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2. POPIS OZNAKA I KRATICA

Alx — augmentacijski indeks (engl. augmentation index)

Alx@HR?7S5 - augmentacijski indeks standardiziran na 75 otkucaja srca u minuti
AHA - Ameri¢ko udruZenje za srce (engl. American Heart Association)

cAlx — centralni augmentacijski indeks (engl. central augmentation index)
cDBP - centralni dijastoli¢ki krvni tlak

cfPWV - karotidno-femoralna brzina pulsnog vala (engl. carotid-femoral pulse wave
velocity)

CV - koeficijent varijacije (engl. coefficient of variation)

COVID-19 - Koronavirusna bolest izazvana koronavirusom SARS-CoV2 (engl. The
coronavirus disease caused by the SARS-CoV2 coronavirus)

cSP — centralni sistoli¢ki tlak (engl. central systolic pressure)

DBP - dijastoli¢ki krvni tlak (engl. diastolic blood pressure)

ITM — indeks tjelesne mase (engl. body mass index)

KV —kardiovaskularni

KVB - kardiovaskularne bolesti

pAlx — periferni augmentacijski indeks (engl. peripheral augmentation index)
PP —tlak pulsa (engl. pulse pressure)

PWYV —brzina pulsnog vala (engl. pulse wave velocity)

PWVao — aortna brzina pulsnog vala (engl. aortic pulse wave velocity)
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31. UVOD

3.1.1. Stratifikacija kardiovaskularnog (KV) rizika i krutost arterija

Bolesti srca i krvnih Zila su vodeéi uzrok smrti u svijetu, a prognozira se da ¢e do
2030. godine broj smrtnih sluéajeva porasti s trenutnih 17,5 milijuna na 23 milijuna ljudi.
Temeljem prijedloga Ujedinjenih naroda mnoge drZave su se na globalnoj razini obvezale
na smanjenje preuranjene smrtnosti od kardiovaskularnih bolesti (KVB) za 25% do 2025.
(1). Prevencija KVB usko je povezana s toénom procjenom ukupnog kardiovaskularnog
(KV)rizika. Takva procjena omoguéava ne samo rano otkrivanje osoba s visokim rizikom
zarazvoj KVB, vec i utvrdivanje optimalne preventivne terapije koja se treba prilagoditi
ukupnom KV riziku pojedinca (2-4). Konvencionalne metode procjene ukupnog rizika
koje stratificiraju ljude u kategorije niskog, srednjeg ili visokog KV rizika pokazuju

znaCajan jaz izmedu predvidenih i stvamih stopa dogadaja (5-7). Osobito u mladih i u



zemljama za koje jednadzbe rizika nisu dobro kalibrirane, ove metode imaju sklonost
podcijeniti (u mladih) ili neto¢no predvidjeti (u zemljama bez dobre kalibracije rizika)
rizik za fatalne KVB dogadaje (6, 8).

Europske smjemice o prevenciji KVB iz 2016. preporucuju koristenje dodatnih
biomarkera za poboljsanje stratifikacije rizika od KVB prema tradicionalnim modelima
(4). Tako je radna skupina Europskog kardioloskog drustva za perifernu cirkulaciju
preporucila uklju¢ivanje neinvazivnih vaskularnih biomarkera u takve modele (9).
Posebice je s tog aspekta preporucena upotreba arterijske krutosti buduéi da se mjere
arterijske krutosti kao Sto je to brzina pulsnog vala (PWV od engl. pulse wave velocity)
smatraju pokazateljima kumulativnih o$te¢enja koja su nastala tijekom godina na
arterijskom zidu, kao odgovor na u¢inke tradicionalnih, ali i neprepoznatih ¢imbenika
KV rizika (10-13).

Ukruéenje arterija, koje je karakterizirano smanjenjem arterijske popustljivosti i/ili
promjenama u strukturi stjenke arterije, najtipi¢nija je klini¢ka zna¢ajka procesa starenja
arterija (10, 14). Brojna su istrazivanja dokazala da je veéa krutost arterija neovisno
povezana s povecanim rizikom za pojavu prve ili ponovljene teSke kardiovaskularne
bolesti (15-17). Takoder je pokazano da mjerenja krutosti arterija poboljSavaju
reklasifikaciju ispitanika koji su pod srednjim rizikom od KVB, nadopunjavanjem
informacija koje pruzaju tradicionalni ¢imbenici KV rizika (15, 18-20). Uz to, arterijska
krutost je povezana i s oSteCenjem ciljnih organa (21-24). Nedavno su zapocela klinicka
ispitivanja koja koriste procjenu krutosti arterija kao zamjenski terapijski ishod lije€enja

u bolesnika s hipertenzijom (25, 26).

3.1.2. Mjere arterijske krutosti

Brzina pulsnog vala smatra se izravnim pokazateljem arterijske krutosti i
predstavlja prijedeni put pulsnog vala kroz arteriju u jedinici vremena [m/s]. Ra¢una se
mjerenjem vremena potrebnim da pulsni val prijede udaljenost od mjesta nastanka
(korijen aorte) do mjesta mjerenja (primjerice karotidna, radijalna ili femoralna arterija).
Brzina pulsnog vala razliita je u razli¢itim dijelovima arterijskog stabla, pa tako brzina
u segmentu izmedu karotidne i femoralne arterije odgovara brzini u samoj aorti.

Karotidno-femoralna brzina pulsnog vala (cfPWV) klini¢ki je najznacajnija i najsnaznije



povezana sa zdravstvenim rizicima u usporedbi s drugim segmentima na kojima se brzina
pulsnog vala takoder mjeri (poput karotidno-radijalne, karotidno-tibijalne itd.) (19, 27).
Trenutno postoji nekoliko tehnika za odredivanje brzine pulsnog vala, a to su aplanacijska
tonometrija, oscilometrija, ultrazvuk i magnetska rezonancija (28, 29). U konsenzusnom
dokumentu Europskog dru$tva za neinvazivna istraZivanja velikih arterija (European
Network for Non-invasive Investigation of Large Arteries) iz 2006. mjerenje PWV-a,
posebice cfPWV-a mjerenog aplanacijskom tonometrijom, predloZeno je kao zlatni
standard za neinvazivnu procjenu arterijske krutosti (28).

Osim PWV-a jednako raSireni, pouzdani i upotrebljavani kao pokazatelji arterijske
krutosti su i augmentacijski indeks — engl. augmentation indeks (Alx), centralni sistolicki
tlak (cSP od engl. central systolic pressure), i tlak pulsa (PP, od engl. pulse pressure).

Augmentacijski indeks (Alx) oznadava postotak pulsnog vala kojeg &ini reflektirani
val. Neizravni je pokazatelj arterijske krutosti, a izravni pokazatelj valne refleksije -
jednog od temeljnih hemodinamskih fenomena koji utje¢u na opterecenje srca u sistoli
(30).

Centralni sistolicki tlak (cSP) jo§ je jedan od pokazatelja arterijske krutosti,
posebice je vazan u starijoj populaciji jer je u starijoj populaciji potvrden kao ¢imbenik
kardiovaskularnog rizika i povezanosti s hipertrofijom lijeve klijetke srca, porast
centralnog sistolickog tlaka izravno poveéava tlatno optere¢enje srca (31, 32).

Tlak pulsa (PP) je razlika izmedu sistoli¢kog i dijastoli¢kog arterijskog tlaka. MoZe
se izraCunati kako iz perifernih, tako i centralnih vrijednosti arterijskog tlaka. Porast
centralnog tlaka pulsa dovodi do veceg tlaénog opterecenja srca i razvoja hipertrofije
lijeve klijetke, kao i kod porasta centralnog sistolickog tlaka, $to ga &ini nezavisnim
prediktorom morbiditeta i mortaliteta (33, 34).

Svi navedeni pokazatelji su nezavisne odrednice KV rizika, ali najznacajniji dokazi

postoje za PWV (34-37).



3.1.3. Problemi s mjerenjem PWV-a u klini¢koj praksi

Unato¢ znaCajnom potencijalu za prevenciju kardiovaskularnih bolesti i u
upravljanju lijeCenjem hipertenzije, upotreba mjerenja PWV u klini¢koj praksi je
ograni¢ena.

Neka od ograni¢enja upotrebe PWV u klinici je nesigurna interpretacija rezultata
zbog velike intra-individualne varijabilnosti PWV, kao i tehni¢ki problemi s uredajem za
mjerenje PWV-a koji zahtijevaju ponavljanje mjerenja i time produljuju vrijeme procjene
(28, 38). U praksi, ti se problemi mogu ublazZiti identificiranjem i kontroliranjem
¢imbenika koji utje€u na njihovu pojavnost. Uginak eksperimentalnih uvjeta (razli¢iti
mjeritelji, doba dana, redni broj mjerenja) i ostalih zbunjujuéih ¢imbenika na intra-
individualnu varijabilnost PWV-a te na pojavu tehni¢kih problema prilikom mjerenja s
odredenim uredajem do sada nisu sustavno ispitani unutar iste studije, niti su studije u
kojima su se ¢imbenici sporadi¢no istraZivali imale dovoljno snage za detekciju realnih
efekta.

Prepreka koja ometa uvodenje PWV-a u kliniCku praksu je i nedostatak
metodoloSkog konsenzusa, §to oteZava toéne usporedbe PWV-a unutar i izmedu studija.
Broj uzastopnih mjerenja koristenih u procjeni stvarne PWV vrijednosti primjer je takve
nedosljednosti. Kako bi se procijenila stvarna vrijednost PWV-a, American Heart
Association (AHA) preporuca usrednjavanje najmanje dva PWV mjerenja, a ako njihova
razlika prelazi 0,5 m/s, potrebno je napraviti tre¢e mjerenje te odrediti srednju vrijednost
(39). Unato¢ svom znacaju, takva preporuka AHA temelji se na jednoj studiji (40) i
klasificirana je kao preporuka temeljena na slabim dokazima (41). Neki istraZivadi pak
koriste protokol mjerenja koji podrazumijeva ponavljanje mjerenja sve dok dvije
vrijednosti ne budu unutar 0,5 m/s jedna od druge (42-45). Takoder, u mnogim studijama
su dva ponovljena mjerenja uprosjeena bez obzira na odstupanja (46-49), dok neke
studije koriste samo jedno PWV mjerenje (50, 51). Niti jedna studija do sada nije
procijenila u¢inak broja mjerenja koristenih u procjeni PWV-a na reproducibilnost PWV-
a.

Nedostatak konsenzusa o o¢ekivanoj reproducibilnosti PWV, koja se definira kao
preciznost mjerenja dobivenih u razli¢itim uvjetima tijekom kratkog razdoblja, obi¢no

nekoliko dana ili tjedana takoder je jedna od prepreka uvodenju PWV-a u klini¢ku praksu.



Takva je kvantifikacija potrebna za ispravno tumadenje rezultata longitudinalnih studija
u kojima se prati promjena PWV-a u pojedinca kroz vrijeme i, posljedi¢no, za utvrdivanje
minimalne klini¢ki vazne promjene. Reproducibilnost PWV-a je u literaturi uglavnom
istrazena u neodgovarajucim ustrojima studije kao §to su to studije validacije u kojima se
novi uredaj usporeduje s referentnim uredajem (52).

Samo je nekoliko studija koje su istraZivale reproducibilnost PWV mjerenja jednog
uredaja, a obi¢no su koristile male veli¢ine uzorka (N < 21) i procijenile ponovljivost -
preciznosti mjerenja dobivenih pod istim uvjetima unutar 24 sata, a ne reproducibilnost.
Takoder, te su studije koristile relativne mjere varijabilnosti koje se tesko interpretiraju.
Primjerice, ¢esto su koristeni koeficijent varijacije (CV), §to je relativna mjera izraZena u
jedinicama standardne devijacije, ili pak koeficijent korelacije, kao §to je koeficijent
meduklasne korelacije (53, 54). Neke od ovih studija dodatno su izvijestile o
reproducibilnosti koju su izrazile preko srednje razlike izmedu dva PWV mjerenja uz
odgovarajuce granice uskladenosti (od engl. limits of agreement) (54), dok su druge
izvijestile o ponovljivosti - preciznosti mjerenja dobivenih pod istim uvjetima unutar 24
sata, a ne o reproducibilnosti (40, 55-58).

Za valjanu procjenu reproducibilnosti PWV-a tj. varijabilnosti koja se javlja zbog
razli¢itih eksperimentalnih uvjeta i ostalih zbunjujuéih ¢imbenika (koji nisu klini¢ki
relevantne promjene), potrebne su studije s veéim brojem ponovljenih mjerenja na
odredenom uredaju, odvojenih duljim razdobljem od 1-2 dana, koje reproducibilnost
izrazavaju rasponom — apsolutnom mjerom varijabilnosti koja se lako tumaéi u kontekstu

odredivanja minimalne klini¢ki relevantne promjene.



3.1.4. Problemi s mjerenjem PWV-a u klini¢koj praksi u pandemijskom i

post-pandemijskom razdoblju bolesti COVID-19

U prosincu 2019. u kineskom gradu Wuhanu otkriven je prvi sluzbeni sluéaj
koronavirusa (bolest COVID-19). Od svog prvog izbijanja virus se brzo progirio diljem
svijeta, a Svjetska zdravstvena organizacija (WHO) proglasila je pandemiju u oZujku
2020. godine. COVID-19 koji se u po&etku smatrao akutnom respiratornom bole$éu, sada
je prepoznat kao sloZena multsistemska bolest s opseznim i $tetnim djelovanjem na
kardiovaskulami sustav (59, 60). Uz izravne posljedice i komplikacije koje izazove
COVID-19, recentna studija je pokazala da 25% ispitanika koji su bili naizgled zdravi
prije infekcije COVID-om 19 jo$ uvijek ima simptome bolesti 12 mjeseci nakon (61).

COVID-19 mozZe utjecati na arterijsku krutost preko nekoliko mehanizama:
aktiviranjem upalnog odgovora, kao i aktiviranjem endotelne disfunkcije te disfunkcije
autonomnog Zziv€anog sustava. Stoga postoji mogucénost da nekoliko mjeseci nakon
infekcije parametri arterijske elastiénosti budu zna¢ajno poviseni $to ometa interpretaciju
rezultata u longitudinalnim studijama kao i stratifikaciju rizika (62, 63).

Do sada nije provedena niti jedna prije-poslije studija koja usporeduje arterijsku
krutost prije i par mjeseci nakon infekcije COVID-om 19 i koja omoguéava kvantifikaciju
ucinka COVID-a 19 na krutost arterija.

3.1.5. Problemi s mjerenjem PWV-a u klini¢koj praksi — saZetak

Usprkos velikom potencijalu pokazatelja arterijske krutosti kao §to je to PWV u
klinici, postoji niz ¢imbenika koji oteZavaju njihovo uvodenje u klini¢ku praksu. Veliki
broj uredaja s razli¢itim principima mjerenja, velika intra-individualna varijabilnost
mjerenja koja oteZava interpretaciju longitudinalnih mjerenja i smanjuje preciznost
stratifikacije rizika od KVB, &esti tehni¢ki problemi s uredajima koji zahtijevaju
ponavljanje mjerenja, kao i nedostatak konsenzusa — metodoloskog konsenzusa oko
protokola procjene vrijednosti PWV-a te konsenzusa o o&ekivanoj reproducibilnosti
PWYV neki su od otezavajuéih ¢imbenika za uvodenje PWV-a u klini¢ku praksu. Uz to,

Siroka rasprostranjenost infekcije COVID-a 19 diljem svijeta uz pretpostavljenu



povezanost te infekcije s poveéanjem krutosti arterija zahtijeva da se razluéi dugorogan
u¢inak COVID-a 19 — povecava li se arterijska krutost u inficiranih osoba dugoroéno —
trajno povecavajui rizik za KV dogadaje, ili se pak poveéava na odredeni duzi period
nakon infekcije — §to je privremeni uéinak koji ometa procjenu arterijske elasti¢nosti, ili

pak nije pod dugoroénim utjecajem COVID-a 19.

3.1.6. Cilj objedinjenih radova

Cilj objedinjenih radova je osigurati dokaze na temelju kojih se moZe ublaZiti
utjecaj oteZavajucih ¢imbenika i time olak3ati uvodenje mjerenja PWV u klini¢ku praksu.
Specifiéni ciljevi su:

1. Identificirati eksperimentalne uvjete (razli¢iti mjeritelji, razligit period dana i broj
posjeta) i ostale zbunjujuce Simbenike (vanjska temperatura, atmosferski tlak i
vlaznost, sistolicki, dijastoli¢ki i srednji arterijski tlak: MAP od engl. mean
arterial pressure, sréani otkucaji, dob, spol, indeks tjelesne mase) koji utje¢u na
izmjerene vrijednosti PWV-a a nisu kontrolirani u standardnom protokolu
mjerenja (kao §to su to primjerice obroci, alkohol, puSenje, tjelovjezba), te
kvantificirati njihove uéinke.

2. Utvrditi reproducibilnost tj. koli¢inu varijabilnosti PWV-a unutar ispitanika koja
se moze pripisati uvjetima/¢imbenicima koji nisu klini¢ki relevantna promjena,
pracenjem PWV-a tijekom 2 tjedna u §irokom rasponu sudionika i pod razli¢itim
eksperimentalnim uvjetima sli¢nima onima u klini¢koj praksi.

3. Utvrditi kako broj ponovljenih mjerenja koristenih u protokolu procjene PWV-a
utjeCe na reproducibilnost PWV-a i koji to ¢imbenici pridonose velikim
odstupanjima (>0.5 m/s) izmedu uzastopnih mjerenja PWV-a. .

4. Odrediti ¢imbenike koji utjeu na poteskoée mjerenja PWV-a dvaju razliditih
uredaja (potreba za ponavljanjem mjerenja PWV-a ili za ru¢nim odabirom signala
za analizu) te kvantificirati njihove uginke.

5. Utvrditi dugoroéne uéinke blage infekcije COVID-om 19 na arterijsku krutost.
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3.2. PREGLED METODOLOGIJE OBJEDINJENIH RADOVA

IstraZivanja su provedena u Laboratoriju za starenje krvoZilja i prevenciju
kardiovaskularnih bolesti Medicinskog fakulteta Sveugilista u Splitu u periodu od
listopada 2019. do travnja 2022. godine.

3.2.1. Mjerenje PWV-a

Uredaji za mjerenje PWV-a koji su koristeni u studijama su SphygmoCor CvMS
(Atcor Medical, Sydney Australia) koji radi na principu aplanacijske tonometrije i
Arteriograph (TensioMed, Budapest, Hungary) koji je oscilometrijski uredaj. Uredaj
SphygmoCor mjeri cfPWV —brzinu pulsnog vala izmedu karotidnog i femoralnog mjesta
dok Arteriograph procjenjuje aortnu PWV (PWVao, od engl. aortic pulse wave velocity)
iz mjerenja provedenih na jednom mjestu na brahijalnoj arteriji. Za PWVao se smatra da
je toCna aproksimacija cfPWV. Iznimno, u studiji III provedenoj na oboljelima od
COVID-a 19 dio ispitanika je snimljen i uredajem SphygmoCor XCEL (Atcor Medical,
Sydney Australia) pri ¢emu su ponavljajuca mjerenja za svakog ispitanika provedena
uvijek istim uredajem.

Protokol za procjenu PWV-a bio je jednak za sve tri studije. Za oba uredaja,
mjerenja su obavljena u skladu s preporukama American Heart Association’s (AHA) za
poboljSanje i standardizaciju vaskularnog istraZivanja krutosti arterija (39). Oba mjeritelja
su prije poCetka mjerenja prosla intezivan trening u trajanju od 7 dana, tijekom kojeg su
pod nadzorom obavili priblizno 50 visokokvalitetnih mjerenja.

Mjerenja su provedena u tihoj prostoriji s kontroliranom sobnom temperaturom od
ugodnih 21-23 -C. Ispitanici su dobili uputstva da se suzdrze od napornog vjezbanja i
alkohola 24 sata prije snimanja (jutarnjeg i poslijepodnevnog). Takoder, bilo im je
zabranjeno jesti ili piti bilo $to osim vode, te pusiti najmanje 3 sata prije svakog snimanja.
Onima koji su uzimali vazoaktivne lijekove savjetovano je da ih nastave uzimati kao i
obi¢no i da ne mijenjaju dozu tijekom studije. Kako bi se osigurala hemodinamska
stabilnost, sudionici su se odmarali u leze¢em polozaju 10 minuta prije prvog mjerenja

PWYV. Nakon zavrSetka niza mjerenja pomoc¢u jednog uredaja, sudionici bi se ustali,
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proSetali prostorijom, a potom ponovno legli 10 minuta kako bi se hemodinamski
pripremili za mjerenja pomocu drugog uredaja. Ovaj je postupak bio neophodan kako bi
se sprijecilo da sudionici zaspu dok leZe na ledima kroz dulje razdoblje, posebno tijekom
jutarnjih mjerenja. Sudionici nisu smjeli razgovarati niti spavati tijekom mjerenja. Sva
mjerenja su obavljena na desnoj ruci (Arteriograph), te desnoj karotidnoj i femoralnoj
arteriji (SphygmoCor).

Za kalibraciju signala pulsnih valova snimljenih SphygmoCorom, koristili smo
mjerenja brahijalnog arterijskog krvnog tlaka ucinjena validiranim oscilometrijskim
tlakomjerom (Welch Allyn Connex ProBP 3400 digitalni monitor krvnog tlaka sa SureBP
tehnologijom).

3.2.2. Mjerenja udaljenosti izmedu karotidnog i femoralnog mjernog mjesta

Prema preporuci AHA smjemice za mjerenje arterijske krutosti (39), za izratun
udaljenosti putovanja pulsnog vala koristena je metoda oduzete udaljenosti (od engl.
substraction method). Prateci preporuke navedenih AHA smjernica, mjerenje udaljenosti
izmedu vrha dr$ke prsne kosti (incisura jugularis) i mjesta palpiranja femoralne arterije
ucinili smo koriste¢i veliki $kolski Sestar umjesto metarske vrpce, a zatim smo od te
udaljenosti oduzeli udaljenost izmedu mjesta palpiranja karotide arterije i vrha drika
prsne kosti (incisura jugularis).

Naime, Skolskim Sestarom smo dobili pravocrtnu udaljenost koja je neovisna o
oblicima tijela kao $to su veliki trbuh i/ili grudi kod pretilih osoba (64). Sli¢no se dobije
1 koristenjem kliznog kalipera koji se preporufuje za mjerenje udaljenosti kada je
pravocrtno mjerenje metarskom vrpcom otezano (39, 65, 66). Medutim, za razliku od
kliznog kalipnera ¢&ije klizne lopatice ili hvatiste jo§ uvijek moZe ometati oblik tijela, kod
Skolskog 3estara to nije problem zbog njegovih dugih krakova.

Udaljenost izmedu karotidnog i femoralnog mjesta izmjerena je samo jednom -
tijekom prvog dolaska ispitanika.

Kako bismo opisali meteoroloske (vanjske) uvjete u kojima su mjerenja obavljena
u studiji opisanoj u radovima I i II (64, 67), podatke o vanjskoj temperaturi, tlaku i

vlaZnosti zraka dobili smo od Drzavnog hidrometeoroloskog zavoda Republike Hrvatske
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te smo ih koristili za procjenu vremenskih uvjeta tijekom svakog snimanja. Tijekom
istraZivanja temperatura se kretala od 4,5 do 23,3 °C, tlak zraka od 972 do 1011 hPa, a
vlaZznost zraka od 32 do 92%.

3.2.3. Ustroji studija

3.2.3.1. Ustroj studije koristen u radovima I i II

Radovi I 1 II (64, 67) temelje se na jedno-zaslijepljenoj blok-randomiziranoj
ukriZenoj longitudinalnoj studiji. Kako bi se osiguralo iste uvjete snimanja za svaki od
uredaja, studija je randomizirana s obzirom na uredaj i mjeritelja koristenjem veli€ine
bloka od 4. Dva su mjeritelja bila zaslijepljena za oitanja drugoga. Mjerenja ocitana na
svakom od uredaja analizirana su zasebno.

Studija je obuhvatila 36 ispitanika u dobi od 20 do 60 godina. Ispitanici su namjerno
uzorkovani (od. engl. purposive sampling) prema dobi, spolu, hipertenzijskom statusu
(normotenzivni ili hipertenzivni) i indeksu tjelesne mase (u rasponu od normalne teZine
do pretilih) kako bi se osigurala ravnomjerna distribucija po kriterijima uklju¢ivanja.

Hipertenzivni status ispitanici su naveli prilikom davanja anamnesti¢kih podataka,
pri ¢emu su svi ispitanici s hipertenzijom naveli i lijekove koje inade primaju za tu bolest.
Kategorija indeksa tjelesne mase odredivala se prema klasifikaciji Centra za kontrolu i
prevenciju bolesti za odrasle.

Kriteriji iskljucenja uklju¢ivali su aritmije koje su ispitanicima bile poznate od prije
ili su evidentirane tijekom prvog dolaska: cerebrovaskularne bolesti, trudnoéu, kirursku
amputaciju, onkoloSke bolesti, psihijatrijske bolesti i infekcije tijekom trajanja
ispitivanja.

Svaki je ispitanik snimljen ukupno 12 puta tijekom 2 tjedna, &etiri puta tijekom
svakog od tri dana posjeta, a svaki je posjet bio odvojen jednim tjednom. Tijekom svakog

posjeta dva mjeritelja su ispitanika snimala ujutro (7 - 10 h) i poslijepodne (16 - 18 h).
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3.2.3.2. Ustroj studije koristen u radu III

Rad III (68) temelji se na prije-poslije ustroju studije u kojoj su mjere arterijske
krutosti i srediSnje hemodinamike zabiljeZene u skupini sudionika prije i nakon infekcije
COVID-19. Za procjenu arterijske krutosti i sredi$njih hemodinamskih parametara prije
infekcije upotrijebili smo podatke ispitanika koji su bili dostupni iz prethodnih studija u
Laboratoriju za starenje krvoZilja i prevenciju kardiovaskularnih bolesti, a isti protokol
mjerenja PWV-a je koriSten nakon preboljenja infekcije. Za sve ispitanike koji su bili
pozvani u studiju, dijagnoza COVID-19 postavljena je molekularnim testom lanane
reakcije polimeraze reverznom transkriptazom (RT-PCR test).

Mjerenje nakon infekcije provedeno je izmedu 8. i 12. tjedna nakon prestanka
infekcije COVID-19, a maksimalni vremenski period izmedu dva mjerenja bio je 24
mjeseca. Ukupno smo pozvali 36 ispitanika od kojih nam se 32 (89%) odazvalo u studiju,

a svi su ispitanici prijavili blagi oblik bolesti COVID-19.

3.2.4. Statisticke metode

Prikupljeni podaci su kodirani, sortirani i pripremljeni za analizu pomocu
softverskog paketa (SPSS 25.0, IBM Corp., 2017). Deskriptivna statistika je koriStena za
opis razdiobi kvantitativnih i kvalitativnih varijabli, pri ¢emu je normalnost razdiobe
kvantitativnih varijabli ispitana D'Agostino-Pearsonovim testom.

Za analizu ponovljenih mjerenja koristili su se viSerazinski regresijski modeli s
mjeSovitim ucincima (od. engl. multilevel mixed-effects regression models). Ovisno o
vrsti ovisne varijable koristeni su: viSerazinski generalizirani linearni modeli s mjeSovitim
ucincima, viSerazinski logisticki regresijski model s mjeSovitim u¢incima, ili pak
viSerazinski Poissonov regresijski model s mje$ovitim u¢inkom. Analiza osjetljivosti
ucinjena je metodom najvece vjerojatnosti (od engl. maximum likelihood method). Za
analizu promjena u odnosu na poletnu vrijednost parametra (vrijednost prije bolesti
COVID-19) koristeni su jednostavni, te viSestruki linearni regresijski modeli.

Neovisne varijable u modelima iz radova I i II bile su: eksperimentalni uvjeti — broj

posjete, mjeritelj, doba dana (jutro/poslijepodne), te prvi uredaj koristen u seriji snimanja;
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zatim meteoroloske varijable: vanjska temperatura (°C), tlak zraka (Pa) i relativna
vlaZnost (%); fizioloske varijable: sistoli¢ki, dijastoli¢ki i srednji tlak (u mmHg), te sréana
frekvencija (otkucaji/po minuti); i karakteristike sudionika — dob, spol, indeks tjelesne
mase (ITM), 1 dijagnoza hipertenzije (normotenzivni/hipertenzivni).

Neovisne varijable u modelima iz rada III bile su: dob, spol, vrijeme koje je proslo
od pocetka bolesti COVID-19 do drugog mjerenja, vrijeme koje je pro$lo izmedu dva
mjerenja (prije i poslije bolesti COVID-19), poéetne vrijednosti modeliranog parametra
(vrijednosti prije bolesti COVID-19) i vrsta uredaja koja se koristila za procjenu
pojedinca.

Procjena minimalno potrebne veliine uzorka za navedene analize moZe se na¢i u

izvornim radovima.

3.2.5. Eticka nacela

Opazajne studije iz ovog doktorskog rada provedene su u skladu s Helsinskom
deklaracijom i odobrene su od strane Eti¢kog povjerenstva Medicinskog fakulteta
SveuciliSta u Splitu (br. 2181-198-03-04-20-0015 za rad 11 II, te br. 2181-198-03-04-20-

0096 za rad III). Svi su ispitanici dali pismeni informirani pristanak za sudjelovanje.

3.3. Sazeti pregled rezultata objedinjenih radova

Sustavno su istrazeni eksperimentalni uvjeti, kao i ostali potencijalni zbunjujuci
¢imbenici kao $to su meteoroloski uvjeti, fizioloski ¢imbenici i obiljeZja sudionika, kako
bi se utvrdilo jesu li i u kojoj mjeri utjecali na: a) vrijednosti PWV-a opaZene izmedu i
unutar pojedinog ispitanika i izmjerene sa svakim uredajem zasebno, te b) na poteSkoce
mjerenja PWV-a s pojedinim uredajem.

Uz dob i MAP koji su oéekivano snazno utjecali na vrijednosti PWV-a izmjerene s
oba uredaja (varijabilnost PWV-a izmedu ispitanika koja je pripisana razlici u ovim
¢imbenicima iznosila je 1,4-1,6 m/s za SphygmoCor te 2,3-3,2 m/s za Arteriograph),

ostali znacajni ¢imbenici razlikovali su se izmedu uredaja. Tako je cfPWV izmjerena
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SphygmoCorom, kao direktna mjera krutosti arterija, dodatno ovisila o dijagnozi
hipertenzije, vanjskoj temperaturi, redoslijedu posjeta, ali i o interakciji MAP-a s
vanjskom temperaturom. Intra-individualna varijabilnost MAP-a doprinijela je u prosjeku
0,27 m/s razlici u ponovljenim mjerenjima PWV-a na 5°C vanjske temperature te tek
0,004 m/s pri 25°C. S druge strane, mjerenja PWVao ucinjena Arteriografom bila su u
vecoj mjeri ovisna o dobi nego mjerenja uéinjena SphygmoCorom, a dodatno su ovisila i
o karakteristikama ispitanika kao §to su visina i spol, te broj otkucaja srca. Pri tome je
intra-individualna varijabilnost MAP-a doprinijela u prosjeku 0,23 m/s razlici u
ponovljenim mjerenjima PWV-a. Takoder, Zenski spol je u prosjeku povecavao izmjerene
vrijednosti PWVao za 1,56 m/s (95% CI 0,7-2,4). Doba dana (ujutro/poslijepodne),
razli€iti mjeritelji koji su prosli istu koli¢inu treninga, te vrsta uredaja koja je koristena
prva u seriji snimanja nisu utjecali na izmjerene vrijednosti PWV-a.

Medutim, poteSkoce s mjerenjem na oba uredaja javljale su se znatno rjede u
poslijepodnevnim satima: omjer stopa incidencije za ponovljena mjerenja
SphygmoCorom tijekom poslijepodneva (IRR, od engl. incidence rate ratio) iznosio je
0,88, 95% CI 0,79-0,97), dok je omjer izgleda (OR, od engl. odds ratio) za ruéni odabir
signala za analizu u poslijepodnevnim satima bio 0,23 (95% CI 0,10-0,54). Takoder, za
oba smo uredaja utvrdili povezanost izmedu tehni¢kih problema tijekom mjerenja i
zenskog spola. Dok je broj ponovnih mjerenja s SphygmoCorom bio umjereno povecan
u Zena (IRR 1.23, 95% CI 1.01-1.50), ruéni odabir signala s uredajem Arteriograph bio
je mnogo ¢es¢i u Zena nego u muskaraca (OR 51.4, 95% CI 6.42-412.2).

