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Tiivistelma

Tausta: Metabolinen oireyhtymé on kasauma sydan- ja verisuonisairauksien
riskitekijoitd, mukaan lukien kohonnut verenpaine, dyslipidemia, diabetes ja sen
esiasteet  (suurentunut paastoglukoosi ja heikentynyt glukoosinsieto),
insuliiniresistenssi ja keskivartalolihavuus. Metabolisen oireyhtymén on osoitettu
olevan yhteydessa varhaisiin valtimotautimuutoksiin sek& kohonneeseen sydan-
ja verisuonisairauksien ja kuolleisuuden riskiin aikuisilla. Myo6s lapsuuden
metabolinen oireyhtymé saattaa lis4td riskia sydén- ja verisuonisairauksiin
aikuisena.

Lihavuusepidemian ohella tyypin 2 diabeteksen ja metabolisen oirehtyman
esiintyvyys on lisddntymassd hélyyttavasti. Liséksi dyslipidemiasta on tullut
merkittdva kansanterveydellinen ongelma maailmanlaajuisesti. Vuosikymmenten
intensiivisestd tutkimustyostd huolimatta ndiden metabolisten sairauksien
vaikutukset sydamen ja verenkiertoelimiston toimintaan ovat vield osittain
selvittamatta.

Tavoitteet: Tutkimuksen tavoitteena oli selvittdd sokeriaineenvaihdunnan
hairididen, lapsuuden ja aikuisidn  metabolisen oireyhtymén seka
apolipoproteiinien B ja A-1 yhteyksid valtimoiden jaykkyyteen. Liséksi
tutkimuksessa selvitettiin metabolisen oireyhtymén ja sokeriaineenvaihdunnan
hairididen vaikutuksia hemodynaamisiin muuttujiin.

Aineisto ja menetelmat: Tutkimuspopulaatio koostui 1872 henkiltsté (idltdén
30-45 vuotta, 46 % miehid), jotka osallistuivat Lasten Sepelvaltimotaudin
Riskitekijat -tutkimukseen, sekd 455 henkilosta (i&ltdéan 46-76 vuotta, 44 %
miehid), jotka osallistuivat Terveys 2000 -tutkimukseen. Pulssiaallon
etenemisnopeus, jota pidetddn yleisesti luotettavimpana tapana arvioida
valtimoiden jaykkyyttd, sekd hemodynaamiset muuttujat (sydamen iskutilavuus,
aareisverenkierron vastus) mitattiin kéyttden koko kehon impedanssikardiografia
-laitteistoa.



Tulokset: Metabolinen oireyhtymé sekad glukoosinsiedon heikkeneminen olivat
yhteydessa alentuneeseen syddmen iskutilavuuteen sekd kohonneeseen
aareisverenkierron vastukseen ja pulssiaallon etenemisnopeuteen. Henkil6illg,
jotka parantuivat metabolisesta oireyhtyméstd kuuden vuoden seuranta-aikana,
oli korkeampi sydédmen iskutilavuus ja matalampi pulssiaallon etenemisnopeus
verrattuna henkil@ihin, jotka sairastivat metabolista oireyhtyméaa kuuden vuoden
seuranta-ajan. Lapsuudessa metabolista oireyhtymaa sairastaneilla oli korkeampi
pulssiaallon etenemisnopeus aikuisena verrattuna niihin koehenkil@ihin, jotka
olivat lapsuudessa terveitd. Myd6s niilla koehenkil6illd, jotka sairastivat
metabolista oireyhtymdd seka lapsuudessa ettd aikuisena, oli korkeampi
pulssiaallon etenemisnopeus verrattuna koehenkil6ihin, jotka parantuivat
oireyhtymaéstd 21 vuoden seuranta-aikana. Kohonneen apolipoproteiini B:n
todettiin olevan yhteydessa kohonneeseen pulssiaallon etenemisnopeuteen.
Liséksi kohonnut apolipoproteiini B ennusti kohonnutta pulssiaallon
etenemisnopeutta kuusi vuotta my6hemmin mitattuna.

Johtopaatokset:  Sokeriaineenvaihdunnan  hairi6illa ja  metabolisella
oireyhtymaélld on useita haitallisia vaikutuksia syddmen ja verenkiertoelimiston
toimintaan, kun taas parantuminen metabolisesta oireyhtymésta voi aikaansaada
suotuisia muutoksia sydamen ja verenkiertoelimistdon toiminnassa. Liséksi
tutkimuksen tulokset osoittavat, ettd kohonnut apolipoproteiini B on yhteydessa
kohonneeseen valtimoiden jaykkyytteen.

Tutkimuksen tulokset tuovat uusia ndkdkulmia sydan- ja verisuonisairauksien
riskitekijoiden vaikutuksista syddmen ja verenkiertoelimiston toimintaan.
Tutkimuksen 16ydokset painottavat riskitekijoiden ehkdisyn ja hoidon térkeytta
niin lapsilla kuin aikuisillakin.



Abstract

Backround: Metabolic syndrome is a constellation of metabolic abnormalities
including hypertension, dyslipidemia, glucose intolerance (impaired fasting
glucose, impaired glucose tolerance, or type 2 diabetes), insulin resistance, and
obesity, all well known risk factors for cardiovascular disease. In adult
populations, the simultaneous accumulation of these factors carries an increased
risk of subclinical atherosclerosis and cardiovascular disease, in addition to
increasing mortality. Growing attention has also been directed at metabolic
syndrome in children and adolescents as a diagnosis of paediatric metabolic
syndrome may predict an increased risk of cardiovascular disease in adulthood.
Parallel with the obesity epidemic, the incidence of type 2 diabetes and
metabolic syndrome have increased alarmingly. Moreover, the high prevalence
of dyslipidemia has become a worldwide public health problem. Although there
has been intensive research in the last decades, the effects of these metabolic
abnormalities on cardiovascular function have not been fully elaborated.

Aims: The current study investigated the associations of impaired glucose
metabolism, childhood and adulthood metabolic syndrome, and apolipoproteins
B and A-1 with arterial stiffness. In addition, the present study examined the
relationship between metabolic syndrome, impaired glucose metabolism and
systemic hemodynamic parameters.

Subjects and methods: The study population consisted of 1872 participants
(aged 3045 years, 46% males) participating in the Cardiovascular Risk in Young
Finns Study, and 455 participants (aged 46—76 years, 44% males) enrolled in the
Health 2000 Survey. A whole-body impedance cardiography device was used to
measure arterial pulse wave velocity, a commonly used marker of arterial
stiffness, and systemic hemodynamic parameters including stroke index and
systemic vascular resistance index.



Results: Metabolic syndrome, an increasing number of metabolic sydrome
components and a worsening of glucose tolerance were associated with lower
stroke index as well as higher systemic vascular resistance index and pulse wave
velocity. Participants with persistent metabolic syndrome had a lower stroke
index and higher pulse wave velocity when compared to participants who
recovered from metabolic syndrome over 6 years’ follow up. Participants
suffering from metabolic syndrome in childhood had a higher pulse wave velocity
after 21-year follow-up when compared with those not afflicted with the
syndrome in childhood. Moreover, participants who recovered from metabolic
syndrome during the 21-year follow-up period had a lower pulse wave velocity
than those with persistent metabolic syndrome. Apolipoprotein B was directly
and independently associated with pulse wave velocity, and apolipoprotein B
measured in young adulthood was predictive of pulse wave velocity measured 6
years later.

Conclusions: Deteriorating glucose tolerance and metabolic syndrome have
adverse effects on arterial stiffness and systemic hemodynamics, and recovery
from metabolic syndrome may improve cardiovascular function. The present
study also suggests that increased apolipoprotein B is associated with increased
arterial stiffness.

The current study brings new insight into the relationships between
cardiovascular risk factors and cardiovascular function, and our findings
underline the importance of the prevention and control of cardiovascular risk
factors in both childhood and adulthood.
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1 Introduction

Cardiovascular diseases (CVD) are the leading cause of death globally. An
estimated 17.5 million people died from CVD in 2012, representing 31% of all
deaths worldwide (WHO 2014). The incidence and prevalence of CVD increase
steeply with advancing age, and advancing age unequivocally confers a major
risk (Lakatta and Levy 2003). Aging gives rise to two pathologies that affect the
arteries: Firstly, there is atherosclerosis, a progressive disease in which lipids and
fibrous elements accumulate in the arteries, and, secondly, arteriosclerosis, which
refers to the age-related stiffening and dilatation of large arteries.

Arterial stiffening is related to increased cardiovascular risk in several patient
groups (Lehmann et al. 1998, Blacher et al. 1999a,b, Amar et al. 2001) and
healthy individuals alike (Mattace-Raso et al. 2006). It is also a strong
independent predictor of all-cause and cardiovascular mortality in patients with
end-stage renal disease (Blacher et al. 1999b), hypertension (Laurent et al. 2001)
or diabetes (Cruickshank et al. 2002). Several methods have been introduced to
evaluate arterial stiffness, and of these, carotid-femoral pulse wave velocity
(PWV) is considered the gold standard (Laurent et al. 2006).

In addition to aging, metabolic syndrome (MetS), impaired glucose
metabolism and dyslipidemia are strong predictors of CVD (de Vegt et al. 1999,
NCEP Expert panel 2002, Wilson et al. 2005, Huxley et al. 2006). Although these
metabolic disorders are widely studied, there is a paucity of information
concerning the effects of these on arterial stiffness. PWV has been shown to
increase in subjects with MetS when compared to those not afflicted with the
syndrome (Li et al. 2005a), but the possible reversibility of PWV in relation to
recovery from MetS is unknown. In addition, the relationship between childhood
MetS and adulthood PWYV has not been previously studied. Moreover, previous
studies on the association of impaired glucose metabolism — that is, impaired
fasting glucose (IFG), impaired glucose tolerance (IGT) and type 2 diabetes
(DM2) — with PWV have been inconclusive (Ohnishi et al. 2003, Cecelja and
Chowienczyk 2009, Xu et al. 2010, Shin et al. 2011, Li et al. 2012). Furthermore,
it has been suggested that apolipoproteins B (ApoB) and A-1 (ApoA-1) could be
better markers of cardiovascular risk than low-density lipoprotein (LDL) and
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high-density lipoprotein (HDL) cholesterols (Walldius et al. 2001, Sniderman et
al. 2003, Yusuf et al. 2004, Simon et al. 2005), but the relation between
apolipoproteins and PWV are examined only in a few studies (Taquet et al. 1993,
Amar et al. 2001, Bjornstad et al. 2015).

Arterial pressure and flow are the result of the interaction between left
ventricular stroke volume (SV), arterial stiffness, pulse wave reflections and
systemic vascular resistance (SVR). Previously, diabetes has been shown to
associate with decreased SV (Heckbert et al. 2006) and hypertension and obesity
with increased SVR (Abdelhammed et al. 2005, Chirinos et al. 2009). However,
the effects of MetS and impaired glucose metabolism on these systemic
hemodynamic parameters are largely unknown.

The aim of this thesis was to gain more insight into the associations of
cardiovascular risk factors with arterial stiffness and systemic hemodynamics.
We evaluated the relationships of impaired glucose metabolism, childhood and
adulthood MetS, and apolipoproteins with PWV. In addition, we studied systemic
hemodynamics in individuals with impaired glucose metabolism or MetS.
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2 Review of the literature

2.1 Pathophysiology

211 Atherosclerosis, arterial stiffness and vascular resistance

Atherosclerosis is the most common cardiovascular cause of death in the Western
world (Lusis 2000, Nichols et al. 2011). Although clinical manifestations of
atherosclerosis occur in middle age or later, accumulating evidence shows that
atherosclerosis has its roots already in childhood (Berenson et al. 1998, Raitakari
et al. 2003, Juonala et al. 2010, Cote et al. 2013). Endothelial dysfunction is
considered the earliest marker of atherosclerosis (Veerasamy et al. 2015).
Possible causes of endothelial dysfunction leading to atherosclerosis include
elevated and modified LDL cholesterol, hypertension, diabetes, genetic
alteration, free radicals caused by cigarette smoking, and combinations of these
and other factors (Ross 1999). The endothelial dysfunction that results from the
injury leads to increased adhesiveness and permeability of the endothelium (Ross
1999), which allows lipoprotein particles to accumulate in the intima, leading to
foam-cell formation, inflammation and inhibition of the nitric oxide production.
This, in turn, promotes smooth muscle cell migration and proliferation as well as
extracellular matrix production, leading to fibrous plagues. Furthermore,
calcification, ulcerations at the luminal surface and intraplague haemorrhages
increase the complexity and size of the plagues (Ross 1999, Lusis 2000, Libby et
al. 2010). These changes alter arterial blood flow and hemodynamics by
narrowing or occluding the arterial lumen and causing abnormality in vascular
tone (Nichols et al. 2011).

The lesions of atherosclerosis occur principally in large and medium-sized
elastic and muscular arteries (Ross 1999), whereas age-related physical changes
of the arterial wall, dilatation and stiffening, are most marked in the aorta and
central elastic arteries (O’Rourke and Hashimoto 2007). These age-related
changes, including medial fracture of elastin, loss of muscle attachments,
deposition of collagen and calcification, as well as age-dependent arterial intimal
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media thickening (even in the absence of atherosclerosis), pose pronounced,
escalating adverse effects on the cushioning function of elastic arteries, which in
turn leads to increased arterial stiffness (Lakatta and Levy 2003, O’Rourke and
Hashimoto 2007, Nichols et al. 2011, McEniery et al. 2009). Arterial stiffening is
associated with higher cardiovascular risk in several patient groups (Lehmann et
al. 1998, Blacher et al. 1999a,b, Amar et al. 2001) as well as in healthy subjects
(Mattace-Raso et al. 2006). It is also a strong independent predictor of all-cause
and cardiovascular mortality in patients with end-stage renal disease (Blacher et
al. 1999b), hypertension (Laurent et al. 2001) or diabetes (Cruickshank et al.
2002). Although the pathophysiology of atherosclerosis involves many similar
features and arterial stiffness and atherosclerosis often coexist, the causality
between them remains uncertain (Zieman et al 2005, Cecelja and Chowienczyk
2009, Townsend et al. 2015).

SVR describes the vessels’ tendency to oppose blood flow. It is analogous, to
some extent, to the concept of electrical resistance, which is defined as the
relationship between current and potential drop in a circuit. SVR can be estimated
when mean pressure at the beginning and end of the vascular bed, as well as the
total blood flow through the bed, are known. Thus, SVR is calculated as the
difference between mean aortic pressure and the mean right atrial pressure,
divided by the cardiac output (the mean right atrial pressure is assumed to be zero,
because the pressure in the great veins is very low compared to the mean aortic
pressure) (Nichols et al. 2011). SVR is mainly determined by the
microcirculation, i.e. small arteries (< 400 um), arterioles (< 100 um) and
capillaries, since they present the greatest resistance (O’Rourke and Hashimoto
2007, Westerhof and Westerhof 2013). Although studies on aging have not found
specific structural changes in the microcirculation (O’Rourke and Hashimoto
2007), SVR is increased with aging as a consequence of vascular rarefaction
(fewer resistance vessels) and decreased arteriolar cross-sectional area (Nichols
et al. 2011). Moreover, increased sympathetic activity (Mayet and Hughes 2003),
obesity (Chirinos et al. 2009) and impaired insulin-mediated vasodilation
(Feldman and Bierbrier 1993) may increase SVR.

2.1.2  Arterial stiffness, wave reflections and left ventricular failure
Traditionally, arterial circulation has been presented as a simple, steady flow

system influenced by mean blood pressure, cardiac output and total peripheral
resistance. However, this model does not take into account the fact that blood
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flow is pulsatile, not constant. In the human body, arterial pulse pressure is a
complex interaction between left ventricular (LV) stroke volume (SV), the
cushioning capacity of large arteries, pulse wave reflections and SVR
(Stergiopulos and Westerhof 1998, Dart and Kingwell 2001, Sabovic et al. 2009,
Nichols et al. 2011).

Increased SVR raises both systolic and diastolic pressure to a similar degree,
whereas central artery stiffness raises systolic but lowers diastolic pressure
(Lakatta and Levy 2003). This phenomenon can be explained by pressure wave
reflections. The SV-induced pressure wave can be reflected at each discontinuity
of the arterial wall, including branching points, areas of alteration in arterial
stiffness and the high-resistance arterioles (Sabovic et al. 2009, Nichols et al.
2011). The timing of the forward- and backward-travelling pressure waves, which
determines the final amplitude and shape of the pressure wave, depends on SV,
the distance of the reflected site, heart rate and arterial stiffness (Safar et al. 2003,
Sabovic et al. 2009).

In young and healthy individuals, the reflected wave reaches the proximal
aorta during diastole, thus augmenting diastolic blood pressure and aiding
coronary perfusion (Sabovic et al. 2009). In older individuals, the stiffening of
the aorta and early return of the reflected waves leads to an increase in systolic
blood pressure, thus increasing LV load, promoting LV hypertrophy and
increasing LV oxygen requirement. In contrast, the greater peripheral run-off of
SV during systole and the impaired elastic recoil of the aorta result in the fall of
diastolic blood pressure, thus impairing coronary blood flow. Finally, increased
oxygen demand and decreased coronary perfusion predispose to ischaemia,
leading to the development of LV failure (McVeigh et al. 2002, O’Rourke and
Hashimoto 2007).

2.2 Measurement of arterial stiffness

2.2.1  Pulse wave velocity

PWV provides information on the time it takes for a pressure or flow wave to
travel between two sites in the arterial tree. PWV can be used as a surrogate
marker of the mechanical properties of an arterial segment, with a higher PWV
indicating stiffer arteries (Hughes et al. 2004, Mattace-Raso et al. 2006). PWV
is usually assessed by measuring the time delay in upstroke between a proximal
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and distal pressure (Asmar et al. 1995), distension (van der Heijden-Spek et al.
2000), Doppler (Cruickshank et al. 2002) or whole-body impedance cardiography
(ICGwa) waves (Kodbi et al. 2003). PWV can be calculated when the transit time
(At) between the feet of the two waveforms and the distance (L) covered by the
waves are known, i.e. PWV = L (meters)/At (seconds) (Figure 2.1).

The abdominal aorta is the largest contributor to the arterial buffering function
and, therefore, it is a major vessel of interest when determining segmental arterial
stiffness (Laurent et al. 2006). Carotid-to-femoral-artery PWV has been identified
as an independent predictor of cardiovascular events and mortality in several
populations (Blacher et al. 1999a, Laurent et al. 2001, Shokawa et al. 2005,
Mattace-Raso et al. 2006) and has emerged as the gold standard for assessing
central (aortic) arterial stiffness (Laurent et al. 2006). However, it should be noted
that carotid-femoral PWV is measured between two peripheral sites and it is
therefore not a direct measurement of aortic stiffness (Cavalcante et al. 2011). A
more precise evaluation of aortic PWV can be achieved by measuring the pulse
transit time of Doppler waves between the left subclavian artery and the
bifurcation of the abdominal aorta (Laurent et al. 2006). Although aortic PWV
using this method has been shown to predict mortality (Cruickshank et al. 2002,
Anderson et al. 2009), it is not known whether it has any specific advantage over
carotid-femoral PWV (Laurent et al. 2006). Segmental peripheral arterial stiffness
can be evaluated by measuring the carotid-to-radial-artery or femoral-to-
posterior-tibial-artery PWV. However, these have not demostrated prognostic
value for cardiovascular mortality in end-stage renal disease patients (Pannier et
al. 2005). Brachial-ankle PWV combines the measurement of central and
peripheral arterial stiffness (Sugawara et al. 2005), and it has been shown to
predict cardiovascular events (Tomiyama et al. 2005, Katakami et al. 2014) and
mortality (Matsuoka et al. 2005, Turin et al. 2010). With the ICGws method, PWV
is measured between the aortic arch and the popliteal artery. Although prognostic
data on ICGwe-based PWV is lacking, it has been demonstrated to be well in
agreement with the Doppler ultrasound method (Kd6bi et al. 2003).

18



At

Figure 2.1 Pulse wave velocity calculated as the distance between two points (L) divided by the
transit time (At) of the pulse wave between these two points.

Reprinted from the International Journal of Nephrology, 2011, Mac-Way F, Leboeuf A, Agharazii
M. Arterial stiffness and dialysis calcium concentration, 839793, Copyright (2011), with permission
from Mac-Way et al.

2.2.2 Other methods

Local arterial stiffness can be determined by measuring carotid artery elasticity
indices using ultrasound devices. Carotid artery compliance (CAC), defined as a
change in volume (AV) or diameter (AD) for a given change in pressure (AP),
measures the ability of an artery to expand as a response to pulse pressure
(Salomaa et al. 1995, Nichols et al. 2011). Carotid artery distensibility (Cdist) is
CAC divided by the initial volume (V) or diameter (D), i.e. relative change in
volume or diameter with pressure (Dijk et al. 2005, Nichols et al. 2011). Young’s
elastic modulus (YEM) gives an estimate of arterial stiffness that is independent
of wall (intima-media) thickness (Salomaa et al. 1995, Juonala et al. 2005). The
arterial stiffness index (ASI) has been developed to reduce the impact of the
curvilinear pressure-stiffness relationship on arterial stiffness measurement, and
it is considered to be independent of intraluminal pressure (Hirai et al. 1989,
Salomaa et al. 1995, Juonala et al. 2005). Previous studies on the association
between carotid artery elasticity indices and cardiovascular events or mortality
have reported inconclusive results (Stork et al. 2004, Dijk et al. 2005, Ogawa et
al. 2009). Moreover, local measurements of arterial stiffness demand technical
expertise and take longer than measuring PWV, and they are therefore suitable
for analyses in pathophysiology, pharmacology and therapeutics, rather than for
epidemiological studies (Laurent et al. 2006).
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Pulse pressure (PP), defined as the difference between systolic and diastolic
blood pressure, provides a crude estimate of large conduit artery stiffness (Cohn
et al. 2004). However, a number of other physiological factors such as pressure
wave reflections influence PP. Moreover, in young individuals, an elevation in
PP can be related to an increase in SV rather than an increase in arterial stiffness
(Dart and Kingwell 2001).

As discussed in section 2.1.2, the arterial pressure waveform is a composite of
the SV-introduced pressure wave and a reflected wave. The augmentation index
(Alx) is determined from the arterial pressure wave as a ratio of augmentation
pressure and PP (Figure 2.2). Central Alx can be measured from the radial artery
waveform, using a transfer function, or from the carotid artery waveform (Laurent
et al. 2006). Increased Alx has been shown to associate with cardiovascular and
total mortality in individuals with end stage renal failure (London et al. 2001) and
in persons with coronary artery disease (Weber et al. 2005). However, in a large
community-based sample, Alx was not related to the risk of major CVD events
(Mitchell et al. 2010). The Alx is subject to several influencing factors, such as
left ventricular outflow, the shape of the forward wave and the timing of the
reflected wave, in addition to being affected by height, age, sex, heart rate and
arterial stiffness (Kingwell and Gatzka 2002). Alx is therefore not a true indicator
of arterial stiffness.
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e T e i ity
Reflected Augmentation
pressure (AP)

&—— Dicrotic
notch
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pressure | Forward
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Figure 2.2 Arterial pressure waveform. Augmentation pressure is the additional pressure added to
the forward wave by the reflected wave. Augmentation index is defined as a ratio of augmentation
pressure and pulse pressure.

Reprinted from the International Journal of Vascular Medicine, 2012, Stoner L, Young JM, Fryer S.
Assesments of arterial stiffness and endothelial function using pulse wave analysis, 903107,
Copyright (2012), with permission from Lee Stoner et al.
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2.3 Measurement of cardiac output

The intermittent thermodilution technique is often considered a “clinical standard’
for cardiac output (CO) assessment (Hofer et al. 2007). A bolus of cold sterile
solution is injected into the proximal port of a pulmonary artery catheter located
in the right atrium and detected distally by a thermistor located in the pulmonary
artery. An area under the curve showing the change in temperature over time is
converted into a measurement of CO (Nishikawa and Dohi 1993). Several other
methods have also been used to measure CO: transoesophageal or transthoracic
echocardiography, transoesophageal aortic Doppler ultrasound, pulse wave
analysis from pressure waveforms, the direct Fick method, the partial carbon
dioxide rebreathing technique, velocity-encoded magnetic resonance imaging,
and the pulsed dye densitrometry method (Hofer et al. 2007, Nichols et al. 2011).
All these methods are either invasive or time-consuming and require a high level
of operator skills and knowledge, which limits their use in wide-scale
epidemiological studies.

