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CHAPTER 1

Introduction






INTRODUCTION

ypertension is a well-known cause of cardiovascular morbidity and

morttality in Western countries and puts a heavy burden on the health

X care system. Among adults in a general population of Western coun-
tries, prevalence of hypertension is about 6%. The prevalence of hypertension
increases with age. Besides increasing prevalence with age, the nature of hyper-
tension changes with age.! Flypertension among a middle-aged population is
predominantly a diastolic hypertension or a mixed systolic and diastolic hyperten-
sion.” Elderly subjects with hypertension, on the other hand, often only have
elevated systolic blood pressute levels with normal or even low diastolic blood
pressure levels.™ This type of hypertension is known as isolated systolic hyper-
tension and is accompanied by an elevated pulse pressure.?

Traditionally, isolated systolic hypertension was seen as a normal and innocent
consequence of ageing and attention was primatily focused on the harmful effect
of elevated diastolic blood pressure. Recently, atising awareness of the potential
increased risk associated with isolated systolic hypertension and the accompany-
ing elevated pulse pressure level™ has led to an extensive number of prognostic
studies on this topic.”" These uniformly showed that isolated systolic hyperten-
ston and an elevated pulse pressure are associated with an increased cardiovascu-
lar visk. Recent trials on the effect of treatment of isolated systolic hypertension
in elderly subjects showed a large benefit in terms of reduced cardiovascular risk
associated with treatment."?

The actiology of isclated systolic hypertension and elevated pulse pressure
level lies in stiffening of the arterial tree.*'* A healthy arterial system comprises of
arteries with elastic vessel walls, capable of dampening the pressure wave created
by the beating heart. This feature of the arterial system is known as the Windkes-
sel function and facilitates a steady blood flow throughout the body despite a pul-
satile flow generated by the beating heart. When the elastic vessel wall properties
of the arterial system dectease and the vessel wall becomes stiffer, the high pres-
sure generated by the heart is no longer dampened. This results in an elevated

systolic pressure and a decreased diastolic pressure and thus an clevated pulse

pressure in the arterial system.

As improvement of health care in Western society has led to an enormous
increase in life expectancy, resulting in an increasing number of clderly subjects,
itis important to focus on age-related conditions that could be a cause of serious
morbidity in elderly subjects. This includes stiffening of the arterial tree. Recently,
accurate methods to non-invasively measurc artetial stiffness have become avail-

able. Several relatively small studies, mosdy in selected patient groups, have
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Chapter 1

explored determinants of arterial stiffness and the association of stiffening of
the arteties with cardiovascular disease, The process of arterial stiffening has

sparsely been evaluated in population-based studies,

The aim of this thesis is to study causes and consequences of stiffening of the
arterial wee. The studies presented in this thesis are primarily based on the Rot-
terdam Study, a population-based cohort study among eldetly subjects.

Chapter 2 describes two non-invasive methods used to assess arterial stiffness
in the Rotterdam Study, and discusses their strenpths and limitations. Insight
is given in the disttibution of asterial stiffness in elderly subjects according to
age, gender and blood pressure. Finally, the association between both measures
of arterial stiffness is evaluated. Chapter 3 focuses on abnormalities in glucose
metabolism in relation to arterial stiffness. In chapter 3.1, components of the
insulin resistance syndrome are related to arterial stiffness in healthy middle-aged
women. This chapter is based on a population-based study among middic-aged
women living in the town Zoetermeer in the Netherlands, Chapter 3.2 examines
whether an impaired ghicose metabolism is associated with increased arterial stiff-
ness in eldetly subjects. The association of arterial stiffness with atherosclerosis
is described in chapter 4. The studies described in chapter 5 concern arterial
stiffness in relation to cardiovascular disease. In chapter 5.1, the association of
arterial stiffness with history of myocardial infarction or stroke is described. In
chapter 5.2, stiffness of the aorta is related the calcifications of the coronary
arteries. The consequences of aortic stiffness on cardiac oxygen supply and
demand are described in chapter 5.3. Finally, chapter 6 focuses on the conse-
quences of arterial stiffhess for asscssment of blood pressure. In chapter 7, the
main results of the studies described in this thesis are reviewed and the strengths
and limitations of the studies performed are discussed. This chapter concludes
with discussing causes and consequences of arterial stiffness in light of the main

findings and provides suggestions for future research on the topic,
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Abvterial stiffness in an elderly population






ARTERIAL STIFFNESS IN AN ELDERLY POPULATION

INTRODUCTION

Recently, accurate methods to non-invasively measure arterial stiffness have
become available. Two of the most frequently used methods are the measure-
ment of pulse wave velocity over a certain part of the arterial tree and the meas-
urement of changes is arterial diameter due to changes in arterial pressure over
the cardiac cycle at one specific point in the arterial tree. These methods to meas-
ure arterial stiffness were incorporatedin the third examination phase of the Rot-
terdam study, a population-based cohort study in elderly subjects. The purpose
of this chapter is to describe both measures of arterial stiffness in detail and to
provide general epidemiological data. Values of arterial stiffness in the popula-
tion of elderly subjects are shown according to age, gender and blood pressure.
Finally, we present the association between the two different measures of arte-
rial stiffness. Before addressing arterial stiffiness in the Rotterdam Study, some

background information on elastic properties of the arterial wall is given.

ELASTIC PROPERTIES OF THE ARTERIAL WALL

An artery is a viscoelastic tube, whose diameter varies with pulsating pressures
due to contraction of the heart. The function of the arterial system is to deliver
an adequate, constant amount of blood to tissues and organs. To ensure an
adequate blood flow throughout the cardiac cycle, the pulsatile blood flow gener-
ated by the heart must be converted into a steady blood flow to the peripheral
circulation. This function is sometimes described as the cushioning function of
arteries and is enabled by the viscoelastic properties. For a full interpretation of
the elastic behaviour of the arterial wall, knowledge about the composition of
the elastic mateial is required.

The main elastic materials of the arterial wall are collagen and clastin, Another
mijot constituent of the arcerial wall is smooth muscte which, while contributing
to the tension in the wall, cannot properly be regarded as clastic material. The
attetial wall consists of three concentric regions: the tunicas intima, media, and
adventitia. Demarcation between the tunicas intima and media is provided by the
lamina elastica interna, a structure that consists of a fenestrated membrane of
clastin lined on the intimal side by a coarse fibrous network. The lamina clastica
externa dematks the tunica adventtia. The inner layer of an arterial wall, the

tunica intima, consists of vascular endothelium. The outet layer of an arterial
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Chapter 2

wall, the tunica adventitia, is a region of collagen and some elastin tissue that
merges with the surrounding connective tissue. The mid layer, the tunica media,
forms the large part of the arterial wall and is the principal determinant of its
mechanical properties. At physiological distending pressure, the tunica media
consists of elastin and collagen fibers and smooth-muscle cells that are precisely
oriented and form well-defined layers. The distribution of elastin and collagen
in the arterial wall differs strikingly between the central and peripheral arteries.!
In the proximal aorta elastin is the dominant component, in the distal aorta the
content reverses, and in peripheral arteries collagen dominates. Elastin is much
more elastic than collagen, so with increasing distance from the heart, the arter-
ies become stiffer. The smooth muscle content increases with increasing distance
from the heart.

With increasing age, certain histologic changes are scen in the arterial wall.
The principal changes occur in the tunica intima and media. Endothelial cells
of the intima become more irregular in size and shape. The subendothelial layer
becomes thickened with an increase in connective tissue content. In the media,
the elastic fibers and laminas lose the ordetly arrangement seen in catlier live and
display thinning, splitting, fraying and fragmentation. Degeneration of elastic
fibers is associated with an increase in collagenous fibers and ground substance,
and often with calcium deposition in degenerate elastic matetial. These changes
in arterial wall structure lead to increased stiffness with age.?

The efficiency of the cushioning function of arteries depends on the viscoe-
lastic propetrties of the arterial wall. These viscoelastic properties are frequently
described in terms of compliance, distensibility or stiffness, which is the inverse
of distensibility. Under normal conditions, about 40% of the stroke volume, gen-
erated by a heart beat, is forwarded directly to the peripheral arteries during sys-
tole and the remainder 60% is stored in the capacitive atteries, like the aorta and
other large arteries. During this process, the arterial walls are distended and part
of the enerpy is stared. During diastole, the stored energy recoils the capacitive
arteries, squeezing the stored blood forward in the peripheral circulation. When
the wall of arteries become stiffer, the cushioning function is altered and the
energy needed for arterial distension duting systole increases while the storage
capacity decreases. This results in a higher proportion of the stroke volume that
is forwarded directly to the peripheral circulation and thus an exaggerated peak
systolic pressure. As less blood is stored in the capacitive arteries, the elastic
recoil during diastole is decreased resulting in a decreased diastolic blood pres-
sure, The increase in systolic blood pressure and the decrease in diastolic blood

pressure both lead to an increased pulse pressure,
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ARTERIAL STIFFNESS IN AN ELDERLY POPULATION

Increased pulse pressuse as consequence of increased arterial stiffness can also
be caused by another mechanism. Ventricular ejection generates a primary pulse
wave travelling from the heart to the peripheral circulation with a given speed
known as the pulse wave velocity. The primary pulse wave is reflected at any
sttuctural or geometric point in the arterial tree, resulting in a second pulse wave
travelling backwards towards the heart. The actual pulse at a certain point in the
arterial systemn is a summation of the forward travelling primary pulse wave and
the backward travelling reflected pulse wave. In young subjects, the primary and
reflected pulse waves meet during diastole resulting in an inciease (upstroke) of
the diastolic pressure (Figure 1, upper figare}. This increase in diastolic pressure
promotes cotonary perfusion during diastole. As arteries become stiffer at older
age, the velocity of the pulse wave increases, as a result of which the primary and

reflected pulse waves meet during systole thereby increasing the systolic blood

Young subject

Reflected

wave
Pulse pressure

4 ——p b

Systolic phase  Diastolic phase

Elderly subject
Reflected

wave

Pulse pressute

Systolic phase Diastolic phase

Figure 1
Schematic representations of the aortic pulse wave in a young subject (upper figure) and
in an elderly subject Jower figure),
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Chapter 2

pressute. Due to the lack of an upstroke during diastole, the diastolic blood pres-

sure is decreased (Figure 1, lower figure).

