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ABSTRACT

ABSTRACT

Cardiovascular diseases are the leading causeatii déobally. This work presents a novel scoring
concept and a novel scoring technique based onyHRwagic to assess the cardiovascular health status
of a subject for preventive examinations. The sapsystem uses scores (from 0 to 10) based on
indicators or markers of the cardiovascular syssemh accounts for age and gender of a subject. In
addition, the scoring system accounts for the impaconfounders. Furthermore, this work presents a
setup procedure of the scoring system for surrogatibles of arterial stiffness (peripheral pulse
pressure (pPP), central pulse pressure (cPP),captise wave velocity (PWV) and central
augmentation index (cAl)) derived from data of #eglo-Cardiff Collaborative Trial database (4634
subjects). Four different age groups were defifd349 years, 50-59 years, 60-69 years and 70-79
years). Reference values (‘normal’ and ‘high’) fd?P, cPP, PWV and cAl separated for each age
group and gender were calculated. The effect afloressure on PWV, and the effect of heart rate
and body height on cAl were also investigated. ddi#on, the effect of three different risk factors
(smoking, obesity and diabetes mellitus Il) on ecogsults was analyzed. It could be shown that
smoking has a fundamentally different effect on@gate variables of arterial stiffness than obesity
diabetes mellitus Il. Therefore, cAl is a good wador for middle-aged (40-59 years) smokers baf is
limited value for elderly smokers (60-79 years)esd subjects or subjects with diabetes mellituis I1.
addition, pPP should not be used as indicator éamg smokers. Results show further that cPP and
PWV can be used as indicators for each investigas&dactor over the whole investigated age range
(40-79 years). In conclusion, scores calculatedhbyscoring system based on surrogate variables of
arterial stiffness can give information on struatuchanges of the arterial system measured as a
pathophysiological increase of arterial stiffnesse dto the impact of risk factors or genetic
predisposition. Hence, this approach provides ahéur method for the quantification of the
cardiovascular health status in addition to theesswent of cardiovascular risk. Furthermore, the
scoring concept and the scoring system based aly @asasurable surrogate variables of arterial
stiffness could be used for screening proceduras @meventive examinations, or it could be
implemented into devices.

Keywords: peripheral pulse pressure, central pulse pressymgise wave velocity, augmentation
index, early vascular aging, normal vascular agipggventive examination.




KURZFASSUNG

KURZFASSUNG

Kardiovaskulare Erkrankungen stellen weltweit digifigste Todesursache dar. Deswegen wurden auf
Basis der Fuzzy Logik ein neuartiges Bewertungs&phand eine neuartige Bewertungsmethodik zur
Erfassung des kardiovaskuldren Gesundheitszustaretgsvickelt. Das darauf aufbauende
Bewertungssystem berechnet eine Punktezahl (SaomeOvbis 10) auf Basis von nicht-invasiv
erfassten Indikatoren des Herz-Kreislaufsystems kowigiert die Berechnung fir das Alter und
Geschlecht der Versuchsperson. Zusatzlich kortigitrs Bewertungssystem den Einfluss von
Storgroflen. Das entwickelte Bewertungssystem wuadschlieRend fur nicht-invasiv erfasste
MessgroRen der arteriellen GefaRsteifigkeit (peniph Pulsdruck (pPP), zentraler Pulsdruck (zPP),
aortale Pulswellengeschwindigkeit (PWG) und zeatr&lugmentationsindex (zAl)) verwendet. Dies
erfolgte auf Basis der Anglo-Cardiff-CollaboratiVeial-Datenbank (4634 Probanden). Es wurden
vier Altersgruppen (40-49 Jahre, 50-59 Jahre, 60&®%e und 70-79 Jahre) definiert und fur jede
MessgroRe wurden Referenzwerte (,normal’ und ,hjctgegliedert nach Altersgruppe und
Geschlecht, berechnet. Zusatzlich wurde der Eisftiess Blutdrucks auf die Messgrolie PWG sowie
der Einfluss von Herzfrequenz und Korpergrol3e aefMessgrofRe zAl untersucht. Einen weiteren
Schwerpunkt stellte die Abschatzung des Einflussas verschiedenen Risikofaktoren (Rauchen,
Ubergewicht und Diabetes Mellitus 1) auf die Réatd des Bewertungssystems dar. Diese
Untersuchung zeigte, dass sich Rauchen untersidfeif die genannten Messgrof3en der arteriellen
GefaRsteifigkeit im Vergleich zu Ubergewicht undabBétes Mellitus 1l auswirkt. Deswegen kann die
MessgroRe zAl als guter Indikator fur Raucher ength Alters (40-59 Jahre) angesehen werden.
Hingegen hat sich gezeigt, dass die MessgréfRe nfkeignet flur altere Raucher (60-79 Jahre),
ubergewichtige Personen oder Personen mit Diabde#igus Il ist. Aufgrund der Ergebnisse kann
auch darauf geschlossen werden, dass die MesspRiR&ein guter Indikator fir Raucher mittleren
Alters (40-59 Jahre) ist und sich die MessgroReR mRd PWG gut als Indikatoren fiir jede der
untersuchten Risikogruppen eignen. Zusammengefdgsttieser Arbeit konnte gezeigt werden, dass
das Bewertungssystem auf Basis von Messgrof3en rtiellen Gefal3steifigkeit dazu verwendet
werden kann, Informationen Uber strukturelle Vegindgen des Gefal3systems zu geben und dass
sich strukturelle Veré&nderungen als pathophysistdwr Anstieg der arteriellen Gefafisteifigkeit
meist durch den Einfluss von Risikofaktoren odeneggischer Pradisposition manifestieren kénnen.
Deswegen konnte in Zukunft das vorgestellte Bewngdaystem, neben der etablierten Erfassung des
kardiovaskularen Risikos, als zusatzliche Mdoglichkeur Erfassung des kardiovaskularen
Gesundheitszustandes dienen. Folglich kann auch vdegestellte Bewertungskonzept und die
vorgestellte Bewertungsmethodik als neuartige uietversprechende Methode angesehen werden,
und das daraus entwickelte  Bewertungssystem  konnté&r  Screeningverfahren,
Vorsorgeuntersuchungen oder in medizinischen Geiewendung finden.

Schlusselwdrter: Bewertungssystem, arterielle Gefal3steifigkeit, ¥uzamgik, peripherer Pulsdruck,
zentraler Pulsdruck, Pulswellengeschwindigkeit, Aagtationsindex, frihzeitige GefalRalterung.
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1. Introduction
1.1.Background

1.1.1.The role of cardiovascular diseases

Cardiovascular diseases (CVD) are the leading canfseleath globally. The World Health
Organization (WHO, 2011a) estimated that 17.1 aonillpeople died from CVD in 2004, representing
29% of all global deaths and of these deaths, imated 7.2 million were due to coronary heart
disease (CHD) and 5.7 million were due to strokethe European Union CVD accounted for two
million deaths and over 126 million hospital bed/slarepresenting 277 hospital bed days per 1000
population (Leal et al., 2006). Furthermore, thetistic (data of 2003) shows that the CVD costs fo
the EU health care system was €105 billion anddted costs for the whole EU economy were €169
billion: approximately 62% were due to healthc&®% due to productivity losses, and 17% due to
informal care (Leal et al., 2006).

1.1.2.Prevention of cardiovascular disease

CVD is a term for a variety of diseases of the head blood vessels. Most of the research in
cardiovascular prevention is focused on the prementf cardiovascular events such as CHD and
stroke. The intensive research of the last decpd®eddes an extensive amount of information on the
impact of risk factor exposure such as smokingsipediabetes mellitus or physical inactivity dret
individual risk of a person for a cardiovascularemy In addition, a variety of non-invasive
measurements are in focus of intensive researplotode additional information about the individual
cardiovascular risk or health status of a persaantples of non-invasive measurements are:

« blood indicators(e.g. total cholesterol (TC), low density lipopiot (LDL) cholesterol, high
density lipoprotein (HDL) cholesterol, blood glueg$ibAlc-value and homocysteine),

* indicators derived from blood pressure measurenerd. pulse wave analysis, ankle-arm-
index, pulse pressure (PP), systolic (SBP) anddlia®lood pressure (DBP)),

e indicators of structural changes of the arterialsgel wall (e.g. flow mediated dilatation,
intima media thickness and pulse wave velocity) and

e structural changes of the hedd.g. left ventricular mass).

1.1.3.The role of risk scores

A variety of CVD risk, CHD risk and vessel age &0such as those based on the Framingham Study
(NCEP, 2002; D’Agostino et al., 2008), the PROCABbre (Assmann et al., 2002) or the SCORE
project (Conroy et al., 2003; Cuende et al., 2048)e developed to provide information about the
level of risk faced by an individual. The benefitusing such scoring systems is, of course, ttgttdri
scores send an important signal to ‘at-risk’ indials to modify their lifestyle in order to avoid
cardiovascular events. For instance, the Framinghisknscore provides information on the 10-year
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risk of having a heart attack (NCEP, 2002). Tharkingham risk score is calculated by information
about age, gender, TC, HDL cholesterol, smoking? $Rd medication status. The methodology of
this kind of risk scores is based on longitudinatadon cardiovascular outcome and statistical
methods. In conclusion, most established risk scgiee information on the individual risk for a
cardiovascular event in a specific time period.

1.1.4.The role of normal and reference values

Indicators and markers can give additional infororategarding the health status, the individugt ris
or the biological age of a subject. For the prattitse of indicators or markers it is importantéine

the normal range for each indicator. For instarfggertension is an important determinant of the
development of CVD such as heart attack or strokerefore, a variety of guidelines (e. g. WHO
hypertension guidelines (Chalmers et al., 1999)CdNwypertension guidelines (Chobanian et al.,
2003), ESH/ESC hypertension guidelines (Mancialet2807)) define different classes for blood
pressure. However, the goal of hypertension treattnse to lower blood pressure to decrease the
individual risk for the development of CVD. In cdusion, it is important to define the normal range
for each indicator and marker. Therefore, guidsliaee the basis for diagnosis and treatment.

1.2. The aim of the thesis

The aim of this thesis was to develop a mathenlatich to estimate the cardiovascular health status
of a person with non-invasive techniques or measents. The model should estimate the extent of
the progress of cardiovascular markers or indisatiprevent cardiovascular events in an earlyestag
The development of the mathematical tool was fodusearterial stiffness.

1.3. The concept of the thesis

A scoring concept was developed, and further impleed and programmed for markers and
indicators of the cardiovascular health status rspective CVD. The resulting scoring system was
designed to calculate easily interpretable scarging from 0 to 10. In addition, the impact ofragi
and confounders on the measurement of non-invasdieators was taken into account for the score
calculation. Furthermore, the score calculation weageloped with the use of fuzzy logic and the
scoring system was designed in an adaptable manhnerefore, the score calculation can be used for
different indicators or markers.

Furthermore, the developed scoring system was detugurrogate variables of arterial stiffness
(peripheral pulse pressure (pPP), central pulsgspre (cPP), pulse wave velocity (PWV) and central
augmentation index (cAl)) and investigated for thgpact of risk factors (smoking, obesity and
diabetes mellitus Il (DM I11)) on score results. $hvas done based on data of 4634 subjects extracted
from the Anglo-Cardiff Collaborative Trial (ACCT)athbase. Reference values for pPP, cPP, PWV
and cAl were calculated and defined.
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1.4. Arterial vessels

Arterial vessels are distensible conduits. Theedssibility of the artery wall plays an importanteran
the interaction of the heart and systemic and polmnparterial systems in the circulation.

1.4.1.Arterial vessel wall structure

The arterial wall contains three distinct layerse(d=igure 1). The inner layer is the tunica intima
which consists of the vascular endothelium andethstic lamina. The vascular endothelium is made
of a single-layer of endothelial cells and a ttagdr of elastin and collagen fibers. The outerdaye
the tunica adventitia. This layer is a region ofagen and some elastin tissue. The tunica adientit
connects the arterial vessel with the surroundisguée. The middle layer is the tunica media. This
layer forms the large part of the wall and is thiegple determinant of the mechanical properties o
the vessel. The tunica adventitia has a fibrouscsire and consists mainly of smooth muscle and
elastin. (Nichols and O’'Rourke, 1998, p77)

Endothelium Intima Media

Normal
artery _ Smooth

o muscle
1 cells

NS \ — Adventitia

Figure 1: Structure of the arterial vessel wall.(partly reproduced
from Guyton and Hall, 2006, p849; modified from hih 2002)

1.4.2.Mechanical properties of the arterial vessel wall

The mechanical properties of arterial vessels aeelgminantly defined by the amount of elastin,
collagen and smooth muscle cells (Nichols and Otkeu 1998, p77). The amount of these
components varies along the arterial tree. Cenftatial vessels are more distensible than pergbher
vessels. The amount of elastin decreases and tloernanof smooth muscle cells increases with
increasing distance from the aorta (Li, 2000). @ouently, the stiffness of arterial vessels inasas
along the arterial tree from the heart to the pexip. Therefore, central and large arteries care &0
large amount of the stroke volume ejected by tlagthe

1.4.2.1.Mathematical description of elasticity

A blood vessel segment can be described by the oatbus (), the inner radius {y, the wall
thickness (h) and the segment length (I) (see Eigr

o
E=—
&

)
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Elastic modulus:If stress is applied to a material it deforms. rElfiere, the elasticity of a vessel
segment can be mathematically described by théietasdulus (E) which is defined as the resulting
strain €) for a given stresssf (see (1)).

Figure 2: Model of the half of a segment of a bloodessel
(reproduced from Noordergraaf, 1978)

Stress and strainThe stress results from an applied force (F) (88e Hence, stress is defined as the
force (F) per unit area (A) and has the same dimanss pressure (P). The deformation due to an
applied stress is described as strain. That medeaia slefines the change in lengtki)(in relation to

the initial length () of the body (see (3)). In conclusion, an incraadength is a positive strain and a
decrease in length is a negative strain.

=2 2
772

£=— ©)

Young’s modulusThe elastic modulus can be defined in differenysv@Young’s modulus, shear
modulus, bulk modulus, longitudinal modulus), wizer¢he Young's modulus is the commonly used
description of the elasticity of the arterial wallowever, the Young's modulus is a measure of the
stiffness of the arterial wall and is defined as fifitio of tensile strain to tensile stress (s (4

£ = Oxx _ Longitudinal force by unit area )
S Extension per unit length

The Young’ modulus can only be used if the matestadws a linear-dependency between stress and
strain as defined by the Hooke’s law. The Hookatg tescribes that a change in length {s linear
depended to the force applied. This law holdsifedr-elastic materials in a specific force rarigs,

the stress-strain relationship of the arterial @esall is non-linear.

Non-linearity of the stress-strain relationship tbe arterial vessel wallFor an artery segment the
relationship between stress and strain is non4lifleengewouters et al. 1984; Dobrin, 1986) and the
elastic modulus increases with increasing streate(t al., 1969). This result shows that Hooka/s
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doesn't hold for arterial segments. However, Yosgngiodulus is only applicable for a linear
relationship between stress and strain. Therefameincremental elasticity modulus;{g for non-
linear relationships is used. The modulus is deffias the slope of the curve at a specific point
(Nichols and O’'Rourke, 1998, p57), calculated asmall change in stresdd) divided by a small
change in strainAg) (see (5)).

Ao
Einc = Ae ®)

Stress

Strain
Figure 3: Relationship between stress and strair¥oung’s modulus can be applied at
point a and b because of the linear relationstop.amon-linear relationship (point c) an
incremental elasticity modulus is defined. (reproetl from Nichols and O’Rourke,
1998, p57; figure from Dobrin, 1978)

Anisotropy of the arterial vessels waklrterial vessels are distensible conduits andattierial wall
can be forced in longitudinal, radial or circumfatial direction. However, the material properties a
different for each direction due to the structuféhe arterial vessel wall. That means arterialseés
walls are anisotropic (Li, 2000, p19). Patel et (@969) demonstrated for a dog aorta that the
longitudinal elastic modulus is higher than theabelastic modulus.

1.4.3.Windkessel model

The relationship of pressure (P) and flow (Q) ia #rterial system can be described by a variety of
models. The most commonly used model to describehtimodynamic relationship in the arterial
system is the Windkessel model as basically desttrly Frank (1899). Frank described a lumped
parameter model which consists of two electricairents (capacitor and resistance). In this modgel th
total peripheral resistance (R) and systemic vascobmpliance (C) is represented as a resistor
parallel to a capacitor (see Figure 4).

Hemodynamic Presentation Electrical Presentation
WK
o]

Veins

2-element WK C J_ Ré
N

Figure 4: Two-element Windkessel modelThe systemic compliance is modeled
as capacitor and the total peripheral resistangesastor. (adapted from Westerhof
et al., 2009)

R

Heart »
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The compliance (C) is defined as the change inmel(dV) for a given change in pressure (dP):

dv

C=—
dpP

(6)

The two-element Windkessel model of Frank was imgdo several times. For instance, a
characteristic input impedancegf4vas added to the two-element Windkessel modek @&pproach
connects the two-element Windkessel model with weargsmission models. (Westerhof et al., 2009)

1.5. Structural changes of the arterial vessel wall

As described (see Section 1.4.1), the inner lunigheparterial vessel wall is coated with endothel
cells. The normal function of the endothelium igportant because endothelial cells are involved in
the regulation process of the vascular resistamzigh the release of nitric oxygen (Battegay gt al
2005, p10). That is, an increase in shear stress | the release of nitric oxygen which produces
vasodilatation of a vessel segment. An impaireg@asd of nitric oxygen is called ‘endothelial
dysfunction’. The endothelium plays an integralerah the regulation of vascular tone, platelet
activity, leukocyte adhesion and thrombosis andniimately involved in the development of
atherosclerosis (Heitzer et al., 2001). Endothelyafunction was shown to be the first step to tgve
arteriosclerosis (medial changes) and atherosisefiosimal changes). Arteriosclerosis leads tossl|

of distensibility and hardening of the arterial sglswall and so influences blood pressure. This
hardening process of the vessel wall leads to amease of arterial stiffness. In contrast,
atherosclerosis is the narrowing of the vessel tundéameter and influences blood flow. In
conclusion, arteriosclerosis and atherosclerosasideto high blood pressure and impaired blood
perfusion. Further these processes can lead tphesdl vascular disease and released plagues can
lead to a vascular occlusion and respectively ragtatk or stroke.

1.5.1.Arterial stiffness

The relationship between arterial stiffness and (W43 been the focus of intense research in the last
two decades. Consequently, it is well accepteddhancrease in arterial stiffness is associatdd wi
an increase in cardiovascular risk: Blacher e{)99a,b), Laurent et al. (2001), Boutouyrie et al.
(2002), Mattace-Raso et al. (2006), Willum-Hanseal e(2006), Mitchell et al. (2010), Vlachopoulos
et al. (2010). Various surrogate variables inclgda®P, cPP, PWV and cAl can be measured easily
and used to assess the effects of arterial sti#f@lesurent et al., 2006) and consequently to identi
subjects at higher cardiovascular risk. It is alsdl established that arterial stiffness is a figrctof

age (Mitchell et al., 2004; Benetos et al., 2008) ahe progression of arterial stiffness can be
negatively affected by a variety of lifestyle andedise factors such as smoking, obesity or diabetes
mellitus: Benetos et al. (2002), Cruickshank e{2002), Mahmud and Feely (2003a, 2003b), Lacy et
al. (2004), Vlachopoulos et al. (2004a, 2004b)afBat al. (2006) and Jatoi et al. (2007). However,
arterial stiffness is a result of structural chanigethe vessel wall which is associated with amease

of collagen fibers and a decrease of elastic fifidishols and O’Rourke, 1998, p73-97). This leauls t
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a lowering of vessel wall distensibility and a charof reflection phenomena in the arterial tree
(Nichols and O’Rourke, 1998, p201-222).

1.5.2.Concept of normal and early vascular aging

As described, arterial stiffness increases progrelyswith age and this progression can be negigtive
affected by risk factors (see Section 1.5.1). Tioeeeit is important to distinguish between the
physiological and the pathophysiological increasarterial stiffness with age. For this reasonHart
considerations propose to distinguish between nlovastular aging and early vascular aging: Nilsson
et al. (2008, 2009) and Kotsis et al. (2011). Feeraal stiffness, normal vascular aging can béngef

by reference values of a ‘healthy’ group of sulgedh contrast, risk factor exposure leads to
accelerated arterial stiffness progression and dais be defined as early vascular aging. Figure 5
presents the concept of early vascular aging addpterterial stiffness.

Early Vascular Aging

late intervention

early intervention

arterial stiffness

Normal Vascular Aging

chronological age

Figure 5. Concept of early vascular aging(adapted from Nillson, 2009)

As shown in Figure 5 the concept of early vascatang differentiates between normal progression of
arterial stiffness (normal vascular aging) and aimad progression of arterial stiffness with agerlfea
vascular aging). This concept accounts for the ohigd a lifestyle change due to an early or late
intervention. A change in lifestyle (e.g. reductiohrisk factors) leads to a lower progression of
arterial stiffness with age. In addition, this ceptcan be further used to provide information lom t
biological age of a subject. Hence, if the caladabiological age is higher than the chronologazsd
(age of the subject) the subject is prematurelyl &gl should reduce risk factors.
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1.6. Introduction to Fuzzy Logic

Fuzzy Logic is an enhancement of the multi-valuegld. The basic of fuzzy logic was presented by
Lofti Zadeh with the paper ‘Fuzzy Sets’ (Zadeh,3Pd he idea was to express vague conditions such
as a little bit warm or a bit slow’ The common binary logic is a two valued logic;lyotwo
conditions are possible: true or false, 0 or 1cdntrast to a binary logic, fuzzy logic can takermgv
value between 0 and 1. That means every membedrshiplass is a matter of degree:

| | | | | |
1 . . . .
— | | | | | |
k< | | | | |
5 -
8 o5l . . I L low he|ght- I
= I | | | normal height |i
| | | || —— high height |,
0 L L L L L l
150 160 170 180 190 200 210
| |
_ ; ;
ey L |
5 -
5 low height J‘
=1 normal height !
— high height |,
0 L l
150 160 170 180 190 200 210

height [cm]

Figure 6: Binary logic (top graphic) vs. fuzzy logt (bottom graphic). In a binary
logic (top graphic) every specific value of bodyigh is related to one specific class
(‘low height’, ‘normal height’ or ‘high height’) vih a degree of membership of 1. In
fuzzy set theory (bottom graphic) a specific bodight value can be a member of more
classes with a degree of membership between 0.and 1

The degree of membership in a class is definea¥ery input value by a membership function (u).
The membership function can have diverse shapdsasitriangular, trapezoid, gaussian or sigmoid.
The example in Figure 6 (bottom) shows three mestifyerfunctions which define the degree of
membership for the classes (low height, normaltiteagd high height).

The value range of a membership function is comsgndefined by [0,1]. That is, every membership
function pu of a fuzzy set maps elements of a givamersal set X into real numbers [0,1] as shown in
(7) (found in Klir and Yuan, 1995, p11).

e X - [0,1] @)

The following equation (found and adapted from lglid Yuan, 1995, p13) shows an example for the
definition of a common triangular membership fuowti The variable h defines the point where the
membership function reaches the maximum and thiabdarw defines the width of the triangular
membership function. Figure 7 shows the plotteghtsular membership function calculated with (8)
for h=6 and w=1.
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1
(W(x—h)+1 when x € [h—;,h]
x) = 1 (8)
He) w(h—x)+1 when x € [h,h+;]
0 otherwise

Figure 7: Triangular membership function.

Logical operators:Logical operations such as OR, AND, or NOT cancagied out on fuzzy sets.
The logical operator AND (standard intersection) be carried out by applying the MIN operator on
the membership functions,jand |4 (see (9), found and adapted from Klir and Yuar@51$925). The
logical operator OR (standard union) can be caroatl by applying the MAX operator on the
membership functionspand | (see (10), found and adapted from Klir and Yud95l p25). The
logical operator NOT (standard complement) can agied out by subtracting the membership
function Y, from 1 (see (11), found and adapted from Klir &n, 1995, p25).

C=ANnB te(x) = min [p,(x), ug(x)] 9)
C=AUB pe(x) = max [py(x), up(x)] (10)
C=A te(x) =1 — py(x) (11)

The following figure shows the calculation pring@pf these three fundamental operators:

HA(X)
HB(x)
min(pA(x),HB(x))

8.5 9 9.5

H(x)

— HA(X)
MB(x)
m—maX (UA(X),UB(X))

H(x)

8.5 9 9.5

H(x)

Figure 8: Logical operators in Fuzzy Logic. AND, OR, NOT.
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1.6.1.Fuzzy Reasoning

Fuzzy reasoning is an important application of yulogic and is based on expert rules to copy human
knowledge and human decision making. Thereforeyfugasoning is used for decision making, data
classification, expert systems or pattern recogmitirhe fuzzy reasoning process uses inference rule
expressed in IF-THEN format (Tanaka, 1997, p81g THTHEN rules are used to express linguistic

statements between variables. An advantage of freasoning is that relationships can be described
in a ‘linguistically way’ (expert rules).

Simple exampld:inguistic Statements (inference rules) for PWV antriosclerosis.

Rulel: IF pulse wave velocity IS high THEN axsedlerosis IS high (12)
Rule2: IF pulse wave velocity IS normal THEN adsclerosis IS normal (13)
Rule3: IF pulse wave velocity IS low THEN arteriosclesok$ normal (14)

The left part of the linguistic statement (IF) @lled the antecedent block; the right part (THEH) i
called the consequent block. Additionally, logioglerators such as AND, OR and NOT can be used
to generate linguistic statements.

1.6.1.1.Fuzzy inference system

A fuzzy reasoning process is mathematically redlibg a fuzzy inference system (FIS). Several
methods are available. In this thesis Mamdani’'®dairmethod (Mamdani, 1974; Mamdani and
Assilian, 1975) was used. The following part shakes principle of a FIS with the Mamdani’'s direct
method and is explained by an example adapted Tranaka (1997, p86-p91). The example is based
on two rules:

Rule 1: IF x (inputl) IS A AND vy (input2) ISB THEN z (output) IS,C (15)
Rule 2: IF x (inputl) IS A AND vy (input2) ISB THEN z (output) IS,C (16)

»y 0 z
A
B C
2 1 2
»y 0 A—Z
A

0 z
centroid

Zo

Figure 9: Example — Reasoning process with Mamdani'direct method.
(adapted from Tanaka, 1997, p87)
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Figure 9 shows the reasoning process with Mamdainigct method based on rule 1 (see (15)) and
rule 2 (see (16)). The input variables are x antthe;output variable is z; the fuzzy sets aieA%, B,

B,, C, and G. Every fuzzy set is described by a membershiptionc- for example: membership
function P describes the fuzzy set A

The Mamdani’s direct method is based on five steps:

Step 1: fuzzification

Step 2: measurement of rule adaptability
Step 3: implication

Step 4: output aggregation

Step 5: defuzzification

Step 1:The first step of a fuzzy reasoning process ieddilizzification — for every input value (crisp
numerical value) a degree of membership is detexth{i® to 1). This relationship is described by a
membership function (u).

A r 3
A
13 12
0 »x 0 >y
A r 3
Az : B
1 1 ] g
0 : »x 0 : >y
Xo Yo

Figure 10: Step 1 — fuzzification.The degree of membership in And A is determined for a specific
input value ¥ and the degree of membership indhd B is determined for a specific input valug y
The fuzzy sets Aand A are described by the membership functign and h, and the fuzzy sets;B
and B are described by the membership functignand g,. (adapted from Tanaka, 1997, p87)

Step 2:is carried out to measure the adaptability (wgath rule. The fuzzy sets in the antecedent part
of rule 1 and rule 2 (see (15) and (16)) are coteaeby an AND operator. It follows as described in
(17) and (18) (found and adapted from Tanaka, 1988) that the MIN operator has to be applied on
both determined membership values.

A

lA1

Figure 11: Step 2 — measurement of adaptabilityThe adaptability is
measured by applying the MIN operator on the mesibprvalues of xand
Yo. (@dapted from Tanaka, 1997, p87)

11
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wy = min [pa1(xo), g1 (Vo)] (17)

wy = min [pg, (%), 2 (o)l (18)

Step 3: The next step is called implication. Implicationtiee process of applying the adaptability
obtained in step 2 to the fuzzy sets in the cormsecg part. This process is used to obtain the
conclusion of each rule (Tanaka, 1997, p87). Tipaitirof the implication process is the antecedent
output (adaptability) and the output of the implica process is a fuzzy set. Different implication
methods are available. The two most importanttaaruncation method and the scaling method.

truncation method

u)

HKx)

Figure 12: Truncation and scaling method. The truncation method
truncates the consequent fuzzy set by the valumiledd in the antecedent
part. The scaling method scales the consequeny &etzo a maximum (value
calculated in the antecedent part).

Figure 13 shows the result of implication (truneatmethod is used) for this example. The conclusion
of rule 1 and rule 2 is calculated by (19) and @8)ind and adapted from Tanaka, 1997, p87):

tern(xo) = wy L pci(2) VzE€Z (19)

ez (x0) = wy L pey (2) VzeZ (20)

Xo
Figure 13: Step 3 — implication (truncation method)for rule 1. The fuzzy set C1 is
truncated by the calculated adaptability valugand the fuzzy set C2 is truncated by the
calculated adaptability value;w(adapted from Tanaka, 1997, p87)

12
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Step 4:is used to aggregate the conclusions of each Ameggregation of the truncated conclusion
fuzzy sets is performed. Several methods can be: usaximum, probabilistic OR and summation
(The MathWorks, 2010a, p2-25). The aggregatiorhis ¢xample was calculated by (21) (found and
adapted from Tanaka, 1997, p87). Figure 14 showadigregated conclusion area.

ue(@) = pen(@ Lo pep(2)  vzez (21)

>

C1

Figure 14: Step 4 — aggregatioriThe aggregation of the truncated conclusion
fuzzy sets Gand G is shown. (adapted from Tanaka, 1997, p87)

Step 5:The last step is called defuzzification. This stefculates a definite output value depending
on the result of step 4 (aggregated conclusionyfgets). Several defuzzification methods are known:
centroid, bisector, middle of maximum, largest obfximum and smallest of maximum (The
MathWorks, 2010a, p2-27). Figure 15 shows the didfication with the commonly used centroid
method; following equation (found in Tanaka, 19988) is used:

Juc@zdz

= -7 22
= T 0z 2

Figure 15: Step 5 — defuzzificationThe defuzzification with the centroid
method is shown. (adapted from Tanaka, 1997, p87)

13
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1.7.Development process and structure of the presentedork

Figure 16 shows the development process of thengc@ystem based on surrogate variables of
arterial stiffness. As shown in Section 1.2, then af the thesis was to estimate the present
cardiovascular health status of a subject with imeasive techniques or measurements. Therefore a
stepwise approach was used. The following sectioresan overview of each step.

| Definition of the target |

17

| Development of a scoring concept |

17

| Implementation of the scoring concept |

17

| Setup for surrogate variables of arterial stiffness |

€

| Investigation of the impact of risk factors on score results |

| Scoring System based on Arterial Stiffness

Figure 16: Development and structure of the preseet] work.