The thoracic impedance cardiography (ICGtw) technique to determine
CO was introduced by Kubicek in the 1960°s (Kubicek et al. 1966) and the ICGws
method by Tishchenko in the 1970’s (Tishchenko 1973). In both methods, a high-
frequency alternating electrical current with a low amplitude is applied to the
body trough current electrodes. Changes in cardiac related blood volume resulting
in changes in bio-impedance can be measured with voltage electrodes located
between current electrodes, and a mathematical conversion is used to translate the
change in bio-impedance into CO (Geerts et al. 2011). ICGwg differs from ICGtn
in its placement of electrodes, the frequency of the alternating current used, and
the SV equation. In ICGtx electrodes are positioned onto the thoracic area,
whereas in ICGwg a pair of electrically connected electrodes are applied to the
wrists and another pair to the ankles. The frequency of the alternating current
applied in ICGwe (30 kHz) is considerably lower than the frequency usually used
in ICGty (70-200 kHz) (Koobi et al. 1997a). The over-simplification of the
physiological reality by mathematical equations as well as motion artefacts,
cardiac valve disease and arrhythmias are considered to contribute to the
inaccuracy of ICG (Geerts et al. 2011). The major advantages of the ICGws
method are its operator independence and the low cost of the equipment. Several
studies (Koobi et al. 1997a, Koobi et al. 1997b, Koobi et al. 1999, Cotter et al.
2004, Paredes et al. 2006) have shown that ICGwg accurately measures CO when
compared with the thermodilution method in different conditions (in the supine
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position, during head-up tilt, after anaesthesia induction, after coronary artery
bypass surgery).

2.4 Cardiovascular risk factors

24.1  Hypertension

The basic problem in hypertension is the increase in peripheral resistance and
arterial stiffening, as previously described in chapter 2.1. From the point of view
of the central elastic arteries, hypertension can be viewed as a form of accelerated
aging — it involves similar pathologic changes in the arterial walls, but they occur
at an earlier age (Nichols et al. 2011). The more peripheral muscular arteries
suffer accelerated intimal change, accelerated atherosclerosis and endothelial
dysfunction with hypertension (Roman et al. 1995, Wallace et al. 2007, Nichols
etal. 2011). In advanced disease, aldosterone and angiotensin Il cause an increase
in blood volume and vasoconstriction, respectively, leading to increased CO and
further increased peripheral resistance (Nichols et al. 2011). Moreover, increased
left ventricular afterload leads to myocardial hypertrophy (Gatzka and Kingwell
2003).

In the review by Cecelja and Chowienczyk (2009), blood pressure was
independently associated with carotid-femoral PWV in 90% of 77 studies. In
addition, blood pressure measured in childhood and/or adolescence has been
found to associate with PWV in adulthood (Aatola et al. 2010a). PWV has been
shown to predict cardiovascular events above and beyond mean arterial pressure,
as well as 24-hour mean arterial pressure (Willum-Hansen et al. 2006), and it is
thus suggested that PWV relates more closely to the duration and severity of
hypertension than does a single blood pressure measurement, and that PWV could
be a better measure of blood pressure than the conventional office measurement
(Cecelja and Chowienczyk 2009).

2.4.2  Lipid risk factors
Lipoproteins transport hydrophobic molecules in the blood stream, and they are

comprised of a coat of phospholipid and protein, and a core of cholesterol and
triglyceride. Three major classes of lipoproteins can be found in serum: low-
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density lipoproteins (LDL), high-density lipoproteins (HDL) and very-low-
density lipoproteins (VLDL). LDL cholesterol typically makes up 60-70 percent,
HDL cholesterol 20-30 percent, and the triglyceride-rich lipoprotein VLDL 10—
15 percent of the total serum cholesterol (NCEP Expert panel 2002). ApoB is a
structural protein for lipoproteins carrying lipids from the liver and gut to the sites
of use (i.e. VLDL-LDL spectrum), whereas ApoA-1 is a structural protein for
lipoproteins returning cholesterol from the periphery to the liver (i.e. HDL)
(Marcovina and Packard 2006).

High LDL and low HDL cholesterol are strong independent predictors of
atherosclerosis and coronary heart disease (NCEP Expert panel 2002). Data on
the association of LDL and HDL cholesterol with arterial stiffness is, to a degree,
controversial. A systematic review of the independent association of PWV with
cardiovascular risk factors found a significant association between LDL
cholesterol and PWV only in 1 out of 21 studies, and between HDL cholesterol
and PWV in 4 out of 37 studies (Cecelja and Chowienczyk 2009). Juonala et al.
(2005) reported an independent association of carotid artery elasticity indices
(CAC, YEM, ASI) with LDL cholesterol, but not with HDL cholesterol, in young
adults. In contrast, in a population of young adults, Urbina et al. (2004) found an
independent correlation between YEM and HDL cholesterol, whereas there was
no association between YEM and LDL cholesterol. Moreover, Della-Morte et al.
(2010) did not find an independent association of low HDL cholesterol, as a
component of MetS, with ASI in a population of elderly subjects with MetS.

Accumulating evidence suggests that ApoB and ApoA-1 could be better
markers of cardiovascular risk than LDL and HDL cholesterol (Walldius et al.
2001, Sniderman et al. 2003, Yusuf et al. 2004, Simon et al. 2005). ApoB levels
reflect the total number of atherogenic particles (VLDL, intermediate-density
lipoprotein, LDL), and ApoB dosage is therefore more representative of the
atherogenic burden than each of these fractions (Sniderman et al. 2001, Rasouli
et al. 2006). In addition, it has been suggested that ApoB, but not cholesterol,
plays a major role in the LDL-induced dysfunction of the vascular endothelium
(Yu et al. 2015). ApoA-1 is considered to be the “active ingredient’ in HDL,
mediating cell-lipoprotein interactions. It also has anti-inflammatory and anti-
oxidative properties, and this may contribute to its cardioprotective role
(Marcovina and Packard 2006). A limited number of relative small-scale studies
have previously addressed the relationship between apolipoproteins (B and A-1)
and arterial stiffness. ApoB has been found to associate with PWV in adolescents
with type 1 diabetes (Bjornstad et al. 2015) and in patients treated for
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cardiovascular risk factors (Amar et al. 2001). ApoB has also been shown to
correlate with YEM (Schmidt-Trucksass et al. 1999), whereas ApoA-1 was not
found to associate with PWV in healthy middle-aged women (Taquet et al. 1993).

It has been suggested that non-HDL cholesterol, a content of the
cholesterol in atherogenic ApoB-containing lipoproteins, could be used as a
surrogate measure for ApoB, especially in subjects with elevated triglycerides
(NCEP Expert panel 2002). However, there are two major differences between
these two measures. A significant proportion of non-HDL cholesterol is found in
intermediate-density lipoprotein and VLDL, whereas ApoB primarily reflects
LDL (Marcovina and Packard 2006). In addition, ApoB gives a measure of
particle number, and if the number of particles rather than their cholesterol load
is the more important factor, then the measurement of ApoB should be better in
risk prediction (Marcovina and Packard 2006). Some (Pischon et al. 2005, Simon
et al. 2005), but not all (Ridker et al. 2005), clinical studies support this
hypothesis.

24.3  Impaired glucose metabolism

Diabetes is one of the most common metabolic disorders, affecting more than 380
million people worldwide. This number is expected to rise to 592 million by 2035
(Guariguata et al. 2014). The majority (90%—-95%) of diabetic patients suffer from
type 2 diabetes mellitus (DM2) (Creager et al. 2003). DM2 is preceded by a pre-
diabetic stage, which includes impaired fasting glucose (IFG) and impaired
glucose tolerance (IGT) (Stancakova et al. 2009). It has been suggested that
impaired insulin release is a predominant feature of isolated IFG, whereas
peripheral insulin resistance characterizes isolated IGT (Stancakova et al. 2009).
During the pre-diabetic stage, the risk of CVD events is modestly increased, and
with the development of DM2, there is a large increase in the risk (Nathan et al.
2007).

Many of the metabolic abnormalities known to occur in diabetes, including
hyperglycemia, free fatty acids and insulin resistance, provoke several
mechanisms that alter the structure and function of arteries. These include
decreased endothelium-derived NO, reduced endothelium-dependent
vasodilation, the production of oxygen-derived free radicals, increased
intracellular production of advanced glycation end products, and vascular smooth
muscle cell contraction and growth (Creager et al. 2003). These abnormalities
contribute to the cellular events that cause atherosclerosis. Moreover, endothelial
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nitric oxide dysregulation and advanced glycation end products have critical roles
in the pathogenesis of arterial stiffness (Prenner and Chirinos 2015).

Individuals with IGT have shown increased PWV when compared to those
with normal glucose tolerance (NGT) (Xu et al. 2010, Li et al. 2012), whereas
studies on the relationship between IFG and PWV have reported conflicting
results (Ohnishi et al. 2003, Xu et al. 2010, Shin et al. 2011, Li et al. 2012). In the
review by Cecelja and Chowienczyk (2009), diabetes was found to associate with
PWV in 12 (52%) out of 23 studies. Moreover, diabetes accounted for only 1%-—
8% of the variation in PWV (Cecelja and Chowienczyk 2009). One plausible
explanation is that independent effects of diabetes on arterial stiffness are diluted,
to some extent, by the association of hypertension with diabetes (Prenner and
Chirinos 2015). In addition to vascular changes, impaired glucose metabolism has
direct adverse effects on the heart. IGT and DM2 are accompanied by cardiac
steatosis (i.e. myocardial lipid overstorage), which precedes the onset of LV
systolic dysfunction (McGavock et al. 2007). Moreover, abnormalities in cardiac
metabolism in diabetics augment the ill effects of arterial stiffening on the heart
(Nichols et al. 2011).

24.4  Obesity

Worldwide, more than 1.9 billion adults are overweight (body mass index [BMI]
> 25 kg/m2), and over 600 million of these are obese (BMI > 30 kg/m2) (WHO
2015). Obesity is associated with DM2, hypertension, CVD and mortality as well
as a reduced life expectancy (Poirier et al. 2006). A variety of alterations in
cardiovascular structure and function occur as excessive adipose tissue
accumulates. In obese subjects, endothelial dysfunction and overactivity of the
sympathetic nervous system increase SVR, thus leading to higher blood pressure
(Poirier et al. 2006). Moreover, the abdominal adiposity contributes to an increase
in arterial stiffness (Schillaci et al. 2005). Furthermore, to meet the increased
metabolic needs in obesity, the circulating blood volume increases, which leads
to an increased venous return, the dilation of ventricles, increased wall tension,
left ventricular hypertrophy (LVH) and, eventually, to an increase in LV filling
pressure and LV enlargement. As the LVVH becomes unable to accommodate the
accelerating LV dilation, the wall tension becomes even more increased, which
results in systolic dysfunction (Poirier et al. 2006).
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245  Metabolic syndrome

MetS is a cluster of cardiovascular risk factors, including hypertension,
dyslipidemia, glucose intolerance (IFG, IGT, or DM2), insulin resistance and
obesity (Eckel et al. 2005). When grouped together, they are associated with an
increased risk of subclinical atherosclerosis (Mattsson et al. 2008), CVD and
mortality (Isomaa et al 2001, Lakka et al. 2002). With the high rate of paediatric
obesity, interest in MetS among adolescents is increasing because a diagnosis of
paediatric MetS might identify those at an increased risk of CVD in adulthood
(Gustafson et al. 2009).

There are various definitions for MetS in adulthood. In 1998, the World Health
Organization (WHO) introduced the first simple criteria for MetS. A diagnosis of
MetS according to WHO criteria included insulin resistance plus two additional
risk factors. In 1999, the European Group for Study of Insulin Resistance (EGIR)
proposed a modification of the WHO MetS definition, requiring elevated plasma
insulin plus two other factors. In 2001, the National Cholesterol Education
Program (NCEP) Adult Treatment Panel I11 (ATP I11) introduced a new definition
of MetS. The ATP IlI criteria required the presence of 3 out of 5 factors, whereas
the International Diabetes Foundation (IDF) definition, introduced in 2005,
required the presence of abdominal obesity plus two additional factors. In 2005,
the American Heart Association (AHA) and the National Heart, Lung, and Blood
Institute (NHLBI) maintained the ATP I11 criteria with minor modifications. The
AHA/NHLBI based their decision on the conclusion that the ATP Il criteria are
simple to use in a clinical setting and a large number of studies have been carried
out to evaluate the ATP Il criteria (Grundy et al. 2005). In addition, the IDF and
AHA/NHLBI introduced unified MetS criteria in 2009, requiring 3 abnormal
findings out of a total of 5 (Alberti et al. 2009). For children and adolescents,
there are at least 40 definitions of MetS, and most criteria used in paediatric
studies have been variably adapted from adult standards with the use of sex- and
age-dependent normal values (Ford and Li 2008, Steinberger et al. 2009).

Local arterial stiffness, as measured by ASI, has been found to increase in
obese children with MetS (lannuzzi et al. 2006), and local arterial distensibility
has been shown to decrease in adolescents with an increase in the number of MetS
components (Whincup et al. 2005). In adults, PWV has been demonstrated to be
increased in subjects with MetS as compared to those not afflicted with the
syndrome (Li et al. 2005a), and echocardiographic studies have suggested the
presence of impaired global LV function (Turhan et al. 2009) and impaired LV
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systolic and diastolic functions (Gong et al. 2009) in patients with MetS. The
detailed effects of the individual components of MetS on cardiovascular structure
and function are discussed in sections 2.4.1-2.4.4.

24.6 Other risk factors

Despite the fact that cigarette smoking increases inflammation, thrombosis and
the oxidation of LDL cholesterol (Ambrose and Barua 2004), it has been
suggested that arterial stiffness may be an underlying mechanism through which
smoking contributes to CVD (Nichols et al. 2011). This suggestion is supported
by the direct association between Alx and smoking (Mahmud and Feely 2003,
Rehill et al. 2006), as well as by the reversibility of Alx and improvement in
reflected waves after smoking cessation (Rehill et al. 2006, Polonia et al. 2009).
However, the majority of previous studies have not found a relationship between
cicarette smoking and PWV. In the review by Cecelja and Chowienczyk (2009),
smoking was associated with carotid-femoral PWV in only 6 (14%) of the 44
studies, and smoking accounted for only 0.3%-2.2% of the variation in PWV.
One plausible explanation is that, at least in its early stages, PWV does not reflect
the atherosclerotic process but an alternative pathology of the vascular wall
(Cecelja and Chowienczyk 2009, Townsend et al. 2015). Cicarette smoking also
has negative effects on systemic hemodynamics; smokers have been shown to
have decreased SV (Heckbert et al. 2006) and increased SVR (Li et al. 2005b)
when compared to nonsmokers.

Several dietary factors have a significant impact on arterial stiffness.
Dietary cholesterol intake has been found to associate directly with arterial
stiffness (Hallikainen et al. 2013). Moreover, increased arterial stiffness has been
reported in subjects with excessive alcohol consumption (Mahmud and Feely
2002) and higher salt intake (Avolio et al. 1985). In contrast, higher regular intake
of plant-derived phytoestrogens (van der Schouw et al. 2002) and isoflavones
(Pase et al. 2011) has been found to reduce arterial stiffness. Moreover, we have
previously shown that vegetable consumption in childhood is inversely associated
with PWV in adulthood (Aatola et al. 2010b). Habitual cocoa consumption has
also been shown to associate with decreased arterial stiffness and with improved
central hemodynamics (Vlachopoulos et al. 2007).

Physical inactivity is a risk factor for cardiovascular disease in the general
population (Shiroma and Lee 2010). Over twenty years ago, Vaitkevicius et al.
(1993) demonstrated that individuals with a low physical activity level had higher

27



arterial stiffness than physically active individuals. Since then, several other
studies have shown a beneficial relationship between physical activity and arterial
stiffness (Kozakova et al. 2007, Sakuragi et al. 2009, Gando et al. 2010, Edwards
et al. 2012). In addition, it has been shown that exercise training can improve left
ventricular systolic performance (Ehsani et al. 1991) as well as decrease blood
pressure by decreasing SVR (Cornelissen and Fagard 2005).

C-reactive protein (CRP) is a leading biomarker of inflammation for clinical
application, and high-sensitivity CRP has been found to predict cardiovascular
events even after adjustment for the traditional risk factors (Libby et al. 2009).
High CRP levels have been independently related to increased PWV in some
(Mattace-Raso et al. 2004, Yasmin et al. 2004), but not in all (Kullo et al. 2005),
previous studies.

There are clear differences between men and women in regard to several
cardiovascular parameters, which could at least partly be explained by differing
bodily habitus (females as a group are shorter and weigh less than males) (Nichols
et al. 2011). In the review by Cecelja and Chowienczyk (2009), sex was
associated with PWV in 15 (27%) out of 54 studies (males having higher PWV
than females), whereas in the review by the Reference Values for Arterial
Stiffness’ Collaboration (Mattace-Raso et al. 2010), the influence of sex on PWV
was negligible (<0.1 m/s difference, p=0.04).
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3 Aims of the study

The aim of this study was to gain more insight into the associations of
cardiovascular risk factors with arterial stiffness and systemic hemodynamics.
The specific objectives were:

1. To examine the effects of impaired glucose metabolism and metabolic
syndrome on arterial stiffness and systemic hemodynamics (I, I1).

2. To study the effects of spontaneus recovery from metabolic syndrome on
arterial stiffness and systemic hemodynamics (I).

3. To investigate the associations of childhood metabolic syndrome and recovery
from childhood metabolic syndrome with arterial stiffness in adulthood (I11).

4. To investigate the associations of apolipoproteins B and A-1 with arterial
stiffness (1V).
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4 Subjects and methods

4.1 Subjects

41.1  The Health 2000 Survey

The source of the study population was a large Finnish health examination survey
(the Health 2000 Survey) carried out in 2000-2001 (Aromaa and Koskinen 2004).
The overall study cohort was a two-stage stratified cluster sample (7419
participants, participation rate 92%) representing the entire Finnish population
aged 30 years and older. A supplemental study was carried out to study
cardiovascular diseases and diabetes more thoroughly (1867 participants,
participation rate 82%). Because specialized equipment was required, the
supplemental study was carried out in the catchment areas of the five Finnish
Universal Hospitals. The mean interval between the Health 2000 Survey and the
supplemental study was 16 months (range 10-23 months). In the catchment areas
of Tampere and Turku University Hospitals, 455 participants (aged 4676 years,
44% males) underwent in ICGws measurement.

4.1.2  The Cardiovascular Risk in Young Finns Study

The Cardiovascular Risk in Young Finns Study (YFS) is an on-going multicentre
study of atherosclerosis risk in Finnish children and young adults (Raitakari et al.
2008). The first cross-sectional survey was conducted in 1980. Altogether 4320
children and adolescents in 6 age cohorts (aged 3, 6, 9, 12, 15 and 18) were
randomly chosen from the population register to produce a representative sample
of Finnish children. A total of 3596 participants (83% of those invited)
participated the study in 1980. Thereafter, several follow-up studies with physical
examinations and blood sampling have been performed: in 1983 (n=2991,
participation rate 83%), 1986 (n=2779, participation rate 78%), 2001 (n=2283,
participation rate 64%), 2007 (n=2204, participation rate 61%), and in 2011-2012
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(n=2063, participation rate 57%). In the 27-year follow-up in 2007, 1872
participants (aged 30-45 years, 46% males) underwent in ICGws monitoring.

413  Study populations
Study |

In study I, 1741 non-pregnant females and males without type 1 diabetes (aged
30-45 years, 45% males) who participated in the YFS 2007 follow-up had
complete metabolic risk factor, PWV and systemic hemodynamics data (SI,
SVRI) available. Furthermore, 1391 non-pregnant females and males without
type 1 diabetes (aged 30-45 years, 46% males) with complete metabolic risk
factor data measured in 2001 and 2007 comprised a sub-group which was used to
evaluate the effect of spontaneous recovery from MetS over 6 years’ follow-up
(2001-2007) on PWV and systemic hemodynamics.

Study 11

In the Health 2000 Survey (supplemental study), 402 participants underwent
ICGws measurement and oral glucose tolerance testing (OGTT). Participants with
missing data on cardiovascular risk factors, OGTT, PWV or systemic
hemodynamics (n =11), and those with type 1 diabetes or undetermined diabetes
(n = 2), were excluded. Therefore, a total of 389 participants (aged 46-76 years,
43% males) were included in the analysis.

Study 11

The study population comprised 945 non-pregnant females and males who
participated in the 1986 YFS survey at the ages of 9, 12, 15, or 18 years as well
as the adult follow-up in 2007 (then aged 30-39 years, 45% males), and for whom
complete risk factor data were available in 1986, in addition to risk factor and
PWV data in 2007. Subjects participating in the 1986 survey were selected to
comprise the baseline study sample, because fasting glucose was not measured in
the 1980 survey.
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Study IV

After excluding participants with incomplete cardiovascular risk factor data
(n=82), those with type 1 or type 2 diabetes (n=12), pregnant women (n=19) and
participants using antihypertensive (n=120) or cholesterol-lowering medication
(n=21), a total of 1618 individuals (aged 30-45 years, 45% males) who
participated in the YFS 2007 follow-up were included in the analysis. A sub-
sample group was formed to study whether ApoB and ApoA-1 measured in young
adulthood are predictive of PWV assessed 6 years later. The sub-group was
comprised of those 1264 participants (aged 30-45 years, 46% males) for whom
complete cardiovascular risk factor data (after the above-mentioned exclusions)
was available in 2001 and whose PWV was measured in 2007.

4.2 Methods

421  Medical examination and questionnaire

Height and weight were measured, and BMI was calculated by dividing the
weight in kilograms by the square of the height in metres. In the Health 2000
Survey supplemental study, continuous blood pressure was measured using a
Finapres digital plethysmograph (Ohmeda, Engelwood, CO). An average blood
pressure value of a 30-second measurement was used and the results verified by
an Omron manometer (Omron, Matsusaka, Japan and Omron Healthcare Europe,
Hoofddorp, the Neatherlands). In the YFS, blood pressure was measured with a
random zero sphygmomanometer (Hawksley & Sons Ltd, Lancin, United
Kingdom) and the mean of three measurements was used. In the YFS, waist
circumference was measured only in 2001 and 2007. In the Health 2000 Survey
supplemental study, waist circumference data was not available. Smoking habits
were ascertained with a questionnaire, and smoking was defined as smoking on a
daily basis. In the Health 2000 Survey supplemental study, smoking data was not
available and it was collected from the Health 2000 Survey data.
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4.2.2  Laboratory analyses

The Health 2000 Survey

Venous blood samples were collected after an overnight fast. Total cholesterol,
HDL cholesterol and triglyceride concentrations were determined enzymatically
(Olympus System Reagent, Olympus Diagnostica GmbH, Hamburg, Germany,
for total cholesterol and triglycerides; Roche Diagnostics, Mannheim, Germany,
for HDL cholesterol) with a clinical chemistry analyzer (Olympus, AU400,
Hamburg, Germany). LDL cholesterol concentration was calculated using the
Friedewald formula. The OGTT was carried out after 10 to 12 hours of fasting.
The participants were given 75 g of glucose in a 10% solution, and venous blood
samples for glucose and insulin determinations were taken before and 2 hours
after the glucose load. Plasma glucose was determined by the glucose
dehydrokinase method (Diagnostica Merck, Darmstadt, Germany) in a clinical
chemistry analyzer (Konelab, Vantaa, Finland). Plasma insulin was determined
by the radio immunoanalysis method (Pharmacia, Uppsala, Sweden).

The Cardiovascular Risk in Young Finns Study

Venous blood samples were taken after 12 hours of fasting. Serum total
cholesterol and triglyceride concentrations were measured using a fully
enzymatic method (Boehringer Mannheim, Mannheim, Germany) in 1986, and
enzymatically (Olympus System Reagent) in a clinical chemistry analyzer
(Olympus, AU400) in 2001 and 2007. HDL cholesterol was analysed after
precipitation of VLDL and LDL with dextrane sulphate 500 000 (Kostner 1976).
LDL cholesterol concentration was calculated with the Friedewald formula, and
non-HDL cholesterol concentration was calculated by subtracting the HDL
cholesterol from the total cholesterol. In 2001 and 2007, ApoB and ApoA-1 were
determined immunoturbidometrically (Orion Diagnostica, Espoo, Finland).
Fasting plasma glucose concentrations were analysed enzymatically (Olympus
Diagnostica GmbH). Serum insulin was measured with a modification of the
immunoassay method (Herbert et al. 1965) in 1986, and with an immunoassay kit
(Abbott Laboratories, Diagnostic Division, Dainabot, USA) in 2001 and 2007.
CRP was analysed by an automated analyzer (Olympus AU400) using a
turbidimetric immunoassay kit (Wako Chemicals, Neuss, Germany) in 2001 and
2007. All assays were done in the same laboratory.
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423  Metabolic syndrome

Because no general consensus exists regarding the definition of MetS (Kassi et
al. 2011), we used three different definitions for MetS in study I. According to
the updated NCEP definition (Grundy et al. 2005), three or more of the following
criteria constitute a diagnosis of MetS: 1) increased waist circumference (men >
102 cm, women > 88 cm), 2) triglycerides > 1.7 mmol/I or drug treatment, 3) low
HDL cholesterol (men < 1.03 mmol/l, women < 1.3 mmol/l) or treatment for
dyslipidemia, 4) systolic blood pressure > 130 mmHg or diastolic blood pressure
> 85 mmHg or drug treatment, 5) fasting glucose > 5.6 mmol/l or drug treatment.
According to the IDF definition (Alberti et al. 2005), increased waist
circumference (> 94 cm for men and > 80 cm for women) and at least two of the
following factors are present: 1) triglycerides > 1.7 mmol/l or specific treatment;
2) HDL cholesterol < 1.03 mmol/l in men and < 1.29 mmol/l in women or specific
treatment; 3) systolic blood pressure > 130 mmHg or diastolic blood pressure >
85 mmHg, or treatment of previously diagnosed hypertension; 4) fasting plasma
glucose > 5.6 mmol/l or previously diagnosed type 2 diabetes. The IDF definition
has ethnicity-specific values for waist circumference. According to the EGIR
definition (Balkau and Charles 1999), MetS is present if hyperinsulinemia
(defined as non-diabetic subjects having a fasting insulin level in the highest
quartile, which in our study was 11 mU/I) is accomppanied by at least two of the
following abnormalities: 1) fasting blood glucose > 6.1 mmol/l; 2) blood pressure
>140/90 mmHg or treatment for hypertension; 3) triglycerides >2.0 mmol/l or
HDL cholesterol < 1.0 mmol/l, or treatment for dyslipidemia; 4) waist
circumference > 94 cm in men and > 80 cm in women. The sub-sample study
population (n = 1391) was classified further into four different groups according
to their MetS status at 2001 and 2007: control group (no MetS at 2001 or 2007),
recovery group (MetS at 2001 but not at 2007), incident group (no MetS at 2001
but MetS at 2007) and persistent group (MetS both at 2001 and 2007).