ARTERIAL STIFFNESS MEASUREMENTS IN 'THE
ROTTERDAM STUDY

Subjects were instructed to refrain from smoking and from taking coffee, tea,
alcohol or pain-medication on the day of measurement, and from taking alco-
hol on the day before the measurement. The two methods to measure arterial
stiffriess were performed on the same day in the same room by two different tech-
nicians, The sequence was always the same e.g;, first a measurement of carotid-
femoral pulse wave velocity and approximately ten minutes latetr, during which
other measurements were performed, a measurement of distensibility of the
common carotid artery. During the complete session, the subjects wete in supine

position.
Carotid-femoral pulse wave velocity

After five minutes of test in supine position, blood pressure was measured
twice with a conventional sphygmomanometet and the mean was taken as the
subjects reading, Subsequently pulse wave velocity was measured using an auto-
matic device (Complior, Colson, Garges-lés-Gonesse Cx, France).! Some techni-
cal aspects of this measurement arc provided in the appendix of this chapter.
A schematic representation carotid-femoral pulse wave velocity measurement is
shown in Figure 2. The pulse wave in the carotid artery and the pulse wave in the
femoral artery were simultaneously recorded and displayed on a computer screen,
The time delay between the two simultaneously recorded pulse waves is assessed
by determining the time delay between the rapid upstrokes of the simultancously
recorded pulse waves. The time delay is measured automatically by the computer
software. The distance travelled by the pulse wave between the carotid artery and
the femoral artery was measured over the surface of the body using a tape meas-
ure. Pulse wave velocity is then calculated as the ratio of the distance travelled
by the pulse wave and the foot-to-foot time delay between the pulse waves and
expressed in meters per second. Pulse wave velocity varies with respiration as
respiration modifies the intra-thoracic pressure, the vessel wall tensions and thus
the arterial blood pressure. For this reason, the average of at least 10 successive

measurements, to cover a complete respiratory cycle, was used in the analyses.
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ARTERIAL STIFFNESS IN AN ELDERLY POPULATION

A d = diztance between the carotid artery and the femoral artery
At = time delay between arrival of the pulse wave in the carotid artery and the
femoral artery

Figure 2
Schematic representation of measurement of carotid-femoral pulse wave velocity

(PWV).

Three obsetrvers performed all measurements. A reproducibility study was per-
formed in 47 subjects who were invited twice exactly one week apart and had
their pulse wave velocity measured by three observers at both occasions. Mean
pulse wave velocity (standard deviation) over all measurements was 14.1 (2.8),
The limits of agreement wete = 3.8 m/s, indicating that the difference in two
measurements within one subject lies with 95% certainty within © 3.8 m/s. The
coefficient of variation was 9.9% and the intea-class correlation coefficient was
(.80,

Strengths of measuring carotid-femoral pulse wave velocity

An important strength of the carotid-femoral pulse wave velocity measurement
is that it is a simple, accurate and reproducible method, which can be performed
quickly with relatively inexpensive equipment. Carotid-femoral pulse wave veloc-

ity can be performed within ten minutes. In comparison with other methods
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to measute arterial stiffness, which require ultrasound or even MRI, a measure-
ment of carotid femoral pulse wave velocity requires a relatively simple computer
with a software application and two connected tonometers. The measurement is
casy to petform and does not require extensively trained personnel. Our study
showed a good reproducibility, shich is in agreement with other reproducibility
data.’

Another advantage of carotid-femoral pulse wave velocity is that it measures
stiffness over a large part of the acterial tree, thereby providing a measute of
general stiffness of that part of the arterial tree. Other methods, which measure
arterial stiffness at one specific point in the arterial tree, could have the disadvan-
tage of that specific point not being representative of a latger artetial area. For
exatple, presence of an atherosclerotic plaque might affect the elastic proper-
ties of the arterial wall at a specific point. This is also a problem when interest
is specifically in measuring arterial stiffness at one specific point, for example
when repeated measurements over time are performed to measure progression
of atterial stifftiess. The presence of an atherosclerotic plague would then inter-
fere with accutate measuring of progression of arterial stiffness, independent of

progression of atherosclerosis.

Limitations of measuring carotid-femoral pulse wave velocity
The carotid-femoral pulse wave velocity method has several limitations as well,
Firstly, carotid-femoral pulse wave velocity combines measurement of elastic
arteries (proximal aorta) with more muscular arteties (distal aorta, the iliac artery
and the femoral artery), making it impossible to evaluate differences in elastic
properties or differences in determinants of the process of arterial stiffening
between elastic arteries and more muscular arteries. The contribution of smooth
muscle to the elastic properties of artesies has been a controversial topic, Histori-
cally, the wall tension due to the distending blood pressure was thought to be
very high and it did not seem likely that tension generated by vascular smooth
muscle would be sufficient to alter this.' It has been shown however, that the ten-
sion generated by vascular smooth muscle is much higher than originally calcu-
lated* and that substances that alter vessel wall tone also influence arterial elastic
properties.” With increasing interest in drugs that alter vascular tone as possible
treatiment for increased arterial stiffness, evaluating differences in elastic proper-
tes between arteries with different amount of vascular smooth muscle may be
of great interest.

Secondly, the pulse waves in the carotid artery and femoral artery travel in

opposite dircctions, while measurement of catotid-femoral pulse wave velocity
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ARTERIAL STIFFNESS IN AN ELDERLY POPULATION

Point where pulse
wave is measured in
carotid artecy

Y Point "A"

g
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Figure 3
Schematic representation measur-
ing the distance when assessing
) carotid-femoral pulse wave veloc-
i Ity. Point “A” indicates the posi-
femoral arteny tion of the counterpart of the
’ carotid pulse wave, at the moment
the carotid pulse wave is meas-

ured.

is based on the assumption that the pulse wave travels from carotid artery to the
femoral artery. The effect of this incorrect assumption is mainly an overestima-
tion of the distance between the sites of the pulse waves belonging to the esti-
mated tiine—delay, resulting in overestitnation of the velocity of the pulse waves
(Figure 3). From aortic valve to the origin of the carotid artery, the pulse wave
travels in one direction. Then part of the pulse wave travels up the carotid artery
and part of the pulse wave continuous down the descending aotta. The moment
we measure the pulse wave in the carotid artery, its counterpart has descended in
the thoracic aorta to a certain “point A”. The pulse wave then continuous its way
down the descending aorea until it is measured in the femoral artery. ‘The correct
distance, belonging to the measured time-delay between the pulse waves, is the
distance from “point A” to the point in the femoral artery where the pulse wave
is measured. This distance 1s shorter then the distance measured between the

carotid artery and the femoral artery. Because variations in anatomy are himited,
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this error can be considered similar for alt subjects and therefore will probably
not have seriously biased our results. Another point concetnitig the measurement
of the distance is that the distance is measured over the surface body, thereby
being dependent on body build, The measured distance between the carotid
artery and the femoral artery in two subjects with the same body height will be
considerably shorter in a thin subject than in a more obese subject. This may
lead to bias in the results. As far as we know, there are no studies relating body
build to the course of the aorta. Therefore, it is very difficult to assess the conse-

quences of measuting the distance over the body surface.
Distensibility of the common carotid artery

The vessel wall motion of the right common carotid artery was measured by
means of a Duplex scanner (Ultramark 1V, ATL, Bothell, Washington, USA)
and a data-acquisition system connected to a personal computer (vessel wall
movement detector system)."” Some technical aspects of this measurement are
provided in the appendix of this chapter. Shortly, the system enables the transcu-
taneous assessment of the displacement of artesial walls during the cardiac cycle
and, hence, the time-dependent changes in arterial diameter relative to its diasto-
lic diameter at the start of the cardiac cycle. Subjects were placed in supine posi-
tion, with the head tilted slightly to the contralateral side for the measurements in
the common carotid artery. The procedure provides data on end-diastolic diam-
eter (diam), the absolute change in lumen diameter during systole (dist), and the
change in lumen diameter relative to its end-diastolic diameter (dist/diam) for
each captured heart beat (Figure 4). In the analyses, we used mean values of maxi-
imal four cardiac cycles during 2 maximum of three successive recordings. Blood
pressure was measured with a Dinamap automatic blood pressure recorder, and
read 2 times at the right upper arm during the measurement session. 'The mean
was taken as the subjects reading. Pulse pressure was defined as the difference
between systolic and diastolic blood pressure, The cross-sectional arterial wall

distensibility coefficient is calculated according to the following equation”™®:
Distensibility coefficient = (2 dist/diam)/ pulse pressure (10-3/kPa)

The arterial wall propetties, as determined in this way, are defined as the relative
changes in arterial cross-sectional area, expressed in terms of diameter, for a
change in pressure. Three observers performed all measurements. A reproduc-

ibility study was performed in 47 subjects who were invited twice exactly onc
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Figure 4

Example of common carotid arterial distensibility measurement.