1.7.1.Development of a scoring concept

A scoring concept was developed based on the corafepormal and early vascular aging (see
Section 1.5.2) to differentiate between a normaalamormal value of an indicator or marker of the
cardiovascular system. Basically, the scoring cph@an be used for a variety of indicators or
markers of the cardiovascular system. (see Chajpter

1.7.2.Implementation of the scoring concept

The scoring concept was implemented by using Fluogic. This technique was able to be applied
due the fact that fuzzy logic can be used to desdhe change of an indicator or marker as a smooth
transition between a healthy state and a disedatsl $he developed scoring system is called ‘Fuzzy
Logic Scoring System’ (FLSS). (see Chapter 2)

1.7.3.Setup for surrogate variables of arterial stiffness

The scoring concept and the scoring system develapehis work can be used for a variety of
indicators or markers of the cardiovascular systéhe setup of the scoring system was focused on
the arterial system and furthermore on arteridfnstss. However, arterial stiffness was used and
investigated as input information due to the chiargstics described below:

Surrogate variables of arterial stiffness deriveah blood measurement such as pPP, from wave
propagation characteristics of the arterial treehsas PWV, and from the central aortic pressure
waveform such as cPP or cAl can be measured n@sively. Hence, these surrogate variables are

14
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easily assessable and suitable for preventive ehpslkand screening examinations. It was also shown
that arterial stiffness is an important biomarkeattcan reclassify risk. Vlachopoulos et al. (2010)
presented a meta-analysis of 17 longitudinal studrel showed that aortic PWV, a measure of arterial
stiffness, is a strong predictor of future cardsmgdar events and all-cause mortality. However, the
investigation of arterial stiffness and of surr@ga@ariables of arterial stiffness is predominantly
focused on the use for improving risk stratificatié-or instance, Wang (2011) discussed the possible
enhanced role of assessment of PWV as a novellagstir for cardiovascular events in addition to the
assessment of traditional risk factors such as srgpkypertension, DM Il, dyslipidaemia, obesity or
age. Wang (2011) also suggests that from the dukeowledge of biomarkers that are able to
reclassify cardiovascular risk, the only two poi@ntandidates are coronary calcium score andaorti
PWV.

However, it is important to note that the scorieghnique presented in this work gives information
related to the normality or abnormality of a valéalt the time of measurement but it gives no
information regarding cardiovascular risk. That tisis work presents an investigation of arterial
stiffness for the use as indicator for pathophygjmal changes of arterial elasticity due to theant

of traditional risk factors. Therefore, the workihgpothesis described in the following section was
defined and investigated.

1.7.3.1.Working hypothesis

It was hypothesized that surrogate variables @riaittstiffness show a different course with age fo
healthy subjects and for subjects exposed to askofs. Furthermore, it was hypothesized that this
information can be used to calculate scores whieh igformation on the cardiovascular health status
of the arterial system. In addition, it was hypaiked and investigated that the impact of tradition
risk factors leads to a shift to higher score fssialr subjects at risk compared to healthy subject

longitudinal data

information about CVD or CHD risk l—)

risk score
(e.g. x% risk for having a heart attack in 10-year)

assessment of arterial stiffness |

score based on the novel scoring technique
information about normality or abnormality |—) (score from 0 to 10; normal (score=0),

elevated (score>0 and score<10), high (score=10))
cross-sectional data

Figure 17: Differentiation between risk scores andcores calculated by the presented scoring systeraged on arterial
stiffness.The calculation of risk scores is based on datargjitudinal cohort studies whereas the calculatibscores by
the presented scoring technique is based on ceasi®isal studies.

Hence, this work presents a scoring concept wisictoi focused on giving information specifically on
cardiovascular risk. It is rather focused on givinfprmation on the normality or abnormality of a
variable at the time of measurement (see Figure(4&¢ Chapter 3, 4 and 5)
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1.7.4.Investigation of the impact of risk factors on scoe results

As described in the working hypothesis (Section3l1), the impact of different risk factors (smoking,
obesity and DM II) on surrogate variables of adkestiffness and therefore on score results was
investigated. Furthermore, an investigation wasdooted on which surrogate variable of arterial
stiffness respond more sensitively to a specifik factor and if surrogate variables have a differe
performance as classification variables betweerligidged (40-59 years) and elderly subjects (60-79
years). (see Chapter 4)

1.7.5.Future work

A variety of further steps (e.g. additional validatand data) are necessary to establish the gcorin
system for screening procedures, preventive exdmirgor for the use in devices. (see Chapter 5)
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2. Fuzzy Logic Scoring System

2.1.Introduction

A scoring system based on fuzzy logic (FLSS) waglbgped to estimate the cardiovascular health
status of a subject based on indicators or maetfse cardiovascular system. Therefore, the sgorin
system was developed in an adaptable manner. $htte scoring system can be used for different
indicators or markers. Hence, the informative conhtd# the calculated output score depends on the
chosen input variables. This chapter shows thdrggaoncept and the implementation of the scoring
concept based on Fuzzy Logic.

2.1.1.Required main features of the scoring system

Age-dependency of normal valudgost indicators or markers of the cardiovascukealtih status are
age-dependent but this change can be physiologicphthophysiological. Hence, it is important to
distinguish between a physiological and pathoptggiocal condition for each variable. Therefore, it
IS necessary to define separated normal valuetifferent age categories.

Assessment of a pathophysiological chariges differentiation between normal and abnormaliesl

is important for the early diagnosis of a pathoptiggical change of a variable, but it is also
important to assess how much a variable has chac@egared to the normal level. For instance, the
information that blood pressure has increased cosdpto normal values is not satisfactory. It is
further important to give information about how rhublood pressure has increased compared to
normal values. However, the calculation of a sae give information on the relative change of a
variable from normal values to abnormal values.

ConfoundersSome measurements of indicators or markers areteffdy confounders. Therefore a
change of a variable from normal values to abnorrahles can be due to impact of confounders. For
instance, some measurements are blood pressuraddgpe Therefore, a scoring system should
account for the effect of confounders on measurditators or markers.

Gender-dependencyNormal values may differ between male and femaibjexts. Therefore, a
scoring system should use different reference gdioremale and female subjects.

2.2.Methods

2.2.1.Scoring concept

The scoring concept was designed based on the mooéenormal and early vascular aging (see
Section 1.5.2); and the required main featureshefdcoring system (see Section 2.1.1). Figure 18
presents the main principle of the scoring concEpt.each input variable of the scoring system an
area with ‘normal’, ‘elevated’ and ‘high’ valuesdgfined by reference values. For most indicators o
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markers of the cardiovascular health status thesssare shifted to higher values with age to aticou
for the age-dependency. This shift is due to thgsiolfiogical change of an indicator or marker with
age. The borderlines between these three areasm@fip ‘elevated’ and ‘high’) are defined by
reference values. Most reference values are cédclfar decades of age. Hence, a pair of reference
values (‘normal’ and ‘high’) for each decade of aggs to be defined. Additionally, separated

reference values for male and female subjects bavee calculated to account for the impact of
gender.

high*

high
score of 10

.elevated’

reference values ,high'

N ,normal’
reference values ,normal’

score of 0

normal elevated

1 1 1 1 1
T T T T T
age group 1 age group 2 age group 3 age group 4 age group 5

> age

Figure 18: Scoring conceptEvery input variable has a region of ‘normal’,eehted’ and ‘high’
values. Borderlines are defined by age and gendmifgpreference values. Scores are increasing
from 0 to 10 between these two borderlines.

Score: The score ranges from 0 to 10 and gives informagibthe increase from ‘normal’ values to
‘high’ values. Therefore, the score increases ffbta 10 between two reference values ‘normal’ and
‘high’. Hence, this concept can be compared withaffic light system: A score of 0 equals a traffic
light of ‘green’, a score greater than O and lotan 10 equals a traffic light of ‘yellow’ and aose

of 10 equals a traffic light of ‘red’. In conclusipthe score value gives information about how nmauch
variable has increased compared to normal levels.

score
A
10 p 7
”v" o E— —
variable
score
A
10
variable
,normal’ ,elevated’ ,high'
reference value Jhigh'

reference value ,normal*

Figure 19: Score ramp for one age groupThe score ramp (0 to 10) is defined by the refegen
values (‘normal’ and ‘high’) of a specific age gmurhe score increases from 0 to 10 between the
two reference values (bottom diagram). Furthermtire, originated score ramp can be shifted to
higher or lower values depending on the impacoofacunders (top diagram).

18



Fuzzy Logic Scoring System CHAPTER 2

Score rampfor each decade of age a pair of reference valuesn@al’ and ‘high’) has to be defined.
Between these two reference values the score sesefiom 0 to 10 and defines a score ramp as
shown in Figure 19. For most indicators and markleesscore ramp is shifted to higher values with
increasing age. However, the shape of the scor@ @an be defined based on the physiological
behavior of an indicator or marker (e.g. lineagn®idal or other analytical functions).

Confounder-correctionSome measured indicators or markers show a conéoiudependency. To
account for this situation it can be necessanyhifi the reference values and respectively theescor
ramp to higher or lower values due to the impactasffounders. This is shown in Figure 19.

2.2.2.Implementation of the scoring concept

A scoring system (FLSS) was devolved and programioaseéd on the presented scoring concept. The
mathematical implementation of the scoring concgps done based on the theory of fuzzy sets
(Zadeh, 1965). The FLSS was programmed with MATEABftware (R2008a, The MathWorks.

2.2.2.1.Structure of the FLSS

Figure 20 shows the basic structure of the scairmjem. The FLSS uses indicators or markers of a
subject as input variables to calculate outputestoAdditional information of the subject is used t
correct the score calculation for age and gendadt; farther for the impact of confounders of the
measurement. Each output score of a variable csiledéd in relation to age- and gender-relatedspair
of reference values (‘normal’ and ‘high”). Hencep@ol of reference values with separated reference
values for each variable, decade of age and gesdesed. The FLSS was developed based on a FIS,
as described in detail in Section 1.6.1.1, andtedtdil functionality was added on to derive the BLS

pool of
reference values
> mowwribes > FLSS
subject >  output scores
additional information FIS

Figure 20: Basic structure of the FLSS.The FLSS is based on a FIS and
calculates scores for markers or indicators of lajesti in relation to reference
values. The score calculation can be adjusted lojtiadal information of the
subject.

Figure 21 shows a more detailed structure of th83Lnput variables can be added on the scoring
system and for each input variable a single ougmdre ranging from 0 to 10 is calculated.
Furthermore, weighted overall scores can be cdkmilaased on a set of input variables. Therefore,
adequate weighting factors have to be chosen. Seweecalculated by tHelS. Thereference value
selection and confounder correction systéR®-CC-system) is used to correct the score aioul

for age and gender; and the impact of confounders.
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RS-CC-SystemAdditional information (age, gender and confousllds used to correct the score
calculation. The RS-CC-System uses this informatibthe subject to extract the adequate age- and
gender-related pair of reference values for eaghtirvariable from a pool of reference values.
Regression equations are used to correct the ingbacinfounders by shifting the reference values to
higher or lower values. Hence, this shift resuita ishift of the membership functions in the FIf an
shift of the score ramp as shown in Figure 19. étoee, adequate age- and gender-related regression
equation for each indicator and confounder is ek from the pool of regression equations. In
conclusion, the FIS is used to calculate and wdighbutput scores and the RS-CC-System is used to
correct the score calculation for age, gender anfocinders.

;l age > <— — pool of
reference values
RS-CC-
l— — pool of
regression equations

A
> input variable 1 l—) = 2| output score 1
Q
§ > output score 2
2]
input variable 2 © -
o = Vadl
. c N
subject oo
“2 = > output score n
R
N
=]
2

input variable n

overall scores

weighting factors

Figure 21: Structure of the FLSS.The FLSS consists of two sub-systems. First a
FIS to calculate and weight the scores and secoR&-&£C-system to correct the
score calculation for age, gender and confounders.

2.2.2.2 Fuzzy inference system

The FIS is used to calculate scores for the inpuiables. The FIS was programmed with the Fuzzy
Logic ToolboX™ (The Mathwork8") based on MATLAE software (R2008a, The MathWork3.

Mamdani’s direct method is used and based on faleutation steps (fuzzification, rule adaptability,
implication, aggregation and defuzzification). Bifént calculation methods are available for eagh st
(see Section 1.6). The following list summarizes ¢hlculation methods used:

AND method: ‘min’

OR method: ‘max’
Implication method: ‘truncation’
Aggregation method: ‘sum’
Defuzzification: ‘centroid’
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Figure 22 shows a flow chart of the calculationgeiss based on Mamdani’s direct method. The
calculation process is defined by the chosen iapdtoutput membership functions; and further by the
chosen linguistic rules and the weighting factdrthe rules.

RS-CC-system
| input MF | rules | output MF |
rule weigt
Y Y LV

input variable 1 »|  output score 1

>  output score 2

input variable 2

Y

output score n

input variable n —)I overall scores

Figure 22: Structure of the FIS.Five calculation steps are necessary to calcstaiees for the input
variables. The fuzzification step can be used toecd the score calculation for age, gender and
confounders. Weighted rules can be used to cakulaighted overall scores.

fuzzification
rule adaptability
implication
aggregation
defuzzification
A

!

2.2.2.2.1Input membership functions

The input membership functions are used for theifieation process of the FIS. They were normally
defined as trapezoid functions. In combination wille triangular defined output membership
functions, this leads to a nearly linear scoreaamse from O to 10. However, the shape of the input
membership functions can be defined in differentysyafor example: linear or sigmoidal. In
conclusion, the definition of the shape has a gtiopact on the shape of the score ramp.

The increase of the score from 0 to 10 is defined pair of reference values (‘normal’ and ‘high§
described in the scoring concept (see Section )2.ZHerefore, two input membership functions
‘normal’ and ‘high’ are defined based on the refiees values. Figure 23 shows this procedure with
trapezoid functions.

1.5f reference value ,normal’
'
reference value ,high*

p(var x)

normal
= high

0
input variable x

Figure 23: Trapezoid input membership functions.Input variable x with
two classes defined by the membership functionamiadi and ‘high’.

2.2.2.2.21 inguistic rules

Linguistic rules are used to define the relatiopdietween the input and the output variables agisho
in Section 1.6. That is, a set of rules are usetkfme the relationship between the input variglaled
the output scores in the FIS.
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For each input variable a separate output scooal@ilated. Therefore the following rule structure
was used:

Rulel: IF input variable x IS high THEN output score Aigh (23
Rule2: IF input variable x IS normal THEN output scarés low (24)

For the calculation of overall scores it is impattéo connect the input variables and weight their
importance for the overall score. For example:

Rulel: IF input variable x IS high THEN output score Aig§h rule weight: 0.4 (25
Rule2: IF input variable x IS normal THEN output scorkESZow rule weight: 0.4  (26)
Rule3: IF input variable y IS high THEN output score Aigh rule weight: 0.6 (27
Rule4: IF input variable y IS normal THEN output scorksZow rule weight: 0.6  (28)

2.2.2.2.30utput membership functions
Output membership functions are used for the imgibn process. Two triangular membership

functions ‘low score’ and ‘high score’ are definkmt the implication step. This definition leads in
combination with trapezoid input membership funasido a nearly linear score increase from 0 to 10.

=
T

N

gy

p(output score)
o
(6)]

g
SN low score
i *, | === high score
O" “‘

0
5 0 5 10 15 20
output score (0-10)

Figure 24: Output membership functions and truncaton method. Output
score x with two classes defined by the membersimptions ‘low score’ and
‘high score’.

Figure 24 shows the triangularly defined output mership functions and the applied ‘truncation’
method as described in Section 1.6.1.1. The outpemnbership functions are truncated by the
adaptability value calculated by the linguisticasul Defuzzification is done with the ‘centroid’ rnetl
(see (22)).

2.2.2.3.RS-CC-System

Age and genderThe score calculation accounts for age and geofler subject as shown in the
scoring concept (see Section 2.2.1). This is redllzy the calculation of adequate reference vdhres
each age group and gender. Therefore, the RS-Q€nrsysses age and gender of the subject and
chooses the age- and gender-related pair of referesdue from the pool of reference values. A flow
chart of this process is shown in Figure 25. Tha flar the pool of reference values can be extdacte
from guidelines or can be calculated based onafatference cohorts.
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Confounder-correctionif a confounder correction is necessary for aalde, the extracted pair of

reference values can be shifted to lower or higladnes to correct the impact of the confounder.
Therefore, a pool of regression equations is u3dw: pool of regression equations consists of
regression equations separated for age and gefueris important because the relationship between
the variable and the confounder can differ betwaga groups and gender. The RS-CC-system
extracts the age- and gender-related regressioatiequand uses the measured value of the
confounder of the subject to shift the referendeasto lower or higher values. The measurement of
the variable and the confounder has to be doneltsinapusly because the value of a confounder such

as blood pressure can change in a short time pekitditionally, each pair of reference values can b
corrected for more than one confounder.

pool of reference values pool of regression equations
for for
input variable x variable x

\ Y
gender |——)| male / female selection |
¥ ____ . Y ____ ;
| selected pair of reference values | | selected regression equation |
o — * _____ — o —— * _____ —

measured value of )
confounder correction
confounder

fuzzy inference system
(FIS)

Figure 25: Structure of the RS-CC-systemThe system uses two pools of data (pool of refareralues and pool of
regression equations) for each input variable efRhSS to select the age- and gender-related pegference values and to
correct the reference values for the impact of conélers.

Afterwards, the confounder-corrected pair of refiese values is used in the FIS to generate the

membership functions ‘normal’ and ‘high’. In consilon, the shift of reference values leads to & shif
of membership functions as shown in Figure 26.

u(var x)

normal
= high

. n n

H(var X)

normal
= high

n

input variable x

Figure 26: Shift of membership functions — exampleThe membership
functions ‘normal’ and ‘high’ (top graphic) are f&bd to higher values
(bottom graphic) for the impact of a confounder.
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2.2.2.3.1Multiple linear regression model

A multiple linear regression model was used inRI8CC-System to shift the pair of reference values
and respectively the membership functions ‘norraatl ‘high’ to lower or higher values to correct the

impact of confounders. However, it is possible &g ulifferent regression models in the RS-CC-
System.

Multiple linear regression modeThe following equation (see (29), found and adafitem Backhaus

et al., 2008, p64) shows the used multiple linegression equation. This equation estimates arlinea
dependency between a dependent variable (Y) aimttapendent variable (X). For every independent
variable a linear termpg can be added to the equation. The constantarea the regression
coefficients.

Y = a0+a1X1+a2X2+"'+ a]X]+a]X] (29)

Y = estimation of dependent variable Y
Q, &, ... , & = regression coefficients
X = independent variable

Parameter identification proces® parameter identification process can be usedstonate the
regression coefficients. Therefore the followingeahive function (see (30), found and adapted from
Backhaus et al., 2008, p64) can be applied. Thyetas to minimize the sum of the squares of the
differences between the dependent variable andstimated dependent variable. This process results
the regression coefficients that shows the best fit

Obijective function:

K K

z el = Z[yk — (ag + ayxyx + ayxay + -+ ajxj + - ayxp ) ]2 > min (30)
k=1 =1

6= residual values (k=1, 2, ..., K)

Yk = values of dependent variable (k =1, 2, ..., K)

ap = constant term

g = regression coefficients (j=1, 2, ..., J)

Xx = values of independent variables (j= 1, 2, ..k 1, 2, ..., K)
J = number of independent variables

K = number of observations

2.2.2.3.2Confounder correction process

The age- and gender-related multiple linear regresgquation is extracted from the pool of
regression equations and used to shift the paiefeirence values and respectively the membership
functions ‘normal’ and ‘high’ to lower or higher las to correct the impact of confounders.

Therefore, a shiftAr) was calculated based on the multiple linearesgjon equation and was added
to the reference valuesdf.and kign). In conclusion, the confounder corrected refeeeralues were
calculated as:
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Tnormal = Tnormal + AT (31)
Thigh = Thigh + AT (32)

The shift is calculated based on the extractediphellinear regression equation. Reference valaes f
each confounder (bhave to be defined. However, the shift is calmdaas the difference of the result
of the regression equation calculated by the medsualue of each confoundey)(of the subject and

the result of the regression equation calculatethbyeference value of each confounder (see (33)).

Ar = (ag + ay¢61 + ayep + -+ + a;¢j + - aycy)... (33)
_(ao + a1b1 + azbz + A + a]b] + b a]b])

2.3.Results

An example of the resulted behavior of the FLSSafolinput variable x is shown in Figure 27. This
figure shows a linear increasing score ramp cdiedlay the FLSS for four different age groups. The
score ramp is shifted to higher values for eaclade®f age. Furthermore, each score ramp is shifted
to lower or higher values for the impact of confders.

10
° — 40-49yr'S
§ 5l = 50-59yrs
b s 60-69yT'S
— 70-79yrS
0 ) )

input variable x

10 _ — -
: :"' % -59yrs

L . .
o/ Onfounderdependency .o

score
(&)
T
I~

input variable x

Figure 27: Example: score ramp calculated by the FLS. The top graphic shows
four linear increasing score ramps for four difféarage groups. The bottom graphic
shows the shift of a score ramp for the impact céafounder.

However, calculated score ramps are theoreticehtibut the calculation dynamic of fuzzy logic lead
to a smooth sigmoidal increase. Figure 28 showsdtbee ramp calculated by the FLSS.

score

input variable x

Figure 28: Sigmoidal score ramp.Calculated score ramps are
sigmoidal due to the calculation dynamic of fuzagit.
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2.4.Discussion

2.4 1.Interpretation of score results

Cardiovascular prevention plays an important rale tb the reduction of the economic and human
burden of CVD. Scores can provide additional infation on the health status of the arterial system
or the individual risk of a patient. However, thatvantage of a score is the clear output (score fifom
to 10) — conceptually easy to understand for ptietowever, established scores for the
cardiovascular system differ in their methodology anformative content.

Most established scores for the cardiovasculaesystre risk scores based on scoring schemes. For
instance, the Framingham risk score estimatesGhgar absolute risk of CHD events (NCEP, 2002).
A similar approach was presented as PROCAM scossrfann et al., 2002). Conroy et al. (2003) or
D’Agostino et al. (2008) presented general CVD s8skres. Some scores give additional information
about the heart age such as the PROCAM Score (Assreqal., 2002) or the SCORE project
(Cuende et al., 2010). However, these score scharadsased on statistical methods such as the Cox
proportional-hazard regression model. Thereforeg défollow-ups of prospective cohort studies are
used. Commonly used variables for the risk assedsare: age, gender, smoking, SBP, diabetes
mellitus, medication status, TC, LDL cholesterall &#DL cholesterol.

However, established scores are black-box modeishwhise a fundamental different mythology
compared to the FLSS. Therefore, it is importamidte that output scores calculated by the FLSS can
give information about abnormal high or low valuasnpared to normal values for the same age
group and further about the severity of the chd&ng® normal values to abnormal values. Hence, the
FLSS can give no information about the individusk of a subject. This is a fundamental difference
between scores calculated by the FLSS and establisbk scores. In conclusion, the FLSS serves
cross-sectional information and risk scores selamgitudinal information as shown in Figure 29.

« risk score 1 individual risk for a future event'

subject } »

age =55 years A FLSS ,comparison with normal values
A
Y

in the same age group'

'

30 40 50 | 60 70 80

S

B age

Figure 29: Risk scores versus output scores of th&.SS. Risk scores serve
longitudinal information about the individual rigsk a subject for having a
cardiovascular event in a defined time periaf).(Contrary, scores calculated
by the FLSS serves information about the relativenge of a variable from
normal values to abnormal values at the time ofsmeanent.
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2.4.2.Normal, reference and cut-off values

Reference values and normal values are importanttife clinical use of a measurement. The
assessment of the severity of a pathophysiologitahge is important to assess how much a variable
has changed compared to the normal level. It fdlotvat single cut-off values are not satisfactory
because they serve only information about the nlitymaut no information about the severity of a
change from normal values to abnormal values. Toexe guidelines (e. g. WHO hypertension
guidelines (Chalmers et al., 1999), JNC7 hypertanguidelines (Chobanian et al., 2003), ESH/ESC
hypertension guidelines (Mancia et al., 2007)) reflifferent classes of blood pressure to classify
measured blood pressure value into normal or hgpsite categories. Unfortunately, the definition of
adequate normal and reference values is stilfdefa variety of indicators and markers. In condags

it is mandatory for the FLSS to use reference \sluich serve information about the normality of a
variable and the severity of the change of a végilbom normal to abnormal values.

2.4.3.Scoring concept

Usable indicators or markers for the FLSBhe presented scoring concept is an approachv® gi
information about the cardiovascular health stang further to account for the physiological change
of an indicator or variable with age. Therefore,ist important to differentiate between the
physiological course and the pathophysiologicarsewf a variable with age as basically described i
the concept of normal and early vascular aging 8tion 1.5.2). For instance, a pathophysiological
increase of an indicator or marker can be the rasustructural changes of heart or vessels (e.g.
increase of arterial stiffness) due to the longatempact of risk factors (e.g. smoking, physical
inactivity or diabetes mellitus) or genetic predisipion.

Hence, only indicators or markers which give infation about the physiological or
pathophysiological status of heart or vessels @eable for the FLSS (e.g. PWV, intima media
thickness or flow mediated dilatation). In contrdsbod indicators (e.g. glucose, total cholesterol
LDL cholesterol or HDL cholesterol) are useful wimate long-term risk but they cannot reflect the
present health status of heart or vessels.

Score resultsThe scoring concept uses reference values in deaafdage. It follows, that there is a
tendency of higher scores for younger subjectsl@amndr scores for older subjects in each age group.
However, an advantage of an age-dependent scthatist can be positively influenced by lifestyle
changes with age. That means if a subject hashaduigre at the age of 45 a change of lifestyleccoul
lead to a lower score at the age of 55.

2.4.4.Methodology of the FLSS

Fuzzy logic is used for a variety of applicatiomsthe research field of cardiovascular systems,
cardiovascular risk estimation or medical decisimking. For instance, a decision making system to
perform prognostic modeling of disease states (fsudeet al., 2000), a fuzzy logic system to assess
the cardiovascular autonomic function (Carvalh@alet2002), a fuzzy system to measure the global
cardiovascular risk based on risk factors assatiith CVD and stroke (Chan and Benzie, 2010), a
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risk classification by fuzzy inference (Horgby, 899a fuzzy decision support system for therapy
administration in cardiovascular intensive careguas (Denai et al., 2007).

The FLSS is based on an extended FIS (see Sec@dnl). The FIS is used to map a real value to an

abstract score. Additional components (RS-CC-systm used to adjust the mapping process for

age, gender and the impact of confounders. Ther¢far FLSS abstracts a real value to an abstracted
value (0-10) as shown in Figure 30. In conclusitwe, FLSS is a multivariable approach and uses

external data in terms of reference values andessgrn lines for the mapping process. An important

advantage of a scoring system based on a FIStishihaelationship between input variable and score

can be understood by the user and the system epgsite impact of age and confounders.

external data
(reference values, guidelines, regression lines ...)

real value” Labstracted score”

Y

Y

input variable 1 output score 1

real value” Labstracted score”

Y

input variable 2 output score 2

real value” ,abstracted score”

Y

S HeH o H e

Y

,abstracted score”

real value” |
>

Y

input variable n output score n

+Mapping process with 'YYVYY

Fuzzy Score System”
weighting overall score

Figure 30: Mapping process of the FLSSReal values are mapped by the FLSS to abstractedss(0-10). The mapping
process is defined by external data and can bestadjdior age, gender and confounders.

External data:The FLSS serves a method to calculate scores lo@isexternal data (reference values,
data from guidelines or regression equations). dfbee it is important to note that the accuracyhef
score results is predominantly defined by the amuof the external data. Hence, the use of adequat
reference values and regression lines is of pdaticnportance for the score calculation.

Shape of score ramfThe nearly linear increasing score from 0 to 1l@nismportant simplification of
this approach. However, the FLSS is able to usterdifit shapes of membership functions and
therefore it is possible to generate different sisafor the score ramp. Although there is no evidenc
which shapes are close to reality. Additionallye #core ramp increases theoretical linear but the
calculation dynamic of fuzzy logic leads to a snmosigmoidal increase of scores (see Figure 28). In
conclusion, it is clear that further investigaticen® important to estimate which score ramp shape
would be adequate for a specific input variable.

Confounder-correctionMost relationships between input variables andf@mamders are non-linear.
Therefore the used linear regression model istadusimplification of the FLSS. Linear regressisn
only a good approximation of the confounder-depangen a small interval of values. Therefore, the
impact of this simplification has to be estimateddach input variable and confounder.

28



Fuzzy Logic Scoring System CHAPTER 2

2.4.5.Usefulness of fuzzy logic

This work has shown that fuzzy logic has an add#idoenefit for the implementation of the scoring
concept due to the advantage that fuzzy logicrisctly understandable and interpretable by the user
and the change from normal to abnormal values ahditcator or marker can be described by fuzzy
sets. Therefore, fuzzy logic provides an approaclddfine the individual state of an indicator or
marker as smooth transition between a healthy statka diseased state instead of sharp cut-off
values. In addition, fuzzy logic can be easily egied and adapted to implement the confounder-
correction for confounders of the measurement Ifyirslp of membership functions.

2.4.6.Relevance for clinical practice

A scoring system could be an additional alternatweprovide information on the cardiovascular
health status of heart and arteries. An advantigescoring system is the clear output (score féom

to 10) — conceptually easy to understand for peidfurthermore, a scoring system can consider age
and confounders. Sometimes it can be too compticaed time-consuming for preventive
examinations to account for the impact of age andaunders. However, scores are only additional
tools to screen subjects for their cardiovasculealth status but they cannot replace a clinical
examination by experts.

2.5.Conclusions

The scoring concept and the implementation of twgisg concept based on fuzzy logic (FLSS) is a
novel approach to assess the individual cardiovasbealth status in relation to normal and refeeen
values of a healthy group of subjects. Based orstioging concept, it is possible to account for the
physiological aging of the cardiovascular systend @an account for the effect of gender, and
confounders of the measurement. In contrast tor aitare systems for risk stratification, the presen
score system gives cross-sectional informationhenrormality or abnormality of an indicator or
marker at the time of measurement. A further achgmtof the present scoring technique is that
calculated scores can be easily interpreted bgmiatand this technique can also be implemented int
devices.

However, the correctness of calculated score es&ilpredominantly dependent on the external data
such as reference values and regression equdtiorikermore, the definition of the shape of theaco
ramp and the use of different regression modetedli regression model or non-linear regression
model) has significant impact on the score caleutatTherefore, it is important to obtain sufficien
and validated external data and to investigatedagwate regression model and an adequate shape of
the score ramp for each indicator or marker.
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3. Setup for surrogate variables of arterial stiffness

3.1.Introduction

The FLSS was developed in an adaptable manneraanbtlec used for different indicators or markers.
However, for this investigation the FLSS was sdtupsurrogate variables of arterial stiffness. This
was done to investigate the use of arterial stiffn® assess the structural change of arteriablgess
expressed as pathophysiological increase of driffness in relation to normal values. Detaigc
be found in Section 1.7.3.