Konatno, na oba uredaja otkrili smo da povecanje dobi poveéava ne samo
vrijednosti PWV-a, veé i varijabilnost njihovih ponovljenih mjerenja, $to sugerira da bi
se u starijih osoba trebala povecati preciznost mjerenja, po moguénosti koritenjem 3 - 4
mjerenja u nizu umjesto samo 2.

Vezano uz procjenu reproducibilnosti PWV u periodu od 2 tjedna utvrdili smo da
je reproducibilnost oba uredaja problemati¢na jer je intra-individualni raspon izmjerenih
vrijednosti PWV-a §iri od 1m/s za veéinu ispitanika. Razliku od 1 m/s neki struénjaci
smatraju minimalnom klini¢ki zna¢ajnom razlikom u PWV iako se takvo zapaZanje ne
temelji na dokazima.

Broj uzastopnih mjerenja u protokolu procjene PWV-a znalajno utjee na

reproducibilnost pri ¢emu smo najbolju reproducibilnost dobili za medijan 4 uzastopna
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mjerenja i gomnju granicu za prihvatljivu varijabilnost (varijabilnost uzrokovanu drugim
izvorima osim klini¢ki zna¢ajne promjene) od 1,1 m/s umjesto 1,0 m/s.

Takoder je utvrdeno da relativne mjere varijabilnosti kao §to je koeficijent varijacije
(CV od engl. coefficient of variation) nisu primjerene za usporedbu reproducibilnosti i
ponovljivosti koje se Cesto u literaturi koriste kao istozna¢nice. Dok su vrijednosti CV
pridruzene reproducibilnosti i ponovljivosti sli¢ne, njihovi rasponi se klini¢ki zna¢ajno
razlikuju.

Cimbenici koji utjedu na velika odstupanja u PWV (>0.5 m/s) izmedu susjednih
mjerenja su istovjetni onima koji utjeu na vrijednosti PWV-a opéenito, identificiranima
uradu I. Velika odstupanja nisu povezana s karakteristikama ispitanika.

Kona¢no, u radu na ispitanicima koji su preboljeli COVID-19 utvrdeno je
postojanje odgovora na blagi oblik bolesti u razli¢itim parametrima arterijske krutosti i
srediSnje hemodinamike: cfPWV, augmentacijskom indeksu standardiziranom na 75
otkucaja srca u minuti (AIx@HR?75), centralnom dijastoli¢kom krvnom tlaku (cDBP);
kao i dijastoli¢kom krvnom tlaku (DBP) i MAP.

Veli¢ina ovih odgovora ovisila je o vremenu koje je proslo od pocetka bolesti
COVID-19, kao i o dobi ispitanika (Dregresijski koeficijenti < 0.013), a osim za parametar
AIx@HR75 (p = 0.003), za sve je ostale parametre veli¢ina odgovora bila neovisna o
pocetnim vrijednostima parametara. Zapravo, modeli mjeSovitog ucinka pokazali su na
razini grupe klinicki znacajnu progresiju vaskularnog o$te¢enja unutar razdoblja od 2 - 3
mjeseca nakon infekcije: (srednja promjena na razini grupe nakon infekcije +1.4 m/s za

cfPWV, +15% za AIx@HR75, +8 mmHg za DBP, cDBP i MAP).

3.4. Rasprava

Po prvi puta su sustavno, unutar jedne studije, istraZeni brojni eksperimentalni i
meteoroloSki uvjeti kao 1 fizioloSki imbenici te karakteristike sudionika kako bi se
utvrdilo utjeCu li, i ako da, do koje razine, na vrijednosti PWV-a opaZzene izmedu i unutar
ispitanika te na pojavu tehnickih poteskoca u mjerenju PWV-a. Vrijednosti PWV-a vise
su puta prikupljene od ispitanika tijekom 2 tjedna — u vremenskom razdoblju u kojem se

ne o¢ekuju klinicki znac¢ajne promjene u ispitanika. Nadalje, analize su u¢injene odvojeno
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za mjerenja dobivena s razliCitim validiranim uredajima: ¢fPWV mjerenja dobivena
uredajem za aplanacijsku tonometriju SphygmoCor CvMS i PWVao mjerenja dobivena
uredajem za oscilometriju Arteriograph.

Kako bi se odgovorilo na postavljena istraZivatka pitanja upotrijebljen je ustroj
studije koji osigurava snaZzne dokaze. Provedena je jedno-zaslijepljena blok-
randomizirana ukriZena longitudinalna studija s &ak 12 ponovljenih mjerenja po
ispitaniku sa svakim od uredaja. Nadalje, na$ validacijski uzorak pokazao je prili¢no Sirok
raspon PWV-a, dobi, ITM-a i brahijalnih krvnih tlakova te ujednaéenu distribuciju prema
dobi, spolu, ITM-u i statusu hipertenzije. S obzirom na to da uniformna distribucija stavlja
manji naglasak na srediSte distribucije, a viSe na njezine ekstreme, ovakav uzorak
osigurava preciznije validacijske procjene od uzorka koji je reprezentativan za ciljanu
populaciju.

Nema mnogo studija koje su istraZivale reproducibilnost PWV-a, a one koje jesu
uglavnom su provele od 2 do 6 ponovljenih mjerenja po sudioniku u periodu od jednog
do dva dana (57, 69-72). Unatog ¢injenici da smo zabiljeZili najvise ponovljenih PWV
mjerenja po sudioniku (N = 12), te da je na$ uzorak imao relativno Sirok raspon PWV-a i
PWV  determinanti, slaganje ponovljenih PWV mjerenja procijenjeno u naSem

istrazivanju bilo je usporedivo s onim $to je objavljeno u literaturi (57, 73, 74).

3.4.1. Cimbenici koji utjeu na izmjerene vrijednosti PWV-a

3.4.1.1. Zivotna dob

Ocekivano, Zivotna dob je bila ¢imbenik s najve¢im u¢inkom na vrijednosti cfPWV
1 PWVao, dok je MAP slijedio kao drugi najutjecajniji &imbenik. Ovi su podaci u skladu
s podacima iz drugih studija koje takoder pokazuju jaku povezanost PWV-a s Zivotnom
dobi i MAP-om (39, 75-77). U prosjeku, dob je bila odgovorna za priblizno 2 - 3 m/s
razlike u PWV-u izmedu ispitanika, pri éemu je njen utjecaj na vrijednosti PWVao bio
snazniji negoli na vrijednosti cfPWV. Naime, za svakih 10 godina Zivota cfPWYV je
porastao za 0,4 m/s (95% CI 0,2-0,6), a PWVao za 0,8 m/s (95% CI za 0,6-1,0). Druge

studije koje su koristile uredaj SphygmoCor CvMS izvijestile su o usporedivim uéincima
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dobi na cfPWV mjerenja u rasponu od 0,2 m/s za 10 godina (78), preko 0,3-0,4 m/s (79),
do nesto ve¢ih udinaka od oko 0,7-0,9 m/s za 10 godina (75, 80), o kojima je izvijestila
ista skupina autora. Iako je dob takoder identificirana kao najjata determinanta vrijednosti
PWVao (81), studije koje su istraZivale ¢imbenike koji utjeCu na Arteriographova
mjerenja PWVao nisu izvijestile o usporedivim, nestandardiziranim regresijskim
metrikama. Medutim, studija koja je istraZivala PWVao mjereno scilometrijskim Vicoder
uredajem izvijestila je o usporedivom uéinku od 0,4-1,0 m/s za 10 godina (82).

Iako je dob ostala konstantna tijekom 2 tjedna studije i stoga nije pridonijela
apsolutnoj promjeni u ponovljenim mjerenjima osobe, takoder je utvrdeno da je starija
dob povecala varijabilnost ponovljenih mjerenja i za cfPWV i za PWVao, povecavajuéi
greSku mjerenja. Grillo i suradnici takoder su otkrili da pacijenti s poveéanom krutoéu
arterija imaju vecu varijabilnost u ponovljenim mjerenjima PWV-a dobivenim razli¢itim
uredajima za procjenu cfPWV-a (57). Smatra se da je ovaj fenomen posljedica &injenice
da se PWV definira kao omjer prijedene udaljenosti i vremena prolaska pulsnog vala
(PWTT, od engl. pulse wave transit time). U tom sluéaju mala razlika u PWTT mozZe
uzrokovati relativno veliku razliku u PWV-u u ispitanika s poveéanom arterijskom
krutoSc¢u, dok je ta razlika zanemariva u ispitanika s normalnom kruto$éu arterija. Sve
navedeno sugerira da bi, kada se u osoba starije Zivotne dobi prate promjene PWV-a s
vremenom, bilo korisno povecati broj mjerenja tijekom jednog posjeta s 2 na 3 - 4 kako

bi se poboljsala preciznost procjene.

3.4.1.2. MAP i vanjski meteoroloski ¢imbenici

Drugi najjaci u¢inak na izmjerene vrijednosti PWV-a imao je MAP, koji se smatra
najznatajnijom fizioloskom varijablom koja utjete na krutost arterija (83-85). S
poveCanjem MAP-a, krvne zile se ukrucuju, $to znaéi da svaki put kada se mjerenja
provode pod razli¢itim vrijednostima krvnoga tlaka treba uzeti u obzir i u¢inak MAP-a
na ponovljena mjerenja PWV-a.

U naSoj studiji, MAP je u prosjeku bio odgovoran za priblizno 1-2 m/s razlike u
PWV-uizmedu ispitanika, pri ¢emu su se vrijednosti PWVao povecavale za 0,2 m/s (95%

CI0,10-0,25) za svakih 5 mmHg porasta MAP-a. Takvi su uéinci usporedivi s procjenom
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oscilometrijskog uredaja Vicordera: 0,05-0,20 m/s za svakih 5 mmHg (82). Nadalje,
uzimajuéi u obzir varijabilnost MAP-a unutar ispitanika, u prosjeku 0,23 m/s (od 0,10 do
0,33 kada se uzme u obzir nesigurnost u procjenama) razlike u ponovljenim PWVao
mjerenjima moZe se pripisati promjenama MAP-a.

Za razliku od PWVao, oéekivane promjene u cfPWV-u zbog promjena u MAP-u
ili promjena vanjske temperature ne mogu se jednostavno interpretirati. Razlog je
znaCajna interakcija izmedu vanjske temperature i MAP-a, koja sugerira da vanjska
temperatura moderira odnos izmedu cfPWV-a i MAP-a. Tako je o&ekivana razlika
izmedu predvidenog cfPWV-a dodijeljenog najnizem i najvisem opaZenom MAP-u i
prilagodenog za druge ¢imbenike bila 2,62 m/s na vanjskoj temperaturi zraka od 5°C, ali
samo 0,04 m/s na temperaturi zraka od 25°C. Nadalje, intra-individualne razlike u
ponovljenim mjerenjima PWV-a uzrokovane varijacijama MAP-a predvidene su na 0,27
m/s pri 5°C i 0,004 m/s m/s pri 25°C. Zanimljivo je da za PWVao mjerenja nije utvrden
znalajan utjecaj vanjske temperature ili zna¢ajna interakcija temperature s MAP-om.

Dok je negativan odnos izmedu vanjske temperature zraka i oéitanja arterijskog
krvnog tlaka uofen u mnogim studijama (86-90), slitan je odnos s vanjskom
temperaturom pretpostavljen i za krutost arterija, ali postojece studije imaju nedosljedne
rezultate. Di Pilla i suradnici izvijestili su da je u neprilagodenoj regresijskoj analizi
cfPWV zabiljeZzen pomoéu SphygmoCora bio slabo i obrnuto proporcionalno povezan s
vanjskom temperaturom, ali ne i u viSestrukoj regresijskoj analizi u kojoj se dodatno
kontrolirao utjecaj dobi, ITM, vrijednosti krvnoga tlaka, doba dana, te razina plinova Os,
CO i N2O (91). U ANOVA analizi ponovljenih mjerenja, Kita i suradnici pokazali su
znaCajnu promjenu indeksa arterijske krutosti tijekom sezona pri ¢emu je veéa krutost
uocena tijekom ljeta (92). Iako je mehanizam na kojem se temelji interakcija temperature
i MAP-a izvan opsega nade studije, simpatitka aktivacija izazvana hladnoéom mogla bi
objasniti ovisnost izmjerenih vrijednosti cfPWV o vanjskoj temperaturi u uvjetima u
kojima je sobna temperatura konstantna (91, 93). U tom sluéaju, kod nizih vanjskih
temperatura, vrijeme odmora u leZe¢em poloZaju u prostoriji s kontroliranom
temperaturom moglo bi se produziti za vi§e od 10 minuta kako bi se omoguéila prilagodba
tijela na temperaturu. Alternativno, mjerenje bi se moglo provesti u periodu kada su

vanjske temperature viSe, poput onih oko 25 °C.
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3.4.1.3. Brzina otkucaja srca

Pored utjecaja vanjske temperature na mjerenja PWV-a, takoder je uocena i razlika
u utjecaju brzine otkucaja srca na vrijednosti cfPWV i PWVao. Ovaj fizioloski ¢imbenik
imao je umjereni utjecaj na mjerenja PWVao i bio je odgovoran za priblizno 1,5 m/s
razlike u PWVao izmedu ispitanika povecavajuéi PWVao za 0,2 m/s (95% CI 0,02— 0,40)
za svakih 10 otkucaja srca u minuti. U&inak je sli¢an onome o kojem su izvijestili Tan i
suradnici koji su koristili hibridni uredaj za aplanacijsku tonometriju i oscilometriju
SphygmoCor XCEL i otkrili povecanje cfPWV od 0,11-0,28 m/s za svakih 10 otkucaja
srca u minuti (94). Osim toga, individualna varijabilnost u sréanim otkucajima u na3oj
studiji je u prosjeku uzrokovala odstupanje od 0,12 m/s (nesigurnost, 0,01-0,27) u
ponovljenim mjerenjima PWVao. S obzirom na te ¢injenice, moZe se pretpostaviti da ¢e
male promjene u broju otkucaja srca imati minimalno fizioloski znagajne promjene na
PWVao. Medutim, za vece promjene u broju otkucaja srca, o¢ekuje se da ¢e dovesti do
znacajnih razlika u PWVao. Za razliku od PWVao, nismo uo¢ili zna¢ajan utjecaj brzine

otkucaja srca na mjerenja cfPWV-a dobivena aplanacijskom tonometrijom.

3.4.1.4. Eksperimentalni uvjeti

Od svih testiranih eksperimentalnih uvjeta samo je redoslijed posjeta utjecao na
mjerenja PWV. To¢nije, dok redoslijed posjeta nije imao utjecaja na mjerenja PWVao,
mjerenja cfPWV snimljena tijekom drugog posjeta bila su u prosjeku 0,23 m/s (95% CI
0,03-0,43) niZa od onih u prvom posjetu. Medutim, nije se utvrdila zna¢ajna razlika kada
su mjerenja cfPWYV iz treceg posjeta usporedeni s onima iz prvog. Jedno od moguéih
objaSnjenja za nedostatak trenda u trec¢oj posjeti je utjecaj vanjske temperature. Buducéi
da je vanjska temperatura prepoznata kao vazan &imbenik koji utjete na mjerenja cfPWV,
izraZenije meteoroloske promjene pri trecem posjetu vjerojatno su prikrile uginak
redoslijeda posjeta. Naime, za vrijeme snimanja nekih ispitanika, vanjska temperatura
zraka varirala je za 8 - 10°C izmedu treceg i druga dva posjeta.

Otkrice viSih vrijednosti cfPWV tijekom prvog posjeta moze sugerirati da, unatod
tome Sto su myjeritelji prosli obuku koju préporuuju trenutne smjemice (39), mozda

tijekom prvog posjeta nisu bili dovoljno utrenirani za koristenje SphygmoCor CvMS
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uredaja. Medutim, kada bi to bio sludaj, oekivali bi i da se varijabilnost mjerenja cfPWV
koja je opaZena unutar ispitanika smanjuje s poveéanjem redoslijeda posjeta §to nije bio
slu¢aj. Nadalje, Grillo i suradnici su pokazali da je dvotjedno razdoblje obuke bilo
dovoljno za postizanje prihvatljive do izvrsne uskladenosti ponavljajuéih mjerenja PWV-
a za razliCite uredaje ukljucujuci i SphygmoCor CvMS (57), a kao $to je prethodno
navedeno, reproducibilnost ponovljenih mjerenja cfPWV u naoj je studiji bila
usporediva s onom o kojoj su izvijestili Grillo i suradnici. Elliot i suradnici su takoder
proucavali utjecaj treninga na ponovljivost mjerenja cfPWV, no u studiji su koristili
hibridni SphygmoCor XCEL uredaj s drugaijim naginom rada od uredaja SphygmoCor
CvMS (95).

Alternativno, viSe vrijednosti cfPWV tijekom prvog posjeta mogu ukazivati na
ucinak bijele kute na arterijsku krutost (96, 97) — u¢inak koji opisuje privremenu ili trajnu
reakciju pacijenta na sam proces mjerenja krvnih tlakova. Doista, prvo mjerenje cfPWV-
a u nasoj studiji bilo je znatno vide od drugog mjerenja uinjenog u seriji mjerenja
tijekom prvog posjeta (medijan razlike 0,35 m/s, 95% CI 0,05-0,65), a takoder je bilo
viSe i od prvog mjerenja u¢injenog u seriji mjerenja tijekom drugog posjeta (0,60 m/s,
95% CI 0,20-1,00). Medutim, Barochiner i suradnici su izvijestili o zna¢ajno vecem
ucinku bijele kute na vrijednosti cfPWV s medijanom razlike prvog i drugog mjerenja od
1,2 m/s (97). Nadalje, analiza sistoli¢kog i dijastolitkog krvnog tlaka izmjerenih u nasoj
studiji nije pokazala klini¢ki zna¢ajan ucinak bijele kute, koji je definiran kao vrijednost
krvnog tlaka izmjerenog u ordinaciji ili klinici koja prelazi vrijednosti dnevnog
ambulantnog mjerenja krvnog tlaka za 20 mmHg za sistolicki ili 10 mmHg za dijastoli¢ki
krvni tlak, bez obzira na primjenu anti-hipertenzivnih lijekova (98). Stoga, iako je u
naSem uzorku moguée bio prisutan udinak bijele kute, veligina tog udinka je bila
nedovoljna da bi se opravdalo odbacivanje prvog mjerenja.

Nije utvrdeno da doba dana ili razligiti ispitivadi utjedu na izmjerene vrijednosti
cfPWV ili PWVao iako trenutne smjernice preporuduju da se ponovljena mjerenja trebaju
provoditi u isto doba dana, po moguénosti s istim ispitivadem (39). Nekoliko je studija
provedenih na razli¢itim populacijama: mladim zdravim dobrovoljcima (99), Zenama s
urednom trudno¢om (100) ili u zdravih pojedinaca razli¢ite Zivotne dobi te u bolesnika sa
sr€anim bolestima (73), potvrdilo na§ rezultat o izostanku cirkadijalne varijacije u

mjerenjima PWV-a. Jedna je pak studija, koja je izvijestila o poveéanju cfPWV-a s
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dobom dana otkrila da su dnevne promjene PWV-a izgubile zna¢aj nakon prilagodbe za
krvne tlakove u regresijskom modelu, §to sugerira da su uodene promjene u arterijskoj
krutosti primarno odredene promjenama u BP-u (101). Temeljem ovih nalaza, protokoli
za mjerenje PWV-a u buduéim longitudinalnim istrazivanjima mogu biti
pojednostavljeni, jer nije potrebno mjeriti PWV u isto vrijeme dana ili s istim mjeriteljem,

pod uvjetom da je koli¢ina obuke za sve mjeritelje bila usporediva.

3.4.1.5. Obiljezja ispitanika: spol, visina i hipertenzivni status

Uocene razlike u modelima PWV-a dvaju uredaja ukljudivale su i obiljezja
ispitanika poput spola i visine koja su imale znagajan u¢inak na PWVao, ali ne i na
cfPWV mjerenja; te hipertenzivni status, koji je u prosjeku poveéao cfPWV u ispitanika
s hipertenzijom za 0,44 m/s, ali nije utjecao na mjerenja PWVao.

Zenski spol je u prosjeku povecao PWVao pojedinca za 1,56 m/s, dok je jedan cm
visine povecao PWVao za 0,06 m/s (95% CI 0,02-0,09).

Spol, s viS§im vrijednostima PWVao u Zena u usporedbi s muskarcima, takoder je
utvrden kao znacajan ¢imbenik u drugoj studiji koja je istrazivala mjerenja PWVao
Arteriograph-a (81). Medutim, dok su izvje$a o odnosu izmedu spola i PWV-a
izmjerenog drugim uredajima osim Arteriographa bila nekonzistenta, sve studije,
ukljucujuci one koje su koristile oscilometrijske uredaje, prijavile su veée vrijednosti
(105-109). Stoga se ¢ini da su vece vrijednosti mjerenja PWVao u Zena specificne za
Arteriograph uredaj.

Za razliku od mjerenja PWVao, nije utvrdeno da su mjerenja cfPWV povezana sa
spolom. Vermeersch i suradnici su procijenili perifernu i sredi$nju PWV-a koristeéi
aplanacijsku tonometriju na velikom uzorku zdrave populacije srednjih godina Zivota i
zakljucili da dok su periferna i karotidna mjerenja PWV-a bila povezana sa spolom, to
nije bio slu¢aj s parametrima sredidnje arterijske krutosti kao §to je cfPWV (106).
Takoder, velika studija u kojoj su se procjenjivale referentne vrijednosti za arterijsku
krutost nije pronasla znacajne razlike izmedu spolova u ¢fPWV-u nakon prilagodbe za

dob i MAP (77). Naime, iako je cfPWV bio izrazito vi$i u muskaraca, prisutnost muskog
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spola takoder je bila popracena izrazitim razlikama u dobi i krvnom tlaku. Nakon
prilagodbe za dob i MAP, autori su pronasli zanemariv utjecaj spola na cfPWYV (razlika
izmedu muskaraca i Zena od 0,1 m/s) i nastavili s definicijom referentne vrijednosti
populacije uklju¢ivanjem ispitanika bez obzira na spol. Kona¢no, spol nije utvrden kao
znaCajan prediktor cfPWV-a u viSestrukim modelima linearne regresije koji su
kontrolirani za dob, MAP, HR i temeljeni na naizgled zdravoj kohorti nepusata bez
kardiovaskularnih bolesti, dijabetesa i pretilosti uzorkovanih iz studije Framingham Heart
Study (110).

Nismo otkrili znadajnu interakciju izmedu spola i dobi ni za jedan uredaj. Sto se
tie u€inka visine, sli€no Jatoiju i suradnicima koji su takoder istraZivali Arteriographova
mjerenja PWVao, pronas$li smo obrnutu korelaciju izmedu PWVao i visine (podaci nisu
prikazani). Medutim, dok je u naSem viSestrukom regresijskom modelu PWVao rastao s
povecanjem visine, u Jatoijevom modelu ta povezanost nakon prilagodbe za ostale
prediktore nije dosegla statisti¢ki znacaj (81). Nadalje, povezanost visine i PWVao
utvrdena u studiji iz ove doktorske disertacije bila je pozitivna; sli€no procjenama
jednostavnog regresijskog modela koji su razvili Mellin i suradnici na Vircorderovim

mjerenjima (82) i visestrukog regresijskog modela razvijenog na PulsePen mjerenjima u

djece (111).

3.4.1.6. Opcenito o modelima PWV-a dvaju uredaja

Kada se dobiveni rezultati sagledaju zajedno moze se zaklju¢iti da su vrijednosti
cfPWYV izmjerene SphygmoCorom osjetljivije na stanje arterijskog stabla jer, osim o dobi
1 MAP-u, takoder ovise o statusu hipertenzije, interakciji izmedu MAP-a i vanjske
temperature, vanjskoj temperaturi i redoslijedu posjeta; dok PWVao vrijednosti izmjerene
Arteriographom vie ovise o obiljeZjima pojedinca kao $to su spol, visina, ali i dob buduci

da je dob znacajno snaZniji prediktor PWVao-a negoli cfPWV-a.
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3.4.2. Cimbenici koji utjecu na poteSkoce mjerenja

Poteskoce s mjerenjem pojavljivale su se relativno &esto: od 19% sludajeva u
kojima je Arteriographov oscilometrijski signal morao biti ruéno odabran za analizu, do
preko 24% slucajeva u kojima je SphygmoCorov signal pulsnog vala bio marginalne, ali
prihvatljive kvalitete, do 32% slu€ajeva u kojima su se morala ponoviti snimanja
SphygmoCora. Uz €injenicu da sve ove poteskoce produZuju vrijeme procjene PWV-a
Sto oteZava upotrebu takvih uredaja u klinici, takoder smo otkrili da jedna od tih poteskoéa
— marginalna kvaliteta SphygmoCorovog signala, utjeCe na toénost procijenjenih
vrijednosti cfPWV na nadin da povecava te vrijednosti u prosjeku za 0,37 m/s (95% CI
0,16-0,58 m /s). S druge strane, nismo utvrdili da poteSkoée vezane uz ru¢ni odabir
signala Arteriographa, za koje se moZe oéekivati da povecavaju nesigurnost procjene
PWVao-a i utjeCu na to¢nost oitanja, povezuju s promjenom vrijednosti PWVao.

Pojavnost svih gore navedenih poteskoca s mjerenjem PWV-a smanjena je kada su
mjerenja obavljena poslijepodne (16 - 18 sati) u usporedbi s jutarnjim terminima (7 - 10
sati). Ucinak doba dana na potrebu za ruénim odabirom signala Arteriographa bio je
snaZan. Poslijepodnevna snimanja smanjila su vjerojatnost ruénog odabira s 23% tijekom
jutarnjih termina na 6% poslijepodnevnih snimanja. Doba dana je takoder imalo umjeren
utjecaj na potrebu za ponavljanjem mjerenja SphygmoCorom smanjujuéi IRR za takav
dogadaj u poslijepodnevnim mjerenjima u prosjeku za 12%. Konaéno, vjerojatnost za
pojavnost signala SphygmoCora grani¢ne kvalitete smanjila se s 26% tijekom jutra na
19% poslijepodne. Kako doba dana nije pokazalo znaajan utjecaj na apsolutne
vrijednosti cfPWV ni PWVao, provodenjem mjerenja PWV-a u poslijepodnevnim satima
moZe se znacajno smanjiti mogucnost tehni€kih poteskoca s mjerenjem.

Spol je bio jos jedan ¢imbenik koji je utjecao na poteSkoée mjerenja na oba uredaja.
Snazno je pove¢ao OR za ru¢ni odabir signala Arteriographa za 51 put, a takoder je
povecao IRR za ponovljena mjerenja SphygmoCorom za 1,23 puta. PoteSkoce koje smo
uocili u procjeni PWV vrijednosti Zenskih ispitanica na oba uredaja mogli bi se pripisati
C¢injenici da su muskarci ¢eS¢i prototipni ispitanici. Naime, zbog utjecaja menstrualnog
ciklusa na mjerenja PWV-a u Zena, moguce je da se izbjegava ukljugiti Zene u prototipna
istraZivanja Sto bi moglo rezultirati suboptimalnim prikupljanjem i obradom signala u

Zena. No, kako u literaturi nema radova koji opisuju uzorak za razvoj prototipa, nedostaje
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dokaza kojima bi potvrdili ili opovrgli ovu pretpostavku. Takoder je utvrdeno da je
redoslijed posjeta, koji je utjecao na vrijednosti ponovljenih mjerenja cfPWV, takoder
utjecao 1 na pojavu poteSkoca s mjerenjem sa SphygmoCorom, na na¢in da su pojavnosti
potrebe za ponovljenim mjerenjem i signala s marginalnom kvalitetom zna¢ajno smanjeni
tijekom treceg posjeta u usporedbi s prvim posjetom ispitanika, dok je pojavnost tijekom
drugog posjeta bila usporediva s onom tijekom prvog posjeta. Dakle, ¢ini se da u smislu
poteSkoc¢a s mjerenjem sa SphygmoCorom jo§ uvijek postoji krivulja uéenja tijekom prva

2 tjedna.

3.4.2.1. Broj mjerenja koristenih u protokolu za procjenu PWV-a

Kada govorimo o primjeni cfPWV-a u klini¢koj praksi, pitanje broja uzastopnih
mjerenja koje se koriste u procjeni PWV-a je iznimno vazno, ne samo u kontekstu Zeljene
preciznosti te procjene vec i vremena koje je potrebno za snimanje. Dokazi koji podupiru
postoje¢i odabir broja mjerenja koristenih u procjeni PWV-a, bez obzira na njihovu
vaznost, oskudni su i trenutno se oslanjaju na jednu studiju (40). Iako su autori studije
tvrdili da su ispitali uéinak broja uzastopnih mjerenja PWV-a na njenu reproducibilnost,
u studiji koja je ukljucivala 80% muskaraca, autori su proveli tri uzastopna mjerenja
PWV-a uredajem Compilor uéinjenih u razmaku od priblizno 1 minute i u stvarnosti su
procijenili u¢inak broja mjerenja na ponovljivost PWV-a. Osim toga, Souze i suradnici
procijenili su utjecaj broja mjerenja na ponovljivost SphygmoCorovih mjerenja PWV-a
u starijih osoba (112). Istrazivanje opisano u ovoj doktorskoj disertaciji prva je studija
koja istrazuje ucinak broja mjerenja koristenih u protokolu za procjenu PWV-a na
reproducibilnost PWV-a, koji je ovdje procijenjen pod razli¢itim uvjetima i u Sirokom
rasponu ispitanika.

Na temelju opaZenog ucinka broja mjerenja na reproducibilnost PWV-a, ne moze
se preporuciti koristenje jednog ili dva mjerenja prilikom procjene PWV-a. To ukljucuje
1 postupak predloZen trenutnim smjernicama za PWV (38, 113) za procjenu PWV-a u
kojem se sporadi¢no moZe koristiti i tre¢e mjerenje ukoliko je razlika prva dva mjerenja
veca od 0,5 m/s. Optimalna reproducibilnost je u ovom istrazivanju opaZena tek s &etiri

mjerenja, i to kada se prag pogreske koja se moZe tolerirati povecao s 1,0 na 1,1 my/s.
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3.4.2.2. PWYV Ponovljivost i Reproducibilnost: Postoji li razlika?

Osim klinicke promjene arterijske krutosti, procjena reproducibilnosti mjerenja
PWYV-a trebala bi uzeti u obzir svaki izvor varijabilnosti PWV-a za koji se moZe realno
oCekivati da ¢e se susresti u klini¢kom kontekstu. Stoga je u ovom istraZivanju ispitan i
utjecaj razliCitth myjeritelja, doba dana i broja posjeta, ali i razli¢itih vanjskih
meteoroloskih prilika na takvu reproducibilnost.

Kada je ponovljivost PWV-a utvrdena u istraZivanju iz ove doktorske disertacije
izrazena preko CV, ona je bila u skladu s prethodno objavljenim procjenama za
ponovljivosti SphygmoCorovih (57) i Arteriographovih (Li, Cordes et al. 2014; Ring,
Eriksson et al. 2014) mjerenja PWV-a, ukljuCujuéi i studiju od Li Y et al., u kojoj su
mjerenja snimljena u razli¢ito doba dana tijekom 24 sata. Nadalje, nasi su rezultati, kao i
nalazi drugih studija koje su izvje$tavale o ponovljivosti PWV-a koristeéi CV, bili u
skladu s procjenama reproducibilnosti PWV-a iz tri randomizirane kontrolirane studije
koje su pratile promjene PWV-a tijekom vremena (58). Dosljednost svih ovih CV-ova
ilustrira poteSkoce u interpretaciji rezultata kada se za procjenu preciznosti koristi
relativna mjera varijabilnosti (CV, ali i ICC, Pearsonov koeficijent korelacije i drugi) i
ukazuje da bi upotreba relativnih mjera varijabilnosti mogla biti jedan od ¢imbenika zbog
kojeg se Cesto zamjenjuju pojmovi ponovljivosti i reproduktivnosti u studijama (40, 55-
58). Iako je u nekim od navedenih studija koristeno vi§e promatraca, Sto bi se moglo
smatrati razlogom za koridtenje termina ,reproducibilnost”, njihova definicija ne
odgovara definiciji reproducibilnosti PWV-a koju propisuje AHA za mjerenja PWV-a
koja se obavljaju s razmakom ve¢im od 24 sata. Za razliku od usporedbi CV, kada smo
usporedivali ponovljivost i reproducibilnost PWV-a koriste¢i raspon vrijednosti iz dva
uzastopna mjerenja, kao Sto se trenutno preporucuje od strane AHA, nasi rezultati su
pokazali klini¢ki znacajnu razliku od 0,7 m/s izmedu ponovljivosti i reproducibilnost
PWV-a. Za razliku od reproducibilnosti, ponovljivost PWV-a bila je prihvatljiva za oba
uredaja, buduci da je raspon vrijednosti PWV-a veéi od 1 m/s uoten za samo 14%

(SphygmoCor) i 13% (Arteriograph) dana snimanja.
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3.4.2.3. Odstupanja izmedu uzastopnih PWV mjerenja od > 0.5 m/s

U ovom je istraZivanju po prvi puta detaljnije istraZena pojavnost velikih odstupanja
(>0,5 m/s) izmedu uzastopnih mjerenja PWV-a i &imbenici koji utjetu na veli¢inu takvih
odstupanja. Rezultati u cjelini ukazuju na vaZne razlike izmedu uredaja.