Because there is no universally accepted definition for paediatric MetS
(Steinberger et al. 2009), in study Il we created two paediatric MetS definitions
similar to the previous study by Lambert et al. (Lambert et al. 2004). Values of
age- and sex-specific cut-off points used to define risk factors were estimated
from the study population. Overweight was defined as BMI > 85th percentile
(Himes and Dietz 1994). High triglycerides, high systolic blood pressure,
hyperinsulinemia and low HDL cholesterol were defined as values in the
respective extreme quartiles (triglycerides, systolic blood pressure, and fasting
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insulin > 75th percentile, HDL cholesterol < 25th percentile). Similar cut-off
points were also used in the Bogalusa Heart Study (Chen et al. 1999).
Hyperglycaemia was defined as fasting blood glucose > 6.1 mmol/L (Fagot-
Campagna et al. 2001). The first paediatric MetS (Ped1MetS) definition required
the presence of any three of these six risk factors. The second paediatric MetS
(Ped2MetS) definition required the presence of hyperinsulinemia and any two of
the other five risk factors. For adult participants, the NCEP definition for MetS
was used in study Ill. The study population was classified further into four
different groups according to MetS status in 1986 and 2007: control group (no
MetS in 1986 or 2007), recovery group (MetS in 1986 but not in 2007), incident
group (no MetS in 1986 but MetS in 2007) and the persistent group (MetS in both
1986 and 2007). These groups were comprised separately for the two paediatric
MetS definitions (Ped1MetS and Ped2MetS).

424 Glucose tolerance

In study Il, the WHO criteria for diabetes mellitus (WHO 1999) was used in the
classification of participants with no previously diagnosed diabetes: 1) Normal
glucose tolerance (NGT) — fasting plasma glucose < 6.1 mmol/l and 2-h plasma
glucose < 7.8 mmol/l in an OGTT; 2) Impaired fasting glucose (IFG) - fasting
plasma glucose 6.1-6.9 mmol/l and 2-h plasma glucose < 7.8 mmol/l; 3) Impaired
glucose tolerance (IGT) — fasting plasma glucose < 7.0 mmol/l and 2-h plasma
glucose 7.8-11.0 mmol/l; and 4) Type 2 diabetes (DM2) — fasting plasma glucose
> 7.0 mmol/l or 2-h plasma glucose > 11.1 mmol/l. Participants taking oral
diabetes medication were considered to have DM2 regardless of their OGTT
results.

425  Whole-body impedance cardiography measurement

Systemic hemodynamic parameters were measured by using a commercially
available whole-body impedance cardiography monitor, CircMon B202
(CircMon, JR Medical Ltd, Tallinn, Estonia). After the interview, participants lay
in the supine position for at least 15 min prior to the measurement. Alternating
electrical current (30 kHz, 0.7 mA) was applied to the current electrodes (Blue
sensor type R-00-S, Medicotest A/S, Olstykke, Denmark) on the distal parts of
the extremities, and heart-synchronous pulsation-induced impedance variation
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trough the main vascular trees was measured from voltage electrodes placed
proximally to the current electrodes (Figure 4.1A). The amplitude of heart-
synchronous variations of the whole-body impedance correlates closely with the
SV, and the CircMon software calculates SV using the Tishchenko SV equation
(Tishchenko 1973, Kodbi et al. 1997a, Koobi et al. 1999):

dz/z,. .
ZO

SV=k“H?*" <
D

where coefficient k is an empirical correction factor (k = 0.275 for males and
k = 0.247 for females) (Tishchenko, 1973), H is the subject’s height (cm), dZ is
the amplitude of heart synchronous impedance variation (€2), Zc is the calibration
factor (0.1 Q), Zo is the baseline impedance of the body (€2), C is the duration of
the cardiac cycle (ms), and D is the duration from the lowest value of whole-body
impedance to the onset of the next cardiac cycle (ms).

An additional pair of electrodes was placed on the knee-joint level and the calf
to measure PWV (Figure 4.1A). The CircMon software estimates the foot of the
ICG signal that coincides with pulse transmission in the aortic arch and, later, the
foot of the impedance plethysmogram (IPG) signal that coincides with pulse
transmission in the popliteal artery (Koobi et al. 2003) (Figure 4.1B). By means
of the measured pulse transit time (At) and estimated distance (L) between these
two sites, the CircMon software calculates PWV using the equation:

PWV (m/s) = L/At

The repeatability index (the variation between two consecutive PWV
measurements) and the reproducibility index (the variation in the PWV
measurements performed on four separate days) were 99% and 87%, respectively
(Tahvanainen et al. 2009). Whole-body impedance cardiography slightly
overestimates PWV values when compared to the Doppler method, and this small
bias was corrected using the empirical equation (Koobi et al. 2003):

PWV (m/s) = 0.696xPWVicg + 0.864
The CircMon software calculates SVR automatically by dividing mean blood

pressure by CO. CO was estimated as heart rate * SV. SV, CO and SVR were
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indexed to body surface area to derive the stroke index (SI, ml/m2), cardiac index
(CI, I/min/m2), and systemic vascular resistance index (SVRI, dyn*s/cm5*mz2).
The time resolution of the recordings was 5 ms, and hemodynamic parameters
represent the mean of recordings over 30 s.

U |

Figure 4.1 A) Placement of electrodes in whole-body impedance cardiography with an additional
voltage-sensing channel on the left calf for PWV measurement. B) Synchronous recordings of
ECG, whole-body ICG and IPG. Time difference between the feet of the ICG (a) and IPG (b)
indicates the pulse transit time from the aortic arch to the popliteal artery.

Reprinted from Hypertension, 55, Aatola H, Hutri-K&honen N, Juonala M, Viikari JSA, Hulkkonen
J, Laitinen T, Taittonen L, Lehtimaki T, Raitakari OT, K&hénen M. Lifetime risk factors and arterial
pulse wave velocity in adulthood: The Cardiovascular Risk in Young Finns Study, 806-811,
Copyright (2010), with permission from Wolters Kluwer Health.

426 Statistical methods

The statistical comparison of the receiver-operating characteristic (ROC) curves
was carried out with a Statistical Analysis System (SAS Institute Inc., Cary, NC,
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USA) macro. Other statistical analyses were performed using SPSS for Windows
(version 16.0, SPSS Inc., Chicago, IL, USA). A p value of < 0.05 was considered
statistically significant. The skewed distribution of triglycerides (all studies),
CRP (studies I and 1V) and insulin (studies I, Il and IV) were corrected
logaritmically before statistical analyses. There were no interactions between sex
and glucose tolerance groups (study I1), hemodynamic parameters (studies | and
I1), MetS (studies | and IlI), cardiovascular risk factors (study 1V), and PWV
(studies 11 and 1V). Therefore, the analyses were performed with the sexes
combined in all studies. T-test (comparison between two groups) or analysis of
variance with the Dunnet T3 post hoc test (comparison between multiple groups)
was used to compare the means of continuous variables. The Chi-square test was
used to compare categorical variables.

Regression analysis was used to study the univariate relationships between
PWV and cardiovascular risk factors (study IV) as well as the univariate
relationships between PWV and MetS components (study IIl). Adjusted
multivariable linear regression models were constructed to study the independent
effects of glucose (study I1), insulin (study I1), MetS components (study | and I11)
and cardiovascular risk factors (study 1) on PWV or hemodynamic parameters.
Heart-rate-specific z-scores for PWV were used in the regression analysis (studies
Il and 1V), because heart rate may be a confounding factor (Lantelme et al. 2002).
Adjusted mean PWYV and systemic hemodynamic parameters were analysed using
general linear models (all studies).

In study 1V, regression models were assessed for multicollinearity before the
analysis, because there were strong bivariate correlations for LDL, triglycerides
and non-HDL cholesterol with ApoB. Variance inflation factors for ApoB, LDL
cholesterol, triglycerides and non-HDL cholesterol ranged from 12.0 to 191.7
(tolerances ranging from 0.006 to 0.083), and lipid measures were therefore
analysed separately in multivariable models. In study II, to limit the effects of
collinearity and control the number of covariates, glucose and insulin measures
were analysed separately in multivariable models.

In study 1V, Fisher’s least significant difference test was used to evaluate
differences in PWV between the ApoB tertiles groups. ROC analyses — including
areas under curves (AUC) — were generated to study the utility of ApoB and non-
HDL cholesterol in order to detect participants with > 90th-percentile adulthood
PWV (study IV). Variation in risk variables during the 21-year follow-up was
studied by subtracting the baseline value from the follow-up value (study I11).
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5 Results

5.1 Characteristics of the study population

The combined clinical characteristics of the Health 2000 Survey supplemental
study and the Cardiovascular Risk in Young Finns Study populations with
available systemic hemodynamics and PWYV data are shown in Table 5.1.

Table 5.1 Clinical characteristics of the Health 2000 Survey supplemental study population (H2000)
and The Cardiovascular Risk in Young Finns Study population (YFS) in 1986, 2001 and 2007.

H2000 YFS

Variable 1986 2001 2007
Number of participants 395-401* 990-1023* 1513-1547*  1828-1867*
Age (years) 58.3+7.9 135+34 319+50 37.6+5.0
Male participants (%) 43.9 45.1 447 45.7
BMI (kg/m2) 27.1+43 19.3+3.1 249+43 26.0+48
Glucose (mmol/l) 58+13 47+09 5008 53038
SBP (mmHg) 129.8+21.8 111.1+12.0 1161+130 1205+14.3
DBP (mmHg) 67.2+12.7 62.8+9.4 70.2+10.6 755+11.3
Total cholesterol (mmol/l) 56+09 49+10 51+10 5009
LDL cholesterol (mmolfl) 3409 3.0+£09 3.3+0.8 31+08
HDL cholesterol (mmol/l) 16+04 15+0.3 1.3+0.3 1.3+0.3
Triglycerides (mmol/l) 13(0.9-1.7) 09(0.7-1.1) 1.2(0.8-1.6) 1.2(0.9-1.7)
Smoking (%) 23.2 10.2F 22.6 19.3
Waist circumference (cm) 83.9+12.0 88.7+13.3
Apolipoprotein A-1 (g/l) 15+0.3 1.6+0.2
Apolipoprotein B (g/l) 11+03 1.0+0.3

Values presented as unadjusted means + standard deviation or geometric mean (25th-75th percentiles) or
percentages of participants. BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure;
LDL, low-density lipoprotein; HDL, high-density lipoprotein. *Some variables have missing data. TSmoking data
was gathered on participants aged 12-18 years.
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5.2 Cardiovascular risk factors and PWV

52.1  Metabolic syndrome (studies I and IIl)

There were a total of 945 subjects who participated in the base-line study in 1986
(then aged 9-18 years) and the follow-up in 2007 (then aged 30-39 years) (study
I11). The prevalences of MetS in the base-line paediatric population in 1986 were
14.1% for the Ped1MetS definition and 11.1% for the Ped2MetS definition. In the
follow-up adult population in 2007, the prevalence of MetS was 18.1%. Of the
continuous paediatric risk variables, age, sex, systolic blood pressure and
triglycerides were independently associated with PWV in adulthood (p < 0.02 for
all). In addition, hyperinsulinemia as a component of paediatric MetS was directly
and independently related to PWV in adulthood (p = 0.021) (Table 5.2).

Table 5.2 Multivariable associations of continuous paediatric risk variables and components of
paediatric MetS (ages 9-18 years in 1986) with adult PWV (in 2007) (n=945).

PWV
B+ SE P
Continuous paediatric risk variables
Age 0.039£0.011 0.001
Sex 0.607 = 0.062 <0.001
Systolic blood pressure (mmHg) 0.008 +0.003 0.007
Triglycerides (mmol/l) 0.541 +£0.217 0.013
Body mass index (kg/m2) -0.004 £ 0.013 0.750
Insulin (mmol/l) 0.182 £ 0.155 0.241
HDL cholesterol (mmol/l) -0.029 £ 0.117 0.805
Components of paediatric MetS
Age 0.059 £ 0.009 <0.001
Sex 0.608 = 0.060 <0.001
Hyperinsulinemia 0.164 £ 0.071 0.021
Hypertension 0.126 £ 0.069 0.068
Overweight 0.039 £ 0.089 0.661
Low HDL cholesterol -0.036 £ 0.072 0.613
High triglycerides 0.082 +0.073 0.260
Hyperglycaemia -0.200 £ 0.526 0.703

Heart rate-specific z scores were used for PWV. B, regression coefficient; SE, standard error.
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Participants suffering from MetS in childhood or adulthood had higher PWV
in adulthood when compared with those not afflicted with the syndrome
(p<0.007) (Figure 5.1A). An increasing number of the MetS components in
childhood were associated with increased PWV in adulthood (p for trend = 0.005)
(Figure 5.1B). Participants with persistent MetS over the 21-year follow-up had
higher PWV than those without MetS at base-line and follow-up (p<0.001).
Moreover, participants who recovered from MetS over the 21-year follow up had
lower PWV when compared to those with persistent MetS (p<0.001) (Figure
5.1C).

In a population of 1741 young adults (aged 30-45 years, 45% males), the
prevalence of MetS was 19.7% using the NCEP definition, 22.7% using the IDF
definition, and 13.4 % using the EGIR definition (study I). As individual
components of MetS, obesity and hypertension by all definitions, high
triglycerides by the NCEP and IDF definitions, and dyslipidemia by the EGIR
definition were independently associated with PWV (p<0.02 for all) (Table 5.3).

Table 5.3 Relationship between MetS (NCEP, IDF, EGIR) components and PWV (adjusted for age,
sex and other metabolic syndrome components).

PWV
B+ SE P

NCEP

Obesity 0.251 +0.073 0.001
High triglycerides 0.196 + 0.083 0.018
Low HDL 0.067 £ 0.067 0.317
Hypertension 0.788 £ 0.070 <0.001
High glucose 0.087 £ 0.076 0.251
IDF

Obesity 0.202 + 0.066 0.002
High triglycerides 0.202 +0.083 0.015
Low HDL 0.061 + 0.068 0.369
Hypertension 0.789 +0.070 <0.001
High glucose 0.093 +0.076 0.217
EGIR

Hyperinsulinemia -0.004 +0.082 0.958
Obesity 0.257 + 0.069 <0.001
Dyslipidemia 0.234 +0.081 0.004
Hypertension 0.778 £0.100 <0.001
High glucose 0.229 +0.130 0.078
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Figure 5.1 A) Comparison of adult PWV between participants with and without MetS according to
the paediatric MetS definitions (Ped1MetS and Ped2MetS) (ages 9 to 18 years in 1986) and the
adult MetS definition (ages 30 to 39 years in 2007). B) Adult PWV by the number of paediatric
MetS components (ages 9 to 18 years in 1986). C) Comparison of adult PWV between the 21-year
changes in MetS status.

PWV values are age-, sex- and heart-rate-adjusted means and standard errors. Values under
columns indicate the number of participants in each group. * for both paediatric MetS definitions
(Ped1MetS and Ped2MetS).

Reprinted from Annals of Medicine, 43, Koivistoinen T, Hutri-K&honen N, Juonala M, Aatola H,
Koobi T, Lehtimaki T, Viikari JSA, Raitakari OT, Kahonen M. Metabolic syndrome in childhood and
increased arterial stiffness in adulthood-The Cardiovascular Risk in Young Finns Study, 312-319,
Copyright (2011), with permission from Taylor&Francis.

Participants with MetS had higher PWV values (age-, sex-, CRP-, smoking-,
and LDL-cholesterol-adjusted) when compared with those not afflicted with the
syndrome (study I): 8.7 £ 0.07 m/s vs. 8.0 + 0.04 m/s by the NCEP definition; 8.7
1+ 0.07 m/s vs. 8.0 £ 0.04 m/s by the IDF definition; and 8.4 + 0.09 m/s vs. 8.1 +
0.03 m/s by the EGIR definition (p<0.005 for all). Moreover, PWV increased with
an increasing amount of MetS components (p<0.001 for all definitions) (Figure
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5.2A). The association of recovery from MetS with PWV was studied on a
subpopulation of 1391 participants who had complete risk factor data available at
2001 and at 2007, and PWV measured at 2007 (study 1). Higher PWV was
observed in the MetS persistent group (MetS both at 2001 and 2007) compared
to the MetS recovery group (MetS at 2001 but not at 2007), whereas there was no
difference in PWV in the MetS control (no MetS at 2001 or 2007) and MetS
recovery groups (Figure 5.2B). All analyses were repeated after adjusting PWV
for heart rate with essentially similar results.
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Figure 5.2 A) Mean level of PWV by the number of MetS components by the NCEP, IDF or EGIR
definition. B) Comparison of PWV between the 6-year change in MetS status by IDF definition.
Values are age-, sex-, CRP-, smoking-, and LDL-cholesterol-adjusted means and standard errors.
Values under columns indicate the number of participants in each group.

Adapted from Annals of Medicine, 42, Koivistonen T, Aatola H, Hutri-Kahonen N, Juonala M, Viikari
JSA, Laitinen T, Taittonen L, Lehtimdki T, Ko6bi T, Raitakari OT, K&honen M. Systemic
hemodynamics in young adults with the metabolic syndrome: The Cardiovascular Risk in Young
Finns Study, 612-621, Copyright (2010), with permission from Taylor&Francis.
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52.2  ApoB and ApoA-1 (study IV)

The study population comprised 1618 young adults (aged 30-45 years, 45%
males) with complete cardiovascular and PWV data available in 2007 (study V).
A sub-sample group comprised 1264 young adults for whom complete
cardiovascular data was available in 2001 (then aged 24-39 years, 46% males)
and whose PWV was measured in 2007. All risk factors, expect for smoking,
ApoA-1 in 2007 and CRP in 2001, were univariately associated with PWV
(p<0.03 for all) (Table 5.4). Of the lipid risk factors, ApoB (2001: p=0.005; 2007:
p=0.003), the ApoB/ApoA-1 ratio (2001: p=0.002; 2007: p=0.004) and the
LDL/HDL ratio (2001: p=0.012; p=0.008) were independently associated with
PWV in the multivariable analyses (Table 5.4). In addition, triglycerides
(p=0.004) and non-HDL cholesterol (p=0.025) measured in 2007 were
independently associated with PWV.

There was an increasing trend of PWV across the ApoB tertiles measured in
2001 (Figure 5.3A) and 2007 (Figure 5.3B). The AUC for ApoB (measured in
2001 or 2007) was higher than for non-HDL cholesterol in predicting > 90th
percentile PWV. However, in 2001 the difference remained significant only when
the model additionally included heart rate (0.673 vs. 0.654, respectively, p =
0.008), but it was diluted after adding age and sex in the model (p=0.10).
Moreover, in 2007 the difference remained significant when heart rate, age and
sex were included in the model (0.756 vs. 0.749, respectively, p=0.025), but it
was diluted after including all non-lipid risk factors independently associated with
PWV in the model (p=0.067).

46



Table 5.4 Univariate and multivariable relations between risk factors and PWV.

Risk variables measured
in 2001 and PWV in 2007

Risk variables and PWV
measured in 2007

B (SE) P B (SE) P
Univariate relations
ApoA-I (g/l) -0.259 (0.112)  0.022  -0.166 (0.099) 0.094
ApoB (g/l) 0.969 (0.110) <0.001  1.154(0.093) <0.001
ApoB/ApoA-1 ratio 1.069(0.123) <0.001  1.285(0.115) <0.001
HDL cholesterol (mmol/) -0.414(0.090) <0.001 -0.385(0.076)  <0.001
LDL cholesterol (mmol/) 0.195(0.033) <0.001  0.241 (0.030) <0.001
Non-HDL cholesterol (mmol/) 0.213(0.030) <0.001  0.274(0.026) <0.001
LDL/HDL ratio 0.185(0.024) <0.001  0.235(0.024) <0.001
Triglycerides (mmol/l) 0.896 (0.143) <0.001  1.291(0.119) <0.001
Systolic blood pressure (mmHg)  0.031(0.002)  <0.001  0.032 (0.002) <0.001
Body mass index (kg/m2) 0.040 (0.007)  <0.001  0.039 (0.005) <0.001
Insulin (mU/) 0.486 (0.122) <0.001  0.520(0.075) <0.001
Fasting glucose (mmol/l) 0.520 (0.064) <0.001  0.521(0.048) <0.001
C-reactive protein (mg/l) 0.070 (0.053) 0.187 0.207 (0.052) <0.001
Smoking -0.025 (0.065)  0.696  -0.082 (0.062) 0.186
Multivariable relations
ApoA-1* (gfl) -0.110(0.106)  0.301 0.034 (0.090) 0.704
ApoB* (g/l) 0.310(0.111) 0.005 0.292 (0.098) 0.003
Sex 0.374 (0.059) <0.001  0.323(0.050) <0.001
Insulin (mU/) 0.385 (0.130) 0.003 0.229 (0.082) 0.005
Fasting glucose (mmol/l) 0.005 (0.065) 0.943 0.099 (0.048) 0.041
Age (years) 0.053 (0.005) <0.001  0.045(0.004) <0.001
Body mass index (kg/m2) -0.013(0.007)  0.090  -0.011 (0.006) 0.079
C-reactive protein (mg/l) 0.094 (0.049) 0.058
Systolic blood pressure (mmHg)  0.024 (0.002) < 0.001  0.024 (0.002) <0.001

Heart rate-specific z-scores were used for PWV.

* When ApoA-1 and ApoB were replaced with their ratio, or with HDL and LDL cholesterol, the LDL/HDL ratio, the
non-HDL cholesterol, or triglycerides, an independent association was found between the 2001 ApoB/ApoA-1 ratio
(B [SE] =0.397[0.128], p = 0.002), the 2001 LDL/HDL ratio (0.061 [0.024], p = 0.012), the 2007 ApoB/ApoA-1 ratio
(0.353[0.123], p = 0.004), the 2007 LDL/HDL ratio (0.064 [0.024], p = 0.008), the 2007 triglycerides (0.369 [0.128],
p =0.004), the 2007 non-HDL cholesterol (0.057 [0.025], p = 0.025), and PWV assessed in 2007.

Adapted from Atherosclerosis, 214, Koivistoinen T, Hutri-K&hdnen N, Juonala M, Kéobi T, Aatola H, Lehtimaki T,
Viikari JSA, Raitakari OT, K&hdnen M. Apolipoprotein B is related to arterial pulse wave velocity in young adults:
The Cardiovascular Risk in Young Finns Study, 220-224, Copyright (2011), with permission from Elsevier.

47



p for trend < 0.001

A 9.0 p <0.001
— psoo0t

8.5 1 - P02

8.0
0
g 7.5 .
> .
S 7.0
o

6.5

0 n =432 n =423
0.36 - 0.91 0.92 -1.12 1.13-2.17
Apolipoprotein B (g/L)
p for trend < 0.001
B 9.0 - p <0.001
p < 0.001

8.5 1 - P00M
)
E -
:

n =547 n = 540 n=531
0.34 - 0.86 0.87 -1.08 1.09 -2.01

Apolipoprotein B (g/L)

Figure 5.3 A) Heart-rate-, age- and sex-adjusted PWV means and standard errors (measured in
2007) across apolipoprotein B tertiles measured in 2001 (n = 1264, participants aged 24-39 years).
B) Heart-rate-, age- and sex-adjusted PWV means and standard errors (measured in 2007) across
apolipoprotein B tertiles measured in 2007 (n = 1618, participants aged 30-45 years).

Reprinted from Atherosclerosis, 214, Koivistoinen T, Hutri-K&hénen N, Juonala M, Kd6bi T, Aatola
H, Lehtimaki T, Viikari JSA, Raitakari OT, K&honen M. Apolipoprotein B is related to arterial pulse
wave velocity in young adults: The Cardiovascular Risk in Young Finns Study, 220-224, Copyright
(2011), with permission from Elsevier.
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523  Impaired glucose metabolism (study II)

The effect of impaired glucose metabolism on PWV was studied in a population
of 389 participants (aged 46—76 years, 43% males) (study I1). The prevalence of
IFG, IGT and DM2 was 9.3%, 19.5% and 8.7%, respectively. In multivariable
regression models, fasting glucose (p=0.034) and 2-h glucose in OGTT (p=0.005)
were directly and independently associated with PWV (Table 5.5).

Table 5.5 Independent glucose/insulin effects on PWV.