Therefore this chapter describes the setup prosktsse FLSS for surrogate variables of arterial
stiffness: pPP, cPP, PWV and cAl. As describedhager 2, it is necessary for the practical sefup o
the FLSS to extract external data (reference vadmesregression lines). However, due to the lack of
reference values for surrogate variable of artestiffihess, external data was calculated basedata d
of the ACCT database.

3.1.1.Surrogate variables of arterial stiffness

Various surrogate variables including pPP, cPP, PANY cAl index can be non-invasively measured
to assess arterial stiffness (Laurent et al., 2008YV is essentially a ‘direct measurement’ of
functional arterial stiffness (Laurent et al., 2DO&vhereas pPP, cPP and Al are ‘indirect
measurements’, since they are also affected by wemgagation in addition to elasticity changes in
the arterial wall (Nichols and O’Rourke, 1998, pZ2R).

3.1.1.1.Pulse wave velocity

The measurement of PWV can be seen as a ‘direcsurezaent’ of arterial stiffness and it is
generally accepted as the most simple, robust gmaducible method (Laurent et al., 2006). Further
it is included in the 2007 ESH/ESC guidelines foe imanagement of hypertension (Mancia et al.,
2007).

The relationship between PWV and arterial stiffnissdescribed by the Moens-Korteweg equation
(see (34)) and is derived from Newton’s second ¢dwnotion F = m - a (Nichols and O’Rourke,
1998, p63). This equation shows that PWV is depends the elasticity of the vessel wall
(incremental elasticity modulus (), the wall thickness (h), the vessel radius (@l #he density of
the blood f).

Einch
PWV = |— (34)
2rp
Measurement of PWV with pressure-waveforifise gold-standard of PWV measurement is the

carotid-femoral method (Laurent et al., 2006).His technique, a pressure waveform is measured by
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arterial tonometry or pulse detection devices atdbmmon carotid artery and at the femoral artery.
PWV is defined as the distancxj travelled by the waveform divided by the tim)(for the wave
to travel this distance, as shown in following dpra

Ax
PWV = — (35)

At
Foot-to-foot velocity method:his is the common methodology to assess the trama (At) which is
calculated as the foot-to-foot time differenc)(between the foot of the common carotid artery

waveform and the femoral artery waveform. The distaAx) is measured on the surface of the body.

Common
carotid
artery

Common AL
femoral

artery

— At fe— 2

Figure 31: Foot-to-foot velocity method(reproduced from Laurent et al., 2006).

Relevance of PWV as indicator for CVD risk and mldst PWV is strongly associated with
cardiovascular events and all-cause mortality: Bacet al. (1999a,b), Laurent et al. (2001),
Cruickshank et al. (2002), Boutouyrie et al. (2002attace-Raso et al. (2006), Willum-Hansen et al.
(2006), Mitchell et al. (2010), Vlachopoulos et(@010).
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Figure 32: PWV and age:for males (circles, solid lines) and females
(squares, dashed lines) (reproduced from McEnieay.,e2005).

PWV and ageMcEniery et al. (2005) showed a non-linear inceea PWV with age for male and
female subjects (healthy and normotensive populad®01 subjects)). Further it was hypothesized
that PWV is a more sensitive marker in subjectsrafie age of 50. Figure 32 shows the increase of
PWV with age.
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PWV and genderMcEniery et al. (2005) observed no significantfatiénces in aortic or brachial
PWV between men and women.

3.1.1.2.Pulse wave transmission and reflection

The measured central aortic pressure waveforgh if?a supercomposition of a forward travelling
wave (incident wave —Pand a reflected wave from the periphery (Richols and Singh, 2002) (see
(36)). That is, for each heart cycle the left-vimtér ejects a forward travelling wave and this wés/e
reflected by impedance mismatch such as arteraaddiing, changes in arterial diameter and changes

in vessel wall material stiffness (Butlin, 2007).

P,=P + P (36)

Incident Wave (Pi)

SN
T
)

Reflected Wave (Pr)

/

.
<

Figure 33: Composition principle of the central aotic pressure

waveform. The central aortic pressure waveform is a supéipnof

both a forward wave and a reflected wave. (repreducom Hirata et
al., 2006)

With an increase in arterial stiffness the transiois velocity of both forward and reflected wave
increases (Nichols and Singh, 2002). The increatamsmission velocity leads to an earlier arriofal
the reflected wave in the central aorta and augengrassure in the late systole. This augmentation
leads to an increase in central aortic pressuracéjean increased cPP is an ‘indirect measurehof a
increase in arterial stiffness (Laurent et al.,&00

_ (Pm +Zc Qm) (37)
! 2
p — = Zc'Qm) (38)
2
Qu + 1)
_ C
Qi = — (39)
P
(Qm - ﬁ
Q= —f ¢ (40)
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Decomposition of the incident and reflected watds possible to decompose the incident and the
reflected waveform from the measured pressure wawef The simultaneous measurement of
pressure (P) and flow (Q) at the same site results frequency-dependent impedance spectrum,
characteristic impedance J4nay be derived and equations (37)-(40) solvegldt the incident and
reflected pressure and flow waves (Nichols and @iRe, 1998, p214).

Figure 34 shows the measured pressure and the reddkw in the ascending aorta of a middle-aged
patient. The dashed line indicates the decompasedent wave ejected from the left-ventricle. It is
shown how the measured pressure waveform is augohégtwave reflections.

Pressure

P, - At prie— At—

Figure 34: Decomposition of a measured aortic prease waveform. The figure
shows the measured pressure and the measured rfldheiascending aorta of a
middle-aged patient and the decomposed incidesspre waveform (dashed curve).
(reproduced from Nichols and Singh, 2002)

This figure shows further the systolic blood press(n), the diastolic blood pressureg(@nd the
inflection point (p). The inflection point indicates the beginning aasigmentation of the pressure
waveform due to wave reflections and can be useéstonate the pressure augmentation without
decomposition of the pressure waveform. Thereftre, augmentation pressure is measuredsas p
minus p and the Al is defined as the augmentation presslia¢ed to the PP (systolic blood pressure
minus diastolic blood pressure). See (41) (foundighols and O’'Rourke, 1998, p215).

_ (ps—pi)

Al =
(Ps — Pa)

(41)

If the inflection point occurs after the systoliegk, the Al is negative and defined as shown i) (42
(found in Nichols and O’'Rourke, 1998, p215).

_ (pi—ps)

Al =
(Ps — Pa)

(42)

The Al is not only an indicator for the central topressure augmentation and can be used asavell t
assess the peripheral pressure augmentation. dheréfl can be defined as shown in (43) (found in
Millasseau et al., 2003).

_ (pi —pa)

Al =
(Ps — Pa)

(43)
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Aortic Alx = AP/PP )
Radial Alx = P,/P;,

Py

PP

Aortic pressure pulse Radial pressure pulse

Figure 35: Aortic Al versus radial Al. The adequate definition of the Al is depending on
the waveform. (reproduced from Millasseau, 2003)

Relevance of Al as indicator for CVD risk or moittal Several studies indicate that Al may be a
useful marker of cardiovascular risk and cardiouscmortality, or is increased in diseased pasient
(Wilkinson et al. (2000), NUrnberger et al. (2002irinos et al. (2005), Payne et al. (2007)). Zmm

and Asmar (2007) suggested that Al may indepengdengdict all-cause mortality and cardiovascular
events in coronary and end-stage renal diseasenpgtbut some outcome studies have questioned its
usefulness in hypertensive subjects and dialygismnia.

Al and age:Al increases steadily with age but reaches a alatdter the age of 50 years (McEniery et
al., 2005). Fantin et al. (2007) showed similaultss Therefore, McEniery et al. (2005) hypothedize
that Al is a better predictor in younger and PWV dtder subjects because PWV increases
predominantly in older subjects. Figure 36 showsiAd augmentation pressure with age for male and
female subjects.

Al and genderMcEniery et al. (2005) showed that Al is higher fiemale than for male subjects over
the whole age range. Similar results were presdmdeantin et al. (2007) and Janner et al. (2009).

40 -
35 1
30
25 A
20 A
15 1
10 -
5 4
0.«
_5_
-10 T T T T T T T T T

0 10 20 30 40 50 60 70 80 90

Age (years)

Augmentation Index (%)/Pressure (mmHg) »

Figure 36: Al and augmentation pressure with agefor a healthy and
normotensive population (4001 subjects). Lines drawn for males
(circles, solid lines) and females (squares, dadined). Open circles and
open squares indicate augmentation pressure. Cloiselds and closed
squares indicate Al. (reproduced from McEnierylgt2005).
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3.1.1.3.Central and peripheral blood pressure

Central and peripheral pulsatile blood pressuriedifin shape and absolute values along the drteria
tree. Therefore, central and peripheral blood pressannot be used interchangeable as marker. The
change in wave form and pressure amplitudes resalts an impedance change. That is, the pressure
amplitude increases along the arterial tree duanténcrease of low frequency components of the
impedance and the change of the various frequeaypanents in terms of their distance from the
main reflection site leads to a change in the piressave form (Nichols and O’Rourke, 1998, p171).

Figure 37 shows the amplification and the changeawne form along the arterial tree from the central

aorta to peripheral vessels. It is shown that Réutzded as SBP minus DBP increases markedly. A
position statement by Laurent et al. (2006) coretuthat it is inaccurate to use brachial PP as a
surrogate for aortic or carotid PP due to the pmessimplification between central and peripheral

arteries, particularly in young subjects.

PRESSURE

\
(®2]
= ‘ \
g 80 - .
£ \\
60 \
Asc. Aorta Abd. Fem. Sap.
aorta arch aorta artery  artery

Figure 37: Pressure amplification along the arteriditree. PP increases
with increasing distance from the heart. (reprodufrem Nichols and
O’Rourke, 1998, p171)

pPP and cPP as indicators for CVD risPP and pPP are used as markers for an increaseeiial
stiffness and cardiovascular risk. However, cPP pR& cannot be used interchangeably due to
different interactions with elasticity changes I tarterial tree. It is known that DBP differs only
slightly between central and peripheral sites B® % influenced differently between these twossite
The peripheral SBP is predominantly influenced kasticity changes of the arterial wall and the
central SBP due to the elasticity changes of ttexiat wall and an earlier arrive of the reflectedve
(McEniery et al., 2005). Franklin et al. (1999) cluded that higher pPP was an important component
of risk and neither peripheral SBP nor peripher@PDwas superior to pPP in predicting CHD.
Furthermore, there is some evidence that centaddbpressure is more related to cardiovascular
events or atherosclerosis than brachial blood pres$afar et al. (2002), Williams et al. (2006§ an
Roman et al. (2007).

pPP and age:Franklin et al. (1997) showed that pPP increasedgminantly after the age of 50
years. This study also showed that after the sigttade of age an increase in pPP and a decrease in
DBP is a surrogate measurement for large artefijness. Figure 38 shows how blood pressure
changes with age for different blood pressure categ. This figure shows an increase of SBP with
age whereas DBP increases for younger and decrieasdder subjects.
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Figure 38: Regression lines of peripheral blood psure and agecategorized for
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four different blood pressure categories. (repreducom Franklin et al., 1997)

cPP and agefigure 39 shows the change of cPP with age. Ihasva that the increase of cPP for
middle-aged subjects is predominantly driven byli@aiand higher wave reflections. Results of
McEniery et al. (2005) indicate that cPP incredgesarly with age due to the linear increase of
augmentation pressure which is largely driven loydased wave reflections (McEniery, 2005).

ml/min

mlfs

systole

diastole

Figure 39: Pressure and flow in the ascending aortand in the coronary aorta (normotensive subjects)This figure
shows the pressure in the ascending aorta (topjhengressure in the coronary aorta (middle) falegtent subjects (left),
middle- aged subjects (middle) and elderly subjéagéit). (reproduced from Nichols and O’Rourke, 899217)

Pulse pressure amplification and agehe PP increases from central to peripheral siseshown in
Figure 37. It is known that the PP amplificatiohe(tratio of pPP to cPP) decreases with age because
of a proportional higher increase in cPP (McEngrgl., 2005).

cPP and pPP, and genddvicEniery et al. (2005) showed that the wideningBP is more prominent
in women than in men and central SBP increased mpraminent in women than in men. This study
also indicated that the PP amplification is sigrafitly higher for male than female subjects.
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3.1.1.3.1 Measurement of central blood pressure

Peripheral blood pressure can be measured easilynan-invasively with standard measuring
methods (palpatory, auscultatory and oscillomedplsygmomanometry). In contrast, the non-invasive
measurement of central blood pressure is much mifieult and can be performed by different

methodologies:

Non-invasive estimation of central aortic pressusing a transfer functionTransfer functions were
developed and investigated to calculate the apréssure waveform from the radial artery pressure
waveform as shown in studies by Karamanoglu e{(1#893), Chen et al. (1997), Cameron et al.
(1998), Pauca et al. (2001) and Sharman et al6{20his mathematical technique is used in several
commercial measurement devices.

Non-invasive estimation of central aortic pressusing carotid tonometryThe central aortic Al can

be estimated non-invasively by using carotid artemyometry. Chen et al. (1996) validated this
technique compared to invasive diagnostic cathettoin for the estimation of Al of the ascending
aortic pressure under various physiological coadgi This study showed that carotid Al is highly
correlated with central aortic Al. The carotid aytevaveform can be calibrated for the brachial mean
and diastolic pressures as described by Safar. €2@02). This approach can be used to estimate
central SBP, central DBP and respectively cPP wattotid tonometry because of the small degree of
pressure amplification between the aorta and thatidaartery.

3.1.2.Impact of confounders
The measurement of surrogate variables of artesiifflness depends on various confounders.
Therefore it is essential to estimate the impaa obnfounder on the measured result at the tinge of

measurement. This section describes the relatipridtine main confounders of PWV and Al.

3.1.2.1.Confounders of PWV

COMPLIANCE

&0 ;. 100 XZI’C l;. 160

PRESSURE
Figure 40: Decrease of arterial compliance as a fation of blood pressure:
obtained in the femoral artery. (published by Meggn et al. (1986); figure was
extracted from Li (2000, p57))
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PWV and blood pressuréfhe elasticity and respectively the complianceanfarterial vessel are
related to the level of distending blood pressAseshown by Megerman et al. (1986), with increasing
pressure levels the compliance of the femoral yartlacreases. It follows, based on the Moens-
Korteweg equation (see (34)), that a change inrialtelasticity leads to a change in PWV. In
conclusion, blood pressure is related to PWV. Qlaetoal. (1991) investigated this relationship for
humans in different age categories. Figure 41 shegeession lines calculated for PWV and DBP.
This figure also shows that the relationship betwB®/V and blood pressure becomes steeper with
increasing age due to a decrease in arterial digtiéity.
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Figure 41: Relationship between aortic PWV and aoit DBP for different ages. The relationship between pulse wave
velocity and aortic diastolic pressure is showntfoee patients of different ages but all with w@ithcardiomyopathy. Note
that as pressure was lowered by nitroprusside thesea fall in pulse wave velocity in all patieritsit the relationship was
much steeper (increase slope, K) for the oldegemiat(Carroll et al., 1991).

PWV and HRThe work of Lantelme et al. (2002) showed that Pé¥idnges during cardiac pacing at
different pacing frequencies (60, 70, 80, 90, 1@n) although, no significant blood pressure
variations were observed. The conclusion of thigstvas that HR is an important factor in the intra
individual variation of PWV in elderly subjects sestially independent of blood pressure effects.

3.1.2.2.Confounders of Al

Al and HR:Studies indicate that Al is affected by HR. A stdicom Wilkinson et al. (2000) measured
22 subjects with permanent cardiac peacemakers Jtoidy demonstrated an inverse and linear
relationship between cAl and HR (for a 10 beats/manement, Al fell around 4%). Figure 42 shows
this relationship. Wilkinson et al. (2000) hypotizes that a change in HR alters the relative tinghg
the return of the reflected wave to the ascendiodaaand this leads to an inverse and linear
relationship between cAl and HR. A study of Gatekal. (2001) estimated the confounding effect of
HR on cAl in elderly essential hypertensive (87Bjsats) under using of carotid artery tonometry and

38



Setup for surrogate variables of arterial stiffness CHAPTER 3

simultaneous continuous wave Doppler measuremetiteoscending aortic blood flow. The results
of this work provided a regression equation to@cirthe impact of HR on Al.

y =-0.39x + 47

0T r=-076

25 +
20 +
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10 +
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0 t I t t t {
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Heart rate {(beats min™)

Alx (%)

Figure 42: Linear regression between cAl and HR:This figure
shows a linear decrease of cAl for an increaseRn(téproduced from
Wilkinson et al., 2000).

Al and body heightStudies by Marchais et al. (1993), Yasmin andvBr¢1999) and McGrath et al.
(2001) indicate that there is an inverse relatignbletween Al and body height. McGrath et al. (2001
concluded that body height is a key determinarartirial wave reflections (Al) and further that lod
height accounts largely for the gender differennesl results.
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Figure 43: Linear regression between Al and body hght: in men
(o) and in women «). This figure shows a linear decrease of Al
(vertical axis) for an increase in body height foguced from
McGrath et al., 2001).

3.1.3.Normal and reference values

In general terms, normal and reference values elefiffierent categories. Reference values reflezt th
mean, median or the range of values in a specdpuiation. In contrast, normal values define the
normal level of a variable. Therefore, referenckie@sm which are calculated in a group of ‘healthy’
subjects without any risk factors or diseases @anded to define normal values. In addition, normal
values can be defined on morbidity or mortalityadst that the individual risk is low. In additiom t
this approach, the scoring concept of the FLSS &setion 2.2.1) needs to define an interval of
‘normal’, ‘elevated’ and ‘high’ values for each ialrsle and age category. Hence, the FLSS needs a
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pair of reference values ‘normal’ and ‘high’ forckavariable and age category. Therefore, thisfset o
reference values includes information of the noitynand of the severity of the change of a variable
from normal to abnormal values.

Some studies and guidelines have presented reéeratges or defined normal values. Normal and
reference values can differ between studies depgndin the selected reference cohort, the used
measurement methodology, calculation proceduresdanttes. Following reference values, normal

values and guidelines are presented for pPP, dRR,dhd Al in the literature.

3.1.3.1.PWV reference values

The 2007 ESH/ESC hypertension guidelines (Mancial.e2007) proposed a threshold value of 12
m/s for aortic PWV. This threshold was defined iaed value and doesn't take factors such as age
and blood pressure into account. Alecu et al. (2@P8sented reference values for elderly subjects
(60-75 years), whereas an aortic PWV below 10 mrfsbe considered as ‘normal’, between 10 to 13
m/s as ‘high normal’ or ‘borderline’ and above 1&ras ‘elevated’. A further approach was presented
by McEniery et al. (2005). Results of this approaot shown in Figure 32. Mattace-Raso et al. (2010)
presented normal (1455 subjects) and referenceesgllil 092 subjects) for carotid-femoral PWV
calculated on a large European population. Furtbegnthis study analyzed the difference of PWV
values according to different blood pressure categoFigure 44 shows the calculated PWV reference
values for different age and blood pressure categolt shows how PWV increases with age and
further how PWV depends strongly on blood pressiinerefore, PWV is much higher in a group of
hypertensive subjects compared to normotensiveestsin the same age category.

12
11
10
o I 4 i
I, |
<30 years

PWV (m/s)

Grade II/lll HT
Grade | HT

w oo N e @

High normal BP

Normal BP
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Figure 44: PWV reference values calculated on a lge European
cohort: categorized for age and blood pressure levelsddegged from
Mattace-Raso et al., 2010).

Figure 45 shows the calculated normal values folVPW Mattace-Raso et al. (2010). Therefore, a
normotensive group without overt CVD, current treamt, diabetes mellitus and risk factors were
extracted (Mattace-Raso et al., 2010). It is shdve the median of PWV increases from 6.1 m/s for
young subjects (<30 years) to 10.6 m/8( years) for old subjects.
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Pulse wave velocity (m/s)
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Figure 45: PWV normal values calculated on a largd&uropean cohort:
categorized for age (reproduced from Mattace-Rash,e2010).

3.1.3.2.Al reference values

The progress of definition of normal and referemedues for Al is not as advanced as PWV.
McEniery et al. (2005) presented reference valoesdntral and peripheral Al based on a cohort of
4001 healthy and normotensive individuals as showhigure 36. In contrast, Janner et al. (2009)
presented reference values for cAl in a large wesedl population (4561 individuals). This study
found the same curve linear increase of Al with ag®IcEniery et al. (2005).

3.1.3.3.pPP reference values

PP is defined as the difference between SBP and. BB¥ariety of hypertension guidelines (e.g.
WHO hypertension guidelines (Chalmers et al., 199B)C7 hypertension guidelines (Chobanian et
al., 2003), ESH/ESC hypertension guidelines (Magrtial., 2007)) are available that define threshold
or categories for peripheral SBP and peripheral DB&st of these guidelines define a peripheral SBP
> 140 in combination with a peripheral DBP < 90 mmagisolated systolic hypertension which is a
pPP > 50 mmHg. ESH/ESC hypertension guidelines ¢lidaet al., 2007) concluded that while values
such as 50 or 55 mmHg have been suggested, nacpfaxttoff values separating pPP normality from
abnormality at different ages were produced andpgR&® may be used to identify elderly patients with
systolic hypertension who are at a particularlyhhrgsk. Asmar et al. (2001) presented reference
values for clinic brachial PP in a nonselected fatmn. It was shown that 50 mmHg is likely the
reference value for clinic PP in both men and women

3.1.3.4.cPP reference values

There is still a lack of normal values for cPP. #dnsensus document on central blood pressure
measurement (Agabiti-Rosei et al., 2007) conclutiedl it is mandatory that normal values for wave

reflection indices and central blood pressure nmhestdetermined before central blood pressure
measurement will be implemented into clinical pietHowever, McEniery et al. (2005) presented

some normal values for cPP in different age categor
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3.2.Methods

The FLSS was set up for pPP, cPP, PWV and cAl basedata of the ACCT database. The used
setup structure is shown in Figure 46.

Data pools: The score calculation is defined by external dptml of reference values and pool of
regression equations) as described in Chapter  pobl of reference values serves reference values
for male and female subjects. Additionally, uniseference values based on male and female subjects
are presented. The pool of regression lines apalgesto male, female and unisex data.

Age groups:Four age groups were defined. Two age groups faldieiaged subjects (gl: 40-49
years, g2: 50-59 years) and two age groups forlgldebjects (g3: 60-69 years, g4: 70-79 yearspewer
defined.

Confounder-correctionThe confounder-correction can be optional enabledisabled. PWV can be
corrected for the impact of MAP and cAl can be eoted for the impact of HR and body height.

}l age < — pool of
reference values
RS-CC-
gender system
< pool of
regression equations
2
0
@
central pulse pressure l—) o
X7
subject g ":",
pulse wave velocity l—) ‘€
§
central augmentation index l—) 2

Figure 46: FLSS setup structure.The FLSS was set up for four input variables (pfER, PWV and cAl).

Statistical analysis:was performed with Statistics Toold8x (The MathWork8") based on
MATLAB © software (R2008a, The MathWofK3, PASW Statistics 18 (version 18.0.0, SPSS Inc.)
and MedCalc (version 11.5.1.0, MedCalc Software).

3.2.1.Calculation of external data

External data (pool of reference values and podlegfession equations) were calculated based on
data from the ACCT database. Therefore, a refergragp was extracted by using filter criteria. Only
subjects who had normal or borderline normal valfggseach filter criterion were added to the
reference group. The reference group was subsdyguesgd to calculate reference values. Figure 47
summarizes this process.
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———— — |
ACCT data filter 1 reference group reference value [EE pool of —— RS-CC-
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Figure 47: Pool of reference values calculation fle chart. A reference group was extracted from the ACCT data.
Reference values were calculated based on the meteggoup.

Regression lines were calculated based on the otatrareference group for PWV and cAl.
Additionally, regression lines were also calculateased on an extended reference group with
included hypertensive subjects and on the whole AG&w data. Results were compared and
interpreted.
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Figure 48: Pool of regression equations calculatioffow chart. A reference group was extracted from the ACCT data.
Reference values were calculated based on the me&group.

In conclusion, the setup of the FLSS has to be aothee following steps:

Extraction of a reference group.

Calculation of reference values based on the neéergroup.

Calculation of regression equations to correctliereffect of confounders.
Estimation of weighting factors for overall-scofese Chapter 5).

o nNPR

3.2.1.1.ACCT data

Data were extracted from the ACCT database. The dsgasets were different to those used in
McEniery et al. (2005). In total 4634 subjects (56%le, 44% female, aged 40 to 92 years) were
extracted. Every dataset contained information age, gender, ethnic group, body height, weight,
diabetes mellitus, smoking, cardiovascular drufS, LDL cholesterol, HDL cholesterol, triglyceride
(TG), glucose, PWV, peripheral SBP, peripheral DBRAP, HR,central SBP, central DBP, cAl and
central augmentation pressuréhere was also incomplete data stroke volume, cardiac output and
cardiac index.Data values were measured in the supine posiliba.extracted datasets contain no
CVD subjects. Every dataset was reviewed for ingildea values (typing errors or implausible high or
low values) and datasets with implausible valueeveacluded.

Central aortic pressure data/alues were determined by arterial tonometry ef iadial pulse and a
generalized transfer function (Karamanoglu et 4893) (see Section 3.1.1.3.1) was used. This
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measurement was performed with the SphygmoCor dgitCor Medical) and data were analyzed
with the SphygmoCor software (AtCor Medical).

PWV data: PWV was measured using the foot-to-foot methodedydby ECG as utilized by the
SphygmoCor software. The PWV data are carotid-famor

3.2.1.2 Reference group extraction procedure

A reference group was extracted by using filtetecia (see Figure 47). Only subjects who had normal
or borderline normal values for each filter criteriwere added to the reference group. Subjects were
filtered based on anthropometric data, blood presdliood indicators, medication status and lifdest
factors. Following filter criteria were used:

Filter criteria: subjects with TG 6.2 mmol/l, LDL cholesterat 4.1 mmol/l, HDL cholesterol < 1.0
mmol/l, TG> 2.26 mmol/l, BMI> 30 kg/m, peripheral SBP> 140 mmHg, peripheral DBE 90
mmHg and diabetes mellitus were excluded. Curmmwkers, past smokers and subjects receiving any
medication were also excluded.

The extracted reference group was subsequentlgetivinto four age groups (gl: 40-49 years, g2: 50-
59 years, g3: 60-69 years, g4: 70-79 years). Furike, pPP, cPP and PWV were logarithmic
normally distributed. For mean and standard dewiathe logarithm (natural logarithm) of each
dataset of pPP, cPP and PWV was taken and theittogar mean 4 and the logarithmic standard
deviationo), were calculated. Mean and standard deviation Wwack transformed with the following
equations:

I_l* = egMin (44)
gf = J(32”1n+alzn)(ealzn — 1) (49)
M --. logarithmic mean

o --- logarithmic standard deviation
p* ... back-transformed mean
o*... back-transformed standard deviation

The same procedure was used to extract an extamedfience group with included hypertensive
subjects. Therefore no hypertensive subjects wareded.

3.2.1.3.Reference value calculation procedure
The FLSS uses a pool of reference values for theestalculation as described in Chapter 2. The pool

of reference values consists of separated refenadoes for each variable, decade of age and gender
However, the pool of reference values for pPP, dPRY and cAl were calculated based on the
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extracted reference group. A reference value ‘nbramal a reference value ‘high’ were calculated for
each variable, age group and gender.

=1
age group 1 (40-49 yrs) |—)| >
|
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Figure 49: Flow chart of the reference value calcation procedure. The reference group was
separated for each variable, gender and age gFaupeach subgroup a reference value ‘normal’ and
a reference value ‘high’ was calculated.

Unfortunately, there was no standardized procefbuned in the literature to define a pair of referen
values (‘normal’ and ‘high’) based on data of aerefice group. Therefore, four different data-based
calculation rules were defined and investigatece @m was to estimate a suitable and generalized
calculation rule for the definition of a referenealue ‘normal’ and a reference value ‘high’. Each
calculation rule was based on statistical parametach as mean (i), standard deviatn rhedian

(), interquartile range IQR (Rs- Qo.25) Or percentile values (P). Rule 1 and 2 were basethean
and standard deviation of a standard normal digich. An ideal standard normal distribution was
assumed. Rule 3 and 4 were based on median, iatéitguange and percentile values.

Reference value calculation rule The reference value ‘normal’ and the referenceievahigh’ was
defined by following equations:

I'normal = (U + 0) * 0.95 (46)

Thigh = (L + 20) * 0.95 47)

Reference value calculation rule Eor calculation rule 2 it was assumed that 55% o&ference
group has ‘normal’ and 5% of a reference group ‘hagh’ values. Therefore, the reference value
‘normal’ was defined as the distribution value irdihg 55% of the population and the reference value
‘high’ was defined as the distribution value indhgl 95% of the population. For this purpose the
following equation was used (area under the stahdarmal distribution):

o(2) = =37 dx (48)

1 z
T e

A z-value of 0.13 leads to a population under there of 55% ¢(0.13)~ 0.55) and a z-value of 1.65
leads to a population under the curve of 98%d(65)~ 0.95):
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In conclusion the reference values ‘normal’ andthican be calculated with following equations:

Inormal = U+ 0.13 0 (49)

high = 0+ 1.650 (50)

Reference value calculation rule Bhe reference value ‘normal’ was defined as theeqdile value
P75 which equals the third quartile value Q3 The reference value ‘high’ was calculated by
following equation:

Thigh = L+ 1.5 % (Qo.75 — Qo25) (51)

Reference value calculation rule Fhe reference value ‘normal’ was defined as threedile value
P55 and the reference value ‘high’ was the pereewilue P95. This definition was chosen similar to
reference value calculation rule 2.

3.2.1.4.Regression equation calculation procedure

age group 1 (40-49 yrs)

age group 2 (50-59 yrs)

male+female

age group 3 (60-69 yrs)

age group 4 (70-79 yrs)

\ A

pool of regression equations >
(ACCT data)

v

ACCT data I‘

Figure 50: Flow chart of the calculation of regres®n equations.Each group was separated for each variable (PWl an
cAl), confounder, gender and age group. For eablgrsuip a regression equation which describes tpertkency between
variable and confounder was calculated. This proedias used for three different groups of data.
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No intra-individual data were available to calcelathe dependencies between variables and
confounders for different age groups and gendencklethe relationship between variables and
confounders were estimated by inter-individual q&&CT data). However, the FLSS uses multiple
linear regression equations for the confounderemtion as shown in Section 2.2.2.3.1. The pool of
regression equations consists of separated regressjuations for each variable (PWV and cAl),
decade of age and gender. Regression equationscalerdated for the relationship between PWV
and MAP, and further for the relationship betweéd, HR and body height. Furthermore, three
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different groups (reference group, reference gneitp included hypertensive subjects and the whole
ACCT data) were used. This was done to analyzddfet is a difference in the inter-individual
confounder-dependencies between subgroups. FigusarBmarizes this procedure.

