova
manévru). Pro zafazeni do analyzovaného souboru stacilo ziskani zkoumaného
parametru alespoii z jedné tepny. Dal§im vylucovacim kritériem byla pfitomnost vice

nez 50% stenodzy v karotidy (ACC, ACI) nebo ACM.
3.2.2.2Schvéleni, souhlas pacienta

Studie byla provedena v souladu s Etickym kodexem Svétové zdravotnické organizace
(Helsinskéd deklarace zroku 1973, revize z roku 2013). Od vSech ucastnikl jsme
ziskali pfed vstupem do studie pisemny informovany souhlas, v¢etné souhlasu
s diagnostickymi postupy a s analyzou anonymizovanych klinickych udaji pro
veédecké ucely. Studii odsouhlasila Eticka komise VSeobecné fakultni nemocnice a

1. 1ékatské fakulty Univerzity Karlovy v Praze.
3.2.2.3Sbér dat, provedena vysetieni

U pacientii jsme zaznamenavali stejné demografické, anamnestické a klinické
charakteristiky, jak uvadime ve studii €. 3. Oproti studii €. 3 jsme navic zaznamenavali
tyto dalsi udaje: Typ varianty, celkem 69 pacientl m¢lo genetickou variantu resultujici
v klasicky fenotyp nemoci a 16 pacientil bylo nositeli varianty GLA c.644A>G, ktera
resultuje ve fenotyp s pozdnim zac¢itkem s dominantnim kardialnim postizenim. Pocet
dnii l1écby specifickou terapii, pacienti, ktefi byli 1é€eni méné¢ nez 30 dni byli
povaZovani pro ucely nasi studie za neléCené. Anamnézu jsme doplnili o Udaj o
pfitomnosti/neptitomnosti syndromu spankové apnoe. U pacientl bez kontraindikaci
jsme provedli MRI mozku. Nékterd provedena vySetfeni byla soucésti rozsahlejsiho
systematického diagnostického programu, ktery probihda v Centru pro Fabryho
chorobu pfi II. Interni klinice kardiologie a angiologie VFN. Tento program také

zahrnuje echokardiografické a laboratorni vySetfeni pacientti s FCh. Z dokumentace
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jsme extrahovali vysledky echokardiografického vysetfeni, a hodnotu hematokritu a
popis zdznamu z 12svodového EKG. Dale jsme pomoci skaly MSSI spocitali celkovou
tizi Fabryho choroby. Skala MSSI byla specificky vyvinuta pro pacienty s FCh a je
tvotfena Ctyifmi pododdily zahrnujici projevy nemoci v zakladnich doménach — obecné
symptomy nemoci, neurologické projevy, pfitomnost renalniho postizeni a srdecni
projevy. Celkové skoére nabyva hodnot od 0 do 76 (¢im vyssi skore, tim vyrazngjsi
multiorganové postizeni) (Whybra et al., 2004). VSechna vySetfeni podstoupili
pacienti v prubéhu péti dnh. Pii stanoveni MSSI skoére, vysledku hematokritu a
pritomnosti syndromu spankové apnoe jsme vychazeli z poslednich dostupnych

vySetfeni zaznamenanych ve zdravotni dokumentaci pacientd.
3.2.2.4Prediktory cerebrovaskularniho postizeni

Mezi ziskanymi vybranymi klinickymi a laboratornimi parametry jsme stanovovali
prediktory cerebrovaskularniho postizeni u pacientii s FCh. Za pouziti sonografie jsme
rovnéz zkoumali strukturalni (cIMT, dVA) a funkéni (Vmb, PI, BHI, BHIvar)
cerebrovaskuldrni charakteristiky. Navic jsme hodnotili stejné prediktory ve vztahu k
pfitomnosti a velikosti objemu hypointenznich 1ézi na T1 vaZenych obrazech MRI

mozku.

Neurosonologické vysetreni

Metodika sonografického vySetfeni byla shodna s metodikou pouZitou v préaci €. 3.
Magneticka rezonance mozku

Pacienti, ktefi neméli kontraindikaci k vySetfeni pomoci magnetické rezonance,
podstoupili vySetfeni pomoci magnetické rezonance na 3T pftistroji (MAGNETOM
Skyra, Siemens Healthcare, Erlangen, Némecko). Byla pouzita standardni 20ti
kanalova civka. Protokol byl standardizovan a pro segmentaci 1ézi sestaval
z trojrozmérného skenu s vysokym rozliSenim (magnetization-prepared rapid
acquisition gradient echo, 3D-MPRAGE) a 3D-fluid attenuated inversion recovery
(FLAIR-SPACE) sekvenci.

Objemy hypointenznich 1ézi v bilé hmoté byly vypocitavany z trojrozmérné T1 vazené
sekvence MPRAGE (repeti¢ni ¢as 2300 ms, echo ¢as 2,26 ms, inverzni ¢as 732 ms,

sklapéci thel 8 stupnii., tloust’ka fezu 1,0/0 mm) s vyuzitim FreeSurfer softwaru (verze

5.3.0, https://surfer.nmr.mgh.harvard.edu, Harvard University, Boston, MA, USA),
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ktery umoziuje automatické zpracovani obrazu a segmentaci hypointenznich 1ézi bilé
hmoty (Fischl, 2012). FreeSurfer byl spustén s parametry ,,-mprage™ a ,,-3T* jak
doporuceno (Guo et al., 2019).

3.2.2.5Statistické zpracovani

K vyhodnoceni faktord, které maji vyznamny vliv na studované vaskularni parametry
u pacientd s FCh byla nejprve provedena univariabilni analyza s klinickymi (vék,
pohlavi, typ varianty, stav 1écby, tize nemoci hodnocené pomoci MSSI),
hemodynamickymi (systolicky krevni tlak, diastolicky krevni tlak, tepové frekvence,
hematokrit) a vaskularnimi rizikovymi faktory (BMI, hypertenze, dyslipidémie, DM,
anamnéza cévni mozkové piihody nebo TIA, aktivni koufeni, pfitomnost obstrukcni
spankové apnoe) Pro meziskupinova porovnani pro binarni prediktory (napt. pohlavi
pfi aktivni koufeni), byly pouzity t-test pro srovnani vysledku mezi dvéma
podskupinami pacientli rozdélenych podle dané¢ho hlavniho faktoru, pro kontinualni
prediktory Pearsoniv korelacni koeficient. V dal$im kroku byla vicerozmérna regresni
analyza, doptedného krokového typu (F=0,5 pro zahrnuti do vysledného modelu, max.
10 iteraci). V tomto kroku byly jako kovaridty predem definované pro dany model (viz
Tabulka 12 a 13), a pro “post-hoc” model byly pouzity jako vstupy faktory
signifikantné (p<0,05) asociované s danym parametrem v predchozi jednorozmérné
analyze. Statistické zpracovani dat bylo provedeno pomoci software STATISTICA
verze 12 (Statfost INC, 2013, www.statsoft.com).
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4. Vysledky

4.1 Prvni tematicky okruh

4.1.1Stanoveni prevalence Fabryho choroby u pacientii s akutni CMP v Ceské
republice.
Podrobné fenotypové charakteristiky GLA variant identifikovanych v ramci

celostatniho screeningu pacienti s cévni mozkovou piihodou v Ceské republice.

Do prvni studie jsme postupné zatradili celkem 986 pacientt s akutni CMP. Detailni

demografické a klinické charakteristiky pacientl jsou uvedeny v tabulce 4.

Primérny vék pacientt, ve kterém doslo k CMP, byl 70,0 let (SD 12,8; rozmezi 24-97
let). Ischemickou CMP jsme diagnostikovali u celkem 76,6 % piipadt, 13,4 %
subjektl prodé€lalo TIA, v 6,4 % méli pacienti intracerebralni krvaceni, u 0,5 % bylo
diagnostikovano krvaceni subarachnoidalni a v 0,1 % ptipadui se jednalo o cerebralni
zilni trombozu. Celkem u Sestnacti (1,6 %) pacientti byla zjisténa varianta genu GLA.
Diagnostikovali jsme celkem 8 riznych variant tohoto genu. Detailni klinické
charakteristiky pacientd s variantami GLA genu jsou uvedeny v tabulce 5 a 6. Pacienti
s ptitomnosti varianty GLA genu byli v porovnani s pacienty normalnim genotypem
obecné mladsi (pramérny vék 60,0 vs. 70,1 let, p=0,0210, rozmezi 34-83 let), dale
jsme pozorovali trend k menSimu zastoupeni muzt (37,5 % vs. 54,6 %) a vys$si hodnoté
NIHSS v dob¢ pfijeti (5,6 vs. 4,2). Hlavni rizikové faktory u probandi — nositell
variant GLA genu ukazuje tabulka 7.

Ve druhé studii, ve které jsme stanovovali patogenitu (korelace genotyp-fenotyp)
nalezenych variant, bylo zahrnuto kromé 16 pacientil nalezenych pomoci screeningu
mezi pacienty s CMP rovnéZ 7 pozitivné testovanych rodinnych ptisluSnikti. Pomoci
podrobného vySetieni fenotypu s pfihlédnutim k obecné znamym ¢&i literarné
dostupnym udajim jsme dvé nalezené varianty genu GLA urcili jako patologické (coz
odpovida 0,2 % z celkového poctu souboru pacientti s iktem) a zbyvajicich 8 (nositeli
bylo 14 probandi, coz odpovidé 1,4 % vsech pacientii s CMP, a jejich ¢tyti ptibuzni)

jsme zatadili mezi varianty nejasného vyznamu.
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Tabulka 4: Demografické a klinické parametry pacientd s akutnim cévni mozkovou

ptihodou, kteti podstoupili screening na pfitomnost variant genu GLA

dimisi (mRS 0-2), n (%)

Cela kohorta Pozitivni Negativni P-hodnota
vysledek vysledek mezi
screeningu = | screeningu = | skupinami
pacienti pacienti bez *

s variantou | varianty genu

genu GLA GLA
Pocet pacientd, n (%) 986 16 (1,6) 970 (98,4)
Muzi, n (%) 536 (54.,4) 6 (37,5) 530 (54,6) 0,172
Vek — prumér, (SD) 70,0 (12,8) 60,1 (16,8) 70,2 (12,7) 0,021
rozpéti (roky) 24-97 34-83 24-97
Ischemicka CMP, n (%) 782 (79,3) 13 (81,3) 769 (79,3) 0,845
TIA, n (%) 134 (13,6) 2 (12,5) 132 (13,6) 0,897
hCMP, n (%) 64 (6,5) 1(6,3) 63 (6,5) 0,968
SAK, n (%) 5(0,5) 0 5(0,5) 0,685
MZ trombéza, n (%) 1(0,1) 0 1(0,1) 0,856
Fibrilace sini, n (%) 211 (21,4) 2 (12,5) 209 (21,5) 0,545
Hypertenze, n (%) 771 (78,2) 10 (62,5) 76 (78,5) 0,132
Koufteni, n (%) 256 (26,0) 5(31,3) 251 (25,9) 0,634
Symptomaticka sten6za 122 (12,4) 3 (18,8) 119 (12,3) 0,435
ACI> 50 %, n (%)
Rekurentni CMP, 199 (20,2) 2 (12,5) 197 (20,3) 0,489
n (%)
Primérné pocatecni 4,2 (5,2) 5,6 (4,5) 4,2 (5,1) 0,057
NIHSS, body, (SD) 0-32 2-15 0-32
rozpéti (body)
Klinicky vysledek pii 644 (67,2) 14 (87,5) 630 (66,9) 0,107

2
Vysvétlivky: *) y test, FisherGv exaktni test nebo Mann-Whitney U test

CMP = cévni mozkova ptihoda; TIA = transitorni ischemicka ataka; SAK = subarachnoidalni krvaceni;
hCMP = hemorhagicka cévni mozkova pfihoda; MZ = mozkova Zilni; ACI = arteria carotis interna; NIHSS
= National Institute of Health Stroke Scale, mRS = modifikovana Rankinova $kala
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Tabulka 5: Genotypové a fenotypové charakteristiky pacientd s patogennimi mutacemi a variantami nejasného vyznamu GLA genu

Charakteristika Demografické
No. varianty informace Biochemicky fenotyp Klinicky fenotyp
. . charakteristické symptomy PostiZeni hlavnich orginu
Zména vék lyso-
aminokyseliny pohlavi BMI  (v) a-Gal A aktivita Gh, oci kiZe nervovy systém srdce ledvinyT
PNS CNS
@ &
- A
= . =7
5 g Ew g £ &
o §E‘ 82| Lm | ® g o E 3 g g R, .
= 4 8 El ‘ & B9 = 2 % = o
Jas] = A an =.2 = Q 8 = — § 6] =
D% E 2% ax|l 2% : éﬁ: S| & 22 ©| & 2 3|3 O
FCh patogenni GLA mutace
1.0 G3258 M 277 34 | <28 022F 113%| 198 + + + - - + - + -/FO - - - A1l &1
1.1 G3258 F 284 58 na na Na 36 + + - + - - - - +/F1 - - - | A1 @2
2.0 T4125fs%7 F 26,9 41 na 6,22 331 5.5 + + - - - - - -FO - - - Al @&l
21 T4125fs%7 M 18,6 12 na 0,18 01 26,9 - + - + - - + - na - - na | Al Gl
22 T4125fs47 F 209 10 na 162 261 Na - + - - - - - - na - - na | Al GI1
GLA varianta nejasného vyznamu nebo pravdépodobné benigni varianta
3.0 R118C F 30,8 47 na 026 647 0.8 - - - - - - - + +/F1 - + - A1 Gl
31 R118C F 257 A2 na 264 345 1.0 - - - - - + - - +F1 - - na | Al G2
4.0 Al43T F 252 70 na 1,88 30,1 1,1 - - - - - - - + +/F1 LAH - - A1 &1
41 Al143T F 31.2 50 na na Na 12 na na na - - - - - na - na na | Al Gl
5.0 R38G F 247 78 | na 1,7 227 | 1,0 . . . + . . B + +F2 AF - ma | A2 @2
6.0 R30K F na 83 na na na 1,0 na na na na na na na + na - na na | na na
6.1 R30K F 229 46 na 3,74 685 1.0 + - - - - - - - -/F0 - - - A1l &1
7.0 V1994A M na 78 94 na na 13 na na na na na na na + na AF na na | na na
Vysvétlivky:
0-GAL A = Alfa-galaktozidaza A; Nr. = éislo pacienta; BMI = body mass index; v = vék v dobé vysietfeni v Centru pro Fabryho chorobu; PNS = periferni nervovy systém; CNS = centralni
nervovy systém; DBS = sucha krevni kapka; AG = angiokeratomy; SFIN = neuropatie tenkych vlaken; GIT = gastrointestinalni projevy; WhIAa = abnormality bilé hmoty; Fs = Fazekadova
gkala; EKG = elektrokardiografie;, LVE = hypertrofie levé komory; LGE = pozdni gadoliniovy emhancement; Alb = albumin; GRF = glomerularni filtrace; FCh = Fabryho choroba; M = muz;
F = Zena; LAH = levy pifedni hemiblok; FS = fibrilace sini; plus + indikuje postiZeni orgdnt, minus — indikuje stav bez orgdnové patologie. Kontroly a-GAL A v leukocytech 22-88 nmol/mg/h,
n=181 v plazmé 2.4 —19.4 nmol/ml’h, n =186, v DBS 15.3 umol/L/h; lysoGbs v DBS 1.8 ng/ml.  aktivita enzyme pii terapii nugalastatern. aktivita pfed 1écbou dostupni z DBS.
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Tabulka 6: Fenotypové charakteristiky pacientl s variantou ¢.937G>T, p.Asp 313Tyr (D313Y).

No. demografické informace Fenotyp
pohlavi BMI vék | lyso- Charakteristické symptomy | PostiZeni hlavnich orgéniim

(y) | Gbs odi skin Nervovy systém srdce ledviny*

= PNS CNS EKG [VH |[LGE |alb |GRF

T |vinuté| kornea fabry [AG pocen peuropaticka [GIT [iktus | WML/T's jiné

B cévy Jerticillata xatarakta bolest
8.0 M 259 43 1,6 + - - - - - - + +/F2 - LAH | - - |A1] G2
9.0 M 26,7 54 1,0 - - - - - - - + +/F1 - - - | na | A2 | G1
10.0 F 359 44 1,0 + - - - - - - + -/FO L5SA - - | na | Al | G2
11.0 M 258 64 1,1 + + - - - - - + +F2 LSA, iRBBB | - | na | Al | G1

ACM
stenoza

12.0 F nd, 83 14 na na na - - - - + na - - - na | na | G3b
13.0 F nd, 72 0,9 na - na| na na na| na + na na na na | na [ na| na
13.1 F 36,9 47 1,1 - - - - - + - - -/FO - - - | na |Al]| GI
14.0 F 319 71 1,2 - - - - - - - + -/FO | epilepsie - - na | Al | Gl
15.0 M 384 59 1,1 na na na | na na na| na + na na na - na | na| GI
16.0 F 17,4 44 1,1 na na na - - - - + na na na | na | na | GI

Vysvétlivky: Nr. = &islo pacienta; BMI = body mass index; y = vék v dobé vy3etieni v Centru pro Fabryho chorobu; PNS = periferni nervovy systém; CINS = centralni nervovy systém; AG =

e

angiokeratom: GIT = gastrointestinalni symptomy; WML = 1éze bilé hmoty (white matter lesions); Fs = FazekaSova 3kala; LSA "= lehka spankova apnoe; ACM = arteria cerebri media; EKG

ffffffffffffffffffffffffffffffffffffffffffffffffffffff

levy piedni hemiblok; iRBBB = inkompletni blok raveého Tawarova raménka;; na = neni k dispozici (not available); n.d. = neprovedeno; alb = albuminurie; * kategorie uréena dle kidne,

APAAAASAAS PR PPN PP PSPPI rrterbvt A8

ffffffffffffffffffffffffffffffffffffff
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Tabulka 7: Hlavni rizikové faktory CMP u probandl — nositelil jednotlivych variant

GLA genu
Charakteristika varianty Rizikové faktory CMP
Nr. c<.DNA Zména HN | DM | Onemocnén | DL | Ptedchozi | koufen
zména aminokyseliny isrdce CMP nebo i
TIA
Patogenni varianty
1.0 c973G>A p.Gly325Ser - - - - -
2.0 ¢.1235_1236delCT | p.Thr412Serfs* - - - - -
?
Varianty nejasného vyznamu nebo pravdépodobné benigni varianty
3.0 c.352C>T p-Argll8Cys + - - - - -
4.0 c.427G>A p.Alal43Thr + - - + - -
5.0 c112A>G p.-Arg38Lys + - FS - + -
6.0 c.89G>A p-Arg30Lys + - - - - -
7.0 c.596T>C p-Vall99Ala - - ICHS, FS - - +
8.0 # c.937G>T p-Asp313Tyr + - - - - -
9.0 c937G>T p-Asp313Tyr - - PFO + - +
10,0 c.937G>T p-Asp313Tyr - - - - - -
11.0 c.937G>T p-Asp313Tyr + - + - -
12.0 c.937G>T p-Asp313Tyr + + ICHS - -
13.0 c937G>T p-Asp313Tyr + - ICHS - - -
14.0 c937G>T p-Asp313Tyr + - PFO + - -
15.0 c.937G>T p-Asp313Tyr + - - - - +
16.0 c.937G>T p-Asp313Tyr - - - - + -

nepfitomnost nalezu; # pacient s krvacenim do bazalnich ganglii

diabetes mellitus; DL = dyslipidémie; TIA=transitorni ischemicka ataka; FS=fibrilace sini;

Vysvétlivky: Nr.= ¢islo subjektu, CMP=cévni mozkova ptihoda; HN = arterialni hypertenze; DM =

ICHS=ischemicka choroba srde¢ni; PFO=foramen ovale patens; + oznacuje pritomnost nalezu; - oznacuje

Patologické varianty

Patologické varianty jsme nalezli u dvou probandli a déale vramci rodinného

screeningu jsme identifikovali dalsi tfi rodinné piibuzné se stejnym genotypem.

Konkrétn€ jsme v populaci pacienti s iktem identifikovali 34letého muze, ¢.973G>A,

G3258S and a 41letou Zenu. ¢.1235 1236delCT, T412S{s*?. Detailni vysetfeni nositelli

téchto variant v nasem souboru ukazuje, Ze ob& patologické varianty resultuji

v klasicky fenotyp.
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Varianty nejasného vyznamu a pravdépodobné benigni varianta

Nejcastéji zastoupenou genetickou variantou, kterou jsme identifikovali u celkem
deviti pacient, byla varianta ¢.937G>T, D313Y. Jeden z nositeli této varianty byl
41lety muz s typickym intracerebralnim krvacenim do bazalnich ganglii, ostatni

pacienti méli ischemicky iktus.

Dale jsme identifikovali tyto typy variant - ¢.112 A>G, p.R38G, u 78leté Zeny, c.352C
>T, R118C u 47 leté zeny, c¢.596V>C, V199A u 78 let¢ho muze, c.427G > A, A143T
u 70-leté zeny. Dosud v literatuie nepopsanou variantu c89G>A, R30K jsme nalezli u

83leté Zeny.

Pokud vylouc¢ime patologické varianty, pak pramérny vék 14 pacientd s variantami
nejasného vyznamu (VUS) je 63,4 (SD 15,2, rozmezi 41-83), coz se statisticky nelisi
od primérného veéku pacientl bez pfitomnosti varianty GLA genu, p=0,11. Frekven¢ni
zastoupeni patologickych variant GLA genu 1 VUS ve studijni populaci
stratifikovanych podle véku a pohlavi ukazuje tabulka 8. Bez ohledu na pohlavi, u
pacienti mlad$ich 50 let jsme v naSem souboru identifikovali patologickou mutaci u
2,5 % pacientli, varianta nejasného vyznamu byla zastoupena u 5,1 % mladych
pacientd s iktem. Naopak, u pacientli starSich 50 let jsme nenalezli zadnou
patologickou mutaci GLA genu. Dale jsme porovnali zastoupeni VUS v kohorté
naSich pacientd s iktem s dostupnymi daty u bézné populace evropského plvodu.

