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1. Wykaz stosowanych skrétow

AASI — Ambulatory Arterial Stiffness Index (posredni pomiar sztywnosci tetnic uzyskany

podczas ambulatoryjnego catodobowego automatycznego pomiaru cis$nienia tetniczego)

AHA — American Heart Association (Amerykanskie Towarzystwo Kardiologiczne)

aDBP — aortic Diastolic Blood Pressure (rozkurczowe ci$nienie krwi estymowane w aorcie)

aMAP - aortic Mean Arterial Pressure (§rednie ci$nienie tetnicze estymowane w aorcie)

aPP — aortic Pulse Pressure (ci$nienie t¢tna estymowane w aorcie)

aPWYV — aortic Pulse Wave Velocity (predkos¢ fali tetna estymowana w aorcie)

aSBP — aortic Systolic Blood Pressure (skurczowe cisnienie krwi estymowane w aorcie)

BMD — Bone Mineral Density (gesto$¢ mineralna kosci)

baPWYV — Brachial-Ankle Pulse Wave Velocity (predkos¢ fali tetna mierzona migdzy tetnica

ramienng a kostkowa)

bDBP — Brachial Diastolic Blood Pressure (rozkurczowe ci$nienie krwi mierzone w tgtnicy

ramiennej)

bSBP — Brachial Systolic Blood Pressure (skurczowe ci$nienie krwi mierzone w tetnicy

ramiennej)

cfPWYV — carotid-femoral Pulse Wave Velocity (predkos¢ fali tetna mierzona miedzy tetnicg
szyjng a udowa)

COVID-19 - Coronavirus Disease 2019 (Choroba koronawirusowa 2019)

CVD - Cardiovascular Diseases (Choroby sercowo-naczyniowe)

DBP — Diastolic Blood Pressure (ci$nienie rozkurczowe)

DXA — Dual-Energy X-ray Absorptiometry (densytometria rentgenowska z uzyciem podwajnej

wigzki promieniowania X)



ESC — European Society of Cardiology (Europejskie Towarzystwo Kardiologiczne)

ESH -European Society of Hypertension (Europejskie Towarzystwo Nadcisnienia T¢tniczego)

HDL-C — High-Density Lipoprotein Cholesterol (lipoproteina o wysokiej gestosci)

IR — infrared ($wiatlo podczerwone)

LDL-C — Low-Density Lipoprotein Cholesterol (lipoproteina o niskiej ggstosci)

MAP — Mean Arterial Pressure (Srednie ci$nienie tetnicze)

MPPT —custom for Multi-Site arterial pulse wave velocity measurements (urzadzenie do

wielomiejscowego pomiaru predkosci fali tetna)

NIGRIiR — Narodowy Instytut Geriatrii, Reumatologii i Rehabilitacji

NOS — Newcastle-Ottawa Scale (Skala Newcastle-Ottawa)

NTproBNP — N-terminal pro B-type Natriuretic Peptide (N-konicowy propeptyd natriuretyczny
typu B)

PPG — Photoplethysmography (Fotopletyzmografia)

PRISMA - Preferred Reporting Items for Systematic Reviews and Meta-Analyses

(Preferowane elementy raportowania dla przegladéw systematycznych i metaanaliz)

PTT — Pulse Transit Time (czas przejscia fali tetna)

PWYV — Pulse Wave Velocity (predkos¢ fali tetna)

SARS-CoV-2 — Severe Acute Respiratory Syndrome Coronavirus 2 (drugi koronawirus

cigzkiego ostrego zespotu oddechowego)

SBP — Systolic Blood Pressure (ci$nienie skurczowe)

rPWYV —radial Pulse Wave Velocity (predkos¢ fali tgtna mierzona w tetnicy promieniowe;j)



2. Streszczenie w jezyku polskim

Sztywnos¢ tetnic jest uznawana za istotny wskaznik ryzyka chorob uktadu sercowo-
naczyniowego (CVD). Sztywnos¢ tetnic jest okre§lana posrednio poprzez pomiar predkosci fali
tetna (Pulse Wave Velocity - PWV). Istnieje kilka rodzajow pomiaréw PWV, jednakze ztoty
standard w ocenie sztywnosci tetnic stanowi pomiar predkosci fali tetna migdzy tetnica szyjna
a udowa (cfPWV - carotid-femoral PWYV). Zwigkszenie sztywnos$ci tetnic jest gldwna
przyczyna wzrostu cisnienia t¢tna w procesie starzenia si¢ organizmu. Nasilenie zmniejszenia
podatno$ci tetnic w przebiegu sztywnosci dotyczy gltownie aorty i proksymalnych,
elastycznych tetnic oraz w mniejszym stopniu obwodowych tetnic mig$niowych.
Istnieje jednak potrzeba szerszego badania relacji migdzy centralnymi i1 regionalnymi
pomiarami PWV, poniewaz regionalne PWV bada mniejsze obszary tetnic, co moze dawaé
dodatkowe informacje na temat zdrowia naczyn. Nalezy takze przeanalizowa¢ wplyw takich

czynnikow jak pte¢ czy wiek na t¢ zmienna.

Istotng kwestig jest ocena mozliwego zwigzku sztywno$ci tetnic oraz ggstosci
mineralnej kosci (BMD), ktére sa kluczowymi wskaznikami stanu zdrowia sercowo-
naczyniowego i sily kosci. Parametry te majg istotne znaczenie w ocenie czynnikow ryzyka
zwigzanego z chorobami CVD oraz osteoporoza. Choroba cywilizacyjna, jaka jest osteoporoza,
prowadzi do zmniejszenia gestosci kosci, ktora czesto wystepuje rownolegle z miazdzyca,
co sugeruje istnienie wspolnych mechanizmow patofizjologicznych tych schorzen. Niniejsze
badania miaty na celu oceng sztywnosci tgtnic w roznych grupach populacyjnych oraz zbadanie
zwigzku migdzy sztywnoscig tetnic a BMD, jak réwniez oceng wptywu plci oraz wieku na

te parametry w populacji geriatryczne;.

Celem pracy jest ocena przydatnosci pomiaru predkosci fali tetna do oceny czynnikow

ryzyka chorob sercowo naczyniowych oraz cywilizacyjnych .

Niniejsza rozprawa doktorska zostata oparta o cztery oryginalne artykuty naukowe,

opublikowane w recenzowanych czasopismach (dwa badania wtasne oraz dwie metaanalizy).
Cykl publikacji:

1. Validation of a new device for photoplethysmographic measurement of multi-site
arterial pulse wave velocity. Tadeusz Sondej, Iwona Jannasz, Krzysztof Sieczkowski,

Andrzej Dobrowolski, Karolina Obiata, Tomasz Targowski, Robert Olszewski.
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Biocybernetics and Biomedical Engineering. Volume 41, Issue 4,2021,

Pages 1664 - 1684, ISSN 0208-5216. https://doi.org/10.1016/j.bbe.2021.11.001.

2. Relationship between the Central and Regional Pulse Wave Velocity in the Assessment
of Arterial Stiffness Depending on Gender in the Geriatric Population. Jannasz Iwona,
Sondej Tadeusz, Targowski Tomasz, Manczak Matgorzata, Obiala Karolina,
Dobrowolski Andrzej Piotr, Olszewski Robert. Sensors (Basel).
2023 Jun 22;23(13):5823. doi: 10.3390/s23135823. PMID: 37447671; PMCID:
PMC10347145.

3. The Impact of COVID-19 on Carotid-Femoral Pulse Wave Velocity: A Systematic
Review and Meta-Analysis. Jannasz Iwona, Pruc Michat, Rahnama-Hezavah Mansur,
Targowski Tomasz, Olszewski Robert, Feduniw Stepan, Petryka Karolina, Szarpak
Lukasz. J Clin Med. 2023 Sep 4;12(17):5747. doi: 10.3390/jcm12175747.
PMID: 37685813; PMCID: PMC10488425.

4. TIs the association between pulse wave velocity and bone mineral density the same
formen and women? - A systematic review and meta-analysis. Jannasz Iwona,
Brzezinski Jakub, Manczak Matgorzata, Sondej Tadeusz, Targowski Tomasz, Rysz
Jacek, Olszewski Robert.Arch Gerontol Geriatr. 2024 Apr; 119:105309.
doi: 10.1016/j.archger.2023.105309. Epub 2023 Dec 11. PMID: 38171030.

Artykut 1 pt. ,,Validation of a new device for photoplethysmographic measurement
of multi-site arterial pulse wave velocity” dotyczy walidacji nowego urzadzenia do pomiaru
predkosci fali tgtna (PWV), wykorzystujacego wielomiejscowg fotopletyzmografie¢ (PPG).
Jest to metoda wygodna, tania i pozwalajaca na dlugoterminowy pomiar PWV w trybie
cigglym, tj. wynik pomiaru PWV moze by¢ uzyskiwany dla kazdego uderzenia serca
(beat-to-beat) w czasie od kilkunastu sekund do nawet kilku godzin lub dhuze;j.
W zaproponowanym rozwigzaniu, oprocz pomiaru ciggtego PWV, zastosowano pomiar
wielomiejscowy. Polegal on na tym, ze czujniki PPG (ktére mierzyty przeptyw krwi w miejscu
pomiaru), zostaty umieszczone w kilku miejscach, tj. na czole, ptatkach uszu, palcach rak i stop.
Razem byto to 7 miejsc pomiarowych. Dzigki temu mozliwy byl pomiar PWV, w odniesieniu
do réznych lokalizacji czujnika PPG, a tym samym w roéznych miejscach uktadu sercowo-

naczyniowego. Zastosowana aparatura pomiarowa oznaczona jako MPPT ( nowe urzadzenie
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do wielomiejscowego pomiaru predkosci fali tetna) jest dedykowanym 1 pionierskim
urzadzeniem, skonstruowanym przez ekspertow z Wydziatu Elektroniki Wojskowej Akademii
Technicznej (WAT) w Warszawie, w ramach prowadzonej wspolpracy naukowej pomiedzy
NIGRiR i WAT. Walidacje urzadzenia do wielomiejscowego pomiaru PWYV przeprowadzono
na 108 osobach (56 m¢zczyzn 1 52 kobiety) w wieku od 20 do 91 lat, z podziatem na trzy grupy
wiekowe. W pomiarach walidacyjnych zastosowano referencyjne urzadzenie SphygmoCor
XCEL (https://atcormedical.com/,aktualnie https://cardiex.com/). Warto zwrdci¢é uwage,
ze urzadzenie SphygmoCor XCEL jest uznawane jako ztoty standard w nieinwazyjnym
pomiarze centralnego PWV. Uzyskane wyniki PWV z urzadzenia MPPT pordéwnano
do referencyjnej wartosci cfPWV. Korelacje Pearsona wynosity od 0,66 do 0,79, a odchylenie
standardowe bylo zwykle mniejsze niz 1,5 m/s. W artykule 1 pokazano, ze wielomiejscowa
fotopletyzmografia stanowi alternatywna metod¢ pomiaru PWV i moze by¢ uzywana
do diagnostyki chorob sercowo-naczyniowych. W ocenie pomiaru za pomoca urzadzenia
MPPT najlepsze rezultaty uzyskano przy pomiarach z czujnikdw umieszczonych na glowie
i palcach stop, jako wspolnego pomiaru centralnej i regionalnej] PWV. Wynik ten potwierdza
potencjat tej technologii jako bardziej dostepnej i tanszej alternatywy dla konwencjonalnych
pomiaréw cfPWYV 1 wskazuje na potrzebe dalszych badan nad dostgpnymi dla szerokiej

populacji urzadzeniami do pomiaru sztywnosci tgtnic.

Artykul 2 pt. ,,Relationship between the Central and Regional Pulse Wave Velocity
in the Assessment of Arterial Stiffness Depending on Gender in the Geriatric Population”,
opublikowany w czasopis$mie Sensors, dotyczy zalezno$ci miedzy centralng a regionalng
predkoscig fali tetna w ocenie sztywnos$ci tetnic w populacji geriatrycznej, ze szczeg6dlnym
uwzglednieniem réznic ze wzgledu na pte¢. Badanie porownuje centralng PWV mierzong
za pomocg urzadzenia SphygmoCor XCEL oraz regionalng, wielomiejscowa PWV mierzona
za pomocg urzadzenia MPPT. W badaniu wzig¢lo udzial 118 pacjentow (35 mezczyzn
1 83 kobiety) w wieku srednio 77,2 lat. Wyniki pokazuja, ze m¢zczyzni majg wyzsze wartosci
cfPWYV niz kobiety, co sugeruje wigksza sztywnos¢ tetnic w tej grupie, mimo ze inne czynniki
ryzyka sercowo-naczyniowego miaty podobny rozktad w obu grupach. Natomiast regionalne
pomiary PWV nie wykazaly istotnych réznic migdzy ptciami. Wyniki badania pokazuja,
ze centralna PWV lepiej ocenia sztywnos$¢ tetnic w starszej populacji niz regionalne pomiary.
Pozwala to domniemywac, iz na oceng sztywnosci tetnic wiekszy wptyw majg wartosci PWV
centralnej mierzonej w duzych tetnicach - szczegbélnie aorcie i jej bezposrednich

rozgatezieniach, niz sktadowe z tetnic o mniejszym kalibrze, majacych budowe gléwnie
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mig$niowg. Badanie podkresla znaczenie oceny roznic ptci w kontekscie sztywnos$ci tetnic
oraz ryzyka sercowo-naczyniowego oraz sugeruje dalsze eksploracje prospektywne

w tym kierunku.

Artykut 3 pt. ,,The Impact of COVID-19 on Carotid-Femoral Pulse Wave Velocity:
A Systematic Review and Meta-Analysis”, to systematyczny przeglad i metaanaliza, ktore
badaja wptyw zakazenia COVID-19 na sztywno$¢ tetnic estymowang za pomocg cfPWV.
Z dziewigciu badan, ktore wtaczono do metaanalizy, wynika, ze cfPWV u pacjentow z COVID-
19 wynosita 9,5 m/s [+ 3,7] w porownaniu do 8,2m/s [+ 2,2] w grupach kontrolnych (MD=1,32;
95% CI. 0,38 - 2,26; p=0,006), co wskazuje na wzrost sztywnosci te¢tnic u chorych.
Wyniki sugeruja, ze zakazenie COVID-19 przyczynia si¢ do wzrostu ryzyka powiktan
sercowo-naczyniowych zar6wno w krotkim, jak 1 dlugim okresie. Sztywno$¢ tetnic
jest waznym wskaznikiem ryzyka sercowo-naczyniowego, a wyniki sugeruja, ze COVID-19
moze przyspieszaé procesy starzenia uktadu naczyniowego, co podkresla potrzebe

monitorowania pacjentow w dluzszym okresie.

Artykul 4 pt. ,Is the association between pulse wave velocity and bone mineral density
the same for men and women? - A systematic review and meta-analysis’’ stanowi
systematyczny przeglad 1 metaanaliz¢ badajaca zwigzek miedzy predkoscig fali tetna
w tetnicach ramienno-kostkowych (baPWV) a gestoscia mineralng kosci (BMD),
z uwzglednieniem ro6znic pilciowych. Celem badania bylo ustalenie czy migdzy tymi
wskaznikami istnieje wspolzaleznos$¢ oraz czy ten zwigzek jest taki sam u me¢zczyzn i kobiet.
Do metaanalizy wykorzystano szes¢ artykutow. We wszystkich publikacjach uwzglednionych
w metaanalizie taczna liczba badanych os6b wyniosta 3800, w tym 2054 kobiety 1 1746
mezezyzn. Wyniki wskazuja, ze baPWV jest negatywnie skorelowana z BMD, co oznacza,
ze wzrost sztywnosci tetnic wigze si¢ ze spadkiem gestosci kosci. Zbiorczy wspotczynnik
korelacji wynosit - 0,24 (95% CI: - 0,34; - 0,15) w populacji kobiet i - 0,12 (95% CI: - 0,16; -
0,06) w populacji mezczyzn. Sugeruje to, ze pte¢ odgrywa istotng rolg w relacji migdzy
zdrowiem sercowo-naczyniowym a zdrowiem kos$ci, kobiety wykazywaty silniejszy zwigzek
miedzy sztywno$cig tetnic a zmniejszeniem gestosci kosci niz mezczyzni. Osteoporoza,
charakteryzujagca si¢ obnizeniem BMD 1 zwigkszonym ryzykiem zlaman, czgsto
wspolwystepuje z miazdzyca, co sugeruje, ze istniejg wspdlne mechanizmy patofizjologiczne

dla tych schorzen. Miazdzyca powoduje wzrost sztywnosci tetnic, a jednoczes$nie
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moze wplywa¢ na obnizenie gesto$ci kosci poprzez mechanizmy takie jak stan zapalny
czy stres oksydacyjny.

Podsumowujac wyzej przedstawione wnioski, pomiar predkosci fali tetna
uznano za przydatny do oceny czynnikow ryzyka chorob sercowo naczyniowych
oraz cywilizacyjnych. Nowe technologie, takie jak czujniki PPG, mogg utatwi¢ jego pomiar.
Kobiety moga by¢ bardziej narazone na wspotwystepowanie miazdzycy 1 osteoporozy,
podczas gdy mezczyzni czesciej wykazuja wyzsze wartosci cfPWV, co zwieksza ich ryzyko
sercowo-naczyniowe. Powyzsze wnioski wskazuja na konieczno$¢ rozwoju medycyny
spersonalizowanej z uwzglednieniem plci pacjenta. Wiek, ple¢ oraz stan zdrowia,
w tym przebycie COVID-19, schorzenia wspotistniejace jak osteoporoza maja znaczacy

wplyw na PWV, co ma istotne znaczenie dla profilaktyki i leczenia choréb uktadu krazenia.
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3. Streszczenie w jezyku angielskim

Arterial stiffness is recognized as an important risk marker of cardiovascular diseases
(CVD). Pulse wave velocity (PWYV) is commonly used for assessing arterial stiffness. Currently,
many techniques and devices for PWV measurement are known, but they are usually expensive
and require operator experience. The measurement of PWV between the carotid artery
and the femoral artery (cfPWYV) is considered the gold standard in the assessment of arterial
stiffness. Increased arterial stiffness remains the main cause of elevation of pulse pressure
with aging. Intensified decrease of arterial compliance due to stiffness affects primarily
the aorta and proximal elastic arteries and, to a lesser extent, peripheral muscular arteries.
As regional pulse wave velocity examines smaller areas of arteries which may provide
additional information concerning vascular health there is a need for broader research
on the relationship between central and regional PWV measurements. The impact of such

factors as gender and age on this variable should also be analyzed.

An important aspect is the evaluation of the potential relationship between arterial
stiffness and bone mineral density (BMD), which are key markers of cardiovascular health
and bone strength. These parameters are of major significance in the assessment of risk
associated with cardiovascular diseases and osteoporosis. Osteoporosis, a civilization disease,
leads to decrease of bone density and often coincides with atherosclerosis which suggests
common pathophysiological mechanisms of these diseases. This research was aimed to assess
arterial stiffness in different population groups and analyze association between arterial
stiffness and BMD as well as to assess the influence of gender and age on these parameters

in geriatric population.

The aim of the study was to evaluate the usefulness of measuring pulse wave velocity

for assessing risk factors for cardiovascular and civilization diseases.

This doctoral thesis was based on four original articles published in reviewed journals

(two research articles and two meta-analyses).
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The 1st paper, “Validation of a new device for photoplethysmographic measurement

of multi-site arterial pulse wave velocity” concerns the validation of a new device designed

to measure pulse wave velocity using photoplethysmography (PPG), a convenient,

cost- effective method that allows for continuous measurement of PWV. 108 subjects (56 men

and 52 women) aged 20-91 years divided into three age groups participated in the study.

The pioneering , the custom designed MPTT device, developed by experts from the Faculty

of Electronics at the Military University of Technology in Warsaw, measured PWV at multi-

site points using PPG. The multi-site measurement collected data from seven sensors placed
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on the forehead, earlobes, fingers, and toes. The results were compared to cfPWV values
measured with the SphygmoCor XCEL, as reference device. The results demonstrated strong
consistency between the methods, especially for the measurements from PPG sensors placed
on the forehead and toes. The values of Pearson’s correlation coefficient ranged from 0.66 to
0.79 and standard deviation was less than 1.5 m/s. The study shows that multi-site
photoplethysmography is an alternative method for measuring PWV and can be used
for diagnosis of cardiovascular diseases. Evaluation of the measurements taken with MPTT
device showed that the best results were obtained from sensors placed on the forehead and toes,
serving as a combined measurement of central and regional PWV. These results confirm
the potential of this technology as a more accessible and cost-effective alternative
to conventional cfPWV measurements and indicate the need for further research on devices

for assessing arterial stiffness that are available to the general public.

The 2" paper, “Relationship between the Central and Regional Pulse Wave Velocity
in the Assessment of Arterial Stiffness Depending on Gender in the Geriatric Population”,
published in “Sensors”, concerns the association between central and regional pulse wave
velocity in the evaluation of arterial stiffness in geriatric population with particular emphasis
on gender differences. The study compared central PWV measured with SphygmoCor XCEL
and regional PWV measured with multi-site approach (MPTT). 118 patients (35 men and 83
women) with a mean age of 77.2 years participated in the study. The results demonstrated that,
although other cardiovascular risk factors were similarly distributed between the two groups,
men had higher cfPWV values than women which suggests greater arterial stiffness. In contrast,
regional PWV measurements did not show statistically significant differences between
the sexes. It is therefore suggested that in elderly population central PWV assesses arterial
stiffness more accurately than regional measurements. This implies that the value of arterial
stiffness is impacted more by the central PWV measured in the bigger arteries — especially
the aorta and its direct branches — than measurements from smaller, primarily muscular arteries.
The study emphasizes the importance of evaluation of gender differences in the context
of arterial stiffness and cardiovascular risk and recommends further prospective studies

in this domain.

The 3™ paper, “The Impact of COVID-19 on Carotid-Femoral Pulse Wave Velocity:
A Systematic Review and Meta-Analysis” is a systematic review and meta-analysis exploring
the impact of COVID-19 on carotid-femoral pulse wave velocity (cfPWV), used

for the evaluation of arterial stiffness. The data from the 9 studies included in the meta-analysis
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show that cfPWV in patients with COVID-19 was 9.5 m/s [ £ 3.7] in comparison
to 8.2 m/s [+ 2.2] in control groups (MD=1.32; 95% CI: 0.38 —2.26; p=0.006), which indicates
increased arterial stiffness in these patients. The results suggest that COVID-19 contributes
to both short-term and long-term risk of cardiovascular complications. Arterial stiffness is a key
marker of cardiovascular risk. The results suggest that COVID-19 may accelerate aging

of the cardiovascular system and thus underscore the need for long-term patient monitoring.

The 4™ paper, “Is the association between pulse wave velocity and bone mineral density
the same for men and women? - A systematic review and meta-analysis” are a systematic
review and meta-analysis examining the association between pulse wave velocity in brachial
and tibial arteries (brachial-ankle pulse wave velocity, baPWV) and bone mineral density
(BMD) with the consideration of gender differences. The aim of the study was to determine
if there is a correlation between these markers and if the correlation is different depending
on gender. Six articles were included in the meta-analysis. The total number of patients from
all included studies was 3800, consisting of 2054 women and 746 men. The results showed
that baPWV is negatively correlated with BMD which means that increased arterial stiffness
is correlated with decreased bone density. The pooled correlation coefficient was -0.24
(95% CI: -0.34; -0.15) in the female population and -0.12 (95% CI: -0.16; -0.06) in the male
population which suggests that gender plays an important role in the association between
cardiovascular and bone health. The correlation between arterial stiffness and decreased bone
density was higher in women than in men. Osteoporosis, characterized by decreased BMD
and increased risk of bone fractures, often coincides with atherosclerosis which suggests
common pathophysiological mechanisms of these diseases. Atherosclerosis causes increased
arterial stiffness and can concomitantly contribute to the decrease of bone density via such
mechanisms as inflammation and oxidative stress.

To summarize the conclusions presented above, the measurement of pulse wave velocity
was recognized as a useful tool for assessing risk factors for cardiovascular and civilization
diseases. New technologies, such as PPG sensors, can facilitate the measurement. Women can
be more susceptible to the co-occurrence of atherosclerosis and osteoporosis whereas men more
often have higher values of cfPWV which increases their cardiovascular risk. The presented
results indicate the need for the development of personalized medicine accounting for patient’s
gender. Age, gender, overall health, including a history of COVID-19 infection, and
comorbidities, such as osteoporosis, significantly affect PWV. This fact is crucial

for the prevention and treatment of cardiovascular diseases.
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4. Wstep

Pomiar predkosci fali tgtna (ang. PWV — Pulse Wave Velocity) jest uznanym wyktadnikiem
subklinicznego uszkodzenia narzagdoéw w nadci$nieniu tetniczym oraz parametrem o istotnym
znaczeniu rokowniczym zaréwno w populacji ogdlnej, jak i wérdd chorych o podwyzszonym
ryzyku sercowo-naczyniowym. Istnieje kilka metod pomiaru PWV, za pomocg ktorych
mozemy nieinwazyjnie oceni¢ sztywnos¢ tetnic [1]. Badania nad analizag graficzng fali t¢tna
majg swoj poczatek w XIX wieku, kiedy to w 1887 r. Fredrick Akbar Mahomet opisat zmiany
ksztattu fali tetna zalezne od wieku badanych. Przeptyw krwi w tetnicach wyzwalany
jest wyrzutem krwi z serca powodowanym skurczem mig$nia lewej komory serca. Kluczowa
role pelig tetnice z funkcja amortyzujaca oraz transportujaca. Sztywno$¢ tetnic zalezy
od czynnikéw genetycznych, wieku, jak 1 od czynnikow $rodowiskowych (dyslipidemii,
hiperglikemii oraz innych klasycznych czynnikow ryzyka) [2]. Zwigkszenie sztywnosci t¢tnic
jest gldwna przyczyna wzrostu cis$nienia skurczowego i tetna oraz zmniejszenia ci$nienia
rozkurczowego w procesie starzenia si¢ organizmu. Nasilenie zmniejszenia podatnos$ci tetnic
w przebiegu sztywno$ci dotyczy glownie aorty 1 proksymalnych, elastycznych tetnic
oraz w mniejszym stopniu obwodowych tetnic mig$niowych. Predkosé, z jaka fala tetna
przemieszcza si¢ po S$cianach tetnic, jest bezposrednio zwigzana z ich elastycznoscig [3].
Tetnice zdrowe, o duzej elastyczno$ci, pozwalaja fali przemieszczaé si¢ wolniej, natomiast
w przypadku naczyn sztywniejszych, z powodu takich proceséw jak miazdzyca czy starzenie
sie, predkosc¢ fali tetna wzrasta. W ten sposob PWV staje si¢ czulym wskaznikiem sztywnosci
tetnic, a co za tym 1idzie - ryzyka choréb uktadu sercowo-naczyniowego [4].
W przesztosci, uniwersalnie  stosowang metoda posredniej oceny sztywnosci tetnic
byt tradycyjny pomiar ci$nienia t¢tniczego z oceng ci$nienia t¢tna. Cis$nienie tgtna, czyli roznica
miedzy ci$nieniem skurczowym 1 rozkurczowym dostarcza jedynie informacji orientacyjnej,
gdyz na jej warto$¢ wplywa wiele czynnikéw dodatkowych, takich jak: objetos¢ wyrzutowa,
opor obwodowy, obecno$¢ niedomykalnos$ci aortalnej, przetok tetniczo-zylnych [5].
Metody diagnostyczne sluzace do precyzyjnej oceny sztywnosci tetnic, mozna podzieli¢
na inwazyjne 1 nieinwazyjne. Zlotym standardem pomiaru ci$nienia centralnego jest metoda
inwazyjna, w ktérej pomiar dokonywany jest zwykle za pomoca cewnika wprowadzanego
do aorty i lewej komory serca z dostgpu naczyniowego technika Seldingera, ktéra wymaga
dos$wiadczonego specjalisty oraz wigze si¢ z mozliwymi powiktaniami zdrowotnymi.
Metody nieinwazyjne mozna podzieli¢ na kilka grup: ocene zalezno$ci Srednicy 1 pola

przekroju naczynia od ci$nienia t¢tna; analiz¢ predkosci fali tetna; ocene morfologiczng
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fali tgtna; ocen¢ wskaznika sztywnosci tetnic (AASI Ambulatory Arterial Stiffness Index).
Rejestracji fali tetna mozna dokona¢ za pomoca metody: ostuchowej [6], piezoelektrycznej [7],
ultrasonograficznej [8]. Za punkt referencyjny na wykresie fali tgtna, gdzie oceniany jest czas
propagacji fali, przyjmuje si¢ koniec rozkurczu, tuz przed miejscem poczatku stromego
narastania fali tetna [9,10]. Ocena predkosci fali tetna przy pomocy tonometrii aplanacyjnej
pozwala okresli¢ ci$nienie wewnatrz badanej t¢tnicy w sposob nieinwazyjny [11,12,13].
Najczgsciej stosowanym wskaznikiem w klinicznej ocenie sztywnosci tetnic jest predkos¢ fali
tetna mierzona migdzy tetnicg szyjng a udowa (ang. carotid-femoral PWV, cfPWV), ktora
uznawana jest za "ztoty standard" w tej dziedzinie [14]. PWV mierzy si¢ zazwyczaj za pomocg
nieinwazyjnych urzadzen medycznych, ktore rejestruja czas przejscia fali tgtna miedzy dwiema
odleglymi od siebie tetnicami. W tradycyjnych metodach pomiaru uzywa si¢ tonometrow
aplanacyjnych oraz urzadzen wykorzystujacych technologi¢ Dopplera [15]. W ostatnich latach
rozwijaja si¢ jednak nowoczesne, mniej skomplikowane metody, takie jak fotopletyzmografia
(PPQ), ktora opiera si¢ na analizie zmian w nat¢zeniu $§wiatta przechodzacego przez tkanki.
Zmiany te spowodowane sg przeplywem krwi i odzwierciadlaja rytm uderzen serca [16].
Fotopletyzmografia, uzywajac czujnikow umieszczanych na ro6znych czgsciach ciata
(np. na palcach czy ptatkach uszu), poprzez analiz¢ czasu przejscia fali tetna (czasu propagacji
fali tgtna), pozwala na szybkie, latwe i stosunkowo tanie wykonywanie pomiaréw PWV.
Co wigcej, umozliwia ona ciggle monitorowanie pacjentow, co ma szczegdlne znaczenie

w profilaktyce 1 monitorowaniu progresji choréb sercowo-naczyniowych [17].

Pomiar PWV ma szczegdlne znaczenie w konteks$cie prewencji chordb sercowo-
naczyniowych. Wzrost PWV jest jednym z pierwszych objawow patologicznych zmian
w naczyniach, nawet u osob, ktore nie wykazuja jeszcze widocznych objawow klinicznych.
Dlatego pomiar PWYV jest coraz cz¢$ciej wykorzystywany do wczesnej identyfikacji pacjentow
z podwyzszonym ryzykiem wystapienia zawalu serca, udaru moézgu, czy innych powaznych
komplikacji zdrowotnych. Im wyzsza predkos¢ fali tetna migdzy tymi tetnicami, tym wieksze
jest ryzyko rozwoju choréb uktadu krazenia, co ma zwigzek z pogorszeniem si¢ elastycznosci

naczyn [18].

Na przelomie lat dyskusyjne bylo ustalenie wartosci referencyjnych PWV, ktore
determinuja zwigkszone ryzyko sercowo naczyniowe. Kluczowe okazaly si¢ opublikowane
w 2010 roku wyniki wieloosrodkowego projektu Reference Values for Arterial Stiffness

Collaboration [19], do ktérego wiaczono ponad 16 500 badanych z 13 europejskich osrodkow.

20



Opisano w nich wartosci PWV ustalone w oparciu o badanie o0so6b zdrowych,
bez zdiagnozowanych choréb sercowo-naczyniowych (nadcisnienia t¢tniczego, dyslipidemii)
oraz cukrzycy. Wyszczegdlniono podgrupe oséb z optymalnym i normalnym ci$nieniem
tetniczym, bez dodatkowych czynnikéw ryzyka sercowo-naczyniowego, w ktorej okreslono
wartosci fizjologiczne PWYV. Wartosci referencyjne wyznaczono natomiast w oparciu
o badanie pozostalych 0sob posiadajacych czynniki ryzyka choroby sercowo-naczyniowe;,
stanowigcych populacj¢ najbardziej zblizong do ogdlne;j. Jako technike referencyjng obliczania
czasu propagacji fali (t), ze wzgledu na najwigksza stato$¢ 1 miarodajnos¢ wynikow,
zastosowano metode uzyta w aparacie SphygmoCor [20]. Wg powyzszych danych obliczono,
1z w zdrowej populacji wartos¢ PWV wzrasta z wiekiem od $redniej wartosci 6,2 m/s u oséb
ponizej 30. roku zycia do 10,9 m/s w grupie powyzej 70. roku zycia. Uwzglednienie aPWV
poprawia dopasowanie modelu 1 reklasyfikuje ryzyko przysztych zdarzen sercowo-
naczyniowych w modelach, ktore uwzgledniaja standardowe czynniki ryzyka. aPWV moze
umozliwi¢ lepsza identyfikacje populacji wysokiego ryzyka, ktore moga odnie$¢ korzysci
z bardzie] agresywnego zarzadzania czynnikami ryzyka chordb sercowo-naczyniowych.
Nowe spojrzenie pokazata rowniez metaanaliza obejmujaca dane 17 635 osob, ktéra wykazata,
ze wyzsza wartos¢ aPWV jest zwigzana z wickszym ryzykiem choroby wiencowej, udaru
1 ogbélnych zdarzen sercowo-naczyniowych, nawet po uwzglednieniu tradycyjnych czynnikow
ryzyka. Szczegdlnie u mtodszych pacjentow aPWV lepiej prognozuje ryzyko, poprawiajac
klasyfikacj¢ pacjentow do grup ryzyka [21].

Warto$¢ rokownicza pomiaru aortalnej PWV zostata odnotowana w wytycznych European
Society of Cardiology (ESC) 1 European Society of Hypertension (ESH) juz w 2007r.; wowczas
uznano wynik PWV powyzej 12 m/s jako wyktadnik sztywnosci tetnic u pacjentow w srednim
wieku cierpigcych na nadci$nienie tetnicze [22]. W wytycznych ESC/ESH 2013 wartos¢
progowa PWV 10m/s (12 m/s dla bezposredniego pomiaru) dotaczono do listy wyktadnikow
subklinicznego uszkodzenia narzadow [23,24]. W rekomendacjach amerykanskich (American
Heart Association z 2015) podkreslono, iz sztywno$¢ aorty powinna by¢ okre§lona
nieinwazyjnie przez pomiar cf PWV (klasa I, poziom wiarygodnosci A). PWV mierzone
w innych segmentach naczyniowych (np. baPWV) jest uzyteczne w prognozach dotyczacych
incydentow sercowo-naczyniowych w populacjach azjatyckich, ale badania dlugoterminowe
w Stanach Zjednoczonych 1 Europie za pomocg tych metod byly niewystarczajace (I, B).
Pomiar sztywnos$ci te¢tnic znajduje uzasadnienie w dostarczaniu dodatkowych informacii,

poza standardowymi czynnikami ryzyka, w przewidywaniu przysztych zdarzeh sercowo-
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naczyniowych (Ila, A) [25]. W kolejnym dokumencie ESC/ESH z 2018 r. [26] podtrzymano
twierdzenia wskazujace zwigkszong sztywnos¢ tetnic jako patofizjologiczny wyznacznik
izolowanego nadcis$nienia skurczowego i zaleznego od wieku wzrostu ci$nienia tetna [27].
Ponadto jako zloty standard dla pomiaru sztywnos$ci tetnicy podtrzymano pomiar cfPWV
[26,28]. Najnowsze wytyczne ESC z 2024r wprowadzity proponowane wartosci zwickszonej
sztywnos$ci tetnic, ktore sygnalizujg zwigkszone ryzyko zdarzen sercowo-naczyniowych:

cfPWV powyzej 10 m/s oraz odpowiednio baPWV powyzej 14 m/s [29].