Pokazano je da se izgledi za pojavu jednog para mjerenja s velikim odstupanjem
povecavaju s medijanom ispitanikovog MAP-a ili DBP-a za SphygmoCor ili medijanom
HR-a za Arteriograph. Medutim, na pojavnost takvog para mjerenja ne utjedu
eksperimentalni niti vanjski meteoroloski uvjeti koje smo testirali, niti obiljeZja ispitanika
kao Sto su dob, spol, ITM ili hipertenzivni status. Barem dio uéinka ovih fizioloskih
varijabli na pojavnost para mjerenja PWV-a s velikim odstupanjem je posljedica njihove
prirodne varijacije unutar pojedinca. Varijabilnost krvnog tlaka raste s prosje¢nom
vrijedno$¢u krvnog tlaka i pozitivno je povezana s teZinom osteéenja organa i
kardiovaskularnim morbiditetom i mortalitetom u bolesnika s hipertenzijom i u opéoj
populaciji (114). Varijabilnost brzine otkucaja srca, s druge strane, rezultat je sloZenih,
nelinearnih interakcija razli¢itih fizioloskih sustava (115). Razlika izmedu uredaja, u
smislu identificiranih fizioloskih varijabli koje su zna€ajni prediktori velikog odstupanja
izmedu parova mjerenja, najvjerojatnije je posljedica njihovih razli¢itih nagina rada, pri
¢emu cfPWV aplanacijska tonometrija naizgled pruza izravniju procjenu arterijske
krutosti zbog povezanosti s krvnim tlakom (83, 84, 116).

U skladu s gore navedenim rezultatima identificirali smo i éimbenike koji utje¢u na
veli¢inu odstupanja izmedu uzastopnih PWV mjerenja, i ponovno smo pronasli jasnu
razliku u zna¢ajnim prediktorima izmedu uredaja. Nalazi SphygmoCora pokazuju da su
odstupanja veca u starijih osoba s kruéim arterijama. Nadalje, otkrili smo znaajnu
interakciju izmedu ispitanikovog MAP-a i vanjske temperature, §to ukazuje da vanjska
temperatura ima moderacijski u¢inak na odnos izmedu MAP-a i veli¢ine odstupanja.
Osobne karakteristike kao $to su ITM, spol i status hipertenzije utjetu samo na veliinu
odstupanja izmedu uzastopnih PWV mjerenja izvrSenih pomoéu Arteriographa.
Medutim, za razliku od SphygmoCora ¢&iji prediktori velikih odstupanja ukljuéuju dob,
MAP 1 temperaturu, prediktori velikih odstupanja za Arteriograph su manje direktno

povezani s kruto$c¢u arterija.
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3.4.2.4. O varijabilnosti PWV-a opéenito

lako varijabilnost PWV-a moZe ometati procjenu stvarne vrijednosti PWV-a te
utjeCe na mogucnost razludivanja klini¢ki vaznih promjena u PWV-u, osjetljivost
mjerenja PWV-a na trenutno stanje arterijskog stabla nuZna je ako se Zele pratiti klini¢ke
promjene PWV-a tijekom vremena. U tom kontekstu, dok se neki uredaji mogu &initi
superiornijima u smislu ponovljivosti i reproduktivnosti PWV-a (57), upitno je koliko je
nalin rada tih uredaja osjetljiv na patoloske promjene. Samo klini¢ka procjena ovih
uredaja u smislu usporedbe uginkovitosti terapija vodenih PWV-om ili s PWV-om kao
terapijskim ciljem moZe odrediti koji je uredaj najbolji za upotrebu u klinitkom

kontekstu.

3.4.3. Dugoro¢ni Stetni ucinci blage bolesti COVID-19 na krutost arterija

Dio ovog doktorata ¢ini i jedina studija do sada koja usporeduje vrijednosti prije i
nakon infekcije COVID-19 u istoj skupini sudionika u velikom broju parametara
arterijske krutosti te centralne i sredi$nje hemodinamike. Studijom se Zeljelo ispitati moze
li se takva infekcija smatrati zbunjujuéim ¢imbenikom prilikom procjena vrijednosti
PWV-a u longitudinalnim studijama u smislu da ona privremeno ili stalno poveéava
arterijsku krutost.

Studija je otkrila da odgovori krvozilnog sustava na blagu bolest COVID-19 koju
su imali svi ispitanici iz studije, a koji su definirani ovdje kao sustavne, individualne
razlike prije i poslije u ispitivanim parametrima, nisu jednostavni u smislu da COVID-19
povecava ili smanjuje parametar u zaraZenih bolesnika za odredeni iznos. Zapravo, osim
neznacajnog trenda za cfPWV, nismo uspjeli otkriti niti jedan parametar &ija se srednja
promjena prije i nakon COVID-19 razlikuje od 0.

Umjesto toga, odgovori na infekciju COVID-19 su dinamiéne i ovise o vremenu
proteklom od pojave same infekcije. Takvi odgovori su utvrdeni u parametrima arterijske
krutosti - cfPWV i AIx@HR75, centralnom hemodinamit¢kom parametru - cDBP, te
sistemskim hemodinamigkim parametrima - DBP i MAP. Za te je parametre pokazano da
njihove vrijednosti rastu s vremenom proteklim od pojave infekcije COVID-19, i to

neovisno o dobi ili drugim zbunjujuéim &imbenicima kao §to je protok vremena izmedu
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dva mjerenja. Vaskularno ostecenje koje je utvrdeno u regresijskim modelima za
opservacijski period od dva do tri mjeseca nakon infekcije je klini¢ki znaajno, $to se
moZe vidjeti kroz povecanje cfPWV od +1.4 m/s, +15% u AIx@HR75, +8 mmHg u DBP,
1+7.6 mmHg u cDBP i MAP. Otkriée kako duZi period od infekcije COVID-19 rezultira
ve¢im vaskularnim oSteenjem je iznenadujuce, s obzirom na to da smo o&ekivali
smanjenje upalnog odgovora povezanog s COVID-19 protekom vremena.

Iako moZemo samo nagadati o uzrocima ovog fenomena, novi dokazi sugeriraju
kako je posrijedi nemoguénost rjeSavanja autoantitijela opazenih tijekom akutne faze
bolesti (117-119), ili, da je posrijedi pojava de novo patogenih autoimunih reakcija nakon
oporavka (120-122). U tom kontekstu, ono $to smo uo¢ili na razini skupine, 2 - 3 mjeseca
nakon infekcije, moglo bi biti povezano s arterijskim ukru¢ivanjem prouzro¢enim upalom
u nekih pojedinaca (123), pri ¢emu je uzrok upale autoimuna reakcije ili kroni¢na upala
koja joj prethodi (124). Nedavna je studija pokazala kako su u pacijenata koji su imali
COVID-19, a nisu imali dijagnosticirane autoimune bolesti u vrijeme infekcije, opaZzena
veca razina cirkulirajuéih anti-/ekstraktibilnih nuklearnih autoantitijela (ANA/ENA) 3
mjeseca nakon oporavka u usporedbi sa zdravim ispitanicima te ispitanicima koji nisu
imali COVID-19 (61). Visoki titar ANA/ENA antitijela, koji je bio u korelaciji sa
simptomima dugog COVID-a, odrZao se i 6 mjeseci nakon oporavka. Cak i 12 mjeseci
nakon preboljenja, nekoliko je patogenih ANA/ENAs utvrdeno u oko 30% ispitanika koji
su preboljeli bolest COVID-19 (125). Nadalje, retrospektivna studija provedena na 4
milijuna ispitanika otkrila je povecani rizik od autoimunih bolesti u bolesnika s COVID-
19, pri €emu je prilagodeni omjer hazarda za razli¢ite autoimune bolesti varirao od 1,78
do ¢ak 3,21 (125).

Na sve vremenski ovisne odgovore na infekciju COVID-19 utjecala je i dob na
nacin da svaka dodatna godina Zivota pojalava vaskularno o$te¢enje nakon infekcije.
Utjecaj dobi nije bio posljedica fiziolo§kog starenja arterija izmedu dvaju mjerenja buduéi
da je ta zbunjujuéa varijabla kontrolirana u nasim analizama. Moguée je da dob djeluje
kao moderator odgovora krvozilja na blagu bolest COVID-19 u razli¢itim dobnim
skupinama. Prethodne studije sugeriraju da dob moguée moderira vaskularni odgovor na
razliCite okidace (126-128). Tako na$i rezultati sugeriraju ulogu dobi kao moderatora
odgovora krvozilja na blagi oblik bolesti COVID-19, takva uloga bi trebala biti dodatno

ispitana u istraZivanjima s veé¢im uzorkom.
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Odgovor na bolest COVID-19 bolest utvrdili smo u raznim parametrima arterijske
krutosti i u njihovim hemodinamitkim posljedicama ukljuéujuéi: direktne (cfPWV) i
indirektne (augmentacijski indeks) mjere arterijske krutosti, te parametre centralne
hemodinamike (¢cDBP). Svaki od ova tri parametra predstavlja razli¢iti aspekt
aterosklerotskog procesa, koji ukljuéuje morfoloske i/ili funkcionalne promjene na zidu
krvne Zile (129). Stoga, istovremeno otkrivanje odgovora na COVID-19 u razliéitim
parametrima vaskularne strukture i funkcije ukazuje na postojanje rasprostranjenog i
dugotrajnog patoloskog procesa u krvoZilju nakon zavrietka infekcije (130).

Samo je manji broj studija do sada istraZivao utjecaj infekcije COVID-19 na
arterijsku krutost i centralnu hemodinamiku. Ustroji veéine tih studija bili su istraZivanja
parova s malim uzorcima (10 - 22 ispitanika po skupini) u kojima su bolesnici koji se
oporavljaju od COVID-a 19 usporedeni s kontrolama (62, 63, 131). Unato¢ potencijalno
ograni¢enoj snazi tih istraZivanja, njihovi rezultati podupiru nase zakljucke o postojanju
vaskulamog oSte¢enja nakon COVID-a 19. Poviseni cfPWV u ispitanika nakon infekcije
COVID-19 u usporedbi s kontrolama je otkriven u vise studija na: mladim zdravim
pacijentima i njihovim kontrolama i to 3 - 4 tjedna nakon pogetka infekcije (poveéanje
od 0.7 m/s) (62), u akutno bolesnih starijih pacijenata (poveéanje od 3.3 m/s) (131), kao
1u pacijenata srednje Zivotne dobi koji su usporedeni s kontrolama 4 (poveéanje od 2.05
m/s) (132) i 12 mjeseci (povecanje od 1.15 m/s) nakon pocetka COVID-19 infekcije
(133).

Otkrili smo kako je AIx, poput cfPWV, bio vii u ispitanika s COVID-19
infekcijom naspram kontrola. Porast od 10% u augmentacijskim indexima AIX AP/PP i
Alx@HRT75 pronaden je u ispitanika s COVID-19 u studiji u kojoj je 15 mladih odraslih
osoba usporedeno 3 - 4 tjedna poslije pozitivnog COVID-19 testa sa zdravim mladim
kontrolama (63).

Konacno, glede cSBP, pretrage koje su provedene 4 i 12 mjeseci nakon podetka
infekcije pokazale su da su pacijenti koji su imali COVID-19 imali postojani porast od
10 mmHg cSBP-a u usporedbi s kontrolama (132, 133). Nadalje, Akpek i suradnici (134)
su utvrdili porast parametara sistemske hemodinamike u pacijenata s dijagnozom
COVID-19 tijekom kratkoroénog pracenja pacijenata.

Samo jedno istraZivanje parova nije pronaSlo znalajne razlike u parametrima

arterijske krutosti - PWV i Alx75, 4 tjedna nakon infekcije kada su mladi odrasli ispitanici
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koji su preboljeli bolest usporedeni s kontrolama (135). Nadalje, dvije manje
longitudinalne studije su izvijestile o rezultatima koji su u suprotnosti s rezultatima studije
iz ovog doktorata. U prvoj od tih studija, koja je pratila 14 mladih ispitanika izmedu prvog
1 Sestog mjeseca nakon infekcije, autori su izvijestili o prosjeénom smanjenju cfPWYV (za
0.82 m/s), SBP (za 11 mmHg), i MAP (za 11 mmHg) tijekom perioda promatranja; dok
nikakva promjena s vremena nije utvrdena za Alx@HR75 (136). Druga je studija pratila
10 mladih odraslih osoba tijekom 6 mjeseci nakon COVID-19 infekcije i otkrila kako su
se SBP 1 DBP smanjivali tijekom trajanja istraZivanja za 10-15 mmHg (137). Uzimajuéi
u obzir da su obje navedene longitudinalne studije navele osipanje ispitanika unutar
veoma malih uzoraka, koristile neprikladnu statistiku kako bi opisale distribuciju vrlo
ograni¢enog skupa podataka (srednja vrijednost i standardna devijacija), i uklonile
vrijednosti koje odstupaju iz vrlo malog uzorka (136), postoji moguénost da su njihovi
rezultati posljedica metodoloskih problema. S druge strane, takvi rezultati su moguca
posljedica i heterogenih individualnih odgovora na COVID-19 u istraZivanim
parametrima vaskularne strukture i funkcije, koje smo uo&ili u ovom radu i koji su
moguca posljedica toga da se autoimuni odgovor, ukoliko je prisutan, neée aktivirati u

svih ispitanika.

3.5. Zakljuéci

Sustavno je procijenjen velik broj eksperimentalnih, meteoroloskih, i fizioloskih
¢imbenika te karakteristike ispitanika kako bi se utvrdilo koji od njih utje¢u na mjerenja
PWV-a i doprinose neZeljenoj varijabilnosti kratkoroénih ponovljenih mjerenja.
Kvantificirali smo te u¢inke zasebno za dva uredaja koji koriste razli¢ite mjerne tehnike,
koriste¢i ustroj studije koji pruza snazne dokaze.

Otkrili smo da se s dobi poveéavaju ne samo vrijednosti cfPWV i PWVao, veé i
varijabilnost njihovih ponovljenih mjerenja, $to ukazuje na to da bi u starijih osoba trebalo
povecati preciznost mjerenja, moguce s koristenjem 3 - 4 mjerenja u seriji umjesto samo
2.

Za SphygmoCorova mjerenja cfPWV-a utvrdena je zna¢ajna interakcija izmedu

MAP-a i vanjske temperature, kao i znalajan prosjeéni u¢inak temperature, §to moZe
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dovesti do vecih odstupanja u kratkoroénim ponovljenim mjerenjima unutar osobe.
Snimanje cfPWV-a tijekom sezone s visom vanjskom temperaturom (npr. 25°C), kada
razlike u MAP-u dovode do manjih razlika u ¢fPWV-u, moZe smanjiti neZeljenu intra-
individualnu varijabilnost cfPWV-a. Takoder bi trebalo dalje istraZiti moze li produljenje
vremena odmora tijekom razdoblja s niskom vanjskom temperaturom pomoéi u
smanjenju te varijabilnosti.

Doba dana ili razli¢iti promatraéi koji su primili istu koli¢inu prethodne obuke nisu
utjecali na mjerenja cfPWV ili PWVao. Medutim, tehnicke poteskoce pri mjerenju s oba
uredaja su se znaajno rjede javljale poslijepodne. Kako bi se olak3ale buduée
longitudinalne studije, preporuéljivo je da se PWV mjeri poslijepodne kad god je to
moguce, ne nuzno s istim mjeriteljem.

Za oba uredaja utvrdena je povezanost tehni¢kih pote3koéa pri mjerenju PWV-a i
Zenskog spola. Dok se broj ponovljenih SphygmoCorovih mjerenja poveéao umjereno u
Zena, povezanost sa spolom bila je vrlo jaka za ruéni odabir signala kod uredaja
Arteriographa koji je bio puno &e$¢i u Zena negoli muskaraca.

Razlike u ¢imbenicima koji utje¢u na mjerenja PWV-a dvaju uredaja najvjerojatnije
odraZavaju razlike u njihovim tehnikama mjerenja. Osim dobi i MAP-a, mjerenja
cfPWV-a koja se smatraju izravnom mjerom arterijske krutosti, takoder su bila pod
utjecajem statusa hipertenzije, vanjske temperature, redoslijed posjeta, ali i pod utjecajem
interakcije MAP-a s temperaturom vanjskog okolisa. Vrijednosti PWVao s druge strane,
bile su dodatno pod utjecajem obiljeZja pacijenta poput spola, visine i HR-a.

Vezano uz istraZivanja reproducibilnosti PWV-a pokazali smo da su trenutne AHA
smjernice za procjenu PWV-a suboptimalne buduéi da je u veline ispitanika intra-
individualni raspon PWV-a uo&en tijekom 2 tjedna bio izvan praga od 1 m/s, $to je
vrijednost koja se predlaze kao minimalna klini¢ki vaZna razlika.

Najbolju reproducibilnost PWV-a postigli smo koritenjem medijana 4 uzastopna
mjerenja uz koristenje praga od 1,1 m/s.

Cimbenici koji utje¢u na veliinu odstupanja izmedu susjednih mjerenja PWV-a
(>0,5 m/s) su isti oni koji utjeCu na izmjerene vrijednosti PWV-a. Dob, MAP, vanjska
temperatura i interakcija izmedu vanjske temperature i MAP-a bili su prediktori veli¢ine

odstupanja SphygmoCorovih mjerenja dok su prediktori za Arteriograph ukljugivali
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osobne karakteristike kao $to su ITM, spol i status hipertenzije i generalno bili manje
izravno povezani s kruto§cu arterija nego §to su prediktori SphygmoCora.

Po prvi je puta bilo moguce usporediti promjene arterijske krutosti i centralne
hemodinamike prije i poslije infekcije COVID-19. Rezultati pokazuju da se vrijednosti
tih parametara nastavljaju pogorSavati u periodu izmedu 2. i 3. mjeseca nakon infekcije
sugeriraju¢i da nakon COVID-a 19 moguée dolazi do trajnog pogoranja arterijske
krutosti, ¢ak i u dominantno mladih, zdravih osoba s blagim oblikom bolesti, kao §to su

oni opisani u ovoj studiji.
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3.6. Sazetak

Cilj doktorske disertacije je bio istraZiti ¢imbenike i korake u protokolu procjene
PWV-a — zlatnog standarda za mjerenja arterijske krutosti, koji mogu utjecati na
smanjenje nezeljene varijabilnosti PWV-a unutar ispitanika i tako olakSati uvodenje
PWV-a u klini¢ku praksu. Nadalje, istraZeni su i identificirani i &imbenici koji mogu
dovesti do tehni¢kih poteskoca u mjerenju PWV-a, a istraZivala se i moguénost utjecaja
nedavne infekcije COVID-19 na stanje krvoZilja nekoliko mjeseci nakon izljeenja i
njezinog ometajuceg djelovanja u longitudinalnim studijama.

Analize su provedene odvojeno za svaki od dva validirana uredaja - aplanacijski
tonometar SphygmoCor i oscilometar Arteriograph - koji koriste razli¢ite tehnike za
neinvazivno mjerenje PWV-a, osim za studiju s ispitanicima koji su nedavno preboljeli
COVID-19 u kojoj su mjerenja uéinjena samo sa SphygmoCorom. Rezultati se temelje
na dva jedinstvena ustroja studija u podruéju.

U studiji u kojoj se Zeljelo identificirati eksperimentalne uvjete (razli¢iti mjeritelji,
doba dana i broj posjeta) i ostale zbunjujuée ¢imbenike (vanjski meteoroloski uvijeti,
fizioloski parametri — arterijski krvni tlakovi i brzina otkucaja srca, te obiljeja ispitanika
— dob, spol, status hipertenzije, ITM) koji utjetu na izmjerene vrijednosti PWV-a i/ili
uzrokuju tehnicke poteskoce s mjerenjem PWV-a, a koji nisu kontrolirani u standardnom
protokolu mjerenja, po prvi je puta sustavno ispitana kratkoroéna varijabilnost PWV-a
unutar ispitanika. Kako se unutar kratkog perioda promatranja od 2 tjedna ne o&ekuju
klini¢ki zna¢ajne promjene arterijske krutosti u pojedinca, intra-individualna varijabilnost
PWV-akoja je opaZena u studiji predstavlja gresku u longitudinalnim mjerenjima PWV-
a koja se moZe oCekivati u klinici. Ustroj koji je koristen — jedno-zaslijepljena ukrizena
studija s dva razli¢ita uredaja, randomizirana s obzirom na dva razli¢ita mjeritelja i dva
razli¢ita doba dana (ujutro/poslijepodne) s 12 ponovljenih mjerenja po ispitaniku te
ispitanicima koji su jednoliko i §iroko raspodijeljeni prema dobi, ITM-u, spolu i dijagnozi
hipertenzije (normotenzivni/hipertenzivni) osigurava visoku razinu dokaza. Temeljem
rezultata ove studije, predloZen je niz preporuka koje bi mogle smanjiti neZeljenu intra-
individualnu varijabilnost prilikom procjene PWV-a te olak3ati koridtenje PWV-a u

klini¢koj praksi.
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Druga studija je jedina studija do sada u kojoj su se promjene arterijske krutosti i
centralne hemodinamike usporedile prije i poslije infekcije COVID-19. Rezultati
pokazuju da se vrijednosti parametara nastavljaju pogoriavati u periodu izmedu 2. i 3.
mjeseca nakon zavrSetka infekcije sugerirajuéi da je mogucée da infekcija COVID-19
dolazi do trajnog pogorSanja arterijske krutosti. To posljedino znaci i poveéanje rizika
zarazvoj KVB, ¢ak i u dominantno mladih, zdravih osoba s blagim oblikom bolesti, kao
Sto su oni opisani u ovoj studiji.

Rezultati ovog doktorskog rada, koji ukljuuju niz preporuka za smanjenje
neZeljene intra-individualne varijabilnosti PWV-a u pojedinca, kao i smanjenje
pojavnosti tehni¢kih poteskoca prilikom mjerenja te identificiraju nove zbunjujuce
¢imbenike poput COVID-19, mogu olak3ati uvodenje mjerenja PWV-a u klini¢ku praksu
1 interpretaciju longitudinalnih studija.

Kljucne rije€i: arterijska krutost, brzina pulsnog vala, intra-individualna varijabilnost,

prediktori, COVID19
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3.7. Summary

Dissertation title: Variability of arterial stiffness indicators

The goal of the doctoral dissertation was to investigate the factors and steps in the
PWYV assessment protocol - the gold standard for arterial stiffness measurements, which
can affect the reduction of unwanted PWV variability within subjects and thus facilitate
the introduction of PWV into clinical practice. Furthermore, the factors that can lead to
technical difficulties in measuring PWV were investigated and identified, and the
possibility of the impact of a recent infection of COVID-19 on the state of blood vessels
several months after recovery and its disruptive effect in longitudinal studies was also
investigated.

Analyses were performed separately for each of the two validated devices - the
SphygmoCor applanation tonometer and the Arteriograph oscillometer - which use
different techniques for non-invasive PWV measurement, except for the study with
subjects who had recently recovered from COVID-19 in which measurements were made
only with the SphygmoCor. The results are based on two unique institutions of study in
the area.

In a study in which the aim was to identify the experimental conditions (different
measuring devices, time of day and number of visits) and other confounding factors
(external meteorological conditions, physiological parameters - arterial blood pressure
and heart rate, and characteristics of the subjects - age, gender, hypertension status, BMI)
that affect the measured PWV values and/or cause technical difficulties with PWV
measurement, which are not controlled in the standard measurement protocol, for the first
time the short-term variability of PWV within subjects was systematically examined. As
clinically significant changes in arterial stiffness in an individual are not expected within
a short observation period of 2 weeks, the intra-individual variability of PWV observed
in the study represents an error in longitudinal measurements of PWV that can be
expected in the clinic. The design used — a single-blind cross-over study with two different
devices, randomized with regard to two different measuring devices and two different
times of day (morning/afternoon) with 12 repeated measurements per subject and subjects

uniformly and widely distributed by age, BMI -in, gender and diagnosis of hypertension
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(normotensive/hypertensive) provides a high level of evidence. Based on the results of
this study, a number of recommendations were proposed that could reduce unwanted
intra-individual variability when assessing PWV and facilitate the use of PWV in clinical
practice.

The second study is the only study to date that compared changes in arterial stiffness
and cenfral hemodynamics before and after infection with COVID-19. The results show
that the values of the parameters continue to deteriorate in the period between 2 and 3
months after the end of the infection, suggesting that it is possible that the COVID-19
infection leads to a permanent deterioration of arterial stiffness. This consequently means
an increase in the risk for the development of CVD, even in predominantly young, healthy
individuals with a mild form of the disease, such as those described in this study.

The results of this doctoral thesis, which include a number of recommendations for
reducing unwanted intra-individual variability of PWV in an individual, as well as
reducing the incidence of technical difficulties during measurement and identifying new
confounding factors such as COVID-19, can facilitate the introduction of PWV

measurement into clinical practice and interpreting longitudinal studies.

Keywords: arterial stiffness, pulse wave velocity, intra-individual variability,
predictors, COVID19

38



3.8. Zivotopis

OPCI PODACI:

Ime 1 prezime: Mario Podrug

OBRAZOVANJE I OSPOSOBLJAVANIJE:

11/2018 - danas Poslijediplomski doktorski studij Translacijska istraZivanja u
biomedicini (TRIBE), Medicinski fakultet, Sveu¢iliste u Splitu, Split

09/2011-09/2015 Magistar  sestrinstva  (meg.med.techn.) Sveudili$ni  odjel
zdravstvenih studija, Sveuciliste u Splitu, Split

2010-2011  Razlikovni modul, poloZeni diferencijalni ispiti Sveuéilisni odjel
zdravstvenih studija, Sveugiliste u Splitu, Split

09/2007-07/2010 Struéni prvostupnik sestrinstva (bacc.med.techn.) Medicinski
fakultet, Sveuciliste u Splitu, Split

STRANI JEZICT:
Engleski jezik (napredno)

RADNO ISKUSTVO:

10/2010 —10/2011  Klinicki bolni¢ki centar Split, Pripravni¢ki staz (bacc. med. techn.)
02/2012 - 08/2012  Ordinacija opée medicine "Jadranka Kaleb — Franin, dr. med.” i
poliklinika "Sunce” Split, Medicinski tehni¢ar, bacc. med. techn.

11/2012 - 01/2013  Zdravstvena $kola u Split, predavag

3/2013 - 9/2017 Zavod za hitnu medicinu Splitsko — dalmatinske Zupanije )ZHM
SDZ), od 07/2014 glavni medicinski tehni¢ar ZHM SDZ Ispostava Trogir

9/2017 — danas Sveucilisni odjel zdravstvenih studija, Sveuéiliste u Splitu, asistent

39



CLANSTVO U ZNANSTVENIM I STRUCNIM TIJELIMA:

16-17/9/2022 Clan organizacijskog odbora, Croatian School of Lymphoedema,
Split
15-16/7/2022 Clan organizacijskog odbora, Personalized Care in Cardiac

Surgery, Split

6-9/9/2021 Clan organizacijskog odbora, Training school Vascular ageing:
physiological and technical aspects, EU COST CA18216 - Network for Research in
Vascular Ageing, 6-8.09.2021, Split, Croatia

3/2021 - 3/2023 Clan Senata Sveutilista u Splitu

3/2020 Clan Upravnog vijeéa Sveudilisne knjiznice Sveuéilista u Splitu
4/2019 Festival znanosti (Boje), sudjelovanje u pripremi i provedbama
aktivnosti

3/2018 Festival znanosti (Otkrica), sudjelovanje u pripremi i provedbama
aktivnosti

5/2017 — 2/2020 Clan Vije¢a mladih Predsjednice Republike Hrvatske

2013 -2014 Clan Hrvatskog studentskog zbora

2013 --2014 Predsjednik Studentskog zbora Sveuéilista u Splitu

2013 - 2015 Clan Senata Sveutilista u Splitu

2013 - 2015 Clan Upravnog vijeéa Sveudilisne knjiznice Sveuéilista u Splitu
2007 - 2015 Volonter u Studentskim zborovima Sveug¢ilita u Splitu — volonter

u brojnik aktivnostima i funkcijama Studentskog zbora

USAVRSAVANIJE:

16-18/5/2022 2nd VascAgeNet Training School Vascular Ageing: Assessment
Methods and Clinical Aspects, (COST Action 18216 | Network for Research in Vascular
Ageing). 16-18 May 2022, Thessaloniki, Greece

06-09/9/2021 Training school Vascular ageing: physiological and technical
aspects, EU COST CA18216 - Network for Research in Vascular Ageing, 6-8 September
2021, Split, Croatia (Member of the Local Organizing Comittee)

28/2 —1/3/2020 Prakti¢na radionica How to measure a blood pressure in elderly

and obese, Hrvatsko drustvo za hipertenziju i International Society of Vascular Health

40



and Aging, u Zagreb, 28.02.2020 at the conference KONTROVERZE U HIPERTENZUI,
KARDIOVASKULARNOJ PROTEKCIJI I NEFROLOGII, u Zagreb, 28.2. - 1.3. 2020
11/2016 "Edukacijske vjeZbe za doktore medicine i medicinske
sestre/tehniCare izvanbolni¢ke hitne medicinske sluzbe” Hrvatski zavod za hitnu

medicinu

PROJEKTI:

2022 - danas Utinak tjelesnog vjezbanja na centralnu vaskularnu funkciju i prevenciju
kardiovaskularnih bolesti kod osoba prekomjermne teZine SOZS-IP-2022-8 (voditelj
projekta)

2020 -2022  Procjena starosti krvnih Zila i unapredenje modela za rano prepoznavanje
ljudi s pove¢anim rizikom za razvoj kardiovaskularnih dogadaja (IMEI-CVE)
SOZS-IP-2020-3 (voditelj projekta)

2018 - danas Normative models of vascular biomarkers for improvement of
stratification of cardiovascular risk in primary and secondary prevention, No 4729,

(sudionik na projektu)

PUBLIKACIJE:

1. Marendi¢, M.; Aranza, D.; Aranza, L; Vrdoljak, D.; Podrug, M.; Milié, M.
Determinants of COVID Vaccination Willingness among Health and Non-Health
Studies Students: A Cross-Sectional Study. Vaccines 2023, 11, 981.
https://doi.org/10.3390/vaccines11050981

2. Podrug M, Koren P, DraZi¢ Maras E, Podrug J, Culi¢ V, Perissiou M, Bruno RM,
Mudni¢ I, Boban M i Jerondié. Long term adverse effects of mild Covid-19
disease on arterial stiffness, and systemic and central hemodynamics: a pre-post
study. Journal of Clinical Medicine. 2023 U tisku

3. Podrug M, gunjic’ B, Koren P, Dogas V, Mudni¢ I, Boban M, Jeron¢ié A. What
Is the Smallest Change in Pulse Wave Velocity Measurements That Can Be
Attributed to Clinical Changes in Arterial Stiffness with Certainty: A Randomized
Cross-Over Study. Journal of Cardiovascular Development and Disease. 2023;
10(2):44. https://doi.org/10.3390/jcdd10020044

41



. Podrug M, gunjic’ B, Bekavac A, Koren P, Poga$ V, Mudni¢ I, Boban M,
JeronCi¢ A. The effects of experimental, meteorological, and physiological factors
on short-term repeated pulse wave velocity measurements, and measurement
difficulties: A randomized crossover study with two devices. Front Cardiovasc
Med. 2023 Jan 11;9:993971. doi: 10.3389/fcvm.2022.993971. PMID: 36712242;
PMCID: PMC9873998.

. Boraska Jelavi¢ T, Podrug M, Ban M, Belac Lovasi¢ I, Curi¢ Z, Vrdoljak E. The
relevance of macrocytosis induction during neoadjuvant dose-dense
chemotherapy in breast cancer patients. Anticancer Drugs. 2021 Aug 27. doi:
10.1097/CAD.0000000000001223. Epub ahead of print. PMID: 34486538.