Nepozorovali jsme Zadny signifikantni rozdil (tabulka 9).
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Tabulka 8: Frekvence variant genu GLA ve studované populaci stratifikované podle

pohlavi a véku

Cela Zeny Zeny Zeny Muzi Muz Muzi

kohorta 0-49 let | 50+ let 0-49 let | 50+ let
Pocet 986 450 33 417 536 46 490
(% cele (100) | (456) | (3,3) | (424) | (544 | (47) | (49.6)
kohorty)
Patologické 2 1 1 0 1 1 0
varianty (0,2) (0,2) (3,0) (0,2) (2,2)
(% kohorty)
VUS ¢i 14 9 3 6 5 1 4
benigni (1,4) (2,0) 9,1) (1,4) (0,9) (2,2) (0,8)
varianty
(% kohorty)

Vysvétlivky: VUS = varianty nejasného vyznamu
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Tabulka 9: Varianty povazované za benigni nebo s nejasnym klinickym vyznamem
zjisténé v nasi studii a jejich Cetnost v populaci

Varianta dsSNP Pocet | Frekvenc | Frekvence Velikost P-
identifikat | wvariant | e alelyu alely vzorku hodnota
or v nasi varianty v bézné pro mezi
kohort¢ v nasi populaci populacni | skupina
(n=986) | kohorté frekvenci mi
c.89G>A | Neuvedeno
1 0,001 0,0000839% nat 0,085
(p.R30K) v dbSNP
c.112A>G | rs7308804
1 0,001 0,0001399% n.a.B* 0,128
(p-R38G) 46
c.352C>T | rs1481580
1 0,001 0,00052* 79354* 0,406
(p-R118C) 93
c.427G>A | 151048948
1 0,001 0,00101* 81358* 1,000
(p-A143T) 45
c.596T>C | rs7818711
1 0,001 0,0002%* 6062* 0,186
(p.-V199A) 13
c.937G>T | rs2893549
9 0,0091 0,00554* 81344* 0,130
(p.D313Y) 0
Vysvétlivky:

Udaje o frekvenci podle *ALFA: Allele Frequency Aggregator. Narodni centrum pro biotechnologické
informace, Narodni 1ékai'ska knihovna USA, evropské data (Phan L, 2020), £ Cento LSD databéze

(https://www.centogene.com/centolsd.html), navstiveno 12.12.2020
dbSNP = The Single Nucleotide Polymorphism Database of Nucleotide Sequence Variation (Databaze
variaci sekvence nukleotidu, https://www.ncbi.nlm.nih.gov/snp/

n.a. = neuvedeno, nedostupné (not available)
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4.2 Druhy tematicky okruh

4.2.1 Cerebrovaskularni fenotyp u pacient s Fabryho chorobou hodnoceny

pomoci ultrazvuku

Zékladni demografické a klinické udaje 65 pacienti s FCh a 65 zdravych subjekti,

ktefi se ucastnili studie ptipadii a kontrol, jsou uvedeny v tabulce 10.
Cévni parametry

Primeéry a standardni odchylky zkoumanych vaskuldrnich parametrti (cIMT, dVA,
Vmb, BHI, BHlvar, PI) cév zasobujicich mozek jsou uvedeny v tabulce 11, a to
dohromady pro studovanou populaci a také zv1ast’ pro kazdé pohlavi. Tabulka 11 dale
zobrazuje vysledky jednoduchych a vicerozmémych linearnich regresi hodnoticich
vliv pfitomnosti FCh na vaskularni parametr bud’ nekorigovany, nebo korigovany na
kovariaty. Dale, obrazek 6 ukazuje pozorované vysledky s ohledem na vék, rozdélené

podle ptitomnosti Fabryho choroby a podle pohlavi.
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Tabulka 10: Zakladni demografické a klinické charakteristiky souboru v neurosonologické studii ptipadu a kontrol

Pacienti s FCh Kontroly Srovnani pacienti a kontrol
Priimér (SD) nebo n (%) Primér (SD) nebo n (%) Statisticky test, p-hodnota
VSsichni | Muzi(n Zeny VSichni Muzi Zen Mezi viemi Mezi Mezi
(n=65) =27) (n=38) (n=65) (n=27) (n=38) muzi Zenami
Vek (roky) 47,37 47,56 47,24 47,62 47,78 47,50 T128=0,11 Ts,=0,07 T74=0,09
(12,75) | (12,02) (13,40) | (12,65) | (12,00) | (13,25) 0,9122 0,9461 0,9316
Vyska cm) 169,85 178,41 163,76 173,95 179,81 169,79 T128=2,68 T52=0,87 T74=4,17
(9,63) (5,95) (6,63) (7,74) (5,97 (5,97 0,0083 ,3898 0,0001
Hmotnost (kg) 76,46 84,26 70,92 717,55 82,85 73,79 T128=0,42 Ts=-0,37 T74=0,93
(15,33) | (15,96) (12,32) | (14,04) | (11,37 | (14,7D 0,6716 0,7105 0,3560
BMI 26,44 26,42 26,46 25,63 25,67 25,60 | Tis=-1,06 Ts=-0,67 T74=-0,81
(4,40) (4,50) (4,39 (4,36) (3,70) (4,82) 0,2923 0,5084 0,4192
TKs (mm/Hg) 1234 126,7 121,0 129,84 133,2° 127,3¢ T124=2,12 Ts51=1,46 T71=1,54
17,1 (17,7 (16,4 (16,9) (14,0 (18,5) 0,0362 0,1492 0,1292
TKd mm/Hg 80,7 81,6 80,1 83,34 83,8° 83,0° T124=1,35 T5:=0,68 T71=1,18
(11,8) (12,6) (11.,3) (10,1) (10,4 (9,8) 0,1784 0,4972 0,2382
TF (pocet/min) 66,2 64,6 67,3 66,1°¢ 63,3 68,3 | Ti25=-0,04 Ts5,=-0,45 T71=0,42
(10,6) (11,5) 9,9 9,2 (8,5) 9,3) 0,9680 ,6488 0,6773
Hyperurikmie 14 9 5 1 1 0 7=-3,57 7=-2,80 0.0543
(21,5%) | (33,3%) | (13,2%) | (1,5%) | (3,7%) (0%) 0,0004 0,0051 ’
Vysvétlivky: FCh=Fabryho choroba; BMI=body mass index; TKs=systolicky krevni tlak; TKd=diastolicky krevni tlak;
TF=tepova frekvence; CHRI=chronicka renalni insuficience; DM=diabetes mellitus; CMP=cévni mozkova piihoda;
TIA=transientni ischemicka ataka; ICHS=ischemicka choroba srde¢ni;
Spojité proménné byly analyzovany pomoci dvouvvybérového t-testu se stejnymi rozptyly a binarni proménné byly analyzovany
pomoci dvouvybérového proporéniho z-testu, pokud ocekavané hodnoty pro alespoii 1 buitku nebyly < 5, pak byl pouzit Fishertiv
exaktni test, P-hodnoty mensi nez 5 % jsou vyznaceny tucné,
2 Fishertiv exaktni test ® jedno chybé&jici pozorovéni © tfi chybgjici pozorovani ¢ ¢tyfi chybéjici pozorovani
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Tabulka 10 — pokracovani: Zakladni demografické a klinické charakteristiky souboru v neurosonologické studii ptipadii a kontrol

Pacienti s FCh Kontroly Srovnani pacienti a kontrol
Primér (SD) nebo n (%) Primér (SD) nebo n (%) Statisticky test, p-hodnota
Vsichni | MuZi(n Zeny Vsichni | Muzi Zen Mezi Mezi Mezi
(n=65) =27) (n=38) (n=65) (n=27) (n=38) v§emi muZzi Zenami
Aktivni koufeni 18 8 10 8 2 6 7=-2,19 7=-2,10 7=-1,13
(27,7%) | (29,6%) | (26,3%) | (12,3%) | (7,4%) | (15,8%) ,0283 ,0356 ,2604
CHRI 18 12 6 0 0 0 7=-4,57 7=-3,93 0253
(27,7%) | (44,4%) | (15,8%) (0%) (0%) (0%) <,0001 ,0001 ’
DM 4 4 0 0 0 0 a a
(6,2%) | (14,8%) (0%) (0%) (0%) (0%) 1192 1110 -
Hypertenue 25 14 11 9 3 6 7=-3,19 7=-3,22 7=-1,38
(38,5%) | (51,8%) | (28,9%) | (13,8%) | (11,1%) | (15,8%) ,0014 ,0013 ,1687
Dyslipidémie 28 14 14 7 5 2 7=-4,15 7=-2,56 7=-3,38
(43,1%) | (51,8%) | (36,8%) | (10,8%) | (18,5%) | (5,3%) <,0001 ,0103 ,0007
CMP/TIA 9 3 6 0 0 0 a a a
(13,8%) | (11,1%) | (15,8%) (0%) (0%) (0%) 0029 2358 0253
ICHS 4 0 4 1 1 0 a . a
6.1%) | 0% | 105%) ] (5% | 37w | 0% 3652 1,0000 1151
Fibrilace sini 6 6 0 0 0 0 a a
©02%) | (22.2%) 0% | 0| 0| 0% 0277 0229 -
Migréna 7 2 5 6 1 5 7=-0,29 a 7=0,00
(10,8%) | (7.4%) | (13,2%) | (92%) | (3,7%) | (13,2%) ,7700 1,0000 1,0000
Hyperurikmie 14 9 5 1 1 0 7=-3,57 7=-2,80 0543
(21,5%) | (33,3%) | (13,2%) | (1,5%) | (3,7%) (0%) ,0004 ,0051 ’

Vysvétlivky: FCh=Fabryho choroba; BMI=body mass index; TKs=systolicky krevni tlak; TKd=diastolicky krevni tlak;
TF=tepova frekvence; CHRI=chronicka renalni insuficience; DM=diabetes mellitus; CMP=cévni mozkova piihoda;

TIA=transientni ischemicka ataka; ICHS=ischemicka choroba srde¢ni;
Spojité proménné byly analyzovany pomoci dvouvvybérového t-testu se stejnymi rozptyly a binarni proménné byly analyzovany
pomoci dvouvybérového proporéniho z-testu, pokud ocekavané hodnoty pro alesponi 1 bunku nebyly < 5, pak byl pouzit Fisherav
exaktni test, P-hodnoty mensi nez 5 % jsou vyznaceny tucné,
? Fisher(v exaktni test ® jedno chybéjici pozorovani ° tfi chybéjici pozorovani ¢ &tyti chybéjici pozorovani
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Tabulka 11: Neurosonologické vysledky u pacientli s Fabryho chorobou a u vékem a pohlavim véazanych kontrol

Pacienti s FCh Kontroly Porovnani bez korekei Po korekcich
Viichni | Muzi | Zeny | Vsichni | Mun | Zeny | NeA | MeA b Meml dypemi Kovaridty
Pramér (SD), n Statisticky test, p-hodnota
Strukturalni vaskularni charakteristiky
0,63 0,65 0,61 T122=2,58| Ts51=1,43| Te=2,19| T119=3,27| Age: T119=7,16, <0,0001
?ilrlr/lnfm) 0’696((3)’13)’ 0’692(6’19)’ 0’683(7’16)’ (0,12), (0,11), (0,12), 0,0111 0,1583 0,0318 0,0014| BMI: T119=2,00, 0,0478
61 27 34 Sex: T119=1,73, ,0870
3,48 3,47 3,30 T125=3,53| T52=2,83| Tn=2,53| Ti12=3,81| Age: Ti2,=0,73, 0,4645
a’f‘n - 3,59 6((5)’35)’ o 2’67)4 2| 30 | 333)8 ol 034, | ©3), 0,0006 00066 0,0137|  0,0002| BMI: T;2=-0,38, 0,7040
e 38 e 27 35 Sex: T122=3,78, 0,0002
Hemodynamické charakteristiky
Vmb 55,3 (16.7) 50,4 58,8 59,1 53,3 63,2 Tis=-1,47| Ts5=-0,85| T74=-1,28] Ti25=-1,95|Age: T125=-7,35, <0,0001
(in em/sec) ’ 65 > (14,3), (17,6), (12,2), (10,5), (11,7), 0,1447 0,4009 0,2055 0,0537| BMI: T125=-0,60, 0,5485
27 38 65 27 38 Sex: T125=4,26,<%,0001
1.21 (0.49) 1,11 1,29 1,35 1,30 1,39 T12s=-1,80] Tsx=-1,49| T74=-1,10] T125=-2,07| Age: T125=-3,37, 0,0010
BHI ’ 65’ 1 (0,49), 0,47), (0,38), (0,40), (0,37), 0,0736 0,1415 0,2752 0,0409| BMI: T125=1,58, 0,1163
27 38 65 27 38 Sex: T125=-1,79, 0,0751
0.48 (0.25) 0,50 0,47 0,21 0,21 0,21 T127=7,56| Ts2=5,47| T73=5,27| T124=7,54| Age: T124=-0,20, 0,8386
BHIvar ’ 6 4’ 1 (0,22), (0,27), (0,14), (0,106), (0,13), <0,0001| <0,0001| <0,0001 <0,0001| BMI: T124=-0,83, 0,4107
27 37 65 27 38 Sex: T124=0,45, 0,6562
0.98 (0,19) 1,06 0,93 0,87 0,90 0,84 T127=4,08| Ts2=3,21| T73=2,74] T124=4,36| Age: T124=2,20, 0,0299
PI ’ 64’ I (0,21), (0,17), (0,12), (0,14), (0,11), 0,0001 0,0023 0,0077 <0,0001| BMI: T124=-1,01, 0,3166
27 37 65 27 38 Sex: T124=3,28, %,0013
Vysvétlivky:

FCh=Fabryho choroba; cIMT=tloustka intimo-medie v distalni spole¢né karotidé; dVA=primér vertebralni tepny; Vmb=klidova pritokova rychlost ve stiedni
mozkové tepn¢; BHI=vazoreaktivita na stfedni mozkové tepn¢ testem zadrzeni dechu, vyjadiend indexem; BHIvar=variabilita vazoreaktivity na stfedni
mozkové tepn¢; PI = pulzatilni index
Neadjustovana srovnani ptipadd a kontrol byla vypocitana pomoci jednoduchych linearnich regresi pro vSechny pacienty a také pro kazdé z pohlavi,
Adjustovana srovnani piipadu a kontrol pro vSechny subjekty byla vypocitana pomoci vicerozmérné linearni regrese, ve které byl uc¢inek FCh vs, kontrola
upraven podle kontinudlnich proménnych véku a BMI a bindrni proménné pohlavi, P-hodnoty mensi nez 5 % jsou vyznaceny tucné,
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(A) Observed cIMT (in mm) (B) Observed dVA (in mm)
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Obrazek 6: Pozorované neurosonologické vysledné parametry podle veéku, dale

rozdélené podle pohlavi a ptitomnosti Fabryho choroby.
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Morfologické zmény v tepniach zasobujicich mozek —strukturalni parametry
Intimomedialni tloust’ka v distalni spole¢né karotidé: obrazek 6(A)

Mezi pacienty s FCh a kontrolni skupinou byl vyznamny rozdil, a to jak bez korekce,
tak po adjustaci na kovariaty. Po adjustaci na vék, BMI a pohlavi méli pacienti s FCh
méli v priméru o 0,06 mm vétsi tloustku cIMT ve srovnani s kontrolami (T119=3,27,
P=0,0014). Ve stejném adjustovaném modelu byl vék vyznamné spojen s rozsifenim
cIMT (T119=7,16, P<0,0001), coz naznacuje, ze s kazdym rokem véku se tloustka

cIMT zvySuje v priméru o 0,005 mm.

A konecné¢, pfi upravé na kovariaty nebyly zjistény zadné vyznamné rozdily mezi
pohlavimi (T118=-0,88, P=0,3819) ve vlivu pfitomnosti FCh na cIMT a vliv véku na
cIMT se vyznamné neliSil mezi pacienty s FCh a kontrolami (T118=-0,23, P=0,8167).

Sife vertebralni tepny: obrazek 6(B)

Pacienti s FCh méli vyznamné vétsi prumér dVA, o0 0,21 mm ve srovnani s kontrolami
— nekorigovany model (T125=3,53, P=0,0006). Konkrétn¢, muzi s FCh méli v
priméru o 0,27 mm vétsi dVA a Zeny s FCh mély v priméru o 0,18 mm vétsi dVA ve
srovnani s kontrolami. Po korekci na kovariaty zlstal rozdil v dVA mezi pacienty
s FCh a kontrolami vyznamny (b=0,22 mm, T125=3,81, P=0,0002). A konecné&, i po
korekci pro definované kovariaty, nebyly vyznamné rozdily ve vlivu FCh na dVA
mezi pohlavimi (T121=0,76, P=0,4459), a ani vliv véku na dVA se mezi pacienty s
FD a kontrolami vyznamné nelisil (T121 = 0,02, P = 0,9851).

Hemodynamické zmény ve stiedni mozkové tepné — klidova stiredni pritokova,

pulzatilni index a cerebrovaskulirni reaktivita (méfeno indexem zadrZeni dechu)
Klidova stiedni priitokova rychlost: obrazek 6(C)

V neadjustovanych analyzach nebyly zjistény zadné vyznamné rozdily v rychlostech
pratoku krve mozkem mezi pacienty s FCh a kontrolami, ani po rozdé€leni podle
pohlavi. Nebyl nalezen signifikantni rozdil mezi jednotlivymi méfenimi v ramci
jednotlivych subjektii a ani se v tomto ohledu nelisili pacienti od kontrol (F=0,80;
P=0,497, resp. F=0,156, p=0,926). Po upravé na vek, BMI a pohlavi byl vsak vliv
pritomnosti FCh na Vmb témét vyznamny (T128=-1,95, P=0,0537) a naznacuje, ze
pacienti s FCh maji v priméru o 4,03 cm/s mens$i rychlost pratoku krve ve srovnani ke
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kontrolam. Navic, po adjustaci analyza ukazuje, Ze se obecné s kazdym pfibyvajicim
jednim rokem véku vyrazné snizuje rychlost pratoku krve o 0,61 cm/s (T125=-7,35,
P<.0001), a ze muzi maji v priméru o 8,92 cm/s mensi Vmb ve srovnani s Zenami

(T125=-4,26, P<0,0001).

A konecné, ani po uprave na kovariaty, nebyly mezi pohlavimi (T124=0,36, P=0,7162)
zadné vyznamné rozdily v tom, jak pfitomnost FCh ovliviiuje Vmb. Po upravé na
kovariaty jsme pouze pozorovali trend v rozdilu vlivu véku na Vmb mezi pacienty s
FCh a kontrolami (T124=-1,79, P=0,0756). Mezi pacienty s FCh bylo starnuti o jeden
rok vyznamné spojeno s poklesem Vmb, v pruméru o 0,76 cm/s (T61=-5,70,
P<0,0001), zatimco u kontrol byl vzestup véku o jeden rok vyznamné spojen s

poklesem Vmb o 0,46 cm/s (T61 =-4,65, P<0,0001).
Cerebrovaskularni reaktivita: obrazky 3 (D&F)

V jednorozmérném modelu jsme nepozorovali rozdil mezi pacienti s FCh a kontrolami
v hodnotach BHI. Po upravé na kovaridty méli pacienti BHI vyznamné nizsi nez
kontroly (T125=-2,07, P=0,0409), a to v priméru o 0,15. Kromé& toho nebyly Zadné
vyznamné rozdily mezi pohlavimi (T121=-0,49, P=0,6261) ve vlivu pfitomnosti FCh
na BHI, vliv véku na BHI se vyznamné neliSil mezi pacienty s FCh a kontrolami

(T121=-0,16, P=0,8714).

Mezi pacienty s FCh a kontrolami jsme pozorovali vyznamny rozdil v BHlvar,
pfiCemZz pacienti s FCh méli BHIvar o 0,27 vyS$§i ve srovnani s kontrolami
(T127=7,56, P<0,0001). Konkrétn¢, muzi s FCh m¢li v priméru o 0,29 bodu vétsi
BHIvar a Zzeny s FCh mély v priméru o 0,26 bodu vétsi BHIvar ve srovnani s
kontrolami. Po upravé na kovaridty se rozdil v BHIvar mezi pacienty s FCh a
kontrolami nezménil (b=0,27, T124=7,54, P<0,0001). A kone¢né, ani po uprave
kovariaty, nebyly mezi pohlavimi (T123=0,38, P=0,7046) Zadné vyznamné rozdily ve
vlivu pfitomnosti FCh na BHIvar. Mezi pacienty s FCh a kontrolami vSak byl
vyznamny rozdil ve vlivu véku na BHIvar (T123=2,51, P=0,0135). U pacienti s FCh
zvySeni véku o jeden rok vyznamné nezmeénilo BHIvar (b=0,0041, T60=0,46,
P=0,6493), zatimco u kontrol bylo starnuti o jeden rok vyznamné spojeno s poklesem

BHlvar 0 0,0037 (T60=-2,61, P=0,0115).
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Pulzatilni index: obrazek 6(E)

V neadjustovaném modelu méli pacienti s FCh v priméru vyznamné vétsi PI o 0,12
bodu ve srovnani s kontrolami (T127=4,08, P=0,0001). Konkrétné pacienti s FCh méli
v priméru o 0,15 bodu vétsi PI a pacienti s FCh méli v praméru o 0,09 bodu vétsi PI
ve srovnani s kontrolami. Po upravé na kovariaty se signifikantni rozdil v PI mezi
pacienty s FCh a kontrolami nezménil (b=0,12, T124=4,36, P<0,0001) a navic muzi
méli v priméru vyssi PI o 0,09 ve srovnani se zenami (T124=3,28, P=0,0013). A
konec¢n¢, mezi pohlavimi (T123=1,17, P=0,2429) nebyly zadné vyznamné rozdily ve
vlivu pfitomnosti Fabryho choroby na PI, vliv véku se mezi pacienty s FCh a

kontrolami se vyznamné¢ nelisil (T123=1,35, P=0,1787).

4.2.2 Prediktory cerebrovaskularnich abnormit v kohorté pacienti s Fabryho

chorobou

Zakladni demografické charakteristiky a klinické udaje 85 pacientii s FCh ukazuje
tabulka 12.

Objemy 1ézi bilé hmoty: 69 (38 Zen, primérny vek 47,69 let; 31 muzid, primérny veék
49,67 let) z 86 pacientli skupiny B podstoupilo MRI mozku. Primérny objem WMAs
byl 1,82 ml (rozmezi 0,80 - 8,75 ml) u Zen a 3,37 ml (rozmezi 1,0 - 16,66 ml) u muza.

Vysledky jednorozmérné analyzy vlivu jednotlivych klinickych, hemodynamickych a

biochemickych faktort na zkoumané proménné shrnuje tabulka 12 a, b, c.

Vysledky prediktivnich modeli mnohorozmérné analyzy (doptedné krokovéa metody
za Uclasti vybranych relevantnich parametri) ukazuji tabulky 13a a 13b. Hlavnimi
prediktory pro strukturalni charakteristiky byly vék a MSSI. Hlavnimi prediktory pro
hemodynamické charakteristiky byly kromé véku a MSSI jesté také pohlavi a tepova
frekvence. Pro parametr BHIvar jsme jako jediny signifikantnim prediktor
identifikovali MSSI skore. Jak ukazuje plny a post-hoc model na nékteré vaskularni

abnormity maji vliv rovnéz klasické cévni rizikove faktory.
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Tabulka 12a: Vysledky jednorozmérné analyzy zkoumanych parametrti ve vztahu

k vybranym klinickym prediktortim (zékladni charakteristiky subjektii s Fabryho

chorobou), p-hodnoty.

Jednorozmérna analyza, p-hodnoty (r-korelaéni koeficient)

Zkoumané parametry

Strukturalni vaskularni

Hemodynamické charakteristiky

charakteristiky

Primér cIMT dVA WMAs PI Vmb BHI BHIvar

(SD) nebo | n=83 n=82 n=68 n=79 n=80 n=78 n=74

%
Zakladni charakteristiky
Vek (roky)? 48,62 <0,0001 | 0,2988 0,1840 0,0120/ | <0,0001 | 0,0030 0,2010
n=85 (13,87) (0.5599) | (0,1154) | (0,1617) | (0,2800) | (-0,6286) | (-0,3272) | (0,1584)
Pohlavi (Zeny)® | 54,11% 0,9521 0,0021 0,0342 0,0045 0,0029 0,0830 0,7749
n=85
Fenotyp 81,93% 0,5960 0,0316 0,2509 0,8899 0,9003 0,64463 | 0,3959
(klasicky)®
n=85
Vyska (cm)*? 170,92 0,3270 0,0148 0,148 0,5670 0,3060 0,4520 0,4340
n=84 (9,45) (-0,1095) | (0,2683) | (0,1772) | (0,0659) | (-0,1167) | (-0,0870) | (-0,0978)
Hmotnost (kg)? | 78,11 0,5010 0,5220 0,7720 0,2540 0,2420 0,5780 0,8720
n=84 (16,28) (0,0754) | (0,0781) | (-0,0358) | (0,1308) | (-0,1333) | (0,0644) | (0,0202)
BMI (kg/m?)? 26,65 0,1040 0,4210 0,2340 0,3440 0,4530 0,3280 0,5410
n=84 (4,61) (0,1809) | (-0,0901) | (-0,1463) | (0,1085) | (-0,0856) | (0,1129) | (0,0766)
Lécba 48,24% 0,1880* | 0,0398 0,0385 0,0698 0,0072 0,9880° | 0,2651
specifickou
terapii ®
n=85

Pearsonova korela¢ni analyza — p, (r); ° test rozdilu mezi skupinami (t-test)
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Tabulka 12b: Vysledky jednorozmérné analyzy zkoumanych parametra ve vztahu
k vybranym klinickym prediktortim (faktory ovliviiujici hemodynamiku), p-hodnoty.

Jednorozmérna analyza, p-hodnoty (r — korelacni koeficient)

ZKkoumané parametry

Strukturalni Hemodynamické
Primeér
D cIMT dVA WMAs PI Vmb BHI BHIvar
nebo % n=83 n=82 n=68 n=79 n=80 n=78 n=74
0

Prediktory — hemodynamické faktory, p-hodnota

(Trfr;H ) 124,66 | 0,7070 0,8910 0,2700 0,1710 0,0670 0,1290 0,4540
=85 g (18,28) | (0,0419) | (-0,0153) | (-0,1346) | (0,1554) | (-0,2056) | (-0,1735) | (-0,0930)
(Tnllile ) 80,40 0,4350 0,7506 0,0670 0,7990 0,0640 0,0870 0,2370
=85 & (11,58) | (-0,0869) | (0,0354) | (-0.2220) | (0,02918) | (-0,2082) | (-0,1950) | (-0,1456)
;H;éet/min) 66,47 0,3580 0,8434 0,4470 0,0030 0,2680 0,0180 0,3270
np=85 0,27) | (-0,1021) | (-0,0220) | (-0,0930) | (-0,3281) | (0,1254) | (-0,2678) | (-0,1215)

Hematokrit | 0,423 | 0,0520 | 02117 | 0,0770 | 0,1620 | 0,2620 0,0220 | 0,8890
n=82 (0,046) | (0,2180) | (-0,1411) | (-0,2178) | (0,1622) | (-0,1294) | (-0,2634) | (-0,0179)

TKSs = systolicky krevni tlak ; TKd = diastolicky krevni tlak; TF = tepova frekvence

Tabulka 12¢ Vysledky jednorozmérné analyzy zkoumanych parametri ve vztahu
k vybranym klinickym prediktorim (vaskularni rizikové faktory subjektt s Fabryho
chorobou), p-hodnoty.