Jednym z gtownych niemodyfikowanych czynnikow ryzyka sercowo - naczyniowego
o uznanym wptywie na PWV jest wiek [30]. Tymczasem ocena zaleznosci pomig¢dzy kolejnym
czynnikiem niemodyfikowanym picia a PWV, jest wciaz dyskutowana w literaturze
w kontekscie czynnikdw anatomicznych, hormonalnych oraz zwigzanych z procesem starzenia
[31]. Istotng role w modulacji sztywnosci naczyn odgrywaja hormony pltciowe, szczegdlnie
estrogeny, ktore dziataja ochronnie na srédblonek naczyniowy i zmniejszajg sztywnos$¢ tetnic.
U kobiet w wieku rozrodczym, wysoki poziom estrogendw wiagze si¢ z nizszymi wartosciami
PWV w poréwnaniu do me¢zczyzn w tym samym wieku. Po menopauzie, spadek poziomu
estrogendw prowadzi do wzrostu sztywnos$ci naczyn, a warto§ci PWV u kobiet zaczynaja
zbliza¢ si¢ do wartos$ci obserwowanych u mezczyzn [32]. Dodatkowo nalezy zwrdci¢ uwage
na fakt, Zze sztywno$¢ tetnic 1 zwigzany z nig wzrost PWV wzrasta z wiekiem u obu plci.
Niemniej jednak, u kobiet proces ten jest opdzniony w poréwnaniu do mezczyzn, co wynika
z ochronnego wptywu estrogendéw przed menopauza. Po menopauzie jednak roznice te si¢
zacieraja. PWV u kobiet ro$nie szybciej, co moze by¢ powodowane obnizonym poziomem

ochronnych hormonéw ptciowych [33].

Sztywno$¢ tetnic poza zwigkszeniem ryzyka sercowo-naczyniowego moze miec
zwigzek z innymi chorobami cywilizacyjnymi, takimi jak osteoporoza [34]. Osteoporoza
to choroba, ktéra prowadzi do obnizenia gesto$ci mineralnej kosci (BMD — Bone Mineral
Density), co zwigksza ryzyko zlaman [35]. Badania sugeruja, Zze u pacjentdéw obserwowana
jest korelacja miedzy sztywnoscig tetnic a gestoscig mineralng kosci, co wskazuje na wspolne

mechanizmy patofizjologiczne miedzy tymi dwiema chorobami [36,37].

W ostatnich latach badano takze zalezno$¢ pomigdzy predkoscia fali tetna a choroba
koronawirusowa 2019 (Coronavirus Disease 2019 COVID-19). Wstepne dowody sugeruja,
ze zakazenie Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2),

wywotuyjacym COVID-19, moze mie¢ istotny wplyw na uklad sercowo-naczyniowy,
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w tym na sztywnos$¢ naczyn, co przektada si¢ na wzrost wartosci PWV [38]. Moze to wynikac
z tego, ze COVID-19 wigze si¢ z nasilonym stanem zapalnym i burzg cytokinowa, ktore
wptywaja na funkcje $rédblonka naczyniowego. Procesy zapalne prowadza do dysfunkcji
sroédblonka, co z kolei zwigksza sztywno$¢ naczyn [39]. W badaniach klinicznych wykazano,
ze pacjenci z COVID-19, zwlaszcza w cigzkim przebiegu choroby, maja podwyzszone wartosci
PWV w poréwnaniu do populacji zdrowej. Dodatkowo zakazenie SARS-CoV-2 moze
prowadzi¢ do dlugotrwatych zmian w uktadzie sercowo-naczyniowym, w tym do przewleklej
dysfunkcji §rodbtonka i utrzymywania si¢ podwyzszonej sztywnosci naczyn. U pacjentow,
ktorzy przeszli COVID-19, obserwuje si¢ wzrost PWV nawet wiele tygodni lub miesiecy
po zakonczeniu ostrej fazy infekcji, co sugeruje, ze wirus moze mie¢ dlugoterminowy wplyw
na stan naczyn krwionosnych [40,41,42,43,44]. COVID-19 jest zwigzany z podwyzszonym
ryzykiem powiktan sercowo-naczyniowych, takich jak zawal migénia sercowego, zapalenie
migénia sercowego oraz zakrzepica. Te schorzenia moga dodatkowo zwigksza¢ sztywnos¢
naczyn i przyczynia¢ si¢ do wzrostu PWV. Wynika to z uszkodzenia tkanek, zwigkszonego
stresu oksydacyjnego oraz zmian hemodynamicznych, ktére wptywaja na funkcjonowanie
tetnic [45]. Dodatkowym aspektem, poruszanym przez naukowcow jest fakt, ze u pacjentow
z cigzkim przebiegiem COVID-19 czgsto wystepuje hipoksemia oraz stres oksydacyjny, ktore

moga przyspieszac proces starzenia si¢ naczyn i prowadzi¢ do zwigkszenia ich sztywnosci [46].
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5. Zalozenia i cel pracy

Zwigkszona sztywnos$¢ tetnic, oceniana za pomoca predkosci fali tetna (Pulse Wave
Velocity - PWV), jest istotnym klinicznie problemem ze wzgledu na poczatkowo subkliniczny
przebieg, a nastepnie mozliwe powiktania (rozwdj nadci$nienia tetniczego, zaawansowanie
procesu miazdzycowego prowadzace do zawatlu mi¢$nia sercowego, udaru moézgu), ktore
stanowig pogorszenie stanu zdrowia, w konsekwencji czego moga prowadzi¢ do $mierci.
W ostatnich latach podkreslano wartos¢ prognostycznych markerow uszkodzen narzadowych
m.in. w celu oceny ryzyka sercowo-naczyniowego oraz prob zapobiegania szybkiej progres;ji

miazdzycy.

Celem pracy byla ocena przydatnosci pomiaru predkosci fali tetna do oceny czynnikow
ryzyka choréb sercowo naczyniowych oraz cywilizacyjnych.

Badania wlasne koncentrowaly si¢ na ocenie wartosci PWV jako wskazZnika
diagnostycznego w kontekscie przewidywania ryzyka sercowo-naczyniowego. Metaanalizy,
ktére stanowily integralng cze¢$¢ cyklu, mialy na celu kompleksowa oceng przydatnosci PWV
w konteks$cie rozpoznawania i monitorowania przebiegu chorob cywilizacyjnych.

Material prac oryginalnych stanowili pacjenci — seniorzy w Klinice 1 Poliklinice
Geriatrii Narodowego Instytutu Geriatrii, Reumatologii 1 Rehabilitacji (NIGRIR), jak rowniez
ochotnicy stanowiagcy grupe kontrolng. Analizie poddano badania przeprowadzone w latach
2018-2020. Na przeprowadzenie badan uzyskano zgod¢ Komisji Bioetycznej przy Narodowym
Instytucie Geriatrii, Reumatologii i Rehabilitacji (NIGRiR) w Warszawie (nr KBT 4/1/2017
z dnia 27.04.2017 r. oraz KBT 1/9/2019 z dnia 31.01.2019r.).

Cel pracy zrealizowano, analizujac wyniki pomiarow predkosci fali tetna, uzywajac dwoch
urzadzen — badajacych centralne jak réwniez regionalne PWV u senioréw oraz zdrowych
ochotnikéw. Wyniki przeprowadzonych badan wlasnych przedstawiono w dwodch
nastepujacych artykutach opublikowanych w recenzowanych czasopismach:

1. Validation of a new device for photoplethysmographic measurement of multi-site

arterial pulse wave velocity.

Tadeusz Sondej, Iwona Jannasz, Krzysztof Sieczkowski, Andrzej Dobrowolski,
Karolina Obiata, Tomasz Targowski, Robert Olszewski.

Biocybernetics and Biomedical Engineering. Volume 41, Issue 4,2021,

Pages 1664- 1684, ISSN 0208-5216, https://doi.org/10.1016/j.bbe.2021.11.001.
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2. Relationship between the Central and Regional Pulse Wave Velocity in the Assessment
of Arterial Stiffness Depending on Gender in the Geriatric Population.
Jannasz Iwona, Sondej Tadeusz, Targowski Tomasz, Manczak Malgorzata, Obiala
Karolina, Dobrowolski Andrzej Piotr, Olszewski Robert.
Sensors (Basel). 2023 Jun 22;23(13):5823. doi: 10.3390/s23135823. PMID: 37447671;
PMCID: PMC10347145.

Ponadto w szerszym odniesieniu do chorob cywilizacyjnych ocenie poddano wptyw
pandemicznego zakazenia SARS-CoV 2 na sztywnos$¢ naczyn, jak rowniez wptyw wartosci
predkosci fali tgtna w odniesieniu do zmniejszonej gestosci kosci prowadzacej do osteoporozy

w ponizszych metaanalizach:

3. The Impact of COVID-19 on Carotid-Femoral Pulse Wave Velocity: A Systematic
Review and Meta-Analysis.
Jannasz Iwona, Pruc Michal, Rahnama-Hezavah Mansur, Targowski Tomasz,
Olszewski Robert, Feduniw Stepan, Petryka Karolina, Szarpak fukasz. J Clin Med.
2023 Sep 4;12(17):5747. doi: 10.3390/jcm12175747. PMID: 37685813; PMCID:
PMC10488425.

4. Is the association between pulse wave velocity and bone mineral density the same
for men and women? - A systematic review and meta-analysis.
Jannasz Iwona, Brzezinski Jakub, Manczak Malgorzata, Sondej Tadeusz, Targowski
Tomasz, Rysz Jacek, Olszewski Robert.
Arch Gerontol Geriatr. 2024 Apr; 119:105309. doi: 10.1016/j.archger.2023.105309.
Epub 2023 Dec 11. PMID: 38171030.
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6. Materialy i metody

Pierwszy artykut zatytulowany "Validation of a New Device for Photoplethysmographic
Measurement of Multi-Site Arterial Pulse Wave Velocity" opisuje badanie majace na celu
walidacje nowego urzadzenia, ktore za pomocg czujnikow fotopletyzmograficznych (PPG)
mierzy predkos¢ fali tetna (PWV) w wielu miejscach na ciele czlowieka. Badanie
przeprowadzono na 108 osobach (56 m¢zczyznach i1 52 kobietach) w wieku od 20 do 91 lat.
Uzyto czujnikéw PPG, ktore sa powszechnie stosowane w klinicznej pulsoksymetrii. Czujniki
umieszczono w réznych punktach ciala: czoto, malzowiny uszne, palce dtoni 1 palce stop.
Miato to na celu zmierzenie PWV w wielu miejscach. Kazdy pomiar trwat 15 minut
i byt wykonywany w pozycji lezacej po 15 minutach odpoczynku. Czas przejécia fali tetna
(PTT — ang. Pulse Transit Time) mierzono poprzez obliczenie rdéznicy czasowej miedzy
sygnatami uzyskanymi z czujnikow PPG zlokalizowanych w powyzszych miejscach ciata.
Nastepnie PWV obliczano, dzielagc odleglo$¢ miedzy czujnikami przez zmierzony czas
przejscia fali tgtna. Wyniki uzyskane z nowego urzadzenia poréwnano z wynikami
pochodzacymi z urzadzenia SphygmoCor XCEL, ktore jest uznawane za zloty standard

w pomiarze PWYV, opierajacego si¢ na tonometrii aplanacyjnej.

Drugi artykut zatytulowany ,,Relationship between the Central and Regional Pulse
Wave Velocity in the Assessment of Arterial Stiffness Depending on Gender in the Geriatric
Population” szczegblowo bada temat sztywnosci tetnic w populacji geriatrycznej. Badanie
miato na celu oceng¢ wplywu plci na sztywnos¢ tetnic mierzonych zar6wno centralnie,
jak iregionalnie u osob starszych. W badaniu wykorzystano dwa rodzaje pomiarow PWV:
cfPWV oraz regionalng PWV (mierzong za pomocg urzadzenia MPPT). Pomiary
przeprowadzano po okresie odpoczynku, w kontrolowanych warunkach srodowiskowych,
aby zapewni¢ spOjno$¢ wynikoéw. Z badania zostaly wykluczone osoby z aktywng chorobag
nowotworowg, brakiem konczyn oraz zaawansowang demencja, ktéra uniemozliwilaby
o$wiadczenie $wiadomej zgody oraz wspotprace podczas badan. Pomiar cfPWV polegat
na jednoczesnym rejestrowaniu pulsu w tetnicy szyjnej (przy uzyciu tonometru) oraz w tetnicy
udowej (poprzez mankiet umieszczony na gornej czesci uda — tj. automatyczny pomiar zmian
cisnienia w mankiecie wywolany przeptywem krwi w tetnicy udowej). Na tej podstawie
wyznaczano czas przej$cia fali tetna pomiedzy tetnica szyjng a udowa. Obliczenia byly
wykonywane na podstawie zmierzonej odlegtosci miedzy miejscem pomiaru a wyznaczonymi

punktami anatomicznymi (np. wcigciem mostkowym) oraz czasu przejScia fali tetna.
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Wszystkie pomiary wykonywano z doktadnoscia do 0,5 cm. Do mierzenia regionalnej
predkosci fali tetna wykorzystano specjalnie zaprojektowany system pomiarowy MPPT,
ktory mierzy predkos¢ fali tgtna w roznych czeSciach ciata, korzystajac z czujnikdéw
fotopletyzmograficznych (PPG). Czujniki PPG byly umieszczane na czole, uszach, palcach
dloni 1 palcach stop, co umozliwiato ocene¢ regionalnej PWV. Dla pomiaru sygnatu PPG
wykorzystywano $wiatto podczerwone (IR — ang. infrared, dtugos¢ fali 905 nm). Obliczenia

PWYV wykonywano offline, za pomocg dedykowanego oprogramowania MATLAB.

Procedura pomiaru rozpoczynala si¢ odpoczynkiem badanego przed pomiarami przez 15 minut.
Nastepnie osoby badane byly zapoznawane z celem i procedurg badania oraz uzyskiwana
byta pisemna zgoda na udziat w badaniu. Dalej mierzono ci$nienie krwi na te¢tnicy ramiennej —
skurczowe cisnienie krwi (bSBP - brachial Systolic Blood Pressure) i rozkurczowe ci$nienie
krwi ( bDBP - brachial Diastolic Blood Pressure) oraz aortalnej — skurczowe (aSBP -aortic
Systolic Blood Pressure) i rozkurczowe (aDBP - aortic Diastolic Blood Pressure ) — za pomoca
SphygmoCor XCEL. Nastepnie pacjenci lezeli w pozycji horyzontalnej, podczas gdy glowne
pomiary za pomocg urzadzenia MPPT trwaty 15 minut. Pomiary cfPWV byty wykonywane
co 3 minuty, tymczasem gdy regionalne PWV byly mierzone w sposéb ciagly. Wszystkie
pomiary przeprowadzat ten sam operator, w godzinach ok. 10:00—-13:00, w oddzielnym pokoju,
w temperaturze ok. 22-24°C. Analiz¢ statystyczng przeprowadzono za pomoca
oprogramowania MATLAB, R oraz Statistica v.13. Wyniki uwazano za istotne statystycznie
przy p < 0,05. Testy obejmowaly: test Shapiro-Wilka (dla normalnosci rozkladu),
test t- Studenta (dla poréwnania zmiennych ciaglych o normalnym rozktadzie), test U Manna-
Whitneya (dla zmiennych o nienormalnym rozkladzie), oraz analiz¢ korelacji liniowe;j
Pearsona. Do analizy badan wlaczono 118 pacjentéw geriatrycznych (83 kobiety
135 mezczyzn), Srednia wieku wynosita 77,2 [ £ 8,1] lat. Obie grupy byly homogeniczne
pod wzgledem wystepowania chordb wspdtistniejacych, takich jak nadcis$nienie tgtnicze,

cukrzyca, zespot metaboliczny, niewydolnos¢ serca czy przewlekta obturacyjna choroba phuc.

Kolejny artykut pt. Impact of COVID-19 on carotid-femoral pulse wave velocity:
a systematic review and meta-analysis jest systematycznym przegladem i metaanalizg, ktorej
celem bylo zbadanie wptywu COVID-19 na sztywnos¢ tetnic poprzez pomiar predkosci fali
tetna migdzy tetnicg szyjng a udowa (cfPWV). Badanie przeprowadzono zgodnie z wytycznymi
PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses), co zapewnia
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rygorystyczne standardy dla systematycznych przegladow i metaanaliz. Protoko6t badania
zarejestrowano w mi¢dzynarodowej bazie danych PROSPERO (nr CRD42023434326).

Poszukiwanie literatury obejmowato okres od stycznia 2020r. do czerwca 2023r.
w nastepujacych bazach danych: PubMed, Web of Science, Embase i Cochrane Library.

Wyszukiwanie obejmowato kombinacje stow kluczowych, takich jak:

e '"Pulse wave velocity" OR "PWV" OR "arterial stiffness"

e AND "COVID-19" OR "SARS-CoV-2" OR '"severe acute respiratory syndrome

coronavirus-2".

Autorzy dodatkowo przegladali cytowania w znalezionych badaniach, aby zidentyfikowaé
dalsze odpowiednie prace. Wszystkie wyniki byly gromadzone w oprogramowaniu Endnote

(do zarzadzania cytowaniami), a zduplikowane wpisy zostaly usunigte.
Do analizy wiaczono badania, ktore spetniaty nastepujace kryteria:

e Porownywaty cfPWV u pacjentéw z aktywna lub przebyta infekcja COVID-19 z grupa

kontrolna.

e Publikacje musialy by¢ dostepne w jezyku angielskim. Wykluczono publikacje, ktore
nie zawieraly odpowiednich danych, nie miaty grupy kontrolnej, byly recenzjami,

raportami z konferencji, listami do redaktora lub artykutami redakcyjnymi.

Do oceny jako$ci metodologicznej badan wykorzystano skale Newcastle-Ottawa (Newcastle-
Ottawa Scale - NOS), ktéra przydziela punkty na podstawie kryteriow dotyczacych:
(A) selekcji (4 punkty); (B) porownywalnosci (2 punkty); (C) ekspozycji (3 punkty). Badania,
ktore uzyskaty wynik >7 punktoéw, uznano za wysokiej jakosci. Do analiz statystycznych
wykorzystano oprogramowanie Review Manager (wersja 5.4) oraz Stata (wersja 14).
Stosowano wspotczynniki réznicy $rednich (MD) dla danych cigglych i wspotczynniki szans
(OR) dla danych dychotomicznych, z przedzialami ufnosci na poziomie 95%. Istotno$¢
ustalono na poziomie p < 0,05. Sposrod 837 poczatkowo zidentyfikowanych artykutow,
po wykluczeniu duplikatow oraz prac, ktére nie spetniaty kryteriow wiaczenia, ostatecznie
do metaanalizy wybrano 9 badan. Badania te obejmowaty tacznie 536 pacjentoéw. Sredni wiek

pacjentow z COVID-19 wynosit 50,8 [+ 15,1] lat, a w grupach kontrolnych 51,3 [£15,0] lat.
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Badania przeprowadzono w réznych krajach: USA (3 badania); Grecji (2 badania); Brazylii,

Austrii, Rumunii oraz Holandii (po jednym badaniu).

Czwarty artykul wykorzystany do przygotowania niniejszej rozprawy doktorskiej
pt. Is the association between pulse wave velocity and bone mineral density the same for men
and women? - A systematic review and meta-analysis bada, czy zwigzek miedzy predkoscig fali
tetna ramienno-kostkowego (baPWV) jako wskaznika sztywnosci tetnic, a gestoscig mineralng
kosci (BMD) - jako wskaznika wytrzymatos$ci kosci, r6zni si¢ w zaleznos$ci od plci. Badanie
oparte jest na przegladzie systematycznym i metaanalizie dostgpnych badan, majac na celu
zbadanie specyficznych rdznic ptciowych. Przeprowadzono przeglad badan opublikowanych
do 30 kwietnia 2023 r., korzystajac z baz danych PubMed, Web of Science, Scopus i Cochrane.
Wyszukiwania obejmowaly frazy takie jak bone mineral density [Title/Abstract]) AND (arterial
stiffness [Title/Abstract]); (bone mineral density [Title/ Abstract]) AND (pulse wave velocity
[Title/Abstract]); (bone mineral density [Title/Abstract]) AND (brachial ankle pulse wave
velocity [Title/Abstract]). Aby badanie zostalo wilaczone do publikacji, musiato mierzy¢
wspotczynnik korelacji migdzy gestoscia mineralng kosci (BMD) a predkoscig fali tetna
ramienno-kostkowego (baPWV). W celu ujednolicenia proby, do analizy wiaczono jedynie
badania, ktére mierzyly BMD w odcinku ledzwiowym kregostupa, wykluczajac te, ktore
mierzyly BMD w innych miejscach.

Do analizy wtaczono tacznie sze$¢ badan, ktore dostarczyty danych dla populacji obejmujace;j
3800 osob (2054 kobiety 1 1746 mezczyzn). Gestos¢ mineralna kosci byta mierzona przy uzyciu
densytometrii rentgenowskiej z podwojng energia (DXA) w odcinku ledzwiowym kregostupa.
Natomiast predkos¢ fali tetna (baPWV) mierzono za pomoca nieinwazyjnych metod,

polegajacych na analizie fal t¢tna w tetnicach ramiennych 1 kostkowych.

W celu oszacowania wspotczynnikéw korelacji migdzy baPWV a BMD zastosowano model
efektow losowych. Oddzielne analizy przeprowadzono dla me¢zczyzn i kobiet, a do oceny
heterogenicznosci badan wykorzystano test Cochran Q oraz indeks niezgodnosci I2. Jako$é
wlaczonych badan oceniono, jak w artykule trzecim, przy pomocy skali oceny jakosci NOS.
Wigkszos¢ badan uzyskata wysokie oceny, z wyjatkiem jednego, ktore wykazalo pewne

ograniczenia metodologiczne.
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7. Wyniki

Wyniki badan ptynace z artykutu "Validation of a New Device for Photoplethysmographic
Measurement of Multi-Site Arterial Pulse Wave Velocity” wskazuja, ze wartosci PWV
uzyskane z nowego urzadzenia wykazaty silng korelacje z cfPWV mierzonym za pomoca
SphygmoCor XCEL. Wartosci wspotczynnika korelacji (r) wahaty si¢ od 0,66 do 0,79
w zaleznosci od lokalizacji czujnikdéw. Najlepsze wyniki uzyskano, gdy czujnik PPG znajdowat
si¢ na gtowie (czole lub uchu), a drugi czujnik na palcu stopy. Korelacja dla konfiguracji czoto-
prawy palec stopy wyniosta r = 0,75, a dla prawe ucho-prawy palec stopy r = 0,79. Srednia
réznica migdzy PWV mierzonym przez nowe urzadzenie a cfPWV wynosita od 0,11
do 0,95m/s, co miesci si¢ w granicach akceptowalnego poziomu doktadnosci zgodnie
z wytycznymi Artery Society [93] (md < 1,0 m/s, SD < 1,5 m/s). Standardowe odchylenie (SD)
dla wiekszos$ci konfiguracji wynosilo mniej niz 1 m/s, a najnizsze wartosci uzyskano
dla konfiguracji ucho-palec stopy (SD = 0,91 do 0,96 m/s). Najwyzsza zgodno$¢ z cfPWV
uzyskano dla konfiguracji, w ktorej czujnik PPG umieszczony byt na prawym uchu i prawym
palcu stopy ($rednia réznica 0,11 m/s, SD = 0,96). Konfiguracje, w ktorych czujnik znajdowat
si¢ na palcach dtoni i stop, miaty nizsze wartosci korelacji i wigksze odchylenia standardowe,

co sugeruje mniejsza doktadno$¢ w poréwnaniu z konfiguracjami gtowa-stopa.

W drugim artykule zatytulowanym ,,Relationship between the Central and Regional
Pulse Wave Velocity in the Assessment of Arterial Stiffness Depending on Gender in the
Geriatric Population” oceniono zwigzek pomiedzy centralng a regionalnymi wartosciami
PWYV u pacjentdéw geriatrycznych holistycznie, jak rowniez uwzgledniajac rdéznice w podziale
na pte¢. Wérod badanych pacjentdow w podziale uwzgledniajacym pteé, osoby z obu grup
nie r6znily si¢ statystycznie pod wzgledem wartosci wieku; wyniku badan krwi, takich
jak: stezenie LDL (Low-Density Lipoprotein), trojglicerydow, glukozy. W porownaniu
z kobietami mezczyzni wykazywali istotnie nizsze stezenie HDL (High-Density Lipoprotein)
(p < 0,001); wyzsze stezenie kwasu moczowego (p < 0,001) i NTproBNP (p = 0,047).
Mgzczyzni charakteryzowali si¢ statystycznie istotnie wyzszymi warto$ciami cfPWV
niz kobiety (mediana cfPWV 10,52 m/s vs. 9,36 m/s, odpowiednio; p = 0,001). Najwyzsze
korelacje z PWV w calej grupie stwierdzono dla skurczowego cisnienia tgtniczego, zardGwno
obwodowego mierzonego na t¢tnicy ramiennej bSBP (r = 0,443), jak i skurczowego ci$nienia
centralnego szacowanego pomiaru aorty aSBP (r = 0,411). Ponadto wszystkie parametry
cisnienia (bDBP, bMAP, aDBP, aPP 1 aMAP) wykazaly istotny zwigzek z PWV.

Najistotniejszymi parametrami w catej grupie byly dwa czynniki modyfikowalne: ci$nienie
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skurczowe (B 0,398; p <0,001) i podwyzszone st¢zenie kwasu moczowego ( 0,172; p=0,034)
oraz dwa niemodyfikowalne: pte¢ meska (B 0,251; p = 0,003) 1 wiek (B 0,250; p = 0,003).
W analizie regresji wieloczynnikowej w grupie kobiet, oprocz wartosci skurczowego ci$nienia
tetniczego (B 0,355; p < 0,001), wieku (B 0,276; p = 0,006) i1 stezenia kwasu moczowego
(B 0,240; p = 0,010), wartos¢ NTproBNP (3 0,208; p = 0,034) miata rowniez istotny wplyw na
cfPWV. Natomiast w analizie wieloczynnikowej dotyczacej grupy mezczyzn istotna byta tylko
warto$¢ skurczowego ci$nienia tetniczego (f 0,394; p = 0,010). W pomiarach regionalnych
PWYV nie stwierdzono istotnych réznic plciowych. Ponadto me¢zczyzni wykazywali wyzsze

wartosci cfPWV niz regionalnego PWV.

Kolejny artykut: Impact of COVID-19 on carotid-femoral pulse wave velocity:
a systematic review and meta-analysis przedstawia zwickszenie sztywno$ci tetnic u pacjentow
z COVID-19 w poréwnaniu do grupy kontrolnej. Przeprowadzona analiza wykazata, ze §rednia
warto$§¢ cfPWV u pacjentow z COVID-19 wynosita 9,5 [+ 3,7] m/s, natomiast w grupach
kontrolnych 8,2 [+ 2,2] m/s. Wartos$¢ $redniej r6znicy (MD) wyniosta 1,32 m/s (95% CI: 0,38
- 2,26; p = 0,000), co oznacza istotny statystycznie wzrost sztywnos$ci tgtnic u pacjentow,
ktérzy przeszli zakazenie COVID-19. Chociaz ogdlna analiza wykazata istotny wzrost cfPWV
u pacjentéw z COVID-19, jedno badanie (Van der Sluijs 1 in.) nie wykazato takiej zalezno$ci,
a inne (Skow 1 in.) odnotowato pozytywna, lecz nieistotng korelacj¢. Pomimo tych wyjatkow,
pozostale badania jednoznacznie wskazuja na korelacj¢ miedzy infekcja COVID-19

a zwigkszeniem sztywnosci tetnic.

Czwarty artykul wykorzystany do przygotowania pracy pt. Is the association between
pulse wave velocity and bone mineral density the same for men and women? - A systematic
review and meta-analysis wskazuje na obecng u kobiet umiarkowana, statystycznie istotng
negatywng korelacje migdzy predkoscig fali tetna a gestoscig mineralng kosci, z ogdlnym
wspotczynnikiem korelacji wynoszacym -0,24 (przedziat ufnosci 95%: -0,34 do -0,15),
co oznacza, ze wraz ze wzrostem sztywnoS$ci te¢tnic (wyrazonej przez baPWV) dochodzi
do obnizenia gestosci mineralnej kosci. Natomiast u mezczyzn zwigzek ten byt znacznie
stabszy. Polaczony wspotczynnik korelacji wynosit -0,12 (przedziatl ufnosci 95%: -0,18 do
- 0,06), co oznacza bardzo slabg negatywna korelacje, ktora w niektorych przypadkach moze
by¢ interpretowana jako brak korelacji. Wyniki sugeruja, ze wplyw sztywno$ci tetnic na gegstose
mineralng kosci u mezczyzn jest znikomy w poréwnaniu do kobiet. Wspotczynnik

heterogeniczno$ci w grupie kobiet byl umiarkowany (I = 43%), co wskazuje na pewne roznice
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w wynikach poszczegolnych badan, cho¢ nie na tyle znaczace, aby podwazaty ogdlny wynik.
W przypadku mezczyzn heterogenicznos¢ byta niska (I*> = 0%), co sugeruje, ze wyniki

w tej grupie byty bardziej jednorodne.
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8. Podsumowanie i wnioski

Przeglad wynikéw badan dotyczacych przydatnosci pomiaru predkosci fali tetna do oceny

czynnikow ryzyka chorob sercowo naczyniowych oraz cywilizacyjnych wykazat, ze:

e W ocenie pomiaru za pomocag urzagdzenia MPPT najlepsze rezultaty uzyskano
przy pomiarach z czujnikéw umieszczonych na glowie i1 stopach, jako wspolnego
pomiaru centralnej i regionalnej PWV. Wynik ten potwierdza potencjat tej technologii
jako bardziej dostepnej i tanszej alternatywy dla konwencjonalnych pomiaréw cfPWV
i wskazuje na potrzebe dalszych badan nad dostepnymi dla szerokiej populacji

urzadzeniami do pomiaru sztywnosci tetnic.

e U mezczyzn stwierdzono wyzsza cfPWV, co sugeruje zwigkszong sztywno$¢ tetnic
centralnych, natomiast w mniejszych tetnicach - zbudowanych gltownie z tkanki
mig$niowej nie zaobserwowano istotnych réznic ptciowych. Przyczyna tej zalezno$ci
jest nadal niejasna oraz wskazuje na potrzebe dalszych badan. Obecnie nie mozna
jej jednoznacznie wyjasni¢ rozkltadem klasycznych czynnikow ryzyka sercowo-
naczyniowego miedzy plciami. Ponadto, bioragc pod uwage mniej wyraznie
zroznicowane regionalne wartosci PWV uzyskane przez MPPT, nalezy zalozyc¢,
ze glownym czynnikiem wplywajacym na sztywnos¢ tych tetnic sg komponenta
elastycznych wielkich tetnic centralnych. Istota zwigkszonej sztywnosci tetnic,
atym samym wszystkich konsekwencji klinicznych zwigzanych ze starzeniem
si¢ populacji, jest miazdzyca i zwapnienie, dotyczace gtownie aorty, a w znacznie
mniejszym stopniu obwodowych tetnic migsniowych. Wnioski ptynace z tego badania
moga réwniez wskazywa¢ na konieczno$¢ personalizacji podejmowanych dziatan

prewencyjnych i leczniczych w zaleznos$ci od plci pacjenta.

e W grupie osob ktorzy przebyli COVID-19 wystepuje zwiekszona sztywno$¢ tetnic.
Srednia cfPWV byla istotnie wyzsza u oséb po infekcji w poréwnaniu do grup
kontrolnych, co sugeruje negatywny wpltyw COVID-19 na uktad naczyniowy.
Wobec czego istotna jest szczegoOlnie wnikliwa dalsza ocena stanu zdrowia.
w tym czynnikdéw ryzyka rozwoju, lub zaawansowania juz obecnych, choroéb sercowo

naczyniowych w tej grupie oséb.

o Wystepuje negatywna korelacja migdzy PWV a BMD u kobiet, co sugeruje zwigzek

miedzy sztywnos$cig tetnic a ryzykiem rozwoju osteoporozy. Zwiazek ten byl znacznie
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stabszy u mezczyzn. Powyzsze dane moga sugerowaé, aby szczegélnie u kobiet
z zwigkszong sztywno$cig tetnic wczesniej rozwazy¢ profesjonalng diagnostyke

w kierunku osteoporozy, jak rowniez jej zapobiegania.

Podsumowujac pomiar predkosci fali tetna uznano za przydatny do oceny czynnikow

ryzyka chorob sercowo naczyniowych oraz cywilizacyjnych.

Nowe technologie, takie jak czujniki PPG, moga utatwi¢ jego pomiar. Wiek, pte¢ oraz stan
zdrowia, w tym przebycie COVID-19, maja istotny wplyw na PWV, co ma kluczowe znaczenie

dla profilaktyki i leczenia chordb uktadu krazenia.
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ABSTRACT

Pulse wave velocity (PWV) is c 1ly used for g arterial stiffness and it is a use
ful and accurate cardiovascular mortality predictor, Currently, many technigues and
devices for PWV measurement are known, but they are usually expensive and require oper
ator experience. One possibl lution for PWV ement is photoplethy graphy
(PPG), which is cor , mexpensive and provides conti PWV results. The aim
of this paper is validation of a new device for PPC sensor-based measurement of multi-
site arterial PWV using a SphygmoCar XCEL (a5 the reference device) according to the rec-
ommendations of the Antery Society Guidelines (ASG). In this study, 108 subjects (56 men
and 52 women, 20-91 years in 3 required age groups) were enroiled. The multi-site PWV
was simultanecus measured by 7 PPG sensors commonly used in pulse oximetry in clinical
settings, These sensors were placed on the forehead, and right and left earlobes, fingers
and toes. Pulse transit time (PTT) was measured offline as the difference of time delay
between two onsets of the pulse wave determined by the intersecting tangent method
The PWV was calculated by dividing the distance between PPG sensors by PTT. During
FPG signals t, refs e carotid to fi | PWV {cfPWV) was performed with
» SphygmoCor XCEL system, The Pearson cormrelation coefficient (r) between the obtained
PWV results was calculoted. The Bland-Altman method was used to establish the level of
agreement between the two devices. Mean difference (md) and standard deviation (SD)
were also calculated. The mult-site PWV was highly correlated with accuracy st the
ASG-defined level of "Acceptable” (md < L0 m/s and SD < 1.5 mvs) with cfPWV. forehead -
rght toe (r=075, md =020, SD=0.97), forehead - Jeft toe (r=0.79, md =018, SD =0.91),
right ear - nght toe (r=079 md=011, SD=096), left ear - left toe (r=075, md =043,
SD=0,99), right ear - left toe (r=0.78, md =040, SD=093), left ear - right toe {r =078,
md =0.11, SD =0.96), right finger - right toe (r =0.66, md = 0.95, SD =1.29), left finger - left
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toe {r=067, md = 068, SD = 1.35). This study showed that PWV measured with the multi-
site PPG system, in relation to the obtained numerical values, correlated very well with that
measured using the commonly known spplanation tonometry method. However, it should
be noted, that the measured PWV concerns the central and muscular part of the anterial
tree while the cfPWV is only for the central one. The best results were obtained when
the proximal PPG sensor was placed on the head (ear or forebead) and the distal PPG sensor
on the toe PPG sensors can be placed in many sites ut the same time, which provides
greater freedom of their configuration. Multi-site photoplethysmography is an alternative
method for PWV measurement and creates new possibilities for the diagnostics of cardio-

vascular discases.