The pool of regression equations consists of apsetultiple linear regression equations which are
used to shift the selected pair of reference valodswer or higher values to correct for the effet
confounders (see Section 2.2.2.3). Therefore, fa (1) is calculated by a multiple linear regression
equation as shown in (31)-(33). In this investigiatihe following equations were defined to calailat
the reference value shift:

Arpwy = (ag + amap * MAP) — (ag + amap * bumar) (52)

Arap = (a9 + apr * HR + apeignt - height) — (ag + ayg * bur + aneight * bheight) (53)

The regression coefficients argixg, air, aeigne 1he reference values for the confounders (MAP, HR
height) are: Rap, bir, bheigne These reference values were calculated as tha ofesach variable of
the whole ACCT data. Following reference valuesengefined: har = 95 mmHg, bgr = 65 bpm,
Bheight= 1.7 m.

3.2.1.5.Confounder correction of reference values

_
ferf

!
cPP

R

PWV

reference group + r

MAP

cAl
+
>»{ HR
+
height

pool of reference values
(PWV+cAl confounder-corrected)

Y

confounder correction
| reference value calculation procedure |

e

LS

pool of regression equations
(ACCT data)

Figure 51: Flow chart of the calculation of confouder-corrected reference
values for PWV and cAl. Data were separated for each variable. PWV data wer
corrected for MAP and cAl data were corrected f& &hd body height.

Reference values for PWV and cAl were calculatededaon the extracted reference group. In
addition, confounder-corrected reference valuescfdrand PWV were calculated and investigated.
Therefore, the data of PWV and cAl of the referegceup were corrected for the impact of
confounders. Therefore, the pool of regression wopus calculated by the ACCT data was used to
correct the data of PWV and cAl for the impact leéit confounders (MAP, HR and body height).
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Subsequently, reference values were calculateddb@sehis confounder-corrected data. Data of pPP
and cPP were unchanged.

Confounder correction of datafhe confounder correction of data of PWV and cAdswalculated
with equation (54). This equation calculates the diffeee Ay,) between each dataset of the
unadjusted dependent variable) (snd the value calculated by the regression egualihe value of
the regression equations is calculated by the &gsdovalues of the confounderg)of each dataset.

Ayy = yx — (ao +a,C + a0+ o+ ajc o a]c]k) (54)

Yk = value of uncorrected dependent variable (k,2, ..., K)
Ay = difference of uncorrected dependent variable estimated dependent
variable (k=1, 2,..., K)

The following equation calculates the confounderexted dataset. Therefore, a baseline value based
on the reference values of the confoundejsifiralculated by the regression equation. Theutatied
differenceAy, is summated to the baseline value.

i = (ag + a;by +ayb, + -+ ajb; + - ajby) + Ay (55)

v.= values of corrected variable (corrected datag&ty 1, 2, ..., K)

3.3.Results
3.3.1.Group data

3.3.1.1.ACCT data

The ACCT data consists of 4634 subjects aged frOrto®€2 years. Only data of subjects aged 40 to
79 years (4368 subjects) were used for the setdpnaestigation of the FLSS. In summary, 8.4 % of
the investigated subjects were aged 40 to 49 y&érsg,% were aged 50 to 59 years, 41.0 % were aged
60 to 69 years and 33.9 % were aged 70 to 79 yedeace, the used ACCT data consist
predominantly of older subjects. Data were sepdrat® four different age groups (gl: 40-49 years,
g2: 50-59 years, g3: 60-69 years, g4: 70-79 years) three gender categories (male + female
subjects, male subjects, female subjects) weraelkfiA detailed summary statistic for each variable
and subgroup can be found in the appendix (seeeT@blBox-whisker-plots of pPP, cPP, PWV and
cAl are shown in following figures:
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Figure 52: Box-whisker-plot of pPP and cPP (ACCT dat). The left figure shows age group characteristicspféP and
the right figure shows age group characteristic€RP. Results are separated for: g1: 40-49 ye2r§0359 years, g3: 60-69
years, g4: 70-79 years). Group characteristics wa@liailated by unisex data (male + female subjects)
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Figure 53: Box-whisker-plot of PWV and cAl (ACCT data). The left figure shows age group characteristicPfé/V and
the right figure shows age group characteristiccfd. Results are separated for: g1: 40-49 yeds50-59 years, g3: 60-69
years, g4: 70-79 years). Group characteristics wa@licilated by unisex data (male + female subjects)

For pPP, cPP and PWV, mean and standard devidtitthve ACCT data increased progressively with
age. The variable pPP was higher than cPP in allgagups. The variable cAl increased from age
group 1 (40-49 years) to age group 3 (60-69 ydarsfAl was nearly unchanged between age group
3 (60-69 years) and age group 4 (70-79 years). ¢Jesid showed a plateau effect for older subjects.
The standard deviation of cAl decreased with agenes results were found for the median and
interquartile range.

3.3.1.2.Reference group data

In total 285 subjects aged 40 to 83 years of th€Adata (4634 subjects) satisfied the filter cigter
Only data of subjects aged 40 to 79 years (277estd)j were used. A detailed summary statistic for
each variable and subgroup can be found in theralippésee Table 9-Table 12). The variables pPP,
cPP and PWV were normally-distributed after lodmmiic-transformation. Box-whisker-plots of pPP,
cPP, PWV and cAl are shown in following figures:
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Figure 54: Box-whisker-plot of pPP and cPP (referece group). The left figure shows age group characteristicspfeP
and the right figure shows age group charactesistic cPP. Results are separated for: gl: 40-4%ygar 50-59 years, g3:
60-69 years, g4: 70-79 years). Group charactesistare calculated by unisex data (male + femalgests).
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Figure 55: Box-whisker-plot of PWV and cAl (refererce group).The left figure shows age group characteristicPvV
and the right figure shows age group charactesigtic cAl. Results are separated for: g1: 40-49geg2: 50-59 years, g3:
60-69 years, g4: 70-79 years). Group charactesistiere calculated by unisex data (male + femalgests). Uncorrected
PWV and cAl data were used.

The variable pPP increased predominantly over @@syef age, whereas cPP increased progressively
with age. Hence, pPP showed a plateau effect fonger subjects. PWYV increased progressively with
age as well. However, cAl showed the same platéfaatdor elderly subjects as found in the ACCT
data.

Reference group versus ACCT dabean and median of pPP were lower for all subgso(gge
groups and gender groups) in the reference groggecilly for subjects older than 50 years. In
addition, mean and median of pPP for subjects d@ei 49 years calculated by the reference group
were similar to that calculated by the ACCT datamifar results were found for cPP, although
differences were higher for younger subjects asvaHor pPP. Mean and median of PWV were lower
for all subgroups in the reference group. The naahmedian of cAl were lower for younger subjects
(g1: 40-49 years, g2: 50-59 years) in the refereggroeip whereas the mean and median was nearly
unchanged between the reference group and the AQAEA for older subjects (g3: 50-59 years, g4:
60-69 years).
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3.3.1.2.1 Gender-specific results

Gender specific group characteristics of the refegegroup can be found in the appendix (see Table
9-Table 12). Gender-specific box-whisker-plots &Pp cPP, PWV and cAl are shown in following

figures:
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Figure 56: Gender-specific box-whisker-plot of pPPand cPP (reference group).The left figure shows age group and
gender group characteristics for pPP. The rightrégshows age group and gender group charactsrfeticPP. Results are
separated for age groups (gl: 40-49 years, g295@éars, g3: 60-69 years, g4: 70-79 years) andeggnd male; f: female).

16 60~

14 50~

40

30

10 °

Al (%)

20

PWV (m/s)

10~

R | 1 1 1 1 1 1 1
g3_f g4_m g4_f gl.m gL f g2_m g2_f g3_m g3_f g4_m g4_f
age groups / gender

glm gl_f g2.m g2_f g3_m
age groups / gender

Figure 57: Gender-specific box-whisker-plot of PWVand cAl (reference group).The left figure shows age group and
gender group characteristics for PWV. The rightifegshows age group and gender group charactsristicAl. Results are
separated for age groups (gl: 40-49 years, g295@éars, g3: 60-69 years, g4: 70-79 years) andeggnd male; f: female).

Mean and median of pPP were higher for male subjacige group 1 and age group 2, whereas mean
and median were higher for female subjects in agepy3 and age group 4. Further pPP did not
increase between age group 1 and age group 2 dplatect) for female subjects whereas male
subjects showed a decrease between age group dgamgtoup 2. In contrast, mean and median for
cPP increased progressively with age. Mean andaneglere higher for female subjects in age group
1, age group 3 and age group 4. Interestingly, naegnmedian of cPP were higher for male subjects
in age group 2ZT'he mean and median for PWV were higher for mabgests in all age groups. Mean
and median for cAl were higher for females in @éaroups. Interestingly, mean and median of cAl
was markedly lower for male subjects in age group 1
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3.3.1.2.2 Confounder-corrected data

PWV and cAl data of the reference group were camfies-corrected (PWV data were corrected for
MAP and cAl data were corrected for HR and bodgh®i A detailed summary statistic can be found
in the appendix (see Table 13 and Table 14). Faligwiigures show box-whisker-plots of the
confounder-corrected reference group data for PWY/GA:
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Figure 58: Box-whisker-plot of PWV and cAl (refererce group — confounder corrected)The left figure shows age
group characteristics for PWV. The right figure wisaage group characteristics for cAl. Results apaisged for age groups
(g1: 40-49 years, g2: 50-59 years, g3: 60-69 yapts,70-79 years). Group characteristics were tatied by unisex data
(male + female subjects). Confounder-corrected wataused (PWV was corrected for MAP, HR was corcefie HR and
body height).

Confounder-corrected reference group versus uncbegk reference groupMean and median of
PWV were higher for all subgroups (age groups aeddgr groups) in the confounder-corrected
reference group. Mean and median of cAl were Idwefemale subjects in the confounder-corrected
reference group. Mean and median of cAl showeshddncy to remain unchanged or be higher for
male subjects. Hence, the difference between nmaldeamale subjects was lower in the confounder-
corrected reference group compared to the uncedeeference group.

3.3.1.3.Reference group with included hypertensive subjects

Regression lines for PWV were calculated based oeference group with included hypertensive
subjects. A detailed summary statistic can be faarithe appendix (see Table 15). Figure 59 shows
the box-whisker-plot of the reference group witblinled hypertensive subjects for PWV.

Reference group versus reference group with indudgpertensive subjectdlean and median of
PWV were higher for all subgroups (age groups aeddgr groups) in the reference group with
included hypertensive subjects, especially foresctisjolder than 60 years.
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Figure 59: Box-whisker-plot of PWV (reference groupwith included
hypertensive subjects)Results are separated for age groups (gl1: 40-49,yea
g2: 50-59 years, g3: 60-69 years, g4: 70-79 ye@)up characteristics were
calculated by unisex data (male + female subjects).

3.3.2.Reference values

A pair of reference values (‘normal’ and ‘high’) svaalculated for each variable, decade of age and
gender. Four different reference value calculatidas were investigated. Calculated reference galue
and can be found in the appendix (see Table 19eT2®). The following figures show an overview
about the resulted reference values. Each subpsepts the reference values for a specific vaiabl
and calculation rule. Each bar presents the paiefefence values for a specific age group. Theofop
the white bars indicate the reference value ‘noriavad the top of the grey bars indicate the refeeen
value ‘high’. White areas can be interpreted asra’ values, grey areas as ‘elevated’ values and
black areas as ‘high’ values.

Figure 60 shows the calculated unisex referenceegafor pPP, cPP, PWV and cAl based on the
reference group. For each calculation rule, theresfce values for pPP, cPP and PWV increased with
age and the interval of elevated values showeddaning with age. In contrast, the reference values
for cAl showed an increase for younger subjectsaslijht decrease for older subjects.

Comparison of calculation rules for pPP, cPP, PWh aAl Rule 1 and Rule 3 resulted in higher
reference values for ‘normal’ than rule 2 and 4cdmtrast, rule 1 and rule 2 resulted lower refeeen
values for ‘high’ than rule 3. Additionally, rulerésulted higher reference values for ‘high’ thale 2
and 4, especially for older subjects.

In conclusion:

Rule 1 leads to high reference values for ‘nornaald low reference values for ‘high'.

Rule 2 leads to low reference values for ‘normalddow reference values for ‘high’.

Rule 3 leads to high reference values for ‘nornaaid high reference values for ‘high’.

Rule 4 leads to low reference values for ‘normaidehigh reference values for ‘high’, especially for
older subjects.
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Figure 60: Plot of calculated reference values fopPP, cPP, PWV and cAl.Presented reference values were calculated
based on the reference group. Unisex data (matenalé subjects) were used. Calculated referencevale separated for
each age group (gl: 40-49 years, g2: 50-59 yedr@69 years, g4: 70-79 years) and used caloulatile (1-4). The top

of the white bars indicate the reference valuerimait and the top of the grey bars indicate therefee value ‘high’. White
areas can be interpreted as ‘normal’ values, gregsaas ‘elevated’ values and black areas as ‘hajhes.

For pPP, calculation rule 1 and 2 showed a plagéi@at for younger subjects. That means, reference
values for ‘normal’ are similar for age group 1 aamk group 2. For cAl, a plateau effect for older
subjects was shown for each calculation rule. &stimgly, reference values for ‘high’ calculated by
calculation rule 3 showed similar reference vafoegach age group except for age group 3.
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3.3.2.1.Gender-specific results

Figure 61 shows gender-specific reference valuepR®, cPP, PWV and cAl calculated by reference
value calculation rule 1 and 2. Figure 62 showsdgespecific reference values for pPP, cPP, PWV
and cAl calculated by reference value calculatida B and 4.
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Figure 61: Plot of calculated gender-specific refemce values for pPP, cPP, PWV and cAl (rule 1 andule 2).
Presented reference values were calculated bast eaference group. Reference value calculatim ¥ and 2 were used
and reference values were calculated separatelynfde and female subjects. Calculated referencecsadme presented
separately for each age group (g1: 40-49 years5@59 years, g3: 60-69 years, g4: 70-79 years3.tdh of the white bars
indicate the reference value ‘normal’ and the téghe grey bars indicate the reference value ‘higihite areas can be
interpreted as ‘normal’ values, grey areas as &V values and black areas as ‘high’ values.

It is important to note that gender-specific reshlhve uncertainties due to the low number of strbje
per subgroup. In fact, gender-specific referendeegmfor pPP, cPP and PWV were in some cases
lower for higher age groups. For example, the ezfee value ‘high’ for cPP was lower in age group 3
than in age group 2 calculated by calculation dule

Comparison of calculation rules for pPP, cPP, PWNdacAl Gender-specific reference values
calculated by calculation rule 3 and 4 showed sgfroncertainties. Gender-specific reference values
calculated by calculation rule 1 and 2 showed beg¢sults.

Comparison of male and female resultsconclusion, reference values for pPP were hifdreyoung
male (age group 1, age group 2) and old female=sté{age group 3, age group 4). Reference values
for cPP were higher for female subjects. Referaradees for PWV were in some groups higher for
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male and in some groups higher for female subppending on the used calculation rule. Reference
values for cAl were higher for female subjects.
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Figure 62: Plot of calculated gender-specific refemce values for pPP, cPP, PWV and cAl (rule 3 andule 4).
Presented reference values were calculated bastd eaference group. Reference value calculatin3wand 4 were used
and reference values were calculated separatelynfde and female subjects. Calculated referencecsadme presented
separately for each age group (g1: 40-49 years5@59 years, g3: 60-69 years, g4: 70-79 years3.tdh of the white bars
indicate the reference value ‘normal’ and the téghe grey bars indicate the reference value ‘highhite areas can be
interpreted as ‘normal’ values, grey areas as &tV values and black areas as ‘high’ values.

3.3.2.2.Confounder-corrected reference values

Additional reference values for PWV and cAl werécakated based on confounder-corrected data of
PWV and cAl of the reference group. Figure 63 shtivescalculated unisex reference values for pPP,
cPP, PWV and cAl. Calculated reference values egiotnd in the appendix (Table 23).

Most unisex reference values for PWV were higheromparison to reference values calculated based
on uncorrected reference group data. Also separafedence values for male and female subjects
showed a tendency to be higher. In contrast, moigen reference values for cAl were lower in
comparison to reference values calculated on uectd reference group data. Further reference
values (cAl) for male subjects showed a tendenchedigher or unchanged and reference values
(cAl) for female subjects showed a tendency tooweet.
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Figure 63: Plot of calculated reference values foPWV and cAl based on confounder-corrected dataPresented

reference values were calculated based on the wotés-corrected data of PWV and cAl of the refeeegioup. Unisex data
(male + female subjects) was used. Calculated referealues are separated for each age group (e49 48ars, g2: 50-59

years, g3: 60-69 years, g4: 70-79 years) and ualedlation rule (1-4). The top of the white bardigate the reference value
‘normal’ and the top of the grey bars indicate téference value ‘high’. White areas can be intégat@s ‘normal’ values,

grey areas as ‘elevated’ values and black aredmsgs values.

3.3.3.Regression equations

Regression equations were calculated to accounthéoeffects of confounders. PWV was investigated
for the impact of MAP, and cAl was investigated fbe impact of HR and body height. Calculated
regression equations and a detailed regressiaststaian be found in the appendix (see Table 24 an
Table 25). Results are separated for decades pfjagder and the used data for the calculation.

3.3.3.1.PWV depending on MAP

Regression equations for PWV were calculated basgetthree different groups of data: ACCT data,
reference group and reference group with includgdethiensive subjectsCalculated regression

equations can be found in the appendix (Table Zhg following figure shows the calculated
regression equations for PWV based on the ACCT: data

PWV (male+female) PWV (male) PWV (female)
15 E : R - .

—&8— 92
—A—g3

101

PWV (m/s)

60 80 100 120 140 60 80 100 120 140 60 80 100 120 140
MAP (mmHg) MAP (mmHg) MAP (mmHg)

Figure 64: Plot of regression lines for PWV dependig on MAP (ACCT data). Calculated regression lines are separated
for each age group (gl: 40-49 years, g2: 50-59syesd: 60-69 years, g4: 70-79 years) and gendegest. Blue lines-(
are calculated regression lines with a p-valued 0.
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PWV was positively and significantly (p-value < D)@ependent on MAP for all age groups and this
relationship became more prominent with increasigg. There were only slight differences between
male and female subjects. However, the main difieze were found for age group 4.

The following figure shows the calculated regressemuations for PWV based on the reference

group:
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Figure 65: Plot of regression lines for PWV dependig on MAP (reference group).Calculated regression lines are
separated for each age group (gl: 40-49 year§@89 years, g3: 60-69 years, g4: 70-79 years)gander category. Blue
lines () are calculated regression lines with a p-vale04d.

PWV was positively dependent on MAP for all ageug® and gender categories. Most results were
not significant (p-value < 0.01). It is importard hote that due to the used filter criteria no
hypertensive subjects were included to the refergmoup. Therefore, a reference group with included

hypertensive subjects was used for a further inyeson.

The following figure shows the calculated regressquations for PWV based on the reference group
with included hypertensive subjects:
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1B st ‘
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Figure 66: Plot of regression lines for PWV dependig on MAP (reference group with included hypertensie subjects).
Calculated regression lines are separated for egelg@up (gl: 40-49 years, g2: 50-59 years, gb6%Qears, g4: 70-79
years) and gender category. Blue lingsafe calculated regression lines with a p-val@e04.

This figure shows similar relationships between PWWAd mean arterial pressure as shown for the
ACCT data. Although the increase of PWV due to aardase of MAP was steeper for some

subgroups compared to the ACCT data. This was fespecially for unisex data and male data (age
group 3 and age group 4). All regression equatiahsulated based on unisex data were significant (p
< 0.01). Regression equations calculated basedaba data were only significant for age group 1 and
age group 2. Regression equations calculated lmastamale data were not significant.
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3.3.3.2.cAl depending on HR and body height

Regression equations for cAl were calculated basetivo different groups of data: ACCT data and
reference group. The effect of HR and body height mvestigated. Calculated regression equations
can be found in the appendix (see Table 25).

ACCT data: For each gender and age category, cAl was negatared significantly (p < 0.01)
dependent on HR and body height. Figure 67 shogvsdltulated dependencies of cAl over HR for a
constant height-value of 1.7 m and Figure 68 shthescalculated dependencies of cAl over body
height for a constant HR-value of 65 bpm.
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Figure 67: Plot of regression lines for cAl dependig on HR (ACCT data). Calculated regression lines are separated for
each age group (gl1: 40-49 years, g2: 50-59 ye8r6@69 years, g4: 70-79 years) and gender cateBtue lines ) are
calculated regression lines with a p-value < 0.01.

cAl and HR:The relationship between cAl and HR was shiftéghdlly to higher cAl values with
increasing age. The gradient of the regressionwas nearly unchanged between age groups. The
main difference between male and female subjectsthat regression lines of female subjects were
shifted to higher cAl values compared to male sttbjeFurthermore, the regression lines of male
subjects were slightly steeper.
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Figure 68: Plot of regression lines for cAl dependig on body height (ACCT data).Calculated regression lines are
separated for each age group (gl: 40-49 year§@89 years, g3: 60-69 years, g4: 70-79 years)gender category. Blue
lines () are calculated regression lines with a p-vale04.

cAl and body heightThe negative gradient of the regression line irsgdan magnitude with age for
male subjects and unisex data. That is, a changedyg height leads to a higher change in cAl for
younger subjects. Additionally, male subjects shiba@emuch steeper regression line for age group 1
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in comparison to female subjects. For age group &8le and female subjects showed similar
regression lines.

Reference groupfor unisex data, cAl was negatively and signifigafp < 0.01) dependent on HR
and body height for each age group. For male am@li subjects, only regression equations of age
group 3 and age group 4 were significant. Figurest&®ws the calculated dependencies of cAl over
HR for a constant height-value of 1.7 m. Figureshdows the calculated dependencies of cAl over
body height for a constant HR-value of 65 bpm.
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Figure 69: Plot of regression lines for cAl dependig on HR (reference group).Calculated regression lines are separated
for each age group (gl1: 40-49 years, g2: 50-59syeg. 60-69 years, g4: 70-79 years) and gendegosgt. Blue lines-{)
are calculated regression lines with a p-valuedd 0.

cAl and HR:For unisex data, the relationship between cAl HRdwas shifted to higher cAl values
with increasing age. The gradient of the regresSi@ was nearly unchanged between age groups.
However, regression lines were steeper comparttktoegression lines calculated for the ACCT data.
Regression lines for male subjects were shiftetbweer values for age group 1 and age group 2
compared to the ACCT data. Regression lines of liemabjects were much steeper compared to the
ACCT data.
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Figure 70: Plot of regression lines for cAl dependig on body height (reference group)Calculated regression lines are
separated for each age group (gl: 40-49 year§@89 years, g3: 60-69 years, g4: 70-79 years)gander category. Blue
lines () are calculated lines equations with a p-value04.0

cAl and body heightFor unisex data, resulted regression lines werdasimompared to regression
lines calculated by the ACCT data. Regression laasulated for male subjects (age group 1 and age
group 2) were markedly different compared to theCACdata but these regression lines were not
significant (p > 0.01). Regression lines calculdimdfemale subjects showed only slight differences
compared to the ACCT data.

60



Setup for surrogate variables of arterial stiffness CHAPTER 3

3.3.4.Behavior of the FLSS

The used setup structure and the calculated ekxiateleads to a specific score calculation bejravi
This section presents examples of the resultea s@iculation behavior.

3.3.4.1.Age-dependency

Figure 71 shows the resulting score ramps for thmuti variables (pPP, cPP, PWV and cAl)
categorized by each defined age category (age dtodp-49 years, age group 2: 50-59 years, age
group 3: 60-69 years, age group 4: 70-79 yearsh Baore ramp is defined by the associated pair of
reference values extracted from the pool of refegeralues. Unisex reference values were used for
this example. Further it is shown that score raraps smooth sigmoidal functions due to the
calculation dynamic of fuzzy logic.
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Figure 71: Calculated score ramps for pPP, cPP, PW\And cAl: categorized by age.
Uncorrected unisex reference values calculatedeligrance value calculation rule 2 are
used.

pPP and cPP:The pPP-score ramp is shifted to higher pPP inplies for each decade of age.
However, there are only slight differences betwaga group 1 and age group 2. In contrast, cPP-
score ramps are located at lower pressure levefg?Rsscore ramps. Contrary to pPP score ramps,
there is a markedly difference between the cPPes@mnp of age group 1 and age group 2. For pPP
and cPP, score ramps were strongly overlapped bat@ge groups. The slope of the score ramps
becomes less steep with increasing age due toex vadge of ‘elevated’ values for older subjects.

PWV: showed similar results compared to pPP and cPRekear, the distance between the PWV-
score ramps of each age group is higher than féamplPP and cPP and there is also a shift to higher
PWYV input values for each decade of age.
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cAl: Score ramps calculated for cAl are different coragao pPP, cPP and PWV. For cAl there was
only a shift to higher cAl values from age groumplage group 2, and age group 2 to age group 3. For
age group 3 to age group 4, there was a shiftwerd@Al input values due to a decrease of reference
values for age group 4.

Gender differencesThe score calculation behavior differs dependimggender due to different
reference values for male and female subjects.€eftwer score ramps are shifted to lower or higher
values depending on gender as defined by the gaoeference values.

Example based on PW¥igure 72 shows the age dependency of score sdsula specific measured
PWV value of 9 m/s. It is shown that for older ®dt§ it is acceptable to have a higher PWV value as
for younger subjects.
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Figure 72: Course of the PWV-score for a measuredWV input value of 9
m/s. The top graphic shows how the PWV-score decrefasem increase of age.
The bottom graphic shows the score results exptesséars categorized by four
different age categories (g1: 40-49 years, g2: BQears, g3: 60-69 years, g4: 70-
79 years). Uncorrected unisex reference valuesilzadel by reference calculation
rule 2 are used.

3.3.4.2.Confounder dependency
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Figure 73: Calculated scores for a measured PWV ing value of 9 m/s:
categorized by four different age categories an@ filifferent mean arterial
pressure levels. Uncorrected unisex reference sabsdculated by reference
calculation rule 2 are used.
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In addition to the age-dependency of the scoreutation, there is a confounder-dependency of the
score calculation. The FLSS was setup for the aorder-correction of PWV (for MAP) and cAl (for
HR and body height). Figure 73 and Figure 74 shownwles for the age- and confounder-
dependencies of the score calculation for thesahles.

PWV depending on MAREigure 73 shows an example of different scorelte$or PWV depending

on age and MAP. The bars indicate the resultingesctor a measured PWV of 9 m/s. Results are
categorized by each defined age group and fiverdifit MAP levels. This example shows that scores
decrease for an increase in MAP to account for ithpact of blood pressure on PWV. This
dependency is described by the calculated regressjoations.

Gender differencesThe impact of the confounder correction on scasults is gender-dependent
because regression lines differ between male andléesubjects.

cAl-score
cAl-score

90 bpm 40-49yrs
50-59yrs
60-69yrs
70-79yrs

40-49yrs
50-59yrs
60-69yrs
70-79yrs 50 bpm

Figure 74: Calculated scores for a measured cAl 085%. The left figure shows the HR-dependency of theresco
calculation (categorized by four different age gatées and five different HR values; a constant @abfi 1.7 m for body
height was used). The right figure shows the boeiglit-dependency of the score calculation (categdrby four different
age categories and five different body height sl constant value of 65 bpm for HR was used). tacted unisex
reference values calculated by reference calculatite 2 are used.

cAl depending on HR and body heighigure 74 (left graphic) shows an example of défé score
results for cAl depending on age and HR. Figurgrigght graphic) shows an example of different
score results for cAl depending on age and bodghteiThe bars indicate the resulting scores for a
measured cAl of 35%. This example shows that sateescase for a decrease in HR or body height.
It is also shown that score results for age growgpedslightly higher as for age group 3. This rssul
due to lower reference values for age group 4 aade group 3.
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3.4.Discussion

3.4.1.Arterial stiffness as input information

Arterial stiffness cannot be readily measured nmomsively but it can be estimated by surrogate
variables such as pPP, cPP, PWV and cAl. Hencepgate variables of arterial stiffness can be
measured easily and used to assess the effectenélastiffness (Laurent et al., 2006). As ddsed

in Chapter 2, the present scoring concept and regdechnique is based on input variables which
reflect the physiological or pathophysiological sha of a variable with age. However, this
investigation shows that surrogate variables adraat stiffness can be used as input informatian fo
the scoring concept. Furthermore, it was showndhah surrogate variable is strongly age-dependent.
These findings agree with findings of Franklin &t (@997), Benetos et al. (2002), Mitchell et al.
(2004), McEniery et al. (2005) and Mattace-Rasal ef2010). However, to investigate the use of the
scoring system based on surrogate variables ofiariiffness it is necessary to investigate the
impact of risk factors on score results. This igvet in Chapter 4.

3.4.1.1.Interpretation of score results

Figure 75 shows the scoring concept (see Sectidri)2adapted for surrogate variables of arterial
stiffness. For each age group a pair of refereabeeg ‘normal’ and ‘high’ defines a region of nofma
elevated and high values. Hence, calculated sqfrde 10) gives abstracted information on how
much a surrogate variable of arterial stiffnessiheseased compared to normal levels.

surrogate variable
A of arterial stiffness

Learly vascular aging' —_—tee 10

score of 10

score of 0

elevated

score

reference values

shight transition region’ 0
reference values 4/—/7 ,normal‘
snormal* Jnormal vascular aging'
age
age group 1 age group 2 age group 3 age group 4
(40-49 yrs) (50-59 yrs) (60-69 yrs) (70-79 yrs)

Figure 75: Interpretation of score results.For each surrogate variable of
arterial stiffness a pair of reference values (nal and ‘high’) were
defined.

Further interpretation: The concept of normal and early vascular agingediff between the
physiological course of a variable with age (norwadcular aging) and a pathophysiological course of
a variable with age (early vascular aging) (sedi@®d.5.2). Therefore the region of ‘normal’ vadue
(score of 0) can be interpreted as region of noraatular aging and the region of high values éscor
of 10) can be interpreted as region of early vascadjing (see Figure 75). The region with ‘elevated
values can be interpreted as transition regionr¢sgeeater 0 and lower 10) between. In conclusion,
scores based on surrogate variables of arteriffihets can be interpreted as a measure of early
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vascular aging but it is important to underlinettbalculated scores do not give information on a
specific vascular age or biological age.

3.4.2.Reference group

The FLSS calculates scores in relation to refereradaes for each surrogate variable of arterial
stiffness. This pool of reference values providgsrmation for ‘normal’ and ‘high’ values for each
variable, age category and gender category. Unfatély, no guidelines were available which provide
this information (see Section 3.1.3). Therefore phesented setup procedure was used to extract a
reference group and to calculate reference valassdoon this reference group.