The two upper lines show the movement of the anterior (ant) and posterior (post) arterial
wall during the cardiac cycle. The bottom line shows the change in lumen diameter result-
ing from the movement of the arterial walls. The program automatically cafculates several
parameters for every heartbeat among which the absolute change in fumen diameter (dist
in pm), the end-diastolic lumen diameter {diam in mm) and the change in lumen diameter
relative to its end-diastolic diameter, which indicates the relative distension of the artery

(dist/diam = distin %).

week apart and had their common carotid distensibility coefficient measured
by three observers at both occasions. Mean distensibility coefficient (standard
deviation) over all measurements was 10.8 (4.9). The limits of agreement were
* 6.7 (10/kPa), indicating that the difference in two measurements within one
subject lies with 95% certainty within * 6.7 (10°/kPa). The coefficient of varia-
tion was 22.5% and the intra-class cotrelation coefficient was 0.80. In the studies
presented in this thesis, measurements were restricted to the right side to save
time. In previous studies no differences could be detected between arterial wall

properties of the right and left common carotid artery (unpublished results).

Strengths of measuring common carotid artery distensibility
The method of assessing common carotid artery distensibility with the vessel
wall movement detector system has several strengths. Our reproducibility study

showed that the end-diastolic diameter, the change in diameter, and the disten-
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sibility coefficient can be assessed reliably, which is in agreement with another
reproducibility study.” In comparison with other ultrasonographic methods, this
method is rather insensitive to interaction of echo-signals from closely related
objects as the vessel wall movement detector system is not based on only ampli-
tude tracking, but on detecting phase differences in the radio-frequency (RF)
signal, making the measurement of changes in arterial diameter more accurate.*”
The off-line analysis has the specific advantage of restricting recording time.”
Another advantage of this method is that the method assesses arterial distensibil-
ity at one specific site in the arterfal tree making it possible to compare structural

vessel wall changes of different arteries in relation to determinants and disease.

Limitations of measuring common carotid artery distensibility

A disadvantage of measuring vessel wall properties at one specific point is that
local changes might affect the elastic properties of that part of the vessel wall.
This could result in that specific point not being representative of a larger arterial
area, as discussed before,

There ate some other limitations of measuring common carotid arterial disten-
sibility. Firstly, assumptions are made about the circular cross-sectional nature
of vessels, which may not always hold true.” Another assumpton is that the
increase in arterial voluine during systole is caused by distension (increase in

' This assumption seems to be rea-

cross-sectional area) rather than elongation.
sonable because under normal circumstances no lengthening of the artery is
seen on B-mode images during systole.® Secondly, by calculating the distensibil-
ity coefficient, distension of the common carotid artery is adjusted for pulse
pressure measuted in the brachial artery. We thereby assume that pulse pressure
measured in the brachial artery is representative of pulse pressure in carotid arter-
ies. In dogs, it has been demonstrated that pulse pressure in the brachial artery
is lineatly related to blood pressure in the carotid artery over a wide tange of
blood pressures." However, it is known that the arterial pressure waves undergo
transformation in the arterial tree and therefore pulse pressure is higher in the
brachial attery than in more central vessels like the carotid artery.! On the other
hand, non-invasive cutf-based measurement of blood pressure underestimates
pulse pressure.'! Several groups compared non-invasively measured elastic aortic
properties or systemic vascular resistance, based on methods that use of brachial
pulse pressure in stead of aortic pulse pressure, with invasive techniques or post-
mottemn measurements.”" These studies sapport the validity of using of bra-
chial pressures as a proxy of aortic pressures. To the best of our knowledge,

there are no studies evaluating the validity of using the brachial pulse pressure in
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stead of carotid pulse pressure. However, the aorta is a more central artery than
the carotid artery. If using brachial pressures in stead of aortic pressures is rea-
sonably valid, the bias introduced by using brachial pressures in stead of carotid
pressures probably will be limited also. Finally, the distensibility coefficient indi-
cates distension of an artery relative to its diameter. The diameter of an artery
can change through the influence of various processes that are likely to be associ-
ated with arterial stiffness, like aging and atherosclerosis. This might introduce

bias in the estimate of arterial stiffness.

ARTERIAL STIFFNESS IN AN ELDERLY POPULATION

Study population

A total of 4148 subjects was eligible for a measurement of arterial stiffness at the
third follow-up examination phase of the Rotterdam Study, Of these subjects,
3550 subjects (86%) had a measurement of carotid-femoral pulse wave velocity
and 3098 subjects (79%) had a measurement of distensibility of the common
carotid artery. Missing information on arterial stiffness was almost entirely due
to logistic reasons. Of the 3550 subjects with a measurement of pulse wave
velocity, 69 subjects (1.9%) were excluded from the analyses because the varia-
tion between the successive pulse wave velocity measurements was more then
10% or a minimum of 10 successive measurements, to cover a complete respira-
tory cycle, was not reached. Thus, 3481 subjects with a measurement of carotid-
femoral pulse wave velocity were available for analysis. None of the subjects with
a measurement of common carotid distensibility were excluded from the analy-
ses. Information on both measates of arterial stiffness was available for 2766
subjects. For cvaluating the distribution and values of both measures of arterial

stiffness, we included all subjects with information on both methods.
Statistical analysis

The distribution of both measures of arterial stiffniess was assessed in strata
of gender. Mean values were calculated per 5-years age categories in strata of
gender and per 10 mmHg categories of systolic blood pressure, diastolic blood
pressure, mean blood pressure and pulse pressure for the total cohort, using
analysis of variance. Mean blood pressure was defined as diastolic blood pres-

sure + 1/3 * (systolic blood pressure - diastolic blood pressure). Pulse pressure
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was defined as systolic blood pressure - diastolic blood pressure. To avoid small
numbers in a particular category, some subjects with values at the lower or upper
end of the distribution were assigned to the nearest higher or lower category. Dif-
ferences in mean pulse wave velocity and mean distensibility coefficient between

men and women per 5-yeats age-strata wete tested using analysis of variance,

Results

Characteristics of the subjects are shown in table 1. Levels of cardiovascular
risk factors were in the high normal range, as expected in a general population
of elderly subjects. In figure 5, the distribution of carotid-femoral pulse wave
velocity and the distribution of the common carotid distensibility coefficient are
shown for men and women separately. The mean value of both carotid-femoral
pulse wave velocity and the common carotid distensibility coefficient was lower
in females than in males, indicating less aortic stiffness and a stiffer common
catotid artery in females as compared to males. When we adjusted the differ-
ences in artetial stiffness between women and men for age, mean blood pressure,

heart rate, and body height, the differences became even more pronounced and

Table 1
Characteristics of study population (n = 2766).
Characteristic Value
Age {years} 71.8 (59.7 - 101.0)
Men (%) 42
Systolic blood pressure (mmHg) 143 £ 21
Diastolic blood pressure {mmHg) 75+ 11
Body mass index (kg/m?) 26,7 £3.8
Waist-to-hip ratio 0.92+0.1
Smoking
current (%) 37
past (%) 50
Total cholesterof (mmolf) 58+ 1.0
HBDL-cholesterol (mmol/l) 1.4+ 0.4
Serum glucose (mmol/l) 59+1.5
Distensibility coefficient (pa™) 10.6 +4.4
Pulse wave velocity (m/s) 13.4+3.0

Values are expressed as mean * standard deviation or as percentage.
Age is given as mean {range).
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were highly significant for both arterial sites. The difference (95% confidence
interval) in pulse wave velocity was -0.99 (-0.81 to -1.18) (m/s) and the differ-
ence in distensibility coefficient was -1.62 (-1.35 to -1.82) (10°*/kPa) for women
as compated for men, after adjustment for age, mean blood pressure, heart rate,
and body height. Figure 6 shows the mean values of carotid-femoral pulse wave
velocity and common carotid distensibility per 5-years age-categoiies in strata
of gender. Pulse wave velocity increased non-linearly with increasing age. The
distensibility coefficient decreased non-linearty with increasing age. With advanc-
ing age, both aorta and carotid artery became stiffer but the increase in stiffness
of both arteties attenuated at high age. Women under 80 yeats of age had = sig-
nificantly less stiff aorta and a significantly stiffer common carotid artery as com-

pated to men of the same age, except for common carotid arterial stiffness in

Men Wemen
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=
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z
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Figure 5

Distribution of carotid-femoral pulse wave velocity (PWV) and the distensibility coef-
ficient (DC} of the common carotid artery in strata of gender.
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Figure 6

Mean (95% confidence interval) carotid-femoral pulse wave velocity (upper figure) and
mean (95% confidence interval) common carotid distensibility coefficient (lower figure)
per 5-years age category in strata of gender. * p < 0.05 for difference between men
and women.

women of 60 to 65 years of age. Above 80 years of age, there was no significant
difference in arterial stiffness of the aortic or common catotid artery between
women and men. Mean values of arterial stiffness per 10 mmHg-categories of
various blood pressure measures is shown in figure 7 for carotid-femoral pulse
wave velocity and in figure 8 for common carotid distensibility. The relation of
both measures of arterial stiffness with various blood pressure measures was
in general the same for both measures but, as expected, in opposite directions.
The relatdons of both measures of arterial stiffness with systolic blood pressure
and pulse pressure were non-linear, flattening off at higher blood pressures. The
association of arterial stiffness with mean arterial blood pressure in the total
population was nearly linear and only levelling off when the mean arterial blood

pressure was above 140 mmHg, The relation between both measures of arterial
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Figure 7

Mean {95% confidence interval) carotid femoral pulse wave velocity {(PWV) per catego-
ries of 10 mmHg of systolic blood pressure (upper left figure), diastolic blood pressure
(upper right figure), mean blood pressure (lower left figure), and pulse pressure fower
right figure).

stiffness with diastolic blood pressure was non-linear and resembled a J-shape
relation, especially for pulse wave velocity. The frst (lowest) diastolic blood pres-
sure category showed slightly increased arterial stiffness as compared to the
second diastolic blood pressure category (60-70 mmHg). From the second diasto-
lic blood pressure category onwards, vessel wall stiffness increased with increas-
ing diastolic blood pressure. The difference in mean pulse wave velocity between
the first and second dinstolic blood pressure category was significant {mean dif-
ference in m/s (95% confidence interval): 1.49 (0.24-2.74)).