Jednorozmérna analyza

Zkoumané proménné

Strukturalni Hemodynamické
% cIMT dVA WMAs P1 Vmb BHI BHIvar
n=83 n=82 n=68 n=79 n=80 n=78 n=74

Prediktory — vaskularni rizikové faktory, p-hodnot
HN® 44,19 0,0131 0,16327 | 0,0256 0,1230 0,0027 0,2571 0,5479
(n=79)
DL® 46,51 0,0079 0,7371 0,5688 0,0234 0,0002 0,1218 0,1628
(n=80)
DM?® 6,98 0,8945 0,6153 0,6429 0,1204 0,0181 0,7454 0,3755
(n=79)
Aktivni 36,66 0,6234 0,4320 0,1265 0,5508 0,3136 0,5838 0,4087
koufeni®
(n=80)
CMP/TIA® | 14,29 0,1896 0,2910 0,8291 0,5828 0,8462 0,5012 0,4505
n=85
OSAP® 10,98 0,0934 0,3142 0,3049 0,0934 0,1587 0,9608 0,4251
n=83
Prediktory — tiZze Fabryho choroby, p-hodnot, korela¢ni koeficient
MSSI 20,59 0,0010 <0,0001 | <0,0001 | <0,0001 | <0,0001 | 0,0190 0,02403
(hodnota)?® | (12,66) | (0.3572) | (0,3813) | (0,4701) | (0,4431) | (-0,5023) | (-0,2642) | 0,2757)
n=85

2 Pearsonova korela¢ni analyza — p (korelagni koeficient r), *— p hodnota T-testu, porovnani mezi skupinami
HN = hypertenze, DL = dyslipidémie; Dm = diabetes mellitus; CMP/TIA = cévni mozkova piihoda/transitorni
ischemicka ataka; OSA = syndrom spankové apnoe; MSSI = skore tize Fabryho choroba
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Tabula €. 13a — Prediktivni modely a jejich vysledky pro strukturalni zkoumané

proménné (Sife intimo-medie v distalni spole¢ni karotidé (cIMT), Sife vertebralni

tepny v useku V2 (dVA), objemy 1¢ézi bilé hmoty na magnetické rezonanci (WMAs)

Parametr cIMT dVA WMASs
Demograficky [ <0,00001, 18,4, 32,0% | 0,0162, 4,4, 10,5% 0,0224, 3.4, 14,7%
model
p, F, R?,
prediktory veék*, BMI, pohlavi*, BMI® pohlavi, BMI®, vék*
PIny model 0,0001, 6,6, 36,3%, 0,0012, 4,5, 24,2% 0,0003, 5,6, 32,5%
p, F,R?
prediktory Vék*, pohlavi’, BMI, pohlavi, typ mutace’, | MSST*, koufeni®,
MSSI*, OSA, DM* MSSI*, OS’, DL® DLS, BMI®, vék
Fabry model | <0,00001, 8,85, 37,1% | 0,0006, 6,5, 21,0% 0,00006, 5,7, 27,9%
p, F, R?
prediktory vék*, pohlavi®, BMI, pohlavi, typ MSSI*, typ mutace?®,
typ mutace, MSSI* mutace* 5, MSSI BMI®, vék
Post-hoc <0,00001, 19,7, 33,6% | 0,0001, 7,7, 22,9% 0,00003, 24,7, 27,9%
model
p, F, R?
pohlavi, typ
prediktory vék*, MSSI mutace*S, MSSI MSSI*
Kombinovany | <0,00001, 8,85, 37,1% | 0,0001, 7,7, 22,9% 0,00006, 5,7, 27,9%,
model
p, F, R?
prediktory vék*, pohlavi®, BMI, pohlavi, typ MSSI*, typ mutace®,
typ mutace, MSSI* mutace*® MSSI BMIS, vék
Vysvétlivky: signifikantni prediktor v p<0,05; *vy3§i hodnoty u Zen, $ negativni korelace
BMI = index télesné hmotnosti; MSSI = Meinz severity score index; OSA = syndrom spankové apnoe; DL
= dyslipidémie;
Demograficky model — testované prediktory: vek, pohlavi, BMI
PIny model — testované prediktory u strukturalnich parametri: vék, pohlavi, BMI, specificka terapie, typ
mutace, MSSI, DL, hypertenze, diabetes mellitus, OSA, koufeni
Fabry model — testované prediktory: vék, pohlavi, BMI, specificka terapie, typ mutace, MSSI
Post-hoc model — testovany pouze prediktory signifikantn€ korelujici v ptfedchozi jednorozmérné predchozi
Kombinovany model — prediktory z Fabry modelu a Post-hoc modelu
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Tabulka €. 13b: Prediktivni modely a jejich vysledky pro hemodynamické zkoumané

proménné v arteria cerebri media (pulzatilni index (PI), klidova stiedni prutokova

rychlost (Vmb), index zadrzeni dechu (BHI), variabilita indexu zadrzeni dechu

(BHlIvar))
Parametr PI Vmb BHI BHIvar
Demograficky | 0,0077, 5,2, <0,00001, 24,6, | 0,0062, 4,5, 0,2808, 1,2,
model 13,0% 40,1%, 17,0% 19%
p, F, R?
prediktory pohlavi*, vék* | vék*S, pohlavi*, vék*
pohlavi** BMI vék
PIny model 0,0014, 5,0, <0,00001, 10,8, | 0,0297, 2.4, 0,0906, 1,9,
p, F, R? 22,6% 49,1% 21,4% 19,3%
prediktory BMI, MSSI*, vék**, MSSI*®, | pohlavi**, MSSI*,
DL, kouteni® | DM®, DLS, vék* S BMI, pohlavi®, OSS,
HT?, kouteni terapie, mutace, | BMI, DL, DM?,
HT, kouteni® koufeni®
Fabry model | 0,0008, 6,2, <0,00001, 18,5 | 0,0134, 3,1, 0,0688, 2,8,
p, F, R? 21,3% 44.2% 19,8% 8,5%
prediktory BMI, MSSI*, vék 3%, pohlavi*,
veék MSSI*S, vék*S, BMI, MSSI*,
pohlavi” terapie, mutace | pohlavi”
Post-hoc 0,00007, 8,4, <0,00001, 12,8, | 0,0034, 5,0, 0,0590, 3,7,
model 26,9% 48,6% 18,6% 5,7%
p, F, R?
prediktory MSSI*, TF*S, | vak*$, MSSI*S, | MSST*%, TF*S,
vek ?M 5, DLS, HT | HTC? MSSI
Kombinovany | 0,00007, 8,5, <0,00001, 12,8, | 0,0028, 3,6, 0,0688, 2,8,
model 26,9% 48,6% 29,7% 8,5%
p, F, R?
prediktory MSSI*, TF*S, | vék*®, MSSI*S, | MSSI®, TF*S,
vek DM?, DL, HTCS, vék*S, | MSSI*,
HT® pohlavi”, pohlavi®
BMI*, terapie

hoc modelu

Vysvétlivky: *signifikantni prediktor v p<0,05, vy$§i hodnoty u Zzen,® negativni korelace

BMI = index télesné hmotnosti; MSSI = Meinz severity score index; OSA = syndrom spankové apnoe;
DL = dyslipidémie, HT = hypertenzni nemoc; DM = diabetes mellitus, HTC = hematokrit

Testované prediktory: Demograficky model — vék, pohlavi, BMI; Plny model — vék, pohlavi, BMI,
specificka terapie, typ mutace, MSSI, DL, HT, DM, OSA, kouieni; Fabry model — vék, pohlavi, BMI,
specificka terapie, typ mutace, MSSI. Post-hoc model — testovany pouze prediktory signifikantné
korelujici v jednorozmérné predchozi analyze Kombinovany model — Prediktory z Fabry modelu a Post-

74




5. Diskuze

5.1 Prvni tematicky okruh

5.1.1Stanoveni prevalence Fabryho choroby u pacientii s akutni CMP v Ceské
republice. Podrobné fenotypové charakteristiky GLA variant identifikovanych
v ramci celostatniho screeningu pacienti s cévni mozkovou p¥ihodou v Ceské

republice.

Fabryho choroba je vzacné geneticky vazané onemocnéni, které ma ¢asto neurologické
projevy. Pfiznaky z oblasti CNS patii vedle kardidlniho a rendlniho postizeni mezi
vyznamné faktory urcujici morbiditu a mortalitu pacientd s timto onemocnénim.
Vzhledem k tomu, Ze je dostupna specificka terapie této nemoci, je v€asna diagnostika
onemocnéni zcela zasadni. Jednim z piistuptl, jak diagnostikovat FCh vcas je aktivni

vyhledavani nemocnych v rizikovych skupinach, naptiklad mezi pacienty s CMP.

Vyskytem FCh v populaci pacientii s CMP se zabyvaji rizni autofi jiz od roku 2005.
(Rolfs et al., 2005). Detailni popisy jednotlivych fenotypl nalezenych GLA variant
vSak v literatufe chybi. Vzhledem k tomu, ze ivodni Spatna interpretace genetické
varianty mtze mit vyrazny dopad na velkou skupinu pacientdi, doplnili jsme nasi
prospektivni epidemiologickou screeningovou studii u neselektovanych pacienti
s iktem o detailni rozbory fenotypu nemocnych. Spolu s podrobnym vySetienim
moznych organovych manifestaci nemoci také u rodinnych ptisluSnikd a s pfispénim
obecné znamych a literarnich charakteristik genotyp-fenotyp, hodnot aktivity enzymu
u nositeld variant a hodnot biomarkeru choroby lysoGb3 jsme zafadili nami
nalezenych 8 variant do kategorii: varianta patologickd, VUS ¢i benigni varianta.
Nase screeningova studie odhalila pfitomnost Fabryho choroby u 0,2 % pacientt. Toto
frekvencni zastoupeni je srovnatelné s prevalenci 0,13 % u muzt a 0,14 % u Zen
udavané v literatufe (Doheny et al., 2018). Stejné tak se od literarnich udaji nelisi ndmi
pozorovana prevalence VUS v nasi kohorté — 0,9 % u muzt a 1,4 % u Zen (0,54 % u

muzil a 0,96 % u Zen) (Doheny et al., 2018).

Vyhodou nasi studie v porovnani s dfive publikovanymi pracemi je inkluze vSech
pacientl s iktem, bez omezeni vé€ku, pohlavi a typu iktu. Nase kohorta obsahovala 907
pacientl starSich 50 let. Dokonce 25 % pacientl bylo starsich 79 let. Doposud pouze
3 screeningové studie zahrnovaly pacienty bez horniho vékového omezeni. Dvé z nich
byly provedeny v Japonsku. Prace Nakamury et al. (2014) testovala pouze muze
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s prumérnym vékem 69,7+-12,5 let, Nagamatsu et al. (2017) testovali obé pohlavi,
primérny veék ve sledované populaci byl 74,11-12,5 let. V evropské populaci pouze
jedna studie, Marquardta et al. (2012) hodnotila prevalenci FCh u pacientti s iktem
starSich 60 let. Primérny v€k kohorty byl 73,2 let, 85 % pacientl v této kohorté bylo
starSich 60 let, coz je plné srovnatelné s nasim souborem, kde 81,2 % pacientd (801)

bylo starSich 60 let.

Klinicky vyznamnym nalezem plynouci znasi prace je fakt, Ze dosud
nediagnostikované patologické varianty GLA genu se pravdépodobné u starSich
pacientdi s iktem vyskytuji vzacné. Jak jiz dfive bylo zminéno, oba nasi pacienti
s patologickou variantou prodélali iktus v mladém veku, byli mladsi nez 50 let.
Pacienti mladsi 50 let jsou také obecné nejvice zkoumanou vékovou skupinou (ve
smyslu mozné FCh jak pticiny CMP). Na zéklad¢€ naseho pozorovani se domnivame,
Ze neni nutné rutinné testovat pacienty s iktem starsi 50 let za ucelem vylouceni FCh

jako mozné pti¢iny mozkové piihody.

DalSim zajimavym zjiSténim naSeho projektu je relativné casté zastoupeni GLA
varianty D313Y. I kdyz pozorované frekvence v nasi kohorté (0,9 %, celkem u 9
pacientl) se signifikantné nelisi od zastoupeni této varianty genu v evropské populaci
(0,5 %) (Phan L, 2020) (tabulka 9) pozorovali jsme trend k vy$$imu zastoupeni u nasi
studované populace pacientil s iktem. To miZe naznacovat spojitost mezi pritomnosti
této varianty a rizikem vzniku CMP. Primérny vék naSich deviti pacientl (5 Zen, 4
muzi) s variantou D313Y byl 59,1 let. Zadny ztéchto pacienti nemél zvyseny
biomarker lysoGb3. Zadny z pacientil, u kterych byla zméfena aktivita a-GAL A,

nem¢l aktivitu enzymu <35 %.
Fenotypové charakteristiky nalezenych variant

Obé& nalezené patogenni varianty (G325S, T412Sfs*?) byly popséany v literatuie jiz
diive. Varianta G325S byla vedena jako late-onset, zatimco o T412Sfs*? bylo znamo,
ze zpusobuje klasicky fenotyp (Fabry Gen-Phen database, 2020). Na zaklad¢
informaci ziskanych z podrobného vysetfeni pacientli 1.0 a 1.1 jsme dospéli k zavéru,
ze varianta G325S by mohla vést ke klasickému fenotypu, ackoli prvni pozorovany
klinicky projev u indexového pacienta (1.0) se objevil az v dosp€losti. Navic nase
Fabryho centrum navstévuje 56lety pacient s mutaci G325S, u kterého se projevuje

Siroké spektrum ptiznak klasického fenotypu jiz od détstvi.
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U varianty G325S je k dispozici pouze nékolik publikovanych daji o biochemickém
a klinickém fenotypu. Lukas a kol. uvedli biochemickou fenotypovou charakteristiku
produktu mutovaného genu, jeho farmakologickou reaktivitu na chaperony a popsali
zvySenou hladinu lysoGb3, coz naznacuje, ze tato varianta je klinicky patogenni
(Lukas et al., 2013; Lukas et al., 2020). Do studie Kokotise a kol. (2018) hodnotici
inervaci potnich zlaz byl zafazen pacient s variantou G325S. Podrobné&js$i popis

fenotypu pacienta vSak autofi neuvedli.

V dob¢ stanoveni diagndzy vykazoval nas pacient s variantou G325S biochemicky
nizkou aktivitu enzymu a vysoké hladiny lysoGb3. Podrobné vysetteni odhalilo celé
spektrum oc¢ni patologie, neuropatii tenkych nervovych vldken (ackoli pacient
neuvadél zddné senzorické pfiznaky) a zavazné organové komplikace. Skutecnost, Ze
pacient s FCh, ktery vykazuje pii funkcnich a strukturdlnich vySetfenich jasnou
ptitomnost neuropatie tenkych vlaken neuvadi ani na cilen¢ kladené dotazy pro FCh
typické bolestivé epizody neuropatické bolesti, je velmi dilezita a mize vést k chybné

klasifikaci varianty, poptipad¢ k opozdénému stanoveni spravné diagnoz.

Ve srovnani s G325S se klinické popisy fenotypu T412Sfs*? v literatuie objevuji
Castéji. Je znamo, Ze varianta je spojena s klasickym fenotypem nemoci. V nasi studii
klinické ptiznaky pacientky 2.0 spolu s typickymi bolestivymi krizemi, které se
objevily u jejiho 12letého syna, potvrzuji patogenitu varianty spojenou s klasickym

fenotypem FCh.

Rovnéz nalez lehké pleiocytozy pii vySetieni mozkomisniho moku pacientt
s patogenni variantou je zajimavy. U pacientli s FCh nebyva mozkomi$ni mok b&zné
analyzovan. Jiz od roku 1985 jsou vSak v literatuie sporadicky popisovany ptipady
»aseptické™ ¢i ,,chronické™ meningitidy u pacientd s touto nemoci (Dubost et al.,
1985). U nemocnych byla opakované popséna v likvorologickych nélezech lehk4 az
sttedn¢ vyznamna pleiocytdéza odpovidajici nalezim pti aseptické meningitidé, u
nekterych pacientll i s doprovodnou bolesti hlavy. Soucasné s pleiocytozou byl
reportovan nalez lakunérnich ikt, dominantné v zadnim povodi (Dubost et al., 1985;
Uyama et al., 1995; Schreiber et al., 2007; Lidove et al., 2009), coz je v souladu
s nalezy u pacientli s patogenni variantou v naSem souboru. Na rozdil od pacient
s FCh a iktem, u pacienti s CMP bez FCh nebyva pleiocytéza bézné detekovana, i

kdyz velmi lehky vzestup elementl v mozkomisnim moku muze byt piitomen
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(Schulte-Mecklenbeck et al., 2019). Protoze aseptickd meningitida je vzécnou
fenotypovou manifestaci FCh, nalez zvySeného poctu bun¢k v mozkomisnim moku
muze byt zavad€jicim pii stanovovani spravné diagnozy. Nicméng, jak ukazuji nase
nalezy, po vylouCeni zanétlivych onemocnéni CNS, spojeni lakunarniho iktu
s ndlezem pleiocytdzy v mozkomi$nim moku u mladého pacienta by vzdy mélo vést

k podezieni na FCh.

V odborné vetejnosti jiz fadu let probiha diskuze ohledné patogenity a fenotypové
manifestace nékolika VUS, vCetné variant nalezenych v nasi kohort¢ R118C, A143T

a D313Y.

Varianta R118C byla primarn¢ identifikovana pfi novorozeneckém screeningu v roce
2004 (Ferreira et al., 2015). Na zaklad¢ biochemickych charakteristik enzymu bylo
usuzovano na fenotyp FCh s pozdé¢jSim nédstupem (Spada et al., 2006). Zpocatku byla
tato varianta povazovana za patogenni, coz vedlo k jejimu zatazeni do vypocti
prevalence FCh pfi screeningu mladych pacientti s CMP (Rolfs et al., 2013). Pozdéji
byla varianta pteklasifikovana na VUS (Ferreira et al., 2015) ackoli v posledni dobé
se objevuji informace, které hovoii ve prospéch piivodni klasifikace (Talbot a

Nicholls, 2019).

Varianta A143T byla poprvé popsana v roce 1997 Engem et al., ktefi tuto variantu
identifikovali u dvoumési¢niho ditéte. Biochemicky fenotyp ukazal sniZenou aktivitu
a-GAL A jak u probanda, tak u jeho matky. Klinicky fenotyp u kojence nebylo mozné
vyhodnotit, jeho matka nevykazovala zddné¢ znamky FCh. Stejné tak rodinni
pfisluSnici neméli v anamnéze projevy FCh. Autofi tak nemohli variantu z hlediska
patogenity zatfadit (Eng et al., 1997). Pozdé&ji Spada et al. (2003) pfedpokladali, ze
genotyp A143T je spojen s nefropatii a rendlnim selhdnim (rendlni varianta). Od té
doby bylaA143T klasifikovana jako tzv. late-onset patogenni varianta (Nance et al.,
2006; Spada et al., 2006). Za patogenni byla povazovana rovnéz u pacienti s CMP, u
kterych byla identifikovana ve ramci screeningovych studii (Wozniak et al., 2010). Z
biochemického hlediska bylo opakované prokazéano, ze nositelé varianty exprimuji
sniZzenou aktivitu a-GAL A. NiZ§i aktivita byla demonstrovana jak pfi stanovovani in
vitro, tak a/nebo pii analyze plazmy i leukocytti (Nance et al., 2006; Spada et al.,
2006). Pozdéji, s postupné ziskanymi klinickymi informacemi, doslo k pfehodnoceni

patogenity varianty (Smid et al., 2015), a piestoze je klinicky vyznam varianty stale
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predmétem diskuzi, je v soucasnosti povazovana za VUS nebo pravdépodobné benigni

variantu (Doheny et al., 2018).

V naSem souboru jsme identifikovali dvé Zeny (pacientky 3.0, 3.1) s variantou R118C
a dv¢ s variantou A143T (pacientka 4.0. a 4.1). Klinické projevy pacientek byly
nespecifické a nezdvazné (viz tabulka 5). U jedné z pacientek (3.1) jsme zaznamenali
casové omezenou epizodu paroxysmadlnich neuropatickych bolesti, podobnou tém,
které se u pacienti s FCh vyskytuji. Hodnoty aktivity a-GAL A, a to jak v plazm¢, tak
v leukocytech, méla pacientka nizsi ve srovnani s priimérnou aktivitou enzymu, kterou
vykazuje nase kontrolni skupina heterozygotnich zen s FCh (idaje pochazeji z nase
dlouhodobého sledovani). Bohuzel jsme neziskali souhlas s podrobnym vysetfenim u
ptibuznych muZzského pohlavi pacientky 3.0. U A143T nebyli v blizké rodin¢ Zadni

vy

zijici muzi. Navic pacientka 4.1. nedokoncila vySetieni z divodu pandemie Covid-19.

Stejné tak klinicky vyznam varianty D313Y se stal predmétem kontroverzi od doby,
kdy byla poprvé popsana (Eng et al., 1993) zejména poté, co byla ve stejné alele u
pacienta s typickou formou FCh zjiSténa duplicitni missense varianta GLA (Guffon et
al., 1998; Yasuda et al., 2003). Vysoka rezidualni aktivita enzymu D313Y a jeji
zavislost na pH (coZ vede k pseudodeficitu aktivity enzymu v plazmé (Oder et al.,
2016)), normalni hodnoty lysoGb3 (Niemann et al., 2013; Hasholt et al., 2017) a
ptipady bez klinickych projevll (Oder et al., 2016; Hasholt et al., 2017) vSak ukazuji

na to, ze D313Y je nejspiSe benigni variantou.

Fenotypizace v nasi kohorté pacientii s D313Y odhalila u dvou jedincii pfiznaky, které
by bylo mozZno pficist ptipadné FCh (tabulka 6). U pacienta 11.0 se vyskytovala cornea
verticillata a pacient 13.1 trpél neuropatickou bolesti. Po podrobném vySetieni byla u
pacienta 13.1. diagnostikovana celiakie. Neuropatickou bolest 1ze tedy vysvétlit
glutenovou neuropatii (Hadjivassiliou et al., 2006). Naopak u pacienta 11.0 jsme jasné
vysvétleni pro o¢ni nalez, cornea verticillata, nenalezli. Ac¢koli nékteré udaje z in vitro
pozorovani naznacuji potencidlni riziko amlodipinu (Muehlbacher et al., 2012), ktery
pacient uzival, klinicky vyskyt cornea verticillata ve spojeni s timto preparatem nebyl

nikdy popséno.

Obecné Ize fici, ze klinicky vyznam nékterych variant, které vétSina odborniki v
soucasné dob¢ povazuje za pravdépodobné benigni, zejména R118C, A143T aD313Y,

je jiz 1éta predmétem diskusi a jejich souvislost s FCh stale vyvolava tfadu otazek.
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Absence detekovatelné akumulace lipidii (negativni biopsie ledvin, srdce) zatfazeni
mezi nepatogenni varianty silné¢ podporuje. Nicméné vyS$i koncentrace
nemetabolizovaného substratu, ktera jesté nevede k tvorbé detekovatelnych inkluzi, jiz
muze ovlivnit rovnovahu biochemickych procest v buiice. Snizena aktivita enzymt,
ktera za fyziologickych podminek postacuje pro metabolické procesy, jiz nemusi byt
dostate¢na v situacich se zvySenymi naroky na metabolicky obrat glykosfingolipidu.
Hypoteticky muze castecnd a/nebo intermitentni blokada katabolické dréhy s
naslednou akumulaci Gb3 zménit tok metaboliti s dopadem na dalsi biochemické
procesy v buiice (napf. redistribuci glykosfingolipidi v jinych subcelularnich
okrscich) (Askari et al., 2007; Grassi et al., 2019) aniz by doslo k tvorbé typickych
inkluzi. Hypoteticky by tedy mohla existovat moznost, Ze ptechodné, zachvatovité
palivé bolesti nohou u pacientky 3.1 s variantou R118C v obdobi silného stresu mohou
souviset s variantou GLA. Kromé toho je tieba si uvédomit, ze aktivitu a-GAL A (jak
v plazmé¢, tak v leukocytech) stanovujeme laboratorné¢ (tedy méfime aktivitu v
podminkach in vitro). Katalyticka aktivita a-GAL A in vivo mize byt odliSna a mize
vykazovat variabilitu mezi jednotlivymi bunikami (Zotter et al., 2017). Navic, recentné
byla jako dulezity faktor, ktery pfispiva k patogenezi FCh identifikovana defektni
proteostaza (oznacena terminem AGALopatie) mutované a-GAL A, kterda vede k
chronickému stresu endoplazmatického retikula a odpovédi bunck exprimujicich a-
GAL A na abnormalni sekundérni strukturu proteinu (unfolded protein response). Tato
zjisténi nejenze mohou poskytnout novy vhled do mechanismi, kterymi nékteré
varianty zplusobuji late-onset fenotyp FCh, ale mohly by ptipadné vysvétlit nékteré

z klinickych projevii nositeltt VUS (Zivna et al., 2022).

Mnoho dalsich geneticko-biochemicko-environmentalnich interakei mutze vést k
tomu, Ze benigni varianta ¢i VUS u konkrétniho jedince se mize za urcitych chovat
jako rizikovy faktor pfispivajici k organovym projevim (napi. CMP). Navic, v
nekterych ptipadech, u nositeltt VUS bylo stiadani dokonce i1 popséno (Koulousios et

al., 2017; Talbot a Nicholls, 2019).

Na druhou stranu, vicevrstvé celuldrni inkluze mohou byt zplsobeny i tzv. 1éky
indukovanou fosfolipidézou (drug-induced phospholipidosis, DIP). Je znamo, Ze
nekteré Iéky vedou k lysozomalnimu stfdadani a ke klinickym projeviim, které
ptfipominaji klinické projevy FCh, jako je napf. cornea verticillata (Chew et al., 1982;
Raizman et al., 2017). Ptikladem takovych 1€kli jsou amiodaron aminoachinolony.
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Potencial DIP byl in vitro prokazéan také u bézn¢ uzivaného karvedilolu a amlodipinu,
avsak jejich souvislost s cornea verticillata, jak jiz uvedeno vySe, neni zndma
(Muehlbacher et al., 2012). U jedinct, ktefi jsou nositeli varianty genu GLA a maji
cornea verticillata je vZdy nezbytnd podrobna farmakologicka anamnéza(van der Tol
et al., 2014). V naSem souboru se cornea verticillata projevila u vsech pacientl s
patologickou variantou, véetn¢ déti. Mezi ostatnimi jedinci se pacient 6.1 (R30K)

prezentoval velmi subtilnim nalezem, ktery vyzaduje dalsi sledovani oftalmologem.

5.2 Druhy tematicky okruh

5.2.1 Cerebrovaskularni fenotyp u pacientti s Fabryho chorobou. Prediktory

cerebrovaskularnich abnormit v kohorté pacientii s Fabryho chorobou

Piestoze CMP jsou znamym klinickym neurologickym projevem FCh,
patofyziologické mechanismy resultujici v CMP u nemocnych s FCh jsou komplexni

a nejsou dosud zcela objasnény.

V nasi studii pfipadi a kontrol, ve které srovnadvame u vybrané strukturdlni a
hemodynamické vaskularni parametry u pacientli s FCh se stejnymi parametry u
skupiny subjektd bez FCh, jsme ukézali, ze nékteré z vaskularnich abnormalit
potencialné pfispivajicich ke vzniku CMP, lze detekovat pomoci bézného
ultrazvukového vySetfeni. Analyzou skupiny nemocnych s FCh jsme pak nésledné
identifikovali faktory, které mohou byt s vaskularnim postizenim pacientli s FCh
asociovany. V této kohorté jsme navic hodnotili prediktory strukturalnich zmén bilé

hmoty na MRI mozku.