3.4.2.1 Filter criteria compared with guidelines

Reference values were calculated based on a hggifcted reference group. Filter criteria were
defined (see Section 3.2.1.2) to extract the refsrgroup from the ACCT data. Table 1 and Table 2
compares the defined filter criteria with the dfiicguidelines for each filter variable (TC, LDL
cholesterol, HDL cholesterol, TG, BMI, SBP and DBP)

Table 1: Filter criteria compared with cholesterol giidelines. This table compares the used filter criteria f@, TDL
cholesterol, HDL cholesterol and TG with the ATPdhssification (NCEP, 2002).

filter criterion ranges interpretation
< 5.0 mmol/l desirable
TC < 6.2 mmol/l 5.0 - 6.19 mmol/l borderline high
> 6.2 mmol/l high
< 2.60 mmol/l optimal
2.60 - 3.29 mmol/l near optimal/above optimal
LDL < 4.1 mmol/l 3.30 - 4.09 mmol/l borderline hig
4.10 - 4.89 mmol/l high
> 4.9 mmol/l very high
>1.55 mmol/l high
HDL > 1.0 mmol/l 1.03 - 1.54 mmol/l medium
< 1.03 mmol/l low
<1.69 normal
TG < 2.26 mmol/l 1.70 - 2.25 mmol/l borderline hig
2.26 - 5.65 mmol/l high
>5.65 mmol/l very high

This comparison shows that only subjects who hadhabor borderline normal values for each filter
variable (TC, LDL, HDL, TG, BMI, SBP and DBP) wenecluded to the reference group. Subjects
with high values were excluded. That means theeafee group reflects the distribution of surrogate
variables of arterial stiffness (pPP, cPP, PWV aAt) for subjects who had normal or borderline
normal values for each filter variable at the tiofigneasurement.
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Table 2: Filter criteria compared with body weight and blood pressure guidelinesThis table compares the used filter
criterion for body weight (BMI) with the BMI classifation of the WHO (WHO, 2011b). Further this tabtempares the
used filter criteria for blood pressure (SBP and PB®th the European guidelines for the manageménarterial
hypertension (Mancia, 2007).

filter criterion ranges interpretation
<185 underweight
18.50 - 24.99 normal
BMI < 30 kg/n? 25.00 - 29.99 overweight
>30 obese
SBP DBP
<120 <80 optimal
SBP < 140 mmHg 120 - 129 80 -84 normal
DBP < 90mmHg 130 - 139 85 -89 high normal
140 - 159 90 - 99 grade 1 hypertension
160 - 179 100 - 109 grade 2 hypertension
>180 >110 grade 3 hypertension

3.4.2.2 Reference group versus normal group

It was shown that the impact of filter criteria te distribution of surrogate variables of arterial
stiffness is very strong. To investigate this faut, additional normal group was extracted from the
ACCT data to show the impact of strict filter crite Therefore a normal group was extracted under
the use of stricter filter criteria compared to tleéerence group. That is, only subjects with ndrma
values for each filter variable (no subjects withrderline normal values) were accepted. Following
filter criteria were usedsubjects with TG 5mmol/l, LDL cholesterat 2.6mmol/l, HDL cholesterol <
1.55mmol/l, TG> 1.69mmol/l, BMI> 25kg/m, peripheral SBP> 130mmHg, peripheral DB
85mmHg and diabetes mellitus were excluded. Cuserdkers, past smokers and subjects receiving
any medication were also excluddebllowing figure shows the comparison of PWV valuleghe
reference group with PWV values in the normal group
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Figure 76: Comparison of reference group with normégroup.
Box-whisker-plot of reference group data (285 suisje@nd
normal group data (20 subjects) for PWV.

66



Setup for surrogate variables of arterial stiffness CHAPTER 3

The normal group had significantly (p<0.05) lowaN¥ values compared to the reference group.
Furthermore, only 20 subjects (normal group) fldélithe strict filter criteria. Therefore, it isvibus
that the definition of adequate filter criteriaais important point for the extraction of referenedues
which define the ‘normal’ state. The advantagehef éxtraction of a reference group with subjects
who had normal or borderline normal values for eéltar variable is that this group contains
information about the normal and the borderlinéestd a variable.

3.4.2.3.Uncertainties for gender-specific subgroups

It is important to note that the number of subje@des between surrogate variables due to the fact
that not every dataset was complete. Furthermbeeséparation of the reference group into age and
gender-specific subgroups leads to a low numbeaubjects for some subgroups. For example, male
subjects in age group 1 and female subjects irgem#p 4. Table 3 shows the number of subjects per
subgroup. It is clear that results for gender-djgesubgroups with a low number of subjects have
higher uncertainties than subgroups with a higlentrer of subjects.

Table 3: Number of subjects per subgroup calculatedor the reference group.Results are categorized for age and
gender. Subgroups with a number of subjects lolamn 20 are marked red.

age group 40-49 yrs 50-59 yrs 60-69 yrs 70-79 yrs
M+F n=50 n=62 n=106 n=59
pPP M n=16 n=28 n=43 n=39
F n=34 n=34 n=63 n=20
M+F n=46 n=46 n=100 n=54
cPP M n=13 n=20 n=40 n=38
F n=33 n=26 n=60 n=16
M+F n=50 n=61 n=105 n=57
PWV M n=16 n=27 n=43 n=39
F n=34 n=34 n=62 n=18
M+F n=50 n=57 n=106 n=59
cAl M n=16 n=26 n=43 n=39
F n=34 n=31 n=63 n=20

3.4.2.4 Reference group results compared with literature

Results of pPP, cPP and cAl calculated for thereefee group were compared with McEniery et al.
(2005) and results of PWV were compared with Ma&ttRaso et al. (2010).

3.4.2.4.1pPP, cPP and cAl

McEniery et al. (2005) used also a cohort from A@&CT study. However, this cohort was not the
same as used for the extraction of the referenmepgmMcEniery et al. (2005) extracted in total 4001
subjects by following filter criteria from the ACCdohort (10.096 subjects): periphe&BP < 140
mmHg, peripheral DBP < 90 mmHg, serum cholester@d.s mmol/l, no renal disease, no CVD and
no medication intakeln fact, the extracted reference cohort presebiedicEniery et al. (2005)
consisted of much more subjects (4001 subjectspaosd to the extracted reference group for the
FLSS (285 subjects).
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Figure 77 shows the calculated mean values of plPcBP of the reference group categorized for
male and female subjects compared with the mearesatalculated by McEniery et al. (2005). A
similar standard deviation for each age group wasd. Subgroups with a number of subjects lower
than 20 subjects were signed with a star (*) andeve®cluded from interpretation.
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Figure 77: Comparison of results for pPP and cPP &ference group) with McEniery et al. (2005)Bars indicate the
mean for each subgroup. Bars signed with a Sjaindicate that lower than 20 subjects were in shbgroup. Plots are
separated for each variable and gender. Bars pegaged for age groups (gl: 40-49 years, g2: 50e%8s, g3: 60-69 years,
g4: 70-79 years).

pPP: Mean values presented by McEniery et al. (2008icate that pPP increases predominantly for
male subjects over the age of 60 years and forléemubjects over the age of 50 years. Franklin.et a
(1997) showed that pPP calculated for normotensarel hypertensive subjects increases
predominantly after the age of 50 years. In cohtr@sults calculated based on the reference group
indicate that pPP increases predominantly oveatigeof 60 years for male and female subjects. The
difference between these results could be expldiyeithe fact that different filter criteria wereeadas
Therefore, it could be hypothesized that strigefilcriteria (reference group) extract subjectdvait
tendency to be healthier and therefore the increbpPP values occurs in later life.
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Figure 78: Comparison of results for cAl with resuts for cAl (confounder-corrected) and McEniery et al (2005).Bars
indicate the mean for each subgroup. White bariane results presented by McEniery et al. (20@8gy bars indicate
results calculated by the uncorrected referencamdata. Black bars indicate results calculatetheyconfounder-corrected
(HR and body height) reference group data. Bars digmith a star () indicate that lower than 20 subjects were in the
subgroup. Plots are separated for male and ferbleds. Bars are separated for age groups (g194@:4drs, g2: 50-59
years, g3: 60-69 years, g4: 70-79 years).

cPP: In most subgroups cPP was lower compared to sestilMcEniery et al (2005). Furthermore,
McEniery et al. (2005) found a much stronger inseeaf cPP values for female subjects with age.
However, this could be a further result of strittef criteria because smokers were not excluded fo
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the study of McEniery et al. (2005). It was sholwattsmoking leads to an increase in total periphera
resistance (Omvik, 1996) and therefore it coulduvther hypothesized that this leads to an incréase
wave reflections and cPP is strongly influenceavaye reflections.

Figure 78 shows the calculated mean values of @efdutated by the uncorrected reference group
compared with the mean values calculated by theectad reference group (corrected for HR and
body height) and with the mean values calculateMbkniery et al. (2005).

cAl: McEniery et al. (2005) found higher cAl values foale and female subjects. This could be a
further result of different filter criteria. The ¢tAalues were lower for female subjects and hidber
male subjects after confounder-correction. Howetlee, impact of the confounder-correction was
much higher for female than for male subjects. Toipredominantly an effect of the correction for
body height because female subjects are tendgrgmathller than male subjects.

3.4.2.4.2 Pulse wave velocity

Results for PWV were compared with PWV normal valgelculated by Mattace-Raso et al. (2010).
Figure 45 shows a box-whisker-plot of the used datlrulated by Mattace-Raso et al. (2010).
However, Mattace-Raso et al. (2010) used a coHoit60867 subjects measured from 13 different
centers across Europe. Out of these, 1455 subjerts extracted. This subgroup was highly selected
by following filter criteria:peripheral SBP < 130 mmHg, peripheral DBP < 85 mmidAg CVD, no
current treatments, no diabetes mellitus, no snkind no dyslipidaemia (TC > 5 mmol/l, HDL
cholesterol < 1.0 mmol/l for men and HDL cholestexal.2 mmol/l for women, LDL cholesterol >
3.0 mmol/l or TG > 1.7 mmol/llCompared with guidelines (see Table 1 and TabMa&jace-Raso et
al. (2010) extracted only subjects with normal ealtor each filter variable.

Figure 79 shows the calculated mean values of PAlsutated for the uncorrected reference group
compared with the mean values calculated for tleected reference group (corrected for MAP) and

the mean values calculated by Mattace-Raso e2@10).
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Figure 79: Comparison of results for PWV with resuts for PWV (confounder-corrected) and Mattace-Rascet al.
(2010).Bars indicate the mean for each subgroup. White inaicate results presented by Mattace-Raso é2@l10). Grey
bars indicate results calculated by the uncorreceddrence group data. Black bars indicate restdisulated by the
confounder-corrected (MAP) reference group datas Bae separated for age groups (gl: 40-49 year§0329 years, ¢g3:
60-69 years, g4: 70-79 years).

Mattace-Raso et al. (2010) found higher PWV valkemspared to the results of the reference group
although Mattace-Raso et al. (2010) excluded ombjexts with normal values for each filter variable
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The difference in results could be due to the tlaat Mattace-Raso et al. (2010) used differentaivi
and further different algorithms for the calculatiaf the ‘foot of the wave’. As shown in Millasseeall

al. (2005) different algorithms can lead to diffezes in calculated PWV values of 5 to 15 %.
Therefore Mattace-Raso et al. (2010) standardizes dalculation of PWV. Furthermore, the
measurement of the distanaex) (see (35)) on the body surface had to be stamat by Mattace-
Raso et al. (2010). The process of standardizingtlae used equations can be found in Mattace-Raso
et al. (2010, p2-4). In conclusion, the resultefiedences between the reference group and Mattace-
Raso et al. (2010) could be explained by diffedaices, algorithms and standardizing procedures.

3.4.3.Reference values

Reference values were calculated based on thectedraeference group. As described in Section
3.4.2, the reference group reflects the distributad surrogate variables of arterial stiffness for
subjects who had normal or borderline normal valtmsthe used filter variables (TC, LDL
cholesterol, HDL cholesterol, TG, BMI, peripheraBFS and peripheral DBP) at the time of
measurement. Therefore, it was assumed that thebdison of each surrogate variable of arterial
stiffness can be used to calculate a referenceewahich defines the ‘normal’ state and a reference
value which defines the ‘high’ state. Thereforerfdlifferent reference value calculation rules (see
Section 3.2.1.3) were defined based on statigi@edmeters.

3.4.3.1.Definition of reference values

For the definition of the reference value ‘normals common to use the mean or median of a group
of ‘healthy’ subjects but there was no standardizextedure to define a reference value ‘high’ found
in the literature. The definition of an elevatetkival between these two reference values is iraport
because single cut-off values do not account fer smooth transition between normal and high
values. Due to this fact it was assumed that tfexerce group reflects the distribution of normadi a
borderline normal subjects. That means the araandrthe mean and the median of a distribution can
be used for the definition of the reference vahmmal’ and the outside area of the distribution ba
used for the definition of a reference value ‘highhis is conceptually shown in the following figur

reference value ,high' median reference value ,high'

reference value ,normal’ reference value .normal’

Figure 80: Distribution-based definition of refererce values.The left graphic demonstrate the definition af@asmal and
high) for reference values based on an ideal stdmtarmal distribution. The right graphic demontgrtne definition areas
(normal and high) for reference values based disttal parameters presented by a box-whisker-plot

3.4.3.1.1Limitations and simplifications

This concept has some limitations and simplifiaagioAs shown in Figure 80 there is a wide range for
the definition of reference values within the difim areas. Hence, in a specific range the dédimit
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of the reference values is arbitrary. In additithhg lower the reference value ‘normal’ is chosen th
fewer subjects have a score of 0 and the lowerdfezence value ‘high’ is chosen the more subjects
have a score of 10. To account for this problerar ftifferent reference value calculation rules (see
Figure 81) were defined and the effect on resulis imvestigated. A further approach to address this
problem could be the use of data of prospectiveotastudies which reflect the individual risk for
CVD events. That is, based on these data refenesloes could be defined based on the individual
risk for having a CVD event.

A further limitation of this approach is that it ppoblematic to define reference values based on
subgroups with a low number of subjects becausedlwilated statistical parameters based on these
subgroups have significant uncertainties. It fobothiat the definition of reference values based on
subgroups with a low number of subjects has atpaifsgant uncertainties.

Most biological variables do not show a standandnad distribution. However, some variables show
a standard normal distribution after logarithmensformation. In this investigation this was troe f
pPP, cPP and PWV. In conclusion, an ideal standardhal distribution was assumed and therefore
this is a simplification of this approach.

As described in Chapter 2, calculated scores dogna information on cardiovascular risk. In
addition this kind of definition of reference vatubas no relation to cardiovascular risk. To actoun
for this problem the use of data of prospectiveocbstudies would be important too.

3.4.3.2.Comparison of reference value calculation rules

Figure 81 shows the defined reference value cdlonlaules 1-4. Details can be found in Section
3.2.1.3. The definition of the reference value ghton rules had following characteristics.

Reference value calculation rule 1 Reference value calculation rule 3
Q0.75 imedian + 1.54IQR
{(mean + SD)*0.95 :
{(mean + 2*SD)*0.95 |
reference value ,high' reference value ,high'
ireference value ,normal‘ reference value ,normal
Reference value calculation rule 2 Reference value calculation rule 4
imean + 0.13*SD P55 P95
: mean + 1.65*SD Ii
reference value ,high* ireference value ,high'
Ereferent:,e value ,normal‘ reference value ,normal*

Figure 81: Interpretation of reference value calcuition rules (1-4. The reference value calculation rules 1 ande ar
based on median and standard deviation. The referesue calculation rule 3 is based on mediaerdptartile range and
the third quartile value (Q 0.75) and referencei@aalculation rule 4 is based on percentile vaRES, P95).
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Definition of calculation rule 1For the reference value ‘normal’ a relatively higdlue was defined
compared to the calculation rule 2 and 4. Thisnitédin leads to greater proportion of subjects veith
score of 0, a small group of subjects with scoets/ben 0 and 10 and only a few subjects with aescor
of 10 in the reference group.

Definition of calculation rule 2 and 4fhe reference value ‘normal’ was chosen nearbyrtban and
respectively the median of the reference group.dedh rules it was defined that approximately 55%
of the subjects of the reference group have a sawfobeand approximately 5% of the reference group
have a score of 10. This definition was used t@awtfor the fact that the reference group consists
subjects who had normal or borderline normal vafaeghe used filter variables but no high values.

Definition of calculation rule 3The calculation rule 3 was defined in such a waat this definition
leads to more subjects with a score between 0 @rdrhpared to calculation rule 1.

The comparison shows that there is a wide rangdhi@rcalculation of reference values based on
statistical parameters. Therefore a further ingesiton and validation of an adequate and standzadiz
procedure would be important for a future use ef EBLSS. However, Chapter 4 presents a further
comparison of score results calculated by diffecahtulation rules.

3.4.3.3.Characteristics of calculated reference values

Unisex reference valuefReference values (see Figure 60) for pPP, cPRPEWd increase steadily
with age. An exception was pPP for calculation ind 4. This was due to the fact that pPP shows a
plateau effect for younger subjects under the dg6é0oyears (see Section 3.4.2.4.1). In contrast,
reference values calculated for cAl show a platféect for older subjects. This was due to the fact
that cAl shows a plateau effect for subjects okierage of 60 years (see Figure 53).

Gender-specific reference valueBhe calculation of separated reference valuesni@e and female
subjects (see Figure 61 and Figure 62) was stroafjgcted by the impact of the low number of
subjects for some gender-specific age groups (ab&1). However, reference values calculated on
statistical parameters such as mean and standeatide (calculation rule 1 and 2) showed improved
results compared to reference values calculatestdiistical parameters such as median, intergeartil
range, quartile values and percentile values (&tion rule 3 and 4). That indicates that if thentner

of subjects is low it is of benefit to use calcidatrule 1 or 2.

Confounder-corrected reference valudhe calculation of reference values based on comfen
corrected data resulted higher PWV reference vafoesmale and female subjects, higher cAl
reference values for male subjects and lower cfdremce values for female subjects. This is a tesul
of the confounder-correction of the reference grdafa. Therefore it is obvious that reference \alue
were shifted in the same way to higher and lowdues as the data were shifted due to the
confounder-correction process.
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Conclusion: In conclusion, best results for the calculationrefierence values can be obtained by
calculation rule 1 and 2 especially in the casa tdw number of subjects. That is, reference values
calculated based on mean and standard deviatiqureferable.

3.4.3.4 Reference values compared with literature

pPP, cPP and cAINo guidelines define age-separated normal valoiegRP, cPP and cAl. However,
some studies calculated mean or median values lmasedhorts who can be considered as healthy.
McEniery et al. (2005) presented mean values fé?, @PP and cAl (see Figure 77 and Figure 78).
However, it is unclear if mean or median values bardirectly interpreted as normal values. That
means if the mean or median value is used as thmmahwvalue approximately half of the reference
cohort would have values higher than the normalezaln addition it is important to consider that th
defined filter criteria have a significant effeat ¢he results. However, mean values calculated by
McEniery et al. (2005) were in most cases similadosver compared to the calculated reference
values ‘normal’. In fact the difference dependslmused reference value calculation rule.

PWV: The following figure shows an overview for the sagtgd normal and reference values for
PWV. It is obvious that reference values presebietflancia et al. (2007) and Alecu et al. (2008) do
not account for age. However, Mattace-Raso et28l1@) considered the physiological increase of
PWV with age. This study presented mean and madihres for PWV calculated by a healthy cohort
(see Figure 45). However, calculated referenceegalnormal’ for age group 1 and 2 tended to be
similar and for age group 3 and 4 tended to bedrigfhcomparison with the results of Mattace-Raso
et al. (2010).

Mancia et al. Alecuetal. Boutouyrie et al.
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Figure 82: Comparison of normal and reference valug for PWV. The left graphic shows a threshold value for PWV
suggested by Mancia et al. (2007). The middle gcaphows two threshold values for normal, high rarand elevated
values suggested by Alecu et al. (2008). The righphics show the mean and the median values atdcufor a normal
value population (1455 subjects) presented by MeatRaso et al. (2010).

3.4.4.Confounder correction

The FLSS accounts for confounders. PWV is correfdethe impact of MAP and cAl is corrected for
the impact of HR and body height. These relatiqgrshiere estimated based on the ACCT data and
extracted subgroups (reference group and refergnoep with included hypertensive subjects).
However, this procedure had an important limitati@escribed below).
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3.4.4.1 Intra-individual vs. inter-individual relationships

Calculated regression equations were calculatecdbas inter-individual data (ACCT data).
Therefore, it is important to mention that theraislifference between the intra-individual and the
inter-individual measured relationship between aatde and a confounder. For example, the intra-
individual relationship of PWV has to be determiriadthe same subject at high and low blood
pressure levels. Hence, repeated measurementddaeeperformed for each subject but the ACCT
data didn't serve this information. Hence, calediategression equations for PWV and blood pressure
were calculated as inter-individual relationshiggtween subgroups that having high or low blood
pressure.

Impact on the confounder-correction of PWWhe disadvantage of inter-individual data is tfoat
each subject only one measurement was performathdrmore, each subject had different blood
pressure levels at the point of measurement. Teanssubjects with high blood pressure levels were
included into the analysis (ACCT data and referegroeip with included hypertensive subjects) but
long-term hypertension leads to structural changfethe arterial vessel wall (see also Alexander
(1995)). The following figure shows the impact oflort-term and a long-term increase of blood
pressure on PWV.

'hypertension’ V

long-term

elevated
blood pressure

blood pressure 1

Figure 83: The impact of short-term and long-term ebvated blood pressure on PWVShort-term elevated blood
pressure leads to a short-term increase of PW\toMtrast, a long-term elevated blood pressure r{akteypertension)
increases PWV and leads to a change in arteriattate (arterial wall elasticity decreases) whiehds to a further increase
of PWV.

short-term

Impact on the confounder-correction of ciiter-individual data (ACCT data) were also usedthe
investigation of the relationship between cAl amhfounders (HR and body height). Fortunately,
body height is always an inter-individual factodamchange in HR doesn'’t lead to structural changes
of the arterial vessel structure. Therefore, ithigothesized that the impact of the use of inter-
individual data instead of intra-individual dat& aeduced compared to PWV and blood pressure.

3.4.4.2.Comparison of calculated regression equations wlitkrature

3.4.4.2.1 Pulse wave velocity

Inter-individual regression equations for PWV weadculated based on three different groups of data:
ACCT data, reference group and reference group imittuded hypertensive subjects. Results are
shown in Section 3.3.3.1. This investigation shola PWV increases with increasing MAP levels
and this relationship becomes more prominent witihgasing age. A similar inter-individual increase
of PWV with blood pressure was found in Mattacedresal. (2010). Figure 84 shows the calculated
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regression lines for different age categories. d&ttRaso et al. (2010) showed that PWV at anysage i
linearly related to blood pressure. This agreeh thie results of this present analysis.
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Figure 84: Relationship between PWV and MAP calculeed on a large
European cohort: categorized for decades of age (reproduced fromtalle: Raso
et al., 2010).

ACCT data:Regression equations calculated based on the AGEET (dee Figure 64) showed an
increase of the gradient of the regression lineefich decade of age. Age group 3 and 4 showed a
similar gradient. The same effect was shown in d=&ttRaso et al. (2010) (see Figure 84). The
difference between male and female can be intexgs marginal.

Reference groupHypertensive subjects (peripheral SBP140 mmHg and peripheral DBP 90
mmHg) were excluded for the extraction of the refee group. Due to this procedure only a few
significant relationships between PWV and MAP winend for the reference group (see Figure 65).
That means the inter-individual relationship betw®&/V and MAP can only be assessed adequately
by including subjects with high blood pressure Isve

Reference group with included hypertensive subjddis group resulted in similar relationships as
calculated for the ACCT data (see Figure 66). Tioeeeregression equations calculated based on the
ACCT data were used for the confounder correctiaimé FLSS.

Comparison with intra-individual dataThere is a lack of information on the intra-indival
relationships between PWV and MAP categorized bg. d€pr instance, Carroll et al. (1991)
investigated these relationships based on thregecdsbwith dilated cardiomyopathy as shown in
Figure 41. This investigation showed a similar @ase of the gradient of the regression line with
increasing age. However, the intra-individual relaships have to be further investigated.

PWV and HRlantelme et al. (2002) showed that PWV increasemgicardiac pacing at different
pacing frequencies. Contrary, only a weak relatighbetween PWV and HR was found based on the
used inter-individual data (ACCT data). Therefateould be hypothesized that there is a difference
between a short-term (intra-individual investigaji@nd a long-term (inter-individual investigation)
effect.
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3.4.4.2.2 Central augmentation index

Inter-individual regression equations for cAl wex@culated based on two different groups of data
(ACCT data and reference group). Results are shiov@ection 3.3.3.2. This investigation shows that
cAl decreases with increasing HR or body heightesehresults agree with the intra-individual

relationship presented by Wilkinson et al. (20089¢( Figure 42) and McGrath et al. (2001) (see
Figure 43).

ACCT data:The results for cAl depending on HR (see Figure i@d)cates that the relationship
between cAl and HR is nearly unchanged over age.rélationship is slightly shifted to higher cAl
values for male subjects with age. However, theatieg gradient of the regression lines for cAl and
body height decreases with age (see Figure 68yeldre, it can be hypothesized that the effechef t
travel distance on cAl is reduced with increasigg.al his could be an effect of the increase of PWV
with age.

Reference groupFor unisex results, similar results were foundasulated for the ACCT data. For
some gender-specific subgroups (see Figure 69 muile70) results were not significant due to the
low number of subjects. Therefore gender-specifstiits cannot be used for interpretation and fer th
confounder-correction in the FLSS.

3.4.4.3.Confounders of pPP and cPP
The variables pPP and cPP are predominately depere stroke volume but there was only
incomplete data on stroke volume served by the AcC@ta Therefore these relationships were not

investigated and corrected by the FLSS.

3.4.4.4 Confounder-correction of the reference group data

16 16

-
N
T T
o
o
o
-
N
T

PWV uncorrected (m/s)
=
o
T
o

©
T
o
o o
o
@
00 0 o
o
o
o o\o o
oolo o
ol
o ©
@ o \ao
o o ® o
o\o
)
oo o
coo b oo
00 © 00m!
ap b o
@ |oo®
o o \m
© o \®x
oo o @ ooo
om®
oo oolo o oo
o oo
©
ooo o| o
o oo o
o\ o
o
©
T
o
o
o
o oo
o
o
o
o
o o
owo|lo oo

o
o
PWV corrected (m/s)
=
o
T
o
o

v

MAP (mmHg) MAP (mmHg)

Figure 85: Confounder correction of PWV data (refeence group).This figure shows the impact of the confounder-
correction of the reference group data for PWV. Tagression line is plotted for uncorrected PW\Wuesl (left figure) and
for corrected PWV values (right figure).

The data of PWV and cAl of the reference group wargected for the impact of confounders to
calculate confounder-corrected reference valuedaiBecan be found in Section 3.2.1.5. The
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following figure shows the plotted data of PWV @ednce group) before and after confounder-
correction. It is shown that this procedure redubednfluence of blood pressure on the data.

3.5.Conclusions

Surrogate variables of arterial stiffness (pPP,,dRFV and cAl) can be measured easily and used as
input information for the FLSS. For the practicatup of the FLSS it is necessary to use adequate
external data (reference values and regressionatieqs). However, due to the lack of reference
values for surrogate variables of arterial stiffiasd further due to the lack of regression egnatio
for the confounder-correction, external data weakewdated based on data of the ACCT database
(4643 subjects). Following main findings and maimitations can be summarized based on the
present setup procedure and the present resultstifis investigation.

3.5.1.Main findings

Reference groupBased on the results of the extracted referencepgit was shown that surrogate
variables of arterial stiffness show a steady iaseewith age, although pPP showed a plateau effect
for middle-aged subjects and cAl showed a platdtactefor elderly subjects. Mean values of pPP
were higher than mean values of cPP. These findiiggee predominantly with findings from the
literature although some differences were found tu¢he use of different filter criteria and data
pools. Additionally, it was shown that the adequigénition of filter criteria for the extractiorf the
reference group has a significant effect on resuitsfurther on the number of subjects per subgroup
Therefore some gender-specific results showedgtanertainties due to a low number of subjects.

Reference valuedour different reference value calculation rulegenvdefined and investigated to
calculate reference values which define the notgnald the abnormality for each surrogate variable
separated for decades of age. It was shown thexterefe value calculation rule 1 and 3 lead to highe
reference values for the normality of a surrogaeable of arterial stiffness than reference value
calculation rule 2 and 4. It was also shown thdtutation rule 2 is preferable if the number of
subjects in a specific subgroup is low. Furthermoeterence values for pPP, cPP and PWV increased
for most cases steadily with age and cAl showedllarases a plateau effect for elderly subjects.

Confounder-correctionlt was shown that regression equations calculassedhon the whole ACCT
data should be used for the assessment of the wwdo-correction of PWV and cAl. Therefore,
regression equations calculated based on the AGETvdere used for further investigations.

3.5.2.Main limitations and future work

The definition of reference values based on referermlue calculation rules and respectively based o
statistical parameters are in a specific rangetrarlgiand for a practical use of the FLSS based on
surrogate variables of arterial stiffness a furthelidation is necessary. Furthermore, some results
showed strong uncertainties due to a low numbesubjiects for some gender-specific subgroups.
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Hence, further investigations should be predomigafdcused on unisex-reference values and
regression equations. Furthermore, an importanitdtion was the use of inter-individual data to
assess the impact of confounders on PWV and cAbcklethe investigation of the impact of the use
of inter-individual data instead of intra-individwdata is important and requires further investayat
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4. Impact of risk factors

4.1.Introduction

For the use of surrogate variables of arteriafretfs as input information for the presented sgorin
technique it is important to investigate the impaictisk factors on score results. Literature shibwe
that the progression of arterial stiffness can égatively affected by a variety of lifestyle andehise
factors such as smoking (Jatoi et al., 2007), opeSafar et al., 2006) or diabetes mellitus
(Cruickshank et al., 2002). However, the impacsmbking, obesity and DM |l on score results was
investigated.

4.1.1.Risk factors and arterial stiffness
4.1.1.1.Impact of smoking

The use of tobacco is one of the most importanseswf acute myocardial infarction (Teo et al.,

2006). Various studies indicate a strong impaambking, passive smoking or smoking cessation on
arterial stiffness: Mahmud and Feely (2003a, 2008chopoulos et al. (2004a, 2004b), Jatoi et al.
(2007) and Doonan et al. (2010). These studiescaneli further that smoking leads to a notable
increase in arterial stiffness. Jatoi et al. (208wed that current and ex-smokers had significant

higher PWV values and Al values compared with narigrs.