© 2021 Nalecz Institute of Biocybernetics and Biomedical Engineering of the Polish Academy

1. Introduction

Cardiovascular disease (CVD) is the leading cause of morbid-
ity and mortality globally [1,2). Classic risk factors for CVD
development are divided into non-modifisble cnes ie. age
and family history of heart diseases, as well as modifiable risk
factors, such as hypertension, hyperlipidemia, smoking, dia-
betes and obesity |3]. Arterial stiffness [4] has been shown
to have an independent predictive value for cardiovascular
events in people with hypertension, diabetes |5|, and end-
stage renal disease (6], in the elderly [7,8], and in the general
population. In addition, there are discussions as to whether
increased arterial stiffness is the result or perhaps the cause
of hypertension. While the “secondary” increase in large
artery stiffness is attributable to an increase in mean pressure
that occurs in hypertension, evidence now exists that the
“primary” increase in large artery stiffness that accompanies
aging gives rise to an increase in large vessel stiffness that
proceeds an elevation of arterial pressure [3]. Aortic stiffness
is an independent predictor of fatal stroke in patients with
essential hypertension (3], A review of PVW as a measure of
arterial stiffness in patients with familial hypercholes-
terolemia was presented in [10].

Pulse wave velocity (FWV) measurement is an established
method of assessing arterial stiffness and it is a useful and
accurate cardiovascular mortality predictor [11]. The prognos-
tic value of the aortic PWV measurement was also reflected in
the guidelines of the European Society of Cardiology and the
Euwropean Society of Hypertension [12]. PWV measurement
may refer to both the aorta and the peripheral segments of
the arteries [13], The carotid to femoral PWV (cfPWV) is
indicative of the stiffness in the central-elastic artery, while
the carotid to radial PWV (crPWV) can provide information
about the peripheral-muscular arteries [14] In a review |15],
authors provide an overview of the numerous methods and
underlying technologies within devices that claim to measure
arterial stiffness in humans and demonstrate advantages and
disadvantages of methods aiming to measure aortic PWV and
local arterial stiffness. Despite devices dedicated to PWV
measurement (for example, SphygmoCor, Complior, Arte-
giograph [16,17]), the possibilities of assessing arterial stiff-
ness are analyzed by tools commonly used in radiology -
such as magnetic resonance |18|, ultrasound |19} or a promis-
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ing technique used in cardiological ultrasonography - two-
dimensional speckle tracing [20]. Assessment of arterial com-
pliance may be done by fusion of oscillometry and PWV infor-
mation also [21], Besides to the PWV measurement, attention
should be paid to the additional information from Pulse Wave
Analysis (PWA), which parameters allow estimation of cardiac
output based on continuous analysis of the arterial blood
pressure waveform tested according to many algorithms [22].

The study of PWV and factars influencing FWV is still an
important and current topic. The impact of heart rate (HR)
on ofPWV was investigated in [23] under a simulated case. It
has been shown that relatively small HR changes may only
slightly affect ofPWV. In turn, it was shown in [24.25] that
the brachial to ankle PWV (baPWV) could be a useful screen-
ing tool for the early detection of adverse cardiac features
among untreated hypertensive patients. In [26] it was shown
that both an orthestatic blood pressure drop and rise were
associated with elevated PWV. The usefulness of baPWV in
the detection of diabetic changes was investigated in (27]
and indicated that baPWV may be a convenient, noninvasive,
and reproducible method for detecting early diabetic
nephropathy. In (28] was shown that baPWV is associated
with plasma fibulin-1 level in patients with asymptomatic
hyperuricemia. A positive association between baPWV and
white blood cells counts in patients with hypertension was
revealed in study [29). In addition to the classic cfPWV mea-
surement and the more peripheral baPWV [24], studies of
other Indicators of arterial stiffness are being undertaken,
such as the measurement of heart-femoral PWV (hffWV)
|30] or completely new nssessment methods that correlate
with PWV, such ns neutrophil-to-lymphocyte ratio (NLR)
{31]. Research is growing in the field of PWV's algorithms as
well. In {32] vanous methods of coronary PWV determination
in anesthetized pigs were examined. The tangent intersection
method applied to the backward waves and template match-
ing method has been shown to be the most appropriate for
clinical studies. Machine learning (ML) algorithms used to
measure the PTT and PWV by analyzing FPG signal waves
acquired by a digital camera recording two regions were pre-
sented in [33]. In [34] was presented an approach using ML
pipelines to estmate the cfPWV from the peripheral pulse
wave measured at a single site (e.g. the radial pressure wave).
Once more, a solution where cfPWV is combined with aPWV
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and ML for estimating aortic characteristic impedance and
arterial compliance is presented in [35| All these above-
maentioned studies indicate the need for further work in the
field of PWV.

PWV can be measured by several techniques: invasive
methods, applanation tonometry, cuff-based oscillometry,
magnetic resonance imaging photoplethysmography, using
piezoelectric mechanotransducers and ultrasound tech-
niques. An overview of the above-mentioned techniques has
been described in previous works [36-39], The invasive tech-
nique is the most accurate, is considered as the gold standard
but its use is very limited, usually only during an angiography
procedure. The most commeonly used and developed methods
are non-invasive, Several commercial devices using non-
invasive techniques are available and largely used worldwide:
SphygmoCor CYMS-PWV, SphygmoCor XCEL, PulsePen, Com-
plior, Arteriograph, Vicorder. Also, there are known non-
commercial solutions as custom or individual designs. An
approach based on two muliplexed fiber-optic Fabry-Perot
interferometric sensors was presented in (40, based on &
prezoelectric sensor array in [41], magnetic transducers in
[42,43], MEMS-based sensors (pressure and accelerometer) in
[44-46]. A combined phonocardiographic (PCG), impedance
cardiographic (ICG), electrocardiographic (ECG) and PPG
approach was presented in [47]. A method based on ECG
and two blood pressure measuring cuffs was presented in
[48]. An aortic PWV measurement may be also realized by
inductive plethsymography [49]. For easy-to-use PWV mea-
surement miniaturized handheld laser Doppler vibrometer
arrays in silicon photonics platform was presented in [50).

Photoplethysmography technique is extensively used in
pulse oximetry and for determining other cardiovascular
parameters [51,52). A PPG sensors are usually placed in one
site or in multi-site simultaneously (53 54]. Photoplethysmog-
mphy can be used for PWV assessment as a non-invasive,
Iinexpensive and easy-use technique also. For PWV measure-
ment it requires two sensors, placed in different sites and
containing a light source (usually a LED diode) and a photode-
tector {usually a photodiode). Examples of use of PPG sensors
for PWV measurement are known in the literature, In {55 was
presented a device called pOpmétre containing a PPG sensor
positioned on the finger and the toe PWV was calculated
using pulse transit time (PTT) between the toe and the finger.
The distance covered by the pulse was estimated using sub-
ject height. A similar solution was used in [56] but the dis-
tance was the difference between the distance measured
from the stemal notch to the toe and from the sternal notch
to the finger. In |57] a custom probe wias presented containing
two PPG sensors placed at constant distance of 23 mm. The
probe was tested on the carotid artery. For PWV assessment
& local PTT was used (ie. between two PPG sensors on the
probe). Alow cost measurement system for local PWV assess-
ment was presented in |58]. It consist two PPG sensors placed
at radial artery (at wrist). In [59] was presented an approach
using two synchronized, wireless reflectance PPG sensors
placed on the wrist and finger of the same hand at a constant
distance of 224 mm. A local PWV can be also assessed with
the multi-photodiode array technique |60), There are also
examples of calculating the PWV based on the time delay
between the peak of the ECG R wave and the foot of the PPG
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pulse wave [61-63]. In |64] was presented a concept of a new
method to approximate central PWV based on pulse arrival
time (PAT) segmentation into cardiac isovolumic contraction
and vascular PTT. PAT refers to the interval between the ECG
R-peak and the systolic foot identified in a peripheral pres-
sure waveform, typically acquired by a PPG sensor, The paper
133] describes the development and evaluation of a new con-
tactiess cardiovascular monitor, which can measure PTT and
PWV by analyzing the PPG signal obtained by an RGB camera's
green channel.

In this article we present a measure method and obtained
results of simultaneous and continuous PWV measurement
using seven PPG sensors placed on many sites of the body.
According to the authors' knowledge, this is the first paper
presenting the validation of a synchronous and multi-site
PWV measurement using PPG signals. This article is continu-
ation of our preliminary work presented in [65].

2 Materials and methods
21, Multi-site measurement system

For multi-site arterial pulse wave velocity measurements, we
used a custom made system called MPPT. The MPPT is a pre-
cise, multi-site system for the simultaneous, real-time, syn-
chronous measurement of photoplethysmographic and
electrocardiographic signals as well as simultaneous NiBP
{nan-invasive blood pressure) pressure assessment. This sys-
tem was described in detall in [66]. It was validated with the
Fluke ProSim 8 patient simulator. For multi-site PWV mea-
surement, we used 7 PPG sensors as shown in the MPPT con-
figuration diagram (Fig 1). Also localization of the
SphygmoCor XCEL sensors (tonometer and cuff on right body
site) is shown in Fig 1

A significant problem in simultaneous measurement of
many signals is data synchronization, As described in detail
in [66], all PPG channels use the same AFE (analog-front-
end) ie AFE4490 by Texas Instruments. The clock input of
all these AFEs was connected to the common central clock
of the microprocessor system. Therefore, the PPG data syn-
chronization error is less than one sampling period. The cir-
cults of the AFE applied include a LED driver, a
trangimpedance amplifier for a photodiode and a high-
resolution 22-bit analog-digital converter. No filters (analog
or digital) in the MPPT device were used.

The PPG sensors, manufactured by Unimed, were used ie,
transmission clamps on fingers, toes (type U410-01) and ear-
lobes (type U910-01) and a reflectance sensor on the forehead
(type UB03-01V). Each of these sensors has one RED diode
(wavelength 660 nm) and one IR diode (wavelength 305 nm),
According the recommendations for validation of new
devices, presented in [67], the MPPFT sampling frequency has
been increased to 1 kHz. The MPPT device was connected to
a camputey via a galvanic separation USB interface. Dedicated
computer software was responsible for control, online data
transfer and visualization of raw (unprocessed) signals as well
as data archiving. Signal processing and calculation of PWV
was performed after completed measurements (offline
mode).
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Fig. 1 - Block diagram of MPPT system configured for multi-site PWV measurement (with SphygmoCor XCEL sensors).

2.2, Reference devices

The reference PWV measurement (marked as cfFWV) was
performed with a SphygmoCor (XCEL version) device by
ATCOR. The SphygmoCor has been validated as per the
ARTERY PWV validation guidelines |67-69| and it is most
widely used and considered as the noninvasive gold standard
technique. The SphygmoCor XCEL device simultaneously
acquires a carotid pulse through applanation tonometry and
femoral pulse by volumetric displacement within a cuff
arcund the upper thigh [70]. Then, the device calculates the
pulse transit time (cfPTT) between the feet of the carotid
and fernoral pulse. The path length (distance) to determine
cfPWV was obtained with the subtraction method. The single
measurement recording time was 10s. For each subject (per-
son) we performed usually three or more cfPWV measure-
ments with an interval of approximately 3 min. We reported
the cfPWV as the median of the measurements

2.3, Study population

The study population meets the required criteria specified in
|67]. Characteristics of the study group are shown in Table 1

2.4.  Path length measurement

Due to the short pulse transit time in the vessels, the correct
determination of the path length is of great importance for
the PWV measurement result. The basic rule is to determine
the length of the bloed flow path between two measurement
sites. The direction of the blood flow should also be taken into
account. Various methods of determining the path length are
known and it is descoibed in detail in the (7172, As recom-
mended in [67], in our validation work we used the subtrac-
tion method. For path length determination we defined
some distances as shown in Fig 2,

In the reference measurement (cfPWV) with the use of
SphygmoCor XCEL, the path length (ds) was calculated
according to operator’s manual (Reviston 4.0):

dic=dy - dy - dy (1)

where:

d, -~ distance from the carotid artery measurement site (on
the neck) to the sternal notch,

d, - distance from sternal notch to the top edge of the
femoral cuff,

d, - distance from femoral artery to the top edge of the
femoral cuff.

Variable Mean (SD) [Min-Max] or number
Number of subject 108

Sex, male/female 56/52

Age, years old 48 (21) [20-51]

<30 years group n

30-60 years group 42

>60 years group s

Height, cm 171 (12) [146-196]

Weight, 72.6 (12.0) [46-100)

Body Mass Index - BMI, kg/m? 24.8 (2.5) [18.4-30.0)
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Fig. 2 - The distances used to calculate the PWV in the SphygmoCor XCEL (d,, d;, d,) and the MPPT system (d,, ds, ds, ds).

All the distances were obtained directly with a tape mea-
sure with a reading accuracy of £0.5 cm.

Multi-site PWV calculation required several other distance
measurements. As for the SphygmoCor XCEL device, the
starting point was the sternal notch. Moreover, we assumed
that the distance between the sternal notch and the left or
right measurement point is the same. The distances were
measured with a tape, in a straight line {ear - d, forehead -
d;) or a broken line {finger - d,, toe - d.):

d, - distance from the sternal notch to the center of the
PPG sensor placed on the right finger, obtained as sum of
the three lines (as shown in Fig 2),

d; - distance from the sternal notch to the center of the
PPG sensor placed on the right toe, obtained as sum of
the two lines (as shown in Fig 2),

d; - straight line distance from the sternal notch to the
center of the PPG sensor placed on the right ear,

dy - straight line distance from the sternal notch to the
center of the PPG sensor placed on the center of the
forehead.

The path length for PWV measurements in MPPT were
defined as:

dyer - path length for MPPT forehead-toe PWV (htPWV),
dey - path length for MPPT ear-toe PWV (etPWV),
dyy - path length for MPPT finger-toe PWV (ftPWV),

dg = di~19xd; (2
der =dy - de (3)
diy =ds - dy 4

The real length of the blood vessels between the steral
notch and the sensor in the forehead is much bigger than
the direct d, measurement. The d, shows the shortest path
between the measurement points in a straight line, while
the arteries, due to their flexibility and the location between
other tissues of the body (muscles, tendons, bones), do not
run in straight lines, but have a physiological tortuous loca-
tien among other structures of the body and ure therefore
naturally longer. Therefore, for the calculation of d,;, we pro-
posed a length correction to 1.9 » d,. This correction coeffi-
cient was selected experimentally on the basis of the
obtained results. Path length results for our study group are
shown in Tuble 2.
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f the path length

Parameter Mean (SD) [Min-Max|
dy, cm 50.1(3.7) [420-62.0)
{dsc/height) « 100, % 29.4 (2.1) [25.3-36.4]
dyn cm 112.9 (89) [932-132.3}
(dyrr/height) » 100, % 66.1(2.2) [59.2-71.6]
der, cm 137.5 (9.9) [118.0-158.0|
(dev/height) = 100, % 80.5 (1.7) [76.8-86.8
dey, cm 65.6 (53 [52.0-81.0
{dix/height) x 100, % 384 (15) [34.4-42.0]

The shortest path lengths are for dyc ([42.0-62.0) em). It
should be noted that the shorter the path, the greater the
impact of accuracy of the distance on the PWV resuit. There-
fore, all distance measurements were made with great care.

25.  The validation protocol

108 volunteers were qualified for the validation studies. They
had been informed of the purpose and procedure of the study
befare the measurements, The study protecol conforms to the
ethical guidelines of the 1975 Declaration of Helsinki and has
been approved by the Bicethics Committee at the National
Institute of Genatrics, Rheumatology and Rehabilitation in
Warsaw (Doc number: KB 4/1/2017 and KB 1/9/2019). Before
inclusion in the study, all the participants were made to pro-
vide a written informed consent.

The tests were carried out during the day, in a separate
and quiet room, at about 22-24 “C, Measurements were made
in the supine position after about 15 min of supine rest on a
medical settee (height 75 cm). It should be stressed that the
reference measurements with the SphygmoCor XCEL (cfPWV)
device were performed simultaneously with the measure-
ments with the MPPT device, as shown in Fig. 3,
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All measurements were performed by the same operator.
The MPPT device measured the signals continuously for
15 min. The recording duration was adopted so that several
cfPWV measurements could be performed. The FPG sensors
were in the fixed sites. The number of cfPWV reference mea-
surements depended on the quality of the signal obtained
from the carotid artery (signal quality was shown by the
SphygmoCor XCEL software). In some cases, it was difficult
to get the required carotid signal quality. For one person,
the cfPWV measurement was not correctly performed. This
person was not included in the results of this study.

2.6.  Signal processing

Signal processing only concern to the MPPT measurement sys-
tem As previously mentioned, signal processing and PWV cal-
culation were performed offline, in MATLAB envirorment
(version R2019a), after all 15-minute recordings had been com-
pleted. The primary goal of the signal processing algorithms
was to indicate the onset of the pulse wave (Fig 4), calculate
the appropriate PTT times and then calculate the PWV.

b Amplitude

BTyt 3—e @ Onset of the pulse wave,
FTTir e——e DOINt determined by the
TFTY  intersecting tangent method'ime

Fig. 4 - Sample of signals from PPG sensors and PTT delays
for multi-site PWV calculation.

For PWV calculation we used PPG signals from IR diodes,
because they usually have a greater amplitude than the sig-
nals from the RED diodes [73]. A Butterworth bandpass
([0.5-15] Hz) filter of order 4 was used to filter the PPG signals.
Such a filter is a3 maximally fiat magnitude filter that rolls off
slower and without nipples around the cutoff frequency
|52,74] which 15 especially important when determining the
onset of the pulse wave. Each PPG signal was filtered with
the same method and, in addition, zero-phase digital filtering
was used (“Rithit” function of the MATLAB). As a result, there
were no delays between signals due to signal processing
After filtration, for each of the PPG signals (forehead, ears, fin-
gers, toes), the onset of the pulses wave was determined
using the intersecting tangent method [19,67,75),

Next, the pulse transit times were calculated between the
forehead and toe (PTT,) for left and right leg, the ear and toe
(PTTy) for left and right site and the finger and toe (FTT,y) for
left and right site. Multi-site PWVs were defined as:

htPWV « dyr /PTTinr (S)

etPWV « der /PTTer (&)

40

APWV = dey/PTTrr 7)
where:

htPWV - pulse wave velocity calculated from the signals of
the forehead and toe sensors,

etPWV - pulse wave velocity caloulated from the signals of
the ear and toe sensors,

IPWV - pulse wave velocity calculated from the signals of
the finger and toe sensors.

The applied signal processing takes approximately 0.4 s
(Matlab 2019a, Core i7-3770K @3.5 GHz, 16 GB RAM) to calcu-
late one PWV variant (e.g. forehead-toe) for a 15-minute PPG
signal. Signal filtration and determination of onset points of
the pulse wave takes the longest time (about 99% of the pro-
cessing time),

2.7.  Dataanalysis

The calculated multi-site PWV values are momentary values
calculated for each heart beat The final multi-site FWV
(MtPWV, etPWV, ftPWV) value was calculated for each subject
as the mean of the 15-minute recording Apart from the mean
value, standard deviation was determined Likewise, for each
subject the average of the all SphygmoCor XCEL cfPWV read-
ings was calculated and used in the subsequent analysis.

In erder to compare the results reference PWV (cfPWV)
and multi-site PWV values were determined for each subject.
Subjects with the number of multi-site momentary PWV val-
ues smaller than S0 (in a 15 min recording) and SD >2m/s
were excluded from the analysis. The analysis of the results
was performed using the Bland-Altman methodology and
relationship (linear regression) between cfPWV and multi-
site PWV for various PPG sensor variants. The linear equation
(y) showing the relationship can be written generally as:
y=ax+b, where a represents the slope and b intercept. For
each of the analyzed multi-site variants, the values of a and
b were determined. For the relationship, the Pearson correla-
tion coefficient (r) and p-value (p) based on the “corrcoef”
function of MATLAB were computed also.

In order to analyze the proportional bias, according to the
recommendation |76), a linear regression line was fitted to the
Bland-Altman plots.

S, Results

The obtained results are presented In the relationship and
Bland-Altman plots with additional analysis of the propor-
tional bias and summary in the table The analysis of the pro-
portional bias (PB) is marked on the Bland-Altman plots with
the red lines (the relationship line is marked in thick, the 95 %
prediction interval is marked thin). In the presented below,
the symbols mean:

n - number of valid data pairs  SD - standard deviation
r - Pearson correlation CV - coefficient of
RMSE - root mean squared error variation (SD of mean
y - relationship linear equation  values in %)

PB - proportional bias
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3.1.  Comparison between ¢fPWV and forehead - right toe
nPWV (variant no. 1)

In this variant, signals from PPG sensors placed on the fore-
head and right toe were processed. htPWV was calculated
based on Eq. (5). The results are shown in a relationship plot
(Fig %a) and a Bland-Altman plot (Fig 5b),

3.2.  Comparison between cfPWV and forehead - left toe
WPWV (variant no. 2)

In this variant, signals from PPG sensors placed on the fore-
head and left toe were processed htPWV was calculated
based on Eq. (5). The results are shown in a relationship plot
(Fig €a) and a Bland-Altman plot (Fig 6b).

3.3.  Comparison between fPWV and right ear - right toe
etPWV (variant no. 3)

In this vaniant, signals from PPG sensors placed on the right
ear and right toe were processed, etPWV was calculated based
on Eqg. (6). The results are shown in a relationship plot (Fig 7a)
and a Bland-Altman plot (fig. 7b).

34. Comparison between fPWV and left ear - left toe
etPWV (variant no. 4)

In this variant, signals from PPG sensors placed on the left ear
and left toe were processed. etPWV was calculated based on
Eq. (6). The results are shown in a relationship plot (fig Ea)
and a Bland-Altman plot (Fig. £b).

35. Comparison between cfFWV and right ear - left toe
etPWV (variant no. 5)

In this variant, signals from PPG sensors placed on the right
car and left toe were processed. etPWV was calculated based
on Eq. (£). The results are shown in a relationship plot (Fig 9a)
and a Bland-Altman plot (Fig. 9b).

-
o

nMPWYV (ms)

4 a n 10 12 14
ofPWV (mis)

3.6. Comparison between cfPWV and left ear - right toe
etPWV (variant no. 6)

In this variant, signals from PPG sensors placed on the left ear
and right toe were processed, etPWV was caleulated based on
Eq. {6). The resuits are shown in a relationship plot (Fig 10a)
and a Bland-Altman plot (Fig 10b).

3.7.  Comparison between PWV and right finger- right
toe ftPWV (variant no. 7)

In this variant, signals from PPG sensors placed on the right
finger and right toe were processed, IPWV was calculated
based on Eq, (7). The results are shown in a relationship plot
(Fig 11a) and a Bland-Altman plot (fig 11b).

3.8. Comparison between cfPWV and left finger- left toe
fPWV (variant no. 8)

In this variant, signals from PPG sensors placed on the left fin-
ger and left toe were processed. ftPWV was calculated based
on £q. (7). The results are shown in & relationship plot
(Fig 12a) and a Bland-Altman plot (fig 12b).

Based on the graphs presented above, it can be seen that
for each of the variants similar results were obtained. Tahle 3
summarizes these results. Table 3 also shows the results for
variants where the distal PPG sensor was placed on the head
{ear or forehead) and the proximal PPG sensor was placed on
the finger (variants no. 9-12).

For these variants, the correlation coefficient r has a very
small value which may indicate a lack of correlation with
the cfPWV This matter is considered in the Discussion
section.

A high value of the Pearson correlation coefficient (r) was
obtained (variants no. 1-8). It ranges from 0.66 to 0.79. The
RMSE error is <0.8 nv's for variants no. 1-6 and the maximum
is 1.34 m/s for variant no, & For our results, the linear regres-
sion parameter a is in the range [0.52-0.85] and the parameter
b is in the range [045-3.8] The mean difference between

(b)

SD: 0.97 mis
CV. 13%

B riieristsensa 70 (+1.968D)

= 20 fpeld (4]

““5-\’_;" 240 (-1.0680)

PR po 031 82

RFWV - cIPWV (més)
alg. :

5
“ 6 L] 10 12
Mean dPWV & htPWV (m/s)

Fig. 5 - Relationship (a) and difference (b) between carotid-femoral PWV (cfPWV) and MPPT device PWV (htPWV). MPPT

measurement site; forehead - right toe.
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Fig. 6 - Relationship (a) and difference (b) between carotid-femoral PWV (cfPWV) and MPPT device PWV (htPWV). MPPT

measurement site: forchead - left we.
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Fig. 7 - Relationship (a) and difference (b) between carotid-femoral PWV (cfPWV) and MPPT device PWV (etPWV). MPPT

measuremnent site: right ear - right toe.
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Fig. 8 - Relationship (a) and difference (b) between carotid-femoral PWV (cfPWV) and MPPT device PWV (etPWV). MPPT

measurement site: left ear - left we.

<fPWV and multi-site PWV is within the range [0.11-0,95] and
it is the smallest for variants no. 3 and 6 and the highest for
variant no. 7. Standard deviation (SD) is <1 m/s for variants
no. 1-6 and <14 m/s for variants no. 7 and 8 The variability
of the obtained results of PWV measurement, represented
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by the coefficient of variation {CV), is <13% for variants no.
1-6 and <19% for variants no, 7 and B.

The most important parameters for validating of the new
device are mean difference and SD [67]. The PWV results for
our MPPT device obtained, for each of the varlants (no 1-8)
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Fig. 9 - Relationship (a) and difference (b) between carotid-femoral PWV (cfPWV) and MPPT device FWV (etPWV). MPPT

measurement site: right ear - left toe.
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Fig. 10 - Relationship (a) and difference (b) between carotid-femoral PWV (cfPWV) and MPFT device PWV (etPWV). MPPT

measurement site: left ear - right toe.
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Fig. 11 - Relationship (a) and difference (b) between carotid-femoral PWV (fPWV) and MPPT device PWV (RPWV). MPPT

measurement site: right finger - right toe.

the results from variants no. 1-6are shown in Fig 13 (a - rela-
tionship plot, b - Bland-Altman plot).

After the averaging of the results from variants no. 1-6
(msaPWV), a higher value of the correlation coefficient
(r=0,89), a smaller mean difference (0.12) and a smaller stan-

meet the accuracy criteria at the level of Acceptable {(mean
difference <1.0m/s and SD <1.5m/s).

In order to increase the accuracy of the measurement, itis
also possible to average the PWV results obtained from
selected variants, The mean PWV obtained after averaging
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Fig. 12 - Relationship (a) and difference (b) between carotid-femoral PWV (fPWV) and MPPT device PWV (ftPWV). MPPT

measurement site: left finger - left toe.

dard deviation (SD = 0.72) were obtained. This result, in rela-
tion to the obtained numerncal values, meets the require-
ments of “excellent™ accuracy level with reference cfPWV
(according to [67]). However, the measured artenial tree in
msaPWV differs from the central ¢fPWV and these results
should require commentary. More about this was considered
in the Discussion section.

4. Discussion

4.1.  Reference PWV measurement

In our study, the SphygmoCor XCEL device was used for the
reference PWV measurement, similarly to the other works.
To the SphygmoCor as reference the oscillometric technique
(the Arteriograph [18], Vicorder {77| and Mobil-O-Graph (78]
devices) and piezoelectric mechanotransducer (the Complior
[79] and Aortic |80| devices) were validated. Although the
SphygmeCor device (the first CYMS-PWV version and newest
« XCEL version) is commonly considered as the noninvasive
gold standard, its PWV measurement method is different
from that of the validated MPPT device. The SphygmoCor
XCEL uses a tonometer on the carotid and a cuff on the
femoral artery, whereas the MPPT device only uses the photo-
plethysmographic sensors. As far as the signal recorded by
the tonometry technigue is similar to that from the PPG tech-
nique {52 81 £2, the auscultatory signal in the cuff (pressure
changes in the cuff caused by the flowing pulse wave) is dif-
ferent from the PPG signal. Other methods of acquiring the
signal of the validated reference device may cause slight dif-
ferences in the obtained results. Moreover, it is obvious that
each device has its own measurement error. However, the
most important factor influencing the obtained differences
in the results is different location of the sensors (measure-
ment site). In the case of SphygmoCor, these sites were the
right carotid artery (proximal site) and the right femoral
artery (distal site). For the MPPT device, the right ear and fore-
head were closest to the right carotid artery (distance from
over & dozen to tens of cm), while the corresponding sensor
for the right femoral artery was only on the right toe (distance
of even 1m). For this reason, the regional reference value
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{cfPWV) could differ from the regional PWV value measured
by the MPFT device.

4.2, Analysis of own PWV results

According to the above remark, regarding the reference PWV
measurement, it is worth noting that the best agreement with
the reference cfPWV was achieved with the variant (no. 3) of
the PPG sensor placed on the right ear and right toe (r =079
and mean difference = 0.11 my/s), It should be noted, that the
greatest dispersion of MPPT PWV measurements was
obtained for variants no. 7 and 8, in which the PPG sensor
was placed on the fingers and toes. For these variants, the
lowest values of the correlation coefficient r and the highest
RMSE, mean difference and SD were obtained. Concurrently,
for these variants, the highest value of the slope (a) and the
smallest value of the intercept (b) describing the relationship
linear equation (y) were obtained, These results show that fin-
gers and toes can be good and easy-to-use sites for measure-
ments with PPG sensors (like [55]). Moreover, for fingers and
toes we can use widespread transmission pulse oximeters
clamps.

As shown in Table 3, for variants no. 9-12, in which the dis-
tal PPG sensor was placed on the head and the proximal PPG
sensor was placed on the finger, no correlation was obtained
between the measured PVW and the reference cfPWV. It
should be noted that for these vanants the measurement of
the arterial path does not include the central arterial path
used by the SphygmoCor XCEL. Moreover, the lack of correla-
tion can be explained by the physiology of the arteries
because the results from variants no. 9-12 mostly cover the
velecity in the peripheral arteries - physidlogically built of
muscles, not the central arteries which are elastic. As regards
the physiological blood flow and vascular structure - choles-
terol and calcium deposits are mainly deposited in large, elas-
tic arteries made of fibers, which also explains the greater
difference in velocity in these arteries than in less stressed
peripheral urteries made up mainly of muscles.

In relation to the physiological context, the measurements
consistent with the cfPWV (assessing PWV predominantly in
the elastic central artery - the aorta) are measured with the
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Fig. 13 - Relationship (a) and difference (b) between carotid-femoral PWV (fPWV) and average MPPT device PWV (msaPWV).

msaPWV is the mean of varfants no. 1-6.

MPPT device for variants no. 1-6. This is consistent to a Jesser
extent for variants no, 7-8 because these variants contain a
connection of peripheral flow in the entire upper limb (pe-
ripheral - mainly muscular arteries, then from the brachial -
elastic) as well as the flow in the aorta (elastic). In contrast,
variants no. 9-12 measure mainly FWV in peripheral arteries
with a naturally different physiclogical structure. Therefore,
the measurement method where PPG sensors are only on
the head and finger (variants no. 9-12) should not be used
to assess the central PWV.

Ancther Important issue observed in the Bland-Altman
plots is the proportional bias, i.e. the difference from the ref-
erence value depends on the value of the mean value. This
effect shows up for variants no. 1-8 (in the Figs 5to 12) and
is most evident for vanants no, 3,5,6 {in Fig 7,9 and 10). For
variants no. 1-6, the Bland-Altman plots highlighted a nega-
tive proportional bias, showing an underestimation of the
measured PWV at the highest PWV values. However, for vani-
ants 7 and 8, Bland-Altman plots highlighted a positive pro-
portional bias, showing an overestimation of the measured
PWV at the highest PWV values, The negative proportional
bias occurs in varfants where the proximal PPG sensor was
placed on the head and the distal PPG sensor on the toe. This
is because arterial stiffness arises primarily in the aorta and
large arteries, and to a small extent in muscular arteries.
For variants no. 1-6 there Is a long common arterial path,
e, the d; (see Fig 2) is within the d., so between the cuff
on the femoral artery and the toe there are increasingly thin-
ner peripheral arteries and, finally, only muscular arteries.
Thus, in these variants there was an underestimation of the
measured PWV compared to the cfPWV. For variants no. 7-8
there is also a long common path, (the d, is within the d,),
but there is also a long d, path with peripheral arteries. In this
case, the length of the peripheral arteries path is greater than
that of the central ones, so in these variants there was an
overestimation of the measured PWV compared to the cfPWV.
Small PWV indicates low arterfal stiffness, low cardiovascular
risk and low risk of atherosclerosis. If there is no atheroscle-
rosis and cholesterol does not accumnulate in the central arter-
ies, it will not be deposited in the peripheral arteries that
build muscle tissue. Other values, higher for close to central
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measurements (varfants no. 1-6), lower for peripheral (vari-
ants no. 9-12) are physiologically explainable by the structure
of the arteries - naturally greater stiffness of the artenies with
an elastic structure,

Next issue in the multi-site PWV measurement is averag-
ing the results obtained from different sites. The basic crite-
rion for selecting PWV results for averaging were similar
sites of the proximal PPG sensors and similar sites of the dis-
tal PPG sensors. This is important as the PWV values may
vary depending on the measurement site [3 84]. Another cri-
terion was to obtain a similar arterial path as for the reference
device, Note that the forehead/ear-to-toe arterial path
includes the carotid-to-femoral path used by the Sphygmo-
Cor. For the above-mentioned reasons, only the vanants
where the proximal PPG sensor was placed on the head and
the distal PPG sensor on the toe were taken into account
{i.e. variants no. 1-6), Although our averaged results, in rela-
tion to the obtained numerical values, show an “excellent”
accuracy level with the SphygmoCor they should be inter-
preted with caution, This is because the reference cfPWV is
central and MPPT-based is central and muscular arteries
PWV. For healthy young people, who usually have low PWV,
the difference between central and peripheral PWV is small,
whereas for older people (usually with a higher PWV) this dif-
ference will be greater. This can be seen in fig 1%a), where
SDavg represents the dispersion between the results, There-
fore, the daim of excellence agreement is uncertain and can-
not be accepted.