Discussion

We found the aorta to be stiffer in men than in women but the common carotid
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Figure 8

Mean (95% confidence interval) common carotid distensibility ceeflicient (DC) per cat-
egories of 10 mmHg of systolic blood pressure (upper left figure), diastolic hlood pres-
sure {(upper right figure), mean biood pressure (ower left figure), and pulse pressure

(lower right figure).

attery to be stiffer in women than in men in subjects under 80 years of age. In
ptevious studies, differences in arterial stiffness berween men and women have
also been found and findings between studies were contradictory. One study in
600 subjects under 65 yeats of age found the aorta to be stiffer in men' whereas
two other studies, in subjects aged 18 to 77 years, found no clear sex-differences
it stiffness of the aorta between men and women in respectively 83 and 418
subjects. ™ In a study among young subjects, the carotid artery has been found
to be stiffer in male subjects as compared to female subjects.”” Another study in
119 subjects found the carotid artery to be stiffer in men as compated to women
only in subjects younger than 15 years and subjects 70 yeass of age, while men
and women with an age in between wete comparable with respect to carotid arte-
rial stiffness.'™ In 100 subjects aged 6 to 25 years, significantly larger diameter
increase of the common carotid artery over the cardiac cycle was found in male

subjects as compared to female subjects, suggesting a stiffer common carotid
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artery in males.” However, in the same study no difference was found in the
common carotid elastic modulus between males and females."” Anothet study in
109 subjects found a lower distensibility of the common carotid artery in females
as compared to males, irrespective of age.™

There are possible explanations for the observed gender-differences between
studies. Firstly, menopause is associated with an increase in arterial stiffness.”
Therefore, observed gender-differences across studies might be explained by dif-
ferences in inclusion of pre- or postmenopausal women between studies, The
differences in age of women included in the previous studies, however, does
not seem to fully explain the observed gender-differences between studies. One
study explored whether female sex hormones could explain the differences but
could not disclose an effect of the menstrual cycle on atterial wall properties.™
This study, howevet, included only 12 subjects, and had little powet to show an
influence of hormones during the menstrual cycle on arterial stiffness. Secondly,
the process of artesial stiffening could be heterogeneous across vatious parts
of the arterial tree due to a different effect of gender specific factors, like hor-
mones, on different parts of the arterial tree. Thirdly, methods used to assess
arterial stiffness differed between some of the studies. When the different meth-
ods measure different elastic wall properties and these are differently refated to
gender, this could lead to gender-differences across studies. However, gender-
differences in arterial stiffness have also been discrepant between studies that
used the same method to assess arterial stiffness.”™" Morcover, even if different
methods measure different elastic wall properties, these are likely to be highly
correlated.

Most previous studies on the association between gender and arterial stiffness
were petformed on relatively small numbers of subjects (n=100) and may have
had not enough powet to disclose an association. Our results in a latge popula-
tion of néarly 2800 subjects showed that in a general population of subjects aged
60 years and over, women have a stiffer common catotid artery as compated to
men while the reverse is true for stiffening of the aorta. The finding of inconsist-
ent gender-differences across atterial sites may indicate that stiffening of the arte-
rial tree is not a generalised process. Large population-based studies in younger
subjects on the association between gender and arterial stiffness at several sites
of the arterial tree would help to clucidate the influence of gender on stiffening
of various arterial sites. These studies should preferably include the pertmeno-
pausal period.

In agreement with previous studies™*#* we found increasing stiffness of the

aorta and increasing stiffness of the common carotid artery with increasing age.
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The increase in stiffiress of both arteries with advancing age levelled off at very
old age, which could be due to the fact that at very old age ncatly everyone has
developed stiff arteries, thereby limiting a further linear increase in arterial stiff-
ness with age. Another explanation could be sclective loss of the subjects with
the stiffest arteries in the higher age-categories due to fatal cardiovascular disease.
Also in concordance with other studies™'**** we found increasing stiffness of
the aorta and the common carotid artery with increasing systolic and diastolic
blood pressute, pulse pressure and mean arterial blood pressure. The increase
in stiffness of both arteries with increasing blood pressure attenuated at high
pressures. This probably reflects maximal dilatation and stretching of collagen
fibers at high blood pressures and thus maximal stiffness of the arterial wall. The
strong association between arterial stiffness and blood pressure may be explained
by a self-perpetuating, reinforcing process that originates from high blood pres-
sure being a determinant of arterial stiffening and arterial stiffening in its turn
being a determinant of increased blood pressure.”” We found a tendency towards
increased arterial stiffness of both arteties at very low diastolic blood pressures,
which was significant for carotid-femoral pulse wave velocity. This suppotts the
view that arterial stiffness, besides leading to an increase in systolic blood pres-
sure, also leads to a decrease in diastolic blood pressure” An increase in diastolic
blood pressure leads to an increase in mean arterial pressure, A slightly decreased
diastolic blood pressure due to increased arterial stiffness apparently does not
reverse a positive association between increased diastolic blood pressure, and
thus increased mean arterial pressure, and arterial stiffening, When we adjusted
the association between aortic stiffness and diastolic blood pressure for mean
arterial blood pressure, the association became negative, and similarly the associa-
tion between common carotid arterial stiffness and diastolic blood pressure was

positive when adjusted for mean arterial blood pressure (data not shown).

ASSOCIATION BETWEEN BOTH MEASURES OF
ARTERIAL STIFFNESS

Statistical analysis

The association between both measures of artetial stiffness was evaluated using
multiple linear regression analyses, with the common carotid distensibility coef-
ficient as dependent and carotid-femoral pulse wave velocity as the independent

variable and by calculating the correlation between pulse wave velocity and the
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distensibility coefficient. We also calculated the relative risk of having increased
comnon carotid arterial stiffness for subjects with increased aortic stiffness as
compared to subjects with a more distensible aorta, using logistic regression
analyses. I'or this analysis we re-coded aortic pulse wave velocity and distensibil-
ity of the common carotid arterial in variables indicating increased atterial stff-
ness, which will be referred to as presence of aortic stiffness and presence of
common carotid artery stiffness, respectively. Presence of aortic stiffness was
graded as 0 for all subjects in the lowest quartile of pulse wave velocity and 1 for
all subjects in the highest quartile of pulse wave velocity. Presence of common
carotid arterial stiffness was graded as 0 for all subjects in the highest quartie
of the distensibility cocfficient and 1 for all subjects in the lowest quartile of the

distensibility coefficient.

Resulis

The relationship between the common carotid distensibility coefficient and
carotid-femoral pulse wave velocity was found to be quadtatic: distensibility coef-
ficient = 27.4 - 1.9 * (pulse wave velocity) + 0.04 * (pulse wave velocity)? [p total
model < 0.001}, The relationship is shown in figure 9. The correlation between
the distensibility cocfficient and pulse wave velocity was -0.41 {p < 0.001).

Fipure 10 shows the distribution of subjects over quartiles of carotid-femoral
pulse wave velocity in strata of the common carotid distensibility coefficient.
Subjects with a distensible common carotid attery (4" quartile of the distensibil-
ity coefficient) were most likely to also have a distensible aorta (17" quartile of
pulse wave velocity). Subjects with increased stiffness of the common carotid
artery (1 quartile of the distensibility coefficient) were most likely to also have
increased aortic stiffness (4" quartile of pulse wave velocity). Logistic regres-
sion analyses showed that subjects with increased aortic stiffness had a 30-fold
increased risk of having increased common carotid artery stiffness (relative risk
and 95% confidence interval: 31.2 (20.9 - 46.4)).