PWV
B £ SE* P
Fasting glucose (mmol/l) 0.193 +0.091 0.034
2-h glucose in OGTT (mmol/l) 0.085 £ 0.030 0.005
Fasting insulin (mmol/l) 0.033+£0.019 0.075
2-h insulin in OGTT (mmol/l) 0.002 +0.002 0.331

*adjusted for age, sex, heart rate, body mass, systolic and diastolic blood pressure, HDL and LDL cholesteral,
triglycerides, and smoking.

There was a trend of increasing PWV according to the worsening of glucose
tolerance (Figure 5.4). The trend remained significant after adjusting for age, sex,
HDL cholesterol, LDL cholesterol, triglycerides, systolic and diastolic blood
pressure, and smoking (p for trend 0.021).
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Figure 5.4 PWV means and standard errors according to glucose tolerance status. Values under
columns indicate the number of participants in each group.
Adapted from Metabolism, 60, Koivistoinen T, Jula A, Aatola H, Kdobi T, Moilanen L, Lehtimaki T,
Kahdnen M. Systemic hemodynamics in relation to glucose tolerance: the Health 2000 Survey,
557-563, Copyright (2011), with permission from Elsevier.
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5.3 Metabolic syndrome, impaired glucose metabolism and systemic
hemodynamics (studies | and II)

The effect of MetS on systemic hemodymics was studied in a population of 1741
young adults (aged 30-45 years, 45% males) (study I). In addition, a subgroup of
1391 participants was created to evaluate the effect of spontaneous recovery from
MetS over 6 years’ follow-up (2001-2007) on systemic hemodynamics.
Moreover, the effect of impaired glucose metabolism on systemic hemodynamics
was studied in a population of 389 older adults (aged 46—76 years, 43% males)
with NGT, IFG, IGT, or DM2 (study II).

As individual components of MetS, low HDL cholesterol by the NCEP
(p=0.002) and IDF (p=0.037) criteria, obesity (p<0.001), hypertension (p<0.003),
and hyperinsulinemia by the EGIR criteria (p=0.002) were inversely and
independently associated with SI. As expected, obesity (p<0.003) and
hypertension (p<0.001) were independent determinants of SVRI (Table 5.6).

Table 5.6 Relationship between MetS components and hemodynamic parameters adjusted for age,
sex and other MetS components.

Sl SVRI
B+ SE P B+ SE P

NCEP

Obesity -1.421 £ 0.326 <0.001 120.419+30.018  <0.001
High triglycerides -0.515 + 0.369 0.162 -16.155 + 33.888 0.634
Low HDL -0.922 £ 0.300 0.002 36.063 + 27.594 0.191
Hypertension -1.445 £+ 0.310 <0.001 255.311+38.493  <0.001
High glucose -0.084 £0.338 0.803 -17.200 + 31.074 0.580
IDF

Obesity -1.975 £ 0.292 <0.001 154.219+26.918  <0.001
High triglycerides -0.368 + 0.366 0.315 -25.623 £ 33.783 0.448
Low HDL -0.630 £ 0.302 0.037 15.000 = 27.808 0.590
Hypertension -1.364 £0.308 <0.001 249.950 +28.382  <0.001
High glucose -0.083£0.334 0.805 -16.726 + 30.795 0.587
EGIR

Hyperinsulinemia -1.131 +£0.357 0.002 -25.068 + 33.185 0.450
Obesity -1.886 £+ 0.300 <0.001 169.967 + 27.877  <0.001
Dyslipidemia -0.426 £ 0.349 0.222 21.672 + 32.497 0.505
Hypertension -1.328 £ 0.433 0.002 254,584 £40.263  <0.001
High glucose 0.760 + 0.563 0.178 -41.732 £ 52.435 0.426




Participants with MetS had lower Sl and higher SVRI by all definitions
(p<0.005) (Figure 5.5A and 5.5B). There was also a trend of decreasing Sl and
increasing SVRI with an increase in the amount of MetS components by all three
definitions (p<0.001 for all) (Figure 5.6A and 5.6B).
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Figure 5.5 Comparison of S| (A) and SVRI (B) between the participants with and without MetS by
the NCEP, IDF, or EGIR definition. Values are age-, sex-, CRP-, smoking-, and LDL-cholesterol-
adjusted means and standard errors. Values under columns indicate the number of participants in
each group.

Adapted from Annals of Medicine, 42, Koivistonen T, Aatola H, Hutri-Kahonen N, Juonala M, Viikari
JSA, Laitinen T, Taittonen L, Lehtiméki T, KOobi T, Raitakari OT, K&honen M. Systemic
hemodynamics in young adults with the metabolic syndrome: The Cardiovascular Risk in Young
Finns Study, 612-621, Copyright (2010), with permission from Taylor&Francis.
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Figure 5.6 Mean levels of SI (A) and SVRI (B) by the number of MetS components according to
the NCEP, IDF or EGIR definition. Values are age-, sex-, CRP-, smoking-, and LDL-cholesterol-
adjusted means and standard errors. Values under columns indicate the number of participants in
each group.

Adapted from Annals of Medicine, 42, Koivistonen T, Aatola H, Hutri-K&hdnen N, Juonala M, Viikari
JSA, Laitinen T, Taittonen L, Lehtim&ki T, Koobi T, Raitakari OT, Kahonen M. Systemin
hemodynamics in young adults with the metabolic syndrome: The Cardiovascular Risk in Young
Finns Study, 612-621, Copyright (2010), with permission from Taylor&Francis.

Lower Sl (p=0.024) was observed in the MetS persistent group (MetS both at
2001 and 2007 by the IDF definition) compared to the MetS recovery group
(MetS at 2001 but not at 2007 by the IDF definition) (Figure 5.7A). The difference
in SVRI between the MetS persistent and MetS recovery groups was not
statistically significant (p=0.082) (Figure 5.7B). Statistically significant trends for
SI and SVRI according to a 6-year change in MetS status were also observed
using the NCEP and EGIR definitions (p<0.001 for both). Heart rate was higher
in participants with MetS than in those without MetS by all three definitions (69
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+ 10 beats/min vs. 64 £ 9 beats/min, respectively, p<0.001). There was no
statistically significant difference in Cl between participants with or without
MetS.
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Figure 5.7 Comparison of SI (A) and SVRI (B) between the 6-year change in MetS status by the
IDF definition.Values are age-, sex-, CRP-, smoking-, and LDL-cholesterol-adjusted means and
standard errors. Values under columns indicate the number of participants in each group.
Adapted from Annals of Medicine, 42, Koivistonen T, Aatola H, Hutri-Kahonen N, Juonala M, Viikari
JSA, Laitinen T, Taittonen L, Lehtiméki T, KOobi T, Raitakari OT, K&hoénen M. Systemic
hemodynamics in young adults with the metabolic syndrome: The Cardiovascular Risk in Young
Finns Study, 612-621, Copyright (2010), with permission from Taylor&Francis.

Two-hour glucose in OGTT (p<0.001) and two-hour insulin in OGTT
(p=0.006) were directly and independently associated with SVRI, whereas
glucose or insulin measures were not independently related with Sl in
multivariable regression models (Table 5.7) (study I1).
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Table 5.7 Independent glucose/insulin effects on Sl and SVRI.

Sl SVRI
B + SE* P B + SE* P
Fasting glucose (mmol/l) -0.277+0.381 0467 58.217+36.654 0.113
2-hour glucose in OGTT (mmol/l) ~ -0.153+0.127  0.227 45.352+11.717 <0.001
Fasting insulin (mmol/l) 0.014+0.078 0.857 -2.026+7.627 0.791

2-hour insulin in OGTT (mmol/l) -0.012+0.010  0.223 2.666 + 0.970 0.006

*adjusted for age, sex, heart rate, body mass, systolic and diastolic blood pressure (for SI only), HDL and LDL
cholesterol, triglycerides, and smoking.

Sl was observed to decrease (p for trend <0.001) and SVRI to increase (p for
trend = 0.002) with the worsening of glucose tolerance (Figure 5.8). In pairwise
comparisons, Sl was lower in the IFG and IGT groups when compared with the
NGT group (p<0.05 for both), but there was no statistically significant difference
between the DM2 and NGT groups (p=0.221). SVRI was higher in the IGT and
DM2 groups than in the NGT group (p<0.05 for both). After adjusting for age,
sex, HDL and LDL cholesterol, triglycerides, smoking, and systolic and diastolic
blood pressure (for SI only), the trend of decreasing Sl and increasing SVRI with
the worsening of glucose tolerance remained statistically significant (p for trend
< 0.03 for both). There were no statistically significant differences in CI or heart
rate between the groups.
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Figure 5.8 SI (A) and SVRI (B) means and standard errors according to glucose tolerance status.
Values under columns indicate the number of participants in each group.

Adapted from Metabolism, 60, Koivistoinen T, Jula A, Aatola H, Kdobi T, Moilanen L, Lehtimaki T,
Kéahénen M. Systemic hemodynamics in relation to glucose tolerance: the Health 2000 Survey,
557-563, Copyright (2011), with permission from Elsevier.

5.4 Interrelationship between arterial stiffness and systemic
hemodynamic parameters

Arterial stiffness index (ASI) has been developed to reduce the impact of the
curvilinear pressure-stiffness relationship on arterial stiffness measurement, and
it is considered to be independent of blood pressure. To examine whether arterial
stiffness reflects a similar or different entity of cardiovascular structure and
function when compared to systemic hemodynamic parameters, the
interrelationship between ASI and systemic hemodynamic parameters was
studied on a population of 350 adults (the Health 2000 Supplemental study
population, participants aged 4676 years, 44% males) (unpublished data). ASI
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was measured from the carotid artery using high-resolution B-mode ultrasound.
The measurement protocol has been described in detail previously (Niiranen et
al. 2007, Kettunen et al. 2011). There was no correlation between ASI and SVRI
(r=0.1, p=0.07) (Figure 5.9A). A weak, but statistically significant, univariate
correlation was found between ASI and Sl (r=-0.15, p=0.004) (Figure 5.9B).
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Figure 5.9 Arterial stiffness index (ASI) in relation to systemic vascular resistance index (SVRI) (A)
and stroke index (SI) (B). The central line is the standard linear regression line.

56



6 Discussion

6.1 Cardiovascular risk factors and PWV

Previously, elevated cardiovascular risk factor levels in childhood have been
shown to predict increased carotid artery intima-media thickness in adulthood
(Raitakari et al. 2003). In addition, decreased CAC, as well as increased YEM
and PWV, have been found in adults with an increasing number of cardiovascular
risk factors measured in childhood (Juonala et al. 2005, Aatola et al. 2010a).
However, the relationship between childhood MetS and arterial stiffness has
received little academic interest to date. lannuzzi et al. (2006) found an increased
ASI in obese children with MetS (lannuzzi et al. 2006), and Whincup et al. (2005)
reported the local arterial distensibility in adolescents to decrease with the
increase in the number of MetS components. The present study provided further
insight into the possible adverse effects of childhood MetS on arterial stiffness by
showing that participants with MetS in childhood have increased PWV in
adulthood. Moreover, hypersinsulinemia as a component of childhood MetS was
associated with increased PWV in adulthood, a finding which is in line with the
notion that insulin levels in childhood correlate inversely with CAC and directly
with YEM in adulthood (Juonala et al. 2005). In the adult population, participants
with MetS had higher PWV values than those not afflicted with the syndrome, a
finding which is in concert with earlier reports in young (Li et al. 2005a) and
middle-aged adults (Sipilé et al. 2007). As have others (Schillaci et al. 2005), we
found that hypertension and obesity as individual components of MetS were
independent determinants of PWV. Previously, triglycerides have been shown to
associate directly with PWV in some (Mitchell et al. 2004, Aatola et al. 2010a),
but not in all studies (Cecelja and Chowienczyk 2009). In the present study,
trigyclyserides as a continuous variable and as a component of adult MetS were
directly associated with PWV.

Participants with persistent MetS had higher PWV than those who recovered
or were free from MetS during the 6-year (adult population) or 21-year (pediatric
population) follow-up. This difference (0.8-1.3 m/s) is noteworthy, since there is
a 14%—-15% increase in cardiovascular events, cardiovascular mortality, and all-

57



cause mortality for each 1 m/s increase in aortic PWV (Vlachopoulos et al. 2010).
Participants in the MetS persistent group had a higher BMI or waist
circumference, fasting glucose, blood pressure, triglycerides, as well as lower
HDL cholesterol, as compared to MetS recovery group. Our results thus suggest
that reduced arterial stiffness in subjects with MetS could be achieved by
improving the metabolic risk factor profile and by weight reduction. Further
evidence to support this view has been provided by the previous studies
demonstrating a decrease in carotid-femoral PWV after weight reduction in
middle-aged men (Miyaki et al. 2009), a reduction in carotid-femoral PWV after
long-term trandolapril treatment in older adults (Mitchell et al. 2007), and a
decrease in femoral-ankle PWYV after atorvastatin treatment in patients with DM2
(Shinohara et al. 2005).

Increased PWYV was observed in middle-aged participants with IGT and DM2
compared with participants with NGT, which is in line with previous reports
(Taniwaki et al. 1999, Ohnishi et al. 2003, Rahman et al. 2008, Xu et al. 2010).
Moreover, there was a trend of increasing PWV with the worsening of glucose
tolerance. Furthermore, fasting glucose and 2-hour glucose on OGTT were
independent determinants of PWV. Therefore, the present findings suggest that
glucose intolerance, even without DM2, has adverse effects on arterial stiffness
and that glucose tolerance measurements should be included in the risk evaluation
of the middle-aged population.

Previously, in relative small-scale studies, ApoB has been found to associate
with PWV in adolescents with type 1 diabetes (Bjornstad et al. 2015) and in
patients treated for cardiovascular risk factors (Amar et al. 2001). In addition,
ApoB has been shown to correlate with local (carotid artery) arterial stiffness
(Schmidt-Truckséss et al. 1999). In the current study, ApoB was directly and
independently associated with PWV in young adults. Moreover, ApoB was found
to predict increased PWV measured 6 years later. In contrast, LDL cholesterol
was not independently associated with PWYV and did not predict PWV during the
6-year follow up. The current findings thus suggest that ApoB is associated with
arterial stiffness in young adults and that ApoB may be a better dyslipidemia risk
marker of increased arterial stiffness than LDL cholesterol. However, the ROC
analysis demonstrated that there were no differences between non-HDL
cholesterol and ApoB in identifying increased PWV and, therefore, we conclude
that ApoB is not superior to non-HDL cholesterol in detecting increased arterial
stiffness in young adults. Furthermore, in the current study, ApoA-1 was not
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associated with PWV, as was also shown previously in a population of 429
healthy middle-aged women (Taquet et al. 1993).

The pathophysiological mechanisms underlying the association between
cardiovascular risk factors and arterial stiffness are incompletely understood
(Zieman et al. 2005, Stehouwer et al. 2008, Cecelja and Chowienczyk 2009,
Prenner and Chirinos 2015). Nevertheless, it has been suggested that
hyperglycaemia increases the formation of advanced glycation end products on
the arterial wall, causing cross-linking of collagen (Stehouwer et al. 2008, Prenner
and Chirinos 2015). Hyperglycaemia and hyperinsulinemia also promote the
development of wall hypertrophy and fibrosis by increasing the local activity of
the renin-angiotensin-aldosterone system (Stehouwer et al. 2008). In addition,
hypertension may result in structural alterations in the arterial wall, including
decreased elastin content, increased collagen content, and change in the type of
collagen (Cecelja and Chowienczyk 2009). Moreover, low-grade inflammation
and endothelial dysfuntion related to cardiovascular risk factors may increase
stiffness (Stehouwer et al. 2008, Townsend et al. 2015).

In summary, the present study demonstrated the adverse effects of
cardiovascular risk factors, particularly impaired glucose metabolism, increased
ApoB and MetS, on arterial stiffness. Moreover, the current findings suggest that
recovery from MetS is associated with decreased arterial stiffness.

6.2 Cardiovascular risk factors and systemic hemodynamics

The main findings of this study on the relationship between MetS, glucose
tolerance and systemic hemodynamic parameters were as follows. Firstly, MetS,
an increasing number of MetS components, and deteriorating glucose tolerance
were associated with decreased Sl and increased SVRI. Secondly, as individual
components of MetS, low HDL cholesterol, obesity, hypertension, and
hyperinsulinemia were inversely and independently associated with SI, and
obesity and hypertension were independent determinants of SVRI. Thirdly, 2-
hour glucose and insulin in OGTT were directly and independently associated
with SVRI. The fourth main finding was that participants who recovered from
MetS during the 6-year follow-up had higher SI when compared to participants
with persistent MetS.

Previous studies have provided several plausible explanations for the
adverse changes in systemic hemodynamics in subjects with MetS and/or
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impaired glucose metabolism. All the components of MetS can individually
impair endothelial function, leading to a higher tone in resistance arteries (Su et
al. 2008, Tziomalos et al. 2010). In addition, in hypertensive and obese
individuals, impairment of insulin-mediated vasodilation may contribute to the
increase in peripheral resistance (Feldman and Bierbrier 1993). Moreover,
persons with MetS have increased sympathetic tone (Koskinen et al. 2009).

Increased insulin levels, glucose intolerance and hypertension have been
shown to relate to LV hypertrophy and mass (Sasson et al. 1993, Hara-Nakamura
et al. 1994, Palmieri et al. 2001), which in turn are related to decreased
contractility (Grossman et al. 1994, Dahan et al. 1997). Moreover, alterations in
myocardial cells caused by diabetes may lead to myocardial cell injury, interstitial
fibrosis and, ultimately, to LV dysfunction, especially when the diabetes is
accompanied by hypertension (Kawaguchi et al. 1997). Furthermore, IGT may be
an independent aetiological factor for low coronary flow (Binak et al. 2006), and
alterations in intracellular calcium homeostasis in the diabetic heart may lead to
depressed contractility (Lopaschuk 2002). However, it should be noted that, in
addition to the direct influence of MetS and/or deteriorating glucose tolerance on
Sl, increased arterial load caused by increased stiffness and SVR could be
responsible for the lower Sl in subjects with MetS and/or glucose metabolism
disorder.

The present findings are in line with previous findings showing increased
SVRI in hypertensive patients (Abdelhammed et al. 2005) and subjects with
abdominal obesity (Chirinos et al. 2009). Moreover, low HDL cholesterol has
been associated with subclinical LV dysfunction (Wang et al. 1999) and central
obesity with lower CO (Jern et al. 1992). Furthermore, antidiabetic medication
has been shown to decrease SVR (Shargorodsky et al. 2003), and antihypertensive
medication has been found to reduce total peripheral resistance and slightly
improve cardiac pump function (Omvik et al. 2000).

Taken together, the current findings suggest that MetS and impaired glucose
metabolism have adverse effects on systemic hemodynamics, and recovery from
MetS may improve cardiac pump function.

6.3 Methodological considerations and study limitations

Although the large study population from the two distinct cohorts and the long
follow-up in YFS are the greatest strengths of the presents study, there are also
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some limitations concerning this population. The overall cohort of the Health
2000 Survey (8028 participants) represents the entire Finnish population aged 30
and over. To study CVD and diabetes more thoroughly, the supplemental study
(1867 participants) was carried out in the catchment areas of five Finnish
University Hospitals, and in the catchment areas of Tampere and Turku
University Hospitals, 455 subjects participated in ICGwgs measurement. This sub-
sample is therefore a cross-section of the middle-aged and elderly Finnish
population living in urban areas, rather than being representative of the whole
Finnish population. In YFS, a representative sample of Finnish children (3596
subjects) participated the study in 1980. After that, several follow-up studies of
this cohort have been conducted, and the participation rates have varied from 80%
(in 1983) to 60% (in 2007). The dropout rate in the YFS cohort has thus been
substantial. However, the risk profile during the 21-year follow-up period among
the remaining participants is well-representative of the original population
(Juonala et al. 2004).

Some limitations concerning MetS and the current study protocol should be
noted. There is accumulating skepticism towards the usefulness of MetS as a
diagnostic or disease management tool (Borch-Johnsen and Wareham 2010,
Simmons et al. 2010). One of the main concerns is that MetS seems not to be a
greater cardiovascular risk factor than the sum of its parts. However, it has been
suggested that MetS could act as an early warning sign, particularly among young
individuals with a relatively low risk according to the individual risk factors
(Cameron et al. 2009). In the present study, MetS status was defined at baseline
and at follow-up, but ICGws measurements were only taken at follow-up.
Therefore, the current study does not allow the evaluation of longitudinal changes
in ICGwe parameters in relation to MetS status. Moreover, the lack of standard
paediatric MetS definitions may limit the generalizability of the present results.

The measurement of PWV and systemic hemodynamic parameters with
ICGwe could be considered a methodological limitation. Although ICGws has
been found to be well in agreement with the Doppler method in the measurement
of PWV (Koobi et al. 2003), and with the thermodilution method in the
measurement of CO (K&obi et al. 1997a, Kodbi et al. 1997b, Kodbi et al. 1999),
ICGwe is not widely used in epidemiological studies, obviously limiting the
comparability of the present findings with the observations from other cohorts.
However, it should be noted that ICGws is ideal for epidemiological settings
because it is an inexpensive, fast and operator-independent method for measuring
PWYV and systemic hemodynamic parameters simultaneously.
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The arterial wall includes a diversity of molecular, cellular and histological
structures, which renders the elastic properties of various conduit arteries along
the arterial tree quite heterogeneous (Laurent et al. 2006). Moreover, aging and
cardiovascular risk factors effect the dynamic properties of the arterial tree in an
inhomogeneous fashion (Nichols et al. 2011). Measuring PWYV over arteries with
different properties could therefore be considered a limitation. However, the
inclusion of the femoral artery in the measurement protocol could prove important
as it has been proposed that the deleterious effects of cardiovascular risk factors
on local arterial stiffness are more pronounced in the more muscular than the more
elastic arteries (Schram et al. 2004, Ferreira et al. 2005). Furthermore, the longer
pathway (aorta-poplitea) could provide a more global index of vascular health.

Several different methods have been developed to estimate structural and
functional changes in the cardiovascular system. Stroke volume, as a measure of
cardiac function, refers to to the quantity of blood pumped out of the left ventricle
with every heart beat, and its major determinants are preload, afterload and
contractility. Arterial stiffness describes the cushioning function of large arteries,
whereas systemic vascular resistance describes the vessels’ tendency to oppose
blood flow and it is mainly determined by the microcirculation, i.e. small arteries,
arterioles and capillaries, since they present the greatest resistance (O’Rourke and
Hashimoto 2007, Westerhof and Westerhof 2013). In the present study, the
arterial stiffness index did not correlate with SVRI and correlated only weakly
with SI. These findings suggest that arterial stiffness reflects, at least partly, a
different entity of cardiovascular function than systemic hemodynamic
parameters, thus supporting the current approach to study the effects of
cardiovascular risk factors on arterial stiffness and systemic hemodynamics
seperately.

6.4 Clinical implications and future perspectives

The incidence of MetS and diabetes have increased alarmingly, and studying
these metabolic abnormalities is therefore essential. This study showed in young
adults that MetS yields adverse effects on arterial stiffness and systemic
hemodynamics and recovery from MetS may improve cardiovascular function.
Moreover, childhood MetS was found to associate with increased arterial stiffness
in adulthood, and recovery from childhood MetS during a 21-year follow-up
period had positive effects on arterial stiffness. The current study also expanded
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the understanding of the adverse alterations in arterial stiffness and systemic
hemodynamics caused by deteriorating glucose tolerance. Thus, the present
findings underline the importance of the prevention and controlling of
cardiovascular risk factors in both childhood and adulthood. Especially the
prevention of excessive weight gain and obesity is essential, since the risk of
diabetes, cardiovascular disease and hypertension rises continuously with
increasing weight (WHO 2003). Possible factors that could protect against
weight gain include regular physical activity, home and school enviroments that
support healthy food choices, lower alcohol consumption, low glycaemic index
foods and a high dietary fibre intake (WHO 2003).

The present study also suggests that increased ApoB is associated with
increased arterial stiffness. Moreover, the 6 years of dyslipidemia may influence
the arterial stiffening in young adults, and our findings therefore reinforce the
focus on primary prevention and the possibility of modulating the arterial aging
process.
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7 Summary and conclusions

The effects of impaired glucose metabolism, apolipoproteins B and A-1, and
childhood and adulthood MetS on PWV were investigated among participants of
the Cardiovascular Risk in Young Finns Study and the Health 2000 Survey. In
addition, the present study examined the relationship between MetS, impaired
glucose metabolism and systemic hemodynamic parameters. The results of this
large-scale study with data from two cohorts can be summarised as follows:

1. A worsening of glucose tolerance, increased ApoB, and MetS in childhood and
adulthood were related to an increase in PWV. Moreover, ApoB measured in
young adulthood was predictive of PWV measured 6 years later. This study thus
highlights the importance of the prevention and controlling of cardiovascular risk
factors in both childhood and adulthood.

2. Recovery from MetS during 6-year and 21-year follow-up was associated with
decreased arterial stiffness. Therefore, our findings suggest that favourable
changes in the vasculature can be achieved by improving cardiovascular risk
factors.