Morfologické zmény v extrakranidlnich tepnich zasobujicich mozek -

intimomedialni tloust'’ka v distalni karotidé, Sife vertebralni tepny
Intimomedialni tlou$t’ka

Nase vysledky ukazuji, Ze vékové vazany vzestup Sitky cIMT je pfitomen jak u
pacientl s FCh, tak u kontrolni skupiny. S vékem stoupajici Sife intimo-medie je
zndma (van den Munckhof et al., 2018). Odhadovany ro¢ni vzestup tloustky cIMT
pozorovany v naSem souboru (0,005 mm) je podobny jako u publikovanych studii (van
den Munckhof et al., 2018). Navic jsme vSak pozorovali $irS§i cIMT ve skupiné

pacientl. Rozsifeni intimo-medie velkych a stfednich tepen u pacientl s FCh byl
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opakované popsan (Boutouyrie et al., 2002; Barbey et al., 2006a; Rombach et al.,
2012). V nasi praci jsme dfive publikované vysledky zreprodukovali. Analyzou
kohorty pacientli s FCh jsme jako hlavni prediktory rozsifeni cIMT identifikovali
kromé& veku také celkovou zavaznost nemoci hodnocenou pomoci MSSI. Obecné
vrozsiteni cIMT mohou hrat roli Fabry-specifické mechanismy, primarné
iniciované ukladanim nemetabolizovanych glykosfingolipidli v endotelu cévni stény a

hladkych svalovych buiikach tunica media (Germain, 2010)
Sife vertebralni tepny

Pokud je ndm znamo, nase studie je prvni, kterd hodnotila strukturdlni zmény (ve
smyslu rozsifeni) vertebralnich tepen u pacientii s FCh. Obecné byl u pacientii s FCh
opakované prokdzano rozSifeni jak extrakranidlnich (Vujkovac et al., 2021), tak
intrakranidlnich mozkovych tepen, zejména v zadni cirkulaci (Fellgiebel et al., 2009;
Fellgiebel et al., 2011; Ugeyler et al., 2014; Manara et al., 2017). NasSe vysledky
ukazuji na podobné zmény, ale v extrakranidlnim segmentu vertebralnich tepen.
Rozsiteni vertebralnich tepen jsme pozorovali jak u muZzd, tak u Zen a toto rozsifeni
nebylo signifikantné rozdilné mezi pohlavimi, coz je rozdil oproti autorim Manara et
al. (2017) ¢1 Ugeyler et al. (2014), ktefi referovali rozSifeni arteria bazilaris a/nebo
arteria cerebri posterior pouze u muzi. Na rozdil od nas vSak méfili $ifi tepen pomoci
MRI, zatimco my jsme pouZili sonografické hodnoceni. Pouziti sonografie je v rutinni
klinické praxi dostupnéj$i a lze takto vySetfit 1 pacienty s kontraindikacemi
k provedeni MRI. Nicméné klinické implikace naseho nélezu budou cilem dal$iho
zkoumani. V kohorté pacientli s FCh se jako mozny prediktor jevila intenzita nemoci
MSSI, dale rovnéz v mensi mife mize podile i vliv pohlavi (vy3$8i hodnoty u Zen) a
pfitomnost kardiospecifickych mutaci. Celkové se tedy jednéd opét o silnou vazbu na

samotnou Fabryho nemoc.

Hemodynamické zmény ve stif‘edni mozkové tepné — klidova stiedni priitokova

rychlosti, cerebrovaskularni reaktivita, pulzatilni index
Stiredni pritokova klidova rychlost

V na$i praci jsme neprokazali signifikantni rozdily v primérnych priatokovych
rychlostech v. ACM mezi pacienty s FCh a kontrolami, coz je v souladu s jinymi
publikovanymi studiemi ptipadi a kontrol (Hilz et al., 2004; Ugeyler et al., 2012;

Segura et al., 2013). Pozorované Vmb v ACM v nasi studii byly nepatrné vyssi, nez
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v souborech Hilz et al. (2004) ¢i Ugeyler et al. (2012) a lehce nizsi, nez v praci Segury
et al. (2013). Diskrepance mohou byt ¢astecné vysvétleny heterogenitou zkoumanych
skupin (naptiklad pfitomnost a délka podavani specifické terapie, pramérny vék
skupin, pfitomnost faktorti ovliviiujicich hemodynamické parametry — hodnota
hematokritu, srdecni selhani aj.). Roli mohou hrat také metodologické faktory
(naptiklad ptedchozi vylouceni pfipadné extrakranialni patologie v karotickém tecisti,
pozice vySetfovaného (vsed¢ vs. vleze), pouziti uthlové korekce pii méfeni
pratokovych rychlosti (tj. pouziti TCD ¢i1 TCCS) (Hilz et al., 2004; Ugeyler et al.,
2012; Segura et al., 2013).

Mozny vliv terapie zkoumali Moore et al. (2002a). Autofi prokazali vyssi stiedni
pritokové rychlosti v ACM u pacient s FCh — muzili bez specifické 1é€by v porovnani
se zdravymi jedinci a pokles téchto zvySenych priitokli po nasazeni ERT Na druhé
stran¢ Segura et al. (2013) nepozorovali zadny rozdil v prutokovych rychlostech
v mozkovych tepnach u pacientii s FCh v porovnani se zdravymi kontrolami bez
ohledu na vék, tizi nemoci (kterou hodnotili pomoci rendlnich parametrli) ¢i zmény

v prutokovych charakteristikdch béhem ERT.

V nasi praci jsme pozorovali rozdily v priutokovych rychlostech mezi muzi a Zenami
obecné (jak u pacientli s FCh, tak u zdravych dobrovolnikl), coz je v souladu s
recentné publikovanymi daty, kterd ukazuji, Ze Zeny maji vyssi pritokové rychlosti
neZ muzi, ale strm¢&;jsi pokles kiivky pritokovych rychlosti s vékem.(Alwatban et al.,

2021).

Podobné jako je jiz znamo z literatury (Bertsch et al., 2009; Peisker et al., 2010;
Alwatban et al., 2021), také my jsme v na$i praci prokazali, ze pritokové rychlosti
v ACM se s vékem snizuji. SniZeni rychlosti bylo pfitomno jak u pacientii s FCh, tak
u kontrolni skupiny. Pokud je nam znamo, tato prace je prvni, ktera zkoumala vékove
vazany pokles pritokovych rychlosti v ACM v kohorté pacientt s FCh. Konkrétné
jsme zjistili, Ze pokles Vmb s vékem mezi pacienty s FCh neni jen signifikantni, ale
v porovnani s kontrolni skupinou je pokles rovnéz rychlejsi (témét o 70 %). Vzhledem
k tomu, Ze toto pozorovani je prvni svého druhu je zapotiebi v této oblasti dalSich

vyzkumd.
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Cerebrovaskularni reaktivita

Schopnost mozkovych tepen reagovat na vzestup pCO2 vazodilataci a méteni této
odpovédi pomoci metody zadrzeni dechu (Markus a Harrison, 1992) byva vyuzivan
jako marker funk¢ni integrity tepenné stény. Hyperkapnie je jednim z nejsilnéjSich
vazoaktivnich podnétli vedoucim k arteridlni vazodilataci (Kontos et al., 1977). Kromé
vdechovani vzduchu obohaceného CO2 (Ringelstein et al., 1988; Vorstrup et al., 1992)
se pouziva k dosazeni hyperkapnie pii hodnoceni cerebrovaskularni reaktivity metoda
zadrzeni dechu, pfipadné¢ aplikace acetazolamidu (Markus a Harrison,
1992). Schopnost adekvatni vazoreaktivity je zejména spojena se spravnou funkci

endotelu a hladkych svalovych bun¢k cévni stény.

Pfi analyze primérnych hodnot BHI (primér ze vSech 4 méteni) bez korekei jsme
neprokdzali signifikantni rozdil mezi CVR u pacientli v porovndni s kontrolni
skupinou. Toto zjisténi je v souladu s vysledky jinych praci (Citajici mensi pocty
pacientll ve srovnani s nasim souborem), které rovnéz nezjistily vyznamny rozdil
v CVR tepen ptedni mozkové cirkulace (Moore et al., 2002a; Segura et al., 2013;
Castro et al., 2020). Signifikantni rozdil jsme pozorovali po korekci na vék, pohlavi a
BMI, kdy pacienti s FCh méli v porovnéni s kontrolami nizs§i hodnotu BHI, pfesto

viak stale v mezich normalnich hodnot (Skoloudik, 2003).

Za pozornost stoji, Ze pii opakovani testu BHI jsme u pacientli s FCh pozorovali
nekonstantni odpovédi. Intraindividudlni variabilita byla u pacienti s FCh ve srovnani
s kontrolami vyznamné vyssi. V kohorté pacientl se vyznamnym prediktorem zvySeni
variability BHI jevila opét tiZe nemoci vyjadiena skorem MSSI. Absence
signifikantniho vlivu ostatnich zkoumanych prediktori naznacuje, ze variabilita BHI
muze byt specifickym fenotypovym projevem FCh. Moore et al. (2002b) jiz diive
popsali regionalné prodlouzenou odpoveéd’ (zvySeny priitok krve) na acetazolamid u
pacienti s FCh. Je mozné, ze zvySeni pozorované variability BHI lze vysvétlit
podobnym patofyziologickym mechanismem jako abnormality pozorované Moorem
at al. V literatufe byla popsana fada zmén, které hypoteticky piispivaji k variabilité
BHI, a to na Urovni intimy a tunica media nebo inervace tepen. Na urovni intimy
dominuje endotelidlni dysfunkce, jejiz zmény byly popsany na zvifecich modelech
FCh (Shu et al., 2009; Meng et al., 2018), nebo snizena exprese K(Ca)3.1. kanalu v

souvislosti s akumulaci Gb3 (Park et al., 2011). Kromé Gb3 hraje roli i akumulace
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jeho deacylované formy (globotriaosylsfingozinu — lysoGb3). Bylo prokédzano, ze
lysoGb3 stimuluje proliferaci hladkych svalovych bunék in vitro (Barbey et al., 2006b;
Aerts et al., 2008). Dale mize mit na vaskularni dysfunkci vliv neuropatie tenkych
nervovych vlaken, kterd je pro FCh typickd, a kterda mtize narusovat spravnou funkci
vazomotorické inervace. Ackoli se ukdzalo, Ze aktivita sympatického nervového
systému neni pro cerebrovaskuldrni odpovéd’ na hyperkapnii nutna, k odpovédi
prispiva zvyseni stiedniho tlaku (Przybylowski et al., 2003). Neuropatie tedy miize

hrat roli prostfednictvim zapojeni do procesii regulace krevniho tlaku.
Pulzatilni index

Goslingiv neboli pulzatilni index je definovany jako rozdil nejvyssich systolickych a
nejniz§ich diastolickych rychlosti vztazenych k Casové zprimérované rychlosti
proudéni béhem jednoho srde¢niho cyklu (Gosling a King, 1974). Pti sonografickém
vySetfeni se bézné pouziva automaticky vypocet PI z automatické detekce obalové
ktivky kontinudlniho pritokového spektra. (Tegeler et al., 2013) (KesSnerova et al.,
2022). V tepnach zasobujicich mozek nabyva hodnot do 1,0. ZvySeni PI bylo popsano
u riznych vaskularnich rizikovych faktord, jako je arteridlni hypertenze, DM, vk,
muzské pohlavi (KeSnerova et al., 2022). Je znamo, Ze zvyseni PI s vékem je rtizné u

muzill a zen, u Zen je rychlost naristu PI vyraznéjsi. (Alwatban et al., 2021).

Nase vysledky ukazuji, ze pacienti s FCh maji vy$si PI neZ kontrolni skupina. Vyssi
PI jsme pozorovali u muzi, déle jsme pozorovali souvislost se zvySujicim se v€kem.
Vliv véku a pohlavi jsme rovnéz pozorovali v kohorté pacientli s FCh. Oba tyto nélezy
jsou v souladu s pozorovanimi z vétSiho ¢eského souboru (KeSnerova et al., 2022).
Kromé vlivu v€ku byly vyssi hodnoty pulzatility asociovany s nizsi tepovou frekvenci
jak u pacienti s FCh, tak u kontrol (dodate¢na analyza). Tato souvislost neni

prekvapiva, vztah TF a PI byl popsan (de Riva et al., 2012).

Nalez vyssiho PI u pacientii by mohl odréazet vaskuldrni postizeni nemocnych s FCh.
Zvyseni PI byva Casto interpretovano jako odraz rezistence distalniho arteridlniho
feCisté a pouziva se jako marker mikroangiopatickych zmén v distalné od méfené
tepny (Kidwell et al., 2001; Mok et al., 2012; Nam et al., 2020). Pfedpoklada se vsak,
ze také ztrata elasticity velkych cév ovliviiuje mikrocirkulaci v koncovych orgéanech.
Disledkem vyssi tuhosti elastickych tepen je neschopnost takto zménénych cév

fungovat jako krevni rezervoar. Elastické tepny pak nedokazou chranit mikrocirkulaci
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pfed naslednym pienosem Skodlivych pulzaci. Tento mechanismus muize byt
vyznamny zejména u organt, které maji vysoky prutok a nizkou vaskularni rezistenci,
jako jsou napiiklad mozek nebo ledviny (Climie et al., 2019). V neposledni fad¢ také
ke zvysSeni PI u pacientti s FCh mohou piispivat i zmény perivaskularni poddajnosti.
K rozliSeni, zda je zvySeny PI u pacienti s FCh zptisoben mikroangiopatii nebo
poskozenim velkych elastickych tepen, popfipadé postizenim perivaskularni

poddajnosti ¢i kombinaci v§ech uvedenych faktort, je zapotiebi dalSich studii.
Abnormality bilé hmoty mozku

MRI mozku je zdkladnim nastrojem pro hodnoceni strukturalnich zmén vcetné vaskularniho
poskozeni mozku v disledku onemocnéni malych tepen. V nasi praci jsme hodnotili tizi
postizeni bilé hmoty u pacientd s FCh stanovenim objemu 1ézi (hypointenzity na T1
vazenych  MPRAGE sekvencich) s vyuZitim automatického softwaru. V nékolika
predchozich pracich autofi objemové kvantifikovali vyskyt 1€zi bilé hmoty u pacientii s FCh,
vzdy za pouziti FLAIR sekvenci (hyperintenzity v oblasti bilé hmoty) (Fellgiebel et al.,
2009; Fellgiebel et al., 2012; Duning et al., 2013; Rost et al., 2016b). Z publikovanych dat
vyplyva, Ze celkova velikost 1ézi bilé hmoty se primérné pohybovala, podobné jako
v kohorté naSich pacientd, od 1,1 ml do 4,9 ml. V nejpocetnéjsi skupin€ pacient s FCh
¢itajici 223 zkoumanych subjektt (Rost et al., 2016a) byl zméteny objem WMAS ve srovnani
s nasi veétsi (muzi 4,7 ml a Zeny 4,9 ml v priméru). Na rozdil od uvedené studie jsme k
zobrazeni mozku u naSich pacientll s FCh pouzili citlivéjsi 3T skener, na druhé strané¢ byla
volumetrickd analyza provadéna na sekvencich MPRAGE. Vzhledem ke zietelnéjSimu
zobrazeni 1ézi na sekvencich FLAIR nebo T2W az doneddvna uptfednostiiovala vétSina
vyzkumnikii k hodnoceni vyskytu 1ézi méfeni s vyuZitim téchto sekvencich. S pokrokem a
vylepSenimi zobrazovacich technik, v¢etné pouziti MPRAGE, se vSak zvysila i citlivost na
zobrazovani v TIW. Kromé toho bylo prokazéano, Ze automaticka kvantifikace objemu 1ézi
na sekvencich TIW a FLAIR silné koreluje (Wei et al., 2019). Ackoli objemy zmén
ziskanych z obrazii T1W tizi dystrofickych zmén pravdépodobné podhodnocuji, mohou tyto
hypointenzni 1éze mohou odrazet zavaznéji postizené tkan¢ nez hyperintenzity ve FLAIR
sekvencich, a mohou tedy byt i klinicky relevantnéjsi (Dadar et al., 2018). Bylo prokazano,
ze vaskularni rizikové faktory koreluji jak s objemy WMAs ziskanymi z TI1W, tak s objemy
WMAs ziskanymi z T2W a FLAIR obrazti (Dadar et al., 2018). Podobné u jinych
onemocnéni vedoucich k dystrofickym zméndm v oblasti bilé hmoty mozku, neni
patofyziologie WMAs u nemocnych s FCh plné¢ objasnéna. Krom¢ mikrovaskularniho
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postizeni mohou hrat roli i dalsi faktory. Jako prediktory vyraznéjSiho postizeni bilé hmoty
mozku jsme v naSem souboru pomoci mnohorozmérné analyzy v prvé fad¢ zévaznost
onemocnéni (vyssi skore u MSSI). Dvé studie se zabyvaly vztahem MSSI k WMAs. Prvni
prace, kterd pouzivala manudlni volumetricka méfeni WMAs, ukéazala asociaci MSSI s
WMAs. (Schermuly et al., 2011). Autofi druhé préce, jez vSak postizeni bilé hmoty hodnotili
kvalitativné€, dosli k zavéru, ze MSSI neni vyznamné odlisné pti porovnani pacienti s FCh s
WMAs a bez nich. (Reisin et al., 2011). Podobn¢ jako ostatni autofi (Korver et al., 2018)
jsme neidentifikovali pohlavi jako vyznamny faktor ovliviujici tizi WMAs, 1 kdyZ jsme
pozorovali trend vyraznéjsiho postizeni u muzi. V demografickém modelu jsme potvrdili
vliv véku na objem WMAs. Vaskularni rizikové faktory, véetné hypertenze, jsou zndmymi
determinantami WMAs v béZzné populaci (Zhuang et al., 2018 249). Na druhou stranu, stejné
jako v na$i praci, hypertenze nebyla shleddna determinantou pro vyskyt WMAs v dosud
nejvetsi studované kohorté nemocnych s FCh (Rost et al., 2016a). Je vSak nutné si uvédomit,
ze pacienti z nasi kohorty jsou pravideln¢ sledovani a jejich vaskularni rizika jsou peclivé
intervenovana. Adekvatni management vaskularnich rizikovych faktor v bézné populaci je
spojen se snizenim rizika vyskytu cerebrovaskularnich komplikaci. Lze se domnivat, Ze také
pacienti s FCh budou z tohoto postupu profitovat. Nicméné cilové parametry jednotlivych
intervenovanych rizik (glykémie, cholesterolémie, hodnoty krevniho tlaku apod.) nejsou ve
specifické populaci pacientli s FCh dosud definovany. Je otdzkou, zdali by agresivnéjsi
terapie vaskularnich rizik u pacientii s FCh nevedla ke sniZeni rizika cerebrovaskularnich

komplikaci obecné. K odpovédi na tuto otazku je zapotiebi dal§iho zkoumani.

5.3 Silné stranky a omezeni

Mezi silné stranky naSi prace patii relativné velké vzorky pacientl. V prevalencni
studii bylo zahrnuto 986 nemocnych s mrtvici, coz €ini jeden z nejvétSich dosud
publikovanych soubort zabyvajicich se prevalenci FCh v populaci pacientt s iktem.
Také skupina pacientii s FCh, vzacnou genetickou poruchou, kterd byla zkouména v
ramci neurosonologické studie je velka. Déle, pouziti TCCS v analytické casti
umoznilo korekci thlu insonace, coz poskytuje ptresn€jsi méfeni rychlosti krevniho

toku.
Predkladana prace ma rovnéz nékolik omezeni, ktera mohla ovlivnit vysledky.

V prevalen¢ni ¢asti je nutné zminit:
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Za prvé, ackoli jsme se snazili zatadit do studie postupné vSechny po sobé¢ jdouci
pacienty, mohli jsme do ni zafadit jen ty, kteti byli schopni poskytnout souhlas s i¢asti
v projektu. Nelze tak vyloucit zkresleni prace v disledku vyssiho zastoupeni méné
zavaznych ptipadd.

Za druhé, v ramci testovani jsme jako nejspolehlivéjsi metodu pro screening u vSech
zatazenych Zen pouzili sekvenaci genu GLA. U muzi jsme vSak nejprve zméfili
aktivitu a-GAL A a biomarker lysoGb3. Do dalSiho genetického testovani byli
zafazeni pouze pacienti s abnormalnimi hodnotami. Ackoli tento postup byl pouzit
v predchozich studiich (Wozniak et al., 2010; Romani et al., 2015; Kinoshita et al.,
2018), muze vést k podhodnoceni celkové frekvence identifikovanych variant GLA, a
to zejména u muzi. V piipadé benignich variant u muzi je pravdépodobné, Ze by jejich
nositelé méli normalni enzymovou aktivitu. V budoucich studiich by mélo byt pouzito

sekvenovani GLA u vSech subjektu.
V neurosonologické ¢asti je nutné zminit:

Za prvé, vySetfujici nebyli zaslepeni, protoZze pacienti byli rekrutovani v rédmci
sledovani Centra pro FCh, ackoli nd§ vysoce standardizovany interni protokol
pouzivany pro vysSetiovani organovych projevii FCh minimalizuje zkresleni vlivem
vySetiujiciho.

Za druhé, heterogenita v celkové délce 1écby pacientl specifickou terapii, zahrnuti

lécenych 1 neléenych nemocnych, miZze mit vliv na vaskuldrni fenotyp pacienti.

Za tteti, pfi méfeni cIMT nebyla konecna diastolicka faze stanovovana pomoci EKG.
Diastolu jsme identifikovali pomoci minimalniho priiméru tepny v pribéhu srde¢niho
cyklu a/nebo s vyuzitim barevného dopplerovského zobrazeni. Meétfeni cIMT
poloautomaticky, dvakrat na kazdé strané, a pouziti priméru ze vSech ¢tyi méfeni pro

dal$i analyzu minimalizuje pfipadnou chybu méfeni.

Za ctvrté, hodnoceni variability BHI miZe byt ovlivnéno nestejné dlouhymi
pfestavkami mezi jednotlivymi méfenimi. Absence vyznamnych rozdili ve Vmb v
ramci jednotlivych méfeni u jednotlivych subjekti v§ak naznacuje, Ze by to nemélo

mit na vysledky vliv.
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Za paté, zjisténé nevyvazené rozlozeni proménnych aktivni koufeni, vyskyt DM,
hypertenze a dyslipidémie branilo pouziti téchto proménnych jako kovariat ve

statistickych analyzach.

Za Sesté, béhem testu zadrZeni dechu jsme nemétili krevni tlak kontinualné. Zmény
krevniho tlaku béhem zadrzeni dechu a jejich podil na variabilité¢ reakce na zadrzeni

dechu u FCh je tfeba dale prostudovat.
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6. Zavéry, zhodnoceni cilii a hypotéz

6.1 Prace &. 1. Stanoveni prevalence Fabryho choroby u pacientii s iktem v Ceské

republice

Hypotéza €. 1: Mezi pacienty s akutni CMP se nachézeji dosud nediagnostikovani

nemocni s Fabryho chorobou
Tato hypotéza byla potvrzena.

Studie prokazala, ze prevalence FCh u neselektovanych dospélych pacientt s akutni
cévni mozkovou pifhodou v CR je relativné vysokia. Oba pacienti, ktefi méli s
onemocnénim spojenou variantu genu GLA, vSak byli v dobé cévni mozkové ptihody
mladsi 50 let. Screeningova studie v populaci pacienti s CMP muze byt néstrojem
k identifikaci nemocnych s touto vzacnou nemoci. Nase vysledky vSak nepodporuji
screening FCh u starSich pacienti s cévni mozkovou piihodou v bézné klinické praxi.
Vzhledem k tomu, ze Fabryho choroba je 1é¢itelné onemocnéni a diagnéza ma
disledky pro dalsi ¢leny rodiny, neurologové by méli FCh zvaZovat jako pticinu cévni

mozkové piihody u pacientii z mladsich vékovych skupin.

6.2 Prace €. 2: Podrobné fenotypové charakteristiky GLA variant identifikova-
nych vramci celostatniho screeningu pacienti s cévni mozkovou piihodou

v Ceské republice

Hypotéza ¢. 2 Genetickd analyza variant GLA genu u pacientl s cévnim postizenim
s nasledky CMP povede k identifikaci pacientli se zndAmymi patogennimi variantami

spojenymi s Fabryho chorobou, ale i k popisu novych variant.

Tato hypotéza byla potvrzena.

NasSe druha prace potvrdila nalez patogennich variant ze screeningu Fabryho choroby
u pacienti s CMP. Korelace genotyp-fenotyp vedla k navrhu pieklasifikovat patogenni
variantu G325S z varianty zptisobujici pozdni fenotyp FCh na variantu vedouci ke
klasickému typu. Nové identifikovanou variantu genu GLA R30K nebylo mozné
z hlediska patogenity zaradit. Dale naSe prace naznacuje, ze kombinace lakundrni
CMP u mladého ¢loveka s nalezem zvySeného poctu elementt (aseptické meningitidy)

je vysoce sugestivni pro diagnézu FCh.
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6.3 Prace ¢. 3: Cerebrovaskularni fenotyp u pacienti s Fabryho chorobou

hodnoceny pomoci ultrazvuku

Hypotéza ¢. 3: Mezi pacienty s FCh a zdravymi kontrolami existuji rozdily v ve
strukturdlnich a hemodynamickych neurosonologickych parametrech v oblasti

extrakranidlnich a intrakranidlnich tepen.
Tato hypotéza byla potvrzena.