. Podrug M, Aranza D, Marendi¢ M, Buljubasi¢ A, Orlandini R, Doli¢ M i sur.
Incidence of injury in children treated at the Department of Emergency Medicine
of the Split-Dalmatia County. Paediatria Croatica [Internet]. 2021;65(1):21-26.

. Marinovié I, Zupa V, Mili¢ M, Podrug J, Aranza D, Podrug M. The effect of
exercise on fatigue in patients with multiple sclerosis. Acta Kinesiologica 2019;
13 (2): 11-18.

. Podrug M, Aranza D, Bazina AM, Krzelj L, Mili¢ M. Epidemiological
characteristics of patients with arterial hypertension who sought emergency
medical help in the Split-dalmatia county. Research in Physical Education, Sport
and Health 2017; 6 (2): 53-57.

KONGRESNA PRIOPCENJA:

poster i prezentacija, Podrug M., Sunji¢ B., Bekavac A., Koren P., Dogas V., Mudni¢

L, Boban M., Jeron¢i¢ A. Factors affecting short-term repeated measurements of central

augmentation index: a randomized cross-over study with two devices. Artery 22, France,

Nancy, 19-22 October 2022
predavaé, Podrug M., gunjié B., Bekavac A., Koren P., Poga$ V., Mudnié 1., Boban M.,

Jeron¢i¢ A. Experimental, meteorological, and physiological factors affecting the short-

term repeated PWV measurements, and measurement difficulties: a randomized cross-
over study with two devices. 8th Annual Congress 2022, ESVM, Stockholm, 5-9 October
2022 (E-COST-GRANT-CA18216-af88¢817)

42



poster i prezentacija , Podrug M, Koren P, Stojanovi¢ A, Russo A, Pezelj L, Mudni¢ I,
Boban M, Jeronéi¢ A; The Effect of Physical Exercise on Central Vascular Function in
Overweight and Obese Normotensive Adults: Interim Analysis of Longitudinal Before-
And-After Study Spanning 14 Weeks. ESH 2022, Greece, Athens, 17-20 June 2022 (E-
COST-GRANT-CA18216-232da642)

poster i prezentacija, M. Podrug, N. Nasri, J. Kos, I. Vukovic-Brinar, M. Laganovic, B.
Jelakovi¢, S. Karanovic; Arterial hypertension and kidney disease - unexpected
complication.  Croatian Society for Hypertension, 5th Croatian Congress on
Hypertension with International Participation, 25-28 November 2021, Zagreb, Croatia
poster i prezentacija , Podrug M, Koren P, Sunji¢ B, Mudnié¢ I, Boban M, Jerongi¢ A.
Effect of COVID-19 disease on vascular aging: a pilot study with before-and-after
comparison in persons who have had COVID19. Croatian Society for Hypertension, 5th
Croatian Congress on Hypertension with International Participation, 25-28 November
2021, Zagreb, Croatia

poster i prezentacija , Podrug M, Koren P, Sunji¢ B, Mudni¢ I, Boban M, Jerongié A.
Effect of COVID-19 disease on vascular aging: a pilot study with before-and-after
comparison in persons who have had COVID19. Artery 2021, 21-23 October 2021, Paris,
France (ECOST-CONFERENCE_GRANT-Request-CA18216-2593)

e-poster, Mario Podrug, Borna Sunjic, Anamarija Bekavac, Maja Vajagic, Ivana Mudnic,
Mladen Boban, Ana Jeroncic; The variability of repeated measurements of arterial
stiffness biomarkers: a short-term longitudinal study in a wide range of normotensive and
hypertensive participants. Joint Meeting ESH-ISH 2021, 11-14 April 2021

predavac, Mario Podrug, Borna Sunjic, Roko Duplancic, Ivana Mudnic, Ana Jeroncic;
Improving CVD risk stratification using biomarkers of arterial stiffness. Hy7 meeting
organized by Swiss and Dutch Hypertension Societies, Amsterdam, 16-17 November
2019

voditelj radionice — Arterijska elasti¢nost velikih krvnih Zila, KONTROVERZE U
HIPERTENZIJI, KARDIOVASKULARNOJ PROTEKCII 1 NEFROLOGIJI
organizirano od Hrvatskog drustva za hipertenziju i International Society of Vascular

Health and Aging,u Zagreb, 28.2. - 1.3. 2020

43



3.9. Literatura

1. Svjetska zdravstvena organizacija (SZO). Global action plan for the prevention
and control of non-communicable diseases 2013-2020. [Internet] Geneva2013
[Pristupljeno 2023 1.2.]; Dostupno na:

https://www.who.int/publications/i/item/9789241506236.

2. Chatterjee A, Harris SB, Leiter LA, Fitchett DH, Teoh H, Bhattacharyya OK.
Managing cardiometabolic risk in primary care: summary of the 2011 consensus
statement. Canadian family physician Medecin de famille canadien. 2012;58(4):389-93,
€196-201. Epub 2012/05/23.

3. Mancia G, Fagard R, Narkiewicz K, Redon J, Zanchetti A, Bohm M, et al. 2013
ESH/ESC Practice Guidelines for the Management of Arterial Hypertension. Blood Press.
2014;23(1):3-16. Epub 2013/12/24.

4. Piepoli MF, Hoes AW, Agewall S, Albus C, Brotons C, Catapano AL, et al. 2016
European Guidelines on cardiovascular disease prevention in clinical practice: The Sixth
Joint Task Force of the European Society of Cardiology and Other Societies on
Cardiovascular Disease Prevention in Clinical Practice (constituted by representatives of
10 societies and by invited experts)Developed with the special contribution of the
European Association for Cardiovascular Prevention & Rehabilitation (EACPR). Eur
Heart J. 2016;37(29):2315-81. Epub 2016/05/26.

5. Cohn JN. Identifying the risk and preventing the consequences of cardiovascular
disease. Heart, lung & circulation. 2013;22(7):512-6. Epub 2013/04/24.

6. Brindle P, Beswick A, Fahey T, Ebrahim S. Accuracy and impact of risk
assessment in the primary prevention of cardiovascular disease: a systematic review.
Heart (British Cardiac Society). 2006;92(12):1752-9. Epub 2006/04/20.

7. Kerr AJ, Broad J, Wells S, Riddell T, Jackson R. Should the first priority in
cardiovascular risk management be those with prior cardiovascular disease? Heart
(British Cardiac Society). 2009;95(2):125-9. Epub 2008/04/03.

8. Shah N, Soon K, Wong C, Kelly AM. Screening for asymptomatic coronary heart
disease in the young 'at risk' population: Who and how? Intemational journal of
cardiology Heart & vasculature. 2015;6:60-5. Epub 2014/12/30.

9. Vlachopoulos C, Xaplanteris P, Aboyans V, Brodmann M, Cifkova R, Cosentino
F, et al. The role of vascular biomarkers for primary and secondary prevention. A position
paper from the European Society of Cardiology Working Group on peripheral circulation:
Endorsed by the Association for Research into Arterial Structure and Physiology
(ARTERY) Society. Atherosclerosis. 2015;241(2):507-32. Epub 2015/06/29.

10. Laurent S, Boutouyrie P, Cunha PG, Lacolley P, Nilsson PM. Concept of
Extremes in Vascular Aging. Hypertension. 2019;74(2):218-28. Epub 2019/06/18.

11.  Boutouyrie P, Chowienczyk P, Humphrey JD, Mitchell GF. Arterial Stiffness and
Cardiovascular Risk in Hypertension. Circ Res. 2021;128(7):864-86.

12.  Chirinos JA, Segers P, Hughes T, Townsend R. Large-Artery Stiffness in Health
and Disease: JACC State-of-the-Art Review. J Am Coll Cardiol. 2019;74(9):1237-63.
13. Nilsson PM, Boutouyrie P, Laurent S. Vascular aging: A tale of EVA and ADAM
in cardiovascular risk assessment and prevention. Hypertension. 2009;54(1):3-10.

14. Nichols W, Orourke M, Vlachopoulos C. McDonald's Blood Flow in Arteries:
Theoretical, Experimental and Clinical Principles. 6 ed. London: Hodder Arnold; 2011.

44



15. Ben-Shlomo Y, Spears M, Boustred C, May M, Anderson SG, Benjamin EJ, et al.
Aortic pulse wave velocity improves cardiovascular event prediction: an individual
participant meta-analysis of prospective observational data from 17,635 subjects. ] Am
Coll Cardiol. 2014;63(7):636-46.

16. Vlachopoulos C, Aznaouridis K, Stefanadis C. Prediction of cardiovascular events
and all-cause mortality with arterial stiffness: a systematic review and meta-analysis. J
Am Coll Cardiol. 2010;55(13):1318-27.

17. Zhong Q, Hu MJ, Cui YJ, Liang L, Zhou MM, Yang YW, et al. Carotid-Femoral
Pulse Wave Velocity in the Prediction of Cardiovascular Events and Mortality: An
Updated Systematic Review and Meta-Analysis. Angiology. 2018;69(7):617-29.

18. Mattace-Raso FU, van der Cammen TJ, Hofman A, van Popele NM, Bos ML,
Schalekamp MA, et al. Arterial stiffness and risk of coronary heart disease and stroke:
the Rotterdam Study. Circulation. 2006;113(5):657-63.

19. Mitchell GF, Hwang SJ, Vasan RS, Larson MG, Pencina MJ, Hamburg NM, et
al. Arterial stiffness and cardiovascular events: the Framingham Heart Study. Circulation.
2010;121(4):505-11. Epub 2010/01/20.

20. Sehestedt T, Jeppesen J, Hansen TW, Rasmussen S, Wachtell K, Ibsen H, et al.
Risk stratification with the risk chart from the European Society of Hypertension
compared with SCORE in the general population. J Hypertens. 2009;27(12):2351-7.

21. Kaess BM, Rong J, Larson MG, Hamburg NM, Vita JA, Cheng S, et al. Relations
of Central Hemodynamics and Aortic Stiffness with Left Ventricular Structure and
Function: The Framingham Heart Study. J Am Heart Assoc. 2016;5(3):002693.

22.  Kollias A, Lagou S, Zeniodi ME, Boubouchairopoulou N, Stergiou GS.
Association of Central Versus Brachial Blood Pressure With Target-Organ Damage:
Systematic Review and Meta-Analysis. Hypertension. 2016;67(1):183-90.

23. LuY, Zhu M, Bai B, Chi C, Yu S, Teliewubai J, et al. Comparison of Carotid-
Femoral and Brachial-Ankle Pulse-Wave Velocity in Association With Target Organ
Damage in the Community-Dwelling Elderly Chinese: The Northern Shanghai Study. J
Am Heart Assoc. 2017;6(2):004168.

24, Vasan RS, Short MI, Niiranen TJ, Xanthakis V, DeCarli C, Cheng S, et al.
Interrelations Between Arterial Stiffness, Target Organ Damage, and Cardiovascular
Disease Outcomes. J Am Heart Assoc. 2019;8(14):13.

25. Upadhya B, Pajewski NM, Rocco MV, Hundley WG, Aurigemma G, Hamilton
CA, et al. Effect of Intensive Blood Pressure Control on Aortic Stiffness in the SPRINT-
HEART. Hypertension. 2021;77(5):1571-80.

26. Laurent S, Chatellier G, Azizi M, Calvet D, Choukroun G, Danchin N, et al.
SPARTE Study: Normalization of Arterial Stiffness and Cardiovascular Events in
Patients With Hypertension at Medium to Very High Risk. Hypertension.
2021;78(4):983-95.

27. Song BG, Park JB, Cho SJ, Lee SY, Kim JH, Choi SM, et al. Pulse wave velocity
is more closely associated with cardiovascular risk than augmentation index in the
relatively low-risk population. Heart and vessels. 2009;24(6):413-8. Epub 2010/01/29.
28. Laurent S, Cockcroft J, Van Bortel L, Boutouyrie P, Giannattasio C, Hayoz D, et
al. Expert consensus document on arterial stiffness: methodological issues and clinical
applications. Eur Heart J. 2006;27(21):2588-605.

29. Wentland AL, Grist TM, Wieben O. Review of MRI-based measurements of pulse
wave velocity: a biomarker of arterial stiffness. Cardiovascular diagnosis and therapy.
2014;4(2):193-206. Epub 2014/05/17.

45



30.  Westerhof N, O'Rourke MF. Haemodynamic basis for the development of left
ventricular failure in systolic hypertension and for its logical therapy. J Hypertens.
1995;13(9):943-52. Epub 1995/09/01.

31. Vlachopoulos C, Aznaouridis K, O'Rourke MF, Safar ME, Baou K, Stefanadis C.
Prediction of cardiovascular events and all-cause mortality with central haemodynamics:
a systematic review and meta-analysis. Eur Heart J. 2010;31(15):1865-71. Epub
2010/03/04.

32.  Schillaci G, Grassi G. Central blood pressure: getting to the heart of the matter. J
Hypertens. 2010;28(2):237-9. Epub 2010/01/21.

33. Pini R, Cavallini MC, Palmieri V, Marchionni N, Di Bari M, Devereux RB, et al.
Central but not brachial blood pressure predicts cardiovascular events in an unselected
geriatric population: the ICARe Dicomano Study. ] Am Coll Cardiol. 2008;51(25):2432-
9. Epub 2008/06/21.

34. Wang KL, Cheng HM, Sung SH, Chuang SY, Li CH, Spurgeon HA, et al. Wave
reflection and arterial stiffness in the prediction of 15-year all-cause and cardiovascular
mortalities: a community-based study. Hypertension. 2010;55(3):799-805. Epub
2010/01/13.

35. Cruickshank K, Riste L, Anderson SG, Wright JS, Dunn G, Gosling RG. Aortic
pulse-wave velocity and its relationship to mortality in diabetes and glucose intolerance:
an integrated index of vascular function? Circulation. 2002;106(16):2085-90. Epub
2002/10/16.

36.  Numberger J, Keflioglu-Scheiber A, Opazo Saez AM, Wenzel RR, Philipp T,
Schifers RF. Augmentation index is associated with cardiovascular risk. J Hypertens.
2002;20(12):2407-14. Epub 2002/12/11.

37. Roman MJ, Devereux RB, Kizer JR, Okin PM, Lee ET, Wang W, et al. High
central pulse pressure is independently associated with adverse cardiovascular outcome
the strong heart study. J Am Coll Cardiol. 2009;54(18):1730-4. Epub 2009/10/24.

38. Cooke AB, Kuate Defo A, Dasgupta K, Papaioannou TG, Lee J, Morin SN, et al.
Methodological considerations for the measurement of arterial stiffness using applanation
tonometry. J Hypertens. 2021;39(3):428-36. Epub 2020/10/09.

39, Townsend RR, Wilkinson IB, Schiffrin EL, Avolio AP, Chirinos JA, Cockeroft
JR, et al. Recommendations for Improving and Standardizing Vascular Research on
Arterial Stiffness: A Scientific Statement From the American Heart Association.
Hypertension. 2015;66(3):698-722.

40. Papaioannou TG, Protogerou AD, Nasothimiou EG, Tzamouranis D, Skliros N,
Achimastos A, et al. Assessment of differences between repeated pulse wave velocity
measurements in terms of 'bias' in the extrapolated cardiovascular risk and the
classification of aortic stiffness: is a single PWV measurement enough? J Hum
Hypertens. 2012;26(10):594-602. Epub 2011/08/13.

41. Townsend RR, Wilkinson IB, Schiffrin EL, Avolio AP, Chirinos JA, Cockcroft
JR, et al. Recommendations for Improving and Standardizing Vascular Research on
Arterial Stiffness: A Scientific Statement From the American Heart Association.
Hypertension. 2015;66(3):698-722. Epub 20150709.

42. Cooke AB, Ta V, Igbal S, Gomez YH, Mavrakanas T, Barré P, et al. The Impact
of Intradialytic Pedaling Exercise on Arterial Stiffness: A Pilot Randomized Controlled
Trial in a Hemodialysis Population. Am J Hypertens. 2018;31(4):458-66.

46



43. Dasgupta K, Rosenberg E, Daskalopoulou SS. Step Monitoring to improve
ARTERial health (SMARTER) through step count prescription in type 2 diabetes and
hypertension: trial design and methods. Cardiovasc Diabetol. 2014;13(7):1475-2840.

44, Doonan RJ, Mutter A, Egiziano G, Gomez YH, Daskalopoulou SS. Differences
in arterial stiffness at rest and after acute exercise between young men and women.
Hypertens Res. 2013;36(3):226-31.

45. Doonan RJ, Scheffler P, Yu A, Egiziano G, Mutter A, Bacon S, et al. Altered
arterial stiffness and subendocardial viability ratio in young healthy light smokers after
acute exercise. PLoS One. 2011;6(10):10.

46. Karamat F, Diemer F, Van Montfrans G, Oechlers G, Brewster L. PS 09-03
ARTERIAL STIFFNESS IN A RANDOM SAMPLE OF A MULTI-ETHNIC
POPULATION IN SURINAME: THE HELISUR STUDY. Journal of Hypertension.
2016;34:e318.

47. Karpettas N, Destounis A, Kollias A, Nasothimiou E, Moyssakis I, Stergiou GS.
Prediction of treatment-induced changes in target-organ damage using changes in clinic,
home and ambulatory blood pressure. Hypertens Res. 2014;37(6):543-7.

48. Harvey RE, Bamnes JN, Hart EC, Nicholson WT, Joyner MJ, Casey DP. Influence
of sympathetic nerve activity on aortic hemodynamics and pulse wave velocity in women.
Am J Physiol Heart Circ Physiol. 2017;312(2):H340-H6.

49, Meani P, Maloberti A, Sormani P, Colombo G, Giupponi L, Stucchi M, et al.
Determinants of carotid-femoral pulse wave velocity progression in hypertensive patients
over a 3.7 years follow-up. Blood Press. 2018;27(1):32-40.

50. Hudson LD, Kinra S, Wong ICK, Viner RM. Arterial stiffening, insulin resistance
and acanthosis nigricans in a community sample of adolescents with obesity. Int J Obes.
2017;41(9):1454-6.

51. Salvi P, Furlanis G, Grillo A, Pini A, Salvi L, Marelli S, et al. Unreliable
Estimation of Aortic Pulse Wave Velocity Provided by the Mobil-O-Graph Algorithm-
Based System in Marfan Syndrome. J Am Heart Assoc. 2019;8(9):011440.

52. Milan A, Zocaro G, Leone D, Tosello F, Buraioli I, Schiavone D, et al. Current
assessment of pulse wave velocity: comprehensive review of validation studies. J
Hypertens. 2019;37(8):1547-57.

53. Tripkovic L, Hart KH, Frost GS, Lodge JK. Interindividual and intraindividual
variation in pulse wave velocity measurements in a male population. Blood Press Monit.
2014;19(4):233-41. Epub 2014/05/21.

54, Kallem RR, Meyers KEC, Sawinski DL, Townsend RR. Variation and variability
in carotid-femoral pulse wave velocity. Artery Research. 2013;7:230-3.

55. Laugesen E, Rossen NB, Hoyem P, Christiansen JS, Knudsen ST, Hansen KW, et
al. Reproducibility of pulse wave analysis and pulse wave velocity in patients with type
2 diabetes. Scand J Clin Lab Invest. 2013;73(5):428-35. Epub 2013/06/20.

56.  Lee NB, Park CG. Reproducibility of regional pulse wave velocity in healthy
subjects. Korean J Intern Med. 2009;24(1):19-23. Epub 2009/03/10.

57. Grillo A, Parati G, Rovina M, Moretti F, Salvi L, Gao L, et al. Short-Term
Repeatability of Noninvasive Aortic Pulse Wave Velocity Assessment: Comparison
Between Methods and Devices. Am J Hypertens. 2017;31(1):80-8. Epub 2017/10/24.
58. Keehn L, Hall WL, Berry SE, Sanders TAB, Chowienczyk P, Floyd CN.
Reproducibility of sequential ambulatory blood pressure and pulse wave velocity

measurements in normotensive and hypertensive individuals. J Hypertens.
2022;40(12):2528-37. Epub 2022/10/08.

47



59. Akhmerov A, Marban E. COVID-19 and the Heart. Circ Res. 2020;126(10):1443-
55. Epub 2020/04/08.

60.  Barrantes FJ. The unfolding palette of COVID-19 multisystemic syndrome and
its neurological manifestations. Brain Behav Immun Health. 2021;14:100251. Epub
2021/04/13.

61. Son K, Jamil R, Chowdhury A, Mukherjee M, Venegas C, Miyasaki K, et al.
Circulating anti-nuclear autoantibodies in COVID-19 survivors predict long COVID
symptoms. Eur Respir J. 2023;61(1). Epub 2022/09/23.

62. Ratchford SM, Stickford JL, Province VM, Stute N, Augenreich MA, Koontz LK,
et al. Vascular alterations among young adults with SARS-CoV-2. Am J Physiol Heart
Circ Physiol. 2021;320(1):H404-H10. Epub 2020/12/12.

63. Szeghy RE, Province VM, Stute NL, Augenreich MA, Koontz LK, Stickford JL,
et al. Carotid stiffness, intima-media thickness and aortic augmentation index among
adults with SARS-CoV-2. Experimental physiology. 2022;107(7):694-707. Epub
2021/04/28.

64. Podrug M, Sunjic B, Bekavac A, Koren P, Dogas V, Mudnic I, et al. The effects
of experimental, meteorological, and physiological factors on short-term repeated pulse
wave velocity measurements, and measurement difficulties: A randomized crossover
study with two devices. Front Cardiovasc Med. 2022;9:993971. Epub 2023/01/31.

65. Bossuyt J, Van De Velde S, Azermai M, Vermeersch SJ, De Backer TL, Devos
DG, et al. Noninvasive assessment of carotid-femoral pulse wave velocity: the influence
of body side and body contours. J Hypertens. 2013;31(5):946-51.

66. Levi-Marpillat N, Desamericq G, Akakpo S, Affes-Ayadi H, Tropeano Al,
Millasseau S, et al. Crucial importance of using a sliding calliper to measure distance for
carotid-femoral pulse wave velocity assessment. J Hypertens. 2013;31(5):940-5.

67. Podrug M, Sunjic’ B, Koren P, Poga$ V, Mudni¢ I, Boban M, et al. What Is the
Smallest Change in Pulse Wave Velocity Measurements That Can Be Attributed to
Clinical Changes in Arterial Stiffness with Certainty: A Randomized Cross-Over Study.
Journal of Cardiovascular Development and Disease. 2023;10(2):44.

68. Podrug M, Koren P, Drazic Maras E, Podrug J, Culic V, Perissiou M, et al. Long-
Term Adverse Effects of Mild COVID-19 Disease on Arterial Stiffness, and Systemic
and Central Hemodynamics: A Pre-Post Study. J Clin Med. 2023;12(6). Epub
2023/03/30.

69. Wilkinson IB, Fuchs SA, Jansen IM, Spratt JC, Murray GD, Cockcroft JR, et al.
Reproducibility of pulse wave velocity and augmentation index measured by pulse wave
analysis. J] Hypertens. 1998;16(12 Pt 2):2079-84. Epub 1999/01/14.

70. Garcia-Ortiz L, Recio-Rodriguez JI, Agudo-Conde C, Maderuelo-Fernandez JA,
Patino-Alonso MC, de Cabo-Laso A, et al. Noninvasive validation of central and
peripheral augmentation index estimated by a novel wrist-worn tonometer. J Hypertens.
2018;36(11):2204-14. Epub 2018/05/31.

71.  Matsui Y, Kario K, Ishikawa J, Eguchi K, Hoshide S, Shimada K. Reproducibility
of arterial stiffness indices (pulse wave velocity and augmentation index) simultaneously
assessed by automated pulse wave analysis and their associated risk factors in essential
hypertensive patients. Hypertens Res. 2004;27(11):851-7. Epub 2005/04/13.

72. Meyer ML, Tanaka H, Palta P, Patel MD, Camplain R, Couper D, et al.
Repeatability of Central and Peripheral Pulse Wave Velocity Measures: The
Atherosclerosis Risk in Communities (ARIC) Study. Am J Hypertens. 2016;29(4):470-5.
Epub 2015/08/02.

48



73. Li Y, Cordes M, Recio-Rodriguez JI, Garcia-Ortiz L, Hanssen H, Schmidt-
Trucksass A. Diurnal variation of arterial stiffness in healthy individuals of different ages
and patients with heart disease. Scand J Clin Lab Invest. 2014;74(2):155-62. Epub
2013/12/18.

74. Ring M, Eriksson MJ, Zierath JR, Caidahl K. Arterial stiffness estimation in
healthy subjects: a validation of oscillometric (Arterograph) and tonometric
(SphygmoCor) techniques. Hypertens Res. 2014;37(11):999-1007. Epub 2014/07/25.
75. McEniery CM, Yasmin, Hall IR, Qasem A, Wilkinson IB, Cockcroft JR. Normal
vascular aging: differential effects on wave reflection and aortic pulse wave velocity: the
Anglo-Cardiff Collaborative Trial (ACCT). J Am Coll Cardiol. 2005;46(9):1753-60.
Epub 2005/11/01.

76.  Cecelja M, Chowienczyk P. Dissociation of aortic pulse wave velocity with risk
factors for cardiovascular disease other than hypertension: a systematic review.
Hypertension. 2009;54(6):1328-36. Epub 2009/11/04.

77.  Collaboration TRVfAS. Determinants of pulse wave velocity in healthy people
and in the presence of cardiovascular risk factors: 'establishing normal and reference
values'. Eur Heart J. 2010;31(19):2338-50. Epub 2010/06/10.

78. Seidlerova J, Filipovsky J, Mayer O, Wohlfahrt P, Cifkova R. Positive effects of
antihypertensive treatment on aortic stiffness in the general population. Hypertens Res.
2014;37(1):64-8. Epub 2013/09/21.

79. Gujral UP, Mehta A, Sher S, Uphoff I, Kumar S, Hayek SS, et al. Ethnic
differences in subclinical vascular function in South Asians, Whites, and African
Americans in the United States. Int J Cardiol Heart Vasc. 2020;30:100598. Epub
2020/08/15.

80. Yasmin, McEniery CM, Wallace S, Mackenzie IS, Cockeroft JR, Wilkinson IB.
C-reactive protein is associated with arterial stiffness in apparently healthy individuals.
Arterioscler Thromb Vasc Biol. 2004;24(5):969-74. Epub 2004/03/06.

81. Jatoi NA, Mahmud A, Bennett K, Feely J. Assessment of arterial stiffness in
hypertension: comparison of oscillometric (Arteriograph), piezoelectronic (Complior)
and tonometric (SphygmoCor) techniques. J Hypertens. 2009;27(11):2186-91. Epub
2009/10/17.

82. Mellin J, Le Prevost M, Kenny J, Sturgeon K, Thompson LC, Foster C, et al.
Arterial Stiffness in a Cohort of Young People Living With Perinatal HIV and HIV
Negative Young People in England. Front Cardiovasc Med. 2022;9:821568. Epub
2022/03/19.

83. Giannattasio C, Failla M, Mangoni AA, Scandola L, Fraschini N, Mancia G.
Evaluation of arterial compliance in humans. Clin Exp Hypertens. 1996;18(3-4):347-62.
Epub 1996/04/01.

84. Kim EJ, Park CG, Park JS, Suh SY, Choi CU, Kim JW, et al. Relationship
between blood pressure parameters and pulse wave velocity in normotensive and
hypertensive subjects: invasive study. J Hum Hypertens. 2007;21(2):141-8. Epub
2006/12/01.

85. Stewart AD, Millasseau SC, Kearney MT, Ritter JM, Chowienczyk PJ. Effects of
inhibition of basal nitric oxide synthesis on carotid-femoral pulse wave velocity and
augmentation index in humans. Hypertension. 2003;42(5):915-8. Epub 2003/09/17.

86. Cabrera SE, Mindell JS, Toledo M, Alvo M, Ferro CJ. Associations of Blood
Pressure With Geographical Latitude, Solar Radiation, and Ambient Temperature:

49



Results From the Chilean Health Survey, 2009-2010. Am J Epidemiol.
2016;183(11):1071-3. Epub 2016/05/18.

87. Modesti PA, Bamoshmoosh M, Rapi S, Massetti L, Al-Hidabi D, Al Goshae H.
Epidemiology of hypertension in Yemen: effects of urbanization and geographical area.
Hypertens Res. 2013;36(8):711-7. Epub 2013/03/15.

88. Modesti PA, Morabito M, Massetti L, Rapi S, Orlandini S, Mancia G, et al.
Seasonal blood pressure changes: an independent relationship with temperature and
daylight hours. Hypertension. 2013;61(4):908-14. Epub 2013/02/06.

89.  Modesti PA, Parati G. Seasonal blood pressure changes: which ambient
temperature should we consider? J Hypertens. 2014;32(8):1577-9. Epub 2014/07/06.

90. Lewington S, Li L, Sherliker P, Guo Y, Millwood I, Bian Z, et al. Seasonal
variation in blood pressure and its relationship with outdoor temperature in 10 diverse
regions of China: the China Kadoorie Biobank. J Hypertens. 2012;30(7):1383-91. Epub
2012/06/13.

91. Di Pilla M, Bruno RM, Stea F, Massetti L, Taddei S, Ghiadoni L, et al. Impact of
seasonality and air pollutants on carotid-femoral pulse wave velocity and wave reflection
in hypertensive patients. PLoS One. 2017;12(2):€0172550. Epub 2017/02/24.

92. Kita T, Kitamura K. Seasonal variation of novel arterial stiffness indexes in
Japanese hypertensive patients. Clin Exp Hypertens. 2019;41(7):670-4. Epub
2018/11/10.

93. Edwards DG, Gauthier AL, Hayman MA, Lang JT, Kenefick RW. Acute effects
of cold exposure on central aortic wave reflection. J Appl Physiol (1985).
2006;100(4):1210-4. Epub 2005/10/15.

94. Tan I, Spronck B, Kiat H, Barin E, Reesink KD, Delhaas T, et al. Heart Rate
Dependency of Large Artery Stiffness. Hypertension. 2016;68(1):236-42. Epub
2016/06/02.

95.  Elliot CA, Hamlin MJ, Lizamore CA. Inter-operator Reliability for Measuring
Pulse Wave Velocity and Augmentation Index. Front Cardiovasc Med. 2020;7:72. Epub
2020/05/16.

96. de Simone G, Schillaci G, Chinali M, Angeli F, Reboldi GP, Verdecchia P.
Estimate of white-coat effect and arterial stiffness. J Hypertens. 2007;25(4):827-31. Epub
2007/03/14.

97. Barochiner J, Aparicio LS, Alfie J, Morales MS, Cuffaro PE, Rada MA, et al.
Arterial Stiffness in Treated Hypertensive Patients With White-Coat Hypertension. J Clin
Hypertens (Greenwich). 2017;19(1):6-10. Epub 2016/09/30.

98. Franklin SS, Thijs L, Hansen TW, O'Brien E, Staessen JA. White-coat
hypertension: new insights from recent studies. Hypertension. 2013;62(6):982-7. Epub
2013/09/18.

99. Drager LF, Diegues-Silva L, Diniz PM, Lorenzi-Filho G, Krieger EM, Bortolotto
LA. Lack of circadian variation of pulse wave velocity measurements in healthy
volunteers. J Clin Hypertens (Greenwich). 2011;13(1):19-22. Epub 2011/01/11.

100.  Osman MW, Leone F, Nath M, Khalil A, Webb DR, Robinson TG, et al. Diurnal
variation and repeatability of arterial stiffness and cardiac output measurements in the
third trimester of uncomplicated pregnancy. J Hypertens. 2017;35(12):2436-42. Epub
2017/07/19.

101.  Kollias GE, Stamatelopoulos KS, Papaioannou TG, Zakopoulos NA, Alevizaki
M, Alexopoulos GP, et al. Diurnal variation of endothelial function and arterial stiffness
in hypertension. ] Hum Hypertens. 2009;23(9):597-604. Epub 2009/02/27.

50



102.  Strozecki P, Adamowicz A, Wlodarczyk Z, Manitius J. Factors associated with
increased arterial stiffness in renal transplant recipients. Med Sci Monit.
2010;16(6):CR301-6. Epub 2010/06/01.

103. Muxfeldt ES, Fiszman R, Castelpoggi CH, Salles GF. Ambulatory arterial
stiffness index or pulse pressure: which correlates better with arterial stiffness in resistant
hypertension? Hypertens Res. 2008;31(4):607-13. Epub 2008/07/18.