3. MetS, an increasing number of MetS components and deteriorating glucose
tolerance were associated with decreased Sl and increased SVRI. Moreover,
recovery from MetS was associated with increased SI. Therefore, this
investigation brings new insight into the relationships between cardiovascular
risk factors and systemic hemodynamics, and our findings emphasize the
importance of an evaluation of glucose tolerance status and MetS in the
estimation of cardiovascular risk.
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Abstract

Objective. We conducted the present study to examine associations of three different metabolic syndrome (MetS) definitions
and their components to arterial stiffness, systemic vascular resistance, and left ventricular function at population level. In addi-
tion, the objective of the study was to examine associations of spontaneous recovery from MetS over 6 years’ follow-up to systemic
hemodynamics.

Methods. The study population consisted of 1,741 Finnish young adults (aged 30—45 years) who had complete MetS risk
factor and hemodynamic data available at 2007. Associations of spontaneous recovery from MetS to systemic hemodynamics
was studied on a subpopulation of 1,391 subjects who had also complete MetS risk factor data available at 2001. Hemody-
namic measurements were performed using a whole-body impedance cardiography device.

Results. MetS and increasing number of MetS components were associated with lower stroke index (” < 0.001) and higher
systemic vascular resistance index (P < 0.005) and arterial pulse wave velocity (P < 0.005). In MetS persistent group, stroke
index was lower (P = 0.024), and pulse wave velocity was higher (P = 0.003) compared to MetS recovery group.
Conclusion. All current MetS definitions identify young adults with altered systemic hemodynamics, and recovery from MetS
is associated with a favorable hemodynamic profile.

Key words: Arterial stiffness, cardiovascular health, epidemiology, hemodynamics, metabolic syndrome, young adults

Introduction and subjects with MetS are at increased risk of car-
Metabolic syndrome (MetS) is a cluster of multiple diovascular disease (CVD) and mortality (3). Previ-
cardiovascular risk factors such as obesity, hyperten- ously we (4) and others (5) have shown that pulse wave
sion, dyslipidemia, and impaired glucose tolerance. velocity (PWV), a commonly used marker of arterial
Previous reports have shown that young adults with stiffness and independent predictor of coronary events
MetS have increased subclinical atherosclerosis (1,2), as well as all-cause and cardiovascular mortality (6-8),
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Key messages

e Previously, limited data have been available
concerning relationships between different
metabolic syndrome (MetS) definitions, their
components, recovery from MetS, and sys-
temic hemodynamics.

e  MetS and its components have adverse effects
on systemic hemodynamics in a large cohort
of young adults, and recovery from MetS may
improve cardiovascular function.

is increased in subjects with MetS compared to those
without the syndrome. Echocardiographic studies
have also suggested the presence of impaired global
left ventricular (LV) function (9) and impaired LV
systolic and diastolic functions in patients with MetS
(10,11).

Arterial pressure and flow are the result from the
interaction between the left ventricle and the syste-
mic arterial load. Assuming unchanged pump func-
tion of the heart, increased arterial load (reduced
compliance/increased stiffness, increased systemic
vascular resistance (SVR), or both) results in a lower
stroke volume (SV), which is one indicator of cardiac
function. Decrease in SV may also be associated with
LV hypertrophy and other structural changes of heart.
Increased SVR and systemic vascular resistance index
(SVRI) have been shown in subjects with hyperten-
sion (12,13) and abdominal obesity (14,15). However,
limited data are available concerning relationships
between MetS, its components, and systemic hemo-
dynamics in young adults. Recently, we have shown
that arterial structure and function may be restored
in young adults after recovery from MetS (16), but the
reversibility of arterial PWYV, systemic vascular resis-
tance, and LV function in relation with recovery from
MetS is unknown.

The aim of this study was to address these gaps in
the literature. We evaluated the relations of MetS and
its components to stroke index (SI), cardiac index (CI),
heart rate (HR), SVRI, and PWYV in young adults using
three different MetS guidelines. Furthermore, we used
longitudinal data to examine whether recovery from
MetS over 6 years’ follow-up has favorable effects on
systemic hemodynamics in young adults.

Methods
Study population

The Cardiovascular Risk in Young Finns Study is an
on-going multicenter study of atherosclerosis risk
factors of Finnish children and young adults. The
first cross-sectional survey was conducted in 1980

Abbreviations

BMI body mass index

CI cardiac index

CO cardiac output

CRP C-reactive protein

CVD cardiovascular disease

DBP diastolic blood pressure

EGIR The European Group for the Study of Insulin
Resistance guideline

HDL high-density lipoprotein

HR heart rate

ICGyy whole-body impedance
cardiography

IDF The International Diabetes
Federation guideline

LDL low-density lipoprotein

LV left ventricular

MetS metabolic syndrome

NCEP The National Institute of Health Adult
treatment Panel III guideline

PWV pulse wave velocity

SBP systolic blood pressure

SI stroke index

NY% stroke volume

SVR systemic vascular resistance

SVRI systemic vascular resistance index

B regression coefficient

including 3,596 randomly selected participants aged
3-18 years (17). Thereafter, several follow-up studies
have been performed. The latest study was conducted
in 2007, and 1,872 subjects (aged 3045 years) par-
ticipated in the whole-body impedance cardiography
(ICGyp) monitoring. The subjects with incomplete
metabolic risk factor or systemic hemodynamics data
(n = 105), subjects with type 1 diabetes (z = 11), and
pregnant subjects (n = 15) were excluded. Therefore,
a total of 1,741 subjects were included in the present
analysis. To evaluate the effect of spontaneous recov-
ery from MetS over 6 years’ follow-up (2001-2007)
to systemic hemodynamics, we also created a subgroup
of subjects who participated in ICGy, measure-
ments in 2007 and who had the complete MetS risk
factor data measured in 2001 and 2007. The same
exclusion criteria were used in this subsample group,
and a total of 1,391 subjects (aged 30-45 years) were
included in the analysis.

Clinical characteristics

Venous blood samples were collected after an over-
night fast. Lipid determinations for triglycerides, total
cholesterol, and high-density lipoprotein (HDL)-
cholesterol were done using standard methods. Low-
density lipoprotein (ILDL)-cholesterol concentration
was calculated by the Friedewald formula. Glucose
concentrations were analyzed enzymatically, and serum
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insulin concentration was measured by microparticle
enzyme immunoassay kit. High-sensitivity serum
C-reactive protein (CRP) was analyzed by an auto-
mated analyzer using a latex turbidimetric immuno-
assay kit. Details of methods have been described
previously (18).

Height, weight, and waist circumference were mea-
sured, and body mass index (BMI) (kg/m?) was calcu-
lated. Blood pressure was measured by using a random
zero sphygmomanometer, and the mean of three mea-
surements was used in the analysis. Smoking habits
were ascertained with a questionnaire, and smoking was
defined as smoking on a daily basis. Informed writ-
ten consent was obtained from all subjects, and the
study was approved by local ethics committees.

Hemodynamic measurements

An ICGyy device (CircMon B202, JR Medical Ltd,
Tallinn, Estonia) was used to determine HR, SI (SV/
body surface area, mI/m?), CI (cardiac output (CO)/
body surface area, L/min/m?), SVRI (SVR/body sur-
face area, dyn*s/cm®m?) and PWV (m/s). In brief,
CircMon measures the pulsatile changes in voltage
that occur due to pulsatile changes in whole-body
impedance as related to the change in the size of the
aorta, reflecting SV. CO was estimated as HR* SV
and SVR as mean blood pressure divided by CO. To
determine the PWYV, the CircMon software measures
the time difference between the onset of the decrease
in impedance in the whole-body impedance signal
caused by pulse wave in the aortic arch and, subse-
quently, the popliteal artery signal. By means of this
time difference and distance between two measure-
ment sites, the software calculates the PWV. SV, CO,
and SVR were indexed to body surface area to reduce
the influence of body size on measurement result.
The procedure of the ICGy,; method, as well as the
electrode configuration, has been described in detail
previously (19-24).

Definition of metabolic syndrome

We used three different definitions for MetS: The
National Institute of Health Adult treatment Panel
III guideline (NCEP) definition (25): three or more
criteria constitute diagnosis of MetS: 1) waist
circumference (men = 102 cm, women = 88 cm),
2) triglycerides = 1.7 mmol/L, or drug treatment,
3) HDL-cholesterol (men < 1.03 mmol/L, women
< 1.3 mmol/L), or drug treatment, 4) systolic blood
pressure = 130 mmHg, or diastolic blood pressure
= 85 mmHg, or drug treatment, 5) fasting glucose
= 5.6 mmol/L, or drug treatment.

The International Diabetes Federation guideline
(IDF) definition (26): waist circumference (= 94 cm

for men and = 80 cm for women) and at least two
of the following factors are present: 1) triglycerides
> 1.7 mmol/L, or specific treatment for this lipid
abnormality, 2) HDL-cholesterol < 1.03 mmol/L in
men and < 1.29 mmol/L in women, or specific treat-
ment, 3) systolic blood pressure = 130 mmHg, or dia-
stolic blood pressure = 85 mmHg, or treatment of
previously diagnosed hypertension, 4) fasting plasma
glucose = 5.6 mmol/L, or previously diagnosed type
2 diabetes. The IDF definition has ethnic-specific
values for waist circumference.

The European Group for the Study of Insulin Resi-
stance guideline (EGIR) definition (27): The presence
of hyperinsulinemia (defined as non-diabetic subjects
having fasting insulin level in the highest quartile,
which in our study was 11 mU/L), and at least two
of the following abnormalities: 1) fasting blood glucose
= 6.1 mmol/L, 2) blood pressure = 140/90 mmHg, or
treated for hypertension, 3) triglycerides > 2.0 mmol/L,
or HDL-cholesterol < 1.0 mmol/L, or treated for dys-
lipidemia, 4) waist circumference = 94 cm in men
and = 80 cm in women.

The subsample study population (z = 1,391) was
classified further into four different groups accord-
ing to their MetS status at 2001 and 2007: Control
group (no MetS at 2001 or 2007), recovery group
(MetS at 2001, but not at 2007), incident group (no
MetS at 2001, but MetS at 2007), and persistent
group (MetS both at 2001 and 2007).

Statistics

Statistical analyses were performed using SPSS for
Windows (version 16.0; SPSS Inc., Chicago, IL, USA).
Comparison of base-line characteristics between study
groups was performed using r test for continuous
variables and chi-square for categorical variables.
The skewed distributions of triglycerides, CRP, and
insulin were corrected logarithmically before statisti-
cal analyses. Adjusted mean systemic hemodynamic
parameters were analyzed using general linear models.
Linear regression analysis adjusted for age and sex
was performed to examine the association of MetS
components to hemodynamic parameters. There was
no interaction between sexes in hemodynamic para-
meters and MetS definitions as analyzed by using
the variance analysis, except that the association
between SVRI and MetS was stronger in women.
Therefore, analyses were performed as sexes pooled.
Statistical significance was determined as two-tailed
P < 0.05.

Results

Table I shows the base-line characteristics of the study
population according to used MetS definitions. The
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prevalence of MetS using the NCEP definition was
19.7%, 22.7% using the IDF definition, and 13.4%
using the EGIR definition. By all definitions, the
subjects with MetS were older, had higher waist cir-
cumference, BMI, total cholesterol, LDL-cholesterol,
triglycerides, systolic and diastolic blood pressure,
CREP, fasting glucose, and insulin, and lower HDL.--
cholesterol. Smoking was more common in subjects
with MetS using the NCEP and IDF definitions than
subjects without MetS.

HR was higher in subjects with MetS than in sub-
jects without MetS (P < 0.001) (Table I). Age-,
sex-, CRP-, smoking-, and LLDL-cholesterol-adjusted
means of SI were significantly higher in subjects with-
out MetS by all definitions (P < 0.001) (Figure 1A).
Subjects without MetS had lower SVRI and PWV
compared to subjects with MetS by all three defini-
tions (P < 0.005 for both) (Figures 1B and 1C).
There was no significant difference in CI between
subjects with or without MetS (data not shown). Age-,
sex-, CRP-, smoking-, and LDL-cholesterol-adjusted
levels of SI, SVRI, and PWYV for subjects with a differ-
ent number of MetS components (0, 1-2, 3-5) are
shown in Figure 2. SI decreased, and SVRI and PWV
increased with the increasing amount of MetS compo-
nents by all three definitions (2 < 0.001 for all).

The results of multivariable regression analyses
including individual components of MetS in predict-
ing hemodynamic parameters are shown in Table II.
Low HDL-cholesterol by the NCEP (P = 0.002)
and IDF (P = 0.037) criteria, obesity (P < 0.001),
hypertension (P < 0.003), and hyperinsulinemia by
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the EGIR criteria (P = 0.002) were inversely and
independently associated with SI. Obesity (P <
0.003) and hypertension (P < 0.001) were indepen-
dent determinants of SVRI and PWV. Also, high
triglycerides by the NCEP (P = 0.018) and IDF
(P = 0.015) definitions, and dyslipidemia by the
EGIR definition (P = 0.004) were independently
associated with PWV.

Figure 3 shows age-, sex-, CRP-, smoking-, and
LDL-cholesterol-adjusted mean values of SI, SVRI,
and PWYV according to a 6-year change in MetS sta-
tus by the IDF definition. Lower SI (mean *= SE;
40.6 * 0.5 mL/m?) and higher PWV (8.9 + 0.1 m/s)
were observed in MetS persistent group (MetS both
at 2001 and 2007) compared to MetS recovery
group (MetS at 2001 but not at 2007) (SI 43.1 *+
0.2 mL/m?, P = 0.024; PWV 8.0 = 0.04 m/s, P =
0.003). The difference in SVRI between MetS per-
sistent and MetS recovery groups was not statisti-
cally significant (2875 * 46.8 dyn*s/cm®m? versus
2670 * 16.6 dyn*s/cm®m?, P = 0.082). In addition,
there was no difference in SI, SVRI, or PWV between
MetS control (no MetS at 2001 or 2007) and MetS
recovery groups. Statistically significant trends were
observed also using the NCEP and EGIR definitions
(P < 0.001 for both, data not shown).

All analyses were repeated using a recently reported
new MetS definition (28) with essentially similar results.
Moreover, all analyses were repeated after excluding
subjects having previously diagnosed type 2 diabetes
and subjects using cholesterol-lowering or antihy-
pertensive medication with essentially similar results,

Table I. Characteristics of the study cohort with and without metabolic syndrome (MetS) according to three definitions (NCEP, IDF, EGIR).
Values are presented as unadjusted mean * standard deviation or geometric mean (25th—75th percentiles) or percentages of subjects.

Variable All No MetS NCEP IDF EGIR
Number of subjects 1741 1274 343 395 233
Age (years) 37.6 £ 5.0 37.2 +5.0 39.0 = 4.7 38.8 + 4.8 38.4 + 4.9
Sex (men, %) 45.1 41.7 55.1 53.2 54.9
Waist (cm) 88.4 = 13.0 84.1 + 10.7 102.0 = 11.5 101.0 £ 11.2 104.3 £ 11.7
Body mass index (kg/m?) 25.9 * 4.6 24.4 * 3.7 30.6 = 4.8 30.2 = 4.6 31.6 = 5.1
Total cholesterol (mmol/L) 5.0 = 0.9 4.9 = 0.8 5.3 *+ 1.0 5.4 *+ 0.9 5.3 * 1.0
HDL cholesterol (mmol/L) 1.3 0.3 1.4 + 0.3 1.1 = 0.3 1.1 £ 0.3 1.1 £ 0.3
LDL cholesterol (mmol/L) 3.1 0.8 3.0+ 0.8 3.3+ 0.9 3.3 + 0.9 3.2+ 0.9
Triglycerides (mmol/L) 1.2 (0.9-1.6) 1.0 (0.8-1.3) 1.9 (1.6-2.6) 1.8 (1.5-2.4) 2.0 (1.6-2.8)
SBP (mmHg) 120.3 = 14.3 117.1 = 12.7 130.1 = 14.7 129.7 £ 14.5 127.2 £ 15.1
DBP (mmHg) 75.5 = 11.2 73.0 £ 10.0 83.4 £ 11.0 83.0 = 10.9 825 £ 11.5
Heart rate (beats/min) 65 = 10 64 £ 9 69 = 10 69 = 10 69 = 10
CRP (mg/L) 0.9 (0.4-1.8) 0.7 (0.3-1.4) 1.6 (0.8-3.3) 1.6 (0.8-3.2) 2.0 (1.0-4.1)
Fasting glucose (mmol/L) 5.3 = 0.6 5.2+ 0.4 5.8+ 0.8 5.7 = 0.8 5.8+ 1.0
Insulin (mU/L) 6.6 (4.2-10.6) 5.3 (3.6-8.2) 12.8 (8.6-18.5) 12.3 (8.2-17.8) 17.9 (13.1-22.2)
Current smoking (%) 19.2 17.8 23.0 23.3 22.7

In all pairwise comparisons (NCEP versus No MetS, IDF versus No MetS, EGIR versus No MetS) P < 0.001, except for age P < 0.002 (EGIR
versus No MetS), and for smoking P < 0.04 (NCEP versus No MetS, IDF versus No MetS) and P > 0.05 (EGIR versus No MetS).

SBP = systolic blood pressure; DBP = diastolic blood pressure; CRP = C-reactive protein; No MetS = no metabolic syndrome by
any of the three MetS definitions (NCEP, IDF, EGIR); NCEP = The National Institute of Health Adult treatment Panel III guideline;
IDF = The International Diabetes Federation guideline; EGIR = The European Group for the Study of Insulin Resistance guideline.
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Figure 1. Comparison of SI (A), SVRI (B), and PWV (C) between
the subjects without MetS and with MetS by NCEP, IDF, or
EGIR definition. Values are age-, sex-, CRP-, smoking-, and LDL-
cholesterol-adjusted means and standard errors. Values under
columns indicate the number of subjects in each group. (SI =
stroke index; SVRI = systemic vascular resistance index; PWV =
pulse wave velocity; NCEP = The National Institute of Health
Adult treatment Panel III guideline; IDF = The International
Diabetes Federation guideline; EGIR = The European Group for
the Study of Insulin Resistance guideline.)

except CI was slightly but statistically significantly
higher in subjects with MetS by the NCEP definition
(mean = SE; 2.83 * 0.03 L/min/m?) compared to
subjects without MetS (2.75 * 0.01 L/min/m?, P =
0.013). Furthermore, all analyses were repeated after
adjusting PWV for HR with essentially similar results.
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Figure 2. Mean levels on SI (A), SVRI (B), and PWV (C) by the
number of MetS components by NCEP, IDF, or EGIR definition.
Values are age-, sex-, CRP-, smoking- and LLDL-cholesterol-adjusted
means and standard errors. Values under columns indicate the
number of subjects in each group. (Abbreviations as in Figure 1)

Discussion

In this cohort of young Finnish adults, we found four
main results. First, the present study demonstrates
that young adults with MetS had decreased SI, and
increased SVRI and PWV. Second, as individual
components of MetS, low HDL-cholesterol, obesity,
hypertension, and hyperinsulinemia were inversely
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Table II. Linear regression model for the relationship between metabolic syndrome (NCEP, IDF, EGIR) components and hemodynamic
parameters adjusted for age, sex, and other metabolic syndrome components.

SI SVRI PWV
B + SE P B+ SE P B + SE P

NCEP

Obesity ~1.421 * 0.326 <0.001 120.419 * 30.018 <0.001 0.251 * 0.073 0.001

High triglycerides ~0.515 * 0.369 0.162 ~16.155 + 33.888 0.634 0.196 * 0.083 0.018

Low HDL ~0.922 + 0.300 0.002 36.063 + 27.594 0.191 0.067 + 0.067 0.317

Hypertension ~1.445 * 0.310 <0.001 255311 + 38.493 <0.001 0.788 * 0.070 <0.001

High glucose —0.084 + 0.338 0.803 —~17.200 * 31.074 0.580 0.087 * 0.076 0.251
IDF

Obesity ~1.975 + 0.292 <0.001 154.219 + 26.918 <0.001 0.202 * 0.066 0.002

High triglycerides ~0.368 * 0.366 0.315 —25.623 + 33.783 0.448 0.202 * 0.083 0.015

Low HDL ~0.630 + 0.302 0.037 15.000 + 27.808 0.590 0.061 + 0.068 0.369

Hypertension ~1.364 + 0.308 <0.001 249.950 + 28.382 <0.001 0.789 + 0.070 <0.001

High glucose ~0.083 *+ 0.334 0.805 —16.726 = 30.795 0.587 0.093 + 0.076 0.217
EGIR

Hyperinsulinemia ~1.131 = 0.357 0.002 ~25.068 * 33.185 0.450 ~0.004 + 0.082 0.958

Obesity ~1.886 + 0.300 <0.001 169.967 + 27.877 <0.001 0.257 * 0.069 <0.001

Dyslipidemia —0.426 = 0.349 0.222 21.672 * 32.497 0.505 0.234 + 0.081 0.004

Hypertension ~1.328 * 0.433 0.002 254584 + 40.263 <0.001 0.778 + 0.100 <0.001

High glucose 0.760 * 0.563 0.178 ~41.732 + 52.435 0.426 0.229 + 0.130 0.078

SI = stroke index; SVRI = systemic vascular resistance index; PWV = pulse wave velocity; § = regression coefficient; SE = standard error;
NCEP = The National Institute of Health Adult treatment Panel III guideline; IDF = The International Diabetes Federation guideline;

EGIR = The European Group for the Study of Insulin Resistance guideline.

and independently associated with SI, and obesity
and hypertension were independent determinants of
SVRI and PWV. In addition, high triglycerides and
dyslipidemia were independently associated with
PWV. Third, the number of MetS components was
inversely associated with SI, and directly with SVRI
and PWV. Fourth, subjects who recovered from
MetS had higher SI and lower PWV when compared
to subjects with persistent MetS.

In the present study PWV was higher in subjects
with MetS, a finding which is in concert with earlier
reports in young (5) and middle-aged adults (4). As
have others (29), we found that hypertension and
obesity as individual components of MetS were inde-
pendent determinants of PWV. We also found an asso-
ciation between high triglycerides and increased PWYV,
a finding which is in agreement with the view that
high triglyceride level is an independent risk factor
of ischemic heart disease (30). There was an increas-
ing trend of PWV with increasing quantities of MetS
components as also shown previously (5). Altogether,
the observations regarding PWYV in the present study
are in general in line with the previous studies.

Relationships of MetS and its components with SI
in young adults are largely unknown.We found decreased
SI in young adults with MetS, a finding which is also
inagreement with previous reports showing decreased
LV function in adolescent and middle-aged subjects
with MetS (9-11).To the best of our knowledge, this
is the first examination showing decrease in SI with
the increasing quantity of MetS components. Although

the mechanism of LV dysfunction in MetS is not com-
pletely understood, components of MetS probably
produce cardiac structural and functional alterations
leading to diminished SI. In the present study, low
HDI -cholesterol, obesity, hypertension, and hyper-
insulinemia as individual components of MetS were
inversely and independently associated with SI. Pre-
viously, it has been suggested that insulin levels and
hypertension are directly related to LV hypertrophy
and mass (31-33), which in turn are related to decreased
contractility (34,35). Moreover, glucose intolerance
has been shown to relate to increased LV hypertrophy
and decreased LV diastolic function in essential hyper-
tension (36). In addition, Wang et al. found indepen-
dent association between low HDIL.-cholesterol and
subclinical LV systolic dysfunction (37). Further-
more, Jern et al. reported that central obesity is asso-
ciated with lower cardiac output (15). On the other
hand, in addition to direct influences of MetS com-
ponents to LV function, lower SI in MetS could be
caused by increased arterial load (reduced compli-
ance/increased stiffness, increased systemic vascular
resistance, or both).

In the current study, there was no difference in
CI between subjects with or without MetS, while HR
was higher in subjects with MetS as also shown pre-
viously (38). Since CI is defined as HR* SI, lower SI
and higher HR on subjects with MetS explain the
unchanged CI between groups. Taken together, the
above-mentioned findings related to cardiac func-
tion are in agreement with the previous findings, but
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Figure 3. Comparison of SI (A), SVRI (B), and PWYV (C) between
the 6-year change in MetS status by IDF definition. Values are
age-, sex-, CRP-, smoking-, and LDIL-cholesterol-adjusted means
and standard errors. Values under columns indicate the number
of subjects in each group. (SI = stroke index; SVRI = systemic vas-
cular resistance index; PWV = pulse wave velocity; Control = no
MetS at 2001 or 2007; Recovery = MetS at 2001 but not at 2007;
Incident = no MetS at 2001 but MetS at 2007; Persistent = MetS
both at 2001 and 2007.)

provide further insights on the associations of indi-
vidual MetS components on left ventricular function
in young adults.

The present study shows that SVRI was increased
in subjects with MetS. Interestingly, there was also a
clear increasing trend of SVRI levels with the increas-
ing number of MetS components. In multivariable

models, hypertension and obesity as individual com-
ponents of MetS were independently associated with
high SVRI. Previously, it has been shown that SVR
and SVRI are increased and arterial compliance is
decreased in hypertensive patients (12,13) and sub-
jects with abdominal obesity (14,15) as measures of
higher arterial load. In hypertensive and obese sub-
jects, impairment of insulin-mediated vasodilation may
contribute to the increase in peripheral resistance
(39). In addition, all components of MetS are known
risk factors of endothelial dysfunction, and subjects
with MetS have impaired endothelium-dependent
vasodilatation (40). Thus, one potential mechanism
behind increased systemic vascular resistance in sub-
jects with MetS may be endothelial dysfunction leading
to higher tone in resistance arteries (40). Another plau-
sible mechanism is increased sympathetic tone in sub-
jects with MetS (41). Further studies are clearly needed
on the pathophysiological mechanisms behind an unfa-
vorable systemic hemodynamics profile in subjects
with MetS.