The applied averaging of the results allowed to determine
the final proportional bias described by the equation (see
Fig 13b):

y=-032x +256 (1)

The Eq. (1) and Fig. 13 show that for small PWV there is a
slight overestimation of the measured PWV with respect to
cfPWV, while for large PWV there is an underestimation of
the measured PWV with respect to ofPWV. This underestima-
tion is disadvantageous because it occurs with the PWV range
which that is more clinicaily relevant. The obtained Eq. (1) can
be treated as a correction equation when calculating the PWV
for each of the variants no. 1-6. Then the propartional bias
will decrease while good compliance with cfPWV is main-
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tained. Moreover, the slope (0.32) of the Eq. (1) can be taken as
the quantitative contribution of peripheral stiffness of the
legs to central arterial stiffness. However, in order to confirm
this conclusion, studies on a larger group are necessary.

It is commonly known that PWV increases with age as a
result of increasing vascular stiffness. The relationship
between the msaPWV (after averaging varfants no. 1-6) and
age is shown in Fig 14, Similar results were obtained alsc in
the studies [62,85].

¥R RS

Fig. 14 - Relationship between the msaPWV and subject age.

The stiffness of the vessels may be unequal on the whole
arterial tree. This can be manifested by larger differences
between PWV messured at different sites. For our multi-site
PWV results (variant no. 1-6) we calculated standard devia-
ton (SDavg). The obtained SDavg results, depending on the
age and cfPWV, are shown in Fig 15

The obtained plots confirm an increase in the spread
between site-dependent PWV values with age (similar to the
study [85]) or with a greater PWV value.

An important factor affecting the PWV result is also the
measurement of the path length |71, For example, if the pulse
transit time is 125 ms, then for the path length measurement
error of +1 cm, the PWV measurement error is approx. =0.1 m/
s. However, for smaller PI'T values (caused e.g & larger PWV
or shorter path length), the impact of the accuracy of the path
length measurement on the PWV is even greater, For exam-
ple, for PTT =50 ms and path length error equal <2 cm, the
PWV measurement error is 0.4 mvs, Thus, the shorter the
path length or the smaller the expected PTT time, the more
attention should be paid to the accuracy of the path length
measurement, The error in measuring the path length is
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influenced not only by the accuracy of the reading from the
measuring instrument (eg. a tape measure) but also by the
body surface variability, which is particularly important for
people with an increased BMI index,

Although 108 subjects participated in the study (see
Table 1), the number of valid data pairs {n) is smaller for each
of the variants (see Tuble 3), The main reason for this is that
the quality of the PPG signals was not always good enough.
This sometimes occurred for ears where the PPG signals
obtained were usually of too low amplitude and low perfusion
index. However, in each variant, the minimum sample size
required by the recommendations [67] was met. In the photo-
plethysmography method, it should be taken into account
that besides the measurement site, the PPG signal is influ-
enced by external factors that may reduce its quality, eg
ambient light, nail polish, sensor pressure, poor perfusion
and motion artifacts [86,87). Moreover, regardless of the mea-
suring apparatus, PPG signals are characterized by a quasi-
peniodic course. The repeating “pulses” may naturally differ
from one another. Additionally, skin temperature can signifi-
cantly affect the value of the PPG signal The asbove-
mentioned factors are a limitation of the PWV measurement

using photoplethysmography.
4.3.  Comparison with other related works

Comparison of the other devices validation results was shown
in Table 4. For an appropriate comparison under similar mea-
surement conditions, the studies with SphygmoCor as refer-
ence PWV measurement were shown. We used the newest
version of SphygmoCor XCEL to validate our MPPT device. It
is a version compatible with the previcus one using the ECG
signal [6869.

In the presented related works, a different number of sub-
jects were examined, in study [89] and [79] even more than in
our case, however only our and for Aortic devices |80] study
subjects respected requirements ARTERY recommendation
|67]. The best agreement (“excellent”™ accuracy level according
recommendation {65]) was only obtained for the piezoelectric
mechanotransducer (for Aortic [’8] and Complior [77)
devices). It is worth noting, that this sensor is differ then
the PPG. Some of the other studies (|46,85,57]) listed in Table 4
showed a high correlation coefficient (simiiar to MPFT) also,
but the level of accuracy according to [65] was lower or not
assessable.
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Fig. 15 - The relationship between the SDavg and subject age (a) and cfPWV (b).
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Due to the measurement method, which uses PPG signals,
the most similar to the MPPT device is the pOpmétre [90],
However, pOpmétre only measures one PWV value based on
two PPG sensors (finger and toe), Our MPPT device used seven
PPG sensors Jocated in many sites on the body (forebead, ears,
fingers, toes). Thanks to this, we can obtain several PWV
results simultaneously or we can use sensors only in selected
sites, e.g. ear-toe. We can also perform averaging the results.
However, it should be noted that there is some limitation on
PPG sensor placement. The PPG signals received from the fin-
gers, toes, and forehead are usually of appropriate amplitude
and have a high perfusion index, while PPG signals obtained
from the earlobes often have low and varnable amplitude
and low perfusion index. However, to obtain a better PPG sig-
nal from the ear, a different sensor design could be used, eg
similar to the E1® Ear Sensor from Masimo which is placed
securely in the cavum conchae (the deep hollow near the
ear canal opening). Another limitation is that it is more diffi-
cult to put the sensor on the forehead than on the fingers,
toes or ears. In addition, a reflectance sensor must be used
on the forehead, which sometimes requires little tuning (ie.
repositioning the sensor).

As mentioned in the Introduction, many studies are related
to new PWV measurement methods, However, validation of
those new solutions did not always done with the SphygmoCor
as reference device. In |33 for validation of video-based PPG
system a CARDIOS Dyna-MAPA + device was used. However,
the results do not include the PWV values, only the Pearson cor-
relation coefficient with the aortic PTT (r = 0.77), Also, the study
was conducted with 36 subjects. In study [47] the combined ICG
and POG with multichannel reflective PPG device at the stemum
was used to detect the PTTand PWV calculation. The study was
conducted with 29 subjects and the results were validated with
the Complior as reference device. The following results were
obtained: r = 088, md = 1.1 m/s, SD =2.39 m/s for ¢fPWV as ref-
erence and r=072, md =05 m/s, SD =243 m/s for alPWV as
reference. In study [48] a custom device with 4 cuffs (2 on the
arms and 2 on the legs) was validated with a VaSera VS5-1500
device. Authors studied 113 subjects and correlation between
the two devices was of 0.93 Validation result of PPG-based multd
photodiode array (MPA) with Biopac-system based on a PPG and
ECG signaks was presented in (0], The 30 subjects participated
in the study and were divided into two groups: young and old.
The following results were obtained: r=09% md=22nvs,
SD=12m/s for young and r=083, md=26mss,
SD =046 m/s for old group. Although standard deviation is
not very large, the value of mean difference is high, With our
MPPT device more successful results were achieved. In study
[63] a custom module with PPG finger and ECG sensor was val-
idated with the Mobil-O-Graph for assessment of PWV for 80
subjects. Good results have been achieved (r«092
md « 0.3 m/s), which indicate (similar to our MPPT device) that
the measurement of FWV obtained from the PPG is a reliable
method,

44.  Measurement site dependent PWV
PWV is slightly different in the central - elastic and peripheral

- muscular artenies. In addition to the classic cfPWV, the use
of other measuring points is also explored. One of the most
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interesting is baPWV, which measures the longer arterial
pathway and is a combination index reflecting the stiffness
of the central and peripheral arteries. An Asian meta-
analysis found that people with high baPWV had a 25-fold
higher risk of cardiovasculur events, a 2 5-fold higher risk of
cardiovascular mortality, and a 1.7-fold higher risk of all-
cause mortality than patients with low baPWV [24]. In a study
conducted among untreated hypertensive patients, the PWV
measurement was related to the parameters of LV remodeling
and diastolic function [25]. Interesting conclusions can be
drawn from studies conducted among people with diabetes,
in which multivariate regression analysis showed that the
strongest influence on baPWV was the level of hs-CRP and
the duration of diabetes. It should be emphasized that dia-
betes leads to the destruction of both central (aortic
atherosclerosis) and peripheral (nephropathy, retinopathy)
vessels, therefore in this group of patients it seems important
to examine the condition of the aneries throughout their
course [27], With regard to our MPPT device, the measure-
ment of variants no. 7 and 8 can be considered a measure-
ment similar to the baPWV, with the emphasis that these
include even a longer component of peripheral vesseis than
the classic baPWV. Interesting recent reports on the prognos-
tic effect of baPWV - according to Japanese guidelines, recog-
nized as a study for the detection of vascular damage (93],
suggest that clinical assessment of the prognostic value will
be crucial in various PWV measurements made with our
MPPT in different patient groups.

Several new PWV measurement sites are being tested in
the MPPT. It should be emphasized that, in contrast to the
classic cfPWV and the baPWV with a more peripheral compo-
nent, the more central hfPWV seems to be an interesting indi-
cator. The current findings indicate that acute changes in
<fFWV are strongly associated with hfPWV [10]. The hfFWV
may be a simple alternative to ¢fPWV in the indication of car-
diovascular risk in clinical and epidemiological settings. The
hiPWV is estimated from the Cardio-Ankle Vascular Index
device (VaSera-1500) by combining phonocardiogram with
pulse signals detected by thigh cuffs and is noninvasive mea-
surement. The hfPWV can be automatically measured in an
operator-independent manner with cufi-based systems.

In understanding and researching the influence of the
measurement site on the FWV result, very useful can be the
|94] study. The researchers created a database of pulse waves
{PW) simulated by a computer to span a range of CV condi-
tions, representative of a sample of healthy adults. Much
attention was also paid to the analysis of PW in the entire
arterial tree, i.e. also for the central and muscular arteries.
The simulating photoplethysmogram PWs was also per
formed and issues related to the value of PWV were also dis-
cussed, A non-linear relationship between acrtic PWVand the
arterial stiffness index was also shown. This is especially
noticeable for higher aortic PWV values. With regard to our
results, this confirms that cfPWV may differ from PWV mea-
sured in other sites and other arterial path.

4.5.  Importance of PWV measurement

Studies on the assessment of arterial stiffness appear to be an
important value in predicting cardiovascular risk. The
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attempt to compare the estimated cardiovascular risk
assessed by PWV with other risk scales, e g the recognized
SCOHRE scale, is noteworthy. For example, in the Polish popu-
lation the calculated cfPWV cut-off point of 11.7 m/s allowed
us to classify participants of the study as a high CVD nisk
group with optimal sensitivity and specificity [95]. When ana-
lyzing the parameters of arterial stiffness, one should criti-
cally look at the repeatability and reproducitility of the
results and the dependence of their possible changes on the
measured blood pressure [96], Despite the studies discussed
in the course showing an association of increased PWV with
diseases that increase cardsovascular risk, single indicators
should be critically assessed and their optimization should
be sought - often by creating complex models. An example
of the above is in the meta-analysis among patients with
familiar hypercholesterolemia (FH) who do not show a signif-
icantly altered PWV compared to the control group. Mean-
while, & sub-analysis of studies in which there was intima-
media thickness (IMT) is increased in FH patients when com-
pared with controls [10). The correlations between the
increased PWV value and the severity of atherosclercsis
assessed using the IMT value were alse examined [97]. As
well, arterial stiffness was compared parameters in the strat-
ification of patients with peripheral arterial disease, where
decreased ankle-brachial index is associated with an increase
in cfPWV i decreased subendocardial viability ratio, indicating
an important connection between the peripheral arteries and
the coronary circulation. Pulse wave propagation is different
with clogging peripheral vessels causing the pulse to return
earlier wave towards the heart and affect its workload and
perfusion [95]. Ambilateral peripheral PWA and PWV mea-
surements are potential new clinical applications, beside
duplex sonography, also to assess and monitor functions in
non-physiologically altered vessels such as RCF radiocephalic
fistula (RCF) |99].

In addition to PWV measurements performed with the use
of dedicated devices, antempts are also made to measure it
using magnetic resonance |1£,100,101}, Doppler echocardiog:
raphy [30,85], or speckle tracking [20]. PWV measurements
carried out with classical radiological techniques are already
asseased in specific groups of patients. Reference values of
carotid PWV for ultrafast ultrasound imaging stratified by
sex and age were determined for the first time. Age, blood
pressure (8F), and BMI were the dominant determinants of
carotid PWV on ultrafast, ultrasound imaging, which should
be considered in clinical practice [19] Measuning carotid
PWV using a single slice oblique-sagittal phase contrast MRI
is a potential utility in assessment of carotid stiffness and
evaluation of cerebroarterial aging and age-related neurovas-
cular disorders [18]

Besides assessment of arterial stiffness PWV can also be
used for BP estimation. In [10Z], an evaluation of the analyti-
cal model showing the relationship between BP and PWV was
presented. The utility of the PWV measurement for continu-
ous, cuffless, and noninvasive BF monitoring has been
demonstrated. In |57] was shown that carotid local PWV and
brachial BP were kind correlated (r«0.82 for diastolic BP,
r = 069 for systolic BF, r =0.83 for mean arterial pressure}. In
the clinical application review [35] the authors indicate, that
in recent years there have been tremendous technological
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advances in regional PWV-based approaches for cuffless evalu-
ation of arterial BP parameters. In tumn, interesting results are
shown in study [103], where the PAT (determined from the
PPG and ECG sensor) time was used for the BP estimation.
The proposed model, based on deep learning approach, pro-
vided a highly accurate prediction of the systolic (mean differ-
ence 2,398 + 5623 mmHg) and diastolic BP {mean difference
~2497 = 3785 mmHg) compared to arterial line measurements.
Note that, the PAT time is also related to the PTT used to calcu-
late the PWV, therefore the PWV as measured by PPG technique
can also be useful for continuous cuffless BP imputation.

In the future, apart from classic PWV measurements,
other indicators are also sought that can predict an increase
in vessel stiffness - such as molecular or genetic tests. Cur-
rently there are new studies of markers such as NLR with pos-
itive correlation with PWV and increased arterial stffness
[31]. The NLR is used as a marker of subclinical inflammation.
Itis calculated by dividing the number of neutrophils by num-
ber of lymphocytes, usually from peripheral blood sample,
but sometimes also from cells that infiltrate tissue, such as
tumor. Genome-wide association analysis of PWV traits pro-
vide new Insights into the causal relationship between arte-
nal stiffness and blood pressure (104], In performed
research it was possible to identify a new locus for arterial
stiffness and successfully replicate an earlier propesed locus.
PWV shares common genetic architecture with BP and coro-
nary artery disease. BP causally affects PWV. Larger studies
are required to further unravel the genetics determinants
and effects of PWV [104],

The presented research shows that it is important to cre-
ate new devices that measure the pulse wave velocity in a
multifactorial and multifaceted way.

S. Conclusions

A novel photoplethysmographic device (named MPPT) provid-
ing measurement of multi-site pulse wave velocity has been
presented. This device has been validated with carotid-
femoral PWV using the SphygmoCor XCH. System. The refer-
ence cffWV measurements were performed simultaneously
with the MPPT device, which resulted in greater reliability of
the validation study. In our study, each variant of multi-site
PWV, in relation to the obtained numerical values, strongly
correlates with cfPWV (.acceptable” accuracy level according
to the guide in [67]). However, it should be noted that, the
measured MPPT-based PWV concerns the central and muscu-
lar part of the arterial tree while the cfPWV is only for the cen-
tral one. For this reason, the obtained validation results
should be interpreted with caution, Our analysis of the results
showed that the impact of the contribution of the muscular
arteries to the measured PWV can be approximately 30%.
Howeves, in order to confirm this finding, further studies are
necessary,

The best results were obtained when the proximal PPG
sensor was placed on the head (ear or forehead) and the distal
PPG sensor on the toe. Placing the PPG sensors on the finger
and toe is easier than on the ear or forehead, and usually pro-
vides more stable sipnals, but at the same time, lower corre-
lation with reference cfPWV.



1680

DIABETES RESSAKCH AND CLIMICAL PRAcTICE 41 (2021) 1664 168y

The use of a tonometer to PWV assessment requires a lot
of operator experience. This is especially important for the
new version of the SphygmoCor (XCEL version) where the cor-
rect signal from the carotid artery must be maintained during
the inflation of the femoral cuff and next during the final
measurement stage. The entire measuring process takes sev-
eral dozen seconds. At this time, in some cases, there
occurred carotid “hiding” and the signal was too small to
complete the measurement. PWV measuring by photo-
plethysmographic method is easier, rapid and convenient
for the patient. Moreaver, PPG sensors can be placed in many
sites at the same time, which provides greater freedom of
their configuration and increases diagnostic possibilities.
However, not all of these sensors need to be used at the same
time. There must be at least two, but a greater number of sen-
sors enables the simultaneous measurement of many PWV
channels and averages the results, but it is not cbligatory.
Simultaneous measurement in the multi-site mode allows
for the most reliable comparison of results obtained from dif-
ferent sites.

Photoplethysmography is a cheap, easy to use, and alter-
native method of pulse wave velodty measurement. Mult-
site PWV measurements create new possibilities for the diag-
nostics of cardiovascular diseases.
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Abstract: Artery stiffness is a risk factor for cardiovascular disease (CVD). The measurement of pulse
wave velocity (PWV) between the carotid artery and the femoral artery (¢f'WV) is considered the
gold standard in the assessment of arterial stiffness. A relationship between dfPWV and regional
PWV has not been established. The aim of this study was to evaluate the influence of gender on
arterial stiffness measured centrally and regionally in the geriatric population. The central PWV was
assessed by a SphygmoCor XCEL, and the regional PWV was assessed by a new device through
the photoplethysmographic measurement of multi-site arterial pulse wave velocity (MPPT). The
study group included 118 patients (35 males and 83 females; mean age 772 = 8.1 years). Men were
characterized by statistically significantly higher values of cfPWV than women (cfPWV 1052 m/s vs.
936 m/s; p = (L001), In the measurement of regional PWV values using MPPT, no such relationship
was found. Gender groups did not statistically differ in the distribution of atherosclerosis risk factors.
fPWV appears to be more accurate than regional PWV in assessing arterial stiffness in the geriatric
population.

Keywords: pulse wave velocity; arterial stiffness; cardiovascular risk; gerlatrics; gender differences;
photoplethysmography; multi-site PWV

1. Introduction

In recent decades, we have seen an increase in life expectancy, but cardiovascular
diseases (CVD) are still the leading cause of morbidity and mortality [1,2]. Cardiovascular
risk (CVR) is a result of many interacting risk factors. Commonly recognized classical
risk factors for CVD include age, previous family history of heart disease, and modifiable
risk factors, such as hypertension, hyperlipidemia, smoking, diabetes, and obesity [3].
In most cases, these factors lead to the formation of atherosclerosis—the main cause of
CVD. Atherosclerosis is a progressive process charactenzed by the collection of lipids,
inflammatory cells, and fibrous elements in the walls of arteries, resulting in progressive
narrowing and stiffening of the artenes [4]. Artery stiffness increases with age, which is
why vascular aging is a risk factor for CVD [5]. An increase in arterial stiffness is a major
cause of an increase in systolic blood pressure (SBP) and pulse, as well as a decrease in
diastolic blood pressure (DBP) during the aging process [6].

Semars 2023, 23, 5823 hitps: / /ol ong,/ 103390 /5231 15623

https:/ /www.mdpt.oom fjournal / sensors

56



Sexsors 2023, 23, 5823

2of16

1.1. Pulse Wave Velocity

The measurement of the pulse wave velocity (PWV) between the carotid artery and
the femoral artery, which is defined as the carotid-femoral pulse wave velocity (cfPWV), is
considered the gold standard for arterial stiffness assessment [7,8]. Over the years, ofPWV
measurement has been used for the assessment of the risk of cardiovascular events in the
population of healthy people. Patients with a specific disease entity were also assessed, and
PWV was compared with other recognized CVR factors [9]. cfPWV has a predictive value
for CVD that goes beyond traditional CV risk factors in the general population among
patients with various diseases. [t may also be useful to stratify the risk of atherosclerosis.
Various studies have reported that PWV is a powerful predictor of CV events as well as
all-cause mortality that may occur in the future [10].

In addition to the gold standard, which is cfPWV, other parameters resulting from
pulse wave analysis (PWA) are often the saugmentation index (Aix) or augmentation pres-
sure (AG), AG, defined by the height of the late systolic peak (P1) above the inflection (P2),
is the contribution that wave reflection makes to systolic arterial pressure. Aix is calculated
as AG divided by pulse pressure (PFP) x 100 [7].

1.2. Regional Pulse Wave Velocity

As the function and diameter of arterial vessels decreases, the composition of the
arterial wall changes from the central aorta towards the periphery; centrally, the center
of a large elastic artery has an ultrastructure of concentric elastic lamellae, intersected
by layers of connective tissue, which contain smooth muscle cells. This microstructure
gradually disappears, and the increased content of smooth muscle cells in medium-sized
and especially smaller vessels takes over [11]. Therefore, apart from the central pulse wave
velocity, the importance of the newly examined element increases in the places of regional
measurement, including, apart from the elastic aorta, also the greater part of the muscular
arteries [12].

1.3. Cardiovascular Risk Factors

Epidemiological studies show that the average life expectancy of men is lower than that
of women [13]. In aging adults, gender is considered a significant risk factor for occurrence
and curing of CVD [14]. A study on Europeans aged 50 years and over emphasized that the
main mortality risk factors were: older age, poor self-rated health, activities of daily living
(ADL) deficits, male gender, lower cognition, comorbidity, and presence of depressive
symptoms |15]. However, it has not been proven what exactly affects the frequency and
the presence of classic risk factors for CVD, which is associated with increased mortality
in older men. There is little research explaining why gender, regardless of other classic
cardiovascular nisk factors, can be a determining factor in life expectancy [16].

2. Materials and Methods
2.1. Design and Participants

The data were collected during the Geriatric Arterial Stiffness Measurement Evaluation
study (GAME). This prospective cohort part of the study aims to investigate the influence
of gender differences on markers of arterial stiffness, The criterion for inclusion of patients
was age over 60 years, The study group included 118 consecutives patients (mean age
77.2 + 8.1 years) hospitalized in the Department of Geriatrics of the National Institute of
Geriatrics, Rheumatology, and Rehabilitation from December 2018 to July 2019,

The study was designed to be observational and not interventional; we decided
the PWV result could not influence a change of therapy. The majority of patients in the
study were elderly patients with multiple diseases who received standard, continuous
pharmacotherapy in accordance with the latest guidelines and the best medical knowledge,
also regarding hypertension or atherosclerosis, if necessary. Given that the patients were
in a stable condition (diagnostic hospitalizations), their treatment was established, and
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blood pressure values were adjusted before hospitalization—which also implies before
PWV measurements.

2.2, Exclusion Criferia

Exclusion criteria were active cancer, lack of limbs, and advanced dementia process
preventing collaboration with the investigator's recommendations.

2.3. Consen! of the Bioethics Committee

This study’s protocol complies with the ethical guidelines of the 1975 Declaration of
Helsinki and has been approved by the Bioethics Committee at the National Institute of
Geriatrics, Rheumatology, and Rehabilitation in Warsaw. Before inclusion in the study, all
participants were made to provide written informed consent.

2.4. Measurement of cfPWV

The cfPWV value was assessed by a SphygmoCor XCEL from ATCOR [17]. The
SphygmoCor XCEL device has been validated as per the ARTERY PWV validation guide-
lines [15]. Although other devices are known, the SphygmoCor is the most widely used
and considered the gold standard technique [19]. The principle of cfPWV measurement
with the SphygmoCor XCEL device is shown in Figure 1.
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Figure 1. Principle of ofPWV measurement with the SphygmoCor XCEL device.

Measuring cfPWV with the SphygmoCor XCEL apparatus simultaneously detects
a carotid pulse by applanation tonometry and a femoral pulse by volumetric displace-
ment with a cuff around the upper thigh [20]. Then, the device measures the pulse transit
time (cfPTT) between the diastolic feet of the carotid and femoral pulse. The path length
(distance—d) was calculated by subtracting the distance between the carotid artery mea-
surement site and sternal notch (carotid-notch) from the distance between the femoral
artery site and the sternal notch (femoral-notch), all measured directly with a tape measure
with a reading accuracy of £0.5 em. fPWV was calculated as follows: ofPWV (m/s) = dis-
tance /cfPTT. An example screenshot of FPWV measurement with the SphygmoCor XCEL
and additional explanations is shown in Figure 2.
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dotie

PN ofPIT
Figure 2. An example screenshot of ¢fPWV measurement with the SphygmoCor XCEL,

After entering the data about the participant (patient), taking the distance measure-
ments (according to Figure 1), and taking the measurement, the registered signal waveforms
from the carotid and femoral arteries, the resulting cfPTT and cfPWV values are displayed
on the right side of the window. In addition, the measurement quality index (QC), the heart
rate, and the obtained PWV result against the background of the healthy and European
general population are displayed.

During the measurements, it was very useful to view the signals from the carotid and
femoral arteries. Thanks to this, it was possible to reject noisy or poor-quality measure-
ments.

It is worth noting that the measured signals are usually different for each participant.
Representative signals (carotid and femoral pulse waveform) for 4 participants are shown
in Figure 3.

Signal graphs come from reports generated by the SphygmoCor XCEL software
(version 1.3.2.18). The shown examples of pulse waveforms have different amplitudes,
shapes, and durations. These parameters are related to the individual characteristics of
the participants. However, this does not have a significant impact on the result because
the cfPWV is calculated on the basis of the pulse wave propagation time according to the
validated algorithms of the SphygmoCor XCEL apparatus.

2.5, Measurement of Multi-Site PWV

For multi-site arterial pulse wave velocity measurements, we used a custom-made
system called MPPT. This system measures the regional PWV. To measure PWV, it uses
PPG (photoplethysmographic) sensors located at different sites. This system was described
in detail in [21]. For multi-site PWV measurement, we used 7 PPG sensors as shown in the
MPPT configuration diagram (Figure 4).

In addition, localization of the SphygmoCor XCEL sensors (tonometer and cuff on
right body site) is shown in the block diagram. Multi-site regional PWV measurement
with the MPPT device was described in detail in our previous work [22]. The MPPT
device synchronously measures several PPG signals from different locations (forehead,
ears, fingers, and toes) and then calculates the PWV based on the pulse transit time and
distance between the sternal notch and PPG sensors. A reflective sensor was used on the
forehead and a transmission sensors on other locations. For PWV calculations we used
signals from an IR diode (wavelength 905 nm). The MPPT device was connected to a
computer via a USB interface with galvanic separation. Dedicated computer software
was responsible for control, online data transfer, and visualization of signals as well as
data archiving. Signal processing and calculation of PWV were performed offline in the

59



Sensors 2023, 23, SH23 Sof16

MATLAB environment (version R2019a). All distances for regional PWV assessment were
obtained directly with a tape measure with a reading accuracy of +£05cm.
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Figure 3. Representative carotid and femoral pulse waveforms for cakulating the cfPWV recorded
with the SphygmoCor XCEL (for 4 participants with 1D = (a) ng(4, (b) ng28, (c) ngd0 and (d) ngd5),

Figure 4. Biock diagram of the MPPT system and location of PPG sensors for regional PWV measure-
ment.
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The MPPT system calculated the regional PWV from the PPG signals measured at a
sampling frequency of 1 kHz. The beginning of the pulse wave for each of the pulses was
determined by the intersecting tangent method, according to [22].

Representative PPG signals (synchronously acquired from the right finger, toe, ear,
and forehead) measured by MPPT devices for 4 participants are shown in Figure 5,

(a)

" o o » i 2 . 14y o

rghiFinger || (b) NQNTF inger

© \/\/\/\/0'\-—' @ /\/\/\/\B
SIS

AVANNN I a2 %

Figure 5. Representative signal plots for caleulating the regional PWV recorded with the MPPT
apparatus (for 4 participants with ID: (a) ng04, (b) ng28, (¢) ng40 and (d) ng45).

The presented examples of PPG pulse waveforms differ from each other, especially
in shape, depending on the site of measurement and the individual characteristics of the
participant. However, this does not have a significant impact on the result because, as for
the SphygmoCor XCEL, the regional PWV is calculated on the basis of the pulse wave
propagation time according to the validated algorithms of the MPPT apparatus.

2.6. Mensurement Protocol

For more accurate results, in our study, we took the measurements according to the
same procedure for each participant. After a minimum 15 min rest and after informing the
participant about the purpose of the study and obtaining their signed consent, the blood
pressure in the left brachial was measured using the SphygmoCor XCEL in pulse wave
analysis (PWA) mode. This measurement was performed in the standard sitting position,
and its purpose was to determine the brachial (bSBF, bDBP) and the aortic (aSBP, aDBP)
blood pressure. Next, the participant assumed a supine position on a medical settec and
rested for about 15 min. During this time, the SphygmoCor XCEL and MPPT apparatus
sensors were connected, distances were measured, and signals were checked. Subsequently,
the main measurement was performed, lasting exactly 15 min. It should be stressed that the
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measurements with the SphygmoCor XCEL were performed simultaneously with the mea-
surements with the MPPT apparatus. The MPPT measured the PPG signals continuously
for 15 min. At the same time, a minimum of three cfPWV measurements were made atan
interval of approximately 3 min. All measurements were performed by the same operator,
during working days, from Monday to Friday, from about 10 am. to 1 p.m,, in a separate
and quiet room, with an ambient temperature of about 22-24 °C.

The final regional PWV was calculated offline for each participant as the mean of the
15 min recording. Likewise, for each participant the average of the all cfPWV readings was
calculated.

2.7. Analysis

Statistical analysis was performed using Matlab, R environment, and Statistica v.13.
p < 0.05 was considered statistically significant. For continuous variables, the normal
distribution was checked using the Shapiro-Wilk test. Student’s f-test was used to compare
normally distributed continuous variables, and data were reported as means with standard
deviations, The Mann-Whitney U test was used to compare non-normally distributed
variables, and data were reported as medians and interquartile ranges, The Pearson’s
chi-square test or chi-square test with Yates correction was used to compare discrete
variables depending on the expected values. Linear correlation analysis between PWV
and continuous variables was performed, and Pearson’s r coefficient was determined,
Variables with Pearson’s correlation coefficients higher than 0.3 (p < 0.05) were included in
the multivariable regression model. Brachial systolic blood pressure (bSBP) was chosen as
a representative of the strongly correlated variables relating to blood pressure.

3. Results
3.1. Characteristics of the Study Group

Table 1 shows the clinical characteristics of the 118 subjects (35 males and 83 females) in
the GAME study. Both gender groups were quite homogeneous in terms of the distribution
of comorbidities like hypertension, diabetes mellitus, metabolic syndrome, heart failure,
and chronic obstructive pulmonary disease.

Patients of both groups did not statistically differ in the values of age; blood tests such
as LDL-C, TG, FPG, ¢GFR, and TSH; blood pressure values (SBP, DBP, MAP-~measured
on the brachial artery as well as the central one—and aortic pressure); or anthropometric
measurements such as upper-arm circumference and lower-leg circumference. BMIand TC
were higher in women, reaching a statistically significant p-value (p = 0.05). In comparison
with females, males exhibited a significantly lower HDL-C level (p < 0.001), higher uric
acid level (p < 0.001), and higher NTproBNP concentration (p = 0.047), Women had higher
inflammation parameters (CRP p = 0.047; ESR p = 0.050). Men were characterized by
statistically significantly higher values of fPWYV than women (cfPWV median 1052 m/s
vs, 9.36 m/s, respectively; p = 0.001).

3.2. Gender Differences in the Analysis of the Impact of fPWV on Selected Atherosclerosis Risk
Factors and Comorbiditics

Table 2 shows the correlation coefficients between cfPWV and selected parameters.

The highest correlations in the entire group were found for systolic arterial pressure,
both peripheral bSBP (r = 0.443) on the brachial artery as well as systolic pressure of the
central estimated acrtic measurement aSBP (r = 0.411). Moreover, all pressure parameters
(bDBF, bMAF, aDBP, aPP, and aMAYP) showed a significant relationship with PWV. In the
whole group, other significant parameters associated with arterial stiffness were patients’
age (r = 0.341; p < 0.001), degree of heart failure expressed as elevated concentration of
NTproBNP (r = 0.347; p < 0.001), and uric acid level (r = 0.339; p < 0.001), cfPWV growth
was sometimes observed to have a different potency between the groups. Sometimes the
differences were discreet, as in aMAF, which increases cfPWV in both women and men;
the correlation coefficient is higher in women, but the difference does not reach statistical
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significance. Our study also presents an analysis of the relationship with age—which
significantly correlates in women (r = 0.429; p < 0.001)—and its importance has not been
registered in the group of men (r = 0.193; p = 0.265).

Table 1. Comparative characteristics of gender groups,

lower-leg ci

b—|ype natriuretic peptide; eGFR, estimated
sedimentation rate; TSH, thyrosd-stimulating hormone; BMI, body
f BSBF, brachial

Index of Ind Jence in Ac

MMSE, Mini-Mental State &.mwum C

63

blood

benary
kmtul pul-: wave \vlndl) TC, total d\olutlul HDE-C, high-d v lipoy

Women (1 = 83) Men (n = 35) p-Value

fPWV (m/s) 9.36 (8.28-10.63) 10,52 (9.18-11.65) 0.001

Age (vears) 77 (72-83) 76 (69-86) 0.810

TC (mg/dL) 199 (165-226) 167 (135-224) 0.051

HDL-C (mg/dL) 63 (54-72) 51 (39-61) <0001

LDLAC (mg/dL) 107.8 (84.0-138.2) 984 (64.2-145.0) 0.208

TG (mg/dL) 111 (82-150) 107 (87-170) 0.874

FPG (my/dL) 95 (87-109) 95 (88-107) 0.751

NTproBNP (pg/ml) 2254 (128 6410.0) 322.1 (213.0-1183.0) 0.047

¢GIR (ml./min) 6253 (47.53-80.77) B3.04 (47.57-86,14) 0819

Uric acid (mg/dL) 50(4.4-58) 6.0(5.3-6.7) <0.001

CRP (mg/L) 6(5-11) 5(5-7) 0.047

ESR (mum/h) 17 (11-27) 13(5-22) 0,050

TSH (mIU/L) 1.50 (0.94-235) 1.27 (0.68-1.87) 0.202

BMI (kg/m?) 2938 4 513 2731 4 467 0.053

Ac (cm) 28 (26-31) 27 (26-30) 0.976

LLc (om) 35 (33-38) 3 (31-37) 0135

bSBP 13654 + 17.97 13426 = 1923 0538

bDBP 69.12 4+ 992 7049 + 10,47 0,505

bMAP 91.58 = 1079 918+ 124 0923

asBr 12419 4+ 1599 12109 £ 1675 0,346

aDBP 70.22 = 1006 7176+ 1025 0.451

aPp 51.6 (43.5-63.8) 487 (421-55.7) 0.075

aMAP 987 = 1052 8955 = 123 0.563

aHR 6738 + 957 6461 + 8.4 0.141

Hypertension 70 (84%) 33 (94%) 0238

Diabetes mellitus 22 (2M%) 13 (37%) 0.248

MS 33 (40%) 15 (43%) 0.754

corp 8 (10%) 4(11%) 0.968

HF 58 (77%) 26 (84%) 0.623

VES 13 529278 3169 =353 0.739

ADL 55394071 5429 £ 1.06 0.957

1 ADL 21499 + 35 19.529 + 545 0,100

MMSE 26,619 = 281 25469 +519 0.935

coT 8660 + 200 8889 £ 220 0.244
Note 1 ¢ BTes with Tdistnt an p 3% mean + S0, non-normal vanables are
presented as median (IQR); riables are p d as ber (per tagel. Not:l dPWV, carotid-

I; TG, triglycendes; FPG, fasting plasma
glomerular

mass index; Ac, arm dreumference; Lic,
; bDBP, brachial diastolic blood pressure; bMAP.
brachial mean arterial pressure; aSBE, aortic systolic blood pressure; aDBE, aortic diastolic blood 4
aortic pulse pressure, BMAR, brachial mean arterial pressure; aHR, aortic heart mte, MS, metal
CorD, mepuhnwydum HF, heart faikune; VES-13, Vulnerable Eldens-13 Sarvey; ADE, Ka!z
&rl:'mm TADL, Lawton Instrumental Activities of Daily Living Scale;
dock-drawing test.