104.  Giallauria F, Ling SM, Schreiber C, Maggio M, Shetty V, Muller D, et al. Arterial
stiffness and bone demineralization: the Baltimore longitudinal study of aging. Am J
Hypertens. 2011;24(9):970-5. Epub 2011/05/06.

105.  KimJY, Park JB, Kim DS, Kim KS, Jeong JW, Park JC, et al. Gender Difference
in Arterial Stiffness in a Multicenter Cross-Sectional Study: The Korean Arterial Aging
Study (KAAS). Pulse (Basel). 2014;2(1-4):11-7. Epub 2014/05/01.

106. Vermeersch SJ, Rietzschel ER, De Buyzere ML, De Bacquer D, De Backer G,
Van Bortel LM, et al. Age and gender related patterns in carotid-femoral PWV and carotid
and femoral stiffness in a large healthy, middle-aged population. J Hypertens.
2008;26(7):1411-9. Epub 2008/06/14.

107.  Booth AD, Wallace S, McEniery CM, Yasmin, Brown J, Jayne DR, et al.
Inflammation and arterial stiffness in systemic vasculitis: a model of vascular
inflammation. Arthritis Rheum. 2004;50(2):581-8. Epub 2004/02/12.

108.  Piko N, Bevc S, Hojs R, Naji FH, Ekart R. The association between pulse wave
analysis, carotid-femoral pulse wave velocity and peripheral arterial disease in patients
with ischemic heart disease. BMC Cardiovasc Disord. 2021;21(1):33. Epub 2021/01/15.
109. Salvi P, Palombo C, Salvi GM, Labat C, Parati G, Benetos A. Left ventricular
ejection time, not heart rate, is an independent correlate of aortic pulse wave velocity. J
Appl Physiol (1985). 2013;115(11):1610-7. Epub 2013/09/21.

110.  Mitchell GF, Parise H, Benjamin EJ, Larson MG, Keyes MJ, Vita JA, et al.
Changes in arterial stiffness and wave reflection with advancing age in healthy men and
women: the Framingham Heart Study. Hypertension. 2004;43(6):1239-45. Epub
2004/05/05.

111.  Reusz GS, Cseprekal O, Temmar M, Kis E, Cherif AB, Thaleb A, et al. Reference
values of pulse wave velocity in healthy children and teenagers. Hypertension.
2010;56(2):217-24. Epub 2010/06/23.

112.  Souza DF, Brunelli ACD, Peres CI, Dorneles MC, Nolasco GD, Mendonca GS,
et al. AGREEMENT AMONG SEQUENTIAL CAROTID-FEMORAL PULSE WAVE
VELOCITY (CF-PWV) MEASUREMENTS IN ELDERLY HYPERTENSIVE
PATIENTS((star)). Journal of Hypertension. 2016;34:E314-E.

113.  Wilkinson IB, McEniery CM, Schillaci G, Boutouyrie P, P. S, Donald A, et al.
ARTERY Society guidelines for validation of non-invasive haemodynamic measurement
devices: Part 1, arterial pulse wave velocity. Artery Research. 2010;4(2):34—40.

114.  Parati G, Torlasco C, Pengo M, Bilo G, Ochoa JE. Blood pressure variability: its
relevance for cardiovascular homeostasis and cardiovascular diseases. Hypertension
Research. 2020;43(7):609-20.

115.  McCraty R, Shaffer F. Heart Rate Variability: New Perspectives on Physiological
Mechanisms, Assessment of Self-regulatory Capacity, and Health risk. Glob Adv Health
Med. 2015;4(1):46-61. Epub 2015/02/20.

116. Nichols WW, McDonald DA. McDonald's blood flow in arteries : theoretic,
experimental, and clinical principles. 6th ed. London: Hodder Arnold; 2011. xiv,755 p.

p.

51



117.  Bastard P, Rosen LB, Zhang Q, Michailidis E, Hoffmann HH, Zhang Y, et al.
Autoantibodies against type I IFNs in patients with life-threatening COVID-19. Science.
2020;370(6515). Epub 2020/09/26.

118. Gatto M, Perricone C, Tonello M, Bistoni O, Cattelan AM, Bursi R, et al.
Frequency and clinical correlates of antiphospholipid antibodies arising in patients with
SARS-CoV-2 infection: findings from a multicentre study on 122 cases. Clin Exp
Rheumatol. 2020;38(4):754-9. Epub 2020/07/30.

119.  Zuo Y, Estes SK, Ali RA, Gandhi AA, Yalavarthi S, Shi H, et al. Prothrombotic
autoantibodies in serum from patients hospitalized with COVID-19. Sci Transl Med.
2020;12(570). Epub 2020/11/04.

120.  Douaud G, Lee S, Alfaro-Almagro F, Arthofer C, Wang C, McCarthy P, et al.
SARS-CoV-2 is associated with changes in brain structure in UK Biobank. Nature.
2022;604(7907):697-707. Epub 2022/03/08.

121.  Proal AD, VanElzakker MB. Long COVID or Post-acute Sequelae of COVID-19
(PASC): An Overview of Biological Factors That May Contribute to Persistent
Symptoms. Front Microbiol. 2021;12:698169. Epub 2021/07/13.

122, SuY, Yuan D, Chen DG, Ng RH, Wang K, Choi J, et al. Multiple early factors
anticipate post-acute COVID-19 sequelae. Cell. 2022;185(5):881-95 €20. Epub
2022/02/27.

123.  Jain S, Khera R, Corrales-Medina VF, Townsend RR, Chirinos JA. "Inflammation
and arterial stiffness in humans". Atherosclerosis. 2014;237(2):381-90. Epub 2014/12/03.
124.  Maamar M, Artime A, Pariente E, Fierro P, Ruiz Y, Gutierrez S, et al. Post-
COVID-19 syndrome, low-grade inflammation and inflammatory markers: a cross-
sectional study. Curr Med Res Opin. 2022;38(6):901-9. Epub 2022/02/16.

125. Chang R, Yen-Ting Chen T, Wang SI, Hung YM, Chen HY, Wei CJ. Risk of
autoimmune diseases in patients with COVID-19: A retrospective cohort study.
EClinicalMedicine. 2023;56:101783. Epub 2023/01/17.

126. Thiebaud RS, Fahs CA, Rossow LM, Loenneke JP, Kim D, Mouser JG, et al.
Effects of age on arterial stiffness and central blood pressure after an acute bout of
resistance exercise. Eur J Appl Physiol. 2016;116(1):39-48. Epub 2015/08/16.

127.  Rosenberg A, Lane-Cordova A, Bunsawat K, Ouk Wee S, Baynard T, Fernhall B.
5.3 THE INFLUENCE OF SEX AND AGE ON ARTERIAL FUNCTION IN
RESPONSE TO AN ACUTE INFLAMMATORY STIMULUS. Artery Research.
2015;12(C):46-.

128. Wang Y, FuZ, Li X, Liang Y, Pei S, Hao S, et al. Cytoplasmic DNA sensing by
KU complex in aged CD4(+) T cell potentiates T cell activation and aging-related
autoimmune inflammation. Immunity. 2021;54(4):632-47 €9. Epub 2021/03/06.

129.  Palatini P, Casiglia E, Gasowski J, Gluszek J, Jankowski P, Narkiewicz K, et al.
Arterial stiffness, central hemodynamics, and cardiovascular risk in hypertension. Vasc
Health Risk Manag. 2011;7:725-39. Epub 2011/12/17.

130. Martinez-Salazar B, Holwerda M, Stiidle C, Piragyte I, Mercader N, Engelhardt
B, et al. COVID-19 and the Vasculature: Current Aspects and Long-Term Consequences.
Front Cell Dev Biol. 2022;10:824851. Epub 2022/03/05.

131.  Schnaubelt S, Oppenauer J, Tihanyi D, Mueller M, Maldonado-Gonzalez E,
Zejnilovic S, et al. Arterial stiffness in acute COVID-19 and potential associations with
clinical outcome. J Intern Med. 2021;290(2):437-43. Epub 2021/03/03.

132. Lambadiari V, Mitrakou A, Kountouri A, Thymis J, Katogiannis K, Korakas E, et
al. Association of COVID-19 with impaired endothelial glycocalyx, vascular function

52



and myocardial deformation 4 months after infection. Eur J Heart Fail.
2021;23(11):1916-26. Epub 2021/08/21.

133.  Ikonomidis I, Lambadiari V, Mitrakou A, Kountouri A, Katogiannis K, Thymis J,
et al. Myocardial work and vascular dysfunction are partially improved at 12 months after
COVID-19 infection. Eur J Heart Fail. 2022;24(4):727-9. Epub 2022/02/10.

134.  Akpek M. Does COVID-19 Cause Hypertension? Angiology. 2022;73(7):682-7.
Epub 2021/12/11.

135.  Nandadeva D, Young BE, Stephens BY, Grotle AK, Skow RJ, Middleton AJ, et
al. Blunted peripheral but not cerebral vasodilator function in young otherwise healthy
adults with persistent symptoms following COVID-19. Am J Physiol Heart Circ Physiol.
2021;321(3):H479-H84. Epub 2021/07/24.

136.  Szeghy RE, Stute NL, Province VM, Augenreich MA, Stickford JL, Stickford
ASL, et al. Six-month longitudinal tracking of arterial stiffness and blood pressure in
young adults following SARS-CoV-2 infection. J Appl Physiol (1985).
2022;132(5):1297-309. Epub 2022/04/20.

137.  Stute NL, Szeghy RE, Stickford JL, Province VP, Augenreich MA, Ratchford
SM, et al. Longitudinal observations of sympathetic neural activity and hemodynamics
during 6months recovery from SARS-CoV-2 infection. Physiol Rep.
2022;10(18):e15423. Epub 2022/09/25.

53



4. PRESLIKE RADOVA



¥ frontiers | Frontiers in Cardiovascular Medicine

@ Check for updates

OPEN ACCESS

Francesco Fantir,
University of Verona, Italy

Janos Nemcsik.

Semmelweis University, Hungary
Francesco Faita,

Institute of Clinical Physiology, Italy

Ana Jeroncic
ajeronci@mefst.nr

This article was submitted to
Atheroscierosis and Vascular Medicine,
a section of the journal

Frontiers in Cardiovascular Medicine

Lo 14 July 2022
: 21 December 2022
sansee 211 January 2023

Podrug M, Sunji¢ B, Bekavac A,
Koren P. Dogas V, Mudni¢ |, Boban M
and Jeroncic A {2023) The effects of
experimental. meteorological, and
physiolegical factors on snort-term
repeated pulse wave velocity
measurements, and measurement
difficulties: A randomizad crossover
study with two devices.

Front. Cardiovasc. Med. 9:993971.
doi 10.3389:/fcvm.2022.993971

© 2023 Podrug, Sunji¢, Bekavac,
Koren, Bogas, Mudni¢, Boban and
Jeroncic, This is an open-access article
distributed under the terms of the
Creative Commons Attrioution License
{CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author({s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms

Frontiers in Cardiovascular Medicine

Original Research
» 11 January 2023
1 10.3389/fcvm.2022.993971

The effects of experimental,
meteorological, and
physiological factors on
short-term repeated pulse wave
velocity measurements, and
measurement difficulties: A
randomized crossover study
with two devices

Mario Podrug'?, Borna Sunji¢t2, Anamarija Bekavac?,
Pjero Koren'*, Varja Dogas®, lvana Mudnict, Mladen Boban®
and Ana Jeroncicl4*

Background: Large longitudinal studies with repeated pulse wave velocity
(PWV) measurements, a direct measure of arterial stiffness, are required to
realize the full potential of arterial stiffness in clinical practice. To facilitate such
studies it is important to increase the power of a study by reducing within-
subject variability of PWV, and to ease the use of a PWV device in clinical
settings by minimizing PWV measurement difficulties.

Methods: We systematically investigated experimental setting and
meteorological conditions, as well as physiological factors and participant
characteristics, to determine whether and to what extent they affected:
between- and within-subjects variability of PWV recordings, and
measurement difficulties of a particular device. We conducted a 2-week
longitudinal block-randomized cross-over study with two blinded observers
and two commonly used devices: applanation tonometry SphygmoCor
CvMS and oscillometric Arteriograph to assess carotid-femoral (cfPWV) or
aortic (PWVao) PWV, respectively. Our sample had uniform and wide-spread
distribution of age, blood pressures, hypertensive status and BMI. Each
participant (N = 35) was recorded 12 times over 3 visiting days, 7 days apart.
On each day, recordings were made twice in the morning (7-10 a.m.) and
afternoon (16-18 p.m.). Data were analyzed using multilevel mixed-effects
models, separately for each device.
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Results: In addition to age and mean arterial pressure (MAP) that strongly
affected both cfPWV and PWVao, other significant factors appeared to
indicate a measurement approach. cfPWV as a more direct measure of
arterial stiffness was additionally affected by hypertension status, outdoor
temperature, interaction of MAP with outdoor temperature and the order of
visit, with MAP within-subject variability contributing on average 0.27 m/s
to difference in repeated measurements at 5°C and 0.004 m/s at 25°C.
PWVao measurements derived at a single brachial site were more dependent
on age than cfPWV and also depended on personal characteristics such as
height and sex, and heart rate; with within-subject MAP variability adding on
average 0.23 m/s to the difference in repeated measures. We also found that
female sex significantly increased, and recording in afternoon vs. morning
significantly decreased measurement difficulties of both devices.

Conclusion: We identified factors affecting PWV recordings and
measurement-difficulties and propose how to improve PWV
measuring protocols.

carotid-femoral pulse wave velocity, pulse wave velocity, within subject variation,
predictors, meteorological conditions, experimental conditions, measurement errot,

measurement difficulty

1. Introduction

Arterial stiffness is a phenomenon associated with vascular
aging that refers to loss of arterial compliance or changes
in vessel wall properties (1). Arterial stitfness increases
with age and with prolonged exposure to risk factors that
accelerate this process (2, 3). Numerous studies have found
that increased arterial stiffness is associated with an increased
risk of a first or recurrent major CVD event, independent
of traditional risk factors, in both disease-specific and
population-based samples (4-6). In addition, arterial stiffness
has been shown to improve reclassification of patients at
intermediate risk for cardiovascular disease by complementing
the information provided by traditional risk factors (4, 5,
7-9). The potential clinical implication of arterial stiffness
measurements in early detection of high-risk individuals
(10, 11) and in driving hypertensive patient therapy (12)
make arterial stiffness measurements a promising keystone
in hypertension management and cardiovascular prevention
(13, 14).

Pulse wave velocity (PWV) measurement is considered the
simplest, non-invasive, robust, and reproducible method for
assessing arterial stiffness, with the carotid-femoral vascular
bed regarded as the most easily accessible pathway for aortic
PWV measurements (2, 15). Because of the abundance of
population data and reference values for the healthy population
(16), carotid-femoral pulse wave velocity (cfPWV) recorded
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with the SphygmoCor CyMS applanation tonometer has been
established in the literature as a reference for comparison
and is recommended by the ARTERY Society guidelines as a
standard against which new PWV devices can be validated (17).
Devices that estimate PWV from other vascular beds and are
technically less demanding, such as those that estimate aortic
PWYV (PWVao) from brachial cufl-based waveform analysis
recorded at a single site—e.g, oscillometric Arteriograph
device, are also commonly used in practice. While both
the SphygmoCor CvMS and the Arteriograph device have
been verified using invasively recorded aortic PWV (18, 19),
their measurements are not interchangeable (20-22), likely
because they employ different measuring techniques. For
this reason, head-to-head comparison between the devices is
hard to interpret.

Despite its considerable potential for cardiovascular disease
prevention, measurements of PWV have limited use in clinical
practice. The updated 2021 ESC Guidelines on cardiovascular
disease prevention in clinical practice argues against widespread
use of PWV measurement in clinics because of difficulties
in measurements and precision of measurements (23). While
recommendations for minimizing confounding of arterial
stiffness measurements in order to obtain reliable PWV values
have been published and are included in study protocols
(24), there are additional factors that have been proposed
to alter PWV measurement (24-28). These factors, that are

not controlled for in a protocol, may increase between- and
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within-subject variability of PWV measurements, lowering the
device’s resolution to detect a minimal clinically important
change and decreasing precision of PWV measurements, which
consequently reduce the power of a study. As demonstrated
by the SPARTE study’s low power (12), improving the power
of longitudinal studies measuring PWV and reducing PWV-
related measurement difficulties (e.g., the need to repeat the
measurement) are critical to facilitating large longitudinal
studies and improving PWV translation into clinical practice.
Aside from clinically relevant PWV changes, factors such
as mean blood pressure (MAP), heart rate (HR), different
observers, time of day, or outdoor temperature have been
implicated as additional sources of PWV variability (24, 25, 29-
35). While individual factors have been studied in few studies,
no study has systematically examined several factors together
to assess the independent contribution of each factor while
controlling for the others. To minimize the impact of additional
factors that significantly affect PWV measurements in a clinical
setting it is important to identify such factors and quantify
their effects. Furthermore, it is essential to identify and control
factors affecting measurement difficulties of a device, such as the
need to repeat a PWV measurement, in order to ease the use
of devices in clinical setting. Because different PWV devices,
particularly those that use different measurement principles,
do not necessarily have interchangeable PWV values (20-22),
it is reasonable to assume that the aforementioned analyses
will produce different results and should thus be performed
separately for each device. The study had two goals: (a) to
identify factors that affected PWV measurements that differed
from those controlled in the standard PWV measurement
protocol (e.g.. meals, smoking, exercise), and to quantity their
etfects; and (b) to determine which of these factors atfects a
device’s measurement difficulties (e.g., the need to repeat PWV
measurement, or to manually select a signal for analysis), and
to what extent. The experimental setting and meteorological
conditions, as well as physiological factors and participant
characteristics, were systematically assessed as factors. The
analyses were performed separately for the two devices that
use different measuring techniques—the applanation tonometer
SphygmoCor CvMS and the oscillometric device Arteriograph.

To reach our goals we used the study design that yields
strong evidence: a block-randomized cross-over longitudinal
study with two observers that were blinded to each other’s
readings, the largest number of repeated measurements per
participant (Nperparticipant = 12 recordings; Nygyy = 420), uniform
distribution of participants by age, sex, BMI and hypertensive
status, and multilevel mixed-effects models used in data analysis.
All the recordings were performed over 2 weeks. In such a
short period of time, clinically relevant changes in vascular
biology are not expected, so the variability of PWV during
repeated recordings can primarily be attributed to chance and
confounding factors.
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2. Materials and methods
2.1. Participants

The study enrolled 36 participants aged 20-60 years.
Participants were purposively sampled by age, sex, hypertension
status (normotensive or hypertensive), and body mass index
(BMI, ranging from normal weight to obese) to ensure
even distribution across the inclusion criteria (Figure 1).
Participants’ hypertension status was established by self-
report of physician diagnosis, with all such persons reporting
receiving treatment, whereas BMI categories were determined
according to the Centers for Disease Control and Prevention
classification for adults (36). Exclusion criteda included
self-reported arrhythmias, cerebrovascular disease, pregnancy,
surgery amputation, oncology disease, psychiatric disease, and
infections throughout the trial duration.

One person (female, 45 years old, hypertensive and obese)
who was initially enrolled in a study was additionally later
excluded because she contracted an infection over the course of
the study, leaving a total of 35 participants.

The study was approved by the Ethics Committee at the
University of Split School of Medicine, and all participants
provided written informed consent.

2.2. Study design

This is a
longitudinal study.

The study took place between October 2019 and February
2020 at the University of Split School of Medicine in the
Laboratory for vascular aging.

single-blind  block-randomized

Cross-over

Each participant was recorded 12 times in total over the
course of 2 weeks, four times during each of the 3 visit days
that were separated by 1 week. On each visiting day, recordings
were taken in the morning (7-10 h) and afternoon (16-18 h) by
the two observers.

The order of devices—Sphygmocor CvMs and Arteriograph
and of observers, was randomized using the block size of 4. The
two observers were blinded to each other’s readings.

2.3. PWV measurements

Pulse wave measurements were taken with the two devices
that use different measuring techniques—the applanation
tonometer SphygmoCor CvMS (Atcor Medical, Sydney
Australia) with which we collected cfPWV data and the
oscillometric device Arteriograph (TensioMed, Budapest,
Hungary) used to collect PWVao data.

The measurements were taken in accordance with the

American Heart Association’s recommendations for improving
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and standardizing vascular research on arterial stiffness
(24). The observers performed measurements in a quiet,
temperature-controlled room at a comfortable temperature
of 21-23°C. The participants rested in the supine position
for 10 min before the first PWV measurement to ensure
hemodynamic stability. After completion of the series of
measurements with one device, participants were asked to stand
up, walk around the room, and then rest supine for 10 min
to prepare for measurements with the second device. This
step was necessary to prevent participants from falling asleep
while resting supine for an extended period, especially in the
morning. During the measurements, participants were asked
not to talk or sleep. All measurements were performed on the
right hand (Arteriograph) and the right carotid and femoral
artery (SphygmoCor).

Participants were requested to abstain from vigorous
exercise and alcohol consumption for at least 24 h prior to
a recording session (morning or afternoon). They were also
instructed not to eat or drink anything except water or smoke for

atleast 3 h before any recording session. Those taking vasoactive
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medicines were advised to continue taking them as usual and not
to change the dosage during the study.

Before the start of the study, both observers had
received extensive 7-day training during which they
performed approximately 40 high-quality measurements
under supervision.

To calibrate the
by the SphygmoCor,
pressure measurements with

pulse wave signals acquired
obtained brachial blood
the validated oscillometric
sphygmomanometer (Welch Allyn Connex ProBP 3400 digital

blood pressure monitor with SureBP technology).

we

We used the subtracted distance method to calculate wave
travel distance. The method was chosen over the direct method
as per recommendation by the latest guideline (24). A large
school divider (Figure 2) was used to measure the distance
between the sternal notch and the femoral measurement site,
as well as the distance between carotid measurement site and
the sternal notch was than subtracted from this distance. The
tool was selected because it measures straight-line distance
independent of body shapes such as particularly large bellies
and/or breasts in obese individuals. It is similar to a sliding
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caliper, which has been recommended for use when straight-
line measurement with a tape measure is not possible (2.,
37, 38). However, unlike slide caliper whose slide blades may
still impede with the body shape in overweight and obese
individuals to some extent, a divider is unatfected by it due
to its long arms. We only measured the distance between the
carotid and femoral sites during the first visit. Each observer
obtained a single distance measurement during this visit. If the
measured distances differed between observers, the process was
repeated, and il the ditference remained after the second round
of measurements, the average of the four previous distance

measurements was used as the true distance (N = 1 participant).

2.4, Collection of other data

All participants underwent a medical history.

The meteorological data: outdoor temperature, air pressure,
and relative humidity, were provided by the Meteorological
and Hydrological Service of Croatias local office, and used
to estimate weather conditions on each visit day and time.
The contour plot is used to show the distributions of three
meteorological parameters by a visit day (visit 1, 2, or 3) for
all of the participants’ visits, with relative humidity and air
pressure as X and y dimensions, and temperature as a color
coded z-dimension (Figure 3). The graph shows that outdoor
conditions on the visit day 3 differed significantly from those on
the visit days 1 and 2 (Figure 3).

2.5. Sample size consideration
The study employs a multilevel data structure, including

35 groups (participants, level-2) and 12 repeated measurements
by a participant (level-1) totaling 420 observations. Because no
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random slopes are anticipated in any of the multilevel models
that we developed, the sample sizes mentioned above (levels
2 and 1) are deemed adequate for estimating unbiased and
accurate regression coeflicients, variance components, and first
level standard errors (39, 40), allowing for models with up to 12
independent variables (41).

2.6. Data analysis

We used descriptive statistics to describe distribution of
quantitative (mean and standard deviation or median and
IQR, depending the shape of distribution) and qualitative
(absolute and relative frequencies) variables. To identify
predictors of PWYV single readings, or different types of
measurement  difficulties we employed several multilevel
models with random intercept. Depending on the type
of a dependent variable we used multilevel mixed-effects
generalized linear models for continuous dependent variables
like PWV readings, mixed-effects logistic regression models
for dichotomous dependent variables like the occurrence of
marginal-quality signals or manual signal selection, and mixed-
effect Poisson regression for count data like the count of
repeated attempts to record PWV values due to low-quality
of a captured signal. All of the models were run with
the robust estimator, which is resistant to certain types of
misspecification in multilevel models such as heteroscedasticity
or deviation from normality (42, 43), and sensitivity analysis was
performed with the maximum likelihood (ML) method without
robust estimator.

Each model was built in two steps. The experimental
setting variables—order of visit, time of day, first device
used in a session, and observer, meteorological variables—
outdoor temperature (°C), air pressure (Pa), and relative
humidity (%), and participants’ characteristics—age, sex, BMI,
hypertension status, MAP, SBP, DBP, HR—were all investigated
for their relationship to a dependent variable by a simple
multilevel regression analysis. Those independent variables
that were associated with dependent variable at the p < 0.2
significance level, entered into multiple multilevel regression
model. For independent variables that were non-significant in
a multiple model, their contribution to the model (pseudo
R?) was investigated further to decide on their inclusion in
the final model.

The metrics for assessment of individual variability of PWV
readings was determined by considering the multilayered data
structure. The average within-subject CV was calculated using
the root mean square method (44). The intraclass correlation
coefficient (ICC) was calculated by using random-effects
model to estimate correlations between average measurements
made on the same participant. As outliers may significantly
affect this measure, we excluded the severe outliers from the
calculation (45).
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. Results

The study included a total of 35 participants. Recorded PWV
values ranged from 4.5 to 10.8 m/s for cfPWV and 5.5-15.8 m/s
for PWVao. The validation sample also covered wide ranges
of brachial blood pressures, age and BMI that were uniformly
distributed (Figure 1). Participants’ characteristics are shown in
Table 1.

The difference in distance between the carotid and femoral
sites measured with a tape vs. a school divider strongly
correlated with the level of obesity as evaluated by BMI (r = 0.79,
P = 0.020). Thus, the school divider was effective in removing
this effect of BMIL.

Overall, the coefficient of variation for within-subject
variability was 9.9% (95% CI 9-11%) and 5.3% (95% CI
5-6%) for cfPWV and PWVao measurements, respectively;
while ICC for within-subject average c¢fPWV measurements
was 94% (95% CI 91-97%) and 96% (95% CI 94-98%) for
PWVao measurements.

3.1. Factors significantly affecting PWV
measurements

Table 2 lists the factors with a significant effect on
PWYV measurements, that were identified among experimental
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conditions, physiological and meteorological factors, as well as
characteristics of the participants that we assessed in this study.

In both the cfPWV and PWVao models, the most prominent
effects to which the largest difference in predicted PWV margins
was attributed were age and MAP, in that order. The increase
in PWYV values with a 1-year increase in age was twice higher
for PWVao than ctPWV measurements (Table 2, see 95% CI
for B; Figures 4A, B). However, we could not directly compare
the eftects for MAP as the factor was involved in a significant
interaction with outdoor temperature in the cfPWV model,
which hampered interpretation of its main effect (Figure 4C).

As for the meteorological factors, only the outdoor
temperature had a significant effect on cfPWV measurements.
In ¢fPWV model, as mentioned earlier, outdoor temperature
was involved in the interaction with MAP, suggesting that
it modifies the relationship between cfPWV and MAP
(Figure 4C). PWVao measurements were not influenced by any
outdoor meteorological factor.

Except for the order of visit in the ¢fPWV model—
notably the comparison of 2nd to 1st visit values, no other
experimental factor was associated with differences in cfPWV
or PWVao measurements.

Increased values of PWVao measurements were also
associated with increased values of BMI and HR, and a female
sex, whereas in the cfPWV model it was hypertensive status that
was found to significantly increase cfPWV.

frontiersin.org



Podrug =t al

TABLE 1 Characteristics of participants, N = 35

M Fange) or N )

Age (years) 41 (20-60)
Sex
Females L7 (49%)
Males LS (31%)
BMI 273 (19.4-38.9)
Hypertension status
Hypertensive 17 (490}
Normotensive 18 (31%)

bSBP (mmHy) 126 (98-177)

bSDP {mmHy) 721(53-98)
HR (beats per minute) o7 (“18-94)

BMI. bady mass index: bSBP. brachal systolic blood pressure; bDBE, brachial diastolic
bloud pressure; HR. heart rate.

During the development of multilevel mixed-effects
models we also assessed if there was a significant interaction
After

sex and age in

between sex and age. including an interaction

the full
and  Arteriograph,

term between multivariate

models  of

both  SphygmoCor and

controlling for menopause status, we discovered that
the interaction between age and sex is not significant
(p = 0.365).

Finally, after developing multilevel mixed-effects
models that aimed to identify factors influencing values
of PWV measurements, we also evaluated which, if any,
participants’ characteristics are related to variability of repeated
measurements in a person. We found for both cfPWV
(Pearson’s r = 0.51, p = 0.002) and PWVao (r = 0.34, p = 0.047)
measurements that older age was associated with wider
range of repeated PWV measurements observed in a person,
whereas BMI, hypertension status or sex were not associated
with this variability. However, we did find significantly
larger variability of within-subject PWV measurements in
menopausal than in women with menstrual cycle, for both
devices (P < 0.035, Mann-Whitney test). Moreover, for
women who menstruate, within-subject PWV variability
was comparable to men (P > 0.310). In addition, we also
assessed if the order of visit, the only experimental condition
significantly affecting cfPWV values, is associated with
decreasing variability of cfPWV measurement in a person and
found this was not the case (repeated measurements ANOVA,
P =0.781).

Regarding the repeated measurements defined by the final
models depicted in Table 2, within-subject cfPWV on average
deviated by 0.73 m/s (95% CI 0.64-0.83), whereas PWVao
deviated by 0.84 m/s (95% CI 0.58-1.20). These models

described 59 and 67% of the repeated variability, respectively.

Frontiers in Cardiovascular Medicine

07

10 3389/fcvm. 2022993371

3.2. Factors significantly affecting
difficulties in measuring PWV

Next, we wanted to know which factors influenced
difficulties in measuring PWV with each device. We focused
on the following difficulties: (a) the number of repeated
measurements as a result of the SphygmoCor’s pulse wave
velocity signal failing the quality control, (b) the possibility
of observing the marginal quality signal by SphygmoCor with
the coefficient of variation for cfPWV estimation between 6
and 10%, or (c) the Arteriograph’s oscillometric signal being
manually selected for analysis (Table 3).

As opposed to the automatic selection of the oscillometric
pulse wave signal by Arteriograph device, the manual signal
selection is time-consuming and subject to uncertainty. In total,
we had to manually select a signal for analysis in 78 (19%) of
the Arteriograph recordings. We did not find, however, that
manual selection affected PWVao values when this factor was
added as independent variable to the simple (p = 0.438), or final
(p = 0.276) multilevel model. The results demonstrate that it is
very likely that the Arteriographs’s oscillometric signal will be
manually selected for analysis in a female participant. In fact,
manual adjustment was required at least once for 11 (65%) of
the women, with five women requiring it on >8 instances out
of 12 measurements. In contrast, just five males (28%) required
this modification on 1-3 occasions. Measuring in the afternoons
was strongly to moderately associated with a lower chance of
manual adjustment, reducing the odds ratio for it by 77% (95%
CI from 46 to 90%). Finally, a chance for manual adjustment
differed significantly between the measurers by increasing OR
for the measurer 2 by 0.91 (95% CI 0.23-1.95).

In terms of the SphygmoCor, with which we were able
to record all 12 measurements for each participant, we had
to repeat a measurement 135 (32%) of the time. Female
sex increased the incidence rate ratio (TRR) of a repeated
measurement by 23% (95% CI 1-50%), whereas afternoon
recording time and 3rd vs. 1st visit decreased IRR by 12% (95%
CI 3-21%) and 14% (95% CI 4-27%), respectively.

We also discovered that the same two factors—afternoon
recording time and 3rd vs. 1st visit—decreased the odds of a
signal with marginal quality, which we observed in 95 (23%)
of measurements, by: 40% (OR 95% CI —3 to 65%) and 50%
(95% CI 1-74%), respectively. When the marginal quality of a
signal was added as independent variable to the simple and final
multilevel model we found that it increased cfPWV values by on
average 0.37 m/s (95% CI 0.16-0.58, p = 0.001).

4. Discussion

We systematically examined a number of experimental
and meteorological conditions as well as physiological factors
and participants’ characteristics to find if, and to what level,
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they affect (a) recorded PWYV values, and (b) measurement
difficulties associated with this recording. PWV values were
repeatedly collected from the enrolled participants over the
course of 2 weeks during which no clinically relevant
change in PWV values is expected. The analyses were done
separately for measurements acquired with two validated
devices: cfPWV measurements acquired with applanation
tonometry device SphygmoCor CvMS and PWVao values
recorded with oscillometry Arteriograph device.