4.1.1.2 Impact of obesity

The impact of smoking on arterial stiffness is @ethvestigated as the impact of obesity on atiteria
stiffness. However, Safar et al. (2006) concludeat tndividuals with obesity are likely to have an
increase in aortic stiffness, independent of blpeksure levels, ethnicity and age. Safar et AD&R
concluded further that the pathological mechanimas link abdominal adiposity to stiffening are not
fully understood. Zebekakis et al. (2005) used dl-trecking ultrasound system to measure the
properties of the carotid, femoral and brachiaérges and carotid-femoral PWV. This study showed
that across a wide age range, the diameter arfdestif of muscular arteries increased with higher
BMIL.

4.1.1.3.Impact of diabetes mellitus

Cruickshank et al. (2002) demonstrated that PWV waesater in subjects with diabetes than in
controls and that aortic PWV is a powerful indepntdpredictor of mortality in diabetes samples.
Salomaa et al. (1995) concluded that persons wih-imsulin-dependent diabetes mellitus or
borderline glucose intolerance have stiffer arteriban their counterparts with normal glucose
tolerance and that the decreased elasticity ispenident of artery wall thickness. Lacy et al. (2004
demonstrated that PP and PWV are increased in cabyéth diabetes mellitus, but this is not
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associated with increased cAl. Hence, this studywshthat increased PWV is not associated with
elevated cAl in patients with diabetes mellitus.

4.1.2.Investigation of the impact of risk factors on scoe results

Risk factors such as smoking, obesity and DM llenam impact on arterial stiffness and further on
surrogate variables of arterial stiffness. Thusyats hypothesized that is possible to investigage t
impact of risk factors on score results (see Sestih7.3.1 and 1.7.4). Therefore, it was investigiat
how much the score distribution is shifted to higheore and respectively lower score values for a
group of subjects under risk exposure. Based andbincept it is also possible to investigate which
surrogate variable of arterial stiffness respondensensitively to a specific risk factor.

However, other studies have suggested that theofokurrogate variables as markers of elevated
arterial stiffness varies with age. McEniery et(aD05) hypothesized that cAl is a better prediator
younger and PWYV in older subjects. To investightsé associations score results were used to check
if surrogate variables have a different performaaseclassification variables between middle-aged
(40-59 years) and elderly subjects (60-79 years).

4.2.Methods

The impact of three different risk factors on scoesults was investigated. Therefore, three risk
groups (smoker group, obesity group, and DM Il glowere extracted from the ACCT data

additional to the reference group. Filter criteniare defined for each risk group. Score results for
pPP, cPP, PWV and cAl were then calculated for emsg&hgroup and further for the reference group.
Subsequently, the risk group results were compiareglation to the reference group results.

reference group
reference
results

smoker group
results
obesity group
results
diabetes mellitus Il group
results

Figure 86: Risk group comparison procedureThree risk groups were extracted from the ACCT daizh their
score results were compared with the score restitte reference group.

_—————
itari ker group
(4634 subjects) . ——— — (248 subjects)

_— - N "
> | filter criteria diabetes mellitus Il group

(212 subjects)

Fuzzy Logic Scoring System

group result
comparison
risk group
comparison results

4.2.1.Risk group extraction procedure

Three risk groups were extracted from the ACCT datausing filter criteria (see Figure 86). The
extracted risk groups were then divided into foye groups (gl: 40-49 years, g2: 50-59 years, g3: 60
69 years, g4: 70-79 years). Following filter crigiewere used:
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Filter criteria for smoker group:Non-smokers and past-smokers were excluded. addily, obese
subjects (BME 30 kg/m) or subjects with diabetes mellitus (I or I1) wenecluded. Subjects receiving
any vasoactive medication were also excluded.

Filter criteria for obesity group: Subjects with a BMI < 30 kgfmwere excluded. Additionally,
smokers, past smokers or subjects with diabetektumell or II) were excluded. Subjects receiving
any vasoactive medication were also excluded.

Filter criteria for DM Il group: Subjects without diabetes mellitus or with diabateellitus | were
excluded. Smokers, past smokers or obese subdts>(30 kg/m) were excluded.

No subject of the smoker group, obesity group or DMgroup had overt CVD at time of
measurement.

4.2.2.Group result calculation procedure

A score for each variable (pPP, cPP, PWV and cAdp walculated based on each subject. This
procedure was done separately for each risk greoqoKer group, obesity group, DM Il group) and
the reference group as shown in Figure 86. Thexedaich group was separated into subgroups as
shown in Figure 87. Subgroups were defined by geaadgories (male, female and unisex) and age
groups (gl: 40-49 years, g2: 50-59 years, g3: 69eg9s, g4: 70-79 years). Results were calculated
for each subgroup by the FLSS separately. Furthernfor each subject in a subgroup the score
results were also calculated separately. Thesalatiin procedure yields a data cluster calledugro
results’. This data cluster can be further usedtferanalysis of the results.

age group 1 (40-49 yrs) |—)

age group 2 (50-59 yrs) |—)
age group 3 (60-69 yrs) |—)

T age group 4 (70-79 yrs) |—)
N\ >+
= i e——
Figure 87: Flow chart of the group result calculaton procedure. Each group was

separated into subgroups. Results of each subgretmalustered into the data cluster ‘group
results’.

YYVYY

group results

/

Fuzzy Logic Scoring System

-

4.2.2.1.Settings of the FLSS

Calculated group results are dependent on the settidgs of the FLSS. That is, different pools of
reference values and further settings for conformederection are available. In conclusion, for this
investigation several settings were used and caedpavith each other. Following settings are
basically available as shown in the following figur
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pool of reference values 1-4
(calculation rule 1-4)

Y

unisex system/
gender-specific system

Y

settings
Y

confounder-correction
for PWV and cAl: YES/NO

Y

confounder-corrected reference values
for PWV and cAl: YES/NO

Fuzzy Logic Scoring System

>
>

Figure 88: Setting options for the FLSS.

Pool of reference valuegour different reference value calculation rulese($ection 3.2.1.3) were
defined. Hence, four different pools of referenatues are available for the score calculation.

Unisex or gender-separated reference values andessgpn equationsReference values and
regression equations were calculated based onxuda&e and gender-separated (male/female) data.
Hence, the FLSS can be used as unisex or gendafisggstem.

Confounder-correction of the score calculation 8¥¥ and cAlThe use of the confounder-correction
(RS-CC-system) can be enabled or disabled. Hethee FLSS can be used with or without the
confounder-correction of PWV and cAl. However, eggion lines calculated based on the ACCT
data were used for the confounder-correction of PAY cAl in this investigation.

Confounder-corrected reference valu&eference values for PWV and cAl were calculateskdan
data of the reference group and additionally bazediata of the confounder-corrected reference
group. Hence, uncorrected or confounder-correaéatence values for PWV and cAl can be used for
the FLSS.

4.2.3.Group result comparison procedure

The impact of different settings of the FLSS wasestigated. Furthermore, calculated risk group
results were compared in relation to the referagroep results as shown in Figure 86. Therefore two
different procedures were used:

4.2.3.1.Plot of group and subgroup data

Group and subgroup results were plotted as cunaaldistribution plots. This procedure was used to
visualize the score distribution for each group andgroup. Hence, differences between groups and
subgroups can be visualized. Figure 89 shows amm@eaof a cumulative distribution plot and the
interpretation of the plot.

The distribution of the data is plotted as cumutadlistribution step function. The x-axis displdlye
score range from 0 to 10. The y-axis displays thetion of subjects from 0 to 1 (0% of subjects to
100% of subjects). The plotted line shows the foacof subjects that have a score less than afgpeci
score value x. Therefore the fraction of subjedtk wormal values (score of 0) can be seen at gsore
0 (A). The fraction of subjects with ‘high’ valuéscore of 10) can be calculated by subtractingythe
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value at score is 10 from 1 (100% of subjects) &) the fraction of subjects with ‘elevated’ vadue
(score greater 0 and lower 10) can be calculatesubyracting the y-value at score is O from the y-
value at score is 10 (B).

0.95 O
0.9 .
a | | | | | a 5
o/ [ A . ad .
o6f SRR ‘ ‘ ; : L :
c : : : : ‘ - 0.85 :
K] K] ‘m
5 g :
S 0.4 : —y o Lo
= A: fraction of subjects with a score of 0 < = 0.8
B: fraction of subjects with a score :
0.2}| greater 0and lower 10 R 0.75} -
C: fraction of subjects with a score of 10 ; : ; :
0 L L L L N 0.7 L L L L ,<C
0 2 4 6 8 10 0 2 4 6 8 10

score (0-10) score (0-10)

Figure 89: Interpretation of the cumulative distribution plot of score results.The left figure shows the cumulative
distribution plot of score data for the whole fiantrange. The right figure shows a zoom of the pt. The letters A, B
and C indicates the fraction of subjects.

4.2.3.2.Group and subgroup comparison with reference group

The second procedure was used to compare the niskp gesults in relation to the reference group
results. However, in a group of subjects with fiaktor exposure there is a fractional shift of scor
results to higher values. The fractional shift tmeisk factor exposure can be calculated as diffee

in the AUC between the reference group and the giskip as shown in Figure 90 (left graphic).
Therefore the AUC of a risk group is subtractedrftthe AUC of the reference group.

area under the curve fractional difference

AUC difference = 3.77

= 0.6
c
il
3
= 0.4 T .
37.7%
reference group (AUC = 8.53)
risk group (AUC = 4.76) : :
0 H : H H i
0 2 4 6 8 10 0

score (0-10)

Figure 90: Calculation of fractional differences.Fractional differences are calculated as the
difference in the AUC between the reference groug #me risk group (see left Figure).
Further the fractional difference is defined asdifterence in the AUC multiplied by 10 (see
right Figure).
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The AUC is calculated as shown in the following &ipn whereas the variable n is the number of
data points of the cumulative distribution functitime variable s is the score value and the vagigis
the fraction of subjects.

AUC = (St = Sek-1) * few (56)

:
k=1

This procedure was done for each risk group amukadvely for each subgroup of each risk group. In
conclusion, this procedure can be seen as a meafsiine fractional shift (resulted AUC differende)
higher score results for a risk group in relatiorrte reference group. Therefore the AUC differaace

multiplied by 10 and called as fractional differeras shown in Figure 90 (right graphic).
4.3.Results

The results presented in the following sectiong gnformation on the impact of risk factors on scor
results. Furthermore, the impact of different sgii of the FLSS (reference calculation rules and
confounder-correction) is shown. A detailed sumnstgtistic of each extracted risk group (smoker
group, obesity group and DM Il group) can be foumdhe appendix (see Table 16-Table 18). The
smoker group consisted of 248 subjects, the obgsdyp consisted of 262 subjects and the DM I
group consisted of 212 subjects.

4.3.1.Comparison of reference value calculation rules

The effect of different reference value calculatiabes are shown in Figure 91 and Figure 92.
Therefore, cumulative distribution plots for ea@riable and risk group were calculated. Each suibplo
displays the resulting cumulative distribution cddted by the reference value calculation rules 1-4
Following settings were used for this investigatiGroup data: male + female subjectseference
values: unisex reference values, calculated by rule 1 (Bines), calculated by rule 2 (red lines),
calculated by rule 3 (magenta lines), calculatedrble 4 (green lines)confounder correction:no,
uncorrected reference values for cAl and PWV.

Comparison of reference value calculation ruleResults differed between calculation rules

predominantly for low score results (score of @rtlior high score results (score of 10). It wa®e als

shown that the reference value calculation ruled &led to similar results for pPP, cPP, PWV and
cAl for each group of data. Although differencesia®en calculation rule 1 and 3 were higher for pPP
and cPP. Calculation rule 2 and calculation rughdwed similar results for each group of data as
well. In comparison calculation rule 2 and 4 lecapproximately 10% less subjects with a score of O
compared to calculation rule 1 and 3.

Impact of risk factorsSmoking, obesity and DM Il led to a notable shifthigher score results for
pPP, cPP and PWV compared to the reference grompeter, DM Il showed a much stronger shift
than other risk factors. For cAl only the smokepup showed a shift to higher score results
(predominantly for calculation rule 2 and 4).
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normal group (pPP) smoker group (pPP) obesity group (pPP) DM Il group (pPP)
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Figure 91: Comparison of reference value calculatio rules for pPP and cPP Plots are separated for pPP and cPP. Plots

are also separated for the reference group an@don risk group. Results of each reference valueuleion rule are
indicated by different colors.
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Figure 92: Comparison of reference value calculatio rules for PWV and cAl. Plots are separated for PWV and cAl.

Plots are also separated for the reference grodgaareach risk group. Results of each referenceevahliculation rule are
indicated by different colors.
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4.3.1.1 Risk groups compared with reference group

Figure 93 shows the calculated fractional diffeemnbetween each risk group and the reference group
calculated for calculation rule 1-4. For each gs&up and reference value calculation rule a sépara
subplot is shown.

Following settings were used for this investigatiGroup data: male + female subjectseference
values: unisex reference values, calculated by rule 1, dated by rule 2, calculated by rule 3,
calculated by rule 4¢confounder correction:no, uncorrected reference values for cAl and PWV.

First of all, this investigation shows predomingmbsitive fractional differences but there wersoal
negative fractional differences. Negative fractiotiéferences are due to lower score results fer th
investigated subgroup compared to the associateeree subgroup.
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Figure 93: Comparison of fractional differences forrisk groups calculated by each calculation rulePlots are separated
for each risk group and calculation rule. Each satbghows fractional differences separated for easfable and age group
(g1: 40-49 years, g2: 50-59 years, g3: 60-69 yegrs70-79 years).
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Comparison of reference value calculation ruldgactional differences were nearly unchanged
between calculation rules as shown in Figure 93.

Impact of risk factorsin Figure 93 it is shown that the impact of a rfaktor on score results is
dependent on age. For example, pPP shows an iraoéasictional differences with age for each risk
group. A similar result was found for cPP. Inteiregly, cPP showed a notable decrease of fractional
differences in the smoker and DM Il group for ageup 2. PWV showed an increase of fractional
differences with age for the smoker group. Thetioaal differences of PWV were nearly unchanged
for the obesity and DM Il group but fractional @ifences of PWV showed a notable decrease for age
group 2. The variable cAl showed an decrease cfifnaal differences with age for the smoker and
the DM Il group. For the obesity group fraction#fetences of cAl showed predominantly negative
results. However, the DM Il group showed the higliestional differences of all three risk groups.

4.3.2.Impact of gender and confounder-correction

Reference values calculated based on the refeggnop showed some uncertainties for some gender-
specific subgroups (see Table 3). However, refereatues calculated by reference value calculation
rule 2 showed the best results for subgroups wittwanumber of subjects. Due to this fact the inipac
of gender and the confounder correction on scoselie were investigated predominantly for
calculation rule 2. Hence, this section presergsilte based on calculation rule 2. Furthermores, thi
section compares results calculated based on ureéepence values and regression lines with results
calculated by gender-separated reference valuesegression lines.

4.3.2.1.Impact of gender

It is important to note that gender-specific restiiad significant uncertainties for some age-sjuecif
subgroups due to a low number of subjects.

4.3.2.1.1Results calculated by unisex reference values

Figure 94 shows the calculated fractional diffeemnbetween each risk group and the reference group
calculated based on unisex reference values. Reatdt separated for male and female subjects.
Following settings were used for this investigati@roup data: male subjects (top graphic); female
subjects (bottom graphic)reference values:unisex reference values, calculated by rule 2;
confounder correction:no, uncorrected reference values for cAl and PWV.

Gender differencedviain differences between male and female subjeets found predominantly for
the smoker and the obesity group: Male subjects/stica stronger increase of fractional differences
for pPP, cPP and PWV with age whereas female disbfgmowed a tendency for a steady state or a
slight increase and respective decrease with agéitidnally, male subjects showed higher fractional
differences for older subjects (age group 3 antbd}he variables pPP, cPP and PWV compared to
female subjects. However, female subjects showegdtive fractional differences for age group 4 in
the smoker and obesity group. Furthermore, it igartant to note that male subjects in age group 2
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showed negative fractional differences for som& geoups and variables although there was an
increase of fractional differences with increasigg.

smoker group (rule 2, male) obesity group (rule 2, male) DM Il group (rule 2, male)
60
S S S
@ kg kot
o o o
o c o
[} [l [l
(3] o (3]
£ E £
z = z L Ja
S s S C e
E 2 E Ll S I
T T T .
pPP cPP PWV cAl pPP cPP PWV cAl pPP cPP PWV cAl
smoker group (rule 2, female) DM Il group (rule 2, female)
60
S S S
EJ’ 40 e E/ EJ’
o o o
o c o
o 2 o
£ £ £
el = kel
s s s [ Jm
5 5 5 e
3 g 3 N o3
“— = _20 ............................ “— - 94
pPP cPP PWV cAl pPP cPP PWV cAl pPP cPP PWV cAl

Figure 94: Comparison of fractional differences seprated for male and female subjects (unisex referee values).
Plots are separated for each risk group and gesategory. Each subplot shows fractional differersmsarated for each
variable and age group (gl: 40-49 years, g2: 59€89s, g3: 60-69 years, g4: 70-79 years).

4.3.2.1.2 Results calculated by gender-separated referenkesa

Figure 95 shows the calculated fractional diffeemnbetween each risk group and the reference group
calculated based on gender-separated referencesvaResults are separated for male and female
subjectsFollowing settings were used for this investigatiGmoup data:male subjects (top graphic);
female subjects (bottom graphicgference valuesseparated reference values for male and female
subjects, calculated by rule 2pnfounder correction:no, uncorrected reference values for cAl and
PWV.
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Figure 95: Comparison of fractional differences seprated for male and female subjects (gender-separd reference
values).Plots are separated for each risk group and geradegory. Each subplot shows fractional differenseparated for
each variable and age group (g1: 40-49 years,@B9years, g3: 60-69 years, g4: 70-79 years).
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Comparison with results based on unisex refereratees: The use of gender-separated reference
values showed only a slight impact on calculatedtfonal differences compared to results calculated
by unisex reference values. However, a notable atnyas found for the variable cAl in the obesity
group for male subjects.

4.3.2.2.Impact of confounder correction
4.3.2.2.1Results calculated by unisex reference values agression lines

Figure 96 shows the calculated fractional diffeemnbetween each risk group and the reference group
calculated based on unisex reference values angss#gn lines. The top graphic shows results
without a confounder-correction and the bottom graghows results with a confounder-correction.
Confounder-corrected reference values were usetiadd to the confounder correction.

Following settings were used for this investigati@roup data: male + female subjectseference
values: unisex reference values, calculated by rulec@nfounder correction:top graphic: no,
uncorrected reference values for cAl and PWV; botgpaphic: for PWV and cAl, unisex regression
lines, confounder-corrected reference values fdraofdl PWV.

smoker group (uncorrected) obesity group (uncorrected) DM |l group (uncorrected)

AOf

. H Il __________
o [l

fractional difference(%)
fractional difference(%)
fractional difference(%)

[ Ja
=] e
N g3
_20 ........... _20 ................ _20 .................. -g4
PWV cAl PWV cAl PWV cAl
smoker group (corrected) obesity group (corrected)
60 60
S < 9
S OAOf G A0 T
2 2 2
o QL QL
g o 2
© T ©
s ° i = C_a
5 5 © 5 [ e
& 3 e N o3
E20 f 0 f 0 [ I

PWV cAl PWV cAl PWV cAl

Figure 96: Impact of confounder-correction on scoreresults (unisex reference values and regressiomédis). The top
graphic shows results without a confounder-coroectThe bottom graphic shows results with a confemtorrection. Plots
are separated for each risk group. Each subplavsifractional differences separated for each végiabhd age group (g1:
40-49 years, g2: 50-59 years, g3: 60-69 years/@4’9 years).

Uncorrected results versus confounder-correctedltesThe confounder-correction led to a decrease
of fractional differences for PWV. Same results evirund for each risk group. In contrast, fractiona
differences for cAl increased slightly due to tlmfounder-correction.
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4.3.2.2.2 Results calculated by gender-separated referenkgesand regression lines

Figure 97 shows the calculated fractional diffeemnbetween each risk group and the reference group
calculated based on gender-separated referencesvahd regression lines. The top graphic shows
results without a confounder-correction and thetdmtgraphic shows results with a confounder-
correction.

Following settings were used for this investigati@roup data: male + female subjectseference
values: separated reference values for male and femaleestshj calculated by rule Zonfounder
correction: top graphic:no, uncorrected reference values for cAl and PWattdm graphic: for PWV
and cAl, separated regression lines for male andale subjects, confounder-corrected reference
values for cAl and PWV.
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Figure 97: Impact of confounder-correction on scoreesults (gender-separated reference values and megsion lines.
The top graphic shows results without a confourmderection. The bottom graphic shows results witlkoafounder-
correction. Plots are separated for each risk griaph subplot shows fractional differences sepdrfdr each variable and
age group (gl: 40-49 years, g2: 50-59 years, g&%@ears, g4: 70-79 years).

Comparison with results based on unisex referenti@eg and regression lineShe main difference
was that fractional differences were higher for ¢@de group 1) in all three risk groups compared to
results calculated based on unisex reference vahesegression lines.

4.3.2.3.Comparison of results

The impact of different settings for reference ealand regression lines (unisex or gender-sperated)
and the impact of the confounder correction waspared. The resulted score data was plotted for:
uncorrected results calculated by unisex referstatges and regression lines, confounder-corrected
results calculated by unisex reference values agdession lines, uncorrected results calculated by
gender-separated reference values and regresses) éind confounder-corrected results calculated by
gender-separated reference values and regresses Data were plotted as cumulative distribution.
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Following settings were used for this investigati@roup data: male + female subjectseference
values: unisex reference values (blue and magenta lineparsted reference values for male and
female subjects (red and green lines), calculatgdube 2; confounder correction:no, uncorrected
reference values for cAl and PWV (blue and redslinfor PWV and cAl, unisex regression lines for
male and female subjects, confounder-correctederée values for cAl and PWV (magenta lines);
for PWV and cAl, separated regression lines forenahd female subjects, confounder-corrected
reference values for cAl and PWV (green lines).
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Figure 98: Comparison of results.Plots are separated for pPP, cPP, PWV and cAtsRle separated for the reference
group and for each risk group. Blue lines: uncoe@ceesults calculated by unisex reference valudsegression lines; red
lines: uncorrected results calculated by gendearsepd reference values and regression lines; rteadjers: confounder-
corrected results calculated by unisex referendeesaand regression lines; green lines: confoundeected results
calculated by gender-separated reference valuesegnession lines.
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pPP and cPPFor the smoker group and the DM Il group a shifiigher score results was found for
pPP and cPP due to the use of gender-separategnedevalues and regression lines.

PWV: There were only slight differences in score resdlie to unisex or gender-specific reference
values and regression lines. However, the confadcaoleection led to lower score results for each
risk group. For the reference group, there werey atight differences due to the confounder-
correction.

cAl: The use of gender-separated reference valndsregression lines led to higher score results
compared to unisex reference values and regredisies. This was predominately shown for the
smoker group and the DM II group. The confounderexiion led also to higher score results.
However, the differences between different settimighe confounder-correction, reference values and
regression lines was much lower for the obesitygreompared to the smoker and DM Il group.

4.4.Discussion

Results indicate that surrogate variables of attesiiffness and associated score results calcllate
based on surrogate variables are notably affegtetsk factor exposure. Furthermore, results indica
that the impact on surrogate variables differs betwage groups and therefore it can be hypothesized
that the performance of surrogate variables asifilzegtion variables varies with ageowever, it is
important to note that for the investigation of timpact of risk factors on score results, the donaof

the impact and the degree of the present risk fa@a. cigarettes per day) were not taken into
account.

4.4.1.Characteristics of extracted risk groups

Table 4: Mean and standard deviation of blood indictors and blood pressure calculated for each risk grup. This
table summarizes the mean and the standard deviatieach blood indicator (TC, LDL cholesterol, HBholesterol and
TG) and blood pressure (SBP and DBP) calculateddoh risk group.

A0 arou TC LDL HDL TG SBP DBP
ge group (mmol/l)  (mmoll) (mmoll) (mmoll) (mmHg) (mmHg)
mean 5.32 3.17 1.47 1.59 134 78

smoker group
SD 1.03 0.92 0.42 0.92 18 9
_ mean 5.56 3.41 1.39 1.81 135 80

obesity group
SD 1.07 0.95 0.42 0.95 17 9
mean 4.27 2.29 1.19 1.84 138 76

DM Il group
SD 0.99 0.80 0.35 0.99 19 8

Three risk groups were extracted from the ACCT .date smoker group included 248 subjects, the
obesity group included 262 subjects and the DMrdlug included 212 subjects. For the extraction of
risk groups the definition of adequate filter aiideis important. Each risk group was extractedhsa

it included subjects with the defined risk factodaexcluded subjects with the other two risk fastor
Additionally, subjects receiving any vasoactive mation were also excluded. It is important to note
that for the DM Il group this was not possible, esthise the number of subjects would decrease
notably. This is due to the fact that most subjeath DM Il has to use vasoactive medication. A

92



Impact of risk factors CHAPTER 4

further limitation was that the definition of fughfilter criteria for each risk group would lowtre
number of subjects markedly. This would lead to-sgecific subgroups without any subjects.
However, Table 4 summarizes the mean and standewthtibn of TC, LDL cholesterol, HDL
cholesterol, TG, SBP and DBP for the extracted gigkips to give information on further risk factors
This table shows that the mean value of each italiGnd risk group showed normal or borderline
normal values compared to the guidelines as shawirable 1 and Table 2. Interestingly, the DM I
group showed lower values for TC and LDL choledtemmpared to the smoker and obesity group.
This could be due to the fact that subjects witibdtes mellitus are treated for these risk fadigrs
medication. However, further risk groups could b&acted based on blood indicators (e.g. subjects
with high LDL cholesterol levels) form the ACCT dab investigate the impact on score results.

4.4.1.1 Uncertainties for gender-specific subgroups

Table 5: Number of subjects per subgroup of each risgroup. Results are categorized for age and gender. Sutgrou
with a number of subjects lower than 20 are marked

age group 40-49 yrs 50-59 yrs 60-69 yrs 70-79 yrs
smoker group
M+F n=33 n=52 n=69 n=81
pPP M n=17 n=19 n=45 n=72
F n=16 n=33 n=24 n=9
M+F n=27 n=46 n=66 n=78
cPP M n=16 n=15 n=43 n=70
F n=11 n=31 n=23 n=8
M+F n=34 n=52 n=67 n=78
PWV M n=17 n=19 n=43 n=70
F n=17 n=33 n=24 n=8
M+F n=29 n=49 n=68 n=81
cAl M n=16 n=17 n=44 n=72
F n=13 n=32 n=24 n=9
obesity group
M+F n=45 n=60 n=98 n=53
pPP M n=26 n=18 n=35 n=30
F n=19 n=42 n=63 n=23
M+F n=44 n=54 n=93 n=48
cPP M n=26 n=16 n=34 n=29
F n=18 n=38 n=59 n=19
M+F n=44 n=58 n=94 n=52
PWV M n=25 n=18 n=34 n=30
F n=19 n=40 n=60 n=22
M+F n=45 n=57 n=97 n=53
cAl M n=26 n=18 n=35 n=30
F n=19 n=39 n=62 n=23
diabetes mellitus Il
M+F n=12 n=34 n=86 n=70
pPP M n=8 n=23 n=71 n=57
F n=4 n=11 n=15 n=11
M+F n=11 n=34 n=84 n=66
cPP M n=8 n=23 n=68 n=53
F n=3 n=11 n=16 n=11
M+F n=12 n=31 n=84 n=65
PWV M n=8 n=22 n=68 n=52
F n=4 n=9 n=16 n=11
M+F n=11 n=34 n=87 n=70
cAl M n=8 n=23 n=70 n=57
F n=3 n=11 n=17 n=11
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It is important to note that the number of subje@des between surrogate variables due to the fact
that not every dataset was complete. Furthermbee,separation of each risk group into age and
gender-specific subgroups leads to a low numbsubjfects for some subgroups. Table 5 summarizes
the number of subjects for each subgroup. Subgraithsa low number of subjects are marked red.
This table shows that especially subgroups withngosubjects (age group 1 and age group 2)
consisted of a low number of subjects. Furtherméoe,female subjects in the DM Il group no
subgroup had a number of subjects greater thant26.obvious that results for gender-specific
subgroups with a low number of subjects have highmrertainties than subgroups with a higher
number of subjects.

4.4.2.Impact of reference value calculation rules

Fractional differences were calculated between eigklgroup and the reference group to estimate the
impact of risk factors on score results. Howevée investigation of different reference value
calculation rules showed that the shift of scorsults (fractional differences) in relation to the
reference group is almost independent of the usfedlance value calculation rule as shown in Figure
99 (right figure). Hence, the used calculation ralefines how many subjects have low and
respectively high score result in a specific grasgshown in Figure 99 (left figure) but the caltiola

rule has only a slight impact on the relative sbiftscore values in relation to score results of a
reference group (right figure).

obesity group (cPP)

obesity group

0.8
a | e M
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0 5 10 cPP (rule 1) cPP (rule 2)

score (0-10)
Figure 99: Impact of reference value calculation ries on the score distribution and fractional
differences. This example shows that the score distributiothefobesity group is strongly affected by
the reference value calculation rule (see leftriéyuThis example also shows that fractional défferes
between the obesity group and the reference grifigp dnly slightly (see right figure).

However, calculation rule 1 and 3 lead to lower bamof subjects with a score of 0 compared to
calculation rule 2 and 4. Thus, the definition ofadequate calculation rule is a key requirement fo
the calculation of reference values. Hence, a @nrthvestigation to define and validate a reference
value calculation rule should be performed in afaitinvestigation. Therefore, data of longitudinal

cohort studies could be used as validation data.

4.4.3.Gender-separated reference values and regressiondis

Differences between results calculated based osewnieference values and regression lines, and
results calculated based on gender-separated meéev@lues and regression lines were only slight as
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shown in Section 4.3.2. However, it is importantintate that the use of gender-separated reference
values had significant uncertainties due to a lavmber of subjects for some subgroups of the
reference group (see Section 3.4.2.3). Hence, mdults based on unisex reference values and
regression lines are further discussed in the vigllg sections. In addition, it is clear that gender
separated reference values and regression linesingsertant to account for gender-specific
differences. A future investigation should use f@nence group with a higher number of subjects to
solve this important limitation.

4.4.4.Risk factors and score results

Results indicate that subjects under risk exposhoev higher score results as subjects without risk
exposure. The results can be further used to eéxtrioomation on the sensitivity of the response of
surrogate variables on risk factor exposure andthair different performance as classification

variables between middle-aged (40-59 years) aratlgldubjects (60-79 years).

However, results are discussed for middle-agedestbhj(40-59 years) and elderly subjects (60-79
years) to reduce the impact of uncertainties dua tow number of subjects for some subgroups.
Therefore, the mean of fractional differences fge group 1 and 2 (middle-aged subjects), and age
group 3 and 4 (elderly subjects) is shown and dsed. Furthermore, calculation rule 2 is usedtfer t
discussion of the impact of risk factors on scesutts due to the fact that fractional differenaese
almost unchanged between reference value calculatles.
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Figure 100: Impact of risk factors on score resultsThis figure shows the comparison of fractionafaténces for risk
groups. Subplots are separated for each risk gieaph subplot shows fractional differences sepdréie each variable.
Bars indicate middle-aged (40-59 years) and eldsulyjects (60-79 years). Following settings wereduee this figure:
group data: male + female subjects; reference saluisex reference values, calculated by ruleo®faunder correction:
no, uncorrected reference values for cAl and PWV.