I; LDLC, Jow-
: NTproBNF, Nkmltulpru
filtration rate; C CM\epmmn ESR, erythrocvie
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Table 2. Correlation coefficients of selected parameters and cfPWV in the whole group and by gender.

Men (1 =35) Women (n = 85)
Parameter
r p-Value r p-Value r p-Value

Age 0341 <0.001 0.1%4 0265 0430 <0.001
HDL-C ~0.19 0.033 -0.132 0448 ~0076 0493
LDL-C -0042 0653 0012 0944 0408 0946
TC -0.090 0.332 0.118 0500 -0095 0393
RS 0.160 0.083 0466 0.005 0056 0618
FPG 0.108 0247 0413 0014 0.080 0472
NTproBNP 0347 <0001 0.2% 0106 0329 0.004
Uric acid 0339 <0.001 0.108 0536 0335 0.00m
CRP 0.147 0113 0018 0919 0292 0.028
ESR 0.128 0171 0262 0.128 0.166 0135
TSH 0,088 0344 0.053 0764 0.150 0177
eGFR ~0212 0.021 ~0.051 0771 ~0.300 0.006
BMI 0097 0308 0352 0052 0.113 0318
Ac 0035 0713 0.192 03m 0023 0839
LLc -0.013 0,890 0070 0707 0032 0775
bSBEP 0443 <0001 0466 0.005 0.500 <0.001
bDBP 0229 0ma 0.19% 0259 0232 0035
bMAP 0374 <0.001 0347 0.041 0413 <0001
asbp o4an <0.001 0450 0.007 04N <0.001
aDBP 025 0.005 0223 0197 0255 0.020
abPpP 03n <0.001 0488 0.003 0357 0.001
aMAP 0353 <0.001 0351 0.03 0409 <0.001
AorticHR 0.009 092 0034 0.801 0089 0425

Table 3 shows the results of multivariable analysis examining the influence of various
parameters on efPWV in the whole group and the gendered subgroups,

Table 3. Multivariable regression analysis coefficients.

Unstandardized Standardized
TOTAL GROUP Coefficients Coefficients p-Value
Variable
B SE B SE
A 0053 0017 0250 0.08) 0,003
NTproBNF 0.000 0.000 0119 0.085 0.165
Uric Acid 020 0.093 0172 0.080 0034
bSBP 0.037 0.007 0,398 0.077 <0001
gender (male) 0464 0.151 0.251 0.081 0003
Urmstandardized Standardized
WOMEN GROUP coefficients coefficients pvalue
variable
B SE B SE
Age 0.0% 0.021 0.276 0,098 0.006
NTproBNFP 0000 0.000 0.208 0.09 0034
Uric Acid 0273 0104 0.240 0.0 0010
bSBP 0.033 (0L00% 0355 0.083 <0001
Urstandardized Standardized
MEN GROUTP coefficients coefficients pvalue
variable
g SE B SE
TG 0007 0.004 0.332 0173 0064
FPG 0.008 0.010 0.138 0175 0435
bSBI 0.031 0.011 0.3 0.143 0010
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The most significant parameters in the whole group were two modifiable factors:
systolic blood pressure (§ 0.398; p < 0.001) and uric acid value (B 0.172; p = 0.034), and two
non-modifiable ones: male gender (f 0.251; p = 0.003) and age (p 0.250; p = 0.003). In the
multivariable regression analysis in the group of women, apart from the values of systolic
blood pressure (B 0.355; p < (.001), age (B 0.276; p = 0.006), and uric acid level (§ 0.240;
p = 0.010), the value of NTproBNP (§ 0.208; p = 0.034) also had a significant impact on
cfPWV. Meanwhile, in the multivariable analysis concerning the group of men, only the
value of systolic blood pressure ( 0.394; p = 0.010) was significant.

3.3. Multivariable Regression—Comorbidities and Gender

The multivariate regression analysis of the influence of comorbidities, mainly car-
diovascular, included in Table 4 was supplemented with the male gender, a recognized
cardiovascular risk factor which is not correlated with any of the analyzed diseases. In our
analysis, male gender significantly (§ 0.251; p = 0.005) influences the increase in P'WV; only
diabetes (5 0.279; p = 0.002) is a stronger factor and is characterized by a greater influence
than the presence of hypertension ( 0.196; p = 0.029).

Table 4. Multivariable regression—comorbidities and gender,

Unstandardized Standardized
Paramelers Coefficients Coefficients p-Value

[ SE B SE
Hypertension (1542 0.244 0.19% 0089 0,029
Diabetes Mellitus 0508 0.162 0279 0.089 0.002
Corp 0.048 0.238 0mz 0086 0.842
Heart failure 0288 0.180 0.139 0.087 0.113
Gender 0.465 0160 0.251 0.086 0.005

3.4. Analysis of Multi-Site Regfonal PWV by Gender

Table 5 presents the results of measurements of regional PWYV taken at the six body sites
discussed above, broken down by gender. In contrast to the central cfPWV measurement,
no statistically significant differences between the sexes were noted in any of the regional
measurements,

Table 5. Analysis of multisite regional PWV by gender.

Measured Site-Dependent PWV Women Men val
(Regional PWV) Mean [Min-Max]  Mean [Min-Max] P V21
forchead-right toe, HPWV 940[670-1410]  934[610-13.00] 0.660
forehead-left toe, htPWV 951[610-1410] 963 [6.50-14.00] 0858
right car-right toe, etPWV 941 [7001350] 964 [6.70-1390] 0.951
left car-left toc, ctPWV 925[610-1370] 979 [7.00-13.30] 0.180
right finger-tight toe, RPWV 1001[6.10-1530] 943 [6.10-14.40] 033
Jeft fingerleft toc, RPWV 949(620-1360]  920[6.50-14.40] 0.286

3.5. Comparison of Central and Regional PWV

Table & compares the central PWV with the regional PWV. The difference in mean PWV
(mean difference) values was determined. In the overall analysis, the differences between
fPWV and regional PWV are noteworthy, with generally higher values for mean central
PWV. In the group of men, each of the regional measurements is statistically significantly
lower than the cfPWV value.
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Table 6. Comparison of central and regional PWV.
Central PWV . WV
TO‘!“?;::;:)UI’ (cfPWV) M'?:m Max] Mean Difference p-Value
Mean [Min-Max]
forehead-right toe, htPWV 938 [6.10-14.10] 0.48 0.028
forchead-left toe, htP'WV 955 [6.10-14.10] 025 0.060
right car-right toe, etPWV 9.86 [6.32-14.14) Q.48 [6.70-13.90] 044 0.015
left car-left toe, etPWV 5 3 941 [6.10-13.70] 042 0.021
right finger-right toe, fPWV 9.85 [6.10-15.30] 0.3 0408
left finger-left toe, IPWV 940 [6.20-14.40] 055 0.038
WOMEN GROUP central PWV 4 .
variable (fPWY) regional PWV mean difference pvalue
forchead-right toe, htPWV 9.40 [6.70-14.10] 007 0.046
forchead-left toe, RtPWV 951 [6.10-14.10] 012 (0.166
right ear-right toe, APWV 9.41 [7.00-13.50] 017 0534
left car-left toe, ctPWV e 2-130] 925 [6.10-13.70] 026 0345
right finger-right toe, fAPWV 10,01 [6.10-15.30] 0.46 0.181
left fingerleft toe, (IPWV 949 [6.20-13.60] 0.12 0.185
MEN GROUP central PWV . :
vatiable (EPWV) regional PWV mean difference p-value
forehead-right toe, MPWV 934 [6.10-13.00] 137 0.001
forchead-left toe, htI"WV 9.63 [6.80-14.00] 1m 0012
right ear-right toe, etPWV 1052 [8.12-14.14] 9.64 [6.70-13.90] Lo7 0.005
left ear-left toc, ctPWV ¢ 9.79(7.00-13.30) 0.81 0029
right finger—right toe, {tPWV 9.43[6.10-14.40] 1.3 0011
left finger-Teft toe, (IPWV 920 [6.50-14.40] 149 0.004
4. Discussion
4.1. Results

To the best of our knowledge, this is the first study that demonstrates differences in cf-
PWYV between genders in nearly all homogeneous patients in terms of classic comorbidities
such as hypertension, diabetes mellitus, metabolic syndrome, chronic obstructive pul-
monary diseases, and heart failure among Polish geriatric patients and shows differences in
the impact of individual risk factors on the cfPWV value in gender groups. There are some
studies that have assessed the relationship between arterial stiffness and gender, but most
of them have been conducted in the younger population [23-27]. No significant difference
was found for PWV, arterial age, and augmentation index in an analysis of gender and
arterial stiffness among smokers (mean age 38). In addition, differences between smoking
pack-year values (18.5 pack-years in male and 7.5 pack-years in female) between sexes
that increase arterial stiffness were emphasized [23]. In participants with prehy pertension
(mean age 59.76 + 12.37) selected from the BEST study, males had higher PWV than females
(10.89 vs. 10.33 m/s, respectively). However, differences in the distribution of other CV risk
factors were observed, such as: (1) age, BMI, FPG, UA, and homocysteine being higher in
males compared with females, and (2) TC, HDL-C, and LDL-C being higher in females [24],
In a study conducted among the Tallinn population aged 20-65, a higher PWV was ob-
served in hypertensive men aged equal to or above 50 years, as well as in hypertensive
women with diabetes and in apparently healthy women with increased apolipoprotein
B [25]. Another rescarch work of carotid stiffness measured with ultrasound echo-tracking
presented no significant difference in PWV-§ between genders in the age group 54.7 + 10.6
vears. Gender might play a modulatory role in the interconnection between arterial stiffness
and some risk factors, where there appears to be a stronger relationship between stiffness
and heart rate in men and pulse pressure in women [26]. In a study with morbidly obese
patients (BM1 of 240 kg/m? or a BMI of 235 kg/m? and obesity-related comorbidity),
aged 18 to 65 years, the median PWV was significantly higher in men than women (7.3 m/s
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(IOR 6.6-8.0) and 6.8 m/s (IQR 5.9-8.0), respectively); the lower PWV in women appears to
diminish in morbidly obese women after menopause [27], The study emphasized the role of
different hormonal balances, including the protective effect of estrogens in premenopausal
women compared to young men, However, the initially protective role of female sex hor-
mones in combination with the subsequent acceleration of increased cardiovascular risk
remains unclear [25,29]. The advantage of our study is the age of the surveyed population,
as they were geriatric patients, Worthy of note is that this group is seldom included in other
studies. The age of the group in our study reduces the influence of sex hormones because
the women we examined were postmenopausal. This allows to objectively compare their
cardiovascular risk to men of the same age, There are single reparts about the negative
influence of male gender on the advancement of the atherosclerotic process. Male gender
was an independent predictor of re-peripheral vascular interventions in a study assessing
long-term clinical outcomes in patients with chronic total occlusions of infrainguinal lower-
limb arteries [30], As far as we know, only a few studies concentrated on arterial stiffness
in the elderly population. A Parisian geriatric study (mean age 87.1 -+ 6.6) indicated that
age and loss of autonomy were the best predictors of mortality, and aortic PWV was the
major independent risk predictor for cardiovascular mortality, whereas systolic blood
pressure or pulse pressure was not. Unfortunately, a gender analysis was not provided
by the researchers [31]. One of the few studies among the elderly (over 80 years of age)
assessing the subclinical markers of atherosclerosis, such as endothelial dysfunction and
carotid thickness, presents the relationships between them and osteoporosis expressed
in decreased bone mass, However, this study did not assess the difference between the
sexes [32]. The main result of our GAME study is that PWV is higher in men than in
women, despite the similar distribution of other classic CV risk factors (age, blood pressure,
LDL cholesterol, and kidney function). Our next task is to look for other discrete factors
that can affect increases in PWV in men, which can lead to earlier mortality and other
complications of high arterial stiffness. We also analyzed the strength of the impact of
individual parameters on increases in PWV in the entire patient group. The strongest
factor affecting increases in arterial stiffness tumed out to be systolic arterial pressure,
both the peripheral value measured on the brachial artery and the central pressure values
estimated by the SphygmoCor; following that were the average blood pressure values and
age, as well as the NTproBNP values. Interestingly, in the whole group, the parameters
of the lipid profile seem to be irrelevant for PWV increases, with only a slightly outlined
negative correlation for HDL-C values, Meanwhile, analyzing the impact of specific factors
in groups of men and women, we also find different relationships. In men, PWV (apart
from SBP values that are significant for both sexes) is significantly affected by the values
of triglyoerides and glucose. In women (except for the discussed SBP), age, NT-proBNF,
uri¢ acid, and renal function (¢GFR) have the most significant impacts. The above analysis
allows us to suppose that groups of women and men should be analyzed separately, and
one should look for different risk factors for arterial stiffness except for classical CVR.

The development of new methods of measuring arterial stiffness allows us to better
understand the different components of stiffness as well as to estimate their impact on
the real condition of arteries (possible to be fully unambiguous only in autopsy post
mortem). [33] Research on arterial stiffness is still an ongoing issue. Attempts have been
made to study the construct validity of a measure of PWV estimated from age and blood
pressure (ePWV) [34].

Recently, the usefulness of photoplethysmography signals in medicine is being inves-
tigated [35]. Methods to take measurements continuously and across multiple body sites
using photoplethysmography are also being developed, such as the comparison of overall
agreement and repeated measures such as heart-finger PWV (hfPWV) and heart-toe PWV
(htPWV). In [35], htPWV measurements were compared to oscillometric carotid-wrist PWV
(ewPWV) and carotid-ankle PWV {caPWV) referent measurements in a group of 30 young
people (24.6 £ 4.8 years). In a Czech study by L. Soukup [17] of 220 (age 21-71) normal,
healthy, normotensive people who had no history of disease that had a major impact on

67



Seresors 2023, 23, 5823

Bofle

PWV values and were not taking any related medications, the reliability of whole-body
multi-channel bioimpedance to assesses pulse wave velocity and provide a reference value
for measuring whole-body PWV was examined. In addition, a significant age-dependent
PWV of the aorta was found in these values measured using the Jeft carotid as the proximal
artery. PWV values in the upper and lower limbs do not show a significant dependence on
age. Disagreement of a single peripheral measurement of heart-finger pulse wave velocity
in comparison to brachial-ankle pulse wave velocity were also noted in a Korean study of
healthy adults (92 males and 93 females) of ages ranging from 20 to 66 [38]. Referring to
the slightly different results in our study, it should be emphasized that we studied elderly
people with multimorbidity, which increases the stiffness of the arteries, mainly the aorta.
Most studies to date have been based on young or middle-aged healthy individuals. In our
geriatric study, central PWV values, especially in men, were higher than regional values
in every measurement. More research is needed, optimizing on a larger group of people
and assessing long-term effects, to explain this relationship. Based on current knowledge,
we can assume that a greater component of arterial stiffness is the aorta rather than other
arteries of smaller caliber as well as intramuscular arteries. Regional measurements show
that small arteries are likely to age similarly in men and women.

The advantage and novelty of our study is the group of geriatric patients in whom the
atherosclerotic process is already developed, which allows for an objective assessment of
arterial stiffness measurement methods.

4.2 Strengths and Linuitations

However, certain limitations should also be acknowledged. First, most patients
are women (83 women vs. 35 men), and therefore we were unable to obtain statistical
significance in some relationships. The gender gap is caused by the predominance of
women in the older population as well as the predominance of women among those
hospitalized.

As we aimed at a population study among haspitalized people, every patient hospital-
ized in the Department of Geriatrics of the National Institute of Geriatrics, Rheumatology.
and Rehabilitation from December 2018 to July 2019 was included in the study. The only ex-
clusion criteria were active cancer, lack of limbs, and advanced dementia process preventing
collaboration on the investigator’s recommendations.

The life expectancy of women in Poland is 8 years longer than that of men. In the
analyzed period in the Department of Geriatrics of the National Institute of Geriatrics,
Rheumatology, and Rehabilitation, which is comparable to the data of the Polish National
Health Fund, women constitute about 65-70% of patients hospitalized in geriatric wards.
We did not decide to study only a proportion of women to match their numbers with the
men, as then the criteria for inclusion or non-inclusion of a specific man could be unclear.
We hope that further, larger observational studies may be interesting, being typical studies
of entire populations, e.g, cities or countries, and not taking into account the eriterion of
the need to hospitalize the patient,

The second is the lack of a cut-off point for elevated PWV. It is not described in the
current literature, and our study group is too small to extrapolate values recognized by
other scientific authorities (e.g,, the 12 m /s value recognized as a risk factor for people
with hypertension by the European Society of Cardiology [7]). We think that an interesting
development of the current work will be prospective observations with an analysis of
mortality and cardiovascular incidents in our group that we conducted.

Another limitation of this work is the heterogeneity among geriatric patients in this
study. During the measurement process, we did not consider the individual differences
of the subjects because our goal was to reproduce the PWV assessment among patients
hospitalized in the Department of Geriatrics as authentically as possible. For this reason,
we did not use inclusions for chronic diseases (such as diabetes, hypertension, or chronic
kidney disease) because they constitute the overall clinical picture of the geriatric patient.
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5. Conclusions

In conclusion, the result of the current GAME study shows that cfPWV is higher in
men than women in the gerlatric population. However, the reason for this relationship is
still unclear and cannot be explained by the distribution of classical CV risk factors (age,
systolic blood pressure, and total cholesterol) between genders, Because of the altempts
made to reduce this important CVD risk factor in the elderly patient population, further
studies aimed at deciphering the secret of increased arterial stiffness in men could be
remarkably interesting. In addition, it is necessary to look at gender differences sepa-
rately. In men and women, various factors affect increases in arterial stiffness and thus
increase cardiovascular risk. Therefore, it is worth conducting gender-shield analyses as
an introduction to personalized medicine. In addition, taking into account the less clearly
differentiated regional PWV values obtained by MPPT, it should be assumed that the main
factor affecting the stiffness of these arteries is the competitor of the elastic great central
arteries. The main problem of arterial stiffness, and thus of all clinical consequences with
the aging of the population, is atherosclerosis and calcification, mainly affecting the aorta
and, to a much lesser extent, peripheral muscular arteries,
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Abstract: COVID-19 is a complex multisystemic disease that can result in long-term complications
and, in severe cases, death. This study investigated the effect of COVID-19 on carotid-femoral pulse
wave velodty (¢fPWV) as a measurement to evaluate its impact on arterial stiffness and might help
predict COVID-19-related cardiovascular (CV) complications. PubMed, Web of Science, Embase,
and the Cochrane Library were scarched for relevant studies, and meta-analysis was performed.
The study protocol was registered in PROSPERO (nr. CRD42023434326). The Newcastle-Ottawa
Quality Scale was used to evaluate the quality of the mcluded studies. Nine studies reported cfPWY
among COVID-19 patients and control groups, The pooled analysis showed that ofPWV in COVID-
19 patients was 9.5 4 3.7, compared to 8.2 % 2.2 in control groups (MD = 1.32; 95% CL: 0.38-2.26;
p = 0006). A strong association between COVID-19 infection and increased cfPWV suggests a
potential link between the virus and increased artenial stiffness. A marked increase In arterial stiffness,
a known indicator of CV risk, clearly illustrates the cardiovascular implications of COVID-19 infection,
However, further research is required to provide a clearer understanding of the connection between
COVID-19 infection, arterial compliance, and subsequent CV events,

Keywords: COVID-19; SARS-CoV-2; pulse wave velocity; PWV; ofPWV; arterial stifiness

1. Introduction

The COVID-19 pandemic has had wide-ranging global effects, affecting a substantial
proportion of the population worldwide. By June 2023, there were over 765 million
confirmed cases, and almost 7 million people died as a result of the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) [1,2]. Initially, there was limited information about
COVID-19, and the disease was thought to be simply an acute respiratory condition. Since
then, research has shown that COVID-19 is a complicated multisystemic disease that can
lead to death or long-term complications after recovery [3,4]. One significant concem is
the close link between COVID-19 and cardiovascular (CV) complications, Patients with
pre-existing CV conditions are at a higher risk of an unfavorable prognosis for COVID-
19 infection. Moreover, COVID-19 itself may directly or indirectly cause significant CV
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complications [5], which persist even after recovering from the virus [6,7]. Not only the
severity of COVID-19 in the acute phase but also the duration of symptoms might have an
effect on vascular function [5]. Long COVID-19 is described as a condition that can arise
after recovery from the primary infection or an unresolved COVID-19 infection, which
presents with ongoing symptoms that cannot be attributed to any other disease or condition.
Using a conservative 10% estimate, at least 76 million people worldwide are affected by
long COVID-19. Furthermore, studies suggest that 10-30% of non-hospitalized and 50-70%
of hospitalized individuals experience long COVID-19 symptoms [9]. However, the actual
numbers might be higher due to the vast number of unreported cases [10].

COVID-19's cardiovascular (CV) manifestations include archythmias, asymptomatic
myocardial damage, overt congestive heart failure, and thromboembolic events [5,11,12]
and result from the virus’s direct cytotoxic effect or the subsequent systemic inflammatory
cytokine storm. Endothelial dysfunction seems to be a crucial driver and mediator of the
COVID-19 pathophysiologic pathways | 13]. Vascular endothelial cells have the angiotensin-
converting enzyme 2 cellular receptors (ACE2-R) and the transmembrane serine protease 2
(TMPRSS2), synergistically facilitating SARS-CoV-2 entry into host cells, Infected endothe-
lial cells increase the production of cytokines, promoting inflammation and thrombosis [14].
The resulting vasculitis, which may affect different parts of the body, contributes to the
multiorgan failure seen in some COVID-19 patients [15]. There is evidence suggesting that
COVID-19 accelerates vascular aging on a macrovascular level [16]. Other proposed mecha-
nisms contributing to cellular senescence and vascular stiffness include COVID-19-induced
mitochondrial dysfunction, increased local formation of reactive oxygen species (ROS), and
resulting oxidative telomere shortening [17]. Both endothelial dysfunction and continuous
subintimal inflammation contribute to the rapid fragmentation of elastin fibers in the ar-
terial wall and their substitution with stiff, fibrous tissue. Given that COVID-19-induced
pulmonary fibrosis can only be reversed to a certain level, it has been proposed that arterial
stiffness might be a long-term CV consequence in most patients, irrespective of the severity
of the initial infection [15,18]. Notably, vascular changes, especially endothelial function
and arterial stiffness, may last for a long time after the COVID-19 infection [19].

Arterial stiffness may serve as a reliable indicator reflecting the vascular system’s age
and the comprehensive health of the CV system. Itis an integrated biomarker that evaluates
the cumulative detrimental effect on the arteries of genetic and environmental exposures, as
well as the influence of established CV risk factors [20]. Numerous studies have established
the correlations between arterial stiffness, as measured by pulse wave velocity (PWV), and
the elevated risk of CV disease [21]. This correlation is independent of other traditional
risk variables that are often considered to be risk factors [22,23]. In order to confirm the
arterial stiffness in COVID-19 patients, other tests such as the augmentation index (Aix),
the cardio-ankle vascular index (CAVI), the arterial stiffness index (ASI), Young's modulus
of elasticity, and pulse pressure (PP) were performed [24-27],

PWYV is essential in assessing vascular age and may have a stronger correlation with
CV disease onset than metrical age [28]. PWV is a technique that is noninvasive and
reproducible, and carotid-femoral pulse wave velocity (cfPWV) is now regarded as the
gold standard in assessing arterial stiffness. The progressive stiffening of the arteries
adversely affects arterial-ventricular interactions, decreasing the vessel's capacity to alter
volume in response to changes in blood pressure, which in turn might lead to heart failure,
CIPWV has a high prognostic value since it may help identify individuals who are at a
higher risk not just for future CV events, but also for all-cause mortality [19,29],

The purpose of this research is to investigate the effect of COVID-19 on carotid-femoral
pulse wave velocity (cfPWV) as a measurement of the complications of COVID-19 on
arterial stiffness and subsequent CV complications.
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2. Materials and Methods
2.1. Study Design

This study is a systematic review and meta-analysis conducted in adherence to the
Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) stan-
dards [30] (Table S1). The research protocol was pre-approved by all co-authors registered
in the PROSPERO registry (International Prospective Registry of Systematic Reviews)
under registration number CRD42023434326.

2.2. Search Strategy

Two independent reviewers (1], and M.P.) evaluated potential papers. Discrepancies
were resolved via further discussion or arbitration by a third reviewer (LS.). The literature
search covered the period between January 2020 and June 2023, covering the following
databases: PubMed, Web of Science, Embase, the Cochrane Library, as well as Google
Scholar. The search included the combination of keywords: “pulse wave velocity” OR
“PWV” OR “arterial stiffness” AND “COVID-19" OR “SARS-CoV-2" OR “severe acute
respiratory syndrome coronavirus-2", Citations of listed studies were examined for further
refevant literature. Only the most recent and comprehensive articles from identical authors
were included to avoid duplicates. Furthermore, reference lists of relevant publications and
systematic reviews were reviewed for potential inclusions. All references were consolidated
in Endnote (version X9), duplicated entries were removed, and finally, Rayyan, a software
screening tool, was used.

2.3. Inclusion amd Exclusion Criteria

Studies qualified if they met the following inclusion criteria: research comparing
cfPWV in patients with current or previous COVID-19 infection to a control group, as
cfPWV is now regarded as the gold standard in assessing arterial stiffness. This method
has a high prognostic value since it may help identify individuals who are at a higher
risk not just for future outcomes as motioned in the introduction [19,29]. We excluded
studies not detailing desired outcomes, other than cfPWV measurement of arterial stiffness,
studies with unclear descriptions of COVID-19 infection, and studies that did not include
a comparable group, non-English publications, and other types of publications such as
the following: editorials, conference papers, reviews, and letters to the editor. In assessed
studies, the study group was people who had been diagnosed with COVID-19 and had
recovered. The control group was patients who had never had a positive COVID-19 test.

2.4. Data Extraction and Quality Assessment

Using a pre-defined data extraction form that was designed by LS., the two indepen-
dent reviewers (L], and M.P.) extracted the data from the research, and disagreements were
mediated by the third reviewer (L.S.). The following information was extracted from the
refevant publications: study charactenistics (including first author, publication year, country
of origin, study design, and research groups), and patient data (participant count, age, and
carotid-femoral pulse wave velocity across groups). The Newcastle-Ottawa Quality Scale
(NOS) was used in order to evaluate the level of methodological rigor that was present in
cach of the studies that were included in the analysis. Based on the selection, comparability,
and exposure criteria, NOS allocates a potential four, two, and three stars, respectively.
Studies achieving a NOS score > 7 were deemed high quality [31].

2.5. Statistical Analysis

Statistical analyses used Review Manager (version 5.4, Nordic Cochrane Centre,
Cochrane Collaboration, Odense, Denmark) and Stata (version 14, StataCorp, College
Station, TX, USA) were used. The odds ratios (ORs) with 95% confidence intervals (Cls)
were employed for dichotomous data, whereas mean differences (MDs) with 95% Cls were
used for continuous data. Every statistical test was conducted using a two-sided approach,
with a significance threshold of p < 0,05, For continuous outcomes presented as median,
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range, and interquartile range, the means and standard deviations were estimated using
the methodology delineated by Hozo et al. [32]. The I statistic was used to determine
the degree of heterogeneity, with values of 25% indicating low heterogeneity, values of
25-50" indicating moderate heterogeneity, and values more than 50% showing high het-
erogeneity [33]. If I? was greater than 30%, a fixed-effects model was employed; otherwise,
a random-effects model was used. Potential publication bias in the included studies was
assessed via Egger’s test and funnel plots.

3, Results
3.1, Study Selection and Characteristics

The bibliographic search results and selection process are shown in the PRISMA flow
diagram (Figure 1). We identified 837 initial records, which were reduced to 612 after the
climination of duplicates. Titles and abstracts were screened, leading to the exclusion of
564 records. After assessing the remaining 485 articles for eligibility, we excluded 39 articles.
As a result, nine studies were selected for qualitative synthesis and meta-analysis [34-42].
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Datatases (1 = 837) Dupicate tocons removed (n « 225)
. nlmh:l:m:mmﬂ
Primary screaning of thie and ‘.’ " o "
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Figure L 'RISMA systematic review flow diagram.

The essential characteristics of the included studies are outlined in Table 1. A total of
nine studies that involved 536 patients were included in this meta-analysis. The mean age
of the COVID-19 patient cohort was 50.8 = 15.1 years, as compared to 51.3 + 15.0 years
in the control groups. Geographically, three studies were conducted in the United States,
two in Greece, and the rest in Brazil, Austria, Romania, and the Netherlands. The sample
size varied and ranged from 23 to 140 patients. Notably, the NOS scores of all the included
studies were >7.
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Table 1. Characteristics of included studies.

Study Country Study Group No. of Patients Age Sex, Male NOS Scale
Faria etal, P COVID-19 9 T8 12 (63.2%) .
2023 [14] Control 19 43410 11 (57.9%)
Tudoran etal, : COVID-19 54 4776+ 543 NS
203(35) Romania Control 0 4947 +514 NS 7
Nandadeva et al., COVID-19 12 849 NS
223 {36] United States Control 1 50 + 13 NS 7
Oikonomou et al, COVID-19 3 724129  26(76.5%) "
2023 37] Greece Control 3 T4+£128  23(67.6%)
Van der Sluijs et al, , COVID-19 51 5754+ 30 17 (54.8%)
2023 [36] The Netherlands Control 31 5.5 4 30 17 (54.8%) 7
Skow et al., ) COVID-19 7n B+3 9 (39.1%)
2022 (9] United States Control 13 %44 6(462%) 8
. COVID-19 ) 54534907  44(6285%)
e Greece Control l 54774895 44 (6285%) 9
Control 3 TA+128  23(67.6%)
Ratchford et al, COVID-19 1 201+ 11 NS
2021 [41] United States Control 20 B0+13 NS ’
Schnaubelt et al., COVID-19 n 7604425  11(500%) 5
2021 42] Austria Control 2 758+ 40 10 (45.5%)

3.2. Meta-Analysis

All nine studies provided data on cfPWV values among COVID-19 patients and their
respective control groups. The pooled analysis showed that cfPWV in COVID-19 patients
was 9.5 = 3.7, compared to 8.2 + 2.2 in the control groups (MD = 1.32; 95% CI: 038 to 2.26;
p = 0.006; Figure 2). It is important to note that the results from the sensitivity analysis did
not alter the direction of the initial findings.

covViD-19 Mean Difference Mean Difference
& & P Mean 50 Total “ S0 Tﬂll Weight IV, Random, 95% C1 v, umb 95% C1
Faria et al, 2023 86 19 74 02 11.9% 1.20[1.07, 1.33) .
Lambadiarl et ol 2021 12.09 2! 70 1004 18 70 1L.1% 205193, 277 ——
Nandadeva et al, 2023 7l 12 12 6 08 11 10.9% 1.10 [0.27, 1.93] ——
Qikonomou et al, 2023 121 32 34 95 1 34 102% 2.5011.37, 3.63| .\ £
Ratchford et al,, 2021 5.79 0,58 11 517 066 20 116% 0.62 (0.17,1.07] -
Schnaubelt et al., 2021 145 0.6% 22 1153 128 22 114 2.9712.37,3.57) ——
Skow et al, 2022 §9 06 23 §7 08 13 11.5%  0.20[-0.30,0.70] ™
Tudoran et al, 2023 10 5 54 7 05 40 968 3.00 [1.66, 4.34] ——
van der Sluijs et @l 2023 61 04 il 7.3 055 31 118 -120(-1.44 -096) =
Total (95% C1) 276 260 1000% 1.32 [0.38, 2.26] -
Heterogeneity. Tau' = 1.93, Ch' = 39346, df = & (P < 0.00001); 1 = 98% _; -‘2 5 ;

Test for overall effect: Z = 2.76 (P =

0.006) COVID-18 Control

Figure 2. Forest plot of ofPWV in COVID-19 patients vs. non-COVID-19 controls |[34-42]. The
mean differences for individual studies are represented by the central point of each square, and
the associated horizontal line indicates a 95% confidence range. The diamond shapes indicate the
consolidated results.

4. Discussion

Our meta-analysis revealed a significant correlation between COVID-19 infection and
an increase in ¢fPWV [3442]. However, it is worth noting that Van der Shuijs et al. did not
observe such a correlation of ofPWV in their research [35], while Skow et al. found a positive,
yet insignificant correlation [39]. Nevertheless, the remaining seven analyzed studies
demonstrated a clear correlation between cfPWV and COVID-19 infection [34-37 40-12].
These findings suggest that COVID-19 may be responsible for the observed rise in arterial
stiffness, which is a well-known marker of cardiovascular (CV) risk [43]. Arterial stiffness
reflects changes in blood pressure, flow, as well as vascular diameter, and serves as an
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indicator of both the mechanical and functional properties of arterial walls. While the
degradation of elastic fibers is the primary factor influencing arterial stiffness, other factors,
such as fibrosis on replacement, collagen, elastin cross-linking, and medial calcifications
also play important roles,

Studies by Townsend et al. and Lambadiari et al. highlighted that multiple factors
contribute to arterial stiffness, including endothelial dysfunction, inflammation, oxidative
stress, the turnover of extracellular matrix, and the regulation of smooth muscle tone in
muscular arteries [40,44]. SARS-CoV-2 virus targets endothelial cells, entering the cell as
soon as it binds to ACE2 receptors, decreasing the number of ACE2 receptors on the cell
surface, leading to endothelial cell dysfunction [15,45]. The decreased endothelial func-
tion observed in COVID-19 patients results from viral infiltration and increased systemic
inflammatory responses [46]. Cytokine storm targets specific receptors located on the
surface of endothelial cells, leading to the activation of a number of different mediators,
resulting in the activation of platelets and the release of leukocytes into circulation [47].
Uncontrolled systemic inflammation may directly stimulate arterial remodeling or cause
adrenoceptor hyporeactivity, impairing vascular responsiveness. Additionally, nitric oxide
(NO) deficiency in COVID-19 patients can exacerbate endothelial dysfunction and lead to
increased arterial stiffness, impaired smooth muscle relaxation, and increased oxidative
stress (further exacerbated by the cytokine storm) [45]. Changes in NO bioavailability,
combined with SARS-CoV-2's direct action on endothelial cells after binding to ACE2 re-
ceptors, can influence the functions of vascular smooth muscle cells and induce structural
alterations in the vascular wall’s extracellular matrix, promoting arterial stiffness [49].