V praci jsme prokdzali viceCetné rozdily v neurosonologickych parametrech mezi
pacienty s FCh a skupinou subjektii bez FCh. Pozorované zmény naznacuji komplexni

postizeni cév v zavislosti na véku u souboru nemocnych s FCh.

Potvrdili jsme Cast&jsi vyskyt strukturalnich zmén cévni stény velkych tepen (cIMT,

dVA) u pacientii s FCh.

Zjistili jsme niz§i cerebrovaskularni reaktivitu ACM u pacientli s FCh. Jako mozny
novy fenotyp specificky pro FCh jsme detekovali podstatné vyssi variabilitu reaktivity
mozkovych cév v odpovédi na test zadrzeni dechu. Prokéazali jsme zvySeny PI u
pacientli s FCh, ktery by mohl byt odrazem zvysSené cévni rezistence a tuhosti cévniho
feciste.

Dosli jsme k zévéru, ze cerebrovaskuldrni postizeni u FCh je komplexni, ale miize byt
zhodnoceno pomoci, v klinické praxi bézné dostupného, neurosonologického

vysetieni.

6.4 Prace ¢. 4: Prediktory cerebrovaskuliarniho postiZeni hodnoceného pomoci

ultrazvuku a magnetické rezonance u pacientii s Fabryho chorobou
Hypotéza 4:

U pacienti s FCh Ize mezi vybranymi klinickymi parametry nalézt prediktory

vaskularniho postiZeni.
Tato hypotéza byla potvrzena.

V préci hodnotici vliv vybranych klinickych parametrti na cerebrovaskularni postizeni
u pacientd s FCh jsme zjistili, ze hlavnimi prediktory tohoto postiZeni jsou tize
Fabryho choroby a vék. Roli vSak hraje rovnéZ ptitomnost klasickych vaskularnich

rizikovych faktort. U nékterych hemodynamickych parametrti jsme identifikovali jako
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dalsi vyznamné faktory vaskularnich abnormit rovnéz vliv typu varianty GLA genu a
tepové frekvence. Prestoze Fabryho choroba je klinicky heterogenni onemocnéni a
jednotlivé orgdnové systémy mohou byt postizeny nerovnomeérné, nase prace ukazala,
ze mira komplexniho cerebrovaskularniho postizeni vyznamné souvisi s celkovou tizi

nemoci hodnocenou pomoci MSSI.
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7. Souhrny

7.1 Souhrn a klinicky vyznam

Tato disertacni prace pfedklada v ramci dvou tematickych okruhti vysledky Ctyf studii,
které se zabyvaly cerebrovaskularni problematikou u pacientti s Fabryho chorobou.
Prvni dvé prace ukazuji vyznam vyhledavani pacientt v rizikové skupiné nemocnych
s CMP a dulezitost detailni fenotypizace nalezenych genovych variant. Druhé dvé
prace, jejichz cilem bylo identifikovat abnormalni vaskularni charakteristiky a jejich
prediktory u nemocnych s FCh, zkoumaji pomoci zobrazovacich metod strukturalni a

hemodynamické aspekty cerebrovaskularnich projevi.

V prvnim tematickém okruhu jsme se zaméfili na prevalenci FCh u pacientii s akutni
CMP a néslednou podrobnou analyzu vSech osmi nalezenych variant GLA genu.
Celkem jsme nov¢ diagnostikovali pét pacientl s Fabryho chorobou. Ukazali jsme, zZe
prevalence variant genu GLA je v Ceské populaci pacientii s akutni CMP relativné
vysokd. Screeningové studie v ,,rizikovych populacich® v§ak mohou generovat nalezy
genovych variant, které bez podrobné analyzy fenotypu mohou vést k nespravné
klasifikaci nalezené varianty. Diferencidlni diagnostika mezi pozdéji nastupujicimi
projevy FCh, vfetn¢ cerebrovaskularnich, a podobnymi chronickymi nemocemi
vyskytujicimi se v bézné populaci, mize byt problematickd. Nespravné zatazeni
varianty ma psychologicky dopad na pacienty a jejich rodiny, vede k podavani
zbytecné terapie €1 naopak diskvalifikuje pacienty z ptistupu k ucinné 1€€be, ovliviiuje
¢erpani zdrojii na zdravotni péci, ma vliv na vyzkum. Proto jsme se zaméfili na
podrobnou analyzu nalezenych variant a na zakladé¢ vysledkii jsme navrhli
preklasifikovani varianty G325S zvarianty late-onset na variantu s klasickym
fenotypem. Nové¢ identifikovanou variantu R30K nebylo zatim mozné z hlediska
patogenity presné vyhodnotit a zatfadit. Zasadni je vSak dal$i prospektivni sledovani
vSech nositeld VUS, a to vetné asymptomatickych nosicii variant. Ziskané klinické
udaje mohou v budoucnu pomoci objasnit fenotypové korelace alel (odliSit symptomy
FCh od nespecifickych komorbidit u nositelit benignich variant) a stanovit patogenitu
VUS. Pacienti, u nichZ jsme diagnostikovali pfitomnost patologické varianty genu
GLA, byli v dobé vzniku CMP mladsi 50 let. Vysledky nasi prace se odrazily v navrhu
postupu stran diagnostiky FCh jako pti¢iny CMP (viz ptiloha €. 4), ktery schvalil
vybor Cerebrovaskularni sekce CNS JEP.

93



V ramci druhého tematického okruhu jsme se zaméfili na neurosonologické a
magneticko-rezonan¢ni aspekty cerebrovaskularniho postizeni. Vysledky nasi
prafezové studie ptipadl a kontrol naznacuji pfitomnost komplexniho strukturdlniho 1
hemodynamického cévniho postizeni u nemocnych s FCh. Potvrdili jsme vétsi
tloustku intimo-medie v distalni spole¢né krkavic, §ir§i pramér vertebralni tepny, vyssi
index pulzatility a vyraznéjsi variabilitu vazoreaktivity pfi testu zadrzeni dechu ve
sttedni mozkové tepn€. Do jaké miry se jednotlivé vaskularni abnormity podileji na
komplexni patofyziologii vzniku CMP, a jaka je piipadné jejich vzajemna interakce
bude predmétem naSeho dal§iho vyzkumu. V kohortové studii pacientl s FCh jsme se
zamé¢fili na prediktory neurosonologickych abnormit a 1¢zi bilé hmoty na MRI mozku.
Jako hlavni prediktory vaskularnich zmén jsme identifikovali vék a celkovou tizi
nemoci hodnocenou pomoci MSSI. Urcity vliv, miize mit rovnéZz ptitomnost
klasickych vaskularnich rizikovych faktort. Adekvatni management vaskularnich
rizikovych faktori v bézné populaci je spojen se snizenim rizika vyskytu
cerebrovaskuldrnich komplikaci. Lze se domnivat, Ze také pacienti s FCh budou
rovnéZ ztohoto postupu profitovat. Nicmén€ cilové parametry jednotlivych
intervenovanych rizik (glykémie, cholesterolémie, hodnoty krevniho tlaku apod.)
nejsou ve specifické populaci pacientd s FCh dosud definovany. Je otazkou, zdali by
agresivnéjsi terapie vaskularnich rizik u pacientii s FCh nevedla ke sniZeni vyskytu
cerebrovaskularnich abnormit, potazmo komplikaci obecné. K odpovédi na tuto

otazku je zapotiebi dalSiho zkoumani.
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7.2 Summary and clinical implications

This thesis presents the results of four studies within two thematic areas, which dealt
with cerebrovascular issues in patients with Fabry disease (FD). The first two papers
show the importance of searching for FD patients in high-risk stroke group and the
importance of detailed phenotyping of the patients with specific gene variants. The
second two papers, aimed at identifying abnormal vascular characteristics and their
predictors in patients with FD, investigate structural and hemodynamical aspects of

cerebrovascular manifestations using imaging methods.

In the first thematic area, we focused on the prevalence of FD in patients with acute
stroke, followed by a detailed analysis of all eight identified GLA gene variants. In
total, we newly diagnosed five patients with Fabry disease. We showed that the
prevalence of GLA gene variants is relatively high in the Czech population of patients
with acute stroke. However, screening studies in "at-risk" populations may generate
findings of gene variants that, without detailed phenotype analysis, may lead to
misclassification of the variant found. Differential diagnosis between later-onset FD
symptoms, including cerebrovascular, and similar chronic diseases occurring in the
general population can be problematic. A misclassification of the variant has a
psychological impact on patients and their families, leads to the administration of
unnecessary therapy, or, conversely, disqualifies patients from accessing effective
treatment. It also affects the use of resources for health care and has implications for
research. Therefore, we focused on a detailed analysis of the variants found, and based
on the results, we proposed reclassifying the G325S variant from a late-onset variant
to a variant with a classic phenotype. The newly identified variant R30K still needs to
be accurately evaluated and classified regarding pathogenicity. However, further
prospective monitoring of all VUS carriers, including asymptomatic variant carriers,
is essential. The clinical data obtained may help in the future to clarify phenotypic
allele correlations (to distinguish FD symptoms from non-specific comorbidities in
benign variant carriers) and to determine the pathogenicity of VUS. Patients in whom
we diagnosed the presence of a pathological variant of the GLA gene were younger
than 50 years at the time of stroke onset. The results of our work were reflected in a
draft procedure for the FD diagnosis as a cause of stroke (see Appendix 4), which was
approved by the Cerebrovascular Section Committee of the Czech Neurological
Society JEP.
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The second thematic area focused on neurosonological and magnetic resonance
aspects of cerebrovascular disability. The results of our cross-sectional case-control
study suggest the presence of complex structural and hemodynamic vascular
impairment in patients with FD. We confirmed a greater intima-media thickness in the
distal common carotid artery, a wider vertebral artery diameter, a higher pulsatility
index, and a more pronounced variability of vasoreactivity in the middle cerebral
artery during the breath-hold test. The extent to which the individual vascular
abnormalities contribute to the complex pathophysiology of stroke and how they may
interact will be the subject of our further research. In a cohort study of FD patients, we
focused on predictors of neurosonological abnormalities and white matter lesions on
brain MRI. We identified age and overall disease severity as assessed by MSSI, as the
main predictors of vascular changes. Classical vascular risk factors also have a
particular influence. Adequate management of vascular risk factors in the general
population is associated with a reduced risk of cerebrovascular complications. It can
be assumed that patients with FD will also benefit from this approach. However, the
target parameters of the individual risk interventions (such as glycaemia,
cholesterolaemia, and blood pressure values) are not yet defined in the specific
population of FD patients. It is questionable whether more aggressive treatment of
vascular risks in FD patients would reduce the incidence of cerebrovascular
abnormalities and, consequently, stroke in general. Further research is needed to

answer this question.
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Abstract

Background and aims

Fabry disease (FD) is a rare X-linked lysosomal storage disorder caused by disease-associ-
ated variants in the alpha-galactosidase A gene (GLA). FD is a known cause of stroke in
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younger patients. There are limited data on prevalence of FD and stroke risk in unselected
stroke patients.

Methods

A prospective nationwide study including 35 (78%) of all 45 stroke centers and all consecu-
tive stroke patients admitted during three months. Clinical data were collected in the RES-Q
database. FD wasdiagnosed using dried blood spots in a stepwise manner: inmales—

enzymatic activity, globotriaosylsphingosine (lyso-Gb3) quartification, if positive followed by
GLA gere sequencing; and infemales GLA sequencing followed by lyso-Gh3.

Results

986 consecutive patients (54% men, mean age 70 years) ware included. Observed stroke
type was ischemic 79%, transient ischemic attack (TIA) 14%, intracerebral hemaorrhage
(ICH) 726, subarachnoid hemorrhage 1% and cerebral venous thrombosis 0.1%. Two
(0.2%, 95% C1 0.02-0.7) patients had a pathogenic variant associated with the classical FD
phenotype (£.1235_1236delCT and p.G325S). Another fourteen (1.4%, 95% C10.08-2.4)
patients had a variant of GLA gene considered benign (9 with p.D313Y, ane p.A143T, ane
p.R118C, one p.WV199A, one p.R30K and one p.R38G). The index stroke in two carriers of
disease-associated variant was ischemic lacunar. In 14 carriers of GLA gene variants 11
strokes were ischemic, two TIA, and one ICH. Patierts with positive as compared to nega-
tive GLA gene screening were younger (mean 80+SD, min, max, vs 70+5D, min, max, P =
0.02), otherwise there were no differences in other baseline variables.

Conclusions

The prevalence of FD in unselected adult patients with acute stroke is 0.2%. Both patients
who had a pathogenic GLA gene variant were younger than 50 years. Qur results support
FD screening in patients that had a stroke event before 50 years of age.

Introduction

Fabry disease (FD) is a progressive, X-linked inherited disorder of glycosphingelipid metabo-
lism due to deficient or absent o-galactosidase-A (o-Gal-A) activity caused by over 1000
known disease-associated variants in the GLA gene [1]. The «-Gal-A deficiency results in the
accumulation of globotriaosylceramide (Gb3) and other glycesphingelipids in various cell
types, including capillary endothelial cells, renal, cardiac, and nerve cells [2].

FD is a disease with a broad spectrum of heterogeneously progressive clinical phenotypes
due to the different residual levels of w-Gal-A activity. The most severe part of the spectrum is
the classical phenotype in hemizygous males with enset in childhood or adolescence and
symptoms including acroparesthesias, angickeratomas, hypohidrosis, gastrointestinal symp-
toms, comeal dystrophy (cornea verticillata), cardiac, renal and cerebrovascular manifesta-
tions. On the other end of the spectrum are milder late-onset phenotypes observed in males
with some degree of residual o-Gal-A activity and most symptomatic heterozygous females,
with dominance of one organ system impairment, e.g., renal, cardiac, or nervous system
including cerebrovascular disease [2].
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The most devastating neurclogic consequence of FD is stroke, which occurs at an increased
prevalence and a younger age in the FD patients compared with the general population [3].
The prevalence of stroke in FD patients observed in the Fabry Outcome Survey was 11.1% in
males and 15.7% in females [4]. Interestingly 50% of males and 38.3% of females experienced
their first stroke before being diagnosed with Fabry disease [5]. The most frequent type of
stroke in FD patients is ischemic (86.8%), but 16.9% of males and 6.9% of females had hemor-
rhagic strokes [5). The small-vessel disease is the most commonly seen eticlogical subtype of
ischemic stroke in young patients with FD, manifesting as either lacunar stroke or as asymp-
tomatic cerebral white matter hyperintensity on magnetic resonance imaging. Nearly half of
FD patients had small vessel disease on magnetic resonance imaging in one study [6]. The sec-
ond most common ischemic stroke subtype in FD patients is cardioembalic stroke due to the
higher incidence of left ventricular hypertrophy with diastolic function impairment, atrial
fibrillation, prothrombaotic state, and hypertension secondary to chronic renal failure [2,7,8].
Notably, late-onset patients are often misdiagnosed and unrecognized throughout life due to
the atypical adult-onset and frequently silent family history. Therefore, many FD screening
studies in the last twenty years concentrated on high-risk groups of patients-cardiac patients
with cardiomyopathy, renal impairment patients on hemodialysis, and mostly younger crypto-
genic ischemic stroke patients [4]. However, the data on the prevalence of GLA variantsin
stroke patients are sometimes conflicting since the pathogenicity of some of them had not
been definitely established or are currently reclassified as benign [9,10]. A recent metanalysis
of screening studies in stroke patients (5978 patients in total) found that 0.13% males and
0.14% females had a pathogenic GLA variant, and 0.54% males, and 0.96% females had a likely
benign GLA variant [2]. Furthermore, the majority of screening studies have been done in
younger patients with cryptogenic ischemic stroke and might not represent the true burden of
FD pathology in unselected cerebrovascular disease populations.

Aim and rationale

Considering the limited information available on the prevalence of FD in cerebrovascular dis-
ease outside the most studied group of young patients with cryptogenic ischemic stroke, we
conducted the present study to investigate the prevalence of FD in unselected stroke patients
imespective of the stroke subtype, eticlogy, sex or age.

Methods

Study design and patient selection

We performed a prospective nationwide multicenter study, including consecutive stroke
patients admitted during respective predefined three months in stroke centers in the Czech
Republic. All consenting patients presenting with an acute cerebrovascular disease admit-
ted during March 2018, October 2018, and March 2019 were included in the study irre-
spective of the exact stroke subtype. We included patients presenting during the study
duration with a transient ischemic attack, ischemic stroke, intracerebral hemorrhage, sub-
arachnoid hemorrhage, and cerebral venous thrombosis, regardless of stroke etiology or
patient age. There were no other exclusion or inclusion criteria. All patients gave written
informed consent with the study, including the genetic analyses. The study has a substudy
with wider inclusion criteria that is still recruiting patients with cryptogenic ischemic
stroke irrespective of age and date of the index stroke. The results of the of the substudy are
not reported in this article.
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Data collection

Clinical data were collected in the Registry of Stroke Care Quality (RES-Q), an internet-based
registry database used for continuous monitoring of the quality of stroke care by all certified
stroke centers in the Czech Republic and the countries participating in European Stroke Orga-
nisation Enhancing and Accelerating Stroke Treatment (ESO—EAST) program [11]. Although
RES-Q is primarily designed for monitoring the quality and especially the logistics of acute
stroke care, we added a specific database entry on the inclusion in the smdy during the study
periods. We collected demographic characteristics (age, gender), type of cerebrovascular event,
stroke risk factors (hypertension, atrial fibrillation, carotid stenosis, previous stroke), initial
stroke severity (NIHSS stroke scale), and clinical outcome at discharge (mRS scale). The full list
of dlinical parameters included in the RES-Q database was published in detail previously [11].
There was no predefined set of required clinical investigations. All patients were examined
according to their treating physician adhering to the national standard of care [ 12].

Diagnosis of Fabry disease

FD was diagnosed using dried bloed spots in a stepwise manner combining genetic and enzyme
testing. After obtaining the informed consent, peripheral blood was drawn and transferred to
commercially available filtration paper (CentoCard, CentoGene AG). Samples were allowed to
dry atroom temperature, stored ata plastic sleeve in room temperature for no more than one
week until sent for analysis. All samples of patients were analyzed in the designated study labo-
ratory CentoGene AG (Rostock, Germany). The algerithm for FD screening was dependent on
gender. In males, the enzymatic activity of alpha-galactosidase-A (0-Gal- A) and the concentra-
tion of the biomarker globotriacsylsphingosine (lyso-Gb3) were determined using fluorimetry
and liquid chromatography-mass spectrometry, respectively [13]. If the activity of o-Gal-A was
decreased < 15.3 pmol/L/h and/or the concentration of lysoGb3 was increased >1.8 ng/ml,
then the GLA gene was sequenced. The GLA gene was analyzed by an amplicon-based next-gen-
eration sequencingapproach. The amplicons covered the entire coding region and the highly
conserved exon-intron splice junctions (used reference sequence of the GLA gene was
NM_000169.2). The libraries were sequenced on an [llumina platform (MiSeg). An in-house
bicinformatics pipeline including read alignment to GRCh37/hgl9 genome assembly, variant
calling and annotation is used. We have a minimum coverage of >20x for every amplicon.
Missing regions or regions of poor quality are completed with classical Sanger sequencing to
achieve 100% coverage. Given the expected high rate of false-negative results of enzymatic
assays in females, GLA gene sequencing was the first method used. [fa variant genotype was
found, then the measurement of lyso-Gb3 was done. The result of FD screening was sent to the
referring physician. Patients with positive screening results were referred from a stroke center
to specialized Fabry Disease center in General Faculty Hospital, Prague, for further clinical and
laboratory investigations and management, including family screening,

Statistical analysis

Demographic and clinical data were summarized with descriptive statistics. Demographic
parameters in patients with and without FD diagnesis were compared using Mann-Whitney
U test for continuous variables and x2 test or Fisher's exact test for non-continuous variables
and p value was corrected for multiple comparisons. For comparison of genotype frequencies,
we used Fisher's exactincluded in EPITAB function of STATA. P values </0.05 were consid-
ered statistically significant. Statistical analysis was performed using IBM SPSS Statistics 25
(IBM, USA) and STATAIC 16.1 (StataCorp, USA).
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Funding and study organization

The protocol was designed by the Executive Committee of the Cerebrovascular Section of the
Czech Neurological Society and approved by the Executive Committee of the Czech Neurolog-
ical Society. The Motol University Hospital ethics board approved the study protocol; subse-
quently, the protocol was approved by institutional boards in all participating sites. The
Executive Committee of the Cerebrovascular section served as the Steering committee of the
study. The required laboratory tests for FD were financed througha grant from Takeda (for-
merly Shire) to the Czech Neurological Society. The data collection and all other patient exam-
inations excluding the specific FD tests were not reimbursed specifically outside the general
health insurance. The sponsor of the smdy had no role in study design, data collection, analy-
sis, or interpretation of the results.

Results

We enrolled 986 consecutive acute cerebrovascular disease patients in 35 stroke centers. The
detailed demographic and clinical parameters are given in Table 1. The mean age at stroke
onset was 70.0 years (SD 12.8; range 24-97 years). Ischemic stroke was diagnosed in 79.6%,
transient ischemic attack in 13.4%, intracerebral hemorrhage in 6.4%, subarachnoid hemor-
rhage in 0.5%, and cerebral venous thrombuosis in 0.1% of our cohort. Sixteen (1.6%) patients

Table 1. Demographic and clinical parameters of dacuiecereb lar disease patients,
Entire Paositive screening result—disease-assoclated | Negative screening result—disease-assoclated  P-value between
cohort varfant /Variant in GLA gene present variant /varkant in GLA gene not present groups®
Subjects, No. (%) 986 16(16) | 970 (98.4) |
Men, Mo (%) 536(54.4)  6(375) 530 (546) 0172
Age.mean (SD). range, years 70.0(128), 60.1(168),34-83 702 (12.7. 2497 0.021
2497
Ischemic stroke, No. (%) 7E(7T9.3) 1 13(813) 769 (79.3) | 0845
Trnsient schemic attack, Mo, 134(13.6) | 2(125) 132(138) 0897
(%)
Intracerebral hemorrhage, No. | 64 (6.5) 1(63) 63(65) 0.968
(%)
Subarachnoidal hemorrhage, Mo,  5(0.5) ] -S{MJ 0685
(%)
Cerebral venous thrombosis, No. .1 (0.1} l .D 1(0.1) | 0856
(%)
Atrial fibrillation, Mo (%) 201(21.4)  2(125) | 200(215) 0545
Hypertension, No. (%) T7(7R2) | 10(825) 781 (78.5) 0.132
Smoking No. (%) 256(26.0)  5(313) 251 (259) | 0634
Symptomatic internal carotid 122{124)  3(188) 119{123) 0435
artery stenosis = 5% |
Recurrent stroke, Mo, (%) 199(20.2) | 2{125) | 197 (203) 0.489
Onset NIHSS, mean (SD), range,  42(52), 546(4.5), 2-15 42 (5.1), 0-32 0057
points 0-32 ] | | -
Duration of initial 83(848) 6.1(3.1) 83(8.9) 0687
hospitalization, mean (SD), days |
Good dinical outcome 644 1067.2) | 14(875) 630 (66.9) 0.107
(discharge mRS 0-2)

MIHS5—Mational Institute of Health Stroke Scale, mRS—-modified Rankin Scale.
*) Using the i* test, Fisher's exact test or Mann-Whitney U test as appropriate.

hitips ¥idoi ongy' 10,1371 joumal. pone 0260601 1001
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Table 2. Basic characteristics nfplﬂellswhll disease-associated variant or varlant genotype in GLA gene.

Patient, GLAgene- |o-Gal-A-  |Lyso-  o-Gal-A Onset | Strokerisk factors Stroke type, |Pretsroke | Discharge
age nudeotide change |aminoacd |Gb3 activity NIHSS etiology, territory  mRBS mRS
[years] |change [ng/mL] [ pmol/Lh]
Fabry disease assoclated GLA variants
Male 34 c973G=A pGIs  [198 <28 2 Smoking Ischemic, SVD,VE |0
Female, 40 ¢.1235_1236delCT | x na. e 3 Smoking Tschemic, SVDLVE |0 1]
GLA variant genotype with undear significance or neutral to FD
Female, 83 c89G=4A | p-R3OK 1.0 n.a. 2 | Hypertension, dementia Ischemic, SVDLVE |1 13
Female, 78 c.1124=G pR3EG Lo na 8 Atrial fibrillation, hypertension,  Ischemic, 1 1
PVD, previous ischemic stroke cardioembalic,
MCA occlusion
Female, 70 c427G=A pALST | L1 na 4 Hypercholesterolemia, TIA, MCA 0 0
hypertension, FVD
Female, 47 | e I52C=T _p.RllEC [1X:] nA. 3 Hypertension TIA, MCA [1] _ll
Male, 78 | c596>C |pVIggA |13 94 12 Atral fibrillation, THD, Tschemic, 0 |
smaoking COFD cardioembolic, BA
| ocdusion |
Male, 41  cBIG=T | pD313Y | L6 111 15 Hypertension Intracerehral 1 4
hemarage in basal
ganglia
Female, 72 | c97G>T |pD33Y (09 na 3 | Hypertension, THD Tschemic, LVD, 1CA | 1 i
Male, 54  c®7G=T p D3IV 1.0 121 5 Smoking, hypercholesteralemia  Tschemic, LVD, 1CA |0 2
Male, 64 cWIG>T |pD313Y |11 134 6 Hypercholesterclemia, Ischemic, SVD,VE |0 |4
| ! . hypertension, IHD : | !
Female, 44 937G =T pDAIY | LD n.a. 15 Maone Ischemic, 0 1
ryptogenic
[ emblic, MCA [
Female, 71 «937G=T pD3IY |12 n.a. 4 Hypercholesterolemia, Ischemic, SVD, [0 1
Ihypertension MCA
Female, 44 937G >T pD33Y (L1 na 2 Previous ischemic stroke and Ischemic, SVD, 0 1
TIA MCA
Female, 83 c®7G=T pDAIY |14 na. 2 DM, hypercholesterolemia, Ischemic, 2 2
hypertension, THD, PVD, cryptogenic
1 ] ) ) pulmonary embolism | embolic, MCA | |
Male, 59 c97G>T pD313Y |11 148 3 Hypertension, smoking Tschemic, 5VD, 0 0
MCA

w-Gal-A = Alpha-galactosidase- A; lyso-Gb3 = globotriacsylsphingosine; n.a. = not available (o-Gal-A activity was notassessed in screening of females);

PVD = peripheral vascular disease; THD = ischemic heart disease; DM = Diabetes mellitus; COPD = Chronic obstructive pulmonary disease; mRS = modified Rankin
Scale; TIA = Transient ischemic attack; SVD = small vessel disease; LVD = large vessel disease; VB = vertebra-basilar temritory; MCA = middle cerebral artery:
1CA = Internal carotid artery; BA =basillar artery.

htips /idod ong 10,1371 foumal. pone (260801, D02

intotal- 13 with ischemic stroke, 2 with TLA, and ene intracerebral hemorrhage—had a posi-
tive result of the screening. Compared to the patients with negative screening, they were youn-
ger (mean 600, vs. 70.1, P = 0.02, range 34-83 years). There was a trend for fewer males
{37.5% ws. 54.6%) and a higher admission NIHSS (5.6 vs. 4.2). Otherwise, there were not any
significant differences observed in collected parameters. The clinical details on positively
screened patients are given in Table 2.