Discussion

With increasing interest in measures of arterial stiffness, both the number of
reports on atterial stiffness and the number of different methods to measure arte-
rial stiffness have increased.” Only one previous stady examined the agreement
between two different measures of arterial stiffness e.g,, the carotid attery pres-

sure-strain elastic modulus and aortic pulse wave velocity, and found a moderate
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Relationship between the distensibility coefficient of the common carofid artery and

carotid-femoral pulse wave velocity, The Rotterdam Study.
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Distribution of subjects per quartile of aortic pulse wave velocity (PWV) in strata of
quartiles of the common carotid distensibility coefficient (DC).
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association between them.™ In agreement with this study, we found a moderate
association between two different measures of arterial stiffhess. The cotrelation
between the common carotid distensibility coefficient and carotid-femoral pulse
wave velocity was 41%. There are several possible explanations for this moderate
association. Pirstly, arterial stiffness is not a generalised process throughout the
arterial tree. The observed gender-difference between the aorta and the common
carotid artery supports this hypothesis. Differences in artetial stiffness between
different parts of the arterial tree may be duc to a different composition of arte-
rial walls with regard to amount and distribution of elastic and musculat fibres.
Secondly, the methods used to assess arterial stiffness in the two different parts
of the arterial tree were based on different principles that might measure dif-
ferent elastic wall properties, resulting in a moderate association. Thirdly, the
moderate association may also partly be explained by measurement etror in both
methods, Finally, interpreting an association between two measutements of arte-
rial stiffness at different moments in time is complex because blood pressure
is an important determinant of artetial stiffness and is intertwined in the asso-
ciation. Despite the moderate linear association, however, when selecting on
extremes of arterial stiffness in both arteries, agreement was remarkably high
and subjects with 2 cleatly stiffened aorta were at a high risk of also having a stiff
common carotid artery.

\We obsetved a non-linear, quadratic association between carotid-femoral pulse
wave velocity and distensibility of the common carotid artery. It is conceivable
that a maximal artetial stiffness as measured with one method means that arte-
tial stiffness as measuted with the other method also has reached its maximum,
Also, a distensible artery as measured with one method may imply that the other
method will also measure a high distensibility in that artery. This is likely to resulr

in a quadratic relationship,

APPENDIX
Technical aspects of the Complior method

Carotid-femoral pulse wave velocity was measured with the Complior method’,
which uses a sampling acquisition frequency of 500 Hz to digitise the pressure
waveforms that are subsequently stored in a re-circulating memory buffer. Pre-
processing analyses automatically adjusts the gain of cach waveform for an

equality o 1€ WO s nals. The time delay etween the wo simu taneously
quality of the tw pnals, "The time delay b f | ly
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recorded pulse waves is assessed by determining the time delay between the rapid
upstrokes of the simultaneously recorded pulse waves. The rapid upstroke is
chosen as the marking point of the beginning of the pulse wave because the
rapid upstroke is not influenced by changes of the arterial pulse wave occurring
when the pulse wave travels from heart to the periphery. First, spikes that may be
present in the pulse waveform are removed, using a moving digital filtering algo-
rithm, because they will interfere with Iater processing, The rapid upstroke of the
pulse waves is assessed by differentiating the digitised pulse waves to determine
the peak value. This occurs near the centre of the upstroke, Subsequently, the
delay between the two pulse waves is determined by performing a correlation
calculation between the data of the two parts of the pulse waveforms. The cor-
relation algorithm is repeated several times after time-shifting the distal pressure
upstroke by subtracting one sample period. This translation of the distal curve
is performed in a working window of 588 data points pet waveform, which
covers a time period from 0.74 to 1.47 seconds. This is sufficient to always cap-
ture at least one complete cardiac pressure upstioke, The number of data point
shifts needed to gain the best-fit correlation coefficient determines the time delay

between the pulse waves.
Technical aspects of the vessel wall movement detector system

For measusing common carotid distensibility, a region at 1.5 cm proximal to
the origin of the bulb of the carotid artery is identified with a 7.5 MHz trans-
ducer. An M-line perpendicular to the vessel is selected. After the echo-system
is switched to M-mode storage of data starts. During 5-6 cardiac cycles radio-
frequency (RF) signals are digitised and temporarily stored. The positions of the
anterior and posterior vessels wall are marked by the observer with the setting
of two data windows on the first RF signal stored. The data are transferred to a
personal computer. The cumulative change in phase between the successive RE-
lines is calculated for the anterior and posterior wall windows, where the posi-
tion of the sample gates is continuously adjusted to the detected displacement.
The procedure provides data on end-diastolic diameter (D), the absolute stroke
change in diameter during systole (AD), and the relative stroke change in diam-
eter ((AD)/D) for cach captured heart beat. With this system a wall displacement
of a few micrometeis can be resolved.” Pulse pressute is calculated from blood
pressure measurement at the brachial artery and defined as systolic blood pres-
sure - diastolic blood pressure, The cross-sectional arterial wall distensibility coef-

ficient can be calculated with the following formula™:
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distensibility coefficient = 2AD/D)/ AP (102 /kPa)
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Variables of the insulin resistance
syndrome are assoctated with reduced
arterial distensibility in healthy non-diabetic
middle-aged women

Abstract

Background: The insulin resivtance syndrome is related to arterial stiffness in diabetic sub-
Jeets. Whather the insulin resistance syndrome is also related to arterial stiffness in nou-diabetic
itthjects is Jeiv clear. We studied the association between parameters of the insulin resistance
syndrome in velation to arterial distensibility in bealthy middle-aged non-diabetic women.
Methods: This study was performed in 180 non-diabetic women, aged 43-55, velected from
the general popalation. Arterial distensibility way assessed in the carotid artery. The avsocia-
fions were evaluated wsing linear regression analyses.

Results: Strong avsociations were found between arvterial distensibility and the parameters of
the insufin resistance syndrome: body mass index, waisi-to-hip ratio, high-densify-lipoprotein-
cholesterol, triglycerides, glucose, insutlin, apofipoprotein A1, plasminogen activator inbibitor-1-
antigen and tissue-ype plasminogen adivator-antigen. After additional adjustment for wean
arierial pressure, conmon carotid arterial distensibility vemained acvociated with body mavy
index: B-coefficient(95% confidence interval) per kg/m’: -0.24(-0.42;-0.06), waisi-to-hip
ratie: -26.62(<40.59;-12.65) per m/ m, trighcerides: -1.42(-2.77:-0.08) per mmolf ], plus-
minogen activator inhibitor-1-antigen: -0.01(-0.02,-0.00) per na/ ml and borderline significant
assoviated with bigh-density-lipoprotein-cholesterol: 1.93(-0.01:3.87; p=0.07) per mmol/!.
Cluitering of paranseters of the insulin resistance syndyome was strongly velated to decreared
arterial distensibility which remained afler adiustment for mean artevial presinre. No associa-
ton was fonnd between avierial distensibility and pavameters that ave not part of the insulin
resistance syndrome: fotal choleiterof, LDL-cholesterol and apolipoprotein B.

Conclusion: The results of this study show that parameters of the insulin vesistance yyn-
drome are avsociated with decreased arterial divtensibility of the common carotid avtery in

healthy non-diabetic subjects.
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INTRODUCTION

Clustering of risk factors for cardiovascular disease (hypertension, obesitas, dysli-
pidemia), resistance to insulin-stimulated ghicose uptake, and cardiovascular dis-
ease in an individual is known as the insulin resistance syndrome.! The insulin
tesistance syndrome occuts in non-insulin-dependent diabetic patients but also
in non-diabetic individuals with a normal glucose tolerance. In glucose-clamp
studies in non-cbese individuals with normal oral glucose tolerance resistance to
insulin-stimulated glucose uptake was found in approximately 25% of these sub-
jects.” These subjects secrete high levels of insulin to maintain normal glucose
levels despite their insulin resistance, leading to hyperinsulinemia.

Hyperglycemic conditions lead to increased arterial stiffness by increased col-
lagen cross linking due to non-enzymatic glycation.”® Emoto and coworkers
showed that insulin resistance is associated with decreased arterial distensibility
in NIDDM subjects’, but little is known about the role of insulin resistance on
arterial distensibility in healthy non-diabetic subjects. /s decreased arterial disten-
sibility is associated with increased cardiovascular risk™ it is of importance to
know whether insulin resistance is associated with decreased arterial distensibility
in healthy subjects.

The Atherosclerosis Risk in Comumunities (ARIC) study examined the associa-
tion between fasting glucose and insulin concentrations with arterial stiffness in
a large population-based setting and found these variables to be associated with
increased arterial stiffness indexes. This study however, did not include all parame-
eters of the insulin resistance syndrome.” One study described an association
of insulin resistance, as assessed by the euglycaemic hyperinsulinaemic clamp,
with decreased arterial compliance and distensibility in healthy young subjects,
which was more pronounced in women than in men." This study was petformed
in a relatvely small group of 17 men and 17 women. The objective of the
present study was to examine the assoctation between arterial distensibility and
all parameters of the insulin resistance complex in 180 healthy non-diabetic
women. Parameters of the insulin resistance complex included BMI, waist-to-hip
ratio, HDL-cholesterol, triglycerides, apolipoprotein Al, PAI-1-antigen and tPA-
antigen, Additionally, we examined whether clustering of the parameters of the

insulin resistance syndrome within one subject is related to arterial distensibility.
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METHODS
Study population

Our study population comprised women aged 43-55 years, selected from the
general population and participating in a study on the cardiovascular effects of
natutal menopause. Women wete selected from 6845 respondents to a mailed
questionnaire about the menopause, which was sent to all women aged 40 to
60 years living in the town of Zoetermeer, The Netherlands (respons rate 54%).
Exclusion ciiteriz were diabetes mellitus, prevalent clinical cardiovascular disease,
and use of antihypertensive medication or cholesterol-lowering drugs. Women
reporting usc of female hormones (hormone replacement therapy or oral contra-
ceptives) within 6 months prior to the clinical examination were also excluded,
as were women currently smoking 5 or more cigarettes per day. Eligible for the
study were women with an early or late menopause. Of these subjects, 186 pre-
and postmenopausal women, aged 43-55 years, were randomly sclected. The
study was approved by the medical ethics committee of the Frasmus University

Medical School. All women gave informed consent.
Clinical and biochemical parametets

During an examination at the research center, a medical history was taken by
a physician, Height, weight, and waist and hip circumference were measured
with indeor clothes without shoes. BMI {weight in kg divided by height in m?)
and waist-to-hip ratio were computed. Alcohol drinking habits and cigarette
smoking history were obtained by a standardized questionnaire. Blood pressure
was assessed with a Dinamap automatic blood pressure recorder (Critikon Inc,
Tampa, Florida, USA). After 5 minutes rest in supine position, blood pressure
was read 4 times at the right upper arm, and the mean was used in the analyses.
Hypertension was defined as a systolic blood pressure > = 160 mmHg and/or
a diastolic blood pressure > = 95 mmHp, Pulse pressure (AP) was defined as
systolic blood pressure minus diastolic blood pressure. Mean arterial pressure
(MAT) was calculated by the following formula: diastolic blood pressure + 1/3 #
pulse pressure.