We utilized the study design that provides the strong
evidence: block-randomized, cross-over, longitudinal study with
as many as 12 repeated measurements per participant per
device, recorded with observers blinded to each other’s readings.
Furthermore, our validation sample exhibited a reasonably wide
range of PWV, age, BMI and brachial blood pressures values, and
uniform distributions across age, sex, BMI, and hypertension
status. Given that uniform distribution puts less emphasis on the
center of the distribution and more on its extremes, it produces

more precise validation estimates and is thus preferable as
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validation sample to a sample representative of an underlying
population (46).

There haven't been many studies that look at the short-term
repeatability or reproducibility of PWV measurements (47-
51), with studies reporting from 2 to 6 repeated measurements
per participant. Despite the fact that we recorded the most
repeated PWV measurements per participant (N = 12), and
that our sample had a reasonably wide range of PWV and
PWYV determinants, which tend to increase observed variability
of PWV measurements, the agreement of repeated PWV
measurements estimated in our study was comparable to what
has been reported in the literature. Grillo et al. estimated
within-subject CV, and ICC for ¢fPWV values recorded with
SphygmoCor CvMS device in patients of predominantly normal
weight who were hospitalized for suspected coronary artery
disease. They used six repeated measurements per person and
reported comparable metrics to our study with the CV of
9.5 (95% CI 7.7-11.0), and ICC of 0.85 (95% CI 0.78-0.90)
(48). Our ICC value for the cfPWV measurements was also
comparable to that reported by studies that were performed
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TABLE 3 Predictors of the measurement difficulties for Arteriograph and SphygmoCor devices

Device Predictors . OR 95% ClI P-value
Artertograph—a need to manually select signal for Sex (female vs, male) 51.44 642 412.21 <0.001~
analysis
Time of the day (afternoon vs. 023 010 0.54 0.001"
morning)
Measwer (no. 2 vs. no. 1) 1.91 123 295 0.004
Mixed-effects logistic regressivn model
| RR 95% Cl P-value
SphygmoCor—a need to repeat a measurement Sex (female vs. male) 135 1.0l 150 0.040°
Time of the day (afternvon vs, 0.88 0.79 097 noL4*
morning)
Order of visit
nd v, Lst 0 ‘)S 0.5o 1.06 0.361
3rdvs. Ist 0.86 WFT 0.96 0,006
Mixed-effects Poisson regression model
|  oR 95% Cl P-value
SphygmoCor—occurrence vf a marginal signal Time uf the day (atternoon vs. 0.60 035 1.03 0.U63"~
quality with cFPWV CV berween 6 and 10% morning)
. Ord-er ;visil
2nd vs. 1st l._UO I 051 195 >0.999
Srd vs ls_t . 0.50 0.26 499 0.045
Mixed-etfects logistic regression model
CV, coellicient of variation; OR, odds ratio; IRR, incidence rate ratio
Significant at the: ‘0.05. * 0.1 level.
on patients with peripheral arterial disease (52, 53). As for to somewhat larger effects of around 0.7-0.9 m/s reported by
the Arteriograph’s PWVao measurements, Li et al. measured the same group of authors (16, 60). While age was identified
PWVao at 3 timepoints during a day in 70 participants as the strongest determinant of PWVao too (61), studies
including healthy young and elderly participants, and patients that investigated factors influencing Arteriograph’s PWVao
with cardiovascular disease treated in outpatient clinic; and measurements did not reported comparable, unstandardized

reported CV of 6.1%, which is comparable to our study (54).
Similarly, Ring et al. reported CV of 9.3 and 9.6% in 51
healthy non-smoking participants for Arteriograph’s PWVao

regression metrics. However, the study that investigated PWVao
measurements recorded with oscillometric Vicoder device
reported a comparable effect of 0.4-1.0 m/s per 10 years (62).
and SphygmoCor’s cfPWYV, respectively (55). While we may assume that age remained constant during
the 2 weeks of the study and thus did not contribute to an
4.1. Factors affecting PWV readings absolute change in a person’s repeated measurements, we also
discovered that older age increased the variability of repeated
41.1. Age measurements for both ctPWV and PWVao, thereby increasing

Age was the factor with the largest effect on cfPWV and measurement error. Grillo et al. discovered that patients with

PWVao measurements, followed by MAP. This is consistent increased arterial stiffness had greater variability in repeated

with the data from other studies that show a strong dependence PWV measurements acquired with various ctPWV-estimating
of PWV on age and MAP (16, 24, 56, 57). On average, age devices (48). This relationship is thought to be due to the
accounted for approximately 2-3 m/s PWV difference between fact that PWV is defined as a ratio of traveled distance
subjects, with apparently stronger effect of age on PWVao to pulse wave transit time (PWTT), in which case a small
values: cfPWV increased by 0.4 m/s (95% CI 0.2-0.6), and difference in PWTT can cause a relatively large difference
PWVao by 0.8 m/s (95% CI by 0.6-1.0) every 10 years. in PWYV in subjects with high arterial stiffness, whereas this

Other studies utilizing the SphygmoCor CvMS device difference is negligible in subjects with normal arterial stiffness.
reported comparable effects of age on cfPWV measurements As age is the strongest determinant of PWV, the association
ranging from: 0.2 m/s per 10 years (58), to 0.3-0.4 m/s (39), reported by Grillo et al. corroborates the association between
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age and within-subject short-term PWV variability that was
reported in our study. Because both of the devices we tested
estimate PWTT: SphygmoCor by determining pulse transit
time from carotid to femoral location, and Arteriograph by
determining the time difference between the first systolic wave
and the second reflected wave; we found the said association
for both devices. This finding suggests that when patients
are monitored for longitudinal changes in PWV, it would be
advantageous to increase the number of measurements in older
persons during one visit (from 2 to 3-4) to improve precision
of estimated PWV.

4.1.2. MAP and outdoor meteorological factors

The second strongest etfect on PWV recording was due to
MAP, which is considered the most significant physiological
variable affecting arterial stitfmess (30, 31, 34). With the
increase of MAP, vessels stiffen, meaning that the effect
of this variable on repeated PWV measurements should
be considered whenever the measurements are taken under
different BPs. MAP on average accounted for approximately
1-2 m/s PWV difference between subjects in our study,
with PWVao increasing by 0.2 m/s (95% CI 0.10-0.25) for
every 5 mmHg. This is comparable to the effect estimated
with Vicorder, another oscillometric device: 0.05-0.20 m/s per
5 mmHg (62). Considering within-subject variability of MAP
in our study. on average 0.23 m/s (from 0.10 to 0.33 when
uncertainty in estimates is considered) discrepancy in repeated
PWVao measurements may be assigned to MAP variations.

The expected changes in cfPWV due to MAP or
outdoor temperature changes were less obvious due to the
significant interaction between outdoor temperature and
MAP, demonstrating that outdoor temperature moderates
the relationship between cfPWV and MAP. The expected
difference between predicted cfPWV assigned to lowest
and highest observed MAP and adjusted for other factors
at 5°C was 2.62 m/s, but at 25°C this difference was only
0.04 m/s. Individual differences in repeated measurements
that are due to MAP variations are predicted to be 0.27 m/s
(uncertainty 0.24-0.30) at 5°C and 0.004 m/s (0.004-0.005)
m/s at 25°C. Interestingly, there was no significant main
effect of outside temperature or its interaction with MAP for
PWVao measurements.

While the

temperature and BP readings has been observed in many

negative relationship between outdoor
studies (63-67), similar relationship was hypothesized for
arterial stiffness, but studies reported inconsistent results. Di
Pilla et al. reported that in an unadjusted regression analysis,
cfPWV recorded by SphygmoCor was weakly and inversely
associated with outdoor temperature, but not in a multiple
regression analysis that controlled for age, BMI, SBP, DBP,
daylight hours, Oz, CO, and N>O (25). In repeated measures
ANOVA analysis, Kita et al. demonstrated considerable
sessional change of an arterial stiffness index—arterial
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velocity pulse index, with higher stiffness observed during
a summer (26). The omission of a significant interaction term
between temperature and MAP in these models may explain
inconsistencies, as exclusion of the term from cfPWYV model
in our study also resulted in a non-significant main effect
of temperature, while a simple correlation also showed that
cfPWV is inversely associated with temperature. While the
mechanism underlying this relationship is beyond the scope of
our study, it has been proposed that cold-induced sympathetic
activation may account for the dependence of cfPWV readings
on outdoor temperature in conditions where the room
temperature is constant (25, 68). Having said that, it appears
that at Jower outdoor temperatures, resting time in supine
position in the temperature-controlled room might be extended
beyond 10 min to allow for temperature accommeodation,
or alternatively, repeated measurements might be taken in a
season with higher outdoor temperatures, such as those around
25°C. More research with different adaptation times is needed
to determine whether temperature accommodation is indeed

responsible for the observed effect.

41.3.HR

Aside from the effect of outdoor temperature on PWV
measurements, there was also a disparity in the effect of HR
between the cfPWV and PWVao models. This physiological
factor had a moderate effect on PWVao readings explaining
on average 1.45 m/s difference in PWVao between the subjects
with PWVao increasing on average by 0.2 m/s (95% CI 0.02—
0.40) per 10 bpm. The effect is similar to that reported by Tan
et al, who used a hybrid applanation tonometry/oscillometric
device SphygmoCor NCEL device and found an increase
of c¢fPWV of 0.11-0.28 m/s per 10 bpm (35). In addition,
individual variability in HR in our study accounted on average
for 0.12 m/s (uncertainty, 0.01-0.27) discrepancy in repeated
PWVao measurements. Considering these effects, PWVao is
expected to have minimal physiologically relevant changes for
small changes in HR, while larger changes in HR may be viewed
as leading to considerable differences in PWVao. However, we
did not observe a significant effect on cfPWV readings.

While current PWV estimation guidelines recommending
that HR be considered as a confounding factor, there is
still disagreement about the effect of HR on aortic PWV
measurements, particularly considering that short-term studies
investigating the relationship between heart rate and arterial
stiffness reported varying results, including a positive, negative,
and no assoctation (24). O'Rurke et al. proposed that the
apparent association between aortic PWV and HR might be
due to systematic error introduced by certain devices when
estimating such PWV (32), whereas Salvi et al. demonstrated, on
data collected with applanation tonometry device PulsePen, that
the said association was cofounded by the ventricular ejection
time (69). Tan et al., however, used hybrid SphygmoCor XCEL
and demonstrated BP-independent effects of HR on cfPWV
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(35). In line with the O’Rurke’s considerations, our results on
two different devices suggest that the usage of devices with
differing PWV measurement techniques might be the source
of this disparity in findings. While many studies employing
SphygmoCor CvMS or applanation tonometry technique in
general reported no significant change in ¢fPWV with HR
(60, 69, 70), studies that estimated aortic PWV using Doppler
method (71), Arteriograph’s oscillometric technique (61) or a
hybrid applanation tonometry and oscillometric technique such
as the one employed by SphygmoCor XCEL device (35) found
independent HR effect on PWVao.

4.14. Experimental conditions

Out of all the experimental conditions tested only the visit
order affected the PWV measurements. Specifically, whereas the
order of visits had no effect on the PWVao measurements, the
cfPWV measurements acquired during the second visit were on
average 0.23 m/s (95% CI 0.03-0.43) lower than those of the
first visit. However, no significant difference was found when
the cfPWYV data of the third visit were compared with those of
the first visit. One possible explanation for the lack of a trend
on the third visit is a2 confounding of this effect by outdoor
temperature. Because outdoor temperature was identified as
an important factor influencing cfPWV measurements, more
pronounced meteorological changes on the third visit likely
masked the effect of a visit order. In particular, for some subjects,
the outdovr temperature varied by 8-10°C between the third
and the other two visits.

The discovery of lower ¢fPWV values during the second
visit may suggests that, despite receiving the amount of training
recommended by current guidelines (2+), both observers may
have lacked some expertise in using SphygmoCor CvMS during
the first visit. However, we did not observe a decrease in
the within-subject variability of cfPWV measurements with
increasing order of visits, as would be expected if the effect
of poor training was present. Furthermore, Grillo et al. have
shown that the 2-week training period is sufficient to achieve
acceptable to excellent agreement of PWV recordings for
various devices including SphygmoCor CvMS (48) and, as
previously discussed, we have shown that the agreement of
repeated cfPWYV measurements estimated in our study was
comparable to that reported by Grillo et al. Elliot et al. studied
the influence of training on the repeatability of ctPWV values
as well, but the authors assessed a hybrid SphygmoCor XCEL
device with different mode of operation for which training
differs (28).

Alternatively, the higher values of cfPWV during the first
visit could point toward the white coat effect on arterial
stiffness (72, 73). Indeed, the first measurement in our study
was considerably higher than the second during the first visit
cfPWV measurement series (median difference 0.35 m/s, 95%
CI 0.05-0.65), and was also higher than the first measurement
of the second visit (0.60 m/s, 95% CI 0.2-1.0). However,
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Barochiner et al. in an unadjusted analysis comparing isolated
office uncontrolled hypertensive participants with sustained
normotensive estimated much larger white coat etfect on cfPWV
with a median difference of 1.2 m/s (73). When we looked
at SBP, we also found significant differences between the said
measurements (p < 0.015; 1st measurement in first visit was on
average higher for 3.3 mmHg, 95% CI 0.6-6.0 than 2nd, and
for 3.8 95% CI 1.0-6.5 than 1st measurement in second visit),
but these differences are not large enough to be classified as
white coat effect. We also found no difference in DBP belween
these measurements (p > 0.422). A clinically significant white-
coat etfect is defined in terms of BPs as an office or clinic blood
pressure exceeding the daytime ABPM by 20 mm Hg systolic
or 10 mm Hg diastolic, either in the absence or presence of
antihypertensive drug treatment (7). Thus, while the whitecoat
etfect, which describes a transient or persistent alerting reaction
observed in the majority of patients, was likely present in our
sample, the magnitude of it was insufficient to justify the first
measurement discartion.

We did not find that time of day or different observers
(conditional on observers having the same volume of training)
affected cfPWV or PWVao measurements although the
current guideline on PWV estimation recommends that
repeated/follow-up measurements should be taken at the same
time of day. preferably with the same observer (24). Several
studies performed on different populations: young healthy
volunteers (29), women with uncomplicated pregnancy (33),
or healthy individuals of different ages and patients with heart
disease (54) corroborate our result on lack of circadian variation
in PWV measurements, whereas the study that reported
increase in cfPWYV with time of day revealed that diurnal PWV
changes lost significance after adjustment for BPs suggesting
that changes in artevial stiffening are mediated through changes
in BP (75). As a result of the findings, future study protocols
for follow-up PWV measurements could be simplified, as it is
not necessary to measure cflPWV at the same time of day or
with the same observer, provided that the quantity of training
is adequate and comparable.

4.1.5. Participant characteristics: Sex, height,
and hypertensive status

The differences in the PWV models of the two devices
included participant characteristics such as sex and height
which had a significant effect on PWVao, but not on cfPWV
measurements; and hypertensive status, which on average
increased ¢fPWV in hypertensive participants by 0.44 m/s but
did fect PWVao measurements.

Female sex on average increased PWVao by 1.56 m/s,
whereas height explained on average 2.14 m/s difference in
PWVao measurements between the subjects, with one cm of
height increasing PWVao by 0.06 m/s (95% CI 0.02-0.09).

Sex, with higher values of PWVao in women compared
to men, was also identified as significant factor in another
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study investigating Arteriographs’ PWVao measurements (61).
However, while reports on the relationship between sex and
central PWV measurements that were taken by devices other
than Arteriograph were varied, all studies including those
utilizing oscillometric devices reported either greater values
of central PWV in men (16, 59, 60, 62, 76-78) or no
association with sex (69, 79-82). Thus, it appears that higher
values of PWVao measurements in women may be specific to
Arteriograph device. Contrary to PWVao measurements, we
did not find that cfPWV measurements were associated with
sex. Vermeersch et al. estimated peripheral and central PWV
with applanation tonometry in a large healthy, middle-aged
population and concluded that while peripheral, carotid PWV
measurements were associated with sex this was not the case
with central arterial stiffness parameters such as cfPWV (80).
Also. Reference Values for Arterial Stiffness’ Collaboration in
2010 did not find significant differences between sexes in cfPWV
while controlling for an age and MAP (57). Although ¢fPWV
was markedly higher in males, the presence of male gender
was also accompanied by marked differences in age and BP.
After correction for age and MAP, the authors found negligible
influence of gender on cfPWV (0.1 m/s difference, P = 0.04)
and proceeded with the definition of the reference value
population by including all untreated participants, regardless of
sex. Similarly, sex was not identified as significant predictor of
cfPWYV in the multivariable linear regression models controlling
for age, MAP, HR in the study by Mitchell et al. (83) which
is based on apparently healthy Framingham Heart Study
offspring cohort (83). Focusing solely on SphygmoCor’s cfPWV
measurements, the results are contradictory, with more studies
reporting that in multivariate linear regression models, cfPWV
increases with age similarly for both sexes (31, 80-82), others
revealed that men have higher cfPWV values ranging from 0.27
to 0.72 m/s (16, 59, 60). We discovered no significant interaction
between sex and age for either device.

As for the effect of height, similar to Jatoi et al. who also
investigated Arteriographs PWVao measurements, we found
an inverse correlation between PWVao and height (data not
shown). However, while in our final multiple model PWVao
increased with the increase in height, in Jatoi’s multiple model
the association did not reach significance (61). Furthermore,
our estimate of the regression coefficient of height was
positive; similar to the estimates from the simple regression
model developed by Mellin et al. on Vircorder measurements
(62) and multiple regression model developed on PulsePen
measurements in children (84).

4.1.6. Overall about PWV models

Overall, the findings suggest that SphygmoCor's cfPWV
values are more sensitive to the state of the arterial tree because,
in addition to age and MAP, they are also dependent on
hypertensive status, the interaction between MAP and outdoor
temperature, outdoor temperature, and visit order; whereas
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Arteriograph's PWVao values are more dependent on individual
characteristics such as sex, height, and age as they are more
heavily dependent on age than cfPWV.

It should also be noted that our findings are device-specific
and cannot be generalized to other seemingly similar techniques,
such as the oscillometric Mobil-O-Graph, which calculates
PWYV using a formula, because the factors affecting within-
subject PWV variability would obviously differ.

4.2. Factors affecting measurement
difficulties

The measurement difficulties appeared relatively frequently:
from 19% of cases in which Arteriograph’s oscillometric signal
had to be manually selected for analysis, to over 24% of cases
in which SphygmoCor’s pulse wave signal was of marginal but
acceptable quality (with a coefficient of variation for cfPWV
estimates ranging from 6 to 10%), to 32% of cases in which
SphygmoCor’s recordings had to be repeated. While all of
these difficulties are time-consuming, we also found that one
of them—a marginal quality of SphygmoCor’s signal, atfected
accuracy of estimated cfPWV values by raising cfPWV values
on average by 0.37 m/s (95% CI 0.16-0.58 m/s). Concerning the
difficulty in manually selecting the Arteriograph’s signal, which
increases the uncertainty of PWVao estimation and could be
expected to affect the accuracy of PWVao readings, we did not
find that it was associated to a change in PWVao levels.

All of aforementioned measurement difficulties were
reduced when PWV measurements were performed in the
afternoon (16-18 h) compared to the morning (7-10 h)
sessions. The effect of time of day on need to manually select
Arteriograph’s signal was strong with afternoon session reducing
the OR for automatic selection by on average 75%, and reducing
the probability of the event from 23% during morning sessions
to 6% in the afternoon. The time of day also had moderate effect
on a need to repeat a SphygmoCor measurement by reducing its
IRR in the afternoon measurements on average by 12%. Finally,
the OR for the marginal quality of SphygmoCor’s signal reduced
by 40% in the afternoon, with a probability of such a signal
decreasing from 26% during mornings to 19% in the afternoon.
As time of day did not show significant effect on absolute
PWYV values of either cfPWV or PWVao, just by performing
measurement in the afternoon measurement difficulties could
be significantly reduced.

Sex was another factor that affected measurement difficulties
for both devices. It strongly increased the OR of manual
selection of a Arteriographs signal by 51 times, and also
increased IRR of repeated measurements by SphygmoCor by
1.23 times. The difficulties we observed in obtaining PWV
estimation for female participants with both devices might
be attributed to men being more likely prototype examinees
due to the menstrual cycles effect on PWV recordings in
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women, which, as a result, would make signal acquisition
and processing suboptimal for women. However, because
the literature describes a validation sample rather than a
developmental sample for prototypes, and the manufacturers do
not provide a description of developmental sample, there is a
lack of evidence to support or refute this assumption.

We also found that the order of visits, which affected
repeated cfPWV measurements, affected the occurrence of
measurement difficulties with the SphygmoCor too, in such
a way that both the need for repeated measurement and the
occurrence of a signal with marginal quality were significantly
reduced during the third visit compared with the first visit,
whereas the frequency during the second visit was comparable
to that during the frst visit. So it seems that in terms of
measurement difficulties with SphygmoCor, there is still a
learning curve to be observed in the first 2 weeks.

Finally, while inter-observer differences in PWV readings
are not expected for oscillometric devices nor were observed in
our study, we show that the need for manual selection of the
Arteriograph’s signal is observer-dependent with one observer
increasing the odds of it by 91%. Whether this ditference
between observer is due to positioning or adjusting the cuff
should be explored in further studies.

Considerations about the supine and sitting positions with
Arteriograph.

While we did not examine the effect of supine and
sitting positions on Arteriographs PWVao measurements,
Arteriograph is frequently used in clinic in a sitting position.
Nurnberger et al. estimated the mean difference in PWVao
between supine and sitting positions to be —0.18, with the limits
of agreement ranging from —1.55 to 1.21 (85). Such wide limits
include differences of more than 1 m/s thus demonstrating that
PWVao values recorded in two different positions are not the
same and only one position, preferably supine, should be used
when assessing PWVao.

4 3. Limitations

Potential limitation of our study is referred to the pre-
training of observers. Despite providing observers with the
necessary pre-training, we discovered a learning curve with
the SphygmoCor device, as measurement difficulties were
significantly reduced during the third visit compared to the
first. Furthermore, we also discovered that repeated cfPWV
measurements recorded during second visit were on average
0.23 m/s lower than those recorded during the first visit,
indicating that there may be a learning curve affecting cfPWV
accuracy too, but we were unable to show this tendency for
measurements collected during the third visit compared to
first. Nonetheless, even if this learning curve affected repeated
measurement accuracy, we do not expect it to have a significant
effect on our results: the estimated difference in cfPWV between
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second and first visit is not large, we did not find that variability
of repeated measurements taken during one visit was related
to visit order, and we reported comparable agreement between
repeated measurements to a study that reported this agreement
using observers for which it proved they received a suthicient
training period (48). In addition, estimated decrease in within-
subject cfPWV measurements during 2nd vs. 1st visit was just
—0.03 m/s (uncertainty —0.25, 0.20).

To capture short-term variability of PWV, we monitored
within-subject PWV changes for 2 weeks only. Consequently,
we were not able to control an effect of menstrual cycle on
arterial stiffness by studying all women who still have menstrual
periods at a similar phase in the menstrual cycle as this would
imply that repeated measurements are also taken at similar
phase of the cycle, which would prolong the monitoring period.
However, we do not expect that effect of menstrual cycle
substantially affected PWV variability in young women as we
tound significantly larger variability of within-subject PWV
measurements in menopausal women than in women with
menstrual cycle, for both devices (P < 0.035, Mann-Whitney
test). Moreover, for women who menstruate within-subject
PWYV variability was comparable to men (P > 0.310).

While the study included 35 participants, we developed
multilevel models with 12 repeated measurements per
participant for a total of 420 measurements, which considerably
increased the study’s power (36). Furthermore, as indicated in
the methodology section, the sample size consideration for our
model choice allowed for up to 12 independent variables, and
we also demonstrated that our estimates of the effects of factors
influencing PWV readings were realistic, whenever we could
compare our estimates to those estimated in other studies.

One potential limitation of our study was mitigated with the
choice of cross-over randomized design. Although we did not
directly compare the devices for reasons explained before, it was
important that devices be used in a comparable setting as there
was a possibility that measurements taken with the first device
in a series may affected measurements taken with the second
device and that an identified significant factor for a device may
be due to the fact that that device is always applied second in the
measurement seties. To account for this effect, we randomized
the order of devices in a measurement series and developed
multilevel regression models that showed that the identity of
the first device used in a measurement series for a person had
no effect on PWV measurements, supporting the assumption of
comparable settings.

Finally, because the PWV measurements were taken within
2 weeks, we were unable to investigate any seasonal effects
on the PWV measurements. Given that blood pressure can
be significantly lower in the summer compared to the winter,
it remains to be seen whether the short-term estimates
made in this study are sensitive to the season in which the
recordings were taken.
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5. Conclusion

In conclusions, we systematically assessed a large number
of experimental, meteorological, physiological factors and
personal characteristics to identify those that atfect PWV
measurements and contribute to differences in short term
repeated measurements. We quantified these effects separately
for the two devices that use different measurement techniques,
using study design that provides strong evidence.

We discovered that increasing age increases not only the
values of cfPWV and PWVao but also the variability of
their repeated measurements, suggesting that in older people
precision of measurement should be increased, possibly with the
use of 3—4 measurements in a series instead of only 2.

For SphygmoCor’s cfPWV measurements, we also found a
significant interaction between MAP and outdoor temperature,
as well as significant mean effect of temperature, which
could lead to significant fluctuations in short-term repeated
measurements. Recording cfPWYV during a season with a
higher outdoor temperature (e.g., 25°C) when differences in
MAP result in smaller differences in cfPWV may reduce
some of the short-term fluctuations. Also, it should be further
investigated if prolonging resting time during periods with
low outdoor temperature might help with reduction of short-
term fluctuations.

Time of day or different observers who rteceived the
same amount of pre-training did not affect cfPWV or
PWVao measurements. However, measurement difficulties
occurred significantly less frequently in the afternoon
for both instruments. To facilitate future longitudinal
that PWV
in the afternoon whenever possible, not necessarily with

studies, it would be advisable is measured
the same observer.

For both devices, we found a relationship between a
measurement difficulty and female sex. Whereas, the number
of retaken measurements with SphygmoCor was moderately
increased in women, the association with sex was very strong
for manual signal selection with the Arteriograph device
which was much more common in women than in men. In
addition, the PWVao measurements by Arteriograph revealed
that PWVao values were on average significantly higher in
women than in men. This is in contrast to other devices that
found higher PWV values for men, or no association with
sex. Overall, the findings indicate that devices' design may
be suboptimal for women, with a possible systematic bias in
Arteriograph’s measurements.

The differences in factors affecting the PWV measurement
in the two models most likely reflect differences in the
measurement techniques of the two devices. In addition to
age and MAP, cfPWV measurements which are considered a
more direct measure of arterial stiffness were also influenced by
hypertension status, the interaction MAP-outside temperature,
temperature and the order of visits. PWVao values which
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were estimated from a single site were additionally influenced
by patient characteristics such as sex, height, and HR,
with higher PWVao values in women being specific to the
Arteriograph device.
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W ode T e

Abstract: Pulse wave velocity (PWV), a direct measure of arterial stiffness, is a promising biomarker
of cardiovascular risk and a cardiovascular surrogate outcome. The resolution for detecting its
smallest clinically significant change is dependent on the expected reproducibility, but there is
currently no consensus on this. We estimated the PWV reproducibility in a range of intra-subject
values that were observed over a 2 week period in a broad range of participants and under clinically
relevant experimental conditions (two observers, morning/afternoon sessions, and number of visits)
using SphygmoCor and Arteriograph devices. Each participant was recorded 12 times with each
device over three visits, one week apart, and two morning and two afternoon recordings were taken
per visit. The factors affecting reproducibility and the discrepancies between the consecutive PWV
measurements for each device were also examined using multilevel mixed-effect models. We show
that current PWV estimation guidance recommending 2 + 1 measurements is suboptimal because
the PWV range was outside of the 1 m/s threshold for most of the participants, which is proposed
as a minimal clinically important difference. The best reproducibility was yielded with median of
four measurements and a 1.1 m/s threshold. Although PWYV reproducibility and repeatability are
frequently used interchangeably in studies, we demonstrated that despite their relative measures of
variability (e.g., coefficient of variation) being comparable, their ranges revealed a clinically significant
difference between them. We also found that different physiological variables were predictors of the
discrepancy between the consecutive measurements made by the two devices, which is likely due to
their distinct modes of operation. The evidence base for PWV reproducibility is limited, and more
research is needed to deepen our understanding of the variation in arterial stiffness over time, as well
as fluctuations within a population group and in an intervention setting.

Keywaords: arterial stiffness; pulse wave velocity; reproducibility; repeatability; minimal clinically
important difference; MCID; intra-subject variability; measurement errors

1. Introduction

Arterial stiffening is the most characteristic clinical feature of the aging process
in the arterial system, which is characterized by a decrease in the arterial compliance
and/or changes in the arterial wall characteristics [1,2]. Numerous studies performed
on both patient- and population-based samples have found that more arterial stiffness
is independently associated with an increased risk of having a first or recurrent ma-
jor cardiovascular disease event [3-5]. Because the measurement of aortic stiffness is
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viewed as an integrator of all of the damage that has been incurred in previous years
to the arterial wall in response to both traditional and poorly identified /unidentified
cardiovascular risk factors, arterial stiffness is considered to be a good biomarker for
the detection of early vascular aging [2,6-8], as well as a surrogate endpoint for cardio-
vascular disease [9,10]. Measurements of arterial stiffness have been shown to improve
the reclassification of patients who are at intermediate risk for cardiovascular disease
by supplementing the information provided by the traditional risk factors [3,11-13].
Additionally, it has been demonstrated that arterial stiffness is associated with target
organ damage [14-17]. Recently, clinical trials evaluating arterial stiffness as a surrogate
endpoint for cardiovascular disease in hypertensive patients have begun [18,19].

In a 2006 consensus document, the measurement of carotid—femoral pulse wave
velocity (PWV) was defined as the gold standard for measuring arterial stiffness [20].

Despite their significant potential for cardiovascular disease prevention and hyperten-
sive treatment management, the use of PWV measurements in clinical practice is limited.
Ore of the barriers impeding PWYV translation to clinical practice is a lack of methodological
consensus, which hampers accurate comparisons of PWV within and between studies. The
number of consecutive measurements used in the estimation of the true PWV value is
an example of such an inconsistency [21]. To estimate a true PWYV value, the American
Heart Association (AHA) recommends averaging at least two PWV measurements, and if
their difference exceeds 0.5 m/s, a third measurement should be taken, and the median
value should be reported [22]. Nonetheless, some researchers employ a measurement pro-
tocol that entails repeating the measurements until two values are within 0.5 m/s of each
other [23-26]. Furthermore, duplicate measurements are averaged in many studies regard-
less of their difference [27-30], while some studies use a single PWV measurement [31,32].
Despite its significance, the AHA recommendation is based on a single study [33], and it is
classified as having a weak evidence [22]. No study, so far, has evaluated the effect of the
number of measurements used in PWV estimation on the reproducibility of the PWV.

Another issue with translating PWV measurements to clinical practice is a lack of
consensus on the expected reproducibility of PWV, which is defined as the precision of the
measurements obtained under different conditions over a short period, typically days or
weeks. Such a quantification is required to correctly interpret the results of longitudinal
studies monitoring PWV changes in an individual over time and, consequently, detect
the minimal clinically important change. However, currently, the reproducibility of PWV
appears to have mainly been investigated in validation studies comparing new, to the
reference device [34]. Only a few studies that investigated the PWYV reproducibility of a
single device typically used small sample sizes (N < 21) and reported reproducibility as
the coefficient of variation (CV), which is a relative measure expressed that is in units of
standard deviation and is difficult to interpret when one is looking for clinically relevant
changes or the correlation coefficient, e.g., interclass correlation coefficient [35,36]. Some
of these studies additionally reported repeatability, which they expressed as the mean
difference between two PWV measurements and corresponding limits of agreements [36],
whereas others reported repeatability as a precision of measurements obtained under the
same conditions within 24 h, rather than reproducibility [33,37-40]. To assess PWV repro-
ducibility, the variability that occurs due to different experimental settings and random
factors other than clinically relevant change, powered studies on a specific device are
required, with PWYV reproducibility being expressed in a measurement unit that is easily
interpretable in the context of determining the minimal clinically relevant change, and with
PWYV measurements spanning more than two measurements that are separated by a longer
period than 1-2 days.