Two (0.2%) patients had a variant associated with the classical FD
phenotype
Both patientsand their families were undiagnosed with FD before the index stroke.
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The first was male aged 34 years with lacunar thalamic infarction who had a disease associ-
ated GLA variant c.973G>A (G3258), decreased activity of o-Gal-A (< 2.8 pmal/L/h) and
increased LysoGb3 (19.8 ng/mL). After subsequent detailed screening for FD symptoms,
incipient renal impairment and ocular pathology (marked tortucsity of the retinal vessels)
were discovered, and patient was initiated on enzyme replacement therapy.

The second patient with pathogenic variant (heterozygous deletion ¢.1235_1236delCT) and
normal a-Gal-A activity was female, aged 40 years, presenting with lacunar mesencephalic
infarction. Five years before the index stroke, corneal opacities were noted in an ophthalmol-
ogy exam, but the FD diagnosis was not followed through. Apart from ocular involvement,
mild proteinuria and stroke, no other pathology was observed in the detailed screening of FD
symptoms. The patient was also initiated on enzyme replacement therapy.

Fourteen (1.4%) patients had genetic variants in the GLA gene that are
mostly considered to be benign (FD neutral), or their clinical significance is
not clear

The most prevalent variant genotype in nine patients was ¢.937G>T (D313Y). One of the
carriers of p.D313Y was male, aged 41 years, with typical intracerebral hemorrhage in
basal ganglia, all other patients had an ischemic stroke, details are given in Table 2. We
found five different non-pathogenic variants in our cohort, each in one respective
patient-female, aged 70 years c.427G> A (A 143T); female, aged 47 years c.352C>T
{R118C); male, old 78 years c.596>C (V199A); female, aged 83 years c.89G>A (R30K)
and female, aged 78 years c.112A>G (R38G). If we exclude two patients with clearly dis-
ease associated variants, then the mean age of 14 patients with variant genotype was 63.4
{SD 15.2, range 41-83), statistically not different from patients with negative screening
(P=0.11).

The frequency of disease-assciated variants and variant of unclear clinical significance in
GLA gene in the study population stratified by sexand age is shown in detail in Table 3. Vari-
ant genotype was the most frequent in females aged under 50 years (9.1%). On the other hand,
the frequency of benign variant GLA genotype in the study population over 50 years was 1.4%
in females and 0.8% in males. Irrespective of sex, we have found that in patients under 50 years
ofage, 2.5% of patients had a known disease-associated variant and that 5.1% of patients had a
benign GLA variant genotype. We did not find any pathogenic disease-associated variant of
the GLA gene in patients above the age of 50 years. We compared frequencies of benign GLA
variants observed in our stroke cohort with available population data. We did not see any sig-
nificant differences compared to the published frequencies of benign GLA variants in the gen-
eral population of European descent. Details are given in Table 4.

Table 3. Frequency of variant GLA genotype in study population stratified by sex and age.

Entire Females | Females 049 Females 50 Males Males 0-49 |Ma.lez 50
| cohart years + yeirs Vears |+ years
Subjects, Mo. (% of the entire cohort) F86 (100) 450 3333 417 (42.4) 536 46(4.7) |+90{+9.6]
| (456) | (544)
Fabry disease associated variant cariers 2{0.2) 1(02) 13 0 | 1(02) 1(22) | [
Variant considered benign (FD neutral or with unclear | 14 {1.4) 9(20) 3{9.1) &(14) 5(09) 1(22) |4 {0.8)

significance)

Murmnber of subjects, percentages in parentheses are given according tothe columns, except for the first row.

hitips ¥idoi ong' 10,1371 foumal. pone 0260601 103
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Table 4. GLA variants considered benign or with undlear clinical significance discovered in our study and their population frequency.

Varlant

cBIG=A (p.
RIK)
124G (p.
RIBG) |
<352C>T(p.
R118C)
cAZG=A (p
Al43T)
c596T=C(p.
V1994)

< 937G=T (p.
D313Y)

dbSNP
identi ficator

Mot included in

| dbSNP

rs7 B804

el 48158093

sl 04894845

TE1871113

rs28935490

Patients with variant in | Allelic frequency of | General population Sample size for | P-value between groups using
our screened cohort vartant in screened | allelic frequency population Fisher's exact test for

(n =986), Mo. cohort frequency, No. comparison of proportions

1 0.001 00000839 na.’ 0.085

1 0.001 0.000139° na.’ 0.128

1 000 Q00052 79354* 0406

1 | 0001 000101 81358" 1.00

1 | noo 0.0002° 60520 0.188

9 0.0091 0.00554 81344" 0.130

Frequency data according to *) ALFA: Allele Frequency Aggregator.” National Center for Biotechnology Infommation, US Mational Library of Medicine, Burapean data
(Phan etal, 2020
#) CentoLSD database (https: fwww .centogene. comcentalsd hitml) as available.

AbSNP = The Single Nucleotide Polymaorphism Database of Nucleotide Sequence Variation { https: fwiww. nebi il nih gow snp/).

hitips /idoi ongy' 10,1371 foumal. pone 0260601, 1004

Discussion

Our prospective countrywide screening study in unselected stroke patients found that 0.2% of
patients had a disease-associated GLA variant with the classical FD phenotype. These numbers
are comparable to the prevalence of 0.13% in males and 0.14% in females reported by a recent
meta-analysis [9]. Similarly, we did not observe a different prevalence of likely benign GLA
variants-in our study—0.9% in males and 1.4% in females compared to the meta-analysis—
0.54% in males and 0.96% in females [9].

The strength of our study compared to maost of the previous studies is the inclusion ofall
consecutive stroke patients, imrespective of stroke subtype, stroke etiology, sex, and especially
age. Our study included 907 patients above the age of 50 years. Actually, 25% of our cohort
was older than 79 years. To our knowledge, only three studies up to date included stroke
patients irrespective of their age. Two of them were done in Japan-Nakamura et al screened
only males with mean age 69.7+12.5 years, and Nagamatsu et al tested both genders with mean
age 74.1+12.5 years [ 14,15]. Marquardt et al. did the only study in stroke patients older than 60
years of age in the population of European descent with the mean age being 73.2 years, 85%
patients in the cohort were older than 60 years [16]. That is fully comparable to our cohort,
where 801 {81.2%) patients were older than 60 years. Compared to Marquardt etal. [16] we
also included 64 patients with spantaneous intracerebral hemorrhage with mean age 69.34137
years,

Clinically important finding is that FD with a disease-associated GLA variation is probably
very rare or nonexistent in elderly stroke patients. Both our patients with a disease-associated
variant were younger than 50years. In fact, in this most frequently screened age subgroup,
2.5% of our cohort had a disease-associated GLA gene variant compared to none in patients
above the age of 50 years. Therefore, based on our results we would not recommend screening
patients suffering from stroke abowve 50 years of age.

The important finding of our study is the relatively high observed number of carriers of
GLA variant p.D313Y because such finding may suggest connection between such variant and
risk of strake. Although our observed frequencies did not differ significantly from the largest
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available populational data, we have seen a trend for a higher occurrence of p.D313Y in our
cohort. We found 9 (0.9%) patients compared to 0.5% reported amongst populations of Euro-
pean descent [17]. The mean age of these nine patients, four males, and five females, was 59.1
years. None of them had elevated Lyso-Gb3. In four male carriers, where a-Gal-A activity was
measured, none of them showed enzyme activity <35%. All of the nine patients did not have
any apparent clinical signs of other organ involvement besides stroke; for further details, see
Table 2.

The data regarding the pathogenicity and clinical relevance of the p.D313Y variant are
despite more than two decades of research still controversial. Currently is the variant p.D313Y
most often referred to as benign (International Fabry Disease Genotype-Phenotype Database,
dbFGP, www.dbfgp.org) or polymorphism with unknown significance (hitp://fabry-dambase.
org/). The carriers of the p.D313Y variant do not manifest the classical early-onset FD pheno-
type. The recent meta-analysis by Effraimidis et al. collected all current data about p.D313Y
and concluded that carriers described in literature had high residual enzyme activity, low fre-
quency of clinical features specific for FD, non-elevated lyso-Gb3/Gb3 concentrationsand
lack of intracellular Gb3 accumulation in skin and kidney biopsies [18]. The prevalence of the
variantin populations with cardiac (0.20%) and renal (0.42%) disease was comparable to the
reported frequency in the general population. A possible higher frequency was only observed
inneurclogic disorders-in stroke patients, 0.59%, and in small fiber neurcpathy patients
0.80% [ 18]. Based on the published data and our findings, we think the possible higher fre-
quency of p.D313Y variant in cerebrovascular disease might represent a low-effect stroke risk
factor. If it is contributing to the overall stroke risk in its carriers, or it is an accidental finding,
remains to be fully explained by further large populational studies.

Qur study observed three more GLA variants each in one patient (0.1% of cohort), that are
considered likely benign or again with unknown significance and were also reported in the
published stroke screening studies—specifically, p.R118C, p.A143T, and p. V1994, for details
on patients, see Table 2.

‘We also observed two variants that are reported for the first time in a stroke cohort or even
inFD screening in general - c.89G>A (p.R30K) and ¢.112A>G (p.R38G). Both patients were
elderly females with normal values of Lyso-Gb3, many other stroke risk factors, and no other
symptoms specific for FD phenotype; details are given in Table 2. Based on this fact, we con-
sidered both variants benign, but at this point, we were not able to test them further.

Oursisalsoa first study that documents the occurrence of FD in stroke patientsin the
Czech Republic. In fact, it is the first such study in a population of central or east European
descent. However, there were already two national screening studies in the Czech Republic in
other typical high-risk groups. The highest prevalence was in patients with unexplained left
ventricular hypertrophy, where 4 (4%) outof 100 screened males were diagnosed with FD
[19]. In the screening study, which included 3370 hemodialyzed patients, 5 (0.15%) patients
were diagnosed with FD [20). It seems that the frequency observed in stroke patients (0.2%)
was the second highest of the three risk groups.

Some limitations of our study are worth mentioning. First, although we aimed to enroll all
consecutive patients, we could enroll only patients who were able to consent with inclusion
into the study, so a selection bias towards less severe stroke cases cannot be excluded. In terms
of testing, we used the sequencing of the GLA gene as the most reliable method for screening
inall included females. But in males, we at first measured w-Gal- A activity and the biomarker
Lyso-Gb3, then we sequenced the patients with abnormal values, Although this approach was
used by many previous studies [21-23], it could have consequently underestimated the overall
frequency, especially of benign variants in males, as some carriers probably had normal
enzyme activity. Future studies should use the GLA sequencingalso in male patients. Another
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limitation of our approach to genetic testing was omitting to test for copy number variants.
Our other shortcoming is the level of data details collected for the patients with negative
screening. We utilized a stroke care quality database RES-Q). The RES-() was not designed to
collect an abundant amount of data, but it made our study feasible for a larger amount of par-
ticipating stroke centers. We tried to address this limitation witha detailed data collection in
positive cases.

Conclusions

Inconclusion, the prevalence of FD is relatively high in unselected Czech adult patients with
acute stroke. However, both patients who had a disease-associated GLA gene variant were
younger than 50 years at the time of stroke. Our results do not support further FD screening of
elderly stroke patients in routine clinical practice. Because Fabry disease is a treatable condi-
tion, and the diagnosis has implications for other family members, stroke neurologists should
be therefore aware of FD as a cause of stroke in youngerage groups.
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Abstract: Fabry disease (FD) is a rare X-linked disorder of glycosphingolipid metabolism caused
by pathogenic variants within the alphagalactosidasze A (GLA) gene, often leading to neurclogical
manifestations including stroke. Multiple screening programs seeking GLA variants among stroke
sutvivors lacked detailed phenotype description, making the interpretation of the detected variant’s
pathogenicity difficult. Hene, we describe detailed clinical characteristics of GLA variant cartiers
identified by a nationwide stroke screening program in the Czech Republic. A total of 23 individuals
with & different GLA variants were included in the study. A comprehensive diagnostic workup
was petformed by a team of FD specialists. The investigation led to the suggestion of phenotype
teclassification for the G3255 mutation from late-onset to classical. A nowel variant R30K was found
and was classified as a variant of unknown significance (VUS). The typical manifestation in our
FD patients was a stroke occurring in the posterior circulation with an accompanying pathological
finding in the cerebrospinal fluid Moreover, we confirmed that cornea verticillata is typically

J. Clin. Med 2021, 10, 3543, hitps: / /doi.ongy 10.3380, jem 10163543

hitps:/ /www.mdpi.com, journal / jem

121



I. Clin. Mad 2021, 10, 3643

20f 17

associated with dassical variants. Our findings underline the importance of detailed phenotype
description and data sharing in the cormect identification of pathogenicity of gene variants detected

by high-risk-population screening programs.

Keywords: Fabry disease; GLA gene variants; phenoty pe; stroke; screening programs; data sharing

1. Introduction

Fabry disease (FD) is a rawe inherited X-linked monogenic disorder (OMIM #301500).
Variants in the GLA gene result in altered or missing production of a lysosomal enzyme
alpha-galactosidase A (e-Gal A; EC 3.2.1.22) [1,2]. Consequently, they lead to an inability
to properly hydrolyse the terminal o-galactose moieties, disrupting the gly cosphingolipids
catabolic pathway and leading to the accumulation of substrates, predominantly globo-
triaosyleeramide, Gb3 [3].

The disease phenotypes are heterogeneous, scaling from severe to asymptomatic cases.
The classical phenotype is characterised by multiorgan involvement. Typical manifestations
occurring early in life include neuropathic pain, hypohidrosis, gastrointestinal symptoms,
development of angiokeratomas and cornea verticillata. The life expectancy of FD patients
is limited by cardiac damage, progressive kidney function deterioration or central nervous
system involvement [2]. A large group of patients suffer from milder forms of the disease
with late-onset phenoty pes. The group consists of patients with variously expressed organ
manifestations, sometimes limited to one organ, often to the heart [4,5].

At a biochemical level, severely decreased or absent a-GAL A activity and increased
level of globotriaosylsphingosine, lyso-Gb3 are hallmarks in males with a classical pheno-
type [6,7]. The reduction of enzymatic activity and lyso-(:b3 increase is less pronounced in
females and later-onset variants. In general, helerozygous women are less affected than
hemizygous male patients, in some cases remaining asymptomatic possibly due to skewed
X-chromosome inactivation [£].

The dassical phenotype incidence of FD is estimated at 1 in 25,000 to 1 in 40,000;
the nonclassical seems to be about 10-fold more frequent [¥]. The availability of specific
therapy and simplified diagnostic methods represented mainly by dry blood spot (DBS)
technique testing [10] led to increased efforts to diagnose FD, including newborn [11] and
high-risk populations screening programs [12].

A significant increase in the gene variants discovered by the screening has refined
FD incidence estimations. Unfortunately, clinical characteristics of detected variants are
often missing in the literature. Thus, some variants have been misclassified in terms of
pathogenicity [12]. Misclassifications as pathogenic have a psy chological impact on patients
and their families, administration of unnecessary treatments and can influence research and
clinical trials, thus leading to wasting healthcare resources. In contrast, false classification
of a variant as benign could disqualify patients from accessing effective therapy. Therefore,
it is important to share patients” data, enabling the integration of genetic and clinical
information to avoid variant misinterpretations with the necessity of later reclassification.

Here, we describe detailed clinical phenotype characteristics in 16 individuals with
GLA gene variants found in our nationwide FD screening study in stroke patients and
their 7 relatives.

2. Materials and Methods
21. Study Design and Patient Sdection

We performed a prospective nationwide multicentre study including consecutive
stroke patients admitted during a selected period of 3 months in 35 stroke centres in the

Czech Republic.
A total of 986 consenting patients presenting with an acute cerebrovascular disease
admitted during March 2018, October 2018 and March 2019 were included in the study
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irrespective of stroke subtype. We induded patients presenting during the shudy duration
with a transient ischemic attack, ischemic stroke, intracerebral haemorrhage, subarachnoid
haemorrhage and cerebral venous thrombosis, regardless of stroke aetiology or patient age.
There were no other exclusion or inclusion criteria. All patients gave written informed con-
sent to the study. FD was diagnosed using DBS in a stepwise manner: in males, enzymatic
activity, lyso-Gb3 quantification, if positive, followed by GLA gene sequencing; and in
fernales, GLA sequencing, followed by lyso-Gb3. The study has led to the identification of
16 index cases with a GLA gene variant. Pedigree analysis and subsequent cascade family
genetic testing were performed in all cases except for D313Y variant carriers, leading to the
identification of 7 relatives carrying a gene variant. Altogether, these 23 cases represent the
current study population. A comprehensive diagnostic workup of all cases to determine
FD organ manifestations was performed by a team of FD experts from the Czech National
FD centre. All examinations were performed according to the internal protocol of the Czech
FD centre for initial disease evaluation, which reflects intermational recommendations [13].

22 FD Organ Manifestation Assessment
2.2.1. Clinical A ssessment

Medical history focused on FD-related signs and symptoms was obtained from all
study participants. Basic clinical examination, including blood pressure, heart rate, res-
piratory rate, height and weight measurements, were followed by specialised clinical
examinations.

2.2.2. Nervous System Assessment

Structured clinical examination with an emphasis on the presence of typical neurolog-
ical symptoms of FD was carried out. Recorded symptoms included signs of peripheral
neuropathy, gastrointestinal symptoms, changes in sweating, heat and exercise tolerance
and cerebrovascular events. To evaluate white matter lesions (WMLs), we performed non-
contrast brain magnetic resonance imaging (MRI) using a 3T MRI scanner (MAGNETOM
Skyra, Siemens Healthcare, Erlangen, Germany). The MRI protocol comprised of TIW,
T2W, FLAIR, DWT and SWI sequences. The occurrences of WMLs were rated according
to Fazekas scale [14]. Cerebral blood vessels ultrasound and/or computed tomography
or magnetic resonance angiography was carried out. In index patients with pathogenic
variants, the evaluation of intraepidermal nerve fibre density in skin biopsy, corneal confo-
cal microscopy and quantitative thermal threshold sensory testing (Q5T) were performed
to evaluate possible small fibre neuropathy {SFN). Cerebrospinal fluid (C5F) analysis has
been performed in patients exhibiting some features suggestive of neurcinflammatory
disease, including Fabry-associated aseptic meningitis. Routine CSF examination is not a
part of FD examination protocol in our Fabry disease centre.

2.2.3. Cardiac Assessment

The cardiac evaluation consisted of detailed physical examination, resting 12-leads
electrocardiography (ECG), echocardiography and cardiac MRL Additionally, heart disease
biomarkers, N-terminal prohormone of brain natriuretic peptide (NT-proBNF) and high-
sensitive (hs) troponin Twere analysed.

2.2.4. Nephrological Assessment
Serum creatinine and cystatin C were measured. An analysis of total protein in urine
and urine albumin-to-creatinine ratio (ACR) were calculated. In patients with albuminuria
or proteinuria, the albumin/protein excretion rate (AER, PER) was measured. Estimated
glomerular filtration rate (eGFR, mL/min/1.73 m?) was calculated using the Chronic
i Disease Epidemiology Collaboration equation with serum creatinine and cystatin
(CKD-EPlIcreat, CKD-EPIcys formula) [15]. We assigned GFR and albuminuria categories
according to Kidney Disease: Improving Global Qutcomes (KDIGO) [16].
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2.2.5. Ophthalmological and Dermatological Assessment

Detailed ophthalmological assessment, including anterior segment examination in
a slit lamp and fundoscopy and dermatological examination with an emphasis on the
presence of angiokeratomas and capillaroscopy, was performed.

2.26. o-Gal A Activity Assay

a-(Gal A activities in plasma and leucocytes were measured by fluorometric method
according to Mayes [17] as described previously [15]. Results obtained for patients’ samples
were compared with enzyme activities in our group of FD hemizy gotes and heterozygotes
(for ranges, see Table 1), In some patients, enzyme activities were determined by the
DBS method.
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Table 1. Genotype and phenotype characteristics of patients with pathogenic mutation and variants of unknown significance in GLA gene.
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AA = amine acid; eeGAL A = Alpha-galactosidase A; Ne. = patient aumber; BMI = body mass index; y = years at the time of examination in the Fabry disease cntre, PNS = peripheral nervous system;
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3. Results

The study included 23 individuals (16 index patients and 7 positively tested family
members) carrying 8 different GLA gene variants. Pathogenic mutations were detected in
2index patients and their 3 relatives, and VUS or likely benign variants in 14 index patients
and their 4 relatives.

Eleven out of the sixteen index patients underwent a comprehensive examination for
possible FD organ manifestations. Three index patients underwent incomplete (only cardiac
and renal) assessments. Two index patients refused the examination.

Ot of the seven positively fested relatives, six agreed to the complex dinical examination

Stroke risk factors of index patients are shown in Table 2.
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Table 2. The major risk factors for ischaemic stroke in index patients.
Mutation Ch st N difiable Risk Factors Modifiable Risk Factors
Ne. cDNA Change  Asmino Acid Change Sex Age (yeass)  HyperTension  Diabetes Heart Disease  Dyslipidemia  Previous Steoke or TIA  Smoking
Pathological GLA vasiants
10 cOTIG A Pp.Gly325Ser M 34 = = = E = +
20 1235 1236delCT p-Thrd 12Serf*7 F 40 = - - - - +
GLA variants of unknow n significance or probably benign

a0 c3C>T pAgllaCys F i + z Z E z 5
40 c7G> A p-Alal43Thr F 70 + = = + - -
50 cl12A>C p-Arg3SLys F 78 + - AF E + -
&0 cHOG> A p-Argdliys F 8 + - 5 P = =
70 c596T > C p-Vall®oAla M i) - - IHD, AF - - +
a0# 937G > T pAsp3L3Tyr M 41 + - Z E = =
9.0 OG> T pAsp3L3Tyr M 54 E - PFO + 2 +
100 <9G>T pAsp3lITyr F m - - - . . -
110 e > T p-AepalTTyr M 64 + - HD + - -
120 7> T p-Aep3lITyr F 8 + + HD + 5 =
130 %G > T pAsp3l3Tyr B 72 - HD E = =
140 e93iG>T PAspIITyr F 71 + - PFO + = =
150 %G > T pAsp3L3Tyr M 50 + - E E 2 ¥
160 <9G>T pAsp3lITyr F m - - - . e -

N = patient number; y = years, at the time of erebrovascular event; M = male; F = female; TIA = transient ischaemic attack; AF= atrial fibrillation; IHD = ischaemic heart disease; PRO = patent foramen ovale;
+indicates the presence of a finding; - indicates the absence of a finding; # the patient with basal ganglia haemorrhage.
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3.1. Pathogenic Mutation
A summary of FD characteristic symptoms and major organ involvement in individu-
als with pathogenic mutations is given in Table 1.

3.1.1. Index Patients

FDwas diagnosed in two index individuals carrying pathogenic variants, a 34-year-
old male (973G > A, G3255, patient 1.0.) and a 41-year-old female (c1235_1236delCT,
T4125f=*?, patient 2.0.). Both variants were associated with the classical FD phenotype.
The first presentation of FD in both probands was posterior circulation lacunar infarction
(Figures 1 and 2). Apart from lacunar infarcts, brain MRI did not provide evidence of any
other pathology, not even WMLs. CSF analysis proved mild pleiocy tosis in both. The cell
count was 35 and 32 elements per mm?, respectively. A detailed examination of the CSF
did not reveal the infectious cause of pleiocytosis. Oligoclonal bands were negative.

Further examination revealed the presence of FD-characteristic ocular findings. The re-
nal and cardiac assessments did not reveal any pathology.

Although the man did not complain about any neurcpathic sensory symptoms or pain,
a further detailed examination of the peripheral nervous system (PNS) verified functional
and structural abnormalities due to an isolated small fibre neuropathy. Skin biopsy revealed
intraepidermal nerve fibre loss; confocal comeal microscopy demonstrated a decrease in
corneal innervation, and abnormal QST confirmed a functional impairment of both A-delta
and C fibres.