Venous blood samples were drawn from each subject after a 12 hours fast.
The samples were stored at -80°C, and subsequently serum parameters were

determined using a Kone Specific Analyzer (I<one Instruments, Espoo, Finland).
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Total cholesterol was measured with an automated enzymatic method", using the
CHOD-PAP High Performance reagent kit from Boehringer Mannheim (Ger-
many), FIDL-cholesterol was measured by the phosphotungstate method accord-
ing to Burstein'? with a minor modification as described by Grove."” The overall
coefficients of variation for total cholesterol and HDL-cholesterol were 2.9%
and 3.7%, respectively. LDL-cholesterol was computed with the Friedewald for-
mula." Triglycerides were determined by using a reagent kit from Boehringer
Mannheim (Germany) after enzymatic hydrolysis of the triglycerides with sub-
sequent determination of liberated glycerol by colotimetry. No correction was
made for serum free glycerol. The overall coefficient of vatiation of this method
did not exceed 3.2%. Apolipoprotein A1 and B were measured by an automated
turbidi-metric immuno-assay using the reagent kits of Orion Diagnostics (Espoo,
Finland). Glucose was enzymatically determined by the Hexokinase method
(Instruchemie, Hilversum, The Netherlands). Serum insulin was determined by
Mettic assay (Biosource Diagnostics, Fleuris, Belgium). This assay has no cross-
reactivity with cither pro-insulin or C-peptide. Plasminogen activator inhibitot-1
(PAI-1)-antigen and tissue-type plasminogen activator (tPA)-antigen were deter-
mined by enzyme-linked immunosorbent assays (ELISA) (Innotest PAL-1, Inno-

M, Biopool, Umea, Sweden,

genctics NV, Zwijngaarde, Belgium and Tmulyse'
respectively). Fasting insulin levels were used as a measure of insulin resist-

ance.””
Arterial distensibility

Arterial distensibility is assessed by measuring the distenstbility of the common
carotid artery and expressed as the distensibility coefficient (DC). The vessel
wall motion of the right common carotid artery was measured by means of a
Duplex scanner (ATL Ultramark IV, operating frequency 7.5 MHz) connected to
a vessel wall movement detector system. The details of this technique have been
described elsewhere."™ Briefly, this system enables the transcutaneous assess-
ment of the displacement of the artetial walls duting the cardiac cycle and, hence,
the time-dependent changes in arterial diameter relative to its diastolic diameter
at the start of the cardiac cycle. Subjects were instructed to refrain from smok-
ing and from taking coffee, tea, alcohol or pain-medication on the day of meas-
utement, and from taking alcohol on the day before. Subjects were placed in
supine position, with the head tilted slighty to the contralateral side for the
measurements in the common carotid artery. A region at 1.5 cm proxtmal to the

origin of the bulb of the carotid artery was identified using B-mode ultrasonog-
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raphy, Based on the B-mode recording an M-line perpendicular to the artety was
selected, and the received radio frequency signals were recorded over 5 cardiac
cycles and digitally stored. The displacement of the arterial walls was obtained by
processing the radio frequency signals originating from two selected sample vol-
umes positioned over the anterior and posterior walls. The successive values of
the end-diastolic diameter (D), the absolute stroke change in diameter during sys-
tole (AD), and the relative stroke change in diameter (AD}/D) were computed
from the recording during five cardiac cycles. Blood pressure was measured with
a Dinamap automatic blood pressute recorder, and read 4 times at the right
upper arm during the measurement session. The mean was taken as the subjects
reading, The cross-sectional arterial wall distensibility coefficient was calculated
according to the following equaton'®: DC = (2AD/D)/ AP (10-*/kPa).

With this system a wall displacement of a few micrometers can be resolved'®
and diameter (D), AD, AD/D, DC can be assessed reliably."” The arterial wall
properties, as determined in this way, are defined as the relative changes in arte-
rial cross-sectional area, expressed in terms of diameter, for a change in pressute.
They reflect a combination of passive elastic properties and active components
induced by smooth muscle cells. All measurements were done by a single per-
former. A reproducibility study was performed in which 15 participants under-
went a second examination within one month from the initial examination, The
coefficients of variation for distension and the lumen diameter were 8.5% and
1.2%, respectively. In the present study, measurements wete restricted to the right
side to save time. In previous studies no differences could be detected between
arterial wall properties of the right and left commeon carotid artery (unpublished

data).
Statistical analysis

Of the total study population of 186 subjects, data on distensibility of the
common carotid artery were missing for 6 subjects; therefore the analyses were
based on 180 subjects. The clinical and biochemical features of the population
are presented as mean T standard deviation, as median (interquartile range) for
variables with # skewed distribution, or as percentages. Pearson’s correlation coef-
ficients or Spearman’s correlation coefficients in case of variables with a skewed
distribution were calculated of the clinical and biochemical parameters with MAP.
The associations of arterial distensibility with the clinical and biochemical parame-
eters were studied ysing multiple linear regression analyses of the DC on cach

parameter sepatately, adjusted for age and menopausal status (model A), for age,
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menopausal status, and MAP (model B) and for age, menopausal status, MAD,
and insulin {model C). Model B was additionally extended with MAP-squared.
Of parameters, which weve still associated with arterial distensibility of the
common carotid attery in model B, we calculated mean values per tertile of the
DC adjusted for age, menopausal status and MAP using one way analyses of cov-
ariance. A test for trend was petformed using multiple linear regression analysis
with the tertiles of the DC as ordinal variable. To examine whether the strong
associations of body composition wariables with distensibility were mediated by
arterial diameter, we additionally performed analyses with (2AD/AP) in stead of
the DC as dependent variable in relation to BMI and waist-to-hip ratio, adjusted
for age, MAP and I,

Finally, we evaluated whether clustering of parameters of the insulin resistance
syndrome was associated with decreased arterial distensibility. For this purpose,
we created a compound score referred to as clustering score. It was calculated as
the sum of Z-scores of the parametets of the insulin resistance syndrome (BMI,
walst-to-hip ratio, HDL-cholesterol, triglycerides, glucose, insulin, apolipoprotein
Al, PAIL-1-antipen and tPA-antigen). A Z-score indicates the position of an indi-
vidual value of a parameter in the total distribution of that parameter in the
population and is calculated as follows: (individual value - mean value}/standard
deviation. The association between this variable and artetial distensibility was
studied using linear regression adjusted for age and MAP. All analyses were pet-

formed using the BMDP statistical package.

REsuLTS

The clinical and biochemical characteristics of the study population are presented

in table 1.

Table 2 shows the cottrelation between MAP and different clinical and biochemi-
cal parameters. All clinical and biochemical parameters were highly associated
with MAP.

The association between clinical and biochemical parametets of the insulin
resistance complex and arterial distensibility, adjusted for age and menopausal
status (model A) and after addidonal adjustment for MAP (imodel B) are shown
in table 3. In model A, associations were found of BMI, waist-to-hip ratio [1DL-
cholesterol, triglycetides, glucose, insulin, apolipoprotein A1, PAl-I1-antigen, {PA-

antigen with arterial distensibility of the common carotid artery. As expected,
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Table 1

Baseline characteristics of 180 women aged 43 to 55 years from the

Zoetermeer study population,

Subjects

Variable N = 180
Age (years) 50.9 + 2.3
B! (kg/m?) 24.9 + 4.0
Waist-to-hip ratio (m/m) 0.77 + 0.05
Smoking status (%)

Current! 6.5

Past 40.3
Systolic blood pressure (mmHg) 121 + 14
Diastolic blood pressure (mmHg) 68 + 10
Pulse pressure (mmHg) 52 + 10
Hypertension (%) 2.2
Tatal cholesterol (mmaol/l) 6.2 + 1.0
HDL-cholesteral (mmol/l) 1.6 + 0.4
LDtE-cholesterol (mmol/) 4.1 + 0.9
Triglycerides (mmol/l)’ 1.0(0.8-1.3)
Glucose (mmol/l) 55+ 0.6
Insulin {picomol/)’ 44 (32 - 59)
Apolipoprotein A1 {mg/dl) 154 + 32
Apolipoprotein B (mg/ml) 102 + 26
PAl-1-antigen {(ng/ml)’ 53 (34 - 85)
tPA-antigen (ng/mi) 6.3 + 2.4
Diameter (mm) 6.7 + 0.6
Distensibility (mm) 0.38 + 0.10

16.7 + 5.0

Distensibility coefficient (103/kPa)