The goal of this study was to determine the amount of intra-subject PWV variability
that could be attributed to conditions/factors other than the clinically relevant change by
monitoring the PWV over 2 weeks in a broad range of participants and under different
experimental conditions resembling those in clinical practice (different observers, time of
day, and number of visits). The resolution for detecting the smallest clinically significant
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change is determined by this value. We also wanted to see how the number of repeated
measurements used in PWV estimation affected the PWV reproducibility and what factors
contributed to discrepancies between the consecutive PWV measurements. The analyses
were performed separately for the two devices that use different PWV measurement
techniques: the applanation tonometry device SphygmoCor CVMs, a gold standard device
for PWV measurement, and the Arteriograph, an oscillometric device.

2. Methods

The methods for this study are detailed in another study in which we investigated the
factors influencing PWV measurements and measurement difficulties [41], and they are
summarized herein.

2.1. Participants

This 2 week long longitudinal study enrolled 36 participants between 20 and 60 years of
age. The participants were evenly distributed by age (in decades), sex, hypertension status
(normotensive or hypertensive), and body mass index (BMI) (normal weight, overweight,
or obese). All of the invited participants provided their medical history, and those with
arrthythmias, cerebrovascular sickness, pregnancy, surgery amputation, oncology disease,
psychiatric disease, infections throughout the trial duration, and medical nonadherence
were excluded from the study.

The Ethics Committee at the University of Split School of Medicine approved the
study, and all of the participants provided written informed consent.

2.2. Study Design

This is a single-blind randomized cross-over longitudinal study that was conducted at
the University of Split School of Medicine's Laboratory for Vascular Aging.

Over two weeks, each participant was recorded 12 times in total, four times on each
of the three visit days, which were separated by one week. The two observers recorded a
participant in the morning (7-10 h) and afternoon on each visit day (16-18 h) (Figure 1).

Farticipants were
reminded about
prerequisites the day
before their visit to
the lab.
Moming,
7-10h {Measurement. observer 1]
[Measurement, observer 2]
Visit 1
[Measurement, observer 2]
Aﬂemuoﬁl:
J t,
16-18h [Meaﬁ'uremen observer 1]
7 days
Moming,  [Measurement. abserver 2|
7-10h
_l [Measuremenl. observer 1]
Visit 2
E[Measurement. observer 2]
Aftermnant
16-18h _[Measurement, observer 1)
7 days
¥ Moming, [Measurement. observer 2]
7-10h
! [Measurement. observer 1J
Visit 3

|—[Measurement. observer ﬂ
Afternoon=—
16-18h

[Measurement, observer 2]

Figure 1. Overall study design showing recordings with a single device. The order of the observers
was randomized, and their ID numbers are provided here just for illustration purposes. Prerequisites:
participants were reminded to refrain from strenuous exercise and alcohol for 24 h, as well as from
eating, drinking (except water), or smoking for at least 3 h before each recording session.
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To ensure that the measurements were taken under comparable conditions by two
observers, we randomized the order of the observers who were also blinded to each other’s
readings. Similarly, we randomized the order of devices to ensure that the Sphygmocor
CvMs and Arteriograph devices were used under the same conditions. To do so, we used
randomization with a permutated block size of four and a random number generator
algorithm to generate a random sequence of blocks.

2.3. PWV Measurements

The pulse wave measurements were taken separately using two different measuring
devices: the applanation tonometer SphygmoCor CvMS (AtCor, Australia) and the oscillo-
metric device Arteriograph (Tesniomed, Hungary). The SphygmoCor device measured the
PWYV between the carotid and femoral sites, and the measurements are thus referred to as
carotid—femoral PWV or cfPWV in the following text. The Arteriograph, on the other hand,
estimated the aortic PWV from a single site at the brachial vascular bed, which is thought
to accurately approximate the cfPWV. We refer to the Arteriograph measurements in the
following text as PWVao.

For both of the devices, the measurements were taken following the American Heart
Assodiation’s (AHA) recommendations for improving and standardizing the vascular
research on arterial stiffness [22].

The observers performed the measurements in a quiet, temperature-controlled room
at a comfortable temperature of 21-23 °C. The participants were asked to refrain from
strenuous exercise and alcohol for 24 h before the recording was taken. They were also
told not to eat or drink anything other than water for at least 3 h before the recording and
not to smoke. Those taking vasoactive medicines were advised to continue taking them as
usual and not to change the dosage during the study. To ensure hemodynamic stability,
the participants rested in the supine position for 10 min before the first PWV measurement.
Following the completion of the series of measurements using one device, the participants
were asked to stand up, walk around the room, and then lie down for another 10 min to
prepare for measurements using the second device. This step was required to keep the
participants from falling asleep while lying supine for an extended period, especially in the
morning. The participants were not allowed to talk or sleep during the measurements. All
of the measurements were taken on the right hand (Arteriograph), and the right carotid
and femoral arteries (SphygmoCor).

Before the start of the study, both of the observers had received extensive training
for 7 days, during which they performed approximately 50 high-quality measurements
under supervision.

To calibrate the pulse wave signals acquired using the SphygmoCor, we obtained
brachial blood pressure measurements using a validated oscillometric sphygmomanometer
(Welch Allyn Connex ProBP 3400 digital blood pressure monitor with SureBP technology).

To calculate the wave travel distance, we used the subtracted distance method. The
method was chosen over the direct method as per the AHA guideline, the most recent
guideline on arterial stiffness measurements [22]. Additionally, as per the AHA guideline,
instead of using a tape measure, we used a large school divider to measure the distance
between the sternal notch and the femoral measurement site, and then, we subtracted the
distance between the carotid measurement site and the sternal notch. The distance between
the carotid and femoral sites was only measured during the first recording session.

2.4. Meteorological Conditions

To describe the meteorological (outdoor) conditions under which the measurements
were taken, we obtained data of the outdoor temperature, air pressure, and humidity from
the Meteorological and Hydrological Service of Croatia’s local office, and we used them to
estimate the weather conditions during each recording session. Throughout the study, the
temperature ranged from 4.5 to 23.3 °C, the air pressure ranged from 972 to 1011 hPa, and
the humidity ranged from 32 to 92%.
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2.5. Sample Size Consideration

Assuming that we obtained a level of confidence of 95%, a population standard
deviation of the intra-subject PWV changes measured using the Arteriograph of 0.57 m/s,
and a margin of error of 0.2 m/s, the study would require a minimum sample size of 35 to
achieve the envisaged level of precision [42]. This sample size is also sufficient to produce
a level of confidence of 95% for the SphygmoCor measurements too.

2.6. Definitions of PWV Repeatability and Reproducibility

The AHA guideline defines the variability between the intra-subject PWV measure-
ments separated by at least 24 h as reproducibility, which is a precision of measurements
obtained under different conditions over a short period, usually days or weeks [22]. Conse-
quently, the variability of measurements taken within 24 h and recorded under same the
conditions is defined as repeatability, which isa precision of measurements obtained under
the same conditions within 24 h. Usually, the repeatability and reproducibility of PWV
measurements are expressed as relative measures: coefficient of variation (CV), which is
reported in units of standard deviation; or correlation coefficients, such as the intraclass
correlation coefficient (ICC). In this study, we express the variability as a range in m/s,
which is easily interpretable in a clinical setting.

2.7. Data Analysis

We used descriptive statistics to describe the distribution of quantitative (mean and
standard deviation or median and interquartile range (IQR), depending on the shape of
distribution) and qualitative (absolute and relative frequencies) variables.

Multilevel regression models were used to account for repeated PWV measurements
while identifying the factors associated with the per person count of discordant pairs of
consecutive PWV measurements, the size of a discordance, or an occurrence of a discordant
pair of measurements. As per the AHA guidelines, a discordant pair of PWV measurements
is one where the values are more than 0.5 m/s apart [22]. Depending on the type of a
dependent variable, we used multilevel mixed-effects generalized linear models for models
where the size of the PWV discordance was the dependent variable, multilevel mixed-effects
logistic regression models for a dichotomous dependent variable such as an occurrence of
a discordant pair of consecutive PWV measurements, and multilevel mixed-effect Poisson
regression for count data such as the per person count of discordant pairs of consecutive
PWYV measurements. All of the models used the robust estimator, which is robust to
certain types of misspecification in multilevel models [43,44]. The sensitivity analysis was
performed with the maximum likelihood (ML) method, without the robust estimator.

Each multiple regression model (the model including several independent variables
(IVs)) was built in two steps. The experimental conditions’ variables: the order of the visit
and the time of day; the meteorological (outdoor) conditions’ variables: the temperature
(°C), air pressure (Pa), and humidity (%); physiological variables: the blood pressure or
heart rate; participants’ characteristics: age, sex, BMI, and hypertension status, were all
investigated for their relationship to the dependent variables by a simple regression analysis.
Those IVs that were associated with the dependent variables at the p < 0.2 significance level
were entered into a multiple regression model. For the IVs that were nonsignificant in a
multiple model, the contribution of an IV to the model (pseudo R?, log pseudolikelihood,
and random variance) was investigated further to decide on the final model.

3. Results

The study enrolled a total of 36 participants, and one participant was later removed
from the study due to an ongoing infection, leaving a total of 35 participants.

We observed a wide range of PWV values (median 6.3, range 4.5-10.8 m/s, as
measured using the SphygmoCor), brachial blood pressures (systolic: 126, 98-177 mmHg;
diastolic: 72, 53-98 mmIHg), age (41, 20-60 years), and BMI (27.3, 19.4-38.9) in our sample.
In addition, the participants were distributed evenly across age (in decades), sex (17 or



J. Cardiovasc. Dev. Dis. 2023, 10, 44

6of 16

49% females), hypertensive status (17 or 49% hypertensives), and BMI categories (12 or

34% normal, 11 or 32% overweight, 12 or 34% obese patients), (p > 0.692 for all of them).
Overall, the CVs for the within-subject variation were 9.9% (95% confidence interval

(95% CI) 1-19%) for the SphygmoCor and 5.3% (95% CI 0.4-10%) for the Arteriograph.

3.1. An Examination of Large Differences in Consecutive PWV Measurements (>0.5 mj/s),
for Which the AHA Reconumends the Inclusion of a Third Measurement in PWV Estimation

3.1.1. The Requirement for a Third Measurement

The prevalence of two consecutive PWV measurements taken within 1 h, which were
more than 0.5 m/s apart, was high for the Sphygmocor device (51%, 95% CI 45-58%),
and it was lower, but not insignificant, for the Arteriograph (27%, 95% CI 21-33%).
In fact, the odds ratio (OR) of observing a pair of measurements with discrepancies
of greater than 0.5 m/s, was 3 times higher (95% CI 2.0 to 4.6; mixed-effects logistic
regression, p < 0.001) for SphygmoCor than for Arteriograph.

3.1.2. Do Pairs of PWV Measurements with Unacceptable Large Differences Cluster within
Specific Individuals?

Out of six pairs of consecutive PWV measurements that were recorded per person,
the median number of discordant pairs with a difference of greater than 0.5 m/s was three
(range, 1-6) for SphygmoCor and one (0-5) for Arteriograph. However, the counts of
the discordant pairs of PWV measurements per person did not deviate significantly from
chance (Figure 2), implying that large differences emerge at random and independently of
each other. Indeed, for the Arteriograph PWVao measurements, we found no relationship
between the counts of the discordant pairs of measurements per participant and the
participant’s characteristics such as age, gender, BMI, hypertension status, or the median
values of the participants” HR or BPs (simple Poisson regressions, p > 0.074 for all of them).
For the cfPWYV discrepancies, these counts were weakly positively correlated to a person’s
median mean arterial pressure (MAP), (simple Poisson regression, incidence rate ratio
1.017, 95% CI 1.003-1.031, p = 0.014) and median diastolic blood pressure (DBP) (incidence
rate ratio 1.018, 95% CI1.002-1.033, p = 0.027), with the models describing only up to 2% of
the variation, and no other factors having been identified as predictors (p > 0.299).

3.1.3. Factors Affecting an Occurrence of a Pair of PWV Measurements with Unacceptable
Large Differences

Next, we examined if any of the experimental conditions (order of visit: one, two, or
three; or time of day: morning or afternoon), outdoor conditions (outdoor temperature, air
pressure, or humidity) or characteristics of participants (age, gender, BMI, hypertension
status, heart rate (HHR) or blood pressures (BPs): MAP, systolic blood pressure (SBP) and
DBP) could predict an occurrence of a discordant pair of PWV measurements with a
difference of greater than >0.5 m/s. We found that increasing the median MAP and DBP
values increased the odds of a discordant pair of SphygmoCor readings (simple mixed-
effects logistic regressions, p < 0.025 for both of them), while the other factors were not
identified as predictors (p > 0.263 for all of them). A one mmHg increase in the MAP and
DBP raised the odds by 4% (95% CI 1-7%) and 4% (0.04-7%), respectively. In terms of the
Arteriograph measurements, a one bpm increase in the median HR increased the odds of
failed measurements by 7% (95% CI 1.03-1.12, p = 0.002), but the other factors were not
significant predictors (p > 0.252 for all of them).
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Figure 2. The distribution of counts per person of consecutive PWV measurements with discrepancies
>0.5 m/s is shown here with the associated 95% confidence intervals (blue line). The orange line
represents the theoretical Poisson distribution, which depicts discordant pairs of measurements
occurring at random and independently: (A) SphygmoCor and (B) Arteriograph devices.

3.2. Faclors Affecting the Size of Differences between Consecutive PWV Measurements

To find out if the characteristics of the participants, experimental conditions, or outdoor
conditions affected the size of the differences between the pairs of measurements, we built
mixed-effects ML regression models.

We discovered that age, median MAP, but also outdoor temperature, and the interac-
tion between the outdoor temperature and the MAP predicted the size of the discrepancies
between two consecutive cfPWV measurements (Table 1). As for the PWVao discrepancies,
while experimental and outdoor conditions did not affect these discrepancies (p > 0.229
for all of them), the patients’ characteristics such as BMI, sex, or hypertension status did.
The ICC for the SphygmoCor and Arteriograph revealed that the discrepancies in the
consecutive PWV measurements were not well correlated within a person, for both the
Sphygmocor (no correlation) and the Arteriograph (poorly correlated).
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Table 1. Predictors of the size of discrepancies between the two consecutive quality-passed PWV
measurements.

Discrepancies B 95% CI p-Value
Age (years) 0.01 0.004 0.02 0.003 *
Outdoor temperature (°C) 0.25 0.05 0.4 0.015*
SphygmoCor MAP (mmHg) 0.05 0.02 0.08 0.002*
(cfPWV) Interaction Outdoor —0.003 —0.005 —0.0008 0.007 *
temperature X MAP
ICC at a participant level 3.17 x 10~ (95% CI 3.17 x10~4-3.17 x10~1),
Snijders/Bosker R” Level 1: 12%, Level 2: 21%
BMI 0.03 0.003 0.05 0.025*
Arteriograph Sex (Female vs. Male) 0.29 0.08 0.50 0.007 *
(PWVao) Hypertension (Yes vs. No) -0.23 —0.44 —0.01 0.037 *

ICC at a participant level 0.11 (95% C1 0.05-0.21),
Snijders/Bosker R? Level 1: 10%, Level 2: 30%

The models used are the mixed effects ML regression models with a robust estimator. * Significant at the 0.05 level.

3.3. The Effect of the Number of Consecutive Measurements Used in PWV Estimation on 2 Weeks
Reproducibility of PWV Measurements

To investigate the effect of the number of consecutive measurements utilized to
estimate the daily PWYV value on the variability of PWV values observed in an individual
over 2 weeks, we compared the 2 week ranges of the intra-subject PWV values when
these values were estimated from a single, two (recorded within 1 h), or four consecutive
measurements (recorded within 24 h) (Figure 3). We found that the reproducibility
of the PWV estimates significantly decreased with the increasing number of measure-
ments used in the estimation for both the cfPWV and PWVao values (Figure 3A and 3B,
Friedman test, p < 0.001 for both of the measures and all of the comparisons), with the
median of four consecutive daily measurements yielding the best results. Even after
fully implementing the AHA recommendation for two points median/mean (two mea-
surements plus a third measurement included in the calculation if two measurements
were more than 0.5 m/s apart), the results still showed that the range for two point
median PWYV estimates for both the cfPWV and PWVao was greater than 1 m/s in 19 or
54% of participants. For the three points median, which is not presented in Figure 3, the
respective percentages were fourteen or 40% of the participants for ¢fPWYV and six or
17% with PWVao. On the contrary, by implementing the four points median approach,
26 participants (74%) for cfPWV and 30 of them (86%) for PWVao had their 2 week PWV
values within <1 m/s range, whereas 30 participants (86%) for cfPWV and 31 (89%) for
PWVao had 2 weeks PWYV values that were within the <1.1 m/s range.
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Figure 3. Cont.
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Figure 3. (A-B) The effect of estimating PWV from the different number of measurements that were
recorded within a day. (C-D) Comparison of repeatability and reproducibility range estimated using
the currently recommended strategy. The reference line at 1 m/s is noted. Additionally, please note
that the value marked as 2 points median is equivalent to 2 points mean.

3.4. Comparison of the Reproducibility and Repeatability of PWV Measurements, When Expressed
as a Range of Values

Using the currently accepted strategy of PWV estimation (mean or median of the
two consecutive measurements), we then compared the repeatability of the PWV values
observed in the same participant within a day to their reproducibility that was observed
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over two weeks (Figure 3C,D). We found that the reproducibility, when it was expressed as
a range of observed values, was significantly higher for both of the PWV measures than the
repeatability range was (Wilcoxon test for paired samples, p < 0.001 for both of the PWV
measures). Specifically, the reproducibility range of ¢fPWV was higher by a median of
0.70 m/s (95% CI 0.55-0.87) and that of the PWVao was higher by a median of 0.68 m/s
(95% CI 0.50-0.88) than their respective repeatability ranges. The repeatability, which is
expressed as a range of 1 day PWYV estimates, fell out of the <1 m/s range in eleven (10%,
cfPWV) and nine (9%, PWVao) cases out of one hundred and five 1 day recording sessions,
whereas the reproducibility fell out of this range in twenty-one (60%, cfPWV or PWVao)
out of thirty-five participants.

3.5. Is There a Difference in the Size of Discrepancies between PWV Measurements Taken on the
Same Day up to One Hour Apart and Those Taken on the Same Day, but Over a Longer Period?

To see if the PWV repeatability definition of the measurements needing to be taken
within 24 h is supported by the data, we compared the discrepancies between the pairs
of measurements taken within the same day up to 1 h apart and those taken over longer
periods (8 and more hours apart), and we found no difference: mean discrepancy:
0.04 m/s, 95% CI—from 0.21 to 0.14, p = 0.663.

4. Discussion

With as many as 12 measurements per participant having been recorded over two
weeks in a wide variety of experimental settings and weather conditions and over a wide
range of participants, this study is the first one to estimate the reproducibility of PWV
measurements that may be applicable in clinical practice, with the results being expressed
using a simple measure of variability: a range of values.

We showed that depending on the number of repeated measurements used in the
PWYV estimation, the PWYV repeatability ranged from unacceptable (a single measurement,
two measurements, or two measurements with the inclusion of a third measurement as
per the AHA guidance) to acceptable (four measurements). With there being only a slight
increase in the proposed threshold for the minimal clinically important difference from
1 m/s (O’Connor, Koufaki et al.,, 2017) to 1.1 m/s, the four measurements represent an
acceptable 11-14% of the participants with an intra-subject PWV range that is wider than
the 1.1 m/s limit.

Our evaluation of the two precision components that are frequently confused in PWV
research, the reproducibility and repeatability of PWV, showed that the former one is
significantly larger than the latter one is, on average, by 0.7 m/s. It was also demonstrated
that both of the devices exhibit an adequate repeatability PWV range according to the
1m/s criteria.

We also investigated large discrepancies between the consecutive PWV measurements,
which are defined by the AHA as discrepancies that are larger than 0.5 m/s, and we
found they are prevalent with both of the devices. This fact, along with the seemingly
random occurrence of large discrepancies per individual, demonstrates that identifying
individuals with a significantly higher probability of large discrepancies is unlikely, and
this supports the need for a new PWV estimation protocol. Instead of the sporadic inclusion
of a third measurement when a discrepancy is large, the number of measurements should
be increased for all of the participants from the current two measurements.

Finally, we identified several factors that influence the amount of variation between
consecutive PWV measurements, with a clear difference between the devices in terms of
the significant predictors detected. Age, MAP, the outdoor temperature, and the interaction
between the outdoor temperature and MAP were all predictors for SphygmoCor. This
implies that in the case of a low or high outdoor temperatures, the body’s adaptation to
the room temperature in the lab may need to be extended beyond the standard 10 min
resting time to minimize the differences between the consecutive measurements. For the
Arteriograph, however, the predictors included personal characteristics such as BM], sex,
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and hypertension status, which are less directly associated with arterial stiffness than
SphygmoCor’s predictors are.

4.1. Number of Measurements Used in PWV Estimation

When one is translating the cfPWV research into clinical practice, the issue of the
number of measurements used in the PWV evaluation is crucial, not only in the context
of the desired precision of the PWV estimation, but also regarding time spent recording,
as shorter procedure times would be required to ensure the proper workflow at the physi-
cian’s office. The evidence supporting the choice of the number of measurements used in
PWYV estimation, regardless of its importance, is scarce, and it currently relies on a single
study [33]. Despite claiming that the reproducibility was assessed, the authors of this
study, which included 80% men, took three PWV measurements that were taken using the
Compilor device in a single recording session approximately 1 min apart and essentially
assessed the effect of the number of measurements on PWV repeatability. Additionally,
a poster by Souza et al. evaluated the impact of the number of measurements on the
repeatability of PWV measurements taken in the elderly using the SphygmoCor device [45].
To our knowledge, this is the first study to investigate this effect in terms of PWV repro-
ducibility, which were assessed here under a broad range of conditions and in a broad
range of participants. Our results show that based on the effect on repeatability, we do
not recommend using single or two measurements, including the procedure proposed by
the current PWV guidance [22,46] to estimate the PWV. Currently, the optimal precision is
observed when four measurements were taken, and the threshold of 1.1 m/s represents
the minimal clinically important difference, but these results should be supported with
future studies to increase the strength of the evidence and precisely balance the findings
with a need to simplify the measurement techniques in clinics and utilize as few measures
as possible to decrease the time spent testing.

4.2. PWV Repeatability and Reproducibility: Is There a Difference?

Except for the clinical change in PWV measurements due to underlying pathophysi-
ological mechanism(s), the estimate of PWV reproducibility should account for as many
sources of PWV variability as one might reasonably expect to encounter in clinical settings.
Having said that, different observers or times of day may also be sources of variation in
the data. However, in the context of estimating PWV repeatability, which is defined as
the precision of PWV measurements obtained under the same conditions within 24 h, the
intra-subject PWYV variability that we recorded within 1 day might reflect a less conser-
vative assessment of repeatability. Namely, this estimate might be inflated by additional
variability due to different conditions such as different observers or different times of the
day. Still, as was shown in our previous study, these sources (which involved the same
amount of training for the observers) did not affect the PWV measurements, and they are
unlikely to inflate the repeatability [41].

When PWYV repeatability from our study was expressed as CV, it was consistent with
the previously reported repeatability estimates for both the SphygmoCor [39] and the
Arteriograph (Li, Cordes et al. 2014; Ring, Eriksson et al. 2014), including the Li Y et al.
study, in which the measurements were taken at different times of the day. Furthermore,
our finding, as well as the findings of other studies reporting PWV repeatability using
CV, were consistent with the estimates of PWV reproducibility from the three randomized
controlled studies that monitored the PWV changes over time [40]. The consistency of all
of these CVs demonstrates the difficulty in estimating precision when a relative measure of
variability is used for the estimation (CV, but also ICC, Pearson’s correlation coefficient,
and others), and it may be one of the reasons why repeatability and reproducibility are
often confused in studies [33,37—40]. Although some of these studies employed different
observers, which may justify their use of the term reproducibility, their definition does
not correspond to the AHA's definition of PWV reproducibility for measurements that are
taken more than 24 h apart.
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Contrary to CV comparisons, when we compared the PWV repeatability and repro-
ducibility using ranges of values estimated from two consecutive measurements, as is
currently recommended by AHA, our results demonstrated a clinically important differ-
ence of 0.7 m/s between the PWYV repeatability and reproducibility. Moreover, the PWV
repeatability was good for both of the devices, as just 14% (SphygmoCor) and 13% (Arteri-
ograph) of the recording days presented with a range of wider than <1 m/s for and just
10% of them had a range of wider than <1.1 m/s.

4.3. Discrepancies between Consecutive PWV Measurements

To the best of our knowledge, this is the first study in which discrepancies between the
consecutive PWV measurements including the occurrence of large discrepancies (>0.5 m/s)
and the size of the discrepancies were investigated in more detail. The results altogether
point towards important differences between the devices.

We showed that the odds of observing one pair of measurements with a large discrep-
ancy increases with the median value of a person’s MAP or DBP for SphygmoCor or HR for
Arteriograph, but they are not affected by the experimental or outdoor meteorological con-
ditions we tested or personal characteristics such as age, sex, BMI, or hypertensive status.
At least part of the effect of these physiological variables is due to their natural variation
within a person. The variability of the BPs increases with the average value of the BF, and
it is positively associated with the severity of organ damage and cardiovascular morbidity
and mortality in hypertensive patients and the general population [47}. The variability of
the HR, on the other hand, results from complex, nonlinear interactions in a number of
different physiological systems [48]. On average, both the MAP and DBP deviated within a
person by 6 mmHg, whereas the HR deviated by 6 bpm with an intra-subject ranges from 7
to 32 mmHg (for MAP) and from 6 to 30 bpm (for HR). The difference between the devices,
in terms of the physiological variables identified, which are significant predictors of a pair
of measurements with a large discrepancy, is most likely due to their distinct modes of
operation, with the applanation tonometry’s cfPWV seemingly providing a more direct
estimate of the arterial stiffness due to its association with the BPs [1,49,50].

In line with the abovementioned results, we also identified factors that influence the
size of the discrepancy between the consecutive PWV measurements, and we again found
a distinct difference in terms of significant predictors detected between the devices. The
findings of the SphygmoCor show that this variation is greater in older adults with stiffer
arteries. Furthermore, we discovered a significant interaction between a person’s MAP and
outdoor temperature, implying that the outdoor temperature has a moderating effect on the
relationship between MAP and the amount of variation. This finding suggests that in the
case of an externally low or high temperature, the body’s adaption to the room temperature
in the lab may need to be extended beyond the typical 10 min resting time to minimize the
differences between the consecutive measurements. Personal characteristics such as BMI,
sex, and hypertension status affect the size of differences between the consecutive PWV
measurements taken using the Arteriograph. However, these characteristics do not directly
link to arterial stiffness, as is the case with the SphygmoCor, whose predictors included
age, MAP, and temperature, nor can they be targeted to reduce the amount of variation.

4.4. On Variability in PWV in General

While the variability in the PWV can be an annoyance when one is attempting to
determine the true PWV value, and while it affects the resolution of minimal clinically
important differences in the PWYV, the sensitivity of PWV measurements to the current
status of the arterial tree, including the pulse pressure distension due to changes in the BPs,
is critical if one wishes to monitor clinical PWV changes over time. In that context, while
some devices may appear to be superior in terms of PWV repeatability and reproducibility
to others [39], itis questionable how sensitive their mode of operation is to pathological
changes. Only the clinical evaluation of these devices in terms of comparisons of the efficacy
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of therapies driven by PWV or with PWV as a therapeutic target can determine which
device is best one to be used in the clinical context.

4.5. Limitations

The fact that individuals with hypertension were told to keep taking their vasoactive
medication as directed throughout the study is one of the potential limitations of the
study. The reason for such guidance was that we were interested in the intra-subject
variability in the PWV measurements, rather than the absolute PWV levels. That being
said, we anticipated that irregular compliance with vasoactive medication would have had
a significantly greater impact on our results than taking vasoactive medication throughout
the study would have had, as in the latter case the same effect of the medicine is expected
on all of the measurements. In addition, in future clinical trials involving PWV, we expect
that PWV levels will be evaluated in patients undergoing treatments. The same approach
as ours was used in a recent study by Keehn L et al. [40] focusing on longitudinal changes.

The study did not assess the effect of changing therapies on the PWV reproducibility
in patients, which could have occurred over a longer follow-up period. Drugs being
introduced or changes in dosage after the baseline PWV measurement has been taken (e.g.,
sartans, which affect the arteries differently than calcium antagonists, statins, or diabetic
therapies do) may affect this reproducibility [51,52]. Future studies should investigate these
pharmacological effects.

We included measurements that were taken within 1 day but under different
conditions—by different observers and at different times of day—when we were es-
timating the PWV repeatability, which may have inflated the repeatability estimate.
However, as previously stated, these conditions did not affect the PWV measurements
in our previous study (the observers received an equal amount of training), and we do
not expect them to significantly affect the repeatability estimate [41].

5. Conclusions

We showed that the current AHA PWV estimation guidance is suboptimal as the PWV
range was outside the 1 m/s threshold, which is a proposed minimal clinically important
difference, for most of the participants. We yielded the best reproducibility with a median
of for measurements and a 1.1 m/s threshold.

Regarding the PWV reproducibility and repeatability, which are frequently used inter-
changeably in studies, while the range showed the clinically relevant difference between
them, the relative measures of variability were comparable.

We also found that different physiological variables were predictors of the discrepancy
between the consecutive measurements, which points toward their distinct modes of operation.
Age, MAP, the outdoor temperature, and the interaction between the outdoor temperature
and MAP were all predictors for SphygmoCor. This implies that in the case of a low or high
outdoor temperature, the body’s adaptation to the room temperature in the lab may need to
be extended beyond the standard 10 min resting time to minimize the differences between the
consecutive measurements. For the Arteriograph, however, the predictors included personal
characteristics such as BM], sex, and hypertension status, which are less directly associated
with arterial stiffness than the SphygmoCor’s predictors are.
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Abstract: COVID-19-associated vascular disease complications are primarily associated with endo-
thelial dysfunction; however, the consequences of disease on vascular structure and function, par-
ticularly in the long term (>7 weeks post-infection), remain unexplored. Individual pre- and post-
infection changes in arterial stiffness as well as central and systemic hemodynamic parameters were
measured in patients diagnosed with mild COVID-19. As part of in-laboratory observational stud-
ies, baseline measurements were taken up to two years before, whereas the post-infection measure-
ments were made 2-3 months after the onset of COVID-19. We used the same measurement proto-
col throughout the study as well as linear and mixed-effects regression models to analyze the data.
Patients (N = 32) were predominantly healthy and young (mean age + SD: 36.6 + 12.6). We found
that various parameters of arterial stiffness and central hemodynamics—cfPWV, AIx@HR75, and
cDBP as well as DBP and MAP —responded to a mild COVID-19 disease. The magnitude of these
responses was dependent on the time since the onset of COVID-19 as well as age (Pregression_models <
0.013). In fact, mixed-effects models predicted a clinically significant progression of vascular im-
pairment within the period of 2-3 months following infection (change in cfPWV by +1.4 m/s, +15%
in AIx@HR75, approximately +8 mmHg in DBP, cDBP, and MAP). The results point toward the
existence of a widespread and long-lasting pathological process in the vasculature following mild
COVID-19 disease, with heterogeneous individual responses, some of which may be triggered by
an autoimmune response to COVID-19.

Keywords: arterial stiffness; central hemodynamics; COVID-19; vascular remodeling; long
COVID-19 syndrome; autoimmune response
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1. Introduction

In December 2019, the first official case of coronavirus disease (COVID-19) was de-
tected in the Chinese city of Wuhan. Since its first breakout, the virus has swiftly spread
over the world, and the World Health Organization (WHO) declared a pandemic in March
2020. At the time of writing, there had been 660,378,145 confirmed cases of COVID-19,
with 6,691,495 fatalities globally (1). While COVID-19 was initially thought of as an acute
respiratory illness, it is now recognized as a complex multisystemic disease with extensive
and deleterious cardiovascular involvement [1,2]. In addition to direct consequences and
complications due to acute COVID-19 infection, a recent study showed that 12 months
after the onset of COVID-19 infection, up to 25% of patients who were otherwise healthy
and free of underlying diseases exhibited the long COVID-19 syndrome [3].