To our knowledge, this is the first report to dem-
onstrate the associations of recovery from MetS to
systemic hemodynamics. We found lower SI and
higher PWYV between persistent and recovery groups.
Possibly due to the relatively small number of obser-
vations, there was no statistically significant differ-
ence in SVRI between persistent and recovery
groups, although the mean level of SVRI was higher
in persistent group compared to recovery group.
Details of changes in the risk factor profile and
potential explanatory factors behind recovery from
MetS have been discussed in detail elsewhere (16).
Briefly, subjects in the recovery group had signifi-
cantly lower total cholesterol, triglycerides, waist cir-
cumference, fasting glucose, blood pressure, and
higher HDL-cholesterol compared to the persistent
group. Significant reduction in waist circumference
was independently associated with increased physi-
cal activity and increased attention paid to health
habits during the follow-up (16). In addition, it has
been shown that weight reduction in obese men and
antihypertensive or dyslipidemia medication leads to
significant decrease in PWV (42-44). Furthermore,
antidiabetic medication has been shown to decrease
SVR (45), and antihypertensive medication has been
found to reduce total peripheral resistance and
slightly improve cardiac pump function in clinical
trials (46). Recently, we showed that recovery from
MetS in young adults was associated with the revers-
ibility of carotid intima-media thickness and carotid
artery distensibility, suggesting that arterial structure
and function may be restored in young adults with
MetS by improving metabolic risk factors and weight
reduction (16). In line with this, the findings of the
present study suggest that by improving MetS risk
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factors, a more favorable systemic hemodynamic
profile can be achieved.

ICGyy is not a widely used method to evaluate
systemic hemodynamics, apparently limiting compa-
rability of the present findings with the observations
from other cohorts. However, previous evaluation stud-
ies (19-21) have shown that ICGy, accurately mea-
sures CO when compared with the thermodilution
and direct Fick methods in different conditions (in the
supine position, during head-up tilt, after anesthesia
induction, after coronary artery by-pass surgery).
The difference in CO values between ICGy,, and ther-
modilution were comparable with those attained
between direct Fick and thermodilution, and the rep-
eatability of ICG,; was nearly twice as good as in
thermodilution (19,20). The major advantages of the
ICG, method are the possibility of measuring sim-
ultaneously several systemic hemodynamic parame-
ters, operator-independence, and the low cost of the
equipment. Previously, Ferreira et al. (47) showed
that deleterious effects of MetS on arterial stiffness
are stronger in the more muscular (i.e. the femoral) than
the more elastic (i.e. the carotid) arteries. Advantage
of ICGyy in the evaluation of arterial stiffness is that
PWYV measurement includes also the femoral artery
region. Moreover, PWV measured between the aortic
arch and popliteal artery using the ICG has been
shown to be well in agreement with the Doppler ultra-
sound method (23). All in all, whole-body imped-
ance cardiography provides handy and reliable means
of evaluating systemic hemodynamics in large-scale
epidemiologic studies.

This study has some other limitations. The 6-year
change in MetS status was monitored between the
follow-ups in 2001 and 2007, but the hemodynamic
parameters were only measured in 2007. Therefore,
at this point the present study setting does not allow
evaluation of longitudinal changes in systemic hemo-
dynamics in relation to changes in risk factor levels.
In addition, the number of subjects in the MetS recov-
ery group by all three definitions was relatively mod-
est. Finally, there is accumulating skepticism of the
usefulness of the MetS as a diagnostic or disease man-
agement tool (48,49). One of the main concerns about
the MetS is that cardiovascular risk associated with the
syndrome seems to be no greater than the sum of its
parts. However, to the best of our knowledge, there
is a paucity of information concerning the association
of MetS components with systemic hemodynamic
parameters. Thus, one of the main aims of the pres-
ent study was to examine relations of MetS compo-
nents with SI, SVRI, and PWV. The strengths of the
present study are based on the inclusion of a large
cohort of young adults without clinical cardiovascu-
lar diseases and use of several MetS definitions. More-
over, we used indexed hemodynamic parameters (SI,

Systemic hemodynamics and metabolic syndrome 619

SVRI, CI) which reduce the influence on body size
to the measurement results, allowing more direct
evaluation of associations of risk factors on these
parameters.

In conclusion, our results indicate that in young
adults MetS and its components have adverse effects
on systemic hemodynamics, and recovery from MetS
may improve cardiovascular function. This investiga-
tion brings new insights into the relationships between
MetS and systemic hemodynamics, and our findings
underline the importance of early diagnosis and the
management of metabolic syndrome.
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Abstract

The influence of impaired glucose metabolism—that is, impaired fasting glucose, impaired glucose tolerance (IGT), and type 2 diabetes
mellitus diabetes (DM2)—on systemic hemodynamics is largely unknown. Therefore, we investigated the associations of glucose
metabolism disturbances with stroke index (SI), cardiac index, systemic vascular resistance index (SVRI), arterial pulse wave velocity
(PWV), and heart rate among Finnish adults (N = 389; mean age, 58.3 + 7.9 years) participating in the Health 2000 Survey. Systemic
hemodynamic parameters were measured using the whole-body impedance cardiography device, and an oral glucose tolerance test (OGTT)
was performed to evaluate glucose tolerance status. We found a decreasing trend for SI and increasing trends for SVRI and PWV according
to the worsening of glucose tolerance (P for trend < .003 for all). In pairwise comparisons, SI was lower in the impaired fasting glucose group
(P =.041) and the IGT group (P < .001) as compared with the normal glucose tolerance (NGT) group. Systemic vascular resistance index
was higher in the IGT group (P = .045) and the DM2 group (P = .043) than in the NGT group. Subjects with IGT or DM2 had higher arterial
PWV (10.7+£0.2 m/s, P <.001 and 11.7 £ 0.5 m/s, P = .001, respectively) than subjects with NGT (9.5 + 0.1 m/s). Moreover, 2-hour glucose
in OGTT was an independent determinant of SVRI and PWV (P <.001 and P = .005, respectively) in multivariable linear regression models.
In conclusion, the present study demonstrates that glucose intolerance, even without DM2, associates with several adverse changes in
systemic hemodynamics and that 2-hour glucose in OGTT is an independent determinant of SVRI and PWV. These findings support the
systematic evaluation of glucose tolerance status in the estimation of cardiovascular risk among the middle-aged population.
© 2011 Elsevier Inc. All rights reserved.

1. Introduction of large arteries, and higher venous tone [8] may, in turn,

lead to concentric and/or eccentric left ventricular (LV)

Impaired fasting glucose (IFG), impaired glucose toler-
ance (IGT), and type 2 diabetes mellitus (DM2) have been
shown to associate with cardiovascular disease as well as
increased all-cause and cardiovascular mortality [1-4]. The
mechanisms of these associations are not fully understood
but might involve increased sodium sensitivity in insulin-
resistant states, which may lead to hypertension [5] and
increased arterial stiffness [6,7] due to structural changes in
the large arteries. Increased peripheral resistance, stiffening
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hypertrophy [9,10] and to decreased LV contractility
[11,12]. Especially arterial pulse wave velocity (PWV), a
commonly used marker of arterial stiffness, has been shown
to be increased in subjects with IFG, IGT, or DM2 [13,14];
and increased PWV has been found to associate with
cardiovascular disease and mortality in subjects with a
glucose metabolism disorder [15]. In addition, echocardiog-
raphy studies have suggested that the worsening of glucose
tolerance has adverse cardiac effects, including decreased
LV systolic and diastolic function [16-19].

More insight into systemic hemodynamics and cardio-
vascular function in subjects with a glucose metabolism
disorder could be achieved by simultaneous evaluation of
several systemic hemodynamic parameters—including
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stroke volume (SV), a measure of cardiac function indicating
the volume of blood pumped by the heart on every cardiac
cycle; systemic vascular resistance (SVR), the force the LV
must overcome to expel blood into arteries and a known
determinant of blood pressure; and PWV. Previously,
diabetes has been found to associate with decreased SV
[20]; but the relation between SV and impaired glucose
metabolism, that is, IFG or IGT, is less known. Moreover,
associations between SVR and glucose metabolism disorders
have not been described thoroughly.

To address the above-mentioned gaps in the literature, the
present study was undertaken to evaluate systemic hemody-
namics in adult Finnish individuals with normal glucose
tolerance (NGT), IFG, IGT, or DM2 participating in the
Health 2000 Survey.

2. Methods
2.1. Study population

The source of the study population was a large Finnish
health examination survey (the Health 2000 Survey) carried
out in 2000-2001 [21]. The overall study cohort was a 2-stage
stratified cluster sample (8028 subjects) representing the
entire Finnish population 30 years and older. To study
cardiovascular disease and diabetes more thoroughly, a
supplemental study (1867 subjects; participation rate, 82%)
was carried out in the catchment areas of 5 Finnish university
hospitals. Whole-body impedance cardiography (ICGwg)
monitoring and an oral glucose tolerance test (OGTT) were
included in the study protocol in the catchment areas of
Tampere and Turku University Hospitals (402 subjects, aged
46-76 years) to gain better insight into systemic hemodynamic
alterations related to disturbances in glucose metabolism.
Subjects with DM2 using insulin did not participate in the
OGTT. Subjects with incomplete cardiovascular risk factor,
OGTT, or systemic hemodynamics data (n = 11) and subjects
with type 1 diabetes mellitus or undetermined diabetes (n=2),
were excluded. Therefore, a total of 389 subjects were
included in the present analysis. In this study population, 4
subjects had self-reported cerebrovascular disease; and 10
subjects had self-reported ischemic heart disease.

2.2. Clinical characteristics

Venous blood samples were taken after an overnight fast.
Total cholesterol, high-density lipoprotein (HDL) cholester-
ol, and triglyceride concentrations were determined enzy-
matically (Olympus System Reagent; Olympus, Hamburg,
Germany, for total cholesterol and triglycerides; Roche
Diagnostics, Mannheim, Germany, for HDL cholesterol)
with a clinical chemistry analyzer (Olympus AU400). Low-
density lipoprotein (LDL) cholesterol concentration was
calculated using the Friedewald formula [22].

The OGTT was carried out after 10 to 12 hours of fasting.
Subjects were given 75 g of glucose in a 10% solution.

Venous blood samples for glucose and insulin determina-
tions were taken before and 2 hours after the glucose load.
Plasma glucose was determined by the glucose dehydroki-
nase method (Diagnostica Merck, Darmstadt, Germany) in a
clinical chemistry analyzer (Konelab, Vantaa, Finland). In
addition, plasma insulin was determined by the radio
immunoanalysis method (Pharmacia, Uppsala, Sweden).

Height and weight were measured, and body mass index
(BMI) was calculated. Continuous blood pressure was
measured after 15 minutes of rest using a Finapres digital
plethysmograph (Ohmeda, Engelwood, CO) placed on the
middle finger of the left hand. An average blood pressure
value of 30-second measurement was used. To verify the
Finapres results, blood pressure was also measured from the
upper arm using the automatic Omron M4 oscillometry
manometer (Omron, Matsusaka, Japan, and Omron Health-
care Europe, Hoofddorp, the Netherlands). Smoking habits
were ascertained with a questionnaire, defined as smoking
on a daily basis. Informed written consent was obtained
from all subjects, and the study was approved by local
ethics committees.

2.3. Glucose tolerance

We used the World Health Organization criteria for
diabetes mellitus [23] in the classification of subjects with no
previously diagnosed diabetes: (1) NGT—fasting venous
plasma glucose less than 6.1 mmol/L and 2-hour venous
plasma glucose less than 7.8 mmol/L in an OGTT; (2) IFG—
fasting venous plasma glucose of 6.1 to 6.9 mmol/L and 2-
hour venous plasma glucose less than 7.8 mmol/L; (3)
IGT—fasting venous plasma glucose less than 7.0 mmol/L
and 2-hour venous plasma glucose of 7.8 to 11.0 mmol/L;
and (4) DM2—fasting venous plasma glucose of at least
7.0 mmol/L or 2-hour venous plasma glucose of at least
11.1 mmol/L. Subjects taking oral diabetes medication were
considered as having DM2 regardless of their OGTT results.

2.4. Hemodynamic measurements

An ICGwg device (CircMon B202; JR Medical, Tallinn,
Estonia) was used to determine blood flow (SV and cardiac
output [CO]), SVR, arterial stiffness (PWV), and heart rate
(HR). A pair of electrically connected current electrodes
(Blue Sensor type R-00-S; Medicotest, Olstykke, Denmark)
was placed on the extremities just proximally to the wrists
and the ankles. The outer electrodes feed current; and the
inner electrodes measure the pulsatile changes in voltage that
occur because of pulsatile changes in whole-body impedance
as related to the change in the size of the aorta, reflecting SV.
Cardiac output was estimated as HR * SV; and SVR, as
mean blood pressure (MBP) divided by CO. An additional
pair of electrodes was placed on knee joint level and on the
calf to measure PWV. The CircMon software measures the
time difference between the onset of the decrease (“foot”) in
impedance in the whole-body impedance signal and,
subsequently, the popliteal artery signal. By means of this
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time difference and the estimated distance between the
electrodes, the software calculates the PWV. Stroke volume,
CO, and SVR were indexed to body surface area to reduce
the influence of body size on measurement results; and they
were defined as follows: stroke index (SI) (SV/body surface
area, in milliliters per square meter), cardiac index (CI) (CO/
body surface area, in liters per minute per square meter), and
systemic vascular resistance index (SVRI) (SVR/body
surface area, dyne*s/cm>m?). The procedure and evaluation
as well as the good repeatability and reproducibility of the
ICGwg method have been described in more detail
previously [24-26].

2.5. Statistics

Statistical analyses were performed using SPSS for
Windows (version 16.0; SPSS, Chicago, IL). The skewed
distribution of triglycerides was corrected logarithmically
before statistical analyses. Analysis of variance was used in
testing differences between unadjusted group means with
Dunnett T3 post hoc test for multiple comparisons for
continuous variables. x* was used for categorical variables.
Adjusted mean systemic hemodynamic parameters were
analyzed using SPSS general linear models (analysis of
covariance). Adjusted multivariable regression models were
constructed to study independent effects of fasting glucose,
2-hour glucose in OGTT, fasting insulin, and 2-hour insulin
in OGTT on systemic hemodynamic parameters. To limit the
effects of collinearity and control the number of covariates,
glucose and insulin measures were analyzed separately in
multivariable models. There were no interactions between
sex, glucose tolerance groups, and systemic hemodynamic
parameters; and therefore, analyses were performed as sexes

Table 1
Characteristics of the study population

combined. All analyses were repeated after excluding
subjects having self-reported cerebrovascular or ischemic
heart disease (n = 14), with essentially similar results. A P
value of < .05 was considered statistically significant.

3. Results

Table 1 shows the baseline characteristics of the study
population according to glucose tolerance status. The
prevalence of IFG, IGT, and DM2 was 9.3%, 19.5%, and
8.7%, respectively. Subjects with a glucose metabolism
disorder had higher BMI, triglycerides, 2-hour glucose, and
2-hour insulin in OGTT as well as fasting glucose and fasting
insulin values, than subjects with NGT. In comparison with
the NGT group, systolic blood pressure (SBP) was higher in
the IGT and DM2 groups; and MBP was higher in the DM2
group. Moreover, SBP was higher in subjects with DM2 than
in those with IGT; and MBP was higher in subjects with IGT
than in those with IFG. Compared with the NGT group, both
the IFG and the IGT groups had lower HDL cholesterol
values. Antihypertensive medication was more frequently
used in the glucose metabolism disorder groups than the
NGT group. Higher use of statin therapy was seen in subjects
with DM2 than in those with NGT.

Independent associations of fasting glucose, fasting
insulin, 2-hour glucose in OGTT, and 2-hour insulin in
OGTT with systemic hemodynamic parameters are shown in
Table 2. Multivariable regression models for SI and PWV
included fasting glucose, fasting insulin, 2-hour glucose in
OGTT or 2-hour insulin in OGTT, age, sex, HR, BMI, SBP,
diastolic blood pressure (DBP), HDL cholesterol, LDL
cholesterol, triglycerides, and smoking. For SVRI, similar

Glucose tolerance

NGT n = 243 IFG n = 36 IGT n="176 DM2 n = 34 P for trend
Age (¥) 575+7.8 59.6+ 7.3 59.0 + 8.1 61.5+8.0 020
Men (%) 39.1 61.1% 48.7 44.1 063
BMI (kg/m2) 26.1 £3.6 28.5 + 4.9% 283 +4.47 29.8 +5.4% <.001
Smoking (%) 23.5 333 18.4 23.5 386
Fasting glucose (mmol/L) 53+04 6.3+02} 58054 7.3+ 2.4% <001
2-h glucose in OGTT (mmol/L) 55+12 6.2+ 1.1* 8.9+ 0.8%1 14.1 + 434 <.001
Fasting insulin (mmol/L) 7.0+29 10.8 + 4.9 10.2 + 5.7 13.8 + 104" <.001
2-h insulin in OGTT (mmol/L) 37.1+243 67.3 + 52.7% 72.7 +38.7F 82.7 + 56.3F <001
SBP (mm Hg) 126.2 +21.0 124.1 + 18.5 134.0 +21.7* 146.7 + 18.8% <001
DBP (mm Hg) 66.2 + 13.0 64.1 8.5 68.9 + 12.0 714+ 142 035
MBP (mm Hg) 86.2 + 14.5 84.1+10.8 90.6 + 14.0° 96.6 £ 14.0" <.001
Antihypertensive medication (%) 193 36.1% 31.6% 67.65 <.001
Total cholesterol (mmol/L) 5.6+09 59+1.1 57+1.0 54+1.1 .053
LDL cholesterol (mmol/L) 34+0.8 3.8+1.0 35+09 32+1.0 .030
HDL cholesterol (mmol/L) 1.6 +04 1.4 +04* 1.5+ 0.4* 14+0.5 <.001
Triglycerides (mmol/L) 1.1 (0.8-1.4) 1.5 (1.0-2.2)* 1.5 (1.1-2.0)* 1.5 (1.1-2.2) <.001
Statin medication (%) 7.0 11.1 10.5 23.57 .021

Values are presented as unadjusted mean + standard deviation or geometric mean (25th-75th percentiles) or percentages of subjects.

*P < .05, TP < .01, and *P < .001 in pairwise comparison with the NGT group.

§p < 05, llp < .01, and P < .001 in pairwise comparison IGT vs IFG and DM2 vs IGT.
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Table 2
Independent glucose/insulin effects on systemic hemodynamic parameters in multivariable regression models (N = 389)
SI SVRI PWV
B+ SE P B+ SE P B+ SE P

Fasting glucose (mmol/L) —0.277 + 0.381 467 58.217 £ 36.654 113 0.193 +0.091 .034
2-h glucose in OGTT (mmol/L) —0.153 £ 0.127 227 45352 + 11.717 <.001 0.085 + 0.030 .005
Fasting insulin (mmol/L) 0.014 +£0.078 .857 —2.026 + 7.627 791 0.033 £0.019 075
2-h insulin in OGTT (mmol/L) —0.012 £ 0.010 223 2.666 + 0.970 .006 0.002 + 0.002 331

Regression coefficients () are age, sex, HR, BMI, SBP and DBP (for ST and PWV only), HDL cholesterol, LDL cholesterol, triglycerides, and smoking adjusted.

multivariable regression models were constructed (with the
exception that SBP and DBP were not included in the model
because blood pressure was used in the calculation of SVRI).
Two-hour glucose in OGTT (P < .001; adjusted model R,
12.9%) and 2-hour insulin in OGTT (P = .006; adjusted
model R?, 11.2%) were directly and independently associ-
ated with SVRI. Other risk factors associated with SVRI
were sex and HR (P < .02 for both). In addition, fasting
glucose (P = .034; adjusted R?, 51.9%) and 2-hour glucose
in OGTT (P =.005; adjusted model R?, 52.3%) were directly
and independently associated with PWV. Other risk factors
associated with PWV were age, sex, HR, and SBP (P < .02
for all). High-density lipoprotein cholesterol (P = .022), HR
(P < .001), BMI (P = .039), and DBP (P = .032) were
independent predictors explaining 15.7% of the variation
in SI; but glucose or insulin measures were not associated
with SL.

Mean values of SI, SVRI, and PWV according to glucose
tolerance status are shown in Fig. 1. Stroke index was
observed to decrease (P for trend <.001) and SVRI and PWV
to increase (P for trend = .002 and P for trend < .001,
respectively) with the worsening of glucose tolerance. In
pairwise comparisons, SI was lower in the IFG and IGT
groups when compared with the NGT group (P = .041 and
P < .001, respectively); but there was no statistically
significant difference between the DM2 and NGT groups
(P=.221). Systemic vascular resistance index and PWV were
higher in the IGT and DM2 groups than in the NGT group
(SVRI: IGT vs NGT, P =.045 and DM2 vs NGT, P =.043;
PWV: IGT vs NGT, P <.001 and DM2 vs NGT, P = .001).
The difference between the IFG and the NGT groups was not
statistically significant. In addition, there was no statistically
significant difference in CI or HR between the groups (data
not shown). After adjusting for age, sex, HDL cholesterol,
LDL cholesterol, triglycerides, smoking, SBP (for SI and
PWYV only), and DBP (for SI and PWV only), decreasing
trend of SI and increasing trends of SVRI and PWV with the
worsening of glucose tolerance remained statistically signif-
icant (analysis of covariance P for trend < .03 for all).

4. Discussion

The aim of the present report was to study several
systemic hemodynamic parameters simultaneously in

p for trend < 0.001
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Fig. 1. Stroke index (A), SVRI (B), and PWV (C) means and standard errors
according to glucose tolerance status.
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subjects with a different glucose tolerance status to achieve
a deeper understanding of cardiovascular function in
glucose metabolism disorders. We found that deteriorating
glucose tolerance was associated with increased SVRI and
PWYV and with decreased SI. In addition, 2-hour glucose
and insulin in OGTT were associated with SVRI
independently of other cardiovascular risk factors; and
fasting glucose and 2-hour glucose in OGTT were
independent determinants of increased PWV.

We observed higher arterial stiffness, expressed as PWV,
in subjects with DM2 [14,27,28] and IGT [13] compared
with subjects with NGT, which is in line with previous
reports. Previously, PWV has also been shown to be higher
in subjects with IFG than in subjects with NGT [13,28]. In
the present study, there was an increasing trend of PWV
according to worsening of glucose tolerance, although in
pairwise comparison, there was no statistically significant
difference between IFG and NGT groups. Notably, the
difference in PWV between subjects with IGT and those with
NGT was 1.3 m/s; and that between subjects with DM2 and
NGT was 2.2 m/s. This difference is worthy of mention
because Blacher et al [29] observed an all-cause mortality
odds ratio of 1.39 for each PWV increase of 1 m/s in
patients with end-stage renal failure. In multivariable
regression analysis, we found that sex, age, fasting glucose,
2-hour glucose in OGTT, SBP, and HR were determinants
of PWV—a finding that is in agreement with previous
studies [27,30]. Altogether, models including fasting
glucose and 2-hour glucose in OGTT explained 51.9%
and 52.3% of the variance in PWYV, respectively. Thus,
deteriorating glucose tolerance has unfavorable effects on
arterial stiffness. Moreover, because PWV is a strong
determinant of cardiovascular mortality and because fasting
glucose and 2-hour glucose in OGTT remained as
independent determinants of PWV in multivariable models,
the current findings highlight the importance of glucose
tolerance measurements in the risk evaluation of the
middle-aged population.

The data available on the association between glucose
metabolism disorders and cardiac function are limited and, to
a degree, also controversial, particularly with reference to
SV. Previous echocardiography studies suggest abnormali-
ties in the cardiac structure and function of subjects with
abnormal glucose tolerance [16-19,31], even without a
difference in SI between the NGT, IGT, and DM2 groups
[18]. However, Heckbert et al [20] found a decreased SV in
subjects with diabetes as detected by cardiac magnetic
resonance imaging. The present study shows a trend for
decreasing cardiac function, measured by SI, with the
deterioration of glucose tolerance. Decreased SI was found
in both the IFG and the IGT groups as compared with the
NGT group, but the difference between DM2 and NGT
groups was not statistically significant. The mechanism of
these adverse alterations in cardiac function is not complete-
ly understood; but it may involve myocardial cell injury and
interstitial fibrosis [32], as well as slow coronary flow [33]

and alterations in intracellular calcium homeostasis leading
to depressed contractility [34]. On the other hand, in addition
to a direct influence of deteriorating glucose tolerance on SI,
increased arterial load caused by increased stiffness and SVR
could be responsible for the lower SI in subjects with a
glucose metabolism disorder. In concert with previous
reports, [18,27], we observed no difference in HR, CO, or
CI between study groups. Although many cardiovascular
risk factors were univariately associated with SI, only HDL
cholesterol, HR, BMI, and DBP were independent determi-
nants of SI in multivariable models. Similar findings
have been reported previously [20], but the mechanisms
underlying these observations are less known and require
further study.