Impact of risk factors on score resuliBhe data in Figure 100 indicate that DM Il has strengest
impact on pPP, cPP and PWV and therefore on thee sesults of them. Hence, diabetes mellitus
leads to a strong increase of arterial stiffne$ges€ findings agree with findings from the literatu
For instance, Schram et al. (2004) concluded thaired glucose metabolism and DM Il are
associated with increased central artery stiffnegich is more pronounced in DM II, and
deteriorating glucose tolerance is associated mitteased central and peripheral arterial stiffness
addition, PWV was markedly elevated in DM Il subjdo contrast, cAl was nearly unchanged in the
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DM Il group. This result agrees with the findingsLacy et al. (2004) and this study concluded that
diabetes mellitus leads to an increase in PWV bist is not associated with an increased in cAl.
Interestingly, the smoker group showed higher foaet differences for cAl than other risk grougs. |
was shown that smoking leads to an increase ihpetgpheral resistance (Omvik, 1996). Therefore it
could be hypothesized that this leads to an iner@asvave reflections and further to an increase in
cAl. The obesity group showed similar results as EiM 1l group but on a lower level. However,
there is still a lack of knowledge regarding théhpahysiological mechanisms of obesity in relation
arterial stiffness.

Score results and ageAs shown in Figure 100 the impact of risk factors score results differ
between middle-aged and elderly subjects. Eachgrisp showed an increasing trend for pPP, cPP
and PWV for each risk group but cAl showed an desirgy trend with age. Additionally, negative
fractional differences were found predominately p&P especially in younger subjects, and for cAl
especially in older subjects meaning these groagsltwer score results compared to the reference
group. This could be due to the fact that cAl is‘iadirect measurement’ of arterial stiffness, €inc
cAl is also affected by wave propagation in additio elasticity changes in the arterial wall (Niksho
and O'Rourke, 1998, p201-p222). Some investigationad a plateau effect after the age of 55 or 60
years (McEniery et al. (2005) and Fantin et al.O{@). The same situation was found in the ACCT
data (see Figure 36). As a result cAl was showmeta good surrogate variable of arterial stiffrnass
middle-aged subjects (40-59 years) and a weak gateovariable in elderly subjects (60-79 years).
This indicates that cAl cannot be used as classifin variable for arterial stiffness over the a§é0,
possibly because of changes in the reflection nmshes. Furthermore, the resulting negative
fractional difference for pPP in the smoker grougicates that pPP has a reduced usefulness as
classification variable for middle-aged smokerswdeger, it is important to note that no information
was obtained on how long subjects have had thefaigkr at the time of measurement. Hence, for a
more detailed investigation this information is wnant.

Conclusion:ln conclusion, the comparison of risk group resinticates that DM Il has a very strong
impact on the structure of the arterial wall anddle to a notable decrease of arterial elasticity.
Smoking is a stronger determinant of changes intdnee reflection mechanisms and pPP should not
used as classification variable in young smokehg Viariable cAl is not useful as indicator for elge
subjects especially in subjects with obesity or MMFurthermore, cPP and PWV can be used as
indicator over the whole investigated age range.

4.4.5.Role of gender and confounder-correction

4.4.5.1 Impact of gender

The findings of this analysis showed that gendeassted results had significant uncertainties due t

the low number of subjects in some subgroups ofigtegroups (see Section 4.4.1.1). Furthermore,
gender-separated results differed only slightlyeein the calculation with unisex reference values
and the calculation with gender-separated refergatiees (see Figure 94 and Figure 95). However,
separated results for male and female subjectsesha@anarge impact on score results predominantly
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for female subjects. Figure 101 shows the fractidifferences for middle-aged and elderly subjects
separated for gender. This figure shows that mabgests had similar results as calculated by unisex
data but female subjects showed a fundamentareliftdehavior for smokers and obese subjects.
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Figure 101: Impact of risk factors on score resultseparated for gender.This figure shows the comparison of fractional
differences for risk groups. Subplots are separtiedach risk group and gender. Each subplot slimwesional differences
separated for each variable. Bars indicate middést4g0-59 years) and elderly subjects (60-79 ye&a)owing settings
were used for this figure: group data: male subjétip graphics), female subjects (bottom graphieference values:
unisex reference values, calculated by rule 2;mamder correction: no, uncorrected reference vahresAl and PWV.

Female smokers and female obese subjéatsontrast to male subjects, female subjects sticave
decrease of fractional differences for cPP and RVt age. Furthermore, cPP and PWV were nearly
unchanged in the obesity group. That is, resultsRi# and PWV differed mainly between male and
female subjects. However, for a further interpietabf these results additional investigations with
more subjects should be performed.

Male subjects in age group Zhere was a notable decrease of fractional diffa¥erior male subjects
(age group 2) in the smoker and obesity group as/ishin Figure 94. This could be a further result of
a low number of subjects as shown in Table 5.

4.4.5.2.Impact of the confounder-correction

It is important to note that the confounder-colimctwas limited due to the fact that regression
equations were calculated based on inter-individdaia (see Section 3.4.4.1). However, the
comparison of confounder corrected results (sear€i02) with uncorrected results (see Figure 100)
for PWV and cAl showed the following characteristithe confounder-correction of PWV for the
impact of MAP led to a notable decrease of fraciatifferences for each risk group. However, each
risk group showed higher PWV scores compared toréference group. Therefore, it could be
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hypothesized that a part of the increase of PWduis to a structural change of the arterial wall and
another part of the increase is due to an increabétte MAP level in risk subject. Furthermore, the
confounder-correction of cAl for the impact of HRdabody height showed an increase of fractional
differences predominantly for DM Il subjects. Thisuld be due to the fact that the DM II group
consisted of more male subjects (158 subjects) fiaale subjects (42 subjects). Male subjects are
statistically taller than female subjects. Thereftre impact of the confounder-correction on result
was stronger compared to other risk groups.
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Figure 102: Impact of confounder-correction on scae results. This figure shows the comparison of fractionafedénces

for risk groups. The confounder-correction was usedPWV and cAl. Subplots are separated for eask group. Each

subplot shows fractional differences separate@éeoh variable. Bars indicate middle-aged (40-59syemnd elderly subjects
(60-79 years). Following settings were used fos tiigure: group data: male + female subjects; esfeg values: unisex
reference values, calculated by rule 2; confourm®rection: for PWV and cAl, unisex regression sineonfounder-

corrected reference values for cAl and PWV.

4.5.Conclusions

The present investigation shows that score resaltslated by the FLSS based on surrogate variables
of arterial stiffness can be used to assess theampf risk factor exposure on score results.
Furthermore, it was shown that the performance wfogate variables of arterial stiffness as
classification variables varies with age.

Main findings

The present investigation shows that DM Il has g w&trong effect on the structure of the arterial
vessel wall and leads to a notable decrease afartdasticity. Smoking is a stronger determinaft
changes in wave reflection mechanisms and pPP dimoulbe used as classification variable in young
smokers. The variable cAl is not useful as indicditw elderly subjects especially in subjects with
obesity or DM II. Furthermore, cPP and PWV can &eduas indicator over the whole investigated age
range.
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Main limitations and future work

Some gender-specific results showed uncertaintiestd the fact that some subgroups of each risk
group had a low number of subjects. Hence, a fuithastigation with more subjects per subgroup
should be performed. However, for the investigatbthe impact of risk factors on score results, th
duration of the impact and the degree of the ptesgnfactor (e.g. cigarettes per day) were nkéema
into account. In addition, it will be important tavestigate the impact of further risk factors sash
high TC, high LDL cholesterol or salt intake. Futimore it will be important to investigate the
impact of vasoactive medication.
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5. Discussion

5.1.Novel aspects of calculated scores based on artéisiffness

Established risk scores such as CVD or CHD riskesc@e.g. risk scores based on the Framingham
study) are based on the measurement of traditisiafactors such as blood indicators (e.g. TC, LDL
cholesterol or HDL cholesterol), blood pressurg.(8BP) or lifestyle factors (e.g. smoking). Hence,
these types of scoring systems are focused onddessment of cardiovascular risk and they give
statistical information of the probability of a $att having a cardiovascular event in a specifieti
period (e.g. 10-years risk for having a heart &jtac

In contrast, the present scoring concept and sgdeichnique based on surrogate variables of drteria
stiffness give no information of the cardiovascuiak of a subject. Therefore, it was hypothesized
(see Section 1.7.3.1) that surrogate variablestefial stiffness can be used to give informatiortize
structural change of arterial vessels expressegatisophysiological change of arterial stiffness.
However, it was shown (see Chapter 3 and 4) thabgate variables of arterial stiffness increast wi
age and this change is accelerated for subjectssero risk factors such as smoking, obesity or DM
Il. Hence, the present score can be seen as a reeafthe structural change of arterial vessels
expressed as an increase of arterial stiffnessatiek factors or genetic predisposition in redatto
age-specific normal values of surrogate varialffesthermore, based on the concept of normal and
early vascular aging (see Section 1.5.2) a patrsiplogical increase of arterial stiffness and the
resulting increase of scores can be further ing¢epras early vascular aging.
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Figure 103: Blood indicator versus surrogate variale of arterial stiffness with age.This figure shows the difference
between the information of a blood indicator (fedure) and the information of arterial stiffnesgit figure).

There is an important difference between the in&dive content of traditional risk factors such as
blood indicators (TC, LDL cholesterol or HDL chdel) and the informative content of surrogate
variables of arterial stiffness. An increase ofdolandicators gives information related to an iase
of cardiovascular risk, but blood indicators caarue over a short period of time (see Figure M8, |
graphic). That suggests that for the lifetime @ubject a blood indicator can be high for some gear
and later can be low due to a change of lifestylecontrast, the present investigation (see Chapter
and 4) shows that surrogate variables give infaonatn the structural change of the arterial vessel
(accelerated increase in arterial stiffness) duthéoimpact of risk factors such as high TC or LDL
cholesterol. In follows, that the increase of aafestiffness is a cumulative process which is
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accelerated for risk subjects (see Figure 103t mghaphic). In conclusion, arterial stiffness cam b
used to assess the current status of the artergdels whereas blood indicators give information
related to an increase in cardiovascular risk.

The following figure summarizes the discussed imglahips: It is shown that a long-term impact of
traditional risk factors such as smoking, DM ligiiblood pressure or information on blood indicator
leads to an accelerated increase in arterial effnwith age. However, evidence shows that an
increase in arterial stiffness is also a potenti@rker for an increase of cardiovascular risk
(Vlachopoulos et al., 2010). Therefore it is cléeat an increase of the score calculated by theSFLS
which reflects the increase of arterial stiffnessist have an additional relationship to an incréase
cardiovascular risk. Hence, it is of significantpiontance to investigate this relationship in a feitu
study based on longitudinal cohort data.
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Figure 104: Traditional risk factors versus surrogat variables of arterial

stiffness. This figure shows the difference between the imfation of traditional
risk factors such as smoking or blood indicatord #me information of arterial
stiffness.

5.1.1.Conclusions of novel aspects

In conclusion, the present scoring system reflsictectural changes of the arterial system measased

a pathophysiological increase of arterial stiffnekge to the impact of risk factors or genetic
predisposition and it gives no information relatedhe risk for having a future cardiovascular d¢ven
Hence, risk scores give longitudinal informatiom fature events and the present score based on
surrogate variables of arterial stiffness givessstgectional information on the normality or
abnormality of variable at the time of measurement.

5.2. Additional value of the presented scoring technique

A main advantage of the scoring concept is thahakes physiological aging of the cardiovascular
system into account and it differs between a phggioal value and a pathophysiological value of an
indicator or marker in relationship to the age cfubject. A further advantage of the model is that
can be extended easily for additional input vagakf the necessary external data (reference values
and regression equations) are available. Additipniiltakes the gender of a subject and the impéct

101



Discussion CHAPTER 5

confounders of the measurement into account. Fumibre, calculated scores give abstracted

information (score from 0 to 10) on the cardiovdacinealth status and therefore it can be easily

interpreted by subjects. In conclusion, the pressuring technique and FLSS based on easily
measurable surrogate variables of arterial stiffresn be used for screening procedures, preventive
examinations or can be implemented into devices.

5.3. Different informative value of surrogate variables

Each surrogate variable of arterial stiffness alifferently for an increase of arterial stiffness
because each surrogate variable is influencedfigreiit mechanisms. Therefore, surrogate variables
of arterial stiffness cannot be used as interchalblgesurrogate variables for arterial stiffnessegh
relationships were investigated in Chapter 4. Thigestigation shows that smoking has a
fundamentally different effect on surrogate varahthan DM 1l and obesity. Hence, it is important t
note that score results have to be interpretectreifitly depending on the present risk factor. For
instance, cAl plays an important role for middleedgmokers whereas cAl is not important for the
classification of diabetes mellitus or obese subjein addition, pPP should not be used as
classification variable for middle-aged smokersitiermore, cPP and PWV can be used as indicator
for each investigated risk factor over the wholeestigated age range. In conclusion, this
investigation showed that the usefulness of eactogate variable as classification variable varies
with age and between risk factors. Hence, it wallitmportant for future guidelines to give infornueti

on which surrogate variables are more importarassification variables for different classes géa
and present risk factors to improve screening hoess.

5.4.The usefulness of fuzzy logic for the development the scoring system

The use of fuzzy logic has an important benefittfar implementation of the scoring concept due to
the fact that fuzzy logic can be used to describheath transitions from normal to abnormal values
and further from physiological to pathophysiologdidavels. Furthermore, fuzzy logic is readily
understandable by users and can be easily extéodtte implementation of further components such
as confounder-correction.

5.5.Main limitations

The present scoring technique and setup procedursufrogate variables of arterial stiffness has a
variety of limitations. Some limitations are due aolack of data and some limitations are due to
methodical limitations. It is important to note thhe definition of reference values with reference
value calculation rules were in a specific randaitaary (see Section 3.4.3.1) and linear regression
equations based on inter-individual data can oelyséen as an rough approximation of relationships
between input variables and confounders. Therefotea-individual data would be necessary. In
addition, the definition of a linear increasing ie@s arbitrary as well and has to be investigatea
further study. However, gender-specific results k&ng uncertainties due to a lack of gender-
specific data. Therefore, additional data are néedewell. An additional limitation was that only
subjects aged from 40 to 79 years were used fosehg procedure and for the investigation of risk
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factors. Hence, the investigation of younger subjeould be used to extend the scoring system for
younger subjects and for a further validation @& fnesent results. However, for the investigatibn o
the impact of risk factors on score results, theation of the impact and the intensity of the pntse
risk factor were not taken into account.

5.6. Practical examples

Examples are presented in the following tableshowsthe practical use of the FLSS based on
surrogate variables of arterial stiffness. Tab#héws three examples of subjects with either naner
risk factor (smoking or DM lI).

Table 6: Practical examples for subjects with eitheno or one risk factor. Three different examples are shown. Example
1 shows a subject without an overt risk factor.rBgke 2 and 3 shows examples with one overt ristofac

Example 1 Example 2 Example 3
female, age=53 years female, age=49 years maleb@gears
no overt risk factor smoker diabetes mellitus Il
MAP=78mmHg MAP=98mmHg MAP=104mmHg
HR=53bpm HR=56bpm HR=77bpm
height=1.7m height=1.67m height=1.69m
pPP=36mmHg pPPscore=0 pPP=43mmHg pPPscorex0 pPR¥#TEmM pPPscore=10
cPP=30mmHg cPPscore=0 cPP=39mmHg cPPscore=5.8 4PRg cPPscore=10
PWV=5.39m/s PWVscore=0 PWV=8.51m/s PWVscore=10 PWO/21m/s PWVscore=10
CAl=29.3% cAlscore=0 CAl=45.8% cAlscore=9.5 cAl=0% cAlscore=0
pPP cPP PWV CcAl pPP cPP PWV CcAl pPP cPP PWV CcAl

lleleleuelel 1o I I )
ONONONO]  O|O|O[O]  |O|O]|O}|O
9000 00 Vv e

Results are indicated as traffic lights where aescbd O leads to a ‘green’ traffic light, a scoreater 0
and lower 10 leads to a ‘yellow’ traffic light adscore of 10 leads to a ‘red’ traffic light. Cdkted
scores for PWV were corrected for MAP and calculageores for cAl were corrected for HR and
body height. Example 1 shows a middle-aged femalbgest with no overt risk factor. This woman
had low values for pPP, cPP, PWV and cAl. Hencehezore was 0 and each traffic light (‘green’)
indicates that each measured variable was normample 2 shows a female smoker. For this subject
cPP and cAl were elevated (traffic light ‘yellonaphd PWV was high (traffic light ‘red’). However,
pPP was ‘normal’. In Chapter 4 it was shown thatnfaddle-aged smokers cPP, PWV and cAl are
predominately affected by this risk factor. In gast, example 3 (male subject with DM Il) showd tha
diabetes mellitus affects predominantly pPP, cRPRANYV.

Table 7 presents four examples based on the measoref PWV to show that the FLSS accounts for
the effect of age. This table shows that for eagbjext in each example the score result was
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approximately 5 although example 3 and 4 had a rhigier PWV value compared to example 1 and
2. This is due to the fact that the FLSS accountsafie and therefore with increasing age a higher
PWV value is more acceptable.

Table 7: Practical examples to show the impact of &gpon score resultsThis table shows four examples with subjects of
different age. Each example had a PWV score re$albproximately five.

Example 1 Example 2 Example 3 Example 4
female, age=45 years male, age=56 years femalepigears male, age=74 years
MAP=88mmHg MAP=89mmHg MAP=89mmHg MAP=88mmHg
PWV=7.10m/s PWV=8,29m/s PWV=9.03m/s PWV=10.42m/s
PWVscore=5.2 PWVscore=4.9 PWVscore=5.1 PWVscore=5.4

In addition, this example shows that a thresholdevaf 12 m/s as suggested by Mancia et al. (2007)
(see Figure 79) cannot be sufficient for each agegory due to the fact that it is physiological fo
older subjects to have an higher PWV value compargeunger subjects. Hence, a threshold value
would classify a lot of young subjects as healtliyjacts and a lot of old subjects as diseased &isbje
Therefore, the present scoring system accountshiggiological aging.

5.7.0pen questions and future research

This work shows that the scoring concept and sgotathnique based on surrogate variables of
arterial stiffness can be used for the assessnii¢ié structural change of arterial vessels expess
pathophysiological increase of arterial stiffnesgdlation to normal values. However, for the uke o
the scoring technique in clinical practice andHartfor devices, a variety of investigations basad
additional amount of data and further validatiogpstare required. Hence, the present work can be
interpreted as a first step to establish the nseeting technique.

The following section gives information on the maaportant future work to validate and establish
the scoring technique:

Additional input variablesCurrently, the scoring system has been setupRé&, gPP, PWV and cAl.
Additional markers or indicators of the arteriabhie status such as distensibility coefficientsinma
media thickness or endothelial function could bédeaidto the model. However, adequate data for the
calculation of reference values, regression egunatand weighting factors are needed for a further
extension of the scoring system.

Additional age groupsThe present scoring system was setup for two agepgrfor middle-aged
subjects (g1: 40-49 years, g2: 50-59 years) andageogroups for elderly subjects (g3: 60-69 years,
g4: 70-79 years). The definition of further ageup® for younger and older subjects would have an
additional value for the practical use of the stgsystem.
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Gender-specific resultsto generate more evidence of gender-specific sitilvill be necessary to
use additional datasets which have more subjectsybgroup.

Duration of the impact and the intensity of a prasésk factor:It will be important to investigate the
different impact of a risk factor which was prestateither a long or short time period for a sehje

In addition, the impact due to the degree of a féH#or such as the number of cigarettes per day fo
smokers should be investigated.

Investigation of score results for single subjeditsvas shown that the scoring system can be used f
the classification of group results. However, itlwie important to investigate the correctnesshef t
score calculation for single subjects.

Impact of further confounder#n addition, it is important to standardize the me@ament procedures.

For instance, all measurements should be perfoimsdpine position. Furthermore, medication can
influence the measurement of the presented vaggpkP, cPP, PWV and cAl). Therefore, the impact
of vasoactive medication should be investigatedraadsurement procedures should be standardized.

Relationship of the present score with cardiovaaculisk: As described in Section 5.1, the
investigation of the relationship of an increasehaf present score with an increase of cardiovascul
risk is important. Therefore, data of a prospectiobort study would be necessary.

5.7.1.Reproducibility and measurement errors of measuremats

The investigation of measurement errors and remibdity of results of the different measurement
procedures and devices to assess surrogate varabéaterial stiffness is still an important resta
question. However, the impact of measurement efrassan important effect on the calculated score
results. The measurement errors vary between nmezasut techniques, devices and algorithms. For
instance, for the assessment of PWV a variety diriggues and algorithms are used. For example,
Millasseau et al. (2005) showed that different athms can lead to differences in calculated PWV
values of 5 to 15 %. If a linear increasing scgrassumed this would lead to a change in PWV score
results of approximately 2 to 5 score points. T¢hews the importance of device standardization,
algorithms and measurement procedures for the latilmu of adequate score results. In addition, the
measurement of the travel distanzex)( (see (35)) for PWV or the use of different cédtion
algorithms (transfer functions (see Section 3.11))3or the calculation of the central aortic a®
waveform has additional uncertainties and shoulthbestigated. However, these examples show the
importance for these future investigations to dithlthe present scoring system based on evidence.

5.7.2.0verall scores and additional risk factors

The use of single output scores for each surrogaiable of arterial stiffness (pPP score, cPPescor
PWV score and cAl score) will not be sufficient tbe practical use of the scoring system. Therefore
it will be important to connect single output si®y using weighting factors to an overall outpgit a
shown in Figure 105. Details about the calculatibroverall scores by the FLSS can be found in
Chapter 2. Hence, the procedure of the calculaifadequate weighting factors for the calculatibn o
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an overall score based on single output scoresrobgate variables will be an important future task
for the establishment of the FLSS.

pPP score
pulse pressure
cPP score
| central pulse pressure I—)
PWV score

| pulse wave velocity l—) cAl score

| central augmentation index l—) > overall score

weighting factors

Figure 105: Calculation of an overall score basednoweighted single
output scores.The overall score is calculated based on the veibkingle
output scores for each used input variable.

FLSS

Results of investigated risk factors (smoking, dgeand DM II) (see Chapter 4) indicate that a
different set of weighting factors should be defirfer each investigated risk factor. The following
figure shows estimated weighting factors basedernésults of Chapter 4.
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Figure 106: Weighting factors for overall scoreThis figure shows the comparison of weighting dastfor risk groups.
Subplots are separated for each risk group. Edmplaishows weighting factors separated for eactabke. Bars indicate
middle-aged (40-59 years) and elderly subjects7i®@ears). Following settings were used for thgsife: group data: male
+ female subjects; reference values: unisex referealues, calculated by rule 2; confounder camacnho, uncorrected
reference values for cAl and PWV.

This example shows that the set of weighting facteould be similar for obese subjects and for
subjects with DM Il. This example shows also thak does not play any role as classification vaabl
for obese subjects and subjects with DM II. In castt for smokers cAl would be more important for
middle-aged subjects and pPP would be more impoftanelderly subjects. Hence, this example
shows that weighting factors vary between risk geoand therefore adequate weighting factors have
to be investigated in a future study. In additibnyould be also important to estimate the effett o
subjects with more than one risk factor and it wido important to estimate the impact of other risk
factors such as salt intake, high TC or high LDblekterol. Furthermore, it could have an additional
benefit to use information of prospective cohandgts for the estimation of weighting factors.
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6. Conclusions

This work presents a scoring concept and a scdengnique based on fuzzy logic to assess the
cardiovascular health status of a subject. An inggamovel aspect of the developed scoring system i
that it takes the physiological aging of the cavdexular system into account and it differs betweeen
physiological value and a pathophysiological vadfian indicator or marker in relation to the ageof
subject. In addition, the scoring system accouatsgénder and the impact of confounders of the
measurement. Additionally, the present scoringesystan be extended easily and used for different
indicators or markers. A further advantage of tleeriag technique is that it gives abstracted
information (score from 0 to 10) on the cardiovdachealth status of a subject and therefore ithmn
easily interpreted by patients. However, it wasngithat fuzzy logic had an important benefit foe th
implementation of the presented scoring concept tduthe fact that fuzzy logic can be used to
describe smooth transitions from normal to abnorwalles and further from physiological to
pathophysiological levels.

The setup procedure for surrogate variables ofialtgiffness (pPP, cPP, PWV and cAl) showed that
there is still a lack of age-separated referendeegafor the normality and abnormality of surrogate
variables. Therefore, the present reference valapde used as an additional reference for theefutu
definition of normal and reference values.

Score results of each surrogate variable of altetiffness were investigated for the impact of
different risk factors (smoking, obesity and DM Wn important finding of this investigation wasath
surrogate variables of arterial stiffness are d#fély influenced by each risk factor. Hence, wéig
factors for the calculation of an overall scoreé&w be chosen differently depending on the present
risk factor. In conclusion, it was found that smmakhas a fundamentally different impact on surregat
variables than obesity or DM Il. Therefore, cAldsgood indicator for middle-aged (40-59 years)
smokers but cAl has no informative value for ob&sigjects or subjects with DM II. In addition, pPP
should not be used as indicator for young smokiémthermore, cPP and PWV can be used as
indicator for each investigated risk factor oves thhole investigated age range (40-79 years). Hence
it will be important for future guidelines to giweformation about which surrogate variables areamor
important as classification variables for differefasses of age and present risk factors to improve
screening procedures.

An important novel aspect of the present scoringtesy based on surrogate variables of arterial
stiffness is that it gives no information relatedcardiovascular risk of a subject. The presentesco
reflects structural changes of the arterial systemasured as a pathophysiological increase of alrteri
stiffness due to the impact of risk factors or giengredisposition and it gives no information e t
risk for having a future cardiovascular event. Henehereas risk scores give longitudinal informatio
for future events, the present score gives crostsesal information on the normality or abnormality
of the variable at the time of measurement. In kaicn, this approach provides an additional
methodology to the assessment of cardiovascularfaisthe estimation of the cardiovascular health
status of a subject. However, it is clear thatHertvalidation steps will be important for the
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establishment of the technique. In addition, thpléamentation of further indicators or markers @& th
cardiovascular health status such as the measurefmie intima media thickness and the assessment
of distensibility coefficients based on ultrasoueghniques or the measurement of flow mediated
dilatation and ankle-brachial-index could have mpartant additional benefit for the present scoring
system.