Data are given as mean + standard deviation, as median (interquanile range) for variables with
skewed distribution { * ) or as percentages
' Subjects who smoked 5 or more cigareltes a day were excluded from the study popufation

BMI, waist-to-hip ratio, triglycerides, glucose, insulin, PAI-1-antigen and tPA-
antigen were negatively and HDIL-cholesterol and apolipoprotein Al positively
associated with arterial distensibility. We did not find associations of the parame-
cters that are not part of the insulin resistance syndrome (total cholesterol,
LDL-cholesterol and apolipoprotein BY with common carotid artery distensibil-
ity. After additional adjustment for MAP (model B), BMI, waist-to-hip ratio,
triglycerides and PAT-1-antigen remained significantly associated with decreased
common carotid artery distensibility (p = 0.01 for BMI, p = <0.001 for waist-
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Table 2
Correlation of clinical and biochemical parameters with mean arterial pressure in
180 women aged 43 to 55 years from the Zoetermeer study population,

R p-value

BME (kg/m?) 0.19 <0.001
Waist-to-hip ratio (m/m) 0.19 <0.001
Total cholesterol (mniol/l) 0.18 0.01
HDL-cholesterol (mmal/l) -0.17 0.02
L.BL-cholesterol (mmol/l) 0.17 0.02
Trigiycerides {mmal/l)’ 0.32 <0.001
Glucose (mmol/l) 0.31 < 0.001
Insulin (picomol/l)’ 0.25 0.001
Apolipoprotein A1 {mg/dl) -0.15 0.04
Apolipoprotein B (mg/ml) 0.23 0.001
PAl-1-antigen (ng/ml)’ 0.22 0.003
tPA-antigen {ng/mk) 0.26 <0.001

Results are presented as Pearson's correlation-coefficients or as Spearman's correlation
coefficients for variables with a skewed distribution { ) and p-values

to-hip ratio, p = 0.04 for triglycerids and p = 0.05 for PAI-T-antigen). HDL-
cholesterol remained bordetdine significantly (p=0.07) associated with decreased
common carotid artery distensibility. The clustering score had a strong negative
association with common carotid artery distensibility, which remained after addi-
tional adjustment for MAP. Adding MAP-squared to model B did not alter the
results (data not shown). The percentage explained variance of the distensibility
coefficient by the vatious parameters of the insulin resistance complex in model
B ranged from 10.8% (apolipoprotein B) to 18.7% (waist-to-hip ratio). Figure
1 shows mean values of those parameters of the insulin resistance complex
which were still (bordetline) associated to decreased arterial distensibility after
additional adjustment for MAP (model B) per tertile of arterial distensibility
of the common carotid artety, adjusted for age, menopausal status, and MAP
As expected, the highest values BMI, waist-to-hip ratio, triglycerids, and PAI-1-
antigen and the lowest value of HDL cholesterol were found in the lowest tertile
of the DC. Tn all cases, except for PAI-1-antigen, the test for trend was signifi-
cant (p frend: 0.003 for BMI and waist-to-hip ratio, 0.009 for HDL-cholesteral,
and 0.038 for triglycerids). In model C, with further adjustment for insulin, no
attenuation of the associations of BMI and waist-to-hip ratio with common

carotid arterial distensibility were found (B-coefficient (95% confidence inter-
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Table 3
Association of clinical and biochemical parameters with the distensibility coefficient

of the common carotid artery in 180 women aged 43 to 55 years from the
Zoetermeer study population,

Model A Model 8
B'Cci‘::f:" 95% C.I, B'Cci‘;fftf" 95% C.I.
BMI tkg/m?) 0.34 -0.52t0-0.16 0.24 042 to -0.06
Waist-to-hip ratio (m/m) -32.8 -46.6 to-19.1 -26.6 -40.6 o -12.6
Total cholesterol (mmol/l) -0.01 -0.77 to 0.80 0.27 -0.48 to 1.03
HDL-cholesterol (mmol/l) 2.63 0.66 to 4.61 1.93 -0.01 1o 3.87
LDL-cholesterol {(mmaol/l) -0.03 -0.87 to 0.81 0.22 -0.60to 1.03
Triglycerides {mmol/l} -2.23 -3.51 t0-0.95 -1.42 -2.77 to -0.08
Glucose (mmolf)) -1.37 -2.70 to -0.04 0.57 -1.92 10 0.78
tnsulin {picomol/l) -0.02 -0.05 10 0.00 -0.01 -0.04 to 0.01
Apolipoprotein AT (mg/dh 0.03 0.002 to 0.05 0.02 -0.01 to 0.04
Apolipoprotein 8 (mg/mh) -0.02 -0.05 to 0.009 -0.01 -0.04 to 0.02
PAl-1-antigen (ng/ml) -0.02 -0.03 to -0.006 -0.01 -0.02 to -0.00
tPA-antigen {ngfiml) -0.33 -0.63 t0-0.03 -0.18 -0.48 10 0.11
Clustering score -0.27 -0.38to -0.15 -0.20 -0.32 0 -0.07

Results are presented as B-coefficients (increase in carotid distensibility in 10%kPa per unit
increase of the parameter) and 95 % C.L. {confidence interval). Model A is adjusted for age and
menopausal status, model 8 is adjusted for age, menopausal status, and mean arterial pressure,

val) per kg/m? increase for BML -0.24 (-0.44 ; -0.04) and per m/m increase
for waist-to-hip ratio: -25.6 (-40.0 ; -11.3). The associations of triglycerides and
PAI-1-antigen with commeon carotid artery distensibility was ost after additional
adjustment for insulin {B-coefficient (95% confidence interval) per mmol/l
increase fot triglycerides: -1.31 (-2.80 ; 0.17), per ng/ml increase for PAI-t-anti-
gen: -0.01 (-0.02 ; 0.002).

We next performed analyses with (2AD/AP) index as dependent variable in
relation to BMI and waist-to-hip ratio, Waist-to-hip ratio was strongly associated
to the (2AD/AP) index, adjusted for age, MAP and D: B-coefficient (95% confi-
dence interval) per m/m: -10.3 {-17.28 ; -3,30), wheteas BMI was not associated
with the (2AD/AP) index: -coefficient (95% confidence interval) per kg/m™
-0.06 (-0.15; 0,03).
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Figure 1

Fstimated marginal means (95% confidence intervals) of various parameters of the insu-
lin resistance complex per tertile of distensibility coefficient, adjusted age, menopausal
status and mean arterial blood pressure,
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DiscussioN

The results of the present study indicate that in healthy non-diabetic middle-aged
women, parameters of the insulin resistance syndrome are strongly associated
with reduced distensibility of the common carotid artery. Furthermore, common
carotid artery distensibility had a strong inverse association with clustering of
parameters of the insulin resistance syndrome within one subject. Parameters
which are not part of the insulin resistance syndrome (total cholesterol, LIDL.-
cholesterol, and apolipoprotein B) were not related to arterial distensibility.
Some methodological issues need to be discussed before we can interpret our
findings. Firstly, by calculating the distensibility cocefficient, distension of the
common catotid artery is adjusted for pulse pressure measured in the brachial
artery. We thereby assume that pulse pressure measured in the brachial artery
is representative of pulse pressure in carotid arteries. In dogs, it has been dem-
onstrated that pulse pressure in the brachial artery is linearly related to blood
pressure in the carotid artery over a wide range of blood pressares.” However,
it is known that the arterial pressure waves undergo transformation in the arte-
rial tree and therefore the pulse pressure is higher in the brachial artery than in
more central vessels like the carotid attery™ On the other hand, non-invasive
cuff-bascd measurement of blood pressure undetestimates pulse pressure? Sev-
eral groups showed the validity of the use of brachial pressures.* Secondly,
in analyses with arterial distensibility, a measure very dependent on blood pres-
sure, adequate cotrection for blood pressure is of the utmost importance. The
distensibility coefficient is calculated by dividing the relative distension by the
pulse pressure. However, despite this correction, the distensibility coefficient has
a strong negative association with MAP. A higher MAP in the artery, stretches
the elastin and collagen fibers in the arterial wall, making the artery less distensi-
ble. Blood pressure is one of the major determinants of arterial stiffness and
also part of the insulin resistance syndrome. Therefore, we repeated the analyses
after additional adjustment for MAP. This attenuated the associations, which in
part could be due to over-correction because artetial stiffness is not only a con-
sequence of high blood pressure but will by itself also result in a higher blood
pressute. After adjustment for MAP, the variables BMI, waist-to-hip ratio, trig-
lycerides and PAT-1 antigen remained associated and FIDL-cholesterol border-
line associated with decreased arterial distensibility. Clustering of the parameters
of the insulin resistance syndrome remained strongly associated with a marked

decrease of common carotid artery distensibility after additional adjustment for
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MAP. On the other hand, adjustment for MAP in a linear model might not be
adequate as the relation between arterial distension and MAP Hattens off at
higher blood pressure levels, making the overall relation non-linear, This could
result in residual confounding. Although, in the normal pressure range, as in the
present study, the flattening off barely occurs in elastic arteries as the common
carotid artery, we additionally adjusted the models for MAP-squared. This term
was not associated with arterial distensibility in any of the models and did not
alter the results, Table 2 shows that MAP is related not only to the parameters
of the insulin resistance syndrome, but also has a strong relation with total cho-
lesterol, LDL cholesterol and apolipoprotein B. The absence of an association
between these biochemical parameters and arterial distensibility (Table 3) makes
it unlikely that the observed associations can be explained solely by residual con-
founding by blood pressure level.