Figure 1. Axial MRI scans illustrate an infarct in the left medial thalamus (white arrows) of the patient
1.0 an day 3 post-stroke (A, B) and at 3 months post-stroke (C). (A) Diffusion-weighted imaging shows
large lesion with restricted diffusion in the thalamus. (B) T2-weighted imaging shows hypersignal
lesion; (C) After 3 months there is smaller hypersignal lesion as residual lesion.

Figure 2 Axial MRI illustrates a lacunar infarct in the left midbrain of the patient 2.0 {white arrows)
on day 3 post-stroke (A-C). (A) Diffusion-weighted imaging shows hypersignal lesion in midbrain
(restricted diffusion). (B) Fluid-attenuated inversion recovery demonstrates hypersignal lesion
(C) T2-weighted imaging shows hypersignal lesion
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3.1.2. Family Members

In the first family, FD} was diagnosed in the proband’s 58-year-old mother (patient
1.1, G3255). She presented with skin and eye manifestations of FD. She did not suffer from
neuropathic pain at present nor in the past. Major organ investigation revealed nonspecific
brain WMLs (Fazekas 1).

In the second family, pathogenic mutations were detected in proband’s 12-year-old
son and 10-year-old daughter (patients 2.1, 2.2., T4125fs *?). The 12-year-old boy (patient
2.1.) presented with a typical triad of FD classical phenoty pe including ocular, skin and
PNS manifestation: incipient cornea verticillata, angiokeratomas in typical localisation
{periumbilical, buttocks and right thigh), painful episodic acroparesthesias and abdominal
pain. Renal, heart and brain assessment did not show any abnormality. In his sister, a 10-
year-old girl (patient 2.2.), we did not detect any abnormal finding apart from incipient
comea verticillata,

3.2 Variants of Unknown Significance and Likely Benign Variants

Assessment results of identified cases with VUS or likely benign variants (except
D313Y) are depicted in Table 3. In one case, we identified a variant c.112 A > G, p.R38G.
The patient, a 7&year-old woman (patient 5.0), presented with multiple angiokeratomas
with a typical abdominal distribution. No other characteristic symptoms were found. Major
organ examination showed mild renal impairment—PER of 0.19 g/ 24 h, slightly increased
ACR of 3.74 g/mol and a mildly decreased eGFR 66 mL/min/1.73 m? {CKD-EFlcreat),
75 mL/min/1.73 m? {CKD-EFlcys). Cardiological examination revealed heart failure with
preserved ejection fraction, atrial fibrillation, postcapillary pulmonary by pertension with
mild right heart failure signs (echo signs of increased left ventricular filling pressures,
elevated NT-proBNP—1926 ng/L); hs troponin was normal Left ventricular hypertrophy
{LVH) was not observed.

A previous stroke at the age of 40 was revealed in the patient’s medical history.
The suspected cause was embolic caused by known atrial fibrillation with ineffective
anticoagulation at the time of the index event.

The proband, a 47-year-old female (patient 3.0.), a variant c.352C > T, R118C carrier,
had mild brain involvement—WMLs, mild proteinuria 0.20 g/L, PER 0.28 g/24 h with
normal ACR and normal AER. Echocardiography detected a borderline IVH. No ty pical
FD symptoms were revealed. Examination of her sister (52 years old, patient 3.1.) showed
partially reduced a-GAL A activity, mild nonspecific brain and renal involvement (WMLs,
eGFR CKD-EPlcys, 84.6 mL/min/1.73 m?). A 3month episodic buming pain of her
feet, that occurred in the context of a stressful personal situation, was revealed in the
patient’s history.

In one case, a 70-year-old female patient {patient 4.0.), we identified a variant c427G
= A, Al43T There were no clinical signs or symptoms of possible FD, except for brain
WMLs on MRL In her 50-year-old daughter (patient 4.1.), we diagnosed a mild proteinuria
0.28 g/24 h, 0.14 g/1, ACR and AER were normal. The activities of a-GAL A in both
leukocytes and plasma were overlapping with healthy controls values.

A male patient carrying the variant ¢.596T > C, V199A did not give his consent to
further investigations due to his age and associated diseases (atrial fibrillation, kidney
cancer, prostate cancer).

A total of eight individuals carrying ¢937G > T, D313Y variants underwent a clinical
workup in specialised FD centre; two of them only agreed to a partial examination. Consent
was not acquired in two individuals with index stroke {one refused investigation, one died).
A daughter of a diseased 68-year-old female patient, who died of stroke complications, was
found during family screening. Results are given in Table 3. Of note, none of the patients
had relevant cardiac involvement, and minimal changes were observed in renal function in
all but one patient (an 83 years-old female, patient 12.0) who refused further investigations.
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Table 3. Phenotype characteristics of patients with variant 937G > T p.Asp 313Tyr (D313Y).
Ne Demagraphic Information. Phenotype
Characteristic Symptoms Majar Otgan Invalvement
Eyes Skin Nervous Sysiem Heart Kidney +
Sex B E?::-! Ly;;g?. PNS [
1;':'_'_:;' VC".“‘E‘ csl?a AG  Sweating  DOUPPMRE orp o ghoie WMUTS  Other s e e = -
50 M 259 a L6 + - - 3 = = = + 2 E LAH = = Al @
20 M 287 5 L0 - - - 3 = - Z + 41 E T = = A2 a1
100 F EE M L0 + - - T T - - + -0 MSA T = = Al @
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1o M 258 6 L1 + + - - - - + +2 MCA  iREER - na Al Gl
stenosia
120 ¥ nd & mn na na na = = = = + = E = = 5 = G
130 F nd 72 [ na - na m na na ™ + na na na na na na ma
11 3 360 rl L1 & - - - - + = -0 - = z na Al a1
140 F s 7 L2 - - - - - = = + -0 epilepay = = =7 Al a1
150 M ;me Y L1 na na na m na na P + na na na - na na al
160 F 17.4 4 L1 na na na - - - - + na - na na na na Gl

Nr = patient number; BMI = body mass index; y = years at the time of examination in the Faby discase cenire; PNS= peripheral nervous system; CNS = central nervous eysmm, AG = angiokeratomas;
hite matter lesions; PS = Fazekas scale; MSA = mild sleep apnea di

@mmsnmleynprm WML wl

; MCA = middle cesebral artery; BECG= ek

i IVE
ltration rate; M = male; F= female; LAH = keft anterior hemiblock; iRBBB = incomplete nghtbund]e-bmrnhblock fia =not nvmlﬂble alb= albuminuria;
megary graded by kidney disease i m\pmmg global cutcomes [16]; plus + indicates organ invalvement; minus - indicates no pathology.
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3.3. Newly ldentified Variant

A newly identified variant .89G > A, p.R30K, was found in an 82-year-old woman
(patient 6.0) with a lacunar posterior circulation ischaemic stroke. The patient herself
refused further examination in an FD-specialised centre. Her 46-year-old daughter (patient
6.1) agreed to both genetic and dlinical examinations, which revealed neither characteristic
FD signs nor heart or brain pathology. However, renal investigation detected a slightly
elevated AER 31.42 mg/24 h and ACR of 4.47 mg/mmol. Ophthalmological examination
revealed very subtle signs of possible cornea verticillata. Enzyme activity was not reduced.
Reconsidering the previously given consent and referring to the fact that there are no
symptoms of the disease, she refused genetic testing and clinical examination of her
children.

3.4 Further Management

After the evaluation of our cohort, we initiated therapy with migalastat in patients
1.0 and 1.1. As the variant T4125f*7 is not amenable for chaperone therapy, patients 2.0
and 2.1. are receiving enzyme replacement therapy. All patients (including asy mptomatic
family members and VUS careers) remain under the care of the Czech FD centre, receiving
a routine follow up for major organ involvement.

4. Discussion

FD in patients with cerebrovascular events has been assessed by different authors
since 2005 [19]. However, detailed descriptions of phenotypic manifestations of detected
variants are scarce in the literature. Since the initial misinterpretation of a genetic variant
may impact a large group of patients, we carefully analysed organ manifestations of FD' not
only in known pathogenic mutations but in all variants detected in our screening. A total
of 23 individuals with 8 different GLA variants were included in the study.

Both pathogenic mutations found (G3255, T41256*?) have been previously described
in the literature. The G3255 mutation was associated with a nonclassical phenotype, while
T4125f*? is known to cause the classical FD phenotype [20].

In G3255, only limited biochemical and clinical phenotype data were published.
Lukas et al. provided biochemical phenotype characteristics of the mutated gene product,
its pharmacological chaperone responsivily and described elevated lyso-Gb3, suggesting
this mutation as pathogenic [21,22]. In a study by Kokotis et al. evaluating sweat gland
innervation, a patient with the G3255 variant was included. However, the phenotypic
expression of the patient was not reported in detail [23]. The supporting evidence of the
pathogenicity of the variant comes from another male patient with G3255 variant visiting
our FD centre, and not included in the cohort described in this paper. This 56-year-old
gentleman suffers from severe multiorgan involvement (he underwent a kidney transplant,
has severe LVH and had a transient ischaemic attack at the age of 49). His pre-treatment
a-(zal A activity in leukocytes was severely depressed, reaching 1.1. nmol/mg/h (1.8% of
mean value of our controls).

At the time of the diagnosis, our index patient with G3255 mutation (patient 1.0.)
showed biochemically low enzyme activity and high levels of lyso-Gb3. Detailed exam-
ination revealed a full spectrum of ocular pathology, small fibre neuropathy {although
the patient did not report any sensory symptoms either at present or in his medical his-
tory, including childhood) and major organ complications. In our experience, it is not
uncommeon that FD patients do not report painful episodes (even in response to targeted
questions) despite the clear presence of SFN on functional and structural examination
methods. This may lead to a variant misclassification or to a delayed diagnosis.

Based on the information obtained from a detailed examination of patients with the
(G3255 variant, we concluded that the 3255 mutation might result in a classical phenotype.

As compared to G3255, clinical descriptions of the T4125f:*? phenotype in the litera-
ture are more frequent. The mutation is known to cause a classical phenotype. In our study,
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clinical symptoms of patient 2.0, together with ty pical painful crises that appeared in the
patient’s 12-year-old son, confirm pathogenicity associated with the classic FD phenotype.

Interestingly, there was a mild pleocytosis discovered in CSF analysis in both in-
dex patients with the two pathogenic variants. CSF testing in patients with FD is not
routinely performed. There have been reports in the literature describing “aseptic” or
“chronic” meningitis in individual cases with FD suffering from neurological symptoms
since 1985 [24]. Mild to moderate CSF pleocytosis corresponding to meningitis, either
associated with headache and fever or not, have been documented. Simultaneous findings
of lacunar infarctions predominantly in the posterior circulation, similar to in our study,
have almost always been reported [24-27]. In contrast, in patients with ischaemic stroke
without FD, pleocytosis is not commonly detected, although a very slight increase of white
blood cells in the CSF may be seen [28]. Sinoe aseptic meningitis is considered a rare
phenotypic manifestation of FD, elevated cells in CSF may be a misleading feature when
making the correct differential diagnosis against inflammatory diseases of the nervous
system. However, as the findings in our patients show, after excluding inflammatory
diseases, the association of a lacunar stroke with the CSF findings corresponding to aseptic
meningitis in a young person should always lead to consideration of FD, whether CSF
abnormalities are found in the early post-ischaemic period or detected later.

There is an ongoing debate about the pathogenicity and phenoty pic manifestation of
several VUS, including variants found in our cohort: R118C, A143T and D313Y.

The R118C variant was primarily identified in neonatal screening in 2004 [29]. Based
on the biochemical characteristics of the enzyme, the later-onset FD phenotype was pre-
dicted [11]. Inikially, this variant was considered pathogenic, leading to its inclusion in
calculations of FD prevalence in young stroke patients screening [30]. Later, the variant
was reclassified at VUS [29], although recently emerging information is in favour of the
original classification [31].

The A143T variant was first described in 1997 by Eng et al. In their study, the variant
was found in a 2-month-old child. The biochemical phenotype showed reduced «-GAL
activity in the proband and his mother; clinical phenotype in the infant could not be
evaluated, and his mother showed no signs of FD. Similarly, there was no history of FD!
in the family. The variant phenotypic expression was concluded by the authors as being
unknown [32]. Later, Spada et al. assumed the A143T genotype leads tolate-onset end-stage
nephropathy [33]. Since then, the variant has been classified as a later-onset pathogenic
mutation [11,34-38], including screening studies in stroke patients [39]. Biochemically,
the variant carriers have been repeatedly shown to express decreased a-GAL A activity,
both when assessed in vitro or/and in plasma or leucocytes analysis [11,34,35,40-42]. Based
on the clinical information, the variant has been reclassified [40], and although it is still a
matter of debate, it is currently referred to be VUS or a probably benign variant [12,43].

In our group, we identified three females (patients 3.0, 3.1, 4.0) with R118C and
one with A143T (patient 4.1} variants. They presented with mild nonspecific symptoms
(see Table 1), although in one case, we recorded a time-limited episode of paroxysmal
neuropathic pain, similar to those seen in ty pical FD acroparesthesias. The activity of o
GAL A obtained, both in plasma and leukocytes, were lower as compared to our group of
FD heterozygous women. Regrettably, we did not obtain consent to a detailed examination
in R118C male mlatives. In A143T, there were no living male members in the close family.
In addition, patient 4.1. did not complete the investigation due to the COVID-19 pandemic.

Likewise, the clinical significance of variant D313Y has become a matter of controversy
since it was first reported [44], especially after a duplicate missense GLA mutation has
been detected in the same allele in a patient with a typical FD form [45,46]. However,
a high residual D313Y enzyme activity and its dependence on pH (resulting in plasma
pseudodeficiency [47]), normal values of lyso-Gb3 [48,49] and cases without clinical mani-
festations [47 49] indicate D313Y to be a benign variant.

Phenoty ping in our cohort of patients with D313Y revealed symptoms attributable to
FD'in two individuals (Table 3). Patients 11.0 presented with cornea verticillata, and patient
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13.1 suffered from neuropathic pain. After a detailed examination, patient 13.1. was diag-
nosed with coeliac disease. Thus, neuropathic pain might be explained by gluten-associated
neuropathy [50]. In contrast, there was no clear explanation for cormnea verticillata in the
patient 11.0. Although some in vitro data attribute a potential risk to amlodipine which was
taken by the patient [51], the risk of cornea verticillata with this drug was never reported.

In general, the clinical significance of some variants that most experts currently con-
sider to be probably benign, especially R118C, A143T and D313Y, has been the subject of
debate for years, and their association with FD still raises numerous questions. The lack of
detectable lipid accumulation (negative biopsy of the kidneys, heart) strongly supports
this classification. Nevertheless, a higher concentration of unmetabolised substrate, which
does not yet lead to the formation of detectable inclusions, may already affect the balance
of biochemical processes within the cell. Reduced enzyme activity, which is sufficient
for metabolic processes under physiological conditions, may no longer be sufficient in
situations with an increased demand on the metabolic gly cosphingoelipids turnover. Hypo-
thetically, a partial and/ or intermittent blockade of the catabolic pathway with subsequent
accumulation of Gb3 can alter metabolites flow with an effect on other biochemical pro-
cesses in the cell {for example, redistribution of glycosphingolipids in other subcellular
districts) [52,53] without the formation of typical inclusions. Thus, hypothetically, there
might be a possibility that transient, paroxysmal burning feet pain in patients 3.1 with the
R118C variant during periods of severe stress might be associated with the GLA variant.
Moreover, it should be noted that the determination of «-GAL activity was performed in
plasma and leukocytes in vitro. In vivo catalytic e-GAL A activity may be different and
may show cell-to-cell variability [54].

Many other genetical-biochemical-environmental interactions may then contribute to
the fact that a benign variant in a particular individual may, under certain circumstances,
act as a risk factor contributing to organ manifestation (e.g., cerebrovascular events). On the
other hand, in some cases, storage has been described in VUS carriers [31,55]. Multilayer
inclusions may be caused by drug-induced phospholipidosis (DIP). Some preparations are
known to lead to lysosomal deposition and to clinical manifestations resembling symp-
toms of FD, e.g., cornea verticillate [56,57]. Amiodarone and aminoquinolines are known
to cause cornea verticillata by means of DIF. Although the DIF potential has also been
demonstrated in commonly used carvedilol and amlodipine in vitro, their association with
cornea verticillata is not known [51]. Nevertheless, a precise medical history is essential
also in individuals who have been found to be carriers of the variant in the GLA gene and
suffer from cormea verticillate [55]. In our group, all patients with pathological mutations,
including children, presented with the cornea verticillata. Among other individuals, patient
6.1 (R30K) presented with very subtle findings, requiring additional eye monitoring,

Some limitations of the study should be noted. The different screening methods
were used for males and females in stroke patients. The GLA gene sequencing was per-
formed only in males with abnormal values of c-Gal-A activity and/or elevated Lyso-Gb3.
In contrast, all samples obtained from female patients were sequenced. This may lead to
underestimated frequency of several variants of unknown significance and benign variants
in hemizygous males in whom a high residual enzyme activity is preserved and lyso-Gb3
remains low. Future studies aiming to detect the whole spectrum of genetic variants should
also use GLA sequencing in male patients.

5. Conclusions

In conclusion, we present a descriptive clinical study including 23 patients {16 suffer-
ing from stroke) with 8 different GLA variants. We propose to reclassify the pathogenic
variant G3255 from causing late-onset FD type to a variant resulting in the classical one.
The newly identified GLA variant R30K could not be accurately assessed for pathogenicity.
The combination of a lacunar stroke in a young person with the CSF finding of aseptic

meningitis is highly suggestive of FD.
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Taking into account the availability of specific FD treatment, it is of great importance
to share patients’ data. In order to better characterise VUS, not only probands but also
all asymptomatic variant carriers diagnosed by family screening should be followed and
evaluated prospectively.

These data, in the future, will help to distinguish symptoms attributable to FD from
nonspecific comorbidities in benign GLA variants carriers.
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Objectives—FPabry disease (FD) is a rare X-linked lysosomal storage disorder with
variable phenotypes, including neurological symptoms. These can be influenced by
vascular impairment. Extracranial and transcranial vascular sonography is an effective
and noninvasive method for measuring arterial structures and blood flow,

The study aims to investigate cerebrovascular phenotype characteristics in FD
patients compared to controls using neurosonology.

Methods—This is a single-center, cross-sectional stady of 130 subjects—65
patients (38 females), with genetically confirmed FD, and 65 sex- and age-matched
controls, Using u[rr:as:ﬂnagraph*gJ we measured structural and hcmnd}rnamic param-
eters, induding distal common carotid artery intima-media thickness, inner verte-
bral artery diameter, resting blood flow velodty, pulsatility indes, and cerebral
vasoreactivity (CVR) in the middle cercbral artery, To assess differences between
FD' and controls and to identify factors influencing investigated outcomes,
unadjusted and adjusted regression analyses were performed.

Results—In comparison to sex- and age-matched controls, FD patients displayed
significantly increased caratid artery intima-media thickness {abserved FD
069 L 0.13 mm versus controls 0.63 L 0.12 mm; P, — .0014), vertebral
artery diameter {observed FD 3.59 & 0.35 mm versus controls 3.38 £+ 033 mm;
Pugy = 0002), middle cerebral artery pulsatility index (observed FD 0.98 + 0.19
versus controls 0.87 L 0.11; P,y < 0001), and significantly decreased CVR
{observed FD 121 + 049 versus controls 135 £ 0.38; Py = 0409}, when
adjusted by age, BMI, and sex. Additionally, FD patients had significantly more
variable CVR (048 L 0.25 versus 021 L 0.14; B4 < 0001}

Conclusions— Qur results suggest the presence of multiple vascular abnormali-
tiex and changes in hemodynamic parameters of cerebral arteries in patients
with FT),

Key Words—breath-holding index; cerebral blood flow; cerebral vasoreactivity;
Fabry disease; intima-media thiclkness; pulsatility index

Introduction

abry disease (FD; OMIM 301500) is a rare X-linked
munt}genlf_ d]\urder path(‘bl‘_‘ﬂ](_ \'El'l-lantb ('IF thﬁ IA E,l:‘ne

result in a dysfunction of the lysosomal enzyme alpha-
galactosidase A (-Gal A; EC 3.2.122)."7 Lysosomal -Gal A
deficiency leads to a disruption of the part of glycosphingolipids
catabolic pathway with the subsequent widespread substrate
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(mainly globotriaosylceramide, Gb3)® accumulation,
including endothelium and vascular smooth muscle
cells.” Accumulation-related changes and other
enzymopathy-connected pathophysiological conse-
quences ultimately lead, under the influence of
modifying factors, to the clinical manifestation of
the disease. Fabry phenotypes range from late-onset
manifestations, usually limited to one organ, to severe
multiorgan involvement, usually starting from child-
hood. Hemizygous males are typically more severely
affected than heterozygous females.

Besides heart and kidney involvement, the most
severe manifestation of FD includes early strokes,
which in some cases may be the first clinical manifes-
tation of the disease.*® The mechanisms underlying
stroke pathophysiology in FD are not fully elucidated.
Structural and functional damage to the vascular
system®” plays an important role in the FD pheno-
type, possibly resulting in strokes.

Ultrasound is a well-established, noninvasive
method used for structural imaging and blood flow
parameters evaluation of the extracranial segment of
carotid arteries. Transcranial color-coded duplex
sonography (TCCS) is commonly used to analyze
intracranial vessels.'” TCCS breath-holding index
(BHI) measurement permits cerebral vasoreactivity
(CVR) evaluation in a noninvasive manner. Its
impairment was observed in several brain diseases,
including stroke,""'* cognitive impairment,"*™'® and
migraine.'””*? Although ultrasound is a readily avail-
able and commonly used method that allows compre-
hensive assessment of structural and hemodynamic
vascular changes, the literature on global cerebrovas-
cular evaluation in patients with FD is scarce.

Our study aims to explore and describe
ultrasound-evaluated brain vascular phenotype in FD
patients and compare it with controls.

Materials and Methods

Participants
A total of 154 subjects participated in the study. Of
these, 130 were included in the final analysis
(Figure 1). Recruitment of participants began in May
2018 and was completed in October 2022.

The evaluation of FD patients was a part of a more
extensive systematic diagnostic program of the National
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Referral Center for FD, which also included echocardi-
ography, and its detailed procedures were reported pre-
viously.”” Sixty-five FD adult patients (38 females, mean
age 47.24, range 20-73; 27 males, mean age 47.56,
range 20-70) with genetically confirmed pathogenic
GLA variant were consecutively included in the study
during their regular follow-up to assess the presence and
severity of neurological manifestations of the disease.

Sixty-five subjects without FD (mean age
47.37 years, range 20-73 years) were recruited based on
their age and sex from the registry of volunteers of our
Center of Clinical Neuroscience. The controls were sup-
posed to match the cases on age (within 2 years range
of FD patients) and sex. The data were analyzed as
independent samples. Subjects with a history of central
nervous system disease were not included, but a history
of migraine was considered eligible.

The exclusion criteria for participation in the
study (with or without FD) were an insufficient
acoustic temporal bone window (bilateral presence of
sufficient temporal bone windows was required for
cohort enrollment), the inability to hold breath with-
out using a Valsalva maneuver, unwillingness to
undergo the apnea test repeatedly, and medical his-
tory of the carotid or the middle cerebral artery
(MCA) stenosis (more than 50%).

Protocol Approvals and Patient Consent

The study was conducted in accordance with The
Code of Ethics of the World Medical Association
(Helsinki Declaration of 1974, as revised in 2013).
Informed written consent was obtained from all par-
ticipants, including the agreement with diagnostic
procedures and analysis of anonymized clinical data
for scientific purposes. The Ethics Committee of the
General Faculty Hospital and First Medical Faculty,
Charles University, Prague, approved the research.

Clinical Examinations

All participants underwent a thorough neurological
examination. We measured their height and weight,
calculated body mass index (BMI), measured blood
pressure (BP), and heart rate (at rest in the supine
position after the extracranial sonographic examina-
tion). A detailed medical history was recorded, with
particular attention to comorbidities and vascular risk
factors—arterial hypertension, diabetes mellitus, dys-
lipidemia, coronary artery disease, atrial fibrillation,
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ischemic stroke, transient ischemic attack, and current
smoking,

Neurosonology

To avoid interoperator variability, all ultrasound exami-
nations were performed by a single experienced neurol-
ogist (P.R.) certified in neurosonology by the Czech
Neurological Society. Toshiba Aplio 300 ultrasound
machine was used. Assessments were performed in the
same, quiet, temperature-controlled room (22-24°C) at
a similar daytime (between 09:00 and 12:00 am) under
natural daylight conditions but out of direct sunlight.

Extracranial Arteries Examination: Common Carotid
Artery Intima-Media Thickness and Vertebral Artery
Diameter Measurements

Guidelines of the Czech Neurosonological Society for
evaluation of the neck arteries and transcranial sonog-
raphy were followed.*" Our procedure of common
carotid artery intima-media thickness (cIMT) mea-
surement (Figure 2) was based on the guidelines of

Figure 1. Flow chart of patients’ selection process.