This arterial stiffness raises the risk of CV complications, including high blood pressure,
heart attacks, and strokes, exerting additional strain on the heart. People with pre-existing
CV conditions are particularly susceptible. A study by Faria et al. showed that COVID-
19 patients, compared to their healthy counterparts, experienced over-activation of the
sympathetic nervous system, vascular dysfunction, decreased physical fitness, and elevated
fPWV values (higher by 1.12 m per second) [34]. This is concerning, considering that
previously published studies established PWYV as a strong predictor of future CV events
and all-cause mortality, and showed that the predictive power of arterial stiffness is higher
in subjects with a higher baseline CV risk. This in turn suggests that an increase in arterial
stiffness contributes to the elevated CV risk observed in COVID-19 survivors [29]. Elevated
risks of stroke are consequences of both COVID-19 and increased arterial stiffness [30]. Ttis
concerning that the effects of COVID-19 seem to last beyond the acute phase of the disease,
as the virus may induce post-acute sequelae from COVID-19 (PASC). Nandadev et al.
highlighted heightened arterial pressure and ¢fPWV values in PASC patients, suggesting
they could develop CV problems at a faster rate [36]. It is interesting to note that a meta-
analysis by Menezes et al. demonstrated that CV disease in COVID-19 patients had both
cardivembolic and cryptogenic etiology [51], while factors like atherosclerosis were not
directly linked to a COVID-19 positive result. Atrial fibrillation, coronary artery disease,
diabetes, and hypertension were shown to be the most prevalent risk factors among COVID-
19-pasitive individuals, increasing the risk of CV disease [51,52].

Ratchford et al. demonstrated a strong association between increased cfPWV and
mortality among COVID-19 patients, particularly those with pre-existing chronic condi-
tions, including CV disease [41]. Furthermore, a study by Schnaubelt et al. found that
cfPWV among COVID-19 patients who survived the disease was significantly lower than
in healthy patients, indicating a potential link with long-term complications [42]. Addi-
tionally, Kumar et al. showed increased ofPWV in severe COVID-19 cases as compared to
non-severe cases [53]. We can assume that COVID-19 influences arterial stiffness, and this
effect correlates with the severity of symptoms.,

Research also shows that pre-existing conditions are also major factors that can accel-
erate arterial aging in the course of COVID-19. Tudoran et al. demonstrated a correlation
between aortic and arterial stiffness, as well as diastolic dysfunction, in seemingly healthy
individuals with post-acute COVID-19 syndrome patients. Their findings showed that
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women with a history of PASC and metabolic syndrome showed elevated cfPWV values
and metrics of worsening of their diastolic dysfunction [35]. Throughout a six-month
observation period, the values showed improvement; however, they did not revert fully.
Oikonomou et al. evaluated cfPWV as well as the impairment of the left ventricle function
measured by global longitudinal strain in the 6-month observation. While improvement
was noted in both parameters, the values are still worse than in the control group, which
may support the hypothesis that after recovering from COVID-19, and there is an increase
in both arterial stiffness and the risk of adverse CV events in comparison to the general
population [37]. Similarly, a 12-month follow-up study by lconomidis and their team
found COVID-19 survivors to still possess higher ¢fPWV values compared to controls at
the 12-month follow-up evaluation. The authors showed considerable improvements in
oxidative stress (levels of MDA), CFR, and myocardial work measures, in addition to a
borderline improvement in left ventricular strain, which, nevertheless, continued to be
impaired in comparison to the controls [54].

Another crucial area of research pertains to the management of past-COVID compli-
cations, including chronic arterial stiffness, While arterial stiffness is not easily reversible
with medication or surgical interventions, additional therapies can be explored, One po-
tential approach is the implementation of post-COVID-19 rehabilitation, which could help
alleviate symptoms and improve overall outcomes. Comprehensive rehabilitation strate-
gies, including exercise, physiotherapy, lifestyle changes, and cardiovascular rehabilitation,
might help combat the long-term implications of arterial stiffness and increase the patient’s
quality of life post-COVID. Gounaridi et al.'s research showed that a three-month car-
diopulmonary post-acute COVID-19 rehabilitation significantly improved PWYV, reducing
it from 8.2 = 1.3 m/s to 6.6 &= 1.0 m/s. Thus, rehabilitation could facilitate the recovery
of endothelium-dependent vasodilation and arteriosclerosis [55]. Furthermore, exercise
training conducted at home lowered c¢fPWV by a mean of ~2.0 + 0.6 m/s and has the
potential to be an invaluable supplement to post-COVID rehabilitation [56].

However, it is essential to consider that the effect of COVID-19 may be dependent
on the mutation of the virus, Skow et al. conducted their research on individuals during
the Omicron wave of infections and found that arterial stiffness did not differ significantly
between groups of individuals who had the Omicron variant of COVID-19 and controls
who had never been exposed to COVID-19. According to these findings, the Omicron
variant does not pose a threat to the CV health of young, vaccinated individuals who are
otherwise healthy [39]. Nevertheless, there are no studies assessing other subtypes and
mutations of COVID-19. Therefore, the correlation between the specific COVID-19 types
and arterial stiffens remains inconclusive. Future research could provide us with more
precise insights.

The measurement of cfPWV has significant clinical implications in terms of risk as-
sessment and timely medical interventions to prevent COVID-19-related mortality and
CV complications, particularly in hospitalized patients, patients with a severe disease
course, or those who simply struggled with COVID-19, The timely identification of pa-
tients with increased artenal stiffness allows for the implementation of appropriate early
medical interventions, including aggressive blood pressure management, optimization of
medication regimens, and lifestyle changes, such as dietary changes, regular exercise, and
smoking cessation. By implementing these interventions early on, healthcare providers can
potentially mitigate the adverse CV effects of COVID-19 and improve patient outcomes.,
Moreover, longitudinal cfPWV monitoring in hospitalized COVID-19 patients can provide
valuable information on the progression of arterial stiffness over time, enabling healthcare
professionals to implement persenalized treatment strategies, make necessary adjustments,
and evaluate the effectiveness of interventions. By closely monitoring cfPWYV, clinicians can
track the response to treatment, identify any worsening of arterial stiffness, and promptly
modify the management plan accordingly.

While our study brings valuable insights, it is essential to acknowledge its limitations,
To the best of our knowledge, this is the first meta-analysis examining the influence of
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COVID-19 disease on arterial stiffness evaluated by ofPWV. The available research on
studies investigating the connection between cfPWV and COVID-19 remains limited, both
in terms of the number of studies and participant numbers. Furthermore, the observation
window is short, covering the period between 2021 and 2023,

5. Conclusions

There is a strong association between COVID-19 infection and an elevated cff'WV,
indicating a potential link between the virus and increased arterial stiffness. The substantial
rise in arterial stiffness, an established indicator of CV risk, clearly shows the profound
impact of COVID-19 on both immediate and long-term health outcomes, By accurately
identifying individuals with augmented arterial stiffness, clinicians can tailor interventions
and implement strategies that are more targeted toward lowering the CV risks assodated
with COVID-19. This will also facilitate timely medical and rehabilitation interventions for
patients. However, further research is required in order to provide a clearer understanding
of the connection between COVID-19 infection, arterial stiffness, and subsequent CV events.
Thus, cfPWV measurements will be more useful as a diagnostic and prognostic instrument.
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of Omeoporoals ln Postinenopausel Women, 2021). Arterial stiffness,
which is an indicntor of the severity of atherosclerosis, is a phenomenon
of incensed vascular stiffness, loss of elastieity, ealeification of the
vessel walls and restriction of blood flow that affects endothelivemn of
lasge and mediumysized artegies (Losent of ol 2006).The brachial
ankle Pulse Wave Velodty (baPWV) is a measure of systemic arterial
stiffness measured by brachial and tibial arterial wove annlysis. BaPWV
measiwement is a non-invasive, effortless, repeatable and well stan-
daadized (Munsbata, 2054; Tosdyuma o ul, 2016), Enly assessment of
arteriol stiffness i inl b its alteration enn precede dinical
manifestation of cordi dny dissase (Castelll of ol 2023). Arterial
stiffness as well ns osteoporosis share common risk foctors and dinical
manifestations (Asyumovakd et ol 2016; Crepokli & Maggi, 2009;
MeFmrlane ot ol 2004; Sage et al., 2010; Tanko et al, 2005). Arterial
stiffness as well as bone minem! density progressively increases with
aging and ore independent predictors of cardiovasculur disease (CVD)
risk (DuPont et ol 2019). In the aging process of the body, inflamnm-
tory peocesses play a signifiennt role, which are an essential factor in the
development of atherosderosis (Melio e ol 2022), This malees them
more susceptible to finctures, even from minos injuries or falls, In-
flammatory processes, on the other hand, are the body’s naniml defense
mechanisms against injuries oc infections. When tissues are damaged,
the body triggess an inflammatory response to repair the desage axd
protect against further harm. There s a connection between osteopo-

rosts and the inflammatory process. The inflammatory process is the
bodyn esp to tissue damoge and con occur in various parts of the

ﬂne jon b porosis and inflammation lies in the
foct that chronic inflammation, which persists over an extended period,
can have o negotive impoct on bone health (Ginalds e al |, 2005), In-
flammatory molecules and cells can interfere with the normal process of
bove remodeling, which involves the continous breakdown axl
rebuilding of bone tissue. When this balance is disrupted by ongoing
mﬂlmmmm.ltmladtohue-edbmempdm(heﬁdown)cml
| bane fo jont (Terkawl et al, 2022). Over time this
imbalance can contribute to the development and progression of oste-
oporosis, Therefore, it's importnt to manage chronic inflammation
e&cnvdynmulyfotmﬂlhnl!hhmahtorduamenid
Mo uggests that chronic inflammation
myﬂnyarﬂeh!bdmhmldumlnﬂmmypm
cesoes can lead 1o increassd bone ion (the breakd of bone
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bone healkth, especially for individuals at risk of osteoporosis due to
inflammatory conditions or othes factors (Ginaldi et ul |, 2005 Lot et al
2016).

lnthemnmdalﬂiﬁomhhlhmodnthiﬂs.whuw
inflammation is o hallmark f , the p of these
Mmmuymohumﬁmpdndﬁcnmhhmbﬂm
bone resorprion and bone formation (Awenl o1 ol 2020) This imbal-
ance ultimately leads to bone loss and the increased risk of porosi
(Sozen vt ol 2017). Therefove, individuals with cheonie inflammatory
comditions are at greater risk of developing osteoporosis, and it un-
derscores the importance of managing both the underdying inflamma-
tion and booe health in these patients, Healthcare providers often work
to control influnmation using medications and other stitegies, lnl
they may also consider interventions to pr o treat P m
individuals with chronic inflammatory diseases (Ammmsehorn ot ol
2015; Kitnun et al., 2020),

The research on the associntion between Pulse Wave Velocity
(baPWV) and Bone Mineral Density (BMD), as outlined in the systemaric
review and meto-annlysis, holds significant implications for the field of
gesontology and owr understanding of the aging process (Tang =t ol
2021).

As individuals nge, they often face increased risks of cardiovasculn
issues wxd bone bealth deteriomtion, both of which can significantly
impoct their overall well being and quality of life (Goo e ol | 2002),
Evidence supports that there are sex differences in the time course of
aging-related arterinl stiffness ancd the assodnted CVD risk, which in-
crenses disproportionately in postmenopausal women (DuPont o ol
2019), Since there are many common tisk factors for bone loss and the
dh of ntherosclerosis, it may be sssumed that incensed
arterinl stifiness may be a dingnostic marker for the development of
osteoporosis, In the context of aging, preventive measies become
incremsingly tmportant to maintain the health and well-being of older
individuals. One crucial aspect of preventive care is assessing bone
ninesal density (BMD) ln individuals, especially those who may have
athetosclerosis. Atheroscletosis is a condition characterized by the
baildup of plaque in the arteries, nand it is inted with an in J
risk of cardiovascular events such as heart attacks and stiokes.

Given these connections, nssessing BMD in individuals with athero-
sclerosis may be relevant in cortain cases, It can help identify those at
incressed risk of osteoporosis and ity complications, such as fretures
rsulnn; from fulls (Vesooess et ol 2017), i low bone density is

m)ndre&wdmmdmimeﬂme.lnﬂr y te-
actions can influence the balunce between bone formation and bone
breakdown (Epsley ot ol | 2021

inter can be implemented, including

Msyiemdiﬂmdm dietnry changes, and potentially medicaton to
uenp!mbenammdy lhnhnlnu:qpmchmlzddme.

Chronic inflammation, characterized by pemsistent and prolonged
nflanumation in the boddy, can have detrimental effects on vazious tis-
sues and otgans, including bones, Whea the body is in a state of chronic
inflammation, it relenses molecules and immune cells that
can affect bone health. One of the key mechanisms thwough which

molecules nvolved in the imnune response, can nctivate osteoclasts,
specinlized cells respansible for breaking down bone (X ot ol 20279),
This leads to a higher mte of bone resorption, where bone tisue is
broken down more mpidly than it is rebuilt. At the same time, chronie
inflammation can inteifere with the process of bope formation. It can
suppress the activity of bl the cells responsible for building
new bope tissue. This dual effect—inereased bone resorption sl
reduced bone formation--crentes nn inbakuce in bone remodeling,
ddmdymdm‘hhhsdbmedmhy-dm:udfmphty
seen in Therefore, it is | to manage chronic inflam-
n-:ioneﬁecdw!y.uuoﬂywmmauubmnbfmmnn
health. Lifestyle modifications, such as adopting un sati-inflansasory
diet, engaging in regular physical activity, and avoiding smoking, can
hdpndmmﬂmmbn.lnmeu.huhhcueptwﬂutnuy
recommend med: to inflamymation and protect
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wg the i of health conditions, is in
lhnmththopmmpludmumlon,wlicbmwwmﬂu
overall well-being and quality of life of older individuals (Mazza et ul |
20a1), That is why we are looking for o non-invasive diagnostic mnrkes
that will belp us identify groups of patients at high risk of asteopotosis -
tequiting in-depth diagnostis and implementation of targeted treat-
ment. The aim of our study is to esnluate the relationship between
baPWV and BMD in made nid female populations,

2. Materials and methods

Between the 15t and 30th of April 2023, we searched the PubMed,
Web of Science, Scopus and Cochrne with the following terms: (bone
minesal density [Tite/Abstoct)) AND (arterinl stiffoess [Title/Ab-
stioct]); (bone mineral density [Tithe/ Abstract]) AND (pulse wave ver
locity [Tithe/Abstract]); (bone mineral density [Titde/Abstinct]) AND
(brachial anlde pulse wave velocity{Title/Abstract]). We additionally
md-ltherduaulhudthemiemdmmcﬁpbnddndndth

manuscripts citing the retrieved papers. We especially hed through
the ref lists of p narnmtive xeviemo(lhcbpu: Fig. |
ptmdnﬂowohhe’ lusion of studlies in the pt review.

ﬁomhwwup«ﬁmwduewﬁn;nﬂnmommwnd
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Database searching
Pubmed - 1280
Web of Science - 74
Scopus - 63
Cochrane - 9
{n=1433)
Record after suplicates removed
(n=1303)
Record excluded through titles
Recards screened — o | a0d abstract screening dur 1o non-
(1303 relevamt
(n=1260)

l

|

Studies included in quantitative
synthesis
(a=6)

- - Records excluded through lack of
Full-text articles assessed for correlation between bone density
eligibility = | and brachial unkie pale wave
(n=43) velocity
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(n=37)

Fig. 1. The PRISM diagram for the review and the sets-analysis)

metn-analysis (PRISMA) guddelitses (Mober et al, 2009 Shaoseer ot al,
2015), The litesatire search snd munuscript selection were pef; 1

scale. Moreover, it should be noted that four out of the six studies
included wese prospective studies. The last advantage is that the stidies

by two independent researchess (1, JB). The data extinction was pes-
formed by L) mxl RO with the help of MM and JB. The quality of the
inchided studies was meed using Newcastle - Ottawa Quality Assessment
Scabe (Stany, 2010), The values on this senle pertain to data selection
and study groups (A-D). The comparsbility of primary and secondary
factors among groups is also assessed (E). The methods used to collect
information from patients are examined as well (F-H). We limited our
senrch to the English Inngunge reparts of human studies.

21 Mnclusion and exclision crirena

Studies were induded if they mwasured correlation coefficient be-
tween BMD and baPWV. To increase the homogeneity of the inchuded
studies, we decided to inchsde articles that mensure BMD at the lanbar
spine and exclude articles that measure 8MD at other locations. For data
from one research study that wes published i | articles, the article
with the most compeehensive data was incloded The following nfoc-
mation from the articles was extineted: journal nanse, first author name,
publication year, h type, ch population, age, sample sze,

ch mrea, Pe dntion cosfficients between BMD measire-
ment in lumbar spite and baPWV. The second mpect pertains to the
exceptional quality of the publications ns measured by the New-
casthe-Ottawn Quality Assessment Scale, which scores between 7 and 8
points. Only one miticle achieved a score below 7 on the aforementioned
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invalved quite lnrge groups of patieats. Only one study induded in the
mwta-analysis had fewer than 100 participants.

2.2, Heterogenety and sensitivity

The betetogeneity of the articles was { using the Cochran Q
testand P inconsistency index (D-100 %). The higher the I, the greater
the heterogeneity. The values of 25 %, 50 %, and 75 % indicate Jow,
modemte, and high heterogeneity, respectively. The sensitivity testing
was conducted by removing individual sudies from dhe overall result,

3. Results
3.1. The characteristics of the inclisded stisdies

A total 6 full text studies were included in the quantitative analysis.
Redevant datn for both genders were found (o six articles, data for
women only were in three artides. In ol publications induded in the
eta-nnalysis, the total numbes of studied individunls was 3800, with
2054 women and | 746 men. The nsean nge of patients was Jess than 60
yeats in the most incladed articles. BMD at the lumbar spine (LS) was
measwred by dual-energy X-my absorptiometry ot all included studies.
PWV was assessed using the brachind-ankle cuff, where the waveforms
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Detnils are presented in Toble 1,

22 BMD and baPWV relationship

We decided to provide mets-snalysis calculations sepacately for both
genders.
Pooled correlation coefficient was 0,24 (95 % CE -0.34; ~0.15)in
wamen population (Fig )
There was modernte heterogeneity among the included sudies Q =
8.2p = 0117nndlncomlmqhulul’ 43 % (95 % CI; 0-77 %).
analysis showed that exciusion of individual studies did
not significantly change the results. Cormrelation coefficiens values
ranged from -0.22 (95 % Cl,-0.32 to -0.13) 10 -0,28 (95 % C1,-0.36 to
~0.20).
Poaled correlation coefficient for men population was -0,12 (95 %
Cl: ~0.18; ~0.06). Forest plot is presented in Fig &
Studies nnalyzing men population demonstrated low heterogeneity:
Q=07.p= a&zaﬂmmqlndexr’ 0% (95 % CI; 0-91 %).
h 1 o small lmpact of individual studies on
thzmllmlLCnmhﬂwweﬁdmnhuxmpdbum»Olo(gs
% Cl, -0.22-0.02) to ~0.13 (95 % CL, -0.20 to -0.06) (Tables 2 and 2).

3.3 Quality assessment

Using the Newoastle_Ottawa Quality Asmsessment Scale, it appears
thot the publications included in the meta-analysis show high quality,
with the exception of the study by Kim NL et al. Their stidy exhibited
several ical flaws and limitations. The pective natuwe
dthltudyxunnedlhanulynstomedmldmm&nmdw

participants. Furthennore, this paper does not distinguish between a
study and a | group. Therefore, using the Newcastle Ottawa
Quality Assessment Senle, the publication by Kim NL, et ol collected the
fewest paints, (Tahle ).

Table 1

Archeves of Gerontology and Genatres 119 (2024) 105309
4. Discussion

Bawed oa the published data, it has been determined that the pres-
ence of bone density in women s negatively comelated with baPWV, The
pooled correlation coefficient is - 0,24 (95 % confidence interval:
~0.34; -0.15). The comelation coefficient in the men population is
~0,12(95% Q1 —me, 0.06). Wchhudethuevnbu-
o weak negative clation. Especinlly the elation coefficent in
m-mm&mn‘udmnmuﬂmmlﬂmﬂ«hul
lack of correlation, as a egligible corvelation (Mulaka, 2012) To the
best of our lmowledge, this is the first meta-analysis to demonsirate
diffe in cotrelation b m-ﬂmmgmkn

Osteoporasis and ath 1 share common pathophysiological
mechanisms. 1o osteoporesis, there is a decresse in the amount of cal-
clum present in the bones, which, upon entering the bloodstream, is
deposited in the arteries, resulting in an incresse in arterial stiffness.
Both diseases get worse with age (Fugihas o ol 201 7). Furthermore,
the inflammatory basis of both asteoporosts and atherosclerosés is taken
into account. Osteoporosis & more prevalent in women, whereas
atherosclernsis s statistically more advanced in men, which can be
attributed to a higher frequency of smoking amd more advanced dysli-
pidemin (Baldwin ee ol 2017). In our analysis, it is important to clarify
the observed gender-based differences in the impact of the conslation
between elevated arterinl stiffoess (0 predictor of atheroscler osis) and
decrensed bone density (n predictor of osteoporosis). It appears that this
partial difference coudd be explained by the chai istics of the group
of people included in the research, Women are more likely to suffer from
osteoporosis, even though its severity iticrenses aftes menopause. I the
mhmwﬂﬂyuwhl&emmm
both i d 50, indicating n relatively
Mﬁlmhm“wammm It is

mdnfxmthnpe&pubdudmmveaﬁuﬂylam
bone mineral density and elevated periphesal vascular resistnnce.
Findings from our meta-nnalysis may impect the decision to diagnose
women exrlier and with greater atrention for both atherosclerasis and
potosis. This in mind, we should take the time to actively look for

the signs of osteoporosis in people with a history of candiownscular
disease, as well as assessing the cardiovascular risk move thoroughly in
women with the condition.

In two asticles inclded in the mets-analysis, BMD was a dependent
variable and baPWV was an independent varinble, and in four of them it
was the opposite: baPWV was a dependent varinble and BMD was an
independent variable. Howeves, we included in ow meta-analysis the
values of Pearson's conrelation coefficients between BMD and baPWvV,
which were a prediminary part of the analyzes conducted in thess ari-
cles. We can therefore treat both variables ns independent variables,
without (ndicating which variable is the dependent snd which s the

vainble,

In total, 54.1 % of participants in these studies were female. In study
Wang «t ol (2015) population consisted of 2457 subjects (1467 men,

lwm)dmakwtohﬁudmdmm
might affect ath ! and bone bolist. The avernge age of
men wis 45.72 yenrs, and the average age of women was 44.7] yemrs.
The baPWV was sigaificantly amocinted with BMD in both male and
female after adjusting for oge only. The other wurinbles of subclinical
is (ABI, CIMT, «GFR ot microalbuminuria) fniled to o reach

Study characteristics,
Aehor, Populison  Seady deigs Aoz iged Mezaumd PWY
publicaticn BMD wish with
yo=,
oumey
o et d Mes - 111 Retrccpective DA {Lamar Aummatic
W14, Wosnen sudy, MC Prodigy wavedosm anslyre
Kores 120 Advance, (VP1000; Nippoa
OF Lusaxr, Calin Ld., Komaki,
Medsnn, Japan
Wi, USA)
Laag #tal Men - 163 Crom DXA Aumaian
W14, Women - d 4 by
Chiny m study, SC 2 Medilink  (foem PWV/ARR
ey Calin Ca
Wang »t 2l Men - Procpective DxA Aummatic
LN 1467 wudy, MC {Discovery waveform analyser
Chiss Weomey - A Hodogie, {Collia Co,,
020 L8A) Eoakd, Japan)
Miuns Wosien - Prospective XA Autamsted device
ol 4 wudy, SC (QURA%OO,  (focmn PWV/ARS
004, Hologie Colin Co. Lad.,
Japan loc. USA Romakd, Japan)
Jaalitnl Weosen Preepective DXA Volume ¥
el 440 stody, MC {QDRA50D plethy b ath
2018, A, Hologic, 2ppacates (Form
Jdagan Bediced, PWV/ABL Fukuda
MA, US) Calin Co., Ld.
Tohyo, Japan)
Sisssion Wosnen - Preepective DXA (QDR- Automatic
etal s wtudy, SC 1000 W, worsdorm auslyser
2008, Holagi, (Colin Co.,
Japmn Waltham, Kamaki Japan)
MA, USA)
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stntistical significance with the BMD. They detected that buPWV was an
independent factor significantly carvelated with BMD. Pearson’s corre-
lation was used to identify the BMD associnted with the change in
baPWV. baPWV was statistically significantly corvelated with BMD in
both genders. The conrelation was stroages in females than in males; in
females, the comelation wns stionger in post-menopause than
pre-menopanse. In healthy Han Chinese population (Liusg o1 ol 2014)
consequently, 222 women and 163 men, aged 37-87 years, with normal
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WOMEN - pectes comelaton comficmnt

whaty (95% Y
Jesiromi M (20Y8) —_— 421037, 010
1om NL 20%4) e — Q32 (047 010
Mivermo M Q200%) _— D210 0
Warg YO (2013) —_— 232 013
Liang DK (20%4) s | 000 022 0.04)
Sumna H (2008) QA4S (068 012}
avaratl — 424 {034, 0.18)
08 07 o8 08 04 03 03 01 00 0
Fig. 2. Fovest plot, wornen,
MEN - poced comelaon cosfioent
"y re5% <y
Kim ML (2014} 01514033, 0.03)
Wang YQ (2015} - 2134021, -006)
Liang DK 2014) - 00021 -0)
oversll e 412 (0.45; -0.08)
235 028 RRLY Q05 0,05 015
Fig. 3. Fovest plot, men.
Table 2 Table 3§
- v Bwa prahe  Weight (W] Eachuded study v e ne p value Waight (W]
Suslichorst et ud (XF1U) 0.25 037, 013 <0001 7w Wiiws et al. (2014} 012 -0.18 005 0.001 88%
Rl ot o, (2014) 025 034 012 <0001 MW Wiaryg et al. (2015) a1 -0.2% 0.02 010 20m
Mikssun ot o (200%) 026 037014 <0001 EIW Lisuy o sl (2014 als -0.20, 0.06 <0.001 6%
Warg et al (3015) 022 03012 <000l W A stuafies neludni a2 -0.18; -0.06 «0.001 100 %
Lisng wt 2L (2004) 028 036 -020 <0001 6w
Nuastanm w2l CX06) 023 032 -013 <0001 MW
AX stuaties included -0 034 015 <0001 00w the past § years, gonad dysfunction, patient taking bormwonal ageats -
wese exclixled from the study, The other studies in our meta-analysis
lank ed il i (2009 S
BMD, penia, and sis were induded in the analysis. In only at ot al (2009) an investigation carried

both genders, the differences of ABJ, PWV, and CIMT among the thiee
groups (BMD ) weee not found after adjustment for age. The
study by Kim et al (2014) participated 239 healthy people (women:
128, merc 111), mean age was 53 years old. History of hypertension,
dinbetes, dyslipidemin, thyroid disease, pamthyroid disease, rheums-
toid arthritis, history of taking steroids, dingnosed with cancer within
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out on the association between arterial stiffness, lumbar BMD and booe
metabolic madkess in Jap 143 postmenopausal women (menn age
57.9 4 8.3), where these was a significant negative correlation between
baPWV and BMD (r « -0.2); P « 0.0135). An additional analysis
included the remaining 75 subjects, but excluded subjects with hyper
tension and obesity. Here, & more negative correlation between baPWV
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Mikitnn ot oL (2009

Table 4
The Newcastle Ottawa Quality Assessment Scale.
Author, Ye Selections G ol Score
A ® c o L r G L
Kiex ot o (201 4) 1 1 1 1 1 5
Lassagg ot 2l (2004 ] ] 1 1 1 7
Wang er al (201%) 1 t ] 1 1 7
Jaalthoced wt 33 (2019) 1 t 1 1 2 s
i 1 I 1 1 7
1 | | 1 1 7

Sasmins eral (000

and BMD (r « ~0.315; P« 0.006), and & postive correlation b

and cardiovasular henlth, highlighting the impartnce of further

baPWV and BAP (r = 0.248; P = 0.032) were also significant. In eadier
Japanese study (Susioo o ol 2000) of 95 Japanese postmenopenisal
women (mean age: 554 = 6.3 years) exclusion of a person with dia-
betes, hypertension, severe dyslipidemin, cardi b di or
liver disorder, a history of osteoporotic fincture, Individuals were
awigned to ooe of three groups according to their BMD in the lumbar
spine: normal BMD (38 women), osteopenia (a BMD value 1-2.5 5.0,
below the mean value for young adults, 32 women), nnd osteoporosis (n
BMD value more than 2.5 S.D). After adjusting for age and yenrs since
menopause, women with osteoporosis had a significnntly higher baPWv
than those with normal BMD (1500 4 220 cm/s versus 1340 = 215
cmh P<o.m).lmmdpiﬂcnmdlﬁuemuinhmwuem
the P and groups or b the osteo-
penic and normal BMD groups. hJullJuxulan! (2079} studdy they
analyzed data from the 446 women with baPWV lower than 1800 an/s,
mean age 62.6 = 7.9, In this study, there were also people with cument
wicl past history of diseases including hypertension (36,6 %), dyslipi-
demin (23,5 %), and diabetes mellitus (3,5 %).Age and BMDs were
signifieantly comrelated with baPWV at follow-up. A strong positive
correlation was fourxl between baPWV at baseline and at follow-up.
The negative correlation between baPWV und BMD observed in
wonen suggests that as women age, their cardiovaseular health may be
mm,unuuomam-xmmmmm

P of compe bdthmumamlaedwdu
unique needs of nging individuals, pasti vy mmlﬂp:ﬂ!w
risks nssociated with audiovascular di More-

m.mmmmauam&mmm
boaWV and BMD in the group of women than in the group of men im-
plies that gender-specific factors play a pivotal role in bow enrdiowns-
cubsr health and booe density internet in aging populations. This
underscores the importance of considering gender-specific wariables in
gerontological research and healtheare pmetices. In summary, this
research bridges the gap between eardiovasculnr heakh and bone
strength, providing crucal insights into how these factors are inter-
cannected in the context of aging. Such knowledge is essentinl for ger-
ontologists and healtheare providers olile, as it inforns more effective
stintegies for promoting henlthy aging and addressing age-reloted health
challenges in o genderspecific manner.

In a stdy by Aviamovski P et al. 2018, it came out that the signif-
icance of age as o factor influencing PWV is evident. By integrating
carotid-femaral Doppler PWV measurement into the standard diagnostic
toolkit for nssessing arterial stiffness, we can identify individuals at risk
not only among the elderly population but also among younger patients
mn@:mmmmmmmmm
and p for pe such as man-
mmuhlsdﬁnes.addm hypmeadm.o(hndﬂmg diabetes

when y (Avimoved ¢ al, 2018),
In a study conducted by Zhang M et al 2019, involving a cobort of

investigation into the relationship between these two varinbles, espe-
cinlly in nging populations (Zhang et ol 2019)

4.1. Lowering BMD as a prelude to esteoparosis especially in women

With the ageing population osteoporosis is continunlly mereasing,
and it has become an important bealth problem globally. A study
involving US adults aged 50 yewrs reparted that the prevalence of

pososis was 11 %, wh the preval of low bone mass mnged
from 28 % to 45 % in 2013 (Lookes et ol |, 2017), Gender differences in
the prevalence of the disease nre ko significant. A meta-analysis of 33
articles revealed that the prevalence of osteoporoais in Chinese poople
aged S60 years was 36 %; comprising 23 % men and 49 % women (He
ot al, 2016). Therefore, special studies on the diagnosis nw manage-
ment of osteoporosts in women have been developed (Yong & Logan
2021), The studies (ncluded in our meta-analysis show the correlations
of increased amerinl stiffness with bone density - ot every stage - from

normal BMD to osteopenia to osteoporosis.