The present study is part of a study designed to evaluate the effect of
natural menopause. This study includes both premenopausal and postinenopau-
sal women. As hormonal status is known to affect parameters of the insulin
resistance complex™ and hormonal status might also have a effect on arterial dis-
tensibility™, hormonal status could act as a confounder in the association under
study. We therefore adjusted all the models for menopausal status,

The insulin resistance syndrome is associated with arterial stiffness in non-
msulin-dependent diabetic patients.” There are few reports concerning the associ-
ation of insulin resistance syndrome with arterial stiffness in normal non-diabetic
individuals. Results from a population-based study suggest that insulin concen-
trations affect arterial stiffness independent of its effects on atherosclerosis.”
Some studies examined serum lipids, lipoprotein levels and setum glucose and
insulin as determinants of arterial stiffness in various populations. These studies,
however, report conflicting results. Some studies found no association between
lipids and artesial distensibility™*” Some studies found no association between
apolipoprotein Al and apolipoprotein B with arterial stiffness after adjustment
for blood pressure.™ Several studies did find an association between serum
lipids and atterial distensibility although not always in the same direction.”*!
Serum glucose and/or insulin have been found to be positively associated with
arterial distensibility in several studies.”*** However, some of these studies
did not adequately adjust for blood pressure. One study found no cortelation
between area under the glucose tolerance curve and arterial distensible after
adjustment for age and blood pressure.™ There are several possible explanations
for conflicting results in these previous studies. First, most of these studies were

performed in small groups of subjects. Second, the different studies were per-
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formed on heterogencous study populations, ranging from healthy cohorts to
hypertensive, hypercholesterolemic or diabetic patients. Third, there is a large
variation in measures of arterial distensibility used. It is still unclear whether
locally measured arterial distensibility represents the same arterial wall character-
istics as pulse wave velocity which determines arterial stiffness measured over a
latge part of the arterial tree. Furthermote, some studies presented results unad-
justed for age or blood pressure. Finally, contradictory findings with respect
to the direction of the association between arterial distensibility and serum
lipids can be duc to differences in age of study populations. There is compel
ling evidence that eatly nonsclerotic atheromatous changes of the arterial wall
in relatively young subjects (age < 50 years) decrease rather than increasc arte-
rial stiffness.”™* One study concerned the association of insulin resistance with
arterial stiffness in healthy subjects and found this assaciation to be more pro-
nounced in women then in men." This association was independent of MAP,
lipid concentrations and body composition.

The association of insulin with arterial distensibility was lost after adjustment
for MATP. This in contrast with another study"™, in which an association was found
of insulin resistance, assessed by the euglycaemic, hyperinsulinaemic clamp, with
arterial distensibility independent of MAP. However, we used fasting insulin as
marker of insulin resistance while it is known that fasting insulin is a reasonable
though impetfect matker of insulin resistance in subjects with a normal ghicose
tolerance.”

Although BMI and waist-to-hip ratio are strongly refated to insulin®, the asso-
ciation of BMI and waist-to-hip ratio with arterial distensibility remained after
further adjustment for insulin (model C). The associations of HDL-cholesterol,
triglycerides and PAI-1-antigen with arterial distensibility did not remain after
additional adjustment for insulin. Some authors suggested that obesity could lead
to an increased arterial diameter and therefore performed analyses in which they
used the (AD/AP) index as dependent vatiable." They found no association of
this index with variables of body composition and concluded that only arterial
diametet, and not arterial distensibility, is related to variables of body composi-
tion. Tn our study, in agreement with the other study, BMI also was not associated
to the (2AD/AP) index, independent of arterial diameter. However, waist-to-hip
ratio had a strong inverse association with the (2ADD/AP) index, independent of
age, MAP and arterial diameter.

Hypetglycemic conditions can lead to increased arterial stiffness by increased
collagen ctoss linking due to non-enzymatic glycation.® This may be the mecha-

nism underlying our observation of an association between the insulin resist-
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ance syndrome and decreased arterial distensibility. Arterial stiffness plays a role
in the etiology of isolated systolic hypertension and increased cardiac load”,
and has been found to be associated with increased cardiovasculat risk.™® There-
fore, knowledge of potental modifying determinants of astertal stiffness may be
important in the prevention of cardiovascular disease. Recent evidence suggest

that there is therapeutic potential to treat hyperglycemic induced arterial stiffness

by breakers of advanced glycation end products.™

In summary, the results of our study show that parameters of the insulin
resistance syndrome are associated with decreased arterial distensibility in healthy
women. The present analysis only comprised middle-aged women. Future stud-

ies are needed to confirm this association in other age groups and in men.
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Impaired fasting glucose is associated
with increased arterial stiffness in
clderly non-diabetic subjects
The Rotterdam Study

Abstract

Background: I young and middle-aged non-diabetic subjects, impaired glicose metabolism

has been found to be related to arterial stiffness. Impaired fasting glucose frequently occnrs in

elderly non-diabetic subjects, but bas not been examined in velation to artevial ciiffness in the

elderyy. We sindied the asvoviation between impaired fasting gheose and arterial stiffness in

2987 subjects, aged 60 years or over. The study was part of the Rotterdam Study, a population-
based cobort stud).

Methods: Arterial stiffiess was assersed by measaring common cavoiid arterial distensibil-
ity. Mean distensibility way calonlated for non-diabetic subjects, suljects with impaired fasting

Llncose and diabetic subjects adjusted for age, gender, and mean arterial preiinre.

Results: 1n the total cobort, common carotid distensibility decreased with increasing impuir-
ment of glucase melabolisn. #mong subjects under 75 years of age, subjecte with impaired
Jasting glucase were comparable to won-diabetic subjects with respect to arterial stiffuess. AAmong

subyjecls above 75 years of age, subjects with impaived fasting glhicose bad stiffer avteries than

non-diabetic sulbjects, reaching the same arterial stiffness ar diabetic subjects. Distensibility coef-
Sicients (107) kPa) of non-diabetic subjects, subjects with impaired fusting siucose and diabetic
subjects weve 11.7, 11.6, and 10.5 Jor subjects under 75 years of age and 8.5, 7.8, 7.7 for
snbjects above 75 years of age.

Conclusions: Our findingr indivate that impaired fasting ghicose ic related to increaved
artevial stiffners in non-diabetic men and women, but an advanced stage of artevial stiffiess,

corparable with that of diabelic subjects, is reached at high age.

INTRODUCTION

Stiffening of the arteries is more pronounced in diabetic subjects than in non-
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diabetic subjects.” Furthermore, in subjects with non-insulin-dependent diabe-
tes mellitus, the presence of insulin resistance is positively associated with arterial
stiffness.” Some studies suggest that a positive association of an impaired glu-
cose metabolism with arterial stiffness is not confined to diabetic subjects. Giltay
and colleagues found an association of insulin resistance with increased arterial
stiffness in healthy young subjects.” In healthy non-diabetic middle-aged women,
variables of the insulin resistance syndrome were found to be associated with
reduced arterial distensibility® The Atherosclerosis Risk in Communities study
examined fasting blood glucose in relation to arterial stiffness indexes in a lagge
population-based study of middle-aged subjects.” In this study, a significant asso-
ciation between fasting glucose and arterial stiffness was found in healthy non-
diabetic participants.

Impairments in glucose metabolism frequently occur in elderly non-diabetic
stibjects"™", but never has been related to arterial stiffness in the elderly. Increased
artetial stiffness is associated with increased cardiovascular risk.'*" Therefore,
it is of importance to know whether an impaired glucose metabolism is accom-
panied by arterial stiffening in cldetly non-diabetic subjects. The aim of the
present study was to examine whether arterial stiffness is increased in elderly non-
diabetic subjects with an impaired glucose metabolism, relative to subjects with

a normal glicose metabolism,
g

METHODS

Study population

The Rotterdam Study is a population-based cohort study that aims at assessing
the occurrence of and risk factors for chronic diseases in the eldetly. The ration-
ale and design of the Rotterdam study have been described in detail elsewhere."
The third examination phase started in March 1997 and used the same protocol
as was used at the baseline examinations. The data collection comprised an exten-
sive home interview and subsequent visits to the study center for clinical exami-
nations. For the present study, the first 3011 participants who attended the third
examination phase and had a measurement of arterial stiffhess were eligible.
Information on all variables used in the present study was collected during the
third examination phase. The Medical Ethics Committee of the Erasmus Univer-

sity approved the study and written consent was obtained from all participants.
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Cardiovascular tisk factors

Information on cardiovascular risk factors was collected at the research center.
Anthropometric measures were obtained while the subject was wearing light-
weight clothes and no shoes, and cluded height, weight, and waist and hip cir-
cumfetence. Body mass index (weight/height?) and the waist-to-hip ratio were
calculated. For participants wha were not known to have diabetes mellitus, fast-
ing blood samples were obtained by venapuncture with minimal stasis using a 12
gauge Butterfly needle. Non-fasting blood samples wete obtained from diabetic
participants. Serun total cholesterol and high-density lipoprotein (HDLE) choles-
terol were determined using an automatic enzymatic procedure (Boehringer Man-
nheim, Mannheim, Germany). Glucose was enzymatically determined by the

Hexokinase method (Boehringer Mannheim, Mannheim, Germany).
Carotid artery atheroscletosis

As an indicator of atherosclerosis in the carotid artery we used the presence of
plaques in the common carotid artery assessed by on-line evaluation of the ultra-