In conclusion, the present scoring concept andirsgaeechnique have been shown to be a promising
novel approach and the scoring system based oty @asasurable surrogate variables of arterial
stiffness could be used in future after additiomalidation for screening procedures, preventive
examinations or for the implementation into devices
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APPENDIX

11. Appendix

11.1.Summary statistics

11.1.1.ACCT raw data
Table 8: Summary statistics of ACCT raw data.

age group 40-49 yrs 50-59 yrs 60-69 yrs 70-79 yrs
pPP (mmHg)
M+F n=368 n=728 n=1791 n=1481
subjects M n=176 n=300 n=919 n=1025
F n=191 n=425 n=869 n=452
M+F 46.2 51.2 57.1 65.3
mean M 48.5 52.6 58.1 64.6
F 44.2 50.3 56.2 66.9
M+F 10.8 121 135 16.4
SD M 9.5 11.3 13.1 15.9
F 115 12.6 13.8 17.3
M+F 46.0 50.0 56.0 63.0
median M 48.0 51.5 56.0 63.0
F 44.0 48.0 55.0 65.0
M+F 11.0 15.5 17.0 20.0
IQOR M 10.0 15.0 17.0 20.0
F 12.0 15.0 17.0 21.5
cPP (mmHg)
M+F n=340 n=651 n=1644 n=1371
subjects M n=170 n=269 n=862 n=968
F n=169 n=379 n=781 n=400
M+F 35.1 41.0 46.7 54.0
mean M 34.7 40.5 46.3 52.8
F 35.5 41.4 47.0 56.6
M+F 8.8 10.8 124 15.9
SD M 8.7 9.9 12.2 15.6
F 9.0 11.3 12.6 16.2
M+F 34.0 40.0 45.0 52.0
median M 33.0 40.0 44.0 51.0
F 35.0 40.0 45.0 55.0
M+F 11.0 15.0 16.0 19.0
IQR M 10.0 13.3 15.0 19.0
F 11.0 15.0 15.0 19.5
PWV (m/s)
M+F n=366 n=707 n=1712 n=1413
subjects M n=174 n=294 n=881 n=982
F n=191 n=410 n=829 n=427
M+F 7.23 8.17 9.37 10.93
mean M 7.48 8.45 9.68 11.14
F 7.01 7.98 9.05 10.45
M+F 129 1.75 227 2.78
SD M 1.44 1.92 2.31 2.75
F 1.08 1.57 2.18 2.80
M+F 7.03 7.88 8.95 10.43
median M 7.29 8.05 9.25 10.70
F 6.84 7.72 8.64 9.98
M+F 1.50 2.00 2.58 3.39
IQR M 1.60 2.11 2.73 3.44
F 1.37 2.00 241 3.14
cAl (%)
M+F n=359 n=711 n=1788 n=1474
subjects M n=175 n=294 n=920 n=1021
F n=183 n=414 n=865 n=449
M+F 235 28.8 30.1 30.8
mean M 175 23.9 26.8 29.0
F 29.1 32.3 33.6 34.9
M+F 121 10.7 9.5 9.1
SD M 10.7 10.0 9.1 8.8
F 10.4 9.8 8.7 8.6
M+F 241 29.1 30.2 311
median M 17.1 23.6 26.8 29.5
F 30.0 32.1 33.9 35.2
M+F 16.6 14.2 12.3 11.8
IQR M 14.0 13.9 11.8 11.6
F 13.4 13.2 10.6 11.3
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APPENDIX

11.1.2.Reference group

Table 9: Summary statistics of pPP (mmHg) (referencgroup).

age group 40-49 yrs 50-59 yrs 60-69 yrs 70-79 yrs
M+F n=50 n=62 n=106 n=59
subjects M n=16 n=28 n=43 n=39
F n=34 n=34 n=63 n=20
M+F 45.3 45.0 48.1 51.9
mean* M 49.4 47.1 47.6 50.9
F 43.6 43.4 48.4 54.0
M+F 7.3 8.5 9.1 9.6
SD* M 51 8.0 7.4 8.9
F 7.4 8.6 10.2 10.8
M+F 45.0 46.0 48.0 52.0
median M 50.0 46.5 48.0 51.0
F 43.0 43.0 49.0 56.0
M+F 9.0 13.0 13.0 13.8
IQR M 6.5 12.0 11.5 8.8
F 10.0 15.0 13.8 15.5
55% 47.0 46.0 49.0 53.0
75% M+F 50.0 53.0 55.0 59.8
95% 59.0 59.8 65.0 72.0
55% 50.0 48.8 51.0 52.0
percentile  75% M 52.5 54.0 53.8 54.8
95% 59.1 61.5 57.4 69.4
55% 44.0 442 49.0 58.0
75% F 49.0 52.0 56.0 62.0
95% 58.4 56.8 65.7 72.0
*the natural logarithm was taken of each datasetfmrand SD are back-transformed)
Table 10: Summary statistics of cPP (mmHg) (refereregroup).
age group 40-49 yrs 50-59 yrs 60-69 yrs 70-79 yrs
M+F n=46 n=46 n=100 n=54
subjects M n=13 n=20 n=40 n=38
F n=33 n=26 n=60 n=16
M+F 33.6 36.4 39.0 425
mean* M 32.7 36.8 37.5 40.9
F 34.0 36.0 40.1 46.6
M+F 51 8.2 8.4 8.3
SD* M 3.1 7.9 6.5 7.5
F 5.7 8.7 9.5 9.2
M+F 34.0 37.0 39.0 425
median M 32.0 37.0 39.0 40.0
F 35.0 36.5 41.0 50.0
M+F 7.0 10.0 11.0 12.0
IQR M 3.8 9.0 8.5 10.0
F 7.3 12.0 14.0 14.5
55% 34.0 37.8 40.0 43.2
75% M+F 37.0 41.0 45.0 49.0
95% 42.8 51.2 54.0 59.0
55% 32.7 375 39.0 41.4
percentile  75% M 34.5 41.0 42.5 47.0
95% 39.6 51.0 46.0 55.0
55% 35.0 37.8 41.0 51.3
75% F 37.0 43.0 48.0 53.5
95% 45.4 52.0 57.5 60.7

*the natural logarithm was taken of each datasetfmrand SD are back-transformed)
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Table 11: Summary statistics of PWV (m/s) (referencgroup).

age group 40-49 yrs 50-59 yrs 60-69 yrs 70-79 yrs
M+F n=50 n=61 n=105 n=57
subjects M n=16 n=27 n=43 n=39
F n=34 n=34 n=62 n=18
M+F 6.65 7.56 7.98 9.18
mean* M 6.82 7.81 8.19 9.14
F 6.57 7.37 7.84 9.25
M+F 0.83 1.21 1.63 1.78
SD* M 0.88 1.03 1.49 1.55
F 0.81 1.31 1.70 2.27
M+F 6.78 7.46 7.89 9.00
median M 6.78 7.65 8.24 9.00
F 6.73 7.26 7.80 8.99
M+F 1.04 1.39 1.86 1.91
IQR M 0.56 1.25 2.12 1.32
F 1.23 1.30 1.78 3.88
55% 6.81 7.63 8.17 9.22
75% M+F 7.18 8.25 9.00 9.91
95% 7.88 9.81 11.12 13.33
55% 6.80 7.80 8.54 9.30
percentile  75% M 6.92 8.53 9.41 9.79
95% 9.36 9.87 10.86 12.85
55% 6.84 7.34 8.00 9.08
75% F 7.20 8.05 8.63 11.60
95% 7.81 9.76 12.13 13.78
*the natural logarithm was taken of each datasetfmrand SD are back-transformed)
Table 12: Summary statistics of cAl (%) (reference gup).
age group 40-49 yrs 50-59 yrs 60-69 yrs 70-79 yrs
M+F n=50 n=57 n=106 n=59
subjects M n=16 n=26 n=43 n=39
F n=34 n=31 n=63 n=20
M+F 21.4 26.9 30.7 29.9
mean M 9.7 20.8 26.5 27.6
F 26.8 32.0 33.5 34.3
M+F 11.8 10.3 9.1 8.9
SD M 7.8 8.6 7.8 7.6
F 9.1 8.6 8.8 9.6
M+F 22.2 26.2 30.8 29.3
median M 9.9 21.1 24.6 28.0
F 27.4 29.9 33.6 34.0
M+F 15.8 135 12.8 12.1
IQR M 8.0 12.5 10.8 10.3
F 10.9 12.9 12.3 11.5
55% 23.8 27.7 31.5 30.0
75% M+F 28.5 34.4 36.0 36.0
95% 38.0 42.3 47.3 45.8
55% 10.1 22.6 27.6 28.7
percentile  75% M 13.3 26.0 31.4 31.9
95% 25.1 35.4 41.4 41.5
55% 27.8 32.2 34.4 35.8
75% F 315 38.4 40.0 40.5
95% 40.4 49.7 48.1 50.1
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11.1.2.1.PWV and cAl data confounder-corrected

Table 13: Summary statistics of PWV (m/s) (referencgroup; PWV data corrected for MAP = 95mmHg).

age group 40-49 yrs 50-59 yrs 60-69 yrs 70-79 yrs
M+F n=46 n=50 n=101 n=54
subjects M n=13 n=21 n=40 n=38
F n=33 n=29 n=61 n=16
M+F 6.97 7.90 8.37 9.77
mean* M 7.16 8.06 8.53 9.57
F 6.90 7.78 8.26 10.25
M+F 0.81 1.03 1.59 1.71
SD* M 0.97 0.83 1.39 1.53
F 0.75 1.15 1.71 2.10
M+F 7.09 7.89 8.39 9.54
median M 7.32 8.10 8.73 9.44
F 7.07 7.72 8.24 9.64
M+F 1.02 1.41 1.87 1.90
IQR M 1.05 0.98 1.81 1.70
F 1.20 1.59 1.89 3.28
55% 7.11 8.08 8.63 9.69
75% M+F 7.50 8.52 9.23 10.52
95% 8.05 9.99 11.80 14.04
55% 7.40 8.17 8.85 9.66
percentile  75% M 7.62 8.46 9.45 10.13
95% 9.50 9.71 11.04 13.30
55% 7.09 7.73 8.43 9.77
75% F 7.50 8.57 9.17 12.10
95% 8.03 10.06 12.21 14.73

*the natural logarithm was taken of each datasetfmrand SD are back-transformed)

Table 14: Summary statistics of cAl (%) (reference gup; cAl data corrected for height = 1.70 m and HR= 65 bpm).

age group 40-49 yrs 50-59 yrs 60-69 yrs 70-79 yrs
M+F n=49 n=49 n=105 n=59
subjects M n=16 n=23 n=43 n=39
F n=33 n=26 n=62 n=20
M+F 22.6 24.9 29.8 29.1
mean M 14.8 20.9 26.8 27.9
F 26.3 28.4 31.8 31.4
M+F 9.3 9.1 7.4 7.0
SD M 7.0 8.3 6.7 6.0
F 7.8 8.3 7.1 8.0
M+F 22.3 24.7 30.0 28.9
median M 15.6 22.0 26.5 28.0
F 26.6 28.0 32.3 315
M+F 12.0 10.8 9.2 8.7
IQR M 111 9.0 7.6 7.9
F 9.3 11.1 9.8 9.8
55% 24.2 25.4 31.2 29.2
75% M+F 28.7 31.0 34.1 34.0
95% 36.7 41.5 41.0 42.4
55% 16.5 22.8 27.1 28.7
percentile  75% M 19.7 26.3 31.6 31.9
95% 26.2 33.6 37.7 37.9
55% 28.3 28.2 33.0 32.2
75% F 30.4 33.2 37.5 35.8
95% 37.4 45.7 44.5 44.6
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11.1.3.Reference group with included hypertensive subjects

Table 15: Summary statistics of reference group witlincluded hypertensive subjects.

age group 40-49 yrs 50-59 yrs 60-69 yrs 70-79 yrs
pPP (mmHg)
M+F n=56 n=77 n=142 n=108
subjects M n=18 n=35 n=70 n=74
F n=38 n=42 n=72 n=34
M+F 46.1 48.1 52.3 59.5
mean* M 50.7 48.7 54.3 58.6
F 44.0 47.6 50.5 61.4
M+F 8.2 11.8 13.4 15.4
SD* M 6.3 9.2 14.5 15.4
F 7.9 13.7 12.2 15.3
M+F 46.0 47.0 51.5 60.0
median M 50.0 49.0 54.0 58.5
F 43.5 46.0 49.5 61.5
M+F 10.0 14.3 15.0 20.0
IQR M 8.0 11.8 14.0 19.0
F 10.0 15.0 17.0 20.0
cPP (mmHg)
M+F n=52 n=57 n=133 n=101
subjects M n=15 n=26 n=65 n=72
F n=37 n=31 n=68 n=29
M+F 34.4 38.3 42.6 49.2
mean* M 341 38.2 435 47.7
F 34.5 38.5 41.8 53.1
M+F 6.0 9.9 121 13.8
SD* M 4.9 8.4 13.2 13.6
F 6.5 11.2 11.0 13.4
M+F 34.0 38.0 42.0 49.0
median M 33.0 375 42.0 48.0
F 35.0 38.0 41.0 53.0
M+F 75 14.8 13.3 18.5
IQR M 5.8 13.0 11.0 16.5
F 9.3 16.3 14.5 15.3
PWV (m/s)
M+F n=56 n=77 n=141 n=106
subjects M n=18 n=34 n=70 n=74
F n=38 n=43 n=71 n=32
M+F 6.73 7.61 8.35 10.05
mean* M 6.92 7.92 8.75 10.19
F 6.64 7.38 7.97 9.74
M+F 0.85 1.38 1.77 2.37
SD* M 0.89 1.30 1.76 231
F 0.83 1.40 1.69 2.48
M+F 6.80 7.47 8.35 9.71
median M 6.80 7.64 8.80 9.87
F 6.82 7.30 8.07 9.32
M+F 1.07 1.63 2.14 331
IQR M 1.02 1.50 2.63 3.03
F 1.22 1.68 1.69 4.21
cAl (%)
M+F n=56 n=71 n=142 n=108
subjects M n=18 n=33 n=70 n=74
F n=38 n=38 n=72 n=34
M+F 22.0 27.5 30.7 30.8
mean M 10.7 21.9 27.8 29.0
F 27.4 324 334 34.7
M+F 11.6 9.9 8.7 8.3
SD M 8.0 8.5 8.1 7.4
F 8.9 8.2 8.3 8.7
M+F 22.8 27.1 30.3 31.0
median M 10.2 23.0 275 294
F 27.6 315 33.5 36.5
M+F 15.4 135 11.3 11.3
IQR M 8.4 11.2 9.7 9.0
F 12.3 11.5 11.1 10.9

*the natural logarithm was taken of each datasetfmrand SD are back-transformed)
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11.1.4.Smoker group

Table 16: Summary statistics of smoker group.

age group 40-49 yrs 50-59 yrs 60-69 yrs 70-79 yrs
pPP (mmHg)

M+F n=33 n=52 n=69 n=81

subjects M n=17 n=19 n=45 n=72
F n=16 n=33 n=24 n=9
M+F 44.3 47.0 54.3 61.6

mean* M 47.4 45.7 55.6 61.4
F 41.2 47.8 52.1 63.4
M+F 9.3 9.9 11.9 121
SD* M 11.0 8.0 134 11.8
F 6.5 10.9 8.9 15.4
M+F 45.0 46.0 53.0 60.0
median M 48.0 45.0 54.0 59.0
F 42.5 48.0 52.5 63.0
M+F 10.5 11.5 10.3 14.5
IQR M 11.0 9.8 10.3 14.0
F 10.0 12.5 11.0 14.5
cPP (mmHg)

M+F n=27 n=46 n=66 n=78

subjects M n=16 n=15 n=43 n=70
F n=11 n=31 n=23 n=8

M+F 34.8 37.6 44.1 50.0

mean* M 34.8 35.7 44.4 50.0
F 34.8 38.6 43.6 50.7
M+F 9.3 8.9 10.7 12.3
SD* M 10.4 5.8 12.0 11.8
F 8.2 10.3 8.3 17.6

M+F 36.0 38.0 43.5 49.0

median M 335 36.0 43.0 49.0
F 38.0 41.0 45.0 47.5
M+F 9.8 12.0 10.0 16.0
IQR M 10.0 9.5 9.8 15.0
F 9.0 11.8 8.8 26.5

PWV (m/s)

M+F n=34 n=52 n=67 n=78

subjects M n=17 n=19 n=43 n=70
F n=17 n=33 n=24 n=8

M+F 6.85 7.90 9.23 10.62

mean* M 6.73 8.18 9.77 10.85
F 6.97 7.75 8.34 8.82

M+F 0.92 1.81 2.09 2.49
SD* M 0.91 2.29 2.15 2.34
F 0.93 1.53 1.65 2.81

M+F 6.80 7.92 9.11 10.63

median M 6.53 8.08 9.81 10.88
F 7.11 7.78 8.40 8.40

M+F 1.15 2.23 2.95 331
IQR M 0.93 2.10 3.44 3.05
F 0.89 2.28 2.03 2.13

cAl (%)

M+F n=29 n=49 n=68 n=81

subjects M n=16 n=17 n=44 n=72
F n=13 n=32 n=24 n=9

M+F 26.5 29.6 31.6 30.3

mean* M 21.3 26.0 28.7 30.6
F 33.0 31.6 36.8 28.3

M+F 14.2 9.5 9.1 8.0
SD* M 9.7 9.6 8.4 7.5

F 16.0 8.9 8.1 10.6

M+F 28.2 31.0 31.8 31.7

median M 20.0 28.5 29.5 31.6
F 35.4 31.6 36.3 33.0
M+F 18.8 15.6 9.9 115
IQR M 15.2 145 9.3 111
F 14.9 13.3 11.2 14.3

*the natural logarithm was taken of each datasetfmrand SD are back-transformed)
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11.1.5.0besity group

Table 17: Summary statistics of obesity group

age group 40-49 yrs 50-59 yrs 60-69 yrs 70-79 yrs
pPP (mmHg)
M+F n=45 n=60 n=98 n=53
subjects M n=26 n=18 n=35 n=30
F n=19 n=42 n=63 n=23
M+F 44.4 51.3 53.5 61.8
mean* M 46.1 50.0 53.7 62.3
F 42.2 51.9 53.4 61.1
M+F 11.9 12.2 13.7 16.0
SD* M 10.7 8.6 111 16.6
F 13.0 13.7 15.1 15.5
M+F 45.0 51.0 54.0 62.0
median M 45.5 51.5 54.0 63.5
F 45.0 49.0 54.0 60.0
M+F 10.0 18.0 17.0 17.8
IQR M 10.0 8.0 17.0 20.0
F 11.8 22.0 14.0 14.3
cPP (mmHg)
M+F n=44 n=54 n=93 n=48
subjects M n=26 n=16 n=34 n=29
F n=18 n=38 n=59 n=19
M+F 32.8 40.2 43.1 50.1
mean* M 32.1 37.0 42.4 49.0
F 33.9 41.6 43.5 51.7
M+F 10.3 10.9 12.4 16.0
SD* M 9.7 7.6 10.4 17.2
F 11.3 12.1 13.6 141
M+F 335 39.0 44.0 49.0
median M 31.0 38.5 40.5 49.0
F 34.5 44.0 45.0 52.0
M+F 12.0 18.0 14.5 15.5
IQR M 14.0 7.5 15.0 20.0
F 9.0 19.0 14.5 11.5
PWV (m/s)
M+F n=44 n=58 n=94 n=52
subjects M n=25 n=18 n=34 n=30
F n=19 n=40 n=60 n=22
M+F 7.33 7.82 9.67 10.55
mean* M 7.56 7.65 9.90 11.76
F 7.03 7.90 9.55 9.10
M+F 1.23 1.59 2.34 4.40
SD* M 1.12 0.84 2.36 2.84
F 1.32 1.86 2.34 5.16
M+F 7.19 7.99 9.25 10.70
median M 7.46 7.80 9.25 12.43
F 6.80 8.08 9.25 9.35
M+F 1.85 1.80 247 4.10
IQR M 1.80 1.23 2.33 3.87
F 1.91 2.17 2.62 2.77
cAl (%)
M+F n=45 n=57 n=97 n=53
subjects M n=26 n=18 n=35 n=30
F n=19 n=39 n=62 n=23
M+F 21.8 26.7 29.4 30.0
mean* M 17.7 22.0 26.3 26.9
F 274 28.9 31.1 34.0
M+F 10.0 9.8 8.3 8.1
SD* M 8.6 9.8 8.6 7.3
F 9.0 8.9 7.7 7.2
M+F 20.0 27.2 29.0 30.1
median M 16.6 22.2 25.4 27.9
F 30.0 27.8 32.2 35.7
M+F 15.7 10.7 11.4 12.0
IQR M 121 14.0 10.3 10.7
F 17.5 10.5 10.2 11.6

*the natural logarithm was taken of each datasetfmrand SD are back-transformed)
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11.1.6.Diabetes mellitus Il group

Table 18: Summary statistics of diabetes mellitus Igroup

age group 40-49 yrs 50-59 yrs 60-69 yrs 70-79 yrs
pPP (mmHg)
M+F n=12 n=34 n=86 n=70
subjects M n=8 n=23 n=71 n=57
F n=4 n=11 n=15 n=11
M+F 45.8 54.7 58.0 67.3
mean* M 47.3 54.0 59.0 65.1
F 43.0 56.4 53.7 77.4
M+F 12.9 12.0 16.4 16.7
SD* M 11.0 115 15.2 15.7
F 17.7 13.4 20.9 18.5
M+F 475 52.5 57.0 66.5
median M 47.5 51.0 57.0 63.0
F 43.5 54.0 57.0 72.0
M+F 18.5 21.0 22.0 24.0
IQR M 17.0 18.0 24.0 21.8
F 25.5 20.0 14.5 25.0
cPP (mmHg)
M+F n=11 n=34 n=84 n=66
subjects M n=8 n=23 n=68 n=53
F n=3 n=11 n=16 n=11
M+F 33.4 41.7 44.7 53.4
mean* M 32.3 39.4 44.9 51.1
F 36.7 47.0 43.7 62.8
M+F 9.9 9.9 151 17.7
SD* M 8.8 8.4 14.2 16.8
F 15.1 11.7 19.2 18.6
M+F 31.0 425 44.5 53.0
median M 31.0 42.0 44.0 50.0
F 44.0 43.0 46.5 59.0
M+F 18.8 11.0 215 24.0
IQR M 16.5 13.8 225 24.0
F 17.3 20.5 14.0 18.8
PWV (m/s)
M+F n=12 n=31 n=84 n=65
subjects M n=8 n=22 n=68 n=52
F n=4 n=9 n=16 n=11
M+F 8.07 8.84 10.41 11.41
mean* M 8.63 9.04 10.47 11.44
F 7.04 8.38 10.14 11.46
M+F 2.38 2.58 2.78 2.67
SD* M 2,94 3.00 3.02 2.79
F 0.87 1.49 1.68 2.46
M+F 7.79 8.47 10.10 11.55
median M 8.48 8.87 10.15 11.67
F 7.00 8.47 10.04 11.39
M+F 1.98 3.68 4.06 3.37
IQR M 3.79 4.09 4.66 3.70
F 1.40 1.25 2.25 2.58
cAl (%)
M+F n=11 n=34 n=87 n=70
subjects M n=8 n=23 n=70 n=57
F n=3 n=11 n=17 n=11
M+F 21.4 24.2 26.1 27.7
mean* M 17.9 20.4 25.4 26.6
F 30.7 321 29.0 31.9
M+F 13.5 9.8 9.8 9.1
SD* M 131 9.1 9.9 9.1
F 9.5 5.5 8.7 8.2
M+F 17.3 24.4 27.6 28.5
median M 15.3 20.6 26.8 275
F 37.3 31.1 28.9 33.3
M+F 25.6 14.3 16.1 12.7
IQR M 18.7 10.7 16.2 12.4
F 15.1 11.5 10.2 9.5

*the natural logarithm was taken of each datasetfmrand SD are back-transformed)
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11.2.Reference values
11.2.1.Uncorrected reference values

Table 19: Reference values calculated based on theference group (reference value calculation rule 1)

age group 40-49 yrs  50-59 yrs 60-69 yrs 70-79 yrs
M+F 50 51 54 58
normal M 52 52 52 57
F 48 49 56 62
pPP (mmHg) M+F 57 59 63 67
high M 57 60 59 65
F 55 58 65 72
M+F 37 42 45 48
normal M 34 42 42 46
F 38 42 47 53
cPP (mmHag) N+F 42 50 53 56
high M 37 50 48 53
F 43 51 56 62
M+F 7.1 8.3 9.1 10.4
normal M 7.3 8.4 9.2 10.2
F 7.0 8.2 9.1 10.9
PWV (m/s) N+E 7.9 95 10.7 12.1
high M 8.1 9.4 10.6 11.6
F 7.8 9.5 10.7 13.1
M+F 32 35 38 37
normal M 17 28 33 33
F 34 39 40 42
0,
CAl (%) M+F 43 45 46 45
high M 24 36 40 41
F 43 47 49 51

Table 20: Reference values calculated based on theference group (reference value calculation rule 2)

age group 40-49 yrs 50-59 yrs 60-69 yrs 70-79 yrs
M+F 46 46 49 53
normal M 50 48 49 52
F 45 45 50 55
pPP (mmHag) N+E 57 59 63 68
high M 58 60 60 65
F 56 58 65 72
M+F 34 37 40 44
normal M 33 38 38 42
F 35 37 41 48
cPP (mmHag) N+E 42 50 53 56
high M 38 50 48 53
F 43 50 56 62
M+F 6.8 7.7 8.2 9.4
normal M 6.9 7.9 8.4 9.3
F 6.7 7.5 8.1 95
PWV (m/s) M+F 8.0 9.6 10.7 121
high M 8.3 9.5 10.6 11.7
F 7.9 9.5 10.7 13.0
M+F 23 28 32 31
normal M 11 22 28 29
F 28 33 35 36
0,
CAl (%) M+F 41 44 46 45
high M 23 35 39 40
F 42 46 48 50
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Table 21: Reference values calculated based on theference group (reference value calculation rule 3)

age group 40-49 yrs  50-59 yrs 60-69 yrs 70-79 yrs
M+F 50 53 55 60
normal M 53 54 54 55
F 49 52 56 62
pPP (mmHg) M+F 59 66 68 73
high M 60 65 65 64
F 58 66 70 79
M+F 37 41 45 49
normal M 35 41 43 47
F 37 43 48 54
cPP (mmHag) N+F 45 52 56 61
high M 38 51 52 55
F 46 55 62 72
M+F 7.2 8.3 9.0 9.9
normal M 6.9 8.5 9.4 9.8
F 7.2 8.0 8.6 11.6
PWV (m/s) M+F 8.3 95 10.7 11.9
high M 7.6 9.5 11.4 11.0
F 8.6 9.2 10.5 14.8
M+F 29 34 36 36
normal M 13 26 31 32
F 31 38 40 40
0,
CAl (%) M+F 46 46 50 47
high M 22 40 41 43
F 44 49 52 51

Table 22: Reference values calculated based on theference group (reference value calculation rule 4)

age group 40-49 yrs  50-59 yrs 60-69 yrs 70-79 yrs
M+F 47 46 49 53
normal M 50 49 51 52
F 44 44 49 58
pPP (mmHag) N+E 59 60 65 72
high M 59 62 57 69
F 58 57 66 72
M+F 34 38 40 43
normal M 33 38 39 41
F 35 38 41 51
cPP (mmHg) M+F 43 51 54 59
high M 40 51 46 55
F 45 52 58 61
M+F 6.8 7.6 8.2 9.2
normal M 6.8 7.8 8.5 9.3
F 6.8 7.3 8.0 9.1
PWV (m/s) M+F 7.9 9.8 111 13.3
high M 9.4 9.9 10.9 12.8
F 7.8 9.8 12.1 13.8
M+F 24 28 31 30
normal M 10 23 28 29
F 28 32 34 36
0,
CAl (%) M+F 38 42 47 46
high M 25 35 41 41
F 40 50 48 50
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11.2.2.Confounder-corrected reference values

Table 23: Reference values for PWV and cAl calculattbased on the confounder-corrected reference grougata.

age group 40-49 yrs 50-59 yrs 60-69 yrs 70-79 yrs
Reference values calculated by reference value calation rule 1
M+F 7.4 8.5 9.5 10.9
normal M 7.7 8.4 9.4 10.5
F 7.3 8.5 9.5 11.7
PWV (m/s) M+F 8.2 95 11.0 125
high M 8.6 9.2 10.8 12.0
F 8.0 9.6 11.1 13.7
M+F 30 32 35 34
normal M 21 28 32 32
F 32 35 37 37
0,
CcAl (%) M+F 39 41 42 41
high M 27 36 38 38
F 40 43 44 45
Reference values calculated by reference value calation rule 2
M+F 7.1 8.0 8.6 10.0
normal M 7.3 8.2 8.7 9.8
F 7.0 7.9 8.5 10.5
PWV (m/s) M+F 8.3 96 11.0 12.6
high M 8.7 9.4 10.8 12.1
F 8.1 9.7 11.1 13.7
M+F 24 26 31 30
normal M 16 22 28 29
F 27 29 33 32
0,
CAl (%) M+E 38 40 42 41
high M 26 35 38 38
F 39 42 44 45
Reference values calculated by reference value calation rule 3
M+F 7.5 8.5 9.2 10.5
normal M 7.6 8.5 9.4 10.1
F 7.5 8.6 9.2 12.1
PWV (m/s) M+F 8.6 10.0 11.2 12.4
high M 8.9 9.6 11.4 12.0
F 8.9 10.1 11.1 14.6
M+F 29 31 34 34
normal M 20 26 32 32
F 30 33 38 36
0,
CAI (%) M+F 40 a1 44 42
high M 32 36 38 40
F 41 45 47 46
Reference values calculated by reference value calation rule 4
M+F 7.1 8.1 8.6 9.7
normal M 7.4 8.2 8.8 9.7
F 7.1 7.7 8.4 9.8
PWV (m/s) M+F 8.0 10.0 11.8 14.0
high M 9.5 9.7 11.0 13.3
F 8.0 10.1 12.2 14.7
M+F 24 25 31 29
normal M 17 23 27 29
F 28 28 33 32
0,
CcAl (%) M+F 37 42 41 42
high M 26 34 38 38
F 37 46 44 45
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11.3.Regression equations
11.3.1.PWV regression lines

Table 24: Regression equations for PWV (m/s) dependj on MAP (mmHg).

reg. equation PWV = g + gyap * MAP

age group 40-49 yrs 50-59 yrs 60-69 yrs 70-79 yrs
ACCT data
M+F 2.81 2.74 211 3.63
& M 2.61 3.34 2.35 4.13
F 3.38 2.79 2.33 2.76
M+F 0.047 0.057 0.075 0.073
avap M 0.051 0.053 0.074 0.070
F 0.039 0.055 0.070 0.078
M+F 0.20 0.13 0.14 0.10
R? M 0.18 0.09 0.13 0.10
F 0.21 0.16 0.13 0.11
M+F p<0.001 p<0.001 p<0.001 p<0.001
p-value M p<0.001 p<0.001 p<0.001 p<0.001
F p<0.001 p<0.001 p<0.001 p<0.001
M+F 87.33 101.02 262.97 155.89
F-stat M 35.96 25.55 129.84 103.71
F 46.12 72.81 112.93 48.70
reference group
M+F 4.05 4.07 2.45 6.94
& M 3.72 0.82 1.63 7.86
F 4.54 6.06 3.33 -3.43
M+F 0.030 0.040 0.063 0.029
avap M 0.036 0.078 0.074 0.017
F 0.024 0.016 0.053 0.153
M+F 0.12 0.10 0.08 0.02
R? M 0.12 0.36 0.13 0.01
F 0.09 0.02 0.05 0.13
M+F p<0.05 p<0.05 p<0.01 p=0.366
p-value M p=0.242 p<0.01 p<0.05 p=0.588
F p=0.087 p=0.509 p=0.086 p=0.168
M+F 6.15 5.29 8.74 0.83
F-stat M 1.53 10.85 5.78 0.30
F 3.13 0.45 3.05 2.11
reference group with included hypertensive subjects
M+F 451 4.07 3.04 2.62
& M 4.24 2.93 3.85 1.96
F 4.74 4.82 3.57 4.69
M+F 0.025 0.040 0.058 0.078
avap M 0.031 0.054 0.052 0.085
F 0.021 0.030 0.050 0.057
M+F 0.17 0.13 0.15 0.21
R? M 0.16 0.15 0.15 0.27
F 0.16 0.11 0.07 0.09
M+F p<0.01 p<0.01 p<0.001 p<0.001
p-value M p=0.146 p<0.05 p<0.01 p<0.001
F p<0.05 p=0.054 p<0.05 p=0.124
M+F 9.91 9.20 23.70 26.62
F-stat M 2.39 4.71 11.47 25.64
F 6.54 3.99 5.10 2.52
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11.3.2.cAl regression lines

Table 25: Regression equations for cAl (%) dependingn HR (bpm) and body height (m).

reg. equation CAl = g + ar* HR + aueighi* height

age group 40-49 yrs 50-59 yrs 60-69 yrs 70-79 yrs
ACCT data
M+F 156.3 138.0 129.7 117.8
& M 146.7 89.1 104.0 89.6
F 74.9 128.4 98.8 112.8
M+F -0.391 -0.415 -0.455 -0.402
auRr M -0.378 -0.442 -0.480 -0.412
F -0.375 -0.390 -0.429 -0.404
M+F -63.23 -48.74 -41.67 -36.09
Bheigh M -59.22 -20.60 -26.63 -19.69
F -12.91 -43.23 -22.78 -31.87
M+F 0.32 0.30 0.35 0.37
R? M 0.25 0.25 0.32 0.34
F 0.15 0.21 0.26 0.31
M+E p<0.001 p<0.001 p<0.001 p<0.001
p-value M p<0.001 p<0.001 p<0.001 p<0.001
F p<0.001 p<0.001 p<0.001 p<0.001
M+F 80.0 144.0 471.3 417.4
F-stat M 27.7 447 214.4 258.1
F 15.5 49.5 147.8 96.7
reference group
M+F 174.2 130.0 129.6 131.2
& M 1131 38.7 102.0 123.1
F 72.8 112.4 111.2 109.0
M+F -0.438 -0.432 -0.520 -0.362
auRr M -0.181 -0.535 -0.504 -0.364
F -0.416 -0.419 -0.573 -0.372
M+F -73.24 -44.55 -38.89 -45.20
Sheigh M -50.67 9.25 -24.16 -40.68
F -10.90 -32.73 -24.86 -30.45
M+F 0.42 0.26 0.38 0.37
R? M 0.11 0.23 0.29 0.33
F 0.23 0.16 0.39 0.27
M+E p<0.001 p<0.001 p<0.001 p<0.001
p-value M p=0.431 p<0.05 p<0.001 p<0.001
F p<0.05 p=0.084 p<0.001 p<0.001
M+F 18.82 10.39 42.88 30.55
F-stat M 0.89 3.89 13.41 17.71
F 5.19 2.70 21.35 5.60

136