4.2, Pulse wave velocity as still an important indicator of mudtimorbidity
and mortality

In a meto-mnalysis by Tomiyamm, Matsiwmoto, Shdina, and Y
abdna (2016) and  Muookaw  (2014)  demonstrated that the
brachial-ankle PWV is an iindependent predictor of future eardiovaseulae
events. Putthermore, the treatment of cardiovasculor risk factors and
lifestyle modificntions have been shown to improve the beachinl ankle
PWV (Tomiynme & Shiins, 2020), Pube Wave Velocity is nlso consid-
ered marker that may predict cardiovascular and all-couse mortality of
hemodialysis patients (Ng vt =l 2023); and together with Blood Pres-
sure Variability they constitute prognostic indicators in elderly patients
(de ln Ssecm ot ul, 2023), In the Sun study (Sun ot al | 2021), increased
baPWV was shown to be more strongly associated with sarcopenia and
arteriosclerosis, which are known to be associated with osteoporosis and
cause high mortality among patients,

4.3, Gender differences in arteriol stiffness

In the literature, during the analysis of age groups, differences
associnted with gender in the mean values of the structural and fune
tional parameters of the artery were absent o the age group 4-8 yems,
but st ~15 yemrs, they began to appear (Liowl Jones ot ol 2001)
Integestingly, for the diffevent age groups, no gender-relared difference
was observed for arterial stiffeess in the upper extremity, whereas, in
males, fPWV was foun to be higher (Jang o0 0l 2014) These results
show that starting at —15 years, for elostic arteries mich ns the norta,
gender-related differences can be found (Curcio w0 al, 2016) The
research emphasized the role of different hormonnd balance, including

580 patients with an avernge age of 64.82 + 11.4 years, the h
Wlnﬂmﬂl’ﬁﬂiﬂ' Spoclﬁully.dwyohuwdumy
ant cont bone i (BMD) in the

mmvh(rc&udwumw)ndwmv-uﬂuhdu
(CAVI) valizes among middle-aged and elderly Chinese inpatients, This
finding suggests a potential Link between the health of the thoracic spine
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the p effect of gens in premenopausal women compared to
young men. However, the initially protective role of femanle sex hor
mones in combinution with the subsequent acceleration of incieased
cardiovascular risk remains unclear (Hovward ot al . 2000; Labeua et ol |
20002 Moceaw, 2019 Poest ot al, 2018; Rodgers ot ul., 2019 Zaydun
o ol., 2006),
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4.4, Concatenation arterial stiffness and osteoporosis

Ammmwdhpmpwm
of the etosis and bone Jos lending to osteo-
pom:hwu&m:nbdbyﬁnunrar'ol 120190 The “Bermuda trinn-
gle” of ol is, mod infleamation  Under
m—ldhmmymmmmmhnlrﬂﬁrmndh—
grade” inflammation may link atherogenesis with bone loss. Candio-
vascular disesse axd osteoporosis axve crucial health problems (Vg &
Husng, 2023), They may occur simulmnecusly in the geneml population
(dem Uyl ot al, Ylll)mmmmdnbmmndm

Joakeletal diseases, such as vh id
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5. Conclusion
In conclusion, lhnqmmmwwudmﬁn—amlyﬁptmdew
idence of a mod. baPWV and BMD in

h&ﬂemﬂnwb&&emﬂnmmhm&mmh
wenker. This study, by investignting the gendes-specific relationship
between baPWV and BMD, provides valunble insights into the factors
dmcomﬂuﬂothnpnhudbul&mﬂnﬁmm
that gender differences exist in the iation b
health (baPWV) and booe strength (BMD). These results underscore the
deﬁdws&d«m&bﬂmwﬁnmhmﬂn
lar and booe health. However, further

inflamenatory rh

arthyitis and ankylosing spoodylits (¢ nl.dmzd al. 2024). Paper Pusatnl
et ol (2021 describes common pathways in inflammasory
atherosclerosis and bone Joss, In the Zhong of ol (2022) study, it was
shown that increased arterial stiffoess, av measured by baPWV, was
associated with the rsk of functional disability, which can cause falls in

4.5 The impacr of methodology of PWV assessment and bone mineral
density on the meta-analysés results

We should also mention the Liverature oa the subject, which, for
reasons pot meeting the critesia ndopted by us, we did not indude in the
calculations, In the study Jimg e al (2010, divided patients into
groups depending on baPWV - categorized into a nommal (baPWV <
1400 cun/s) o high (baPWV > 1400 cin/s) - without giving aa avesag

lation, After full ndj for the rel covarintes, n
boundary significmst association was found between low BMD in the
femoral neck and baPWV in postmenopausal women {odds ratio « 1.77,
p = 0.049) After full adjustment, neither BMD nov low BMD were
significantly sssocinted with subclinieal stherosclerosis (n men o post-
menopaisal women, There are isolated reports of gender differences (o
this topic. In study fasangs o ol (2021) denonstraced thar markers
of mrtecinl stiffness (as sortic means ofPWV, cmotid intima medio
thickness -CIMT) are asocinted with pooter bone health (whole body
BMD) in Indinn women, but not in men. In some studies, instend of
mensuring BMD using densitometry, spproprinte questionnoires that
could predict were used (Blake & Fogeluan, 2007), In the
stixty by Huan Y et al. the suthors investigated the comrelation between
arterial stiffoess (baPWV), including & cuol value, and the risk of

sis o5 d by the Osteoparosis Self A at Tool for
Adn(osm) They showed a significant comelntion between the OSTA
index and baPWV, suggesting a potentinl predictive value of baPWV in
elderly patients nt high risk of osteoporosis (Xus #t ul, 2079),

4.6. Limétations

Our meta-analysis has limittions. First, we chose articles with only
baPWV and caly humbar BMD, Asticles with cfPWV and other BMD
mensurement sites were not included in the analyses. We i the
atticles o be more homogeneaus to limit heterogeneity. Secondly, all
atticles in the meta-analysis came from one continent (Asia), so the
condusion & it does not apply into the population applies to the entire
population. The nwta-analysis contnined o few nrticles. The adm was to
1educe heterogensity by alming for homogensity of mticles. Moreover,
there were significantly fewes publications that contained datn per-
taining to men in comparison to those pertnining to women. Our meta
analysis nlso possesses stiengths. The first strength is the high degree of
homogeneity ohserved in the included studies during the analyss. Our
nwta-analysis also possesses strengths. The first strength is the high
degree of homogeneity observed in the included studies during the
analysis. The lest advantage is thar the sudies involved quite lage
groups of patients. Only one stisly (ncluded in the meta-analyss had
fewer than 100 participants.
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ch is needed o explore the wndedying mechanisns driving thess
gender differences and to elucklate their clinical implications:

1 Age-nxvyw Age s 2 critical factor in both atheroselerosis
and osteoporosis, as both conditions tend to woesen with advancing

age. It would be beneficial to discuss how age might interact with the
observed correlations between baPWV and BMD in men and women,
For' do these iations change with age, and if so, in what

B e

zm&muﬁ-d lysis Consil nge-stratified anal-
yﬁbmwhhtﬁemeumdﬁemmb«mmw
and BMD vatkes across different age groups within the study popu-
Intion. This can help identify potential age-specific tends.

3. Menopause and [ts Influence: Since menopaus: is a significant event
m-mnlllleamqlwhhlumdchngsnmlhueud

risk of osteopocosis, explore whether the ‘dlhewu L
differs t pee pausal and post P Are
there age-related trends in post pausal that could
explain the observed differences?

4. GenderSpedific Trends: Discuss any gender-specific trends that
emerged from the analysis, For instance, if women in the study
tended to be younger on avernge than men, consider whether this age
difference may have contributed to the stronger correlation observed
in women

5. Potential Mechanisms: Explove potential mechanisns underlying the
observed age and geoder differences. Are there biological or physi-
ologicnl explonations for why baPWV and BMD might cocrelate
differently in men and women of different nges?

6. Clinical Implications: Consider the dinical implications of nge-
qxnﬁcnnnmhlhemdmmmw-:dm
How might these findings impact the diagnosis and management of
atherosclerosis and osteoporasis In different age and gender groups?

Future Resenrch Directions; Suggest areas for futwe reserch, such ns
conducting longitudinal studies to tmdc changes in baPWV and BMD
over time in individuals of different ages and gendess. This could help

elucidate the dynamic nature of these relationships
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10. Spis rycin i tabel

Publikacja 1.: Validation of a new device for photoplethysmographic measurement
of multi-site arterial pulse wave velocity.

Fig. 1 — Block diagram of MPPT system configured for multi-site PWV measurement
(with  SphygmoCor XCEL sensors) (Ryc. 1 - Schemat blokowy systemu MPPT
skonfigurowanego do pomiaru PWV w wielu lokalizacjach (z czujnikami SphygmoCor
XCEL).

Table 1 — Characteristics of the study group. (Tabela 1 - Charakterystyka grupy badanej).

Fig. 2 — The distances used to calculate the PWV in the SphygmoCor XCEL (d1, d 2, d 3)
and the MPPT system (d4, d 5, d 6, d7). (Rys. 2 - Odlegtosci uzyte do obliczenia PWV
w SphygmoCor XCEL (d1, d 2, d 3) i systemie MPPT (d4, d 5, d 6, d7).

Table 2 — Characteristics of the path length. (Tabela 2 - Charakterystyka dlugosci §ciezki).
Fig. 3 — Timeline of the measurement protocol. (Rys. 3 - O$ czasu protokotu pomiarowego).
Fig. 4 — Sample of signals from PPG sensors and PTT delays for multi-site PWV calculation.

(Rys. 4 - Przyktadowe sygnaty z czujnikéw PPG i opdznienia PTT dla obliczania PWV w wielu
lokalizacjach.)

Fig. 5 — Relationship (a) and difference (b) between carotid-femoral PWV (cfPWV) and MPPT
device PWV (htPWV). MPPT measurement site: forehead - right toe. (Rys. 5 - Zalezno$¢ (a)
iroznica (b) migdzy PWV tetnicy szyjno-udowej (cfPWV) a PWV mierzong za pomoca
urzadzenia MPPT (htPWV). MPPT miejsce pomiaru: czoto - prawy palec u nogi.)

Fig. 6 — Relationship (a) and difference (b) between carotid-femoral PWV (¢cfPWV) and MPPT
device PWV (htPWV). MPPT measurement site: forehead — left toe. (Ryc. 6 - Zaleznos$¢ (a)
1r6znica (b) migdzy PWV tetnicy szyjno-udowej (cfPWV) a PWV mierzong za pomoca
urzadzenia MPPT (htPWV). Miejsce pomiaru MPPT: czoto - lewy palec u nogi.)

Fig. 7 — Relationship (a) and difference (b) between carotid-femoral PWV (cfPWV) and MPPT
device PWV (etPWV). MPPT measurement site: right ear - right toe. (Ryc. 7 - Zaleznos¢ (a)
iréznica (b) miedzy PWV tetnicy szyjno-udowej (cfPWV) a PWV mierzong za pomoca
urzagdzenia MPPT (etPWV). Miejsce pomiaru MPPT: prawe ucho - prawy palec u nogi.)

Fig. 8 — Relationship (a) and difference (b) between carotid-femoral PWV (¢cfPWV) and MPPT
device PWV (etPWV). MPPT measurement site: left ear - left toe. (Rys. 8 - Zalezno$¢ (a)
irdznica (b) miedzy PWV tetnicy szyjno-udowej (cfPWV) a PWV mierzong za pomoca
urzadzenia MPPT (etPWV). MPPT miejsce pomiaru: lewe ucho - lewy palec u nogi.)

Fig. 9 — Relationship (a) and difference (b) between carotid-femoral PWV (cfPWV) and MPPT
device PWV (etPWV). MPPT measurement site: right ear — left toe. (Ryc. 9 - Zaleznos¢ (a)
1r6znica (b) miedzy PWV tetnicy szyjno-udowej (cfPWV) a PWV mierzong za pomoca
urzagdzenia MPPT (etPWV). Miejsce pomiaru MPPT: prawe ucho - lewy palec u nogi.)

Fig. 10 — Relationship (a) and difference (b) between carotid-femoral PWV (cfPWV) and
MPPT device PWV (etPWV). MPPT measurement site: left ear - right toe. (Rys. 10 — Zaleznos$¢

92



(a) 1 roznica (b) miedzy PWYV tetnicy szyjno-udowej (cfPWV) a PWV mierzong za pomocg
urzgdzenia MPPT (etPWV). Miejsce pomiaru MPPT: lewe ucho — prawy palec u nogi.)

Fig. 11 — Relationship (a) and difference (b) between carotid-femoral PWV (cfPWYV)
and MPPT device PWV (ftPWV). MPPT measurement site: right finger - right toe. (Rys. 11 —
Zaleznos$¢ (a) 1 réznica (b) miedzy PWV tetnicy szyjno-udowej (cfPWV) a PWV mierzong
za pomocg urzagdzenia MPPT (ftPWV). Miejsce pomiaru MPPT: prawy palec dloni — prawy
palec u nogi).

Fig. 12 — Relationship (a) and difference (b) between carotid-femoral PWV (cfPWV)
and MPPT device PWV (ftPWV). MPPT measurement site: left finger - left toe. (Rys. 12 —
Zaleznos¢ (a) 1 roznica (b) migdzy PWV tetnicy szyjno-udowej (cfPWV) a PWV mierzong
za pomocg urzagdzenia MPPT (ftPWV). Miejsce pomiaru MPPT: lewy palec dtoni — lewy palec
u nogi.)

Table 3 — Summary of comparison between cfPWV and MPPT multi-site PWV measurement.
(Tabela 3 — Podsumowanie poroéwnania miedzy cfPWV a wielomiejscowym pomiarem PWV
za pomocg urzadzenia MPPT.)

Fig. 13 — Relationship (a) and difference (b) between carotid-femoral PWV (cfPWV)
and average MPPT device PWV (msaPWV). msaPWV is the meaning of variants no. 1-6. (Rys.
13 — Zalezno$¢ (a) i rdznica (b) migdzy PWV tetnicy szyjno-udowej (cfPWV) a $rednig PWV
mierzong za pomocg urzadzenia MPPT (msaPWV). msaPWV to $rednia z wariantéw nr 1-6.)

Fig. 14 — Relationship between the msaPWV and subject age. (Rys. 14 — Zalezno$¢ migdzy
msaPWYV a wiekiem badanych.)

Fig. 15 — The relationship between the SDavg and subject age (a) and cfPWV (b). (Rys. 15 —
Zalezno$¢ miedzy SDavg a wiekiem badanych (a) oraz cfPWV (b).)

Table 4 — Validation results of the other devices with SphygmoCor as reference. (Tabela 4 —
Wyniki walidacji innych urzagdzen w porownaniu z SphygmoCor jako odniesieniem.)

Publikacja 2: Relationship between the Central and Regional Pulse Wave Velocity in the
Assessment of Arterial Stiffness Depending on Gender in the Geriatric Population.

Figure 1. Principle of cfPWV measurement with the SphygmoCor XCEL device.
(Rys. 1 — Zasada pomiaru ¢cfPWV za pomocg urzadzenia SphygmoCor XCEL.)

Figure 2. An example screenshot of cfPWV measurement with the SphygmoCor XCEL.
(Rys. 2 — Przyktadowy zrzut ekranu pomiaru cfPWV za pomocg urzadzenia SphygmoCor
XCEL.)

Figure 3. Representative carotid and femoral pulse waveforms for calculating the cfPWV
recorded with the SphygmoCor XCEL (for 4 participants with ID = (a) ng04, (b) ng28, (c) ng40
and (d) ng45). (Rys. 3 — Reprezentatywne fale tetna tetnicy szyjnej i udowej do obliczania
cfPWV zarejestrowane za pomoca urzadzenia SphygmoCor XCEL (dla 4 uczestnikow
z identyfikatorami: (a) ng04, (b) ng28, (c) ng40 i (d) ng45).)
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Figure 4. Block diagram of the MPPT system and location of PPG sensors for regional PWV
measurement. (Rys. 4 — Schemat blokowy systemu MPPT oraz lokalizacja czujnikow PPG
do pomiaru regionalnego PWV.)

Figure 5. Representative signal plots for calculating the regional PWYV recorded with the MPPT
apparatus (for 4 participants with ID: (a) ng04, (b) ng28, (c¢) ngd40 and (d) ng45).
(Rys. 5 — Reprezentatywne wykresy sygnatéw do obliczania regionalnego PWV zarejestrowane
za pomocg aparatu MPPT (dla 4 uczestnikow z identyfikatorami: (a) ng04, (b) ng28, (c) ng40
i (d) ng45).

Table 1. Comparative characteristics of gender groups. (Tabela 1 — Charakterystyki
poréwnawcze grup wedlug pici.)

Table 2. Correlation coefficients of selected parameters and cfPWV in the whole group
and by gender. (Tabela 2 — Wspolczynniki korelacji wybranych parametréw i cfPWV w calej
grupie oraz wedhug pici.)

Table 3. Multivariable regression analysis coefficients. (Tabela 3 — Wspodtczynniki analizy
regresji wielowymiarowej.)

Table 4. Multivariable regression—comorbidities and gender. (Tabela 4 — Regresja
wielowymiarowa — wspolistniejace schorzenia i ptec.)

Table 5. Analysis of multisite regional PWV by gender. (Tabela 5 — Analiza wielomiejscowego
regionalnego PWV wedtug pfci.)

Table 6. Comparison of central and regional PWV. (Tabela 6 — Porownanie PWV centralnego
1 regionalnego.)

Publikacja 3: Impact of COVID-19 on carotid-femoral pulse wave velocity: a

systematic review and meta-analysis.

Figure 1. PRISMA systematic review flow diagram. (Rys. 1 — Diagram przeptywu przegladu
systematycznego PRISMA.)

Table 1. Characteristics of included studies. (Tabela 1 — Charakterystyka wtaczonych badan.)

Figure 2. Forest plot of cfPWV in COVID-19 patients vs. non-COVID-19 controls. The mean
differences for individual studies are represented by the central point of each square, and the
associated horizontal line indicates a 95% confidence range. The diamond shapes indicate the
consolidated results. (Rys. 2 — Wykres lesny cfPWV u pacjentow z COVID-19 w pordwnaniu
z grupa kontrolng bez COVID-19. Srednie réznice dla poszczegdlnych badan sa
reprezentowane przez centralny punkt kazdej kwadratu, a odpowiadajaca pozioma linia
wskazuje na 95% przedziat ufnosci. Ksztalty diamentow wskazuja na skonsolidowane wyniki.)

Publikacja 4: Is the association between pulse wave velocity and bone mineral density.
the same for men and women? - A systematic review and meta-analysis.

Fig. 1. The PRISM diagram for the review and the meta-analysis). (Rys. 1 — Diagram PRISMA
dla przegladu i metaanalizy.)

Table 1. Study characteristics. (Tabela 1 — Charakterystyka badan.)
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Fig. 2. Forest plot, women. (Rys. 2 — Wykres lesny, kobiety.)
Fig. 3. Forest plot, men. (Rys. 3 — Wykres le$ny, mezczyzni.)
Table 2. Sensitivity analysis, women. (Tabela 2 — Analiza wrazliwosci, kobiety.)
Table 3. Sensitivity analysis, men. (Tabela 3 — Analiza wrazliwosci, mezczyzni.)

Table 4. The Newcastle-Ottawa Quality Assessment Scale. (Tabela 4 — Skala oceny jakosci
Newecastle-Ottawa.)
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Ml e Pne B HAD. MED CLESHONY MEcHER

"
Warszaws, 27,04.2017 r.

Decyzjn Komisji Bioetycmmej
przy Narodewym Tnstytucie Geriatrii, Reumatologii i Rehabilitacji w Warszawic
or KBT-4/1/2017

Komisja Bioetyczna przy Narodowym Instytucie Gerlatrii, Reumatologii i Rehabilitacii w Warszawic,
ul. Spartafiska 1, dzinlajgca zgodnie z zassdami GCP, zpoznala sig w dnlu 27042017 1,
znusigpujzeymi  dokumcotami  dotlyezgoymi  projekty badawezego pt.  ,Ocena  przydatnedc
wielopunktowego pomiaru czasu propagacji fali tetna do ciaglego, nicinwaryjnego pomiaru
cisnienin tgtniczego | do diagnostyki chordb serca”™

I. Podanie kicrownika naukowego do Komisji Bioetycznej »¢ 7gody Kiorownika Kliniki
i Polikliniki Geriatrii NIGRIR na przeprowadzenie badania;

Whalosek do Komisji Bioctycsnej rawiernjacy:

Skiad respolu badawczego;

Opis programu badania;

Formularz swiadomej zgody na udzial w badaniu;

Informacje din pucjenta,

Badania naukowe bedy prowadzone z udzialem pacientow Kliniki i Polikkiniki Geriatrii NIGRIR oraz
Oddzialu Kurdiologii | Poradni Kardiologicznej Wojewddzkicgo Szpiula Specjalistycanego w Biakj
Podlaskiej. Projekt bydzie realizowany wo wspdlpracy z Wydsiatem Elektroniki Wojskowej Akademii
Technicznej w Warszawie. Kierownikiem navkowym projektu jest prof. wiz. dr hab. n, med. Robert
Olszewski.

Komisja Bioctyczna przy Narodowym Instytucie Geriatrii, Reumnatologii | Rehabilitacji w glosowaniu
tqr\ymmdnkcqnxmtgbszmegopmjckmwynuhzgmlemmmbdmw
z przedstawionym protokokem.

. 0w
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wa:o:wm
&qlw-m
wm&s&‘r' Warszawa, 27.04,2017 1,

w2 o
M 50071842, MEGON: 00029854

Lista obecnoici ezlonkéw Komisji Bioetycznej przy Narodowym Instytucie Geriatrii,

Reumatologii i Rehabilitaci
) /"' f' :7‘/,f
( 2=

Prof, dr hab. med. Piotr Ghuszko ~ lekarz - SN -
NIGRiR \ f {
Prof. dr hab. med. Anna Filipowicz-Sosnowska — lekarz : Q,[ Y l( s
NIGRIiR
Drn. bum. Ewa Kyjawa-etyk ﬂéﬁ}
Centrum Medyezne Ksztalcenia Podyplomowego ! (L"V
P. Barbara Kurck ~ pielegniarka '
Instytut Kardiologii
Prof. nadzw. dr hab. med. Robert Gasik - lekarz
NIGRiR

F o 2
Prof. nadzw. dr hab. med. Beygida Kwiatkowska —lekwez .../ § SOESRELNE
NIGRiR - ‘

fj,’y : 7

Ks. dr Wiodzimierz Nast - ksiadz LT
Chrzedeijutiska Akademia Teologiczna £
Mec. Maria Grzeszezyk —prawnik )“rf i ndias
Panstwowy Zaktad Wydawnictw Lekarskich
Prof. nadzw. dr hab. med. Marzena Olesifska ~ lekare ..., M{‘ ..... o
NIGRiR
Prof. nadzw. dr hab. med, Lidia Rutkowska-Sek - lekarz Lo WM.
NIGRiR

Prof. dr hab. med, Tadeusz Styczynski — lekarz
NIGRIR

Dr hab. n. farm. Tomusz Pawinski — farmaceuta
Warszawski Uniwersytet Medvezny

Dr n. med. Aleksandru Stabik-Ledochowska ~ lekaz =~ ..., L ORI
Okrggowa Izba Lekurska w Warszawic
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NARCDOWY INSTYTUT

—— GERIATRII, REUMATOLOGH

| REMABILITACY!|
M ROr. O aR. MED. TLrOnOeT Roces

Warszawa, 31.01.2019r.

Decyzja Komisji Bioetycznej
przy Narodowym Tnstytucie Geriatrii, Rewmatologii i Rehabilitacji w Warszawic
or KBT-1/9/2019

Komisja Bioetyezna przy Narodowym Instytucic Geriatrii, Reumatologii i Rehabilitacii w Warszawie,
ul. Spartafiska |, dzialyjgca zgodnie z zasadami GCP, zaposmsls sie w dniu 31.012019 ¢
znastepujgcymi - dokumentami - dotyezacymi  projektu  badawezego  pt. Ocenn przydatnosci
wiclopunktowego pominre czasu propagacji fali tetna do ciaglego, nicinwazyjnego pominry
cidnicnia tetniczego | do disgnostyki chordb serca™:

* Whaiosek kierownika anukowego projektu, nowego wspélbadacen ornz Kicrownika Kliniki

iWWthnkoﬁﬁw:pmommwn
rozszerzenia projekiu.,

Projekt budawezy prowadzony w Klinice i Poliklinice Geriatrii NIGRIR zostal pozytywnie zaopiniowany
przez Komisje Bioetyozny przy Instytucie w 2017 r. (decyzia nr KBT-4/1/2017). Kicrownikiem
naukowym projektu jest dr hab. n. med. Robert Olszewski, prof. NIGRIR. Obecnie wnioskodawey
Wnosz; o rozszerzenie projektu o kolejng grupe badany oraz whiczenic do zespoky badawcrego nowej
osoby — lek. Iwony Jannasz - pracownika Kliniki | Polikliniki Geriatrii, Wyniki badaf naukowych
zmtmquimymmwmdokmrd&iqjdrlmyjmmwwmwydohoddcjjeammm
z tytulem projektu badawczego.

Komisju Bioetyczna przy NIGRiR w glosowaniu tajnym nad akceplacis zgtoszonej aktualizacji wyrazila

zgode na kontynuacje badan zgodnie z przedstawionymi zmisnami.
FRZEWODNIC Y
YCINE
=

KOS
pray
prot. dr hatd n. maa’ Pt Gharke

Roomabdiugy |
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7Ty PSEII S (1Y
Toumncicy
Py

Warszawa, 31.01.2019 1.,

.
P Ssa

Lista obecnodei ezlonkéw Komisji Bioetycznej przy Narodowym Instytucie Geriatrii,
Reumatologii i Rehabilitacji

Prof. dr hab. med. Piotr Gluszko - lekarz
NIGRiR

Prof. dr hab, med. Anna Filipowicz-Sosnowska — lekarz
NIGRIiR

Dr n. hum. Ewa Kujawa - etyk

P. Barbara Kurek — piclggniarka

Prof. nadzw. dr hab. med. Robert Gasik — lekarz
NIGRIR

Prof. nadzw, dr hab. med. Brygida Kwiatkowska - lekarz
NIGRiR

Ks. dr Wiodzimierz Nast — ksigdz
Chrzedcijanska Akademia Teologiczna

Mee. Maria Grzeszezyk — prawnik
Pafstwowy Zaklad Wydawnictw Lekarskich

Prof. nadzw. dr hab. med. Marzena Olesiiska ~ lekarz
NIGRiR

Prof. dr hab. med. Lidia Rutkowska-Sak —lekarz ... Y . R

NIGRiR 1

Prof. dr hab. med. Tadeusz Styczyniski - lekarz ... .. ... |
,f

Drhab. n. farm. Tomasz Pawiniski — farmacewts ... W el

Warszawski Uniwersytet Medyczny =

Dr n. med. Aleksandra Skabik-Ledochowska—lekarz =~ .. ..., »-r .......

Okrggowa Izba Lekarsks w Warszawic
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12. Os$wiadczenia wspolautorow

Publikacja 1: Validation of a new device for photoplethysmographic measurement of
multi-site arterial pulse wave velocity. Tadeusz Sondej, Iwona Jannasz, Krzysztof
Sieczkowski, Andrzej Dobrowolski, Karolina Obiata, Tomasz Targowski, Robert Olszewski.
Biocybernetics and Biomedical Engineering. Volume 41, Issue 4,2021, Pages 1664-1684, ISSN
0208-5216, https://doi.org/10.1016/j.bbe.2021.11.001.

Warszawa, 07.10.2024 r.

dr hab. inz. Tadeusz Sondej, prof. WAT

Prodziekan ds. naukowych

Wydzial Elektroniki WAT

Wojskowa Akademia Techniczna im. Jarostawa Dabrowskicgo
ul. gen. Sylwestra Kaliskiego 2, 00-908 Warszawa

Oswiadczenie

Oswiadczam, 2¢ w pracy pod tytulem: Validation of a new device for photoplethysmographic measurement
of multi-site arterial pulse wave velocity. opublikowanej w czasopismie: Biocybernetics and Biomedical
Engineering. 2021, Vol 41, Issue 4, pp. 1664-1684, doi.org/10.1016/5.bbe.2021.11.001; autorstwa: Tadeusz
Sondej, Iwona Jannasz, Krzysztof Sieczkowski, Andrzej Dobrowolski. Karolina Obiala, Tomasz Targowski,
Robert Olszewski, moj wkiad merytoryczny w przygotowanie publikacji polegal na:

koncepcji pracy, postawieniu hipotez
zaplanowaniu badan, wybér metodyki badas
prowadzeniu badan

zbieraniu danych

analizie statystycznej

interpretacyi wynikow

pisaniu pracy

graficznym przedstawieniu wynikow

. zbieraniu piSmiennictwa

10. konsultac)i | opicka

11. korekcie pracy przed zlozeniem do druku
12. zdobywaniu $rodkow finansowych

O rIONA LN -

Oceniam swdj wkiad procentowy w publikacje na poziomie 65%. Wyrazam zgodg na przediozenic powyzszej
publikacji przez lek Iwong Jannasz jako czes¢ rozprawy doktorskiej w formie spojnego cyklu artykulow
naukowych opublikowanych w recenzowanych czasopismach naukowych, Jednoczednie odwiadczam, iz
samodzielna i mozliwa do wyodrgbnienia czesé powyzsze) publikacii wykazuje indywidualny wkiad lek,
Iwony Jannasz przy tworzeniu koncepcji pracy, postawieniu hipotez, zaplanowaniu badan, wyborze metodyki
badaf, prowadzeniu badan, zbieraniu danych, pisaniu pracy, zbieraniu piSmicnnictwa, korekeie pracy przed
zlozeniem do druku oraz interpretaci wynikow | wnioskow tej pracy.

(podpis otwiadczalceno)
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Warszawa, 07.10.2024 .

dr inz. Krzysztof Sieczkowski

Wydzial Elektronki

Wojskowa Akademia Techniczna im, Jaroslawa Dgbrowskiego
ul. gen. Sylwestra Kaliskiego 2, 00-908 Warszawa

Oswiadczenie

Oéwiadezam, e w pracy pod tytulem: Validation of a new device for photoaplethysmographic
measurement of multi-site arterial pulse wave velocity. opublikowanej w cmsopismie:
Biocybernetics and Biomedical Engineering. 2021, Vol 41, Issue 4, pp. 1664-1684,
dolorg/10.10164.bbe.2021.11.001; autorstwa ; Tadeusz Sondej, lwona Jannasz, Kreysztof
Sieczkowski, Andrze] Dobrowolski, Karolina Obiala, Tomasz Targowski, Robert Olszewski, mdj
whiad merytorycany w przygotowanie publikaeji polegal na:

koncepcii pracy, postawieniu hipotez
zaplanowaniu badan, wyborze metodyki badan
prowadzeniu badan

zhieraniu danyeh

o fad B

Oceniam swéj wkiad procentowy w publikacje na poziomie 4%. Wyradam zgode na przediozenie
powyiszej publikacji przez lek. Iwong Jannasz jako czesé rozprawy doktorskie) w formie spdjnego
cyklu artykuldw naukowych opublikowanych w recenzowanych czasopismach naukowych.
Jednoczesnic oswiadczam, iz samodzielna | mozliwa do njrodrt;bnmmn czgdl powyisze) puhlllm:ﬁ
wykazuje indywidualny whklad lek. Iwony Jannasz przy tworzeniu koncepcji pracy, postawieniu
hipotez, zaplanowaniu badafi, wyborze metodyki badafi, prowadzeniu badas, zbieraniu danych,
pisaniu pracy, zbieraniu pidmiennictwa, korekeie pracy przed slozeniem do druku oraz interpretacji
wynikiw i wnioskiw tej pracy.,

Z powazaniem,
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Warszawa, 07.10.2024 r.

prof. dr hab. inz. Andrzej Dobrowolski

Widzial Elektroniki

Wojskowa Akademia Techniezna im. Jarostawa Dybrowskiego
ul. gen. Sylwestra Kaliskiego 2, 00-908 Warszawa

(Hwiadezenie

Oswisdezam, 7e w pracy pod tytutem: Validation of a new device for photoplethysmographic
measurement of multi-site arterial pulse wave veloeity. opublikowanej w crasopismie:
Biocybernetics and Biomedical Engineering. 2021, Vol 41, [Issue 4, pp. 1664-1684,
doi.org/10.1016/.bbe 2021.11.001; autorstwa: Tadeusz Sondej, Iwona Jannasz, Krzyszof
Sieczkowski, Andrzej Dobrowolski, Karolina Obiata, Tomasz Targowski, Robent Olszewski, mdj

whlad merytoryerny w przygotowanie publikac)i polegal na:

1. koncepcji pracy, postawieniu hipotez
2. konsultacji i opiece merytorycznej
3. zdobywaniu Srodkdw finansowych

Oceniam swdj wklad procentowy w publikacje na poziomie 4%. Wyrazam zgode na przediodenie
powyzszej publikacji prezez lek. Iwong Jannasz jako czedé rozprawy doklorskiej w formie spdjnego
cyklu artykuléw navkowych opublikowanych w recenzowanych czasopismach naukowych.
Jednoczesnie odwiadczam, iz samodzielna | mozliwa do wyodrebnienia czesé powyzszej publikacji
wykazuje indywidualny whlad lek. Iwony Jannasz przy tworzeniu koncepeiji pracy, postawieniu
hipotez, zaplanowaniu badan, wyborze metodyki badan, prowadzeniu badan, zbieraniu danyeh,
pisaniu pracy, zbieraniu piémiennictwa, korekcie pracy preed zlozeniem do druku oraz interpretacji
wynikdw i wnioskow tej pracy.
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Warszawa, 07.10,2024r,

Karolina Obiala

Oswiadeczenie

Oéwiadezam, 2¢ w pracy pod tytulem: Validation of a new device for photoplethysmographic
measurement of multi-site arterial pulse wave velocity. opublikowanej w czasopiémie:
Biocybernetics and Biomedical Engineering. 2021, Vol 41, lIssue 4, pp. 1664-1684,
doi.org/10.1016/.bbe.2021.11.001; autorstwa : Tadeusz Sondej, Iwona Jannasz, Krzysziof
Sieczkowski, Andrzej Dobrowolski,Karolina Obiala, Tomasz Targowski, Robert Olszewski, méj
wkiad merytoryczny w przygotowanie publikacji polegal na:

1. zbieraniu danych

Oceniam swoj wkiad procentowy w publikacj¢ na poziomie 1 %. Wyrazam zgod¢ na przediozenie
powyzszej publikacji przez lek Iwong Jannasz jako czgéé rozprawy doktorskiej w formie spéjnego
cyklu artykuléw naukowych opublikowanych w recenzowanych czasopismach naukowych.
Jednoczeénie oéwiadczam, iz samodzielna i mozliwa do wyodrgbnienia czgé¢ powyzszej publikacji
wykazuje indywidualny wkiad lek. Iwony Jannasz przy tworzeniu koncepcji pracy, postawieniu
hipotez, zaplanowaniu badaf, wyborze metodyki badan, prowadzeniu badaf, zbieraniu danych,
pisaniu pracy, zbieraniu pismiennictwa, korekcie pracy przed zlozeniem do druku oraz interpretacji
wynikéw i wnioskow tej pracy.

Z powazaniem,

oéwisdczajpcego)
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Warszawa, 07.10.2024r.

Prof. dr hab.n. med. Tomasz Targowski

Kierownik Kliniki 1 Polikliniki Geriatrii

Narodowy Instytut Geriatrii, Reumatologii i Rehabilitacji
Krajowy konsultant w dziedzinic geriatrii

ul, Spartanska 1, 02-637 Warszawa

Oswiadczenie

Oswindezam, Ze w pracy pod tytulem: Validation of a new device for photoplethysmographic
measurement of multi-site arterial pulse wave velocity. opublikowanej w czasopismie:
Biocybemetics and Biomedical Engineering. 2021, Vol 41, Issue 4, pp. 1664-1684, doi.org/10.1016/
j.bbe 2021.11.001; autorstwa : Tadeusz Sondej, Iwonn Jannasz, Krzysziof Sieczkowski, Andrzej
Dobrowolski, Karolina Obiala, Tomasz Targowski, Robert Olszewski, méj wkiad merytoryczny w
przygotowanic publikacji polegal na:

1. zaplanowaniu badas, wyborze metodyki badan
2. prowadzeniu badan
3. konsultacji i opiece merytorycane)

Ocmmm,!vkladpmwwywwbhkachmmolﬂeJ%. Wynmnmdc nanudlomﬂc

MﬁcthWiMnkwMimwmmxﬁl
wykazuje indywidualny wkiad lek. Iwony Jannasz przy tworzeniu koncepeji pracy, postawieniu
hipotez, zaplanowaniu badan, wyborze metodyki badan, prowadzeniu badan, zbieraniu danych,
piseniu pracy, zbieraniu pismiennictwa, korekcie pracy przed zlozeniem do druku oraz interpretacii
wynikéw | wnioskow tej pracy.
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Warszawa, 07.10.2024r,

Dr hab. n. med. Robert Olszewski, Profesor NIGRIR,
Kicrownik Zakiadu

Gerontologii, Zdrowia Publicznego i Dydaktyki
Narodowy Instytut Geriatrii Reumatologii | Rehabilitacji,
Spartaniska 1, 02-637 Warszawa

Instytut Podstawowych Probleméw Techniki
Zaklad Ultradzwigkow

Polska Akademia Nauk

Pawinskiego 5B, 02-106 Warszawa

Oswiadczenie

Oswindeznm, Ze w pracy pod tytulem: Validation of a new device for photoplethysmographic
measurement of multi-site arterial pulse wave velocity. opublikowane] w czasopismic:
Biocybemetics and Biomedical Engineering. 2021, Vol 41, Issue 4, pp. 1664-1684, doi.org/10.1016/
1.bbe.2021.11.001; auwtorstwa ; Tadeusz Sondej, Iwona Jannasz, Krzysztof Sicczkowski, Andrzej
Dobrowolski,Karolina Obiala, Tomasz Targowski, Robert Olszewski, mdj wkiad merytorycmy w
przygotowanie publikacji polegal na:

1. koncepcji pracy, postawieniu hipotez
2. zaplanowaniu badanh, wyborze metodyki badarn
3. zbieraniu pismicnnictwa

Oceniam swoj wklad procentowy w publikacje na poziomie 4 %. Wyrazam zgode na przedlozenic
powyzszej publikacji przez lek Iwong Jannasz jako czgéé rozprawy doktorskiej w formie spojnego
cyklu artykuléw naukowych opublikowanych w recenzowanych czasopismach naukowych.
Jednoczesnic odwiadezam, iz samodzielna | mozliwa do wyodrebnienia cz¢$¢ powy2szej publikacii
wykazuje indywidualny wkiad lek. Twony Jannasz przy tworzeniu koncepeji pracy, postawieniu
hipotez, zaplanowaniu badaf, wyborze metodyki badas, prowadzeniu badan, zbieraniu danych,
pisaniu pracy, zbicraniu pismicnnictwa, korekcie pracy przed zlozeniem do druku oraz interpretacji
wynikdw i wnioskdw tej pracy.
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Publikacja 2: Relationship between the Central and Regional Pulse Wave Velocity in the
Assessment of Arterial Stiffness Depending on Gender in the Geriatric Population. Jannasz
Iwona, Sondej Tadeusz, Targowski Tomasz, Manczak Malgorzata, Obiata Karolina,
Dobrowolski Andrzej Piotr, Olszewski Robert. Sensors (Basel). 2023 Jun 22;23(13):5823. doi:
10.3390/523135823. PMID: 37447671; PMCID: PMC10347145.