Previous studies have shown higher mean levels of SVR
and total peripheral resistance in subjects with IGT or DM2
as compared with healthy subjects, although these differ-
ences have not been statistically significant [18,35]. To the
best of our knowledge, this is the first study to report a trend
for increasing SVRI with the deterioration of glucose
tolerance. In pairwise comparisons, SVRI was increased in
subjects with IGT and DM2 when compared with subjects
with NGT; but there was no statistically significant
difference between subjects with IFG and NGT. Moreover,
SVRI was higher in the IGT and DM2 groups than the IFG
group. Previously, subjects with IGT have been shown to be
more insulin resistant than subjects with IFG [36]; and this
may also partially explain our findings. Interestingly, 2-hour
glucose and insulin in OGTT were independently associated
with SVRI, whereas fasting glucose and 2-hour glucose in
OGTT were independent determinants of increased PWV.
These findings highlight the fact that SVRI and PWV are
clearly diverse vascular phenotypes with potentially different
mechanisms behind elevation of them in glucose metabolism
disorders. The pathophysiologic mechanism behind these
observations is not clear based on the present findings.
However, it is known that subjects with IFG, IGT, or DM2
have impaired endothelial function [37]; and this might have
a role in increased SVR. In addition, it has been suggested
that endothelial dysfunction causes decreased blood flow to
skeletal muscles, which in turn could contribute to insulin
resistance [38]. Furthermore, in hypertensive and obese
subjects, impairment of insulin-mediated vasodilation may
contribute to the increase in peripheral resistance [39]. It has
been also shown that flow-mediated endothelium-dependent
vasodilatation is rapidly reduced after glucose loading in
subjects with DM2 and even in subjects with NGT or IGT
whose fasting glucose levels are within normal limits [40].
Thus, it is tempting to speculate that prolonged and repeated
exposure to postprandial hyperglycemia may play an
important role in the development of atherosclerosis and
alterations of systemic hemodynamics, even in those who
have normal fasting plasma glucose levels, and that these
pathophysiologic mechanisms may influence SVRI and
PWV (differentially. Clearly, the pathophysiologic bases
underlying our observations, particularly whether there
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are any alternative or additional factors responsible for
increasing SVR in subjects with a glucose metabolism
disorder, deserve further investigation.

In the present analysis, traditional cardiovascular risk
factors explained only 15.7% of the variation in SI and
11.2% to 12.9% of the variation in SVRI. Previously, the
proportion of the total variability of SV explained by the
sociodemographic variables, height, and the cardiovascular
risk factors (including also alcohol intake and exercise per
week) has been shown to be roughly one third [20]. In
addition, several other variables, such as genetic factors
(heritable factors explaining 50%-60% of variance in
systemic hemodynamics [41]) strongly explain variance in
systemic hemodynamics. In the current study, we were not
able to include all these potential explanators in the analysis;
and this might lower the degree of explanation of variance in
SI. One plausible factor explaining variance of SVRI could
be HR variability because diabetic subjects have been shown
to have higher sympathetic tone [42]. Therefore, associations
of HR variability and SVRI on subjects with impaired
glucose metabolism should be assessed in future studies.

There were some limitations in the present study. Our data
were cross-sectional, and the causality of the observed
associations could therefore not be assessed. Moreover, the
study cohort was ethnically homogenous, limiting the
generalization of the results to white Europeans only. The
strengths of the present study include the fact that we used a
population-based cohort and indexed hemodynamic para-
meters (SI, SVRI, and CI, which reduce the influence of
body size to measurement results), improving the compara-
bility of the present findings to those of previous studies and
allowing a more direct evaluation of the associations of risk
factors with systemic hemodynamics.

In conclusion, our results show that there is a trend for
increasing SVR and arterial stiffness as well as decreasing
cardiac pump function with the worsening of glucose
tolerance status. Understanding the wide alterations in
systemic hemodynamics and cardiovascular function
caused by deteriorating glucose tolerance may lead to
secondary preventive strategies to reduce cardiovascular
disease and mortality.
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Abstract

Objecrive. We conducted the present study to examine the associations of two different paediatric metabolic syndrome
(MetS) definitions and recovery from childhood MetS with arterial pulse wave velocity (PWV), an index of arterial
stiffness, measured in adulthood.

Methods. A total of 945 subjects participated in the base-line study in 1986 (then aged 9-18 years) and the adult follow-up
in 2007 (then aged 30-39 years). Cardiovascular risk factor data were available at both base-line and follow-up. In the
follow-up study, arterial PWV was measured using a whole-body impedance cardiography device.

Results. Subjects suffering from MetS in childhood (prevalence 11.1%-14.1%) had higher arterial PWV after 21-year
follow-up when compared with those not afflicted by the syndrome in childhood (? < 0.007). An increasing number of
the MetS components in childhood were associated with increased PWV in adulthood (P for trend = 0.005). Subjects
who recovered from the MetS during the 21-year follow-up period had lower PWV than those with persistent MetS
(P < 0.001).

Conclusion. MetS in childhood predicted increased arterial stiffness in adulthood, and recovery from childhood MetS was
associated with decreased arterial PWV in adulthood. The current results emphasize the importance of the prevention and
controlling of MetS risk factors both in childhood and adulthood.

Key words: Arterial stiffness, epidemiology, metabolic syndrome

Introduction High pulse wave velocity (PWV), as an index for

Metabolic syndrome (MetS) is a constellation of sev-
eral cardiovascular risk factors, including hyperten-
sion, obesity, glucose intolerance, and dyslipidaemia.
MetS has been associated with an increased risk for
cardiovascular disease (CVD) and type 2 diabetes
mellitus (1). Previous studies have also shown that
MetS in childhood predicts CVD in adulthood (2)
and increases the risk of adult MetS (3).

arterial stiffness, has proven an independent predic-
tor of all-cause and cardiovascular mortality for
several patient groups (4-6). High PWV has also
been associated with cardiovascular mortality and
coronary heart disease among generally healthy older
adults (7). In addition, PWV has been found to be
increased in young adults with MetS and an increas-
ing number of MetS components (8). Moreover, it
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Key messages

e Childhood metabolic syndrome predicted
increased arterial pulse wave velocity, a
measure of increased arterial stiffness, in
adulthood.

e Recovery from childhood metabolic syn-
drome was associated with decreased arterial
stiffness in adulthood.

has been previously shown that the increase in PWV
with age is greater in middle-aged subjects with
MetS than in those without MetS (9,10), and that
subjects with persistent MetS have higher PWV rates
than those without MetS or a regression of MetS
(11). Although the relationships between MetS and
PWYV have been widely studied in adult population
samples, limited data are available concerning the
associations between childhood MetS, its compo-
nents, and arterial stiffness (12). Iannuzzi et al. (13)
showed in a cross-sectional setting that obese chil-
dren with MetS have increased arterial stiffness, and
Whincup et al. (14) reported a strong inverse asso-
ciation between the number of metabolic syndrome
components and arterial distensibility in apparently
healthy adolescents. In addition, we have shown with
the present adult population that carotid artery elas-
ticity decreases and PWYV increases with the increase
in the number of cardiovascular risk factors mea-
sured in childhood (15,16). However, the relation-
ship between childhood MetS and adulthood PWV
is, to the best of our knowledge, unknown.
Therefore, the present study was undertaken to
examine the relationships between childhood MetS
and adulthood arterial PWV among 945 subjects
participating in the Cardiovascular Risk in Young
Finns Study. We also determined whether recovery
from childhood MetS over a 21-year follow-up has
favourable effects on arterial stiffness in adulthood.

Materials and methods
Subjects

The first cross-sectional survey was conducted in
1980 and included 3,596 participants (aged 3-18
years) who were randomly selected from the national
(population) register (17). Thereafter, several fol-
low-up studies have been conducted. The study
cohort for the present analysis included those sub-
jects who participated in the 1986 survey at the ages
of 9,12, 15, or 18 years as well as the adult follow-up
in 2007 (then aged 30-39 years), and for whom
complete risk factor data were available in 1986, in
addition to risk factor and pulse wave velocity data

Abbreviations

BMI body mass index

CVD cardiovascular disease

HDL high-density lipoprotein

IMT carotid intima-media thickness

LDL low-density lipoprotein

MetS metabolic syndrome

NCEP National Cholesterol Education Program Adult

Treatment Panel III guideline
Ped1MetS the first paediatric metabolic syndrome

definition

Ped2MetS  the second paediatric metabolic syndrome
definition

PWV pulse wave velocity

in 2007 (n = 959). After excluding those female par-
ticipants who were pregnant at the time of the fol-
low-up (z = 14), a total of 945 subjects were included
in the present analysis. Subjects participating in the
1986 survey were selected to comprise the base-line
study sample in the present analysis, since fasting glu-
cose was not measured in the 1980 survey. Informed
written consent was obtained from all subjects, and
the study was approved by local ethics committees.

Biochemical analyses and clinical characteristics

Venous blood samples were collected after a 12-hour
fast. Standard methods were used for high-density
lipoprotein (HDL) cholesterol, triglycerides, insulin,
and plasma glucose concentration measurements.
Details of all of the methods have been described pre-
viously (15,18,19). Waist circumference (only in
2007), height, and weight were measured, and body
mass index (BMI; kg/m?) was calculated. Blood pres-
sure was measured from the brachial artery with stan-
dard methods, as described previously (15).The mean
of three measurements was used in the analysis.

Definition of metabolic syndrome

According to the updated National Cholesterol Edu-
cation Program (NCEP) Adult Treatment Panel III
(ATP III) definition, adult subjects were categorized
as having MetS (in 2007) if they met at least three
of the following conditions (20): waist circumfer-
ence = 102 cm for men and = 88 cm for women;
triglycerides = 1.7 mmol/LL or relevant drug treat-
ment; HDL cholesterol < 1.03 mmol/LL for men
and < 1.3 mmol/LL for women, or relevant drug
treatment; systolic blood pressure = 130 mmHg or
diastolic blood pressure = 85 mmHg, or relevant
drug treatment; fasting glucose = 5.6 mmol/L or
relevant drug treatment.

Because there is no universally accepted definition
for paediatric MetS (12), we created two paediatric
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MetS definitions similar to the previous study by
Lambert et al. (21). Values of age- and sex-specific
cut-off points used to define risk factors were esti-
mated from the study population. Overweight was
defined as BMI = 85th percentile (22). High triglyc-
erides, high systolic blood pressure, hyperinsulinae-
mia, and low HDL cholesterol were defined as values
in the respective extreme quartiles (triglycer-
ides = 75th percentile, systolic blood pressure = 75th
percentile, fasting insulin = 75th percentile, HDL
cholesterol = 25th percentile). These cut-off points
are also similar to those used in the Bogalusa Heart
Study (23). Hyperglycaemia was defined as fasting
blood glucose = 6.1 mmol/L. (24).The first paediatric
MetS (Ped1MetS) definition required the presence of
any three of these six risk factors. The second paedi-
atric MetS (Ped2MetS) definition required the pres-
ence of hyperinsulinaemia and any two of the other
five risk factors.

The study population was classified further into
four different groups according to MetS status in
1986 and 2007: control group (no MetS in 1986 or
2007), recovery group (MetS in 1986 but not in
2007), incident group (no MetS in 1986 but MetS
in 2007), and the persistent group (MetS in both
1986 and 2007). These groups were comprised
separately for the two paediatric MetS definitions
(Ped1MetS and Ped2MetS).

Arterial pulse wave velocity measurement

PWYV was determined by using a commercially avail-
able whole-body impedance cardiography monitor,
the CircMon B202 (CircMon™; JR Medical Ltd,
Tallinn, Estonia). A pair of electrically connected
current electrodes (Blue Sensor type R-00-S; Medi-
cotest A/S, Olstykke, Denmark) were placed on the
distal parts of the extremities just proximal to the
wrists and the ankles. Voltage electrodes were placed
proximal to the current electrodes, with a distance
of 5 cm between the centres of the electrodes. The
distal impedance plethysmogram was recorded from
a popliteal artery at knee joint level. The active elec-
trode was placed on the lateral side of the knee joint
and the reference electrode on the calf, the distance
between the electrodes being about 20 cm. Alternat-
ing electrical current was applied to current elec-
trodes and change in whole-body impedance was
measured from voltage electrodes. The whole-body
impedance decreases when the pulse pressure enters
the aortic arch and changes the diameter of the aorta.
The CircMon software measures the time difference
between the onset of the decrease in impedance in
the whole-body impedance signal caused by pulse
wave in the aortic arch and, subsequently, in the
popliteal artery signal. The PWYV can be determined

from the distance and the time difference between
the two recording sites. A more detailed description
of the method (16,25) and the validation study (25)
has been published previously.

Statistical analyses

All statistical analyses were performed with SPSS for
Windows (version 16.0; SPSS Inc., Chicago, IL,
USA). Comparison of base-line and follow-up char-
acteristics between subjects with and without MetS
was performed using the 7 test for continuous vari-
ables and the chi-square for sex as a categorical vari-
able. The skewed distributions of triglycerides and
insulin were corrected logarithmically before statisti-
cal analyses. The univariate relationships between
PWYV and MetS components were studied by means
of regression analysis. Multivariable regression mod-
els, including age and sex, were constructed to exam-
ine the independent effects of the MetS components
on PWV. In regression analysis we used heart rate-
specific z scores for PWV because heart rate may be
a confounding factor (26). Variation in risk variables
during the 21-year follow-up was studied by sub-
tracting the base-line value from the follow-up value.
Age- and sex-adjusted differences in risk variable
changes, as well as heart rate-, sex-, and age-adjusted
mean PWV values, were analysed using general linear
models. There were no interactions between sex, MetS,
and PWYV, and analyses were therefore performed
with the sexes combined. Statistical significance was
determined as two-tailed P < 0.05.

Results

Base-line and follow-up characteristics of the study
subjects are shown in Table I. The prevalences of
MetS in the base-line paediatric population (ages
9-18 years in 1986) were 14.1% for the Ped1MetS
definition and 11.1% for the Ped2MetS definition.
Furthermore, the prevalence of MetS in the fol-
low-up adult population (ages 30—39 years in 2007)
was 18.1%. Subjects with MetS were older (in the
adult population) and had a higher body mass index,
systolic and diastolic blood pressure, triglycerides,
fasting glucose, fasting insulin, and waist circumfer-
ence (only in the adult population), as well as lower
HDL cholesterol, when compared with subjects
without MetS (P < 0.05 for all).

In univariate regression analysis, hyperinsulinae-
mia (P = 0.005) and hypertension (P < 0.024) as
individual components of paediatric MetS were
directly associated with PWV measured in adult-
hood (Table II). In multivariable regression analysis,
age (P < 0.001), sex (2 < 0.001), and hyperinsuli-
naemia (P = 0.021) were directly and independently
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Table I. Base-line and follow-up characteristics of study subjects.
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1986 2007
Variable No MetS Ped1MetS Ped2MetS No MetS Adult MetS
Number of subjects 812 133 105 774 171
Age (years) 13.6 = 3.3 13.5 = 3.4 13.5 = 3.3 34.4 £ 3.3 35.3 + 3,40
Sex (%, females) 55.5 48.9 51.4 56.8 44 .42
Body mass index (kg/m?) 18.9 + 2.7 22.2 + 3.6° 22.4 + 3.8P 245 + 3.7 31.2 = 4.3°
Systolic blood pressure (mmHg) 110.0 = 11.4 119.7 + 12.4 118.9 + 12.8 117.6 + 12.7 127.5 + 15.0°
Diastolic blood pressure (mmHg) 62.5 + 9.2 65.3 + 10.3? 64.9 = 10.1? 72.8 £ 10.4 81.5 + 11.6°
HDL cholesterol (mmol/L) 1.6 = 0.3 1.3 = 1.3 * 0.2° 1.4 0.3 1.1 +£0.3°
Triglycerides (mmol/L) 0.8 (0.6-1.0) 1.3 (1.0-1.5)° 1.2 (1.0-1.5)° 1.0 (0.8-1.4) 2.0 (1.7-2.7)°
Insulin (mmol/L) 8.4 (6.5-12.0) 14.3 (11.0-18.0)® 16.5 (13.0-19.3)° 5.7 (3.9-8.8) 13.2 (9.4-18.1)®
Glucose (mmol/L) 4.7 * 0.5 4.9 = 0.5° 4.9 = 0.5° 5.2+ 0.4 5.7 = 0.9°
Wiaist circumference (cm) - - - 84.3 = 10.8 103.0 = 11.3P

MetS = metabolic syndrome; Ped1MetS = the first paediatric MetS definition; Ped2MetS = the second paediatric MetS definition; 1986

No MetS = no MetS according to Ped1MetS or Ped2MetS.

Values are presented as unadjusted mean * standard deviation or geometric mean (25th—75th percentile) or percentages of subjects. Waist

circumference was not measured in 1986.

2P < 0.05; PP < 0.001 in pairwise comparison No MetS versus MetS.

associated with PWV in adulthood (Table II). In uni-
variate regression analysis for the adult population,
hypertension (B = SE 0.631 = 0.068), obesity
(0.361 = 0.071), high triglycerides (0.502 = 0.077),
and hyperglycaemia (0.407 *= 0.078) as individual
components of adult MetS were directly associated
with PWV (P < 0.001 for all). In multivariable
regression analysis for the adult population, age
(0.050 = 0.009; P < 0.001), sex (0.515 = 0.061;
P<0.001),hypertension (0.406 + 0.067; P<<0.001),
obesity (0.277 = 0.070; P < 0.001), and high trig-
lycerides (0.169 = 0.078; P = 0.031) as individual
components of adult MetS were independently asso-
ciated with PWV. When using continuous paediatric
risk variables in multivariable regression analysis,
sex, age, systolic blood pressure, and triglycerides
were directly and independently associated with
PWV in adulthood (P < 0.02 for all) (data not
shown).

Adulthood PWYV adjusted for age, sex, and heart
rate was higher in subjects with paediatric MetS
(P < 0.007 for both paediatric MetS definitions) and
adult MetS (P < 0.001) than in those not suffering
from MetS in childhood or adulthood (Figure 1A).
There was also an increasing trend for adult PWV
with the increase in the number of paediatric MetS
components (P for trend = 0.005) (Figure 1B). Sub-
jects who had persistent MetS over the 21-year fol-
low-up had higher PWYV than those without MetS at
base-line and follow-up (P < 0.001) (Figure 1C). In
addition, subjects who recovered from MetS during
the 21-year follow-up had lower PWV than those
with persistent MetS (P < 0.001) (Figure 1C). Fur-
thermore, we observed increasing trends (age- and
sex-adjusted) for BMI (P < 0.001), systolic blood
pressure (P < 0.002), diastolic blood pressure

(P < 0.05), triglycerides (P < 0.001), fasting insulin
(P < 0.001), and fasting glucose (P < 0.001), as well
as adecreasing trend for HDL cholesterol (<< 0.003),
over the 21-year follow-up in the MetS persistent
group when compared to the MetS recovery group,
with both paediatric MetS definitions.

All analyses were repeated after excluding
subjects on antihypertensive (n = 46), lipid-lowering
(n = 11), or antidiabetic (# = 6) medications,
with essentially similar results. In addition, all
analyses were repeated using a recently published
harmonized MetS definition in adulthood (27), with

Table II. Univariate and multivariable relationships between
components of paediatric MetS (ages 9—-18 years in 1986) and
adult PWV (in 2007) (r = 945).

PWV
B+ SE P
Univariate relations
Hyperinsulinaemia 0.203 + 0.071 0.005
Hypertension 0.165 * 0.073 0.024
Overweight 0.149 + 0.090 0.099
Low HDL cholesterol 0.022 += 0.074 0.764
High triglycerides 0.117 = 0.073 0.110
Hyperglycaemia 0.002 * 0.564 0.998
Multivariable relations
Age 0.059 = 0.009 < 0.001
Sex 0.608 = 0.060 < 0.001
Hyperinsulinaemia 0.164 = 0.071 0.021
Hypertension 0.126 = 0.069 0.068
Overweight 0.039 = 0.089 0.661
Low HDL cholesterol -0.036 * 0.072 0.613
High triglycerides 0.082 = 0.073 0.260
Hyperglycaemia -0.200 = 0.526 0.703
PWV = pulse wave velocity; MetS = metabolic syndrome;

B = regression coefficient; SE = standard error.
Heart rate-specific z scores were used for PWV.
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Figure 1. A: Comparison of adult PWV between subjects with and without MetS according to the paediatric MetS definitions (Ped1MetS
and Ped2MetS) (ages 9-18 years in 1986) and the adult MetS definition (ages 30-39 years in 2007). B: Adult PWV by the number of
paediatric MetS components (ages 9-18 years in 1986). C: Comparison of adult PWV between the 21-year changes in MetS status. PWV
values are age-, sex-, and heart rate-adjusted means and standard errors. Values under columns indicate the number of subjects in each
group. “For both paediatric MetS definitions (Ped1MetS and Ped2MetS). (PWV = pulse wave velocity; MetS = metabolic syndrome;
Ped1MetS = the first paediatric MetS definition requiring any three of six risk factors (hyperinsulinaemia, high triglycerides, high
systolic blood pressure, overweight, hyperglycaemia, low HDL cholesterol); Ped2MetS = the second paediatric MetS definition
requiring the presence of hyperinsulinaemia and any two of the other five risk factors; Control = no MetS at 1986 according to
Ped1MetS or Ped2MetS and no MetS at 2007 according to the adult MetS definition; Recovery = MetS at 1986 according to Ped1 MetS
or Ped2MetS but not at 2007 according to the adult MetS definition; Incident = no MetS at 1986 according to Ped1MetS or Ped2MetS
but MetS at 2007 according to the adult MetS definition; Persistent = MetS both at 1986 according to Ped1MetS or Ped2MetS and
2007 according the adult MetS definition.)

essentially similar results. Moreover, all analyses who recovered or were free from of MetS during the
were repeated without heart rate correction for PWYV, 21-year follow-up.
with essentially similar findings (data not shown). To the best of our knowledge, this is the first

study to report an association between increased
adult PWV in subjects with MetS and increasing

Discussion number of MetS components in childhood. Previ-
The present study shows that MetS and the accu- ously, elevated cardiovascular risk levels in childhood
mulation of the number of MetS components in have been shown to predict increased carotid intima-
childhood have an adverse effect on arterial stiffness media thickness (IMT), a marker of early atheroscle-
in adulthood. Children and adolescents with MetS rosis, in adulthood (28). In addition, decreased
at base-line had higher PWV after a 21-year fol- carotid artery elasticity and increased PWV have
low-up in adulthood, when compared to their peers been found in adults with increasing number of car-
who did not suffer from MetS at base-line. In addi- diovascular risk factors measured in childhood
tion, persistent MetS over the 21-year follow-up (15,16). However, childhood MetS and arterial
associated with increased arterial stiffness. Subjects stiffness have received little academic interest to

with persistent MetS had higher PWV than those date. Iannuzzi et al. (13) reported in a cross-sectional
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setting that arterial stiffness was increased in
obese children with MetS, and Whincup et al. (14)
found the arterial distensibility in adolescents to
decrease with the increase in the number of MetS
components.

In our cohort, hyperinsulinaemia and hyperten-
sion as individual components of paediatric MetS
were associated with adult PWV in the univariate
regression analysis, and childhood hyperinsulinae-
mia was an independent predictor of increased PWV
in adulthood in the multivariable analysis. Further-
more, we found a border-line significant association
(P = 0.068) between childhood hypertension and
adulthood PWV in the multivariable model. These
findings are consistent with the notion that child-
hood systolic blood pressure is directly associated
with PWV in young adulthood (16,29). In addition,
blood pressure measured in childhood and adoles-
cence has been found to predict decreased carotid
artery elasticity in adulthood (15). Furthermore,
insulin levels in childhood have been shown to cor-
relate inversely with carotid artery compliance and
directly with Young’s elastic modulus in adulthood
(15). Taken together, the current findings provide
further insight into the associations of childhood
MetS, the components of childhood MetS, and
adulthood arterial stiffness.

Our findings supported the view that PWV is
increased in young adults with MetS when com-
pared to subjects not afflicted by the syndrome (8).
Previously, hypertension and obesity as individual
components of MetS have been found to be inde-
pendent predictors of PWV, and triglyceride concen-
tration has shown a direct association with PWV
(30). In line with this, we found the independent
adult determinants of increased PWV to be hyper-
tension, obesity, and high triglycerides as individual
components of adult MetS. Therefore, our observa-
tions regarding adult MetS and PWYV fall in line with
the previous studies.

Tomiyama et al. (11) have previously shown with
a middle-aged Japanese male population that the
annual rate of increase in PWYV is higher in subjects
with persistent MetS than in those with a regression
of or no MetS. In addition, Nakanishi et al. (9) and
Safar et al. (10) have reported with middle-aged
populations that the increase in PWV escalates with
age in subjects with MetS, as compared with those
without the condition. In line with these studies, we
found that subjects who had persistent MetS over
the 21-year follow-up had a 1.2-1.3 m/s (depending
on the paediatric MetS definition used) higher PWV
than subjects who recovered from MetS, and a 1.2
m/s higher PWV compared to subjects without MetS
over the 21-year follow-up. This difference in PWV
is noteworthy, since Vlachopoulos et al. reported a
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14%-15% increase in cardiovascular events, cardio-
vascular mortality, and all-cause mortality for each
1 m/s increase in aortic PWV (31).