Subclinical myocardial and vascular dysfunction have been linked to worse out-
comes and an increased risk of death in patients with COVID-19 disease [4]. Even in pa-
tients with mild COVID-19 disease severity, the infection has been linked to impaired
subclinical markers of cardiovascular and endothelial function [5]. It is presumed that
COVID-19-associated vascular disease complications may be precipitated by direct endo-
thelium damage [6] or immune-mediated vascular damage [7,8]. However, it is unknown
to what extent structural alterations of the vascular wall occur in addition to endothelial
damage. Even fewer data exist regarding the long-term effects of COVID-19 infection on
vascular structure and function. Current fragmented evidence suggests that COVID-19
disease reduces systemic vascular function and increases arterial stiffness [9,10].

Arterial stiffness is a vascular aging phenomenon that refers to a loss of arterial com-
pliance or changes in artery wall characteristics [11]. Arterial stiffness worsens with age
and exposure to risk factors that hasten the stiffening process [12,13]. Various measures
of arterial stiffness and central hemodynamics can reveal a decline in arterial elasticity
brought on b‘y structural wall changes in the arterial system. The most validated and direct
measure of arterial stiffness is the carotid~femoral pulse wave velocity (cfPWV) (Town-
send, Wilkinson et al., 2015). In addition, augmentation indices are indirect measures of
arterial stiffness which are believed to capture the negative impact of systolic wave reflec-
tion on cardiac workload [14]. Finally, the central blood pressures refer to the pressure in
the ascending aorta. These are the pressures that the target organs are subjected to, and
they are lower than brachial cuff pressures due to arterial pressure amplification [15].

We hypothesized that even mild cases of COVID-19 disease could have long-term
detrimental effects on arterial structure and function. To investigate this, we examined
individual pre- and post-infection changes in arterial stiffness as well as systemic and cen-
tral hemodynamic parameters in patients diagnosed with mild COVID-19. Baseline meas-
urements were taken up to two years before a participant became infected, and post-in-
fection measurements were taken two to three months after the onset of the disease.

2. Materials and Methods
2.1. Study Design

This is a pre—post study design in which measures of arterial stiffness and central
hemodynamic were recorded in a group of participants before and after the COVID-19
infection.

All the recordings were made between October 2019 and April 2022 in the Laboratory
for Vascular Aging at the University of Split School of Medicine.

To assess arterial stiffness and central hemodynamic parameters prior to COVID-19
infection, we utilized the stored recordings of enrolled participants from in-laboratory ob-
servational studies that applied the same measurement protocol as was used for the post-
COVID-19 measurements. The post-COVID-19 measurement was performed between 8
and 12 weeks after the COVID-19 infection had ended, as evidenced by the absence of
symptoms. This timeframe corresponded to 50 + 2 to 90 + 2 days after the onset of the first
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symptoms. The maximum amount of time between pre- and post-COVID measurements
was set at 24 months.

2.2. Participants

The participants who had their arterial stiffness and central hemodynamic outcomes
measured in our laboratory prior to infection with COVID-19 and who were afterwards
infected with the virus were considered eligible for inclusion in the study. For all of those
invited to the study, COVID-19 diagnosis was made by real-time Polymerase Chain Re-
action test. During their first visit to the laboratory (pre-COVID measurements), all the
participants underwent a medical history, and those with arrhythmias, cerebrovascular
sickness, pregnancy, surgery amputation, oncology disease, psychiatric disease, infections
throughout the trial duration, medical nonadherence, those that were unable to provide
fully informed written consent or had any other serious medical condition that may affect
data interpretation were excluded from the study.

While this was not originally our inclusion criteria, all of the participants reported
mild severity of COVID-19.

In total, we invited 36 adults to participate in our study, with 32 (89%) agreeing to
take part. All participants provided written informed consent to participate in the study,
which conformed to the Declaration of Helsinki.

2.3. Study Procedures

Before undergoing testing, participants filled out a health history questionnaire,
which inquired about personal and family medical history as well as medication use. They
arrived for testing in a fasted state having abstained from food, caffeine, or smoking for
at least 3 h and from exercise, alcohol and smoking for 24 h before testing. Those taking
vasoactive medications (3 or 9%) maintained the same dosage throughout the duration of
the study.

All study procedures were carried out in a quiet, temperature-neutral environment
with the temperature range of 21-23 °C after participants had lain supine for 10 min.

To avoid possible confounding, each participant was recorded at the same time of
day and with the same device during both visits.

2.4. Study Measurements

The arterial stiffness and central hemodynamics measurements were taken in accord-
ance with the American Heart Association’s recommendations for improving and stand-
ardizing vascular research on arterial stiffness (Townsend, Wilkinson et al., 2015).

Office blood pressure (BP) was measured during each visit using the validated oscil-
lometric sphygmomanometer (Welch Allyn Connex ProBP 3400 digital blood pressure
monitor with SureBP technology). The BP measurements were taken in a supine position
after 5 min of resting and prior to PWV measurements. The participants did not change
body posture between the two measurements.

Carotid—femoral pulse wave velocity (cfPWV); central blood pressures including:
central systolic (cSBP) and diastolic (cDBP) blood pressures and pulse pressure (cPP);
pulse pressure amplification; augmentation pressure (AP); augmentation indices: Alx cal-
culated as AP/PP, AIx©75— Alx calculated as AP/PP and normalized to the heart rate of
75 beats per minute (bpm), and Alx index calculated as the ratio of late to early systolic
pressure P2/P1; and heart rate (HR) were measured by either applanation tonometry us-
ing the Sphygmocor CvMS device (Atcor Medical, Sydney, Australia) or by the hybrid
applanation tonometer—oscillometric device SphygmoCor Xcel (Atcor Medical, Sydney,
Australia), as described previously [16,17]. While the validation studies comparing two
devices indicated that they were comparable in terms of assessment of carotid—femoral
pulse wave velocity (cfPWV) and augmentation index (Alx) [18,19], each participant was
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recorded using only one device to ensure that intra-individual changes are not affected by
the type of device used.

A single operator (M. P.) carried out all of the measurements. For cfPWV measure-
ments, recordings were performed on the right carotid and the right femoral artery. Cen-
tral BPs and other parameters derived from the pulse wave analysis (PWA) were esti-
mated after calibration of the pulse waveform recorded at the radial artery to mean and
diastolic brachial pressures. We used the subtracted distance method to calculate the wave
travel distance. The method was chosen over the direct method as per recommendation
by the latest guideline [20].

2.5. Sample Size Considerations

Thirty-two participants are sufficient to detect moderate to strong effects on param-
eter changes using a simple linear regression model and strong effects when two-predic-
tor linear regression model is used. Namely, using a two-predictor multiple linear regres-
sion model with a = 0.05, 2=0.35, and power of 80%, a sample size of 31 is required to
detect a strong association between pre—post changes in vascular function/structure and
potential predictors. For estimations based on a simple linear regression model, the sam-
ple size of 32 was sufficient to detect moderate to strong associations under assumptions
of a=0.05, £2=0.27, and power of 80%.

2.6. Data Analysis

To describe the distribution of a quantitative variable, we used mean and standard
deviation (SD) or median and interquartile range (IQR), depending on the shape of the
distribution. To decide if a distribution is asymmetrical, we used skewness and kurtosis
tests for normality. The distribution of a qualitative variable was described with absclute
and relative frequencies.

We utilized one-sample tests to determine whether a pre-post change in a parameter
was statistically significant: either the parametric one-sample t-test or its non-parametric
counterpart, the sign rank test, depending on the symmetry of the variable’s distribution.

There were two sets of the regression models developed. We employed simple or
multiple linear regression (MLR) models to identify predictors of the change from baseline
(pre-COVID) for different arterial stiffness and hemodynamic parameters. These models
were preferred as they use individual pre—post changes as the dependent variable. In ad-
dition, we built mixed-effects regression models to identify predictors affecting the values
of a modeled parameter. Due to the fact that mixed-effects regression models employ re-
peated measurements of a parameter, these models had greater analytical power than
simple or MLR models.

The model building was performed in two steps. In the first step, potential predic-
tors—including age, sex, the amount of time that passed since the start of COVID infec-
tion, the amount of time that passed between the pre- and post-COVID-19 measurements,
pre-COVID baseline values of a modeled parameter, and the type of device used to esti-
mate its values—were used as single predictors in a simple linear regression or a mixed-
effects model. For the final model, only those predictors that were significant at the 0.1
level or higher were considered (p < 0.01). Requirements for inclusion in the final model
were significance at the 0.05 level or an increase in adjusted R2 of at least 2% and a p-value
of less than 0.2.

The above-mentioned potential predictors that were initially evaluated were selected
to estimate the dependence of parameter values on the time that passed since the COVID
infection and account for potential confounding variables. As an example, even though
we did not anticipate any significant changes in vascular function over a 24-month period
in the predominantly young participants (Table 1), we included the time between the first
and second measurements as a potential predictor to control for its confounding effect.

We interpreted the strength of association between a predictor and a modeled pa-
rameter by applying the Cohen’s effect size magnitudes for R? (small from 0.02 to <0.13,
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medium from 0.13 to <0.26, large from >0.26) to the adjusted R? of a single predictor model.
(21]

As this is an exploratory study, no control for multiple testing was performed. The
analysis was performed in STATA (version 17.0, Stata Corp LP, College Station, TX, USA).
We applied the significance level of p = 0.05.

Table 1. Demographic and clinical characteristics of participants, N = 32.

Characteristic Statistics
Sex, N (%)
Male 18 (56%)
Female 14 (44%)
Age (years), mean + SD 36.6 £12.6
BMI, median (IQR) 28 (24.5to 31.4)
Hypertension, N (%) 3 (9%)
Diabetes, N (%) 2 (6%)
Dyslipidemia, N(%) 0 (0%)
Familial history of CV disease, N (%) 7 (22%)
Smoking, N (%)
No 17 (53%)
Yes 7 (22%)
Ex-smoker 8 (25%)
Smoking [cigarettes per day], median (range) * 5-10 cigarettes (1-10)

BMI—body mass index; * Calculated on N =7 smokers.

3. Results

In this study, 32 participants were recruited; each participant visited the laboratory
twice; and all of their data were collected. Table 1 shows their demographic and clinical
characteristics at baseline prior to the COVID-19 infection. The participants were predom-
inantly young (<40 years) and healthy with only 9% (n = 3) of the cohort being hyperten-
sive. None of the participants had dyslipidemia, and only two had diabetes (6%, one per-
son was also hypertensive). The majority of the cohort was overweight or obese (69%) and
did not smoke (78%).

The average time since the onset of COVID-19 infection in our sample was mean *
SD: 73 £ 10 days, with this time ranging from 51 to 92 days. The median time that elapsed
between two measurements was 327.5 days (IQR, 129 to 458), with the range between 74
and 730 days. The majority of participants, 23 or 72%, were recorded with the Sphygmo-
Cor XCEL device.

In terms of the severity of COVID-19 infections, none of our participants have devel-
oped any of the cardiovascular, pulmonary, thromboembolic, or other COVID-19-associ-
ated complications, and there were no hospitalizations. Participants were evenly distrib-
uted according to the year they became infected (chi-square test, p = 0.084). There was no
significant pre—post change in weight: median change 0 kg, 95% CI from -0.3 to 0.5.

When we looked to see if the mean individual pre-post changes were significantly
different from 0, we found no significant pre-post change in any of the arterial stiffness
or hemodynamic parameters tested (p > 0.122). We did, however, see an average increase
of 0.19 m/s in carotid—femoral pulse wave velocity (cfPWV) from pre-infection values but
at the significance level of 0.1 (p = 0.052). Table 2 shows the distribution of vascular pa-
rameters at baseline and after the infection.
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Table 2. Distribution of arterial stiffness, and central and systemic hemodynamic parameters at
baseline (pre-infection) and 2-3 months after the onset of COVID-19 disease (post-infection), N = 32.

Parameter

Pre-Infection Post-Infection

Systemic Hemodynamics

SBP (mmHg), mean + SD 120+9 119+9
DBP (mmHg), mean + SD 70+ 8 71+9
MAP (mmHg), mean + SD 86+8 85+10
PP (mmHg), median (IQR) 47 (43, 54) 47 (43, 51)
HR (bpm), mean + SD 65+ 10 64+7
Ceniral Hemodynamics
¢SBP (mmHg), mean = SD 107 £7 107 +9
c¢DBP (mmHg), mean + SD 71+8 72+9
¢PP (mmHg), mean + SD 36+6 35+6
Carotid—Femoral Pulse Wave Velocity
cfPWV (m/s), mean + SD 6.3+0.7 65+1.0
Pulse Wave Analysis
Aortic Augmentation (mmHg), mean + SD 7+£5 7+6
Aortic Alx, P2/P1 (%), mean + SD 19% +13% 20% £ 16%
Aortic Alx, AP/PP (%), mean + SD 123% + 13% 126% + 19%
Aortic AIx@HR75, P2/P1 (%), mean = SD 15% + 14% 15% £ 17%

Alx, augmentation index; AIx@HR75, augmentation index corrected for HR; cDBP, central diastolic
blood pressure; cPP—central pulse pressure; cSBP, central systolic blood pressure; BP, blood pres-
sure; cfPWV, carotid—femoral pulse wave velocity; DBP, diastolic blood pressure; HR, heart rate;
IQR—interquartile range; MAP —mean arterial pressure; P1, first systolic peak; P2, second systolic
peak; PP —pulse pressure; SBP, diastolic blood pressure; SD—standard deviation.

Further analysis, however, revealed a widespread and complex pattern of confound-
ers that affect the pre-post infection changes, and parameter values, in the majority of the
assessed arterial stiffness and hemodynamic parameters (Tables 3 and 4). The size of these
changes, as well as the direction in which they went, were dependent not only on the
length of recovery time that had passed since the onset of the COVID-19 infection, con-
firming the existence of a response to the COVID-19 infection, but also, and more com-
monly, on cardiovascular health status at baseline (ascertained by age of an individual at
baseline or the value of a parameter at baseline), as well as the amount of time that had
passed between the two measurements. In accordance with the Cohen’s interpretation of
R?, the majority of identified associations, regardless or the type of model, were moderate
to strong [21].
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Table 3. The predictors of the pre-post COVID-19 changes in systemic and central hemodynamic
parameters and arterial stiffness parameters, as estimated by the linear regression models.

Adjusted

Pre-Post Change in: Predictor B (95% CI) p-Value Simple Adjusted Fl:
Model R2 nal Model R2
Systemic and Central Hemodynamics
SBP (mmHg) Baseline value * —0.46 (-0.68 to -0.24) <0,001 21§ 21§
DBP (mmHg) no significant model
Baseline value —0.35 (-0.68 to —-0.02 0.041 26 30
PP (mmlHg) Device, XCEL vs. CvMs { 416 E-o.oz to 8.34)) 0.051 1§ i >
MAP (mmHg) no significant model
¢SBP (mmHg) Baseline value —0.24 (-0.44 to -0.03) 0.026 3 3
cDBP (mmHg) no significant model
cPP (mmHg) Baseline value —0.36 (-0.71 to —-0.18) 0.040 12 12
Carotid-Femoral Pulse Wave Velocity
cfPWV (m/s) no significant model
Pulse Wave Analysis
Aortic AP (mmHg) Age 0.11 (0.02-0.21) 0.023 7 7
Aortic Alx, AP/PP (%) Age 0.003 (0.0008—0.006) 0.013 10 10
. Age 0.005 (0.002-0.008 0.001 18 33
Aortic Alx, P2/P1 (%) Time between%neasurements 0.0003 (—8.00003, 0.00)05) 0.076 + 17 g s
Aortic AIx@HR75 (%) Time from COVID 0.004 (0.001-0.006) 0.003 208§ 26 §§
Age 0.002 (-0.0001, 0.004) 0.061 t 10

Alx, augmentation index; AP, aortic augmentation pressure; B, unstandardized regression coeffi-
cient; cDBP, central diastolic blood pressure; cfPWV, carotid—femoral pulse wave velocity; cPP, cen-
tral pulse pressure; cSBP, central systolic blood pressure; P1, first systolic peak; P2, second systolic
peak; PP, pulse pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; SBP, diastolic
blood pressure; * Refers to the pre-COVID value of a predictor; t The predictor is not significant, or
is significant at 0.1 level, but its inclusion in the multiple linear model increased adjusted R? from 2
to 15%; § moderate and §§ strong association of pre—post changes with time from COVID or con-
founders, in accordance with the Cohen’s effect size magnitudes for R? [21]; ] Variable is strongly
correlated to the amount of time that passed between two measurements.

Table 4. Predictors of values of systemic and central hemodynamic parameters, as well as arterial
stiffness parameters, estimated by the mixed methods regression models.

The One-Predictor The Final Model
Model
: ict o -
Measure Predictor B (95% CI) p-Value Snijders/Bosker's R
Level1, Level 2
Systemic and Central Hemodynamics
Time from COVID 0.20 (-0.01, 0.41) 0.063 1 8%, 9%
mmH 29% §8, 32%
DBP ( 8 Age 0.32 (0.13, 0.51) 0.001 24% §, 27% §§ 0§85 32% §§
Time from COVID 0.19 (-0.02, 0.39) 0.082 1 7%, 8%
H 28% §§, 31%
cDBF (mmHg) Age 0.33 (0.13,0.52) 0.001 24% §, 27% §§ 8§ 31% §§
Time from COVID 0.19 (-0.04, 0.42) 0.113 ¢ 7%, 8%
MAP H 31% 88§, 34%
(mmHg) Age 0.35 (0.17-0.53) <0.001 27% 88, 30% §§ $8 58
Carotid—Femoral Pulse Wave Velocity
Time from COVID 0.03 (0.003, 0.05) 0.030 13%8§,15% §
fPWV 28% 8§, 32%
¢ (m/s) Age 0.03 (0.008, 0.05) 0.005 18%§, 21% § 5§, 32% 8§
Pre—post change in o 09
A PWV 0.19 (-0.03, 0.40) 0.094 + 1%, 0%

B, unstandardized regression coefficient; cDBP, central diastolic blood pressure; cfPWV, carotid—
femoral pulse wave velocity; DBP, diastolic blood pressure; MAP, mean arterial pressure; t The
predictor is not significant or is significant at 0.1 level, but its inclusion in the mixed model increased
R?; § moderate and §§ strong association of parameter values with time from COVID or confound-
ers, in accordance with [21];  Level 1 defines how well the model describes changes at the level of
the entire sample, whereas Level 2 depicts how well the model describes individual changes.
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3.1. Arterial Stiffness—cfPWV

Regarding the cfPWV response to COVID-19 infection, defined as the pre—post
change in this parameter, we found that post-infection values increased by 0.19 m/s (95%
CI -0.04 to 0.41) but only at the significance level of 0.1 (p = 0.052). We also found no evi-
dence that age, time since the onset of COVID 19, time between measurements, or cfPWV
baseline values influence individual cfPWV responses. Individual pre—post changes were
also significant at the 0.1 level according to the mixed-effects model (Table 4). However,
age and time were moderately and positively associated with the cfPWV change since the
onset of COVID infection at a group level. This model, which explains 32% of the intra-
individual variability and 28% of variation at the group level, predicts an increase of 1.14
m/s in the average cfPWV value as a result of variation in the time since the onset of
COVID-19 infection (51-92 days). The relationship between cfPWV and two predictors is
shown in Figure 1. Although the age dependence is to be expected, we included it for
comparison purposes. The change in cfPWV was not determined by the pre-post change
in HR or the baseline HR value, nor was it affected by the change in BMI or the baseline
BMI value (p > 0.308).

75
75

Average cfPWV [m/s]
85
! \
e
Average cfPWV [m/s]
6.6

_“\\

50 60 70 80 %0 20 £ 40 50 80
Time from CQOVID-19 [days] Age [years]

(a) (b)

Figure 1. The relationship between the average cfPWV values in the sample and: (a) the time since
COVID infection; (b) age, as estimated with the mixed-effects model (R*=27% at the level of sample,
R2=31% for individual changes). Shown are predictive margins of cfPWV values with 95% Cls.

3.2. Arterial Stiffness — Augmentation Indices

As previously stated, no significant pre-post changes in augmentation indices were
observed following the COVID-19 infection (p > 0.244). However, we discovered that the
pre—post changes increased with age in AP and all of the Alx indices: Aix AP/PP, Aix
P2/P1, and AIx@HR?75 (Table 3). Except for the pre—post change in Aix P2/P1, which was
moderately associated with age, this dependency was generally weak (Table 3).

Aside from age, which was found to be a common predictor of Alx pre-post changes,
we discovered additional time-related predictors of these changes in Aix P2/P1 and
Alx@HR?75 indices.

Time since the onset of COVID-19 infection was a moderate and positive predictor of
pre—post changes in the AIx@HR?75, accounting for 20% of their variance (Table 3, Figure
2). Within a range of 51 to 92 days after the onset of COVID infection, the AIx@HR?75 pre—
post change was predicted to move from 5% to +10%.
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Change in AIX@?75 from baseline [%]
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Figure 2. The change in Alx normalized to the heart rate of 75 bpm {(AIx@HR?75) from the baseline
depends on the time that passed from acquiring COVID-19 infection. Shown are predictive margins
with 95% CI estimated by the LR model (R2=26%) and the scatter plot of observation.

3.3. Peripheral and Central Hemodynamics

We found no significant changes from baseline in any peripheral or central hemody-
namics parameters (p > 0.122).

Pre—post changes from baseline in SBP, ¢SBP, PP, and cPP were negatively dependent
on their baseline values (weak—cSBP and cPP, moderate—SBP, strong—PP; Table 3). For
example, given the range of baseline values for the PP parameter, the predicted post-
COVID increase in PP ranges from +4 to -11 mmHg,. It should also be noted that we also
found a significant association of pre~post changes in PP with the time from onset of
COVID-19, but at a 0.1 level of significance (p = 0.098). The variable was not included in
the final model of pre—post PP changes because it did not meet our protocol’s inclusion
requirements.

Using the mixed-effects models, we were able to identify that age, and to a lesser
extent the time since acquiring COVID-19, were positively associated with parameter val-
ues for DBP, cDBP, MAP, and cfPWV (Table 4). According to these models, the estimated
change in average pressure values caused by variations in the amount of time that has
passed since the beginning of the COVID-19 infection is as follows: DBP is envisaged to
increase by 8.1 mmHg, cDBP by 7.6 mmHg, and MAP by 7.6 mmHg. As for individual
pre—post changes, we were unable to identify significant mean changes nor the associa-
tions of these changes with any of the predictors listed above, nor were we able to find
significant individual pre-post changes within mixed-effects models. Such a finding sug-
gests that individual changes are likely heterogeneous and that that the effect that we
identified at the group level is probably an average effect.
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Change in AIX P2/P1 from baseline [%]

0.4

0

3.4. The Age Dependence of Pre-Post Changes in Investigated Parameters

We examined the pattern of pre—post changes in age dependence to see if there is a
possibility that age modifies responses to COVID-19 infection. The scatter plots in Figure
3a— depict a distinct pattern for those aged under and over 40. We demonstrated that the
change in Alx P2/P1 from baseline for those over 40 years old is significantly greater than
0 (median 6%, 95% CI 0.7-24%, p = 0.005), whereas no significant change was observed for
those under 40 years old (p = 0.976) (Figure 3a).
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Figure 3. Scatter plots showing the relationship between age and pre—post change in: (a) augmenta-
tion index Alx P2/P1, (b) diastolic blood pressure, and (c) cfPWV. The horizontal reference line set
at zero pre-post change, and the vertical dashed line set at 40 years that separates parts of a plot
with apparently different dispersion patterns.

4. Discussion

This is the first study to compare pre- and post-COVID-19 infection levels across a
wide range of arterial stiffness and hemodynamics parameters in the same group of par-
ticipants. We discovered that the responses of the vascular system to a mild COVID-19
disease, defined here as systematic, individual pre—post differences in investigated pa-
rameters, are not simple in the sense that COVID-19 on average either increases or de-
creases a parameter in infected patients by a comparable amount of measurement units.
In fact, except for a non-significant trend for cfPWV, we were unable to detect any param-
eter with a mean pre—post COVID-19 change that differed from 0.

Instead, responses to COVID-19 infection are dynamic and depend on the time since
the onset of COVID-19 infection. We identified such time-dependent responses in the ar-
terial stiffness parameters—cfPWV and AIx@HR75, the central hemodynamic
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parameter—cDBP, and the systemic hemodynamics parameters—DBP and MAP; and we
showed that their values increased with the length of time that passed from the onset of
COVID-19 infection, independent of age or other confounders. In addition, the vascular
impairment predicted by our models for observation period of two to three months post-
infection is clinically significant as shown by an increase in cfPWV of +1.4 m/s, +15% in
AIx@HR?75, +8 mmHg in DBP, and +7.6 mmHg in ¢cDBP and MAP.

The finding that the longer the period from COVID-19 infection the worse the vascu-
lar impairment was surprising, as we expected inflammation burden associated with
COVID-19 to decrease with time. While we can only speculate on what causes this phe-
nomenon, emerging evidence suggests that it stems from a failure to resolve autoantibod-
ies observed during the acute phase of disease [22-24], or alternatively, that generating de
novo pathogenic autoimmune responses post-recovery contributes to long COVID with
evidence of residual inflammatory cytokines [25-27]. Hence, what we observed at the
group level, 2-3 months after infection, may be related to inflammation-induced arterial
stiffening in some individuals [28], which is caused by inflammation from an autoimmune
response or chronic inflammation that precedes one [29]. Furthermore, the heterogeneous
responses observed in our study could be explained by the fact that inflammation in post-
recovery was not triggered in all patients. Indeed, a recent study found that the circulating
levels of anti-/extractable nuclear autoantibodies (ANA/ENAs) were higher at 3 months
post-recovery in patients who had COVID-19 and were free from autoimmune diseases
at the time of infection compared to healthy and non-COVID infection groups. High cir-
culating ANA/ENA titers, which correlated with long COVID symptoms, were main-
tained up to 6 months after recovery but significantly reduced by 12 months. Even after
12 months, several pathogenic ANA/ENAs were still detectable in up to 30% of COVID
survivors. Furthermore, a retrospective study of 4 million participants found an increased
risk of autoimmune diseases in patients with COVID-19 with an adjusted hazard ratio for
different autoimmune diseases ranging from 1.78 to 3.21 [30].

All the time-dependent responses to COVID-19 disease were also affected by age in
a way that each additional year at baseline added to vascular impairment post-infection.
The effect of age was not the result of the time gap between pre- and post-COVID-19
measurements, as this confounding variable was controlled for in our analyses. In addi-
tion, we could not assign the effect of age only to the increased variability of investigated
parameter with age [16], because in that case, pre—post differences would go in both di-
rections —positive and negative, and we would not be able to find an increasingly positive
relationship with age. Age, however, may modulate the response to a mild COVID-19
disease in arterial stiffness and central hemodynamics parameters in different age groups.
Previous studies have suggested an age modulation of vascular responses to various trig-
gers, including an infection [31,32], and the association of age with autoimmune inflam-
mation [33]. While our results suggest the role of age as a modifiable factor in the response
to mild COVID-19 disease, such a role should be further examined in studies with a larger
sample size.

We detected the responses to COVID-19 disease in a variety of arterial stiffness
measures and measures of its hemodynamic consequences, including: the direct (cfPWV)
and indirect (augmentation index) measures of arterial stiffness as well as central (cDBP)
hemodynamic parameter. Each of these three parameters represents a distinct aspect of
the atherosclerotic process, which involves morphological and/or functional alterations to
the vessel wall [34]. Therefore, the simultaneous detection of responses to COVID-19 dis-
ease in various vascular structure and function parameters supports the existence of a
widespread and long-term pathological process in the vasculature following infection
[35].

So far, only a handful of studies investigated the effect of COVID-19 infection on ar-
terial stiffness and central hemodynamics. Most of them were case control studies with
small sample sizes (10-22 per arm) comparing patients recovering from COVID-19 with
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controls [4,9,10]. Despite the possibly limited power of these studies, their results support
our conclusions regarding the existence of vascular impairment after COVID-19.

The fact that cfPWYV is increased in participants after the COVID-19 infection when
compared to controls was found in several studies performed on: young healthy patients
and their controls 34 weeks after the onset of COVID-19 (increase of 0.7 m/s) [9], acutely
ill elderly patients (increase of 3.3 m/s) [4], as well as middle-aged patients that were com-
pared to controls at 4 months (increase of 2.05 m/s) [36] and 12 months (increase of 1.15
m/s) after the COVID-19 onset [37].

Aix, like cfPWV, has been found to be higher in COVID-19-infected participants com-
pared to controls. A 10% increase in the augmentation indices AIX AP/PP and AIx@HR75
has been reported in those infected with COVID19 when comparing 15 young adults 34
weeks after a positive COVID-19 test to healthy young controls. [10].

Finally, in terms of cSBP, at the 4- and 12-month follow-ups, COVID-19 patients have
had a persistent increase of 10 mmHg in ¢SBP compared to controls [36,37]. In addition,
Akpek et al. [38] reported an increase in systemic hemodynamics parameters during
short-term follow-up in patients diagnosed with COVID-19.

Only one case control study did not find significant differences in arterial stiffness
parameters—PWYV and AlIx75—at 4 weeks post-infection when young adults who were
infected with COVID-19 were compared with their controls [39]. In addition, two small
longitudinal studies reported results contradicting our findings. In the first study that fol-
lowed 14 young participants from the first to sixth month post-infection, the authors re-
ported a decrease in cfPWV (decrease by 0.82 m/s), SBP (by 11 mmHg), MAP (by 11
mmHg) with time; and no change in time was found for AIx@HR75 [40]. The second study
followed 10 young adults for 6 months after the COVID-19 infection and found that SBP
and DBP decreased throughout the study: with SBP decreasing by 15 mmHg and DBP
decreasing by 10 mmHg [41]. Given that both of these longitudinal studies reported par-
ticipant attrition on very small sample sizes, used inappropriate statistics (mean and
standard deviation) to describe the distribution of limited data, and removed outliers
from a small sample size [40], the reported results could be the result of methodological
issues. On the other side, the lack of a uniform individual response to COVID-19 in the
investigated parameters of vascular structure and function, which may be the conse-
quence of age modulation (and possibly modulation by other factors), may have caused
such results.

Our study had some limitations, the most significant of which was that the sample
size only allowed us to detect moderate to strong associations. This means that even
though we may have confidence in the significant associations observed in our study, we
may have overlooked a relationship between the time since the onset of COVID-19 and
several other parameters. For example, pre—post changes in PP were significantly associ-
ated with the time from COVID at the lower significance level of 0.1. As our sample size
was limited by the number of recent pre-COVID recordings in our laboratory, we were
not able to expand the sample size further.

Another potential drawback is the possibility that age and perhaps other factors re-
late to moderate responses to COVID-19 and that certain patient subgroups respond dif-
ferently to COVID-19 than it was predicted in the overall model for that parameter. The
fact that our models did not detect that individual pre-post changes in the tested param-
eters are significantly different from 0 but were able to detect in the mixed-effects models
that parameter values depend on time from COVID-19, at the level of the entire sample,
suggests that heterogeneous responses are possible. If this was the case, given that our
results suggested an average response to COVID-19 disease, further analyses should be
performed in studies with larger sample sizes.

Finally, because MAP in our study was estimated rather than directly measured, its
estimation may be unreliable for some individuals [42], which could affect the accuracy
of parameters derived from pulse wave analysis. However, since we were able to identify
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general patterns of change and interdependence, we do not expect this had a significant
impact on the results.

The findings of this study demonstrated that there is a widespread and long-lasting
pathological process in the vasculature following the mild COVID-19 infection which
keeps deteriorating during 2-3 months post-infection. In light of the recent finding that
up to 25% of otherwise healthy and disease-free patients exhibited the long COVID-19
syndrome 12 months after the onset of COVID-19 infection [3], and in light of the fact that
vascular impairment increases the risk of future cardiovascular events, it is crucial that
future studies explore these changes with larger sample sizes and with more synchronous
population regarding the onset of COVID-19.

5. Conclusions

We found that various parameters of arterial stiffness and central hemodynamics re-
spond simultaneously to the mild COVID-19 disease in predominantly healthy individu-
als. While we were unable to demonstrate this effect on all of the parameters tested, the
worsening of values of those found to be responsive (cfPWV, AIx@HR?75, cDBP, DBP, and
MAP) points toward the existence of a widespread and long-lasting pathological process
in the vasculature following the infection.

The detected responses to COVID-19 disease are not straightforward but rather de-
teriorate with the time since the onset of COVID-19 infection and age.

Within the period of 2-3 months following infection, our models demonstrated a
clinically significant progression of vascular impairment.

Finally, we discovered that individual responses to COVID-19 are likely heterogene-
ous and possibly moderated by age.

Emerging evidence suggests that post-recovery autoimmune response to COVID-19
may be the cause of this phenomenon, although we can only speculate on its origin.
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