Warszawa, 07.10.2024 r,

dr hab, inz. Tadeusz Sondej, prof. WAT

Prodzickan ds, naukowych

Wydazal Elektroniki WAT

Wojskowa Akademia Techniczna im. Jarostawa Dabrowskiego
ul. gen. Sylwestra Kaliskiego 2, 00-908 Warszawa

dwiadczenie

Oswiadczam, 2e w pracy pod tyrtulem: Relationship between the Central and Regional Pulse Wave
Velocity in the Assessment of Arterial Stiffness Depending on Gender in the Geriatrie
Population. opublikowanej w Sensors. 2023; 23(13):5823. doi.org'10.3390/523135823; autorstwa :
Iwona Jannasz, Tadeusz Sondej, Tomasz Targowski, Malgorzata Manczak, Karolina Obiaka,

Andrzej Piotr Dobrowolski, Robert Olszewski; mbj wkiad merytorycany w preygotowanie publikacii
polegal na:

koncepeji pracy, postawieniu hipotez
zaplanowaniu badan, wybdr metodyki badan
prowadzeniu badan

zbieraniu danych

analizie statystycene)

interpretac)i wynikdw

pisaniu pracy

graficenym preedstawieniu wynikiw
zhieraniu pismiennictwa

10 konsultacji i opiece meryioryvcznej

11 korekcie pracy przed zlozeniem do druku
12 zdobywaniu srodkdw finansowych

D B0 ] O e L B e

Oceniam swo) whind procentowy w publikaciy na poziomie 30%. Wyraiam zgody na przediodenie
powyiszej publikacy proez lek. Iwong Jannasz jako cogsc rozprawy dokiorskee) w formie sphjnego
cyklu artykubiw noukowych opublikowanych w recenzowanych czasopismach naukowych.
Jednoczesnie odwiadczam, iz samodzielna | mozliwa do wyodrebnienia czesé powyiszej publikacji
wykazuje indywidualny wkilad lek. Iwony Jannasz przy tworzenio koncepcji pracy, postawieniu
hipotez, zaplanowaniu badad, wyborze metodyki, prowndzeniu badan, zbiereniu danych, analizic
statystycanej, pisaniu pracy, graficznym preedstawieniu wynikiow, rbieraniu pidmiennictwa, korekcie
pracy przed rloteniem do druku oraz interpretacii wynikdw i wnioskow tej pracy.

£ powazaniem,

" (podois adwiadciacenn)
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Warszawa, 07.10,2024r.

Prof. dr hab. n. med. Tomasz Targowski

Kicrownik Kliniki i Polikliniki Gerintrii

Narodowy Instytut Geriatrii, Reumatologii i Rehabilitacji
Krajowy konsultant w dziedzinie geriatrii

ul. Spartafiska 1, 02-637 Warszawa

Oswiadezenie

Odwindczam, 2¢ w pracy pod tytulem: Relationship between the Central and Regional
Pulse Wave Velocity in the Assessment of Arterial Stiffness Depending on Gender in the
Geriatric Population. opublikowanej w Sensors. 2023; 23(13):5823.
doi.org/10.3390/523135823; autorstwa :

Iwona Jannasz, Tadeusz Sondej, Tomasz Targowski, Malgorzata Manhczak, Karolina Obials,
Andrzej Piotr Dobrowolski, Robert Olszewski; méj wkind merytoryezny w przygotowanic
publikacji polegal na:

1. koncepcji pracy, postawieniu hipotez
2. zaplanowaniu badan, wybor metodyki badan
3. prowadzeniu badan

Oceniam swoj wkiad procentowy w publikacjc na poziomic 4 %. Wyrazam zgode na
przedlozenie powyzszej publikacji przez lek Iwong Jannasz jako czedé rozprawy doktorskiej
w formie spojnego cyklu artykutow naukowych opublikowanych w recenzowanych
czasopismach naukowych. Jednoczesnic oswiadezam, i2 samodzielna | mozliwa do
wyodrebnicnia czg$é powy2szej publikaci wykazuje indywidualny wkiad lek. Iwony Jannasz
przy tworzeniu koncepeii pracy, postawieniu hipotez, zaplanowaniu badan, wyborze
metodyki, prowadzeniu badan, zbicraniu danych, analizie statystyczmej, pisaniu pracy,
graficznym przedstawieniu wynikow, zbicraniu pismiennictwa, korekcie pracy przed
zlozeniem do druku oraz interpretacii wynikow i wnioskow tej pracy.
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Warszawa, 07.10.2024r.,

Dr n. med. Malgorzata Maficzak

Zakiad Gerontologii, Zdrowia Publicznego i Dydakiyki
Narodowy Instytut Geriatrii Reumatologii i Rehabilitacji.
Spartafisks 1, 02-637 Warszawa

Oswiadczenie

Oswiadczam, 2e w pracy pod tytulem: Relationship between the Central and Regional Pulse
Wave Velocity in mmg«mnmmumuhmmw
Population. publikowancj w Sensors. 2023; 23(13):5823. doi.org/10.3390/523135823; autorstwa :
Iwona Jannasz, Tadeusz Sondej, Tomasz Targowski, Malgorzata Maficzak, Karolina Obiata,
Andrzej Piotr Dobrowolski, Robert Olszewski: moj wklad merytoryczny w przygotowanic
publikacji polegal na:

1. analizie statystyczne)

Oceniam swéj wklad procentowy w publikacj na poziomie 3 %. Wyrazam zgodg na przediozenie
mmwmlalmgmmmmmwymmwrmmm
cyklu artykutéw naukowych opublikowanych w recenzowanych czasopismach noukowych.
Jednoczeénic o§wiadczam, iz samodzielna i mozliwa do wyodrgbnienia czgéé powyzszej publikacyi
wykazuje indywidualny wkiad lek. Iwony Jannasz przy tworzeniu koncepeji pracy, postawieniu
hipotez, zaplanowaniu badan, wyborze metodyki, prowadzeniu badan, zbicraniu danych. analizie
statystycznej, pisaniu pracy, graficznym przedstawieniu wynikéw, zbieraniu pismiennictwa,
korekeie pracy przed zlozeniem do druku oraz interpretacji wynikow i wnioskow 1¢j pracy.

Z powazaniem,

.............................................

108



Warszawa, 07,10,2024r,

Karolina Obiala

Odwiadezenie

Osdwiadezam, 2¢ w pracy pod tytulem: Relationship between the Central and Regional
Pulse Wave Velocity in the Assessment of Arterial Stiffness Depending on Gender in the
Geriatric Population. opublikowanej w Sensors, 2023; 23(13):5823.
doi.org/10.3390/523135823; autorstwa :

Iwona Jannasz, Tadeusz Sondej, Tomasz Targowski, Malgorzata Manczak, Karolina Obiala,
Andrzej Piotr Dobrowolski, Robert Olszewski; méj wklad merytoryczny w przygotowanie
publikacji polegal na:

1 Zbieraniu danych

Oceniam swéj wkiad procentowy w publikacje na poziomie 1 %. Wyrazam zgode na
przediozenie powy2szej publikacji przez lek Iwong Jannasz jako czgéé rozprawy doktorskiej
w formie spéjnego cyklu artykuléw naukowych opublikowanych w recenzowanych
czasopismach naukowych. Jednoczeénie o§wiadczam, iz samodzielna i mozliwa do
wyodrebnienia czgéé powy2szej publikacji wykazuje indywidualny wkiad lek. Iwony Jannasz
przy tworzeniu koncepcji pracy, postawieniu hipotez, zaplanowaniu badan, wyborze
metodyki, prowadzeniu badan, zbieraniu danych, analizie statystycznej, pisaniu pracy,
graficznym przedstawieniu wynikdw, zbieraniu pismiennictwa, korekcie pracy przed
zlozeniem do druku oraz interpretacji wynikow i wnioskéw tej pracy.

Z powazaniem,
Koxdine SHde

(podpis ofwiadczajacego)
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Warszawa, 07.10.2024 1.

prof. dr hab. inz Andrzej Dobrowolski

Wydzial Elektroniki

Wojskowa Akademia Techniczna im. Jarostawa Dabrowskiego
ul, gen. Sylwestra Kaliskiego 2, 00-908 Warszawa

Os$wiadezenie

Oswiadczam, ze w pracy pod tytulem: Relationship between the Central and Regional
Pulse Wave Velocity in the Assessment of Arterial Stiffness Depending on Gender in the
Geriatric Population. opublikowanej w Sensors. 2023; 23(13):5823.
doiorg/10.3390/523135823; autorstwa :

Iwona Jannasz, Tadeusz Sondej, Tomasz Targowski, Malgorzata Maficzak, Karolina Obiata,
Andrzej Piotr Dobrowolski, Robert Olszewski; méj wkiad merytoryczny w przygotowanie
publikacji polegal na:

1 Zaplanowaniu badan, wyborze metodyki badan
2 konsultacji i opiece merytorycznej
3 zdobywaniu $rodkéw finansowych

Oceniam swéj wkiad procentowy w publikacjg na poziomie 3%. Wyrazam zgodg na
przedlozenie powyzszej publikacji przez lek Iwone Jannasz jako czgs¢ rozprawy doktorskiej
w formie spojnego cyklu artykuléw naukowych opublikowanych w recenzowanych
czasopismach naukowych. Jednoczesnie oswiadezam, iz samodzielna i mozliwa do
wyodrebnienia czgs¢ powyzszej publikacji wykazuje indywidualny wkiad lek. Iwony Jannasz
przy tworzeniu koncepcji pracy, postawieniu hipotez, zaplanowaniu badan, wyborze
metodyki, prowadzeniu badas, zbieraniu danych, analizie statystycznej, pisaniu pracy,
graficznym przedstawieniu wynikoéw, zbieraniu pismiennictwa, korekcie pracy przed
Zlozeniem do druku oraz interpretacji wynikéw i wnioskow tej pracy.

Z powazaniem,
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Warszawa, 07.10.2024r.

dr hab. n. med. Robert Olszewski, Profesor NIGRIR,
Kierownik Zakladu

Gerontologii, Zdrowia Publicznego i Dydaktyki
Narodowy Instytut Gerlatrii Reumatologii i Rehabilitacjl.
Spartanska 1, 02-637 Warszawa

Pawiriskiego 5B, 02-106 Warszawa

Ofwiadczenie

Oéwiadczam, 2¢ w pracy pod tytulem: Relationship between the Central and Regional Pulse
Wave Velocity in the Assessment of Arterial Stiffness Depending on Gender in the Geriatric
Population. opublikowanej w Sensors, 2023; 23(13):5823. doi.org/10.3390/523135823; autorstwa:
Iwona Jannasz, Tadeusz Sondej, Tomasz Targowski, Malgorzata Maficzak, Karolina Obiala,
Andrzej Piotr Dobrowolski, Robert Olszewski; mdj wkiad merytoryczny w przygotowanie
publikacji polegal na:

1. koncepcji pracy, postawicniu hipotez
2. zaplanowaniu badan, wyborze metodyki badan
3. konsultacji i opiece

Oceniam swoj wkiad procentowy w publikacje na poziomie 3 %. Wyrazam zgod¢ na przediozenic
powy2szej publikacii przez lek Iwong Jannasz jako cz¢éé rozprawy doktorskicj w formie spéjnego
cyklu artykuléw nsukowych opublikowanych w recenzowanych czasopismach naukowych.
Jednoczesnie ofwindezam, iz samodzielna i mozliwa do wyodrgbnicnia cz¢$¢ powyzszej publikaci
wykazuje indywidualny wkiad lek. Iwony Jannasz przy tworzeniu koncepcji pracy, postawicniu
hipotez zaplanowaniu badas, wyborze metodyki, prowadzeniu badan, zbieraniu danych, analizie
statystycznej, pisaniu pracy, graficznym przedstawieniu wynikéw, zbicraniu pidmicnnictwa,
korekcie pracy przed zlozeniem do druku oraz interpretacji wynikow i wnioskow tej pracy.

7 powazaniem,
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Publikacja 3: The Impact of COVID-19 on Carotid-Femoral Pulse Wave Velocity: A
Systematic Review and Meta-Analysis. Jannasz Iwona, Pruc Michal, Rahnama-Hezavah
Mansur, Targowski Tomasz, Olszewski Robert, Feduniw Stepan, Petryka Karolina, Szarpak
Lukasz. J Clin Med. 2023 Sep 4;12(17):5747. doi: 10.3390/jcm12175747. PMID: 37685813;
PMCID: PMC10488425.

Warszuwa, 17.10.2024r,

Lek. Michal Pruc
Department of Clinical Research and Development,
LUXMED Group, Warszawa, Polska

Odwiadczenic

Odwiadcram, e w pracy pod tytulem: The Impact of COVID-19 on Carotid-Femoral Pulse
Wave Velocity: A Systematic Review und Meta-Analysis. opublikowsney w J Clin Med. 2023
Scp 4:12(17):5747. dol: 10.3390/jem 12175747, PMID; 37685813; PMCID: PMC10488425;
autorstwa : Jannasz [, Pruc M, Rahnama-Hezavah M, Targowski T, Olszewski R, Feduniw 8,
Petryka K, Szarpak L.mdj whind merytoryezny w przygotowanie publikacii polegal na:

1. Metodologia, walidacje, praeprowadzenic dochodzenia, zebmnia materinlow, selekoji
danych, przygotowaniu i napisaniu draftu oryginalnej pracy, jei recenzji i edyceii.

Ocenlam swij wkiad procentowy w publikucjs na poziomie 10 %, Wyrazam 2gode na
przediozenic powyzsze] publikacii przez lek. Twong Junnasz jako czpéé rozprawy doktorskief w
tormie spdjnego cyklu artykuldw nankowych opublikowanych w recenzowanych czasopismach
naukowych. Jednoczedinie ofwindezam, i2 samodzicina i mo2liwa do wyodrebnienin c2gsé
powyzszej publikacji wyknzuje indywidualny wkiad lek. ITwony Jannasz prey iworzeniu koncepcji
pracy, postawieniu hipotez, zaplanowasniy badan, wyborze metodyki, prowadzeniu hadan, zbieraniy
dunych, anolizie statystycznej, pisaniy pracy, graficmym prredstawieniv wynikdw, zbieraniu
piémiennictwa, korekeie pracy przed zlozeniem do druku omz interpretacii wynikow | wnioskdw
W) prcy.

Z powazaniem,

(;Knlph u‘wludu;li..-\lp\'
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Warszawa, 17.10.2024r.

Prof dr hab., dr h.c. Mansur Rahnama-Hezavah
Katedra i Zaktad Chirurgii Stomatologiczne)
Uniwersvtet Medvezny w Lublinie, 20-093 Lublin, Polska

D5wiadczenie

Oéwiadczam, #e w pracy pod tytulem: The Impact of COVID-12 on Carotid-Femoral
Pulse Wave Velocity: A Systematic Review and Meta-Analysis. opublikowanej w J Clin
Med. 2023 Sep 4;12(17):3747. doi: 10.33905em 12175747, PMID: 37685813, PMCID:
PMC10488425;

autorstwa ; Jannasz [, Pruc M, Rahnama-Hezavah M, Targowski T, Olszewski R, Feduniw 5,
Petrvka K, Szarpak L.mo) wkiad mervtoryczny w przygotowanie publikacy polegal na:

*  Walidacji, recenzji oraz edyciji-

Oceniam swij whkiad procentowy w publikacje na poziomie 3 %, Wyratam zgode na
przedioZenie powyisze) publikacji przez lek. Iwone Jannasz jako czesc rozprawy doktorskie)
w formie spojnego cyvklu artykubdw naukowych opublikowanych w recenzowanych
czasopismach naukowych. Jednoczesmie odwiadczam, if samodzielna 1 moihiwa do
wyodrebnienia czesé powyvisze] publikacji wykazuje indywidualny wkiad lek. Iwony Jannasz
przv tworzeniu koncepcji pracy, postawieniu hipotez, zaplanowaniu badaf, wyborze
metodyki, prowadzeniv badan, zbieraniv danych, analizie statystycznej, pisaniu pracy,
graficznym przedstawienm wynikow, zhieraniu pismienmictwa, korekcie pracy przed
zhokemiem do druku oraz interpretacyi wiynikow 1 wnioskow te) pracy.

Z powazaniem,

Signad by /
Padpisans prrez:

Mensur Rahname-
Hezawvah

Date / Data: 1034-
10-17 13:05

e e
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Warszawa, 11.10.2024r,

Prof. dr hab. n. med. Tomasz Targowski

Kierownik Kliniki i Polikliniki Geriatrii

Narodowy Instytut Geriatrii, Reumatologii i Rehabilitacji
Krajowy konsultant w dziedzinic geriatrii

ul. Spartanska 1, 02-637 Warszawa

Odwindczenle

Ofwiadczam, ze w pracy pod tytulemn: The Impact of COVID-19 on Carotid-Femoral Pulse
Wave Velocity: A Systematic Review and Meta-Analysis. opublikowanej w J Clin Med. 2023
Sep 4;12(17):5747. doi: 10.3390/jem12175747. PMID: 37685813; PMCID: PMC10488425;
autorstwa :Jannasz |, Pruc M, Rahnama-Hezavah M, Targowski T, Olszewski R, Feduniw S,
Petryka K, Szarpak 1..moj wkiad merytoryczny w przygotowanie publikacii polegal na:

1. konsultacji i opicce merytoryczne)

Oceniam swoj wkiad procentowy w publikacie na poziomie 5 %. Wyrazam zgode na przediozenic
powyzszej publikacji preez ek Iwong Jannasz juko czgéé rozprawy doktorskic] w formie spajnego
cyklu artykuléw naukowych opublikowanych w recenzowanych czasopismach naukowych,
Jednoczesnic oswiadczam, i2 samodzielna | mo2liwa do wyodrgbnienia cz¢éé powyzszej publikacii
wykezuje indywidualny wklad lek. Iwony Jannasz przy tworzeniu koncepeji pracy, postawicniu
hipotez, zaplanowaniu badas, wyborze metodyki, prowadzeniu badad, zbicraniu danych, analizie
statystycznej, pisaniu pracy, graficznym przedstawieniu wynikéw, zbicraniu pidmiennictwa,
korekeie pracy przed zlozeniem do druku oraz interpretacii wynikow i woioskow tej pracy.

Z pownzaniem,

LA "LIKLm e
rmw [0 nt.m S = 5
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Warszawa, 11.10.2024r.

dr hab. n. med, Robert Olszewski, Profesor NIGRiR,
Kierownik Zaktadu

Gerontologii, Zdrowla Publicznego | Dydaktyki
Narodowy Instytut Geriatrii Reumatologii i Rehabilitacji,
Spartanska 1, 02-637 Warszawa

Instytut Podstawowych Problemdéw Techniki
Zaklad Ultradzwickow

Polska Akademia Nauk

Pawinskiego 5B, 02-106 Warszawa

Odwiadczenie

Oéwindczam, z¢ w pracy pod tytulem: The Impact of COVID-19 on Carotid-Femoral Pulse
Wave Velocity: A Systematic Review and Meta-Analysis. opublikowanej w J Clin Med. 2023
Sep 4;12(17):5747. doi: 10.3390/jem12175747. PMID: 37685813; PMCID: PMC10488425;
autorstwa :Jannasz I, Pruc M, Rahnama-Hezavah M, Targowski T, Olszewski R, Feduniw S,
Petryka K, Szarpak L. moj wkiad merytoryczny w przygotowanie publikacii polegal na:

1. konsultacji i opicce merytorycznej

Oceniam swéj wikiad procentowy w publikacj¢ na poziomie 5 % Wyrazam zgode na przedloZenie
powyzszej publikacii przez lek Iwone Jannasz jako cz¢$¢ rozprawy doktorskiej w formic spojnego
cyklu artykuldw naukowych opublikowanych w recenzowanych czasopismach naukowych.
Jednoczednie o$windczam, iz samodzielna i mozliwa do wyodrebnienia czgéé powyzszej publikacii
wykazuje indywidualny wklad lek. Iwony Jannasz przy tworzeniu koncepcji pracy, postawieniu
hipotez, zaplanowaniu bedan, wyborze metodyki, prowadzeniu badaf, zbicraniu danych, analizie
statystycznej, pisaniu pracy, graficznym przedstawieniu wynikow, zbieraniu pismiennictwa,
korekeie pracy przed zlozeniem do druku oraz interpretacii wynikoéw | wnioskow tej pracy.

Z powazaniem,

f ( ft{(

w«h dvﬁdmm'm
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Warszawa, 17.10.20241.

Dt n. med. Stepan Fedunuw
Oddziat Ginekologii 1 Poloznictwa,
Szpital Uniwersytecks w Zurychu, 8091 Lurych, Szwajcana

Oiwiadczenie

Dswnadezam, #e w pracy pod tytulem: The Impact of COVID-192 on Carotid-Femoral Pulse
Wave Velocity: A Svstematic Review and Meta-Analvsis. opublikowans) w J Chin Med. 2023
Sep 4;12(17):5747. doi: 10.33905cm 12175747, PMID: 37683813; PMCID: PMC10488425;
autorstwa : Jannasz [, Pruc M, Rahnama-Hezavah M, Targowska T, Olszewsk R, Fedumw 5,
Petryka K, Szarpak L md) whkiad merytoryczny w przygotowanie publikacyi polegal na:

1. Przvgotowanm orveinalnego draftu mamuskryptu, jego recenzji 1 edveji oraz selekej
danych mezbednych do przeprowadzenia badania

Oceniam m'ug whiad procentowy w publikac)e na pnzmm.u: 3 %. Wyratam rgode na pml::l!:uz:l:u:
powyEsze) publikacy przez lek. [wone Jannasr jako creéé rozprawy doktorskie) w formie sponego
cyklu artvkulow naunkowych opublikowanvch w recenzowanych czasopismach naukowych.
Jednoczednie oswiadezam, 17 samodzielna 1 mozliwa do wyodrebnienia czes¢ powyzsze) publikacy
wykare inﬂ].m'idualnj.r wkiad lek. Iwonv Jannasz przy tworzemu koncepc)i pracy, postawienin
hipotez, zaplanowaniu badan, wvborze metodyiki, prowadzeniv badan, zbieraniu danych, analizie

statystyczne), pisanm pracy, graficenym przedstavien wynikéw, zhieranio pismienmictwa,
korekeie pracy przed zlozemem do druku oraz interpretacn wynikow 1 wmoskow te) pracy.

Z powazaniem,

(podpis odwiadcrajacego)
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Karolina Petryka Warszawa, 9.09.2023

Oswiadczenie
Jako wspolautor pracy:

Iwona Junnasz, Michal Prue, Mansur Rahnama-Hezavah, Tomasz Targowski, Robert
Olszewski, Stepan Feduniw, Karolina Petryka. Lukasz Szarpak. The Impact of COVID-19 on
Carotid-Femoral Pulse Wave Velocity: A Systematic Review and Meta-Analysis. J. Clin,
Med. 2023, 12(17), 5747; DOL: 10.339045em12175747

Odwiadezam, iz maj wlasny wklad merytoryeamy w przygolowanie, przeprowadzenie |
oprucowanic badan oruz przedstawienie pracy w formic publikacii stanowl wspoludzial w:

redakeji | edycii finalnej wersji manuskryptu. Mo udzial procentowy w przygotowanie
publikacil okreslam jako 5%. Jednoczesnie wyrazam zgode na wykorzystanie W/w pracy joko

czesei rozprawy doktorskici lwony Jannasz,
| :
Mw%%w
(pondpris osw
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Publikacja 4: Is the association between pulse wave velocity and bone mineral density the
same for men and women? - A systematic review and meta-analysis. Jannasz Iwona,
Brzezinski Jakub, Manczak Malgorzata, Sondej Tadeusz, Targowski Tomasz, Rysz Jacek,
Olszewski  Robert. Arch  Gerontol  Geriatr. 2024  Apr; 119:105309.  doi:
10.1016/j.archger.2023.105309. Epub 2023 Dec 11. PMID: 38171030.

Warszawa, 07.10,2024r.

Mgr Jakub Brzezinski

Zaklad Gerontologii, Zdrowia Publicznego i Dydaktyki
Narodowy Instytut Geriatrii Reumatologii | Rehabilitaci
Spartanska 1, 02-637 Warszawa

Ofwiadczenie

Oswisdczam, 2¢ w pracy pod tytulem: Is the association between pulse wave velocity and bone
mineral density the same for men and women? - A systematic review and meta-analysis.
opublikowancj w czasopismic: Archives of Gerontology and Geriatrics. 2024 Apr;119:105309. doi:
10.1016/.archger.2023.105309; autorstwa : Iwona Jannasz, Jakub Brzezinski, Malgorzata Manczak,
Tadeusz Sondej, Tomasz Targowski, Jacek Rysz, Robert Olszewski; méj wkiad merytorycmy w
przygotowanie publikacji polegal na:

l. Przygotowaniu manuskryptu i jego edycii
2. zaplanowaniu | wyborze metodyki badan
3. Zbicraniu danych

Oceniam swoj wklad procentowy w publikacie na poziomie 10 %. Wyrazam zgode na przediozenie
powyzszej publikacji przez lek Iwong Jannasz jako czgd¢ rozprawy doktorskicj w formic spéjnego
cyklu artykulow naukowych opublikowanych w recenzowanych czasopismach naukowych.
Jednoczednie oswindczam, i2 samodzicing | mozliwe do wyodrgbnienia cz¢$¢ powyzszej publikacii
wykazuje indywidualny wkiad lek. Iwony Jannasz przy tworzeniu koncepcji pracy, zbieraniu
danych, postawieniu hipotez, zaplanowaniu badan. wyborze metodyki badan, pisaniu i edycji
pracy, zbieraniu piémiennictwa, korekeic pracy przed zlozeniem do druku oruz interpretacii
wynikéw i wnioskow tef pracy.

Z powuzaniem,

1.0
! r_J“bB'Q”‘A .....................
( (podpis cdwiadczajgcego)
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Warszawa, 07.10.2024r.

Dr n. med. Malgorzata Manczak

Zaklad Gerontologii, Zdrowia Publicznego i Dydaktyki
Narodowy Instytut Geriatrii Reumatologii i Rehabilitacii.
Spartaniska 1, 02-637 Warszawa

Odwiadezenie

Oswindezam, 2¢ w pracy pod tytulem: Is the association between pulse wave velocity and bone
mineral density the same for men and women? - A systematic review and meta-analysis,
opublikowangj w czasopismic: Archives of Gerontology and Geriatrics. 2024 Apr;119:105309. doi:
10.1016/.archger.2023.105309; autorstwa : Iwona Jannasz, Jakub Brzezinski , Malgorzata
Manczak. Tadeusz Sondej, Tomasz Targowski, Jacek Rysz, Robert Olszewski, méj wkiad
merytoryczny w przygotowanic publikacji polegal na:

1. Wyborze metodyki badan
2. zabicraniu danych
3. analizie swatystyczne)

Oceniam swoj wkiad procentowy w publikacig na poziomic 5 %. Wyrazam zgode na przediozenic
powyzszej publikacji przez lek Iwong Jannasz jako cz¢$¢ rozprawy doktorskicj w formic spéjnego
cyklu artykuldw naukowych opublikowanych w recenzowanych czasopismach naukowych.
Jednoczednic o$wiadczam, i2 samodzielna | mozliwa do wyodrebnienia c2¢s¢ powyzszej publikacji
wykazuje indywidualny wkiad lek. Iwony Jannasz przy tworzeniu koncepcji pracy, postawieniu
hipotez, zaplanowaniu badaf, wyborze metodyki badan, prowadzeniu badan, zbieraniu danych,
pisaniu pracy, zbieraniu pidmicnnictwa, korekcic pracy przed zlozeniem do druku oraz interpretacii
wynikéw | wnioskéw tej pracy.

Z powazaniem,

M Maneok.
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Warszawa, 07.10,2024 r.

dr hab. inz Tadeusz Sondej, prof. WAT

Prodziekan ds. naukowych

Wydzial Elektroniki WAT

Wojskowa Akademia Techniczna im. Jarostawa Dabrowskiego
ul. gen. Sylwestra Kaliskiego 2, 00-908 Warszawa

Oéwiadczenie

Oswindezam, ze w pracy pod tytulem: Is the association between pulse wave velocity and bone
mineral density the same for men and women? - A systematic review and meta-analysis.
opublikowanej w czasopiémie: Archives of Gerontology and Geriatrics. 2024 Apr;119:105309. doi:
10.1016/j.archger.2023.105309; autorstwa : Iwona Jannasz, Jakub Brzezifiski , Malgorzata
Manczak, Tadeusz Sonde), Tomasz Targowski, Jacek Rysz, Robert Olszewski, méj wklad
merytoryczny w przygotowanie publikacii polegal na:

1. zaplanowaniu badan
2. opiece merytorycznej

Oceniam swéj wkilad procentowy w publikacjg na poziomie 5%. Wyrazam zgode na przediozenie
powyzszej publikacji przez lek. Iwong Jannasz jako czgs¢ rozprawy doktorskiej w formie spéjnego
cyklu artykuléw naukowych opublikowanych w recenzowanych czasopismach naukowych.
Jednoczesnie oéwiadczam, iz samodzielna § mozliwa do wyodrebnienia czg$¢ powyzszej publikacji
wykazuje indywidualny wklad lek. Iwony Jannasz przy tworzeniu koncepeji pracy, postawieniu
hipotez, zaplanowaniu badas, wyborze metodyki badan, prowadzeniu badan, zbieraniu danych,
pisaniu pracy, zbieraniu pismiennictwa, korekcie pracy przed ztozeniem do druku oraz interpretacji
wynikow i wnioskow tej pracy.
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Oswiadczenie

Odwindczam, ze w pracy pod tytulem: Is the association between pulse wave velocity and bone
mineral density the same for men and women? - A systematic review and meta-analysis,
opublikowanej w czasopismie: Archives of Gerontology and Geriatrics. 2024 Apr;119:105309. doi:
10.1016/4.archger.2023.105309; autorstwa ; Iwona Jannasz, Jakub Brzezifski , Malgorzata
Manczak, Tadeusz Sondej, Tomasz Targowski, Jacek Rysz, Robert Olszewski, méj wkiad
merytoryczny w przygotowanie publikacji polegal na:

1. koncepeji pracy, postawieniu hipotez

Oceniam swoj wkiad procentowy w publikacje na poziomic 5 %. Wyrazam zgode na przedlozenic
powyzszej publikacji przez lek Iwong Jannasz jako cz¢éé rozprawy doktorskicj w formic spojnego
cyklu artykuldw naukowych opublikowanych w recenzowanych czasopismach naukowych.
Jednoczesnie odwiadczam, iz samodzielna i mozliwa do wyodrebnienia czgéd powy2szej publikacii
wykazuje indywidualny wkisd lek. Iwony Junnasz przy tworzeniu Koncepeji pracy, postawicniu
hipotez, zaplanowaniu badan, wyborze metodyki badan, prowadzeniu badas, zbieraniu danych,
pisaniu pracy, zbicraniu pismiennictwa, korekeie pracy przed zlozeniem do druku oraz interpretacii
wynikow | swnioskow tej pracy.
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Odwiadczenle

Odwindezam, ze w pracy pod tyrodem: Is the association between pulse wave velocity and bone
mineral density the same for men and women? - A systematic review and meta-analysis.
opublikowanej w czasopisémie: Archives of Gerontology and Geriatrics. 2024 Apr:119:105309. doi:
101016/ archger.2023.105309; autorstwi : Iwona Junnasz, Jukub Brzezifiski , Malgorzata
Manczak, Tadeusz Sondej, Tomasz Targowsk, Jacek Rysz, Robert Olszewsk:, moj witad

merytoryczny w przygotowanie publikucji polegal na:

1. zbieraniu danych
2. opiece merytorycznel

Oceniam swaj wkiad procentowy w publikacj¢ na poziomie 3 %. Wyrazam zgod¢ na przedlozenie
powyzsze) publikacyi przez lek Twong Jannasz jako cz¢s¢ rozprawy doktorskie) w formie spajnego
cyklu artykutdw naukowyceh opublikowanych w recenzowanych czasopismach naukowych.
Jednoczednic oswindezam, iz samodziclna | mozliwa do wyodrgbnicnia c2¢s¢ powyzsze) publikachi
wykazuje indywiduainy wkiad lek. lwony Jannasz przy tworzeniu Koncepeji pracy. postawieniu
hipotez. zaplanowaniu badan, wyborze metodyki badan, prowadzeniu badan, zbieraniu danych,
pisaniu pracy, zbieraniu pidmiennictwa, korekeie pracy przed zloZzenem do druku oraz interpretacyi
wynikdw i wnioskow tej pracy.
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Odwindeczenie

Oswindezam, z¢ w pracy pod tytulem: Is the assoclation between pulse wave velocity and bone mineral
density the same for men and women? - A systematic review und meta-analysis, opublikowanej w
crasopismie: Archives of Gerontology and Geriatrics. 2024 Apr; 1 19:105309, doi:
10.1016/j.archger2023,105309; autoestwa : Iwona Junnasz, Jakub Brzezifski , Malgorzata Manczak,
Tadeusz Sondej, Tomasz Targowski, Jacek Rysz, Robert Olszewski, moj whkiad merytorycany w

przy gotowanic publikacji polegal na:

. koncepeji pracy, postawieniu hipotez

Oceniam swoj wkiad procentowy w publikacje na paziomie 5%, Wyrazam zgod¢ na praediozenie powyzszej
publikac)i przez ek Iwone Jannasz jako c2¢38¢ rozprawy doktorskiel w formbe spdjnego cyklu antykulow
naukowych opublikowanych w recenzowanych czasopismach naukowych. Jednoczeinie odwiadezam, iz
samodzielna i mozliwa do wyodrebnienia czg4¢ powy2szej publikacii wykazuje indywidualny wklad lek.
Iwony Junnasz pezy tworzeniu koncepei pracy, postssieniu hipotez, zaplanowaniv badan, wyborze
metodyki badan, prowadzenin badan, zbieraniu danych, pisaniv pracy, zhieraniu pismiennictwa, korekcie
pracy przed zlozeniem do druku oraz interpretic)i wynikdw i wnioshow 1ef pracy.
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