Initially screened
84 patients and 70 controls

Extracranial examination

| 83 patients and 70 controls

Baseline transcranial
examination

72 patients and 67 controls |
Complete examination

65 patients and 65 controls |

J Ultrasound Med 2023; 9999:1-16

140

Rekova et a—Meurosonological Phenotypes in Fabry Disease

the Mannheim intima-media thickness consensus.”
Two measurements of the cIMT on both sides were
performed from a lateral approach within the approxi-
mately 10 mm plaque-free segment in the far wall of
the common carotid artery (CCA) 1-2 em proximal
to carotid bifurcation using automated software
(AutoIMT, Toshiba Medical System; the AutoIMT
provides 80 or 70 measurements per $ mm at a depth
of 3.5 or 4 cm, respectively). The mean cIMT values
of each measurement were documented. Measure-
ments were performed twice on both the left and
right CCA. The first cIMT measurement was con-
ducted at the end of the CCA examination. After
assessing the bifurcation and proximal segments of
the internal and external carotid arteries, we returned
to the distal CCA and performed the second cIMT
measurement. We recorded all images on which we
assessed cIMT as loops containing at least three car-
diac cycles. Of these, “frozen” diastolic (as measured
in B mode by identifying the minimal diameter during
the cardiac cycle, after visualization of blood flow and

Excluded due to carotid
stenosis
1 female patient
0 controls

Excluded due to poor |
temporal windows
8 female and 3 male patients

3 female controls

( Excluded due to insufficient \

breath holding
7 female patients

2 female controls

) SuoIIpuO) puE Suu2, 2 535 [EZOZ/SOMT] U0 AIIqIT AU K311 AL “OMIANA2Y 4327 FURAEIO3) £q $679] WNGZO0 D 1AOPUGN KA CIRIQUUN U5y W01 PIPEOTUMOC ‘0 EI960SST

Kapm

SSUDIT SUOUNKOS 4B AGEoIIAdE 3 £q PaI2AGT 218 SIAAILE V() 1260 0 S2[N o) KIEQIT UUQ) K21 U0



Rekova et al—Neurosonological Phenotypes in Fabry Disease

detection of diastole using color Doppler) images of
the vessels were used to measure cIMT. The average
value from all four measurements was selected for the
subsequent statistical processing.

Vertebral artery diameter was measured manually,
in B-mode, in the mid-cervical segment (V2) between
the fourth and fifth or fifth and sixth cervical transverse
vertebral processes of both sides in diastole (established
by color Doppler measurement). We recorded the
inner vertebral artery diameter (Figure 3).

During the selection process to rule out carotid
stenosis, we recorded blood flow parameters
(pulsatility index [PI] and mean velocity [Vm]) from
CCA and internal carotid artery (ICA; CCA-PI,
CCA-Vm, ICA-PI, and ICA-Vm). These parameters
were additionally included in the analysis.

Transcranial Doppler Assessment

A 2-MHz probe was used for all TCCS examinations.
Subjects were laying in a supine position without any

head elevation with upper limbs along the body and
uncrossed. Investigated parameters from the middle
cerebral artery were obtained via temporal windows
at the 48-58 mm depth. We recorded resting mean
peak blood flow velocity (Vmb) and PI in MCA.
Both parameters were calculated automatically by
using automated waveform tracking (Figure 4). Vmb
as a time-averaged maximal (peak) velocity and PI as
the difference between peak systolic and the lowest
diastolic flow velocities referenced to time-averaged
flow velocity over one cardiac cycle.”® Then, follow-
ing normal inspirium to exclude the Valsalva maneu-
ver, subjects were asked to hold their breath for as
long as they could, but for a maximum of 30 seconds.
Immediately after apnea, MCA mean blood flow
velocity (apnea mean blood flow velocity [Vma]) and
PI (apnea pulsatility index [Pla]) were recorded. The
apnea duration (in seconds) was documented. BHI
was calculated by (Vma - Vmb)/(Vmb X breath-
holding time) x 100. A total of four records were
taken in a stepwise manner—the first two on the left
and the next two on the right. There was a pause of

Figure 2. Measurement of distal common carotid intima-media thickness in 73-year-old Fabry disease female (A), 73-year-old female con-
trol (B), 35-year-old Fabry disease male (C), and 35-year-old male control (D). Longitudinal sonogram of the distal common carotid artery,

B-mode.
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at least 3 minutes between each measurement. The
averages of Vmb, PI, and BHI measurements on both
sides were considered for the analysis. To describe
differential variability in BHI measurements between
repeated measurements, BHIvar was computed as the
sample standard deviation of BHI measurements on
both sides together.

Statistical Analysis
The demographic and clinical characteristics were
computed for FD patients and controls overall and

Rekaova et al—Neurosonological Phenotypes in Fabry Disease

split by sex. The differences between FD patients and
controls were assessed using a 2-sample f test with
the assumption of equal variances (for continuous
variables) and a 2-sample proportion z test (for
binary variables). Additionally, when assessing binary
variables, the nonparametric Fisher exact test was
used if the expected proportion for at least one cell
fell below 5.

The differences between Fabry patients and con-
trols in neurosonological outcomes (cIMT, vertebral
artery diameter [dVA], Vmb, BHI, BHIvar, PI, CCA-

Figure 3. Vertebral artery diameter in a 46-year-old Fabry disease male (A) and 47-year-old male control (B). Longitudinal view of the verte-
bral artery between vertebral processes of the spine, color-coded sonogram (diastole).

5.1 mm
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142

v

WL} PAPRO[UAOC D E 19605

suuag,

) SuOIIpUG]) pue

UG Ko o (suon

[
&

asuaoy



Rekova et al—Neurosonological Phenotypes in Fabry Disease

P1, CCA-Vm, ICA-P], and ICA-Vm) were analyzed
using linear regression models. Because FD is
believed to be a reason for changes in the
neurosonologic:ﬂ outcomes, Fabry status was
modeled as a predictor in all the models. All out-
comes had approximately Gaussian distributions. In
the first step, simple regression models for each out-
come that included only the binary predictor FD
(FD versus control) were applied to all subjects and
separately for each gender. In the second step, multi-
variable regression models assessed the effect of FD
status on each outcome, adjusted by additional
covariates: continuous age, BMI, and binary sex. The
multivariable models were not adjusted by the effect

of active smoking, the occurrence of diabetes mellitus,
hypertension, and dyslipidemia because there were
not enough cases or controls having those factors.
Covariates with highly unbalanced distributions, or
those that did not occur frequently, would make the
statistical models unstable and could not be included.

Finally, to explore the effect of sex (or age) on
differences in neurosonological outcomes between
FD and controls, we ran separate multivariable regres-
sion models that included either two-way interactions
between sex or age, and binary predictor FD
(FD versus Control), their corresponding main
effects, while adjusted by age or sex, and BML If the

interaction term’s P-value was signiﬁcant or near

Figure 4. Transcranial color-coded duplex image. Transtemporal insonation. Visualization of the left middle cerebral artery and angle-
corrected measurement of flow velocity. Spectral waveform at a depth of 51 mm in a 30-year-old Fabry disease male (A) and at a depth of

52 mm in a 30-year-old male control (B).
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significant, the gender- or age-specific effects on the
association between FD and neurosonological out-
comes were described.

Because of the exploratory nature of this paper,
P-values smaller than 5% were considered significant.
All analyses were performed in Stata/BE 17.0.**

Results

Study Population

Demographic and clinical characteristics of 65 FD
patients and sex and- age-matched 65 controls, overall
and split by sex, are depicted in Table 1. One male
patient had a reduced ejection fraction (EF) below
40% (35%), and all other analyzed patients had pre-
served EF >50%.

Vascular Parameters

Means and standard deviations of vascular parameters
(cIMT, dVA, Vmb, BHI, BHIvar, PI, CCA-PI, CCA-
Vm, ICA-P], and ICA-Vm) of blood-supplying vessels
averaged across the left and right neck side/brain
hemisphere are listed in Table 2, overall and for each
sex. Additionally, Table 2 displays the results of sim-
ple and multivariable linear regressions assessing the
effect of FD status on vascular parameters, either
unadjusted or adjusted by covariates. Figure 5 shows
observed outcomes by age, split by FD status and sex.

Morphologic Changes in Extracranial Brain Feeding
Vascular Parameters (cIMT and dVA)

Common Carotid Artery Intima-Media Thickness

There was a significant difference between FD and
control patients, unadjusted and when adjusted by
covariates. FD patients had, on average, 0.06 mm
larger thickness of cIMT compared to controls when
adjusted by age, BMI, and sex. In the same adjusted
model, age was significantly associated with ¢IMT,
suggesting that with 1 year of age, the thickness of
¢IMT increases by 0.005 mm on average. For relevant
statistics, see Table 2.

There was no significant interaction between sex
and FD on cIMT (T,,3 = —0.88, P = 3819) or
between age and FD on cIMT (T,;3 = —023,
P = .8167) (Figure SA).
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Vertebral Artery Diameter

FD patients had significantly larger dVA diameter by
0.21 mm compared to controls, on average, in the
unadjusted model. Specifically, male FD patients had,
on average, 0.27 mm larger dVA, and female FD
patients had, on average, 0.18 mm larger dVA com-
pared to controls. Adjusting for covariates, the differ-
ence in dVA between FD patients and controls
remained significant (b = 0.22 mm). For relevant sta-
tistics, see Table 2.

There was no significant interaction between sex
and FD on dVA (T =076, P= .4459) or
between age and FD on dVA (T3 = 002,
P = 9851) (Figure 5B).

Hemodynamic Intracranial Changes in the MCA
(Vmb, PI, and BHI)

Resting Mean Peak Blood Flow Velocity

In unadjusted analyses, there were no significant dif-
ferences in cerebral blood flow velocities based on
FD status for all patients, nor when split by sex. How-
ever, when adjusted by age, BMI, and sex, the effect
of FD status on Vmb reached borderline significance,
suggesting that FD patients have, on average,
4.03 cm/second lower blood flow velocity compared
to controls. Additionally, based on the adjusted analy-
sis, for 1 year of age, the blood flow velocity signifi-
cantly decreases by 0.61 cm/second, and males have
by 8.92 cm/second lower Vmb compared to females,
on average. For relevant statistics, see Table 2.

There was no significant interaction between sex
and FD on Vmb (T34 = 0.36, P = .7162). However,
there was a trend-level significant interaction between
age and FD on Vmb (T}, = —1.79, P = .0736).
Among FD patients, aging 1 year was significantly
associated with a 0.76 cm/second decrease in Vmb
(Tg; = —5.70, P <.0001), while among controls,
aging 1year was significantly associated with
0.46 cm/second decrease in Vmb (Tg = —4.65,
P < .0001), on average (Figure SC).

Breath Holding Index and Breath Holding Index
Variability

In unadjusted analyses, there were no significant dif-
ferences in BHI based on FD status for all patients,
nor when split by sex. However, when adjusted by
age, BMI, and sex, FD patients had significantly lower
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Figure 5. Observed neurasonological outcomes by age, split by Fabry status and sex.
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BHI scores than controls, by 0.15 points on average.
For relevant statistics, see Table 2.

There was no significant interaction between sex
and FD on BHI (T),, = —049, P = .6261) or
between age and FD on BHI (T} = —0.16,
P = 8714).

There was a significant difference in BHIvar
between FD patients and controls, with FD patients
having a BHIvar of 0.27 greater than controls. Specifi-
cally, male FD patients had, on average, 0.29 points
larger BHIvar, and female FD patients had, on aver-
age, 0.26 points larger BHIvar compared to controls.
Adjusting for covariates, the difference in BHIvar
between FD patients and controls did not change
(b = 0.27). For relevant statistics, see Table 2.

There was no significant interaction between sex
and FD on BHlvar (T,; = 0.38, P = .7046). How-
ever, there was a significant interaction between age
and FD on BHlIvar (T3 = 2.51, P = .0135). Among
FD patients, aging 1 year did not significantly change
BHIvar (b = 0.0041, Te, = 0.46, P = .6493), while
among controls, aging 1 year was significantly associ-
ated with 0.0037 decreases in BHIvar (Tgy = —2.61,
P = .0115), on average (Figure S, D and F).

Pulsatility Index

In the unadjusted model, FD patients had, on aver-
age, significantly higher PI by 0.12 points compared
to controls. Specifically, male FD patients had, on
average, 0.15 points higher PI, and female FD
patients had, on average, 0.09 points higher PI than
controls. Adjusting for covariates, the significant dif-
ference in PI between FD patients and controls did
not change (b = 0.12), and additionally, males had,
on average, higher PI by 0.09 compared to females.
For relevant statistics, see Table 2.

There was no significant interaction between sex
and FD on PI (Ty,3 = 1.17, P = .2429) or between
age and FD on Pl (T3 =135 P=.1787)
(Figure SE).

Hemodynamic Extracranial Changes (CCA and ICA)
Common Carotid Artery-Pulsatility Index

There was a significant difference between FD and
control patients, unadjusted and when adjusted by
covariates. FD patients had, on average, higher CCA-
PI by 0.20 points compared to controls when

J Ultrasound Med 2023; 9999:1-16
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adjusted by age, BMI, and sex. For relevant statistics,
see Table 2,

There was no significant interaction between age
and FD on CCA-PI (T,,; = 1.65, P = .1007). How-
ever, there was a significant interaction between sex
and FD on CCA-PI (Ti,; = 2.55, P = .0119). The
effect of FD status on CAA-PI among women was
not significant (b = 0.052, Ty5 = 0.66, P = .5117),
but among men, FD patients had, on average, signifi-
cantly higher CCA-PI by 0.40 points (Tso = 3.18,
P = .0026), compared to controls.

Common Carotid Artery-Mean Velocity

There was a significant difference between FD and
control patients, unadjusted and when adjusted by
covariates. FD patients had, on average, significantly
lower CCA-Vm by 3.67 cm/second compared to con-
trols when adjusted by age, BMI, and sex. For rele-
vant statistics, see Table 2.

There was no significant interaction between age
and FD on CCA-Vm (Tp,; = —0.34, P = .6110).
However, there was a signiﬁcant interaction between
sex and FD on CCA-Vm (T},; = —2.13, P = .0349).
Among women, the effect of FD status on CCA-Vm
was not significant (b= —1.64, T;5= —1.08,
P = .2818), but among men, FD patients had signifi-
cantly lower CCA-Vm by 6.5 cm/second (Ts5o = —4.04,
P = 0002) than controls, on average.

Internal Carotid Artery-Pulsatility Index

There was a significant difference between FD and
control patients, unadjusted and when adjusted by
covariates. FD patients had, on average, higher ICA-
PI by 0.063 points compared to controls when
adjusted by age, BMI, and sex. For relevant statistics,
see Table 2.

There was no significant interaction between sex
and FD on ICA-PI (Tjp = 1.24, P = 2160) or
between age and FD on ICA-PI (T3 =091,
P = 3658).

Internal Carotid Artery-Mean Velocity
There were no significant differences between FD
and control patients in unadjusted nor adjusted by
covariates models. For relevant statistics, see Table 2.
There was no significant interaction between sex
and FD on ICA-Vm (T, = —1.31, P = .1912) or
between age and FD on ICA-Vm (T3 = —1.01,
P = 3159).

u

) SuoIIpuO) puE Suu2, 2 535 [EZOZ/SOMT] U0 AIIqIT AU K311 AL “OMIANA2Y 4327 FURAEIO3) £q $679] WNGZO0 D 1AOPUGN KA CIRIQUUN U5y W01 PIPEOTUMOC ‘0 EI960SST

Kapm

SSUDIT SUOUNKOS 4B AGEoIIAdE 3 £q PaI2AGT 218 SIAAILE V() 1260 0 S2[N o) KIEQIT UUQ) K21 U0



Rekova et a—Neurosonological Phenotypes in Fabry Disease

Discussion

We report a case-control study in patients with FD
aiming to evaluate the presence of cerebrovascular
abnormalities detectable by ultrasound.

Morphologic Changes in Extracranial Brain Feeding
Vessels (cIMT and dVA)

Common Carotid Artery Intima-Media Thickness

Our results show an expected age-dependent cIMT
increase in both the FD patients and controls. The
association between aging and cIMT increase in the
general population is known.** Our cohort’s esti-
mated yearly increase in cIMT (0.005 mm) is similar
to published research.” Additionally, we observed
thicker cIMT in FD patients. Based on the literature,
FD also contributes to the thickening of cIMT, and
an increase of intima-media thickness of large or
medium-sized arteries was repeatedly described,®2%*"
The pathophysiological role of a nonatherosclerotic,
Fabry-specific mechanism was shown,”” although con-
ventional vascular risk factors contributing to athero-
sclerotic changes may also play a role.”®

Vertebral Artery Diameter

Generally, FD patients have enlarged diameter and
tortuosity of intracranial arteries, especially in the pos-
terior circulation.””™*" Similar ﬁndin§s were at the
extracranial brain supplying arteries.** However, to
our knowledge, our study is the first that evaluates
specific structural changes of the vertebral artery in
FD patients. Our data showed similar changes,
already documented within the vertebrobasilar seg-
ments, also in vertebral arteries. The enlarged diame-
ter of the vertebral artery was observed in both males
and females, and it was not significantly different
between sexes, which is in disagreement with Manara
et al” and Ugeyler et al,*' who reported an enlarged
diameter of the basilar artery or posterior cerebral
arteries only in men using magnetic resonance
imaging.

Hemodynamic Changes in the MCA (Vmb, P,

and BHI)

Resting Mean Peak Blood Flow Velocity

In agreement with other case—control published stud-
ies, we did not show a significant difference between
FD patients and controls in mean blood flow veloci-
ties in MCA.**** The observed MCA Vmb in our
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study was slightly higher than in some studies**** but
slightly lower than in others.”® These discrepancies
might be partially explained by demographic differ-
ences of the FD patients’ groups (ie, Fabry-specific
treatment, age). Moreover, methodological factors
may play a role as well (ie, exclusion of patients with
extracranial  carotid  pathology, sitting  versus
supine examination position, use of transcranial
Doppler instead angle-corrected TCCS).

In agreement with the literature,*** our study
showed a significant decrease in Vmb with age among
controls. To our knowledge, this is the first study that
relates aging and Vmb in the MCA among FD
patients. Specifically, the Vmb decrease with age
among FD patients was not only significant but also
much faster (almost 70% faster) than among
controls.

Although we observed significant differences in
CCA-Vm between FD and controls, resting ICA-Vm
and Vmb did not differ. This may be related to the
autoregulatory capabilities of cerebral blood flow.
Studies examining the relationship between resting
cerebral blood flow and flow rates in the proximal
arterial circulation (ie, CCA blood flow velocity, car-
diac output) are sparse. However, the available data
support the independence of cerebral blood flow.>”*°
The faster observed yearly Vimb decline in FD might
reflect the depleting capacity of the autoregulatory
processes of the intracranial circulation.

Cerebral Vasoreactivity

The ability of brain arteries to respond to hypercap-
nia, measured by the breath-holding method,” is
used as a marker of the arterial wall functional integ-
rity. It is mainly linked to the correct function of the
endothelium and smooth muscle cells.

When analyzing average BHI values (of all four
measurements) unadjusted, we did not demonstrate
significantly altered CVR in patients with FD com-
pared to controls. This finding is consistent with the
results of other studies (including smaller numbers of
patients compared to our cohort),***** which also
did not find a significant difference in the CVR of
anterior circulatory arteries. However, to our knowl-
edge, our study is the only one that had enough
patients to perform analysis adjusted by age, sex, and
BMI, in which the CVR was significantly different
between FD and controls.

J Ultrasound Med 2023; 9999:1-16
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Of note, when repeating the BHI test, we
observed nonconstant responses in FD patients.
Intraindividual variability was significantly higher in
FD patients compared to controls. To explain this
phenomenon, more studies are needed. Previously,
Moore et al® described regionally prolonged response
to acetazolamide (elevated cerebral blood flow) in
FD patients. Hypothetically, similar pathophysiologi-
cal mechanisms might be involved in observed BHI
variability as in abnormalities in the study by Moore
et al, who observed different vascular recovery
responses after acetazolamide in FD patients com-
pared to controls. In the literature, several changes
that might contribute to BHI variability have been
described at the level of the intima and tunica media
or vascular innervation. Endothelial dysfunction is
dominant at the intima level, as demonstrated in FD
animal models.*** Moreover, in connection with
Gb3 accumulation, decreased expression of K(Ca)3.1.
channel,*” contributing to endothelium-dependent
relaxation, was described.”® In addition to the Gb3,
the accumulation of its deacylated form (glo-
botriaosylsphingosine  [lysoGb3]) plays a role.
LysoGb3 has been shown to stimulate smooth muscle
cell proliferation in vitro.*”** Further, vascular dys-
function may be affected by FD neuropathy, typically
affecting thin nerve fibers (including the autonomic
nervous system), which disrupts the proper function
of vasomotor innervation.

An increase in BP, mediated by sympathetic ner-
vous system activity, contributes to the apnea-induced
blood flow velocity change in MCA.* Thus, small
fiber neuropathy in FD may play a role through possi-
ble abnormal BP regulation post apnea.

Pulsatility Index
PI is defined as the peak-to-peak height of the sono-
gram waveform divided by the mean velocity
recorded throughout the cardiac cycle.”* Our results
show significantly higher PI in FD patients than in
controls. Higher PI was observed among males, and
PI values increased with age, which is consistent with
findings in a larger Czech cohort of non-FD
pa\tients.s0

The finding of a higher PI in patients with FD
could indicate vascular involvement. The PI increase
is often interpreted as a reflection of downstream
arterial tree resistance and is used as a marker of

J Ultrasound Med 2023; 9999:1-16

150

Rekova et a—Meurosonological Phenotypes in Fabry Disease

microangiopathic changes in the distal vascular bed of
the measured artery.”'>* Another explanation for
increased PI may be the loss of large vessels elasticity.
As a result of the stiffened vessel’s inability to func-
tion as a blood reservoir, elastic arteries fail to protect
the microcirculation of the target organ from the
transmission of harmful pulsations. This may be
important in the brain since its normal perfusion is
characterized by high flow and low resistance.”* Our
observation of significantly higher CCA-PI and ICA-
PI in male patients may reflect impaired compliance
of large arteries. However, the assessment of wave-
forms for analyzing arterial stiffness from Doppler
tracings is not reliable. Differentiating whether
increased PI in FD patients is due to microangiopathy
or damage to elastic arteries remains to be
investigated.

Strengths and Limitations
Strengths of our study include a relatively large sam-
ple of patients with FD, considering its rare etiology.

Some limitations may have influenced the study
results. First, investigators were not blinded to
whether they examined a healthy volunteer or a
patient. However, our highly standardized internal
protocol for investigating organ manifestation of FD
minimizes observer bias, and all ultrasound measure-
ments were performed by one investigator only.
Moreover, using TCCS allowed the correction of the
angle of insonation, providing a more precise mea-
surement of blood flow velocities.

Further limitations are due to the involvement of
patients treated with FD-specific therapy (chaperone
or enzyme replacement therapy), which may alter
natural vascular disease phenotype. Moreover, the
observed unbalanced distribution in the variables that
indicated active smoking, the occurrence of diabetes
mellitus, hypertension, and dyslipidemia prevented
using these variables as covariates in the statistical
analyses.

Additionally, since color Doppler was used as
part of the dVA (and exceptionally cIMT) measure-
ments, this might have affected the precise identifica-
tion of the intima-lumen interface due to decreased
frame rate when using a color Doppler. However, to
minimize inaccuracies and avoid difficulties with color
bleed into the wall, we adjusted the parameters of the
color Doppler instrument or removed superimposed
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color images from acquired pictures to obtain optimal
images for dVA measurements for a given subject, if
necessary (Figure 3).

Lastly, we did not measure BP continuously dur-
ing the breath-holding test. Changes in BP during the
breath-holding stimulus and their contribution to
breath-holding response variability in FD need to be
further explored.

Conclusions

We demonstrated multiple differences in neurosonological
parameters between FD patients and controls. Observed
changes indicate a complex age-dependent vascular impair-
ment among the FD cohort.

We confirmed a more frequent occurrence of vas-
cular wall changes of large arteries (cIMT and dVA)
in FD patients. We discovered a substantially higher
variability in cerebrovascular reactivity response to
the breath-holding test as a possible novel FD-specific
phenotype. We showed an increased PI in FD
patients, potentially reflecting increased vascular resis-
tance and stiffness of the vascular bed.

We conclude that cerebrovascular impairment in
FD is complex but can be measured using
neurosonology.

Data Availability Statement

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.
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10.4 Priloha 4

* Projevy klasické formy FCh Ischemickd CMP nejasné etiologie | MRI projevy FCh

- neuropatie tenkych nervavych vldken
(bolesti, parestezie, dysestezie, autonomni dysfunkce)
- gastrointestindlni priznaky FCh v RA (X vdzané onemocnéni)

- poruchy poceni ANO a/nebo projevy odpovidajici klasické formé FCh NE
-cornea verticillata, vinuté cévy

- angiokeratomy
- renalni postizeni

(proteinurie, pokles renalnich funkei, renélni selhani)

- kardialni postizeni Aktivita alfa-galaktozidézy (Agal) Vék pod 55 let — zvaiit dovysetieni
(hypertrofie myokardy, pfevodni poruchy) v plazmé (mozno metodou DBS), [+ muz — aktivita Agal
- poruchy sluchu, tinnitus, ataky vertiga . . .
ev. v leukocytech Zena — piimo genetické vySetieni
¢ l L (DNA diagnostika — sekvenace GLA)
Nizkd Normdlni 2 soa
. . Podpurné nalezy:
aktivita Agal aktivita Agal eNepiitomnost rizikovych faktord CMP
<=30% normy >=30% normy *CMP v povodi malych tepem

oWMI s na MRI mozku
Zena muz »

| Genetika — GLA sekvenace |

Patogenni VUS Benigni
varianta varianta
l l h 4 v
Odeslani pacient do Centra pro Diagnéza FCh nepravdépodobna,
Fabryho chorobu (lyso-Gb3, klinické patrat po jiné etiologii CMP
vysetfeni)

Upraveno podle: European Journal of Heart Failure, Volume: 22, Issue: 7, Pages: 1076-1096, First published: 08 July 2020, DOI:
(10.1002/ejhf.1960)

Zkratky: FCh = Fabryho choroba; CMP = cévni mozkova pfihoda; RA = rodinna anamnéza; DBS = sucha krevni kapka (dry
blood spot); VUS = varianta nejasného vyznamu
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