One plausible explanation for the increased
PWYV in the MetS persistent group as compared to
the MetS recovery group could be provided by the
increasing trends for BMI, systolic and diastolic
blood pressure, triglycerides, fasting insulin, and
fasting glucose, as well as the decreasing trend for
HDL cholesterol, in subjects with persistent MetS
when compared to those who recovered from MetS
over the 21-year follow-up. This is in accordance
with previous studies that have demonstrated a
decrease in carotid-femoral PWYV after weight reduc-
tion in middle-aged men (32), a reduction in carotid-
femoral PWV after long-term trandolapril treatment
in older adults (33), and a decrease in femoral-ankle
PWYV after atorvastatin treatment in patients with
type 2 diabetes mellitus (34). We have also recently
shown that recovery from MetS in young adults
during a 6-year follow-up period was associated
with the reversibility of IMT progression and with
a decreased rate of carotid artery distensibility
regression, suggesting that arterial structure and
function may be restored in young adults with MetS
by improving the metabolic risk factor profile and
by weight reduction (35). However, as reviewed by
Zieman et al. (36) and Stehouwer et al. (37), the
mechanism by which arterial stiffness increases in
subjects with MetS is a complex and partly unknown
process. Nevertheless, it has been suggested that
chronic hyperglycaemia and hyperinsulinaemia
increase the local activity of the renin-angiotensin-
aldosterone system and the expression of angio-
tensin type 1 receptor in vascular tissue, promoting
the development of wall hypertrophy and fibrosis.
Furthermore, impaired glucose tolerance enhances
the glycation of proteins with the cross-linking of
collagen, which may lead to the loss of collagen elas-
ticity. In addition, endothelial dysfunction caused by
high low-density lipoprotein (LDL) cholesterol, free
fatty acids, endothelin-1, inadequate vasodilatory
effects of insulin, or decreased adiponectin may
explain, at least in part, the increased arterial stiff-
ness (36,37). Further studies are clearly needed on
the pathophysiological mechanisms behind the
adverse effects of MetS on arterial stiffness and
those affecting the arteries when recovering from
MetS.

A potential limitation of the present study is the
whole-body impedance cardiography method, which
is not yet widely used in epidemiology settings to
measure PWYV, apparently limiting comparability of
the present findings with the observations from
other cohorts. However, PWV values measured
between the aortic arch and popliteal artery using



Downloaded by [Tampere University] at 00:48 30 September 2015

318 1. Kowvistoinen et al.

the CircMon are highly comparable to those
measured by Doppler ultrasound method (25). In
addition, reference values (38), as well as good
repeatability and reproducibility indexes (99% and
87%, respectively) for PWV measured by CircMon
have been published previously (39). Moreover, the
whole-body impedance cardiography is a handy and
reliable tool in epidemiological studies, because
the method is operator-independent and inexpen-
sive, and the observed variability of PWV is mainly
physiological (25,39).

Our study has some other limitations. Firstly,
cut-off point-based definitions of MetS in children
and adolescents have been shown to have marked
short-term instability (40,41). Secondly, MetS was
defined at base-line and at follow-up, but PWV was
measured only at follow-up. Therefore, the current
study does not allow the evaluation of longitudinal
changes in PWYV in relation to MetS status. Thirdly,
overweight at base-line was determined by using age-
and sex-specific cut-off points for BMI, which might
be a less sensitive method to estimate adiposity.
However, in determining MetS, BMI is considered
an alternative if waist circumference data are not
available (42). Finally, lack of a standard paediatric
MetS definition and the ethnically homogeneous
study sample may limit the generalizability of the
present results. A potential strength of the current
study is the use of age- and sex-specific cut-off points
for risk variables at base-line, which may help
to avoid misclassification due to age and gender
differences in risk factor levels in childhood and
adolescence.

In conclusion, findings in the present study
suggest that MetS in childhood is associated with
subclinical vascular damage in adulthood, and that
recovery from childhood MetS during a 21-year
follow-up period might have positive effects on arte-
rial stiffness. Since MetS and increased PWV have
been shown to be strong predictors of CVD, the cur-
rent results emphasize the importance of the preven-
tion and controlling of MetS risk factors both in
childhood and adulthood.
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Objective: Limited data are available regarding the relationship of apolipoproteins B (ApoB) and A-1
(ApoA-1) with arterial stiffness. We conducted the present study to determine whether adulthood ApoB
and ApoA-1 are related to arterial pulse wave velocity (PWV). Moreover, we examined whether ApoB
and ApoA-1 measured in young adulthood are predictive of PWV assessed 6 years later.

Methods: The study population consisted of 1618 apparently healthy Finnish young adults (aged 30-45
years, 44.9% males) whose apolipoproteins, other cardiovascular risk factors and PWV were measured
in 2007. In a sub-sample population, apolipoproteins and other cardiovascular risk factors had also
been measured in 2001 (n=1264). PWV measurements were performed using a whole-body impedance
cardiography device.

Results: ApoB (p<0.001) and the ApoB/ApoA-1 ratio (p <0.001) were directly associated with PWV. ApoB
and the ApoB/ApoA-1 ratio measured in young adulthood were also predictive of PWV measured 6 later
(p<0.001 for both). These relations remained significant (p <0.006) in models adjusted for non-lipid risk
factors. The areas under the receiver-operating characteristic (ROC) curves (AUC) were similar for ApoB
and non-HDL cholesterol (2001: p for AUC comparison=0.15; 2007: p for AUC comparison=0.07) in
detecting subjects with increased PWV (PWV > 90th percentile).

Conclusion: The present study suggests that elevation of ApoB or non-HDL cholesterol is associated with
increased arterial stiffness in young adults.
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© 2010 Elsevier Ireland Ltd. All rights reserved.

1. Introduction previous data on the relation between apolipoproteins and arterial
stiffness are available only for a few relatively small study pop-

Dyslipidemia is a strong predictor of atherosclerosis and coro- ulations. In the study by Amar et al. [11], a positive association

nary heart disease [1]. Elevated low-density lipoprotein (LDL)
cholesterol and decreased high-density lipoprotein (HDL) choles-
terol levels are mainly used in clinical risk evaluation, although
accumulating evidence suggests that apolipoproteins B (ApoB) and
A-1 (ApoA-1) could be better markers of cardiovascular risk [2-5].

Pulse wave velocity (PWV), a measure of arterial stiffness, is
a strong predictor of cardiovascular events and all-cause mortal-
ity [6]. PWV has been shown to associate with age, sex, heart rate,
and several traditional cardiovascular risk factors [7-10]. However,

* Corresponding author. Tel.: +358 3 3116 5394, fax: +358 33116 5511.
E-mail address: teemu.koivistoinen@uta.fi (T. Koivistoinen).
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was found between PWV and ApoB in patients treated for cardio-
vascular risk factors (n=247). In addition, Schmidt-Trucksdss et al.
[12] reported an independent association between ApoB and local
ultrasonographically determined carotid arterial stiffness (n=51).
To our knowledge, there is a paucity of information concerning the
role of ApoB and ApoA-1 as determinants of PWV at the population
level.

In the present study, we therefore set out to examine whether
ApoB and ApoA-1, additionally to other cardiovascular risk factors,
are associated with PWV among 1618 young adults participating
in the Cardiovascular Risk in Young Finns Study. In addition, we
studied whether young adulthood ApoB and ApoA-1 are predictive
of PWV measured 6 years later (n=1264).
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2. Methods
2.1. Subjects

The Cardiovascular Risk in Young Finns Study is an on-going
multicentre study of atherosclerosis risk factors in Finnish children
and young adults. The first cross-sectional survey was conducted
in 1980 including 3596 randomly selected participants (ages 3, 6,
9, 12, 15 and 18 years) [13]. Thereafter, several follow-up stud-
ies have been performed. The latest study was conducted in 2007,
with 1872 subjects (aged 30-45 years) participating in whole-
body impedance cardiography (ICGWB) monitoring. Subjects with
incomplete cardiovascular risk factor data (n=82), those with type
1 or type 2 diabetes (n=12), pregnant women (n=19) and subjects
using antihypertensive (n=120) or cholesterol-lowering medica-
tion (n=21) were excluded. Therefore, a total of 1618 subjects were
included in the present analysis to study the associations between
cardiovascular risk factors and PWV in 2007.

We also formed a sub-sample group to study whether ApoB
and ApoA-1 measured in young adulthood are predictive of PWV
assessed 6 years later. The sub-group was comprised of those
1264 adult subjects for whom complete cardiovascular risk factor
data (after above-mentioned exclusions) was available in 2001 and
whose PWV was measured in 2007.

2.2. Clinical characteristics

Venous blood samples were collected after an overnight fast.
Standard methods were used for serum total cholesterol, HDL
cholesterol, triglycerides, C-reactive protein (CRP), insulin and
glucose concentration measurements. LDL cholesterol concentra-
tion was calculated with the Friedewald formula, and non-HDL
cholesterol concentration was calculated by subtracting the HDL
cholesterol from the total cholesterol. ApoB and ApoA-1 were
determined immunoturbidometrically (Orion Diagnostica, Espoo,
Finland). Details of the methods have been described previously
[14-18].

Height and weight were measured and body mass index (BMI,
kg/m?) calculated. Blood pressure was measured from the brachial
artery with standard methods, as described previously [15]. The
mean of 3 measurements was used in the analysis. Smoking habits
were ascertained with a questionnaire, and smokers were defined
as those smoking on a daily basis. Informed written consent was
obtained from all subjects, and the study was approved by local
ethics committees.

2.3. Arterial PWV studies

An ICGWB device (CircMon B202, JR Medical Ltd., Tallinn,
Estonia) was used to determine PWV. A pair of electrically con-
nected current electrodes (Blue Sensor type R-00-S; Medicotest A/S,
Olstykke, Denmark) was placed on the distal parts of the extremi-
ties just proximal to the wrists and the ankles. Voltage electrodes
were placed proximal to the current electrodes, with a distance of
5 cm between the centres of the electrodes. The distal impedance
plethysmogram was recorded from a popliteal artery at knee joint
level. The active electrode was placed on the lateral side of the
knee joint and the reference electrode on the calf, the distance
between the electrodes being about 20 cm. Alternating electrical
current (30kHz) was applied to current electrodes and change in
whole-body impedance was measured from voltage electrodes.
When pulse pressure wave enters to aortic arch and aorta’s diam-
eter increases, the whole-body impedance decreases. The CircMon
software measures the time difference between the onset of the
decrease inimpedance in the whole-body impedance signal caused
by pulse wave in the aortic arch and, subsequently, the popliteal

artery signal. By means of this time difference and distance between
2 recording sites, the software calculates the PWV. A more detailed
procedure of the ICGWB method [7,19] and the validation study
[19] has been published previously.

2.4. Statistics

The statistical comparison of the receiver-operating characteris-
tic (ROC) curves was carried out with a Statistical Analysis System
(SAS, Cary, NC) macro. Other statistical analyses were performed
using SPSS for Windows (version 16.0; SPSS Inc., Chicago, IL, USA).
The skewed distributions of triglycerides, CRP and insulin were
corrected logarithmically before statistical analyses. The univari-
ate relationships between PWV and cardiovascular risk factors
were studied by means of regression analysis. Multivariable lin-
ear regression models, including variables that had a statistically
significant (p<0.05) or borderline significant (p<0.10) associa-
tion with PWV in univariate regression models, were constructed
to study the independent effects of cardiovascular risk factors
on PWV. Because there were strong bivariate correlations for
LDL (Pearson correlation coefficient r<0.837-0.843, p<0.001),
triglycerides (r<0.673-0.708, p<0.001) and non-HDL cholesterol
(r=0.942-0.959, p<0.001) with ApoB, the regression models were
assessed for multicollinearity before the analysis. Variance inflation
factors for ApoB, LDL cholesterol, triglycerides and non-HDL choles-
terol in the present models ranged from 12.0 to 191.7 (tolerances
ranging from 0.006 to 0.083), and lipid measures were therefore
analysed separately in multivariable models. In the regression anal-
ysis, we used heart rate-specific z-scores for PWV [20]. To analyse
heart rate-, age- and sex-adjusted mean PWV values across the
ApoB tertiles, we used the SPSS general linear model. Fisher’s least
significant difference test was used to evaluate differences in PWV
between the ApoB tertiles groups. ROC analyses - including areas
under curves (AUC) - were generated to study the utility of ApoB
and non-HDL cholesterol in order to detect subjects with >90th
percentile adulthood PWV. There were no interactions between
seX, cardiovascular risk factors and PWV, and the analyses were
therefore performed with the sexes combined. A p value of <0.05
was considered statistically significant.

3. Results
The characteristics of the study subjects in 2001 and 2007 are

shown in Table 1. PWV (unadjusted mean =+ standard deviation)
was 8.1+ 1.5 m/s in the population of 1618 young adults with com-

Table 1
Clinical characteristics of study subjects.

Characteristics Characteristics

in 2001 in 2007
Number of subjects 1264 1618
Male subjects (%) 45.6 44.9
Age (years) 31.7+5.0 37.4+5.0
Smoking (%) 24.0 19.2
Body mass index (kg/m?) 24.6+4.0 25.6+4.4
Systolic blood pressure (mmHg) 1149+12.0 119.7+£14.1
Apolipoprotein A-I (g/L) 1.5+0.2 1.6+0.3
Apolipoprotein B (g/L) 1.0+0.2 1.0+0.3
Total cholesterol (mmol/L) 5.1+£09 5.0+0.9
HDL cholesterol (mmol/L) 1.3+03 1.3+03
LDL cholesterol (mmol/L) 3.2+0.8 3.1+0.8
Triglycerides (mmol/L) 1.1(0.8-1.5) 1.1(0.9-1.6)
C-reactive protein (mg/L) 0.8 (0.3-1.7) 0.9 (0.4-1.7)
Insulin (mU/L) 6.3 (4.3-9.0) 6.4 (4.2-10.2)
Fasting glucose (mmol/L) 5.0+£0.5 5.3+0.5

Values are presented as unadjusted mean + standard deviation or geometric mean
(25th-75th percentiles) or percentage of subjects. Smoking was defined as smoking
on daily basis.
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Table 2
Univariate relations between risk factors and PWV.

Risk variables and PWV
measured in 2007

Risk variables
measured in 2001
and PWV in 2007

B (SE) p B (SE) p

ApoA-I (g/L) -0.259(0.112) 0.022 -0.166 (0.099) 0.094

ApoB (g/L) 0.969 (0.110)  <0.001 1.154 (0.093)  <0.001

ApoB/ApoA-1 ratio 1.069 (0.123)  <0.001 1.285(0.115)  <0.001

HDL cholesterol —0.414(0.090) <0.001 -0.385(0.076) <0.001
(mmol/L)

LDL cholesterol 0.195(0.033) <0.001  0.241(0.030) <0.001
(mmol/L)

Non-HDL cholesterol 0.213(0.030) <0.001  0.274(0.026)  <0.001
(mmol/L)

LDL/HDL ratio 0.185(0.024) <0.001  0.235(0.024)  <0.001

Triglycerides (mmol/L) 0.896 (0.143)  <0.001 1.291(0.119) <0.001

Systolic blood pressure 0.031 (0.002)  <0.001 0.032(0.002)  <0.001
(mmHg)

Body mass index 0.040(0.007) <0.001  0.039(0.005) <0.001
(kg/m2)

Insulin (mU/L) 0.486(0.122)  <0.001  0.520(0.075) <0.001

Fasting glucose 0.520 (0.064)  <0.001 0.521(0.048) <0.001
(mmol/L)

C-reactive protein 0.070 (0.053) 0.187  0.207(0.052)  <0.001
(mg/L)

Smoking —0.025 (0.065) 0.696 —0.082(0.062) 0.186

Heart rate-specific z-scores were used for PWV. PWV, pulse wave velocity; 3, regres-
sion coefficient; SE, standard error; Apo, apolipoprotein.

plete data on cardiovascular risk variables in 2007, as well as in the
sub-group with cardiovascular risk factor data available in 2001
(n=1264).

In the univariate regression analysis, all risk factors measured
in 2007, except for ApoA-1 and smoking, were associated with
PWV (p<0.001 for all) (Table 2). Similar results were observed
between risk factors measured in 2001 and PWV assessed in 2007,
with the exception that ApoA-1 was inversely associated with
PWV (p=0.022) and CRP was not associated with PWV. In the
multivariable analyses, ApoB (2001: p=0.005; 2007: p=0.003),
the ApoB/ApoA-1 ratio (2001: p=0.002; 2007: p=0.004) and the
LDL/HDL ratio (2001: p=0.012; 2007: p=0.008) were associated
with PWV independently of other risk factors (Table 3). In addi-

Table 3
Multivariable relations between risk factors and PWV.

Risk variables and PWV
measured in 2007

Risk variables
measured in 2001
and PWV in 2007

B (SE) p B (SE) p
ApoA-12 (g/L) —0.110(0.106) 0.301  0.034(0.090) 0.704
ApoB? (g/L) 0.310(0.111) 0.005  0.292(0.098) 0.003
Sex 0.374(0.059) <0.001  0.323(0.050) <0.001
Insulin (mU/L) 0.385 (0.130) 0.003  0.229(0.082) 0.005
Fasting glucose 0.005 (0.065) 0.943  0.099 (0.048) 0.041
(mmol/L)
Age (years) 0.053 (0.005) <0.001  0.045(0.004) <0.001
Body mass index —0.013 (0.007) 0.090 -0.011(0.006) 0.079
(kg/m?)
C-reactive protein 0.094 (0.049) 0.058
(mg/L)
Systolic blood pressure 0.024 (0.002)  <0.001 0.024 (0.002)  <0.001
(mmHg)

Heart rate-specific z-scores were used for PWV.

2 When ApoA-1 and ApoB were replaced with their ratio, or with HDL and LDL
cholesterol, the LDL/HDL ratio, the non-HDL cholesterol, or triglycerides, an inde-
pendent association was found between the 2001 ApoB/ApoA-1 ratio (8 [SE]=0.397
[0.128], p=0.002), the 2001 LDL/HDL ratio (0.061 [0.024], p=0.012), the 2007
ApoB/ApoA-1 ratio (0.353 [0.123], p=0.004), the 2007 LDL/HDL ratio (0.064 [0.024],
p=0.008), the 2007 triglycerides (0.369[0.128], p=0.004), the 2007 non-HDL choles-
terol (0.057 [0.025], p=0.025), and PWV assessed in 2007. Abbreviations as in
Table 2.
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Fig. 1. (A) Heart rate-, age- and sex-adjusted PWV means and standard errors (mea-
sured in 2007) across apolipoprotein B tertiles measured in 2001 (n= 1264, subjects
aged 24-39 years). (B) Heart rate-, age- and sex-adjusted PWV means and stan-
dard errors (measured in 2007) across apolipoprotein B tertiles measured in 2007
(n=1618, subjects aged 30-45 years). PWV, pulse wave velocity.

tion, triglycerides and non-HDL cholesterol measured in 2007 were
directly associated with PWV (p=0.004 and 0.025, respectively).
The non-lipid risk factors independently related with PWV were sex
(p<0.001), age (p <0.001), fasting insulin (p < 0.006), systolic blood
pressure (p<0.001) and fasting glucose (only in 2007, p=0.041).
A graphic evaluation supported a linear association between ApoB
measured in 2001 and PWV assessed in 2007 (Fig. 1A), as well as
between ApoB and PWV measured in 2007 (Fig. 1B).

The AUC for ApoB (measured in 2001) was higher than for non-
HDL cholesterol in predicting >90th percentile PWV when the
model additionally included only heartrate (0.673 vs. 0.654, respec-
tively, p=0.008), but this difference was diluted after adding age
and sex in the model (p=0.10) (data not shown). The AUC for ApoB
(measured in 2007) was higher than for non-HDL cholesterol in
detecting PWV > 90th percentile when heart rate, age and sex were
included in the model (0.756 vs. 0.749, respectively, p=0.025), but
after adding all non-lipid factors independently associating with
PWV in the model, this difference was diluted (p=0.067) (data not
shown).

4. Discussion

In this cohort of apparently healthy young Finnish adults, we
found three main results. Firstly, the present study showed that
ApoB was independently associated with PWV. Secondly, ApoB in
young adulthood was an independent predictor of PWV measured 6
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years later. Thirdly, findings of the present study suggest that ApoB
is not superior to non-HDL cholesterol in detecting subjects with
increased PWV.

PWV is widely used as a non-invasive modality for evaluating
vascular health, and it has been shown to relate to several cardio-
vascular risk factors [7-9], but previous data on the association of
LDL and HDL cholesterol with PWV is, to a degree, controversial
[8-10]. A recently published systematic review of the independent
association of carotid-femoral PWV with cardiovascular risk factors
found a significant association between HDL cholesterol and PWV
only in 4 (11%) out of 37 studies, and between LDL cholesterol and
PWV only in 1 (5%) out of 21 studies [9]. In line with most previous
reports [7,9], HDL or LDL cholesterol were also not associated with
PWYV in the present study. Furthermore, HDL and LDL cholesterol
measured in 2001 were not related to PWV measured 6 years later.
Interestingly, the LDL/HDL ratio was an independent determinant,
as well as independent predictor, of PWV, which, to our knowledge,
is novel information. Moreover, as also previously shown in young
[7] and middle-aged adults [21], triglycerides were independently
associated with PWV. However, triglycerides measured in 2001 did
not predict PWV as assessed 6 years later. Secular trends of lipid
and non-lipid risk factors in the present study were as expected,
and these trends have been discussed in detail previously [18].

Previously, a limited number of studies have addressed the rela-
tion between ApoB and arterial PWV. In relatively small study
populations, using multiple linear regression models, an indepen-
dent positive association has been found between ApoB and PWV
in patients treated for cardiovascular risk factors (n=247)[11], and
between ApoB and local ultrasonographically determined carotid
arterial stiffness measured by Young’s modulus (n=51)[12]. More-
over, in women but not in men, ApoB has been shown to correlate
negatively with arterial compliance (univariate correlation, n=223)
[22].In line with these reports, our findings clearly suggest a direct
association of ApoB and the ApoB/ApoA-1 ratio with PWV in a pop-
ulation of 1618 apparently healthy young adults. In addition, ApoB
and the ApoB/ApoA-1 ratio were found to predict PWV assessed 6
years later. Furthermore, in the present analysis, ApoA-1 was not
related to PWV, as also shown previously in a population of 429
healthy middle-aged women [23]. Taken together, the current find-
ings suggest that ApoB is associated with arterial stiffness in young
adults, and that ApoB may be a better dyslipidemia risk marker of
increased arterial stiffness than LDL cholesterol. Potential explana-
tory factors and pathophysiological bases behind the superiority of
ApoB have been discussed in detail elsewhere [24,25]. In brief, ApoB
levels reflect the total number of atherogenic particles (very low-
density lipoprotein [VLDL], VLDL remnants, LDL, lipoprotein [a]),
and therefore ApoB dosage is more representative of the athero-
genic burden than each of these fractions [25-27], especially in
subjects with elevated triglycerides [24].

Whether non-HDL cholesterol, a content of the cholesterol in
atherogenic ApoB-containing lipoproteins, could be used as a surro-
gate measure for ApoB in predicting cardiovascular risk is a widely
debated question [27-32]. Nevertheless, to the best of our knowl-
edge, data comparing the utility of non-HDL cholesterol and ApoB
in detecting increased arterial stiffness is lacking. Moreover, rela-
tionship between non-HDL cholesterol and arterial stiffness has not
been extensively studied. In the present study, non-HDL cholesterol
was cross-sectionally associated with arterial stiffness, a finding
which is in consistent with earlier reports in renal failure patients
[33] and older women [22]. Although non-HDL cholesterol mea-
sured in 2001 was not an independent predictor of PWV assessed
6 years later, the ROC analysis demonstrated that there were no
differences between non-HDL cholesterol and ApoB in identifying
increased PWV. Thus, our findings suggest that ApoB is not superior
to non-HDL cholesterol in detecting increased arterial stiffness in
young adults.

ICGWB is not widely used method to measure PWV, apparently
limiting comparability of the present findings with the obser-
vations from other cohorts. However, PWV measured between
the aortic arch and popliteal artery using the ICGWB has shown
to be well in agreement with the Doppler ultrasound method
[19]. Moreover, ICGWB provides handy and reliable means of
evaluating arterial stiffness on the basis of PWV in large-scale epi-
demiologic studies, since the method is inexpensive, fast, operator
independent and highly repeatable and reproducible [19]. Another
potential limitation in the present study was the different sample
size of the two populations. In addition, the study cohort was eth-
nically homogenous, limiting the generalizability of our results to
white European subjects. The strengths of the present study include
the use of a large population-based cohort of apparently healthy
young adults with a very low prevalence of potentially confounding
morbidities and medications.

In conclusion, the present study suggests that elevation of ApoB
or non-HDL cholesterol is associated with increased arterial stiff-
ness in young adults. It is interesting and valid to note that the six
years of dyslipidemia may influence the arterial stiffening in young
adults, and therefore the current findings reinforce the focus on
primary prevention and the possibility of modulating the arterial
aging process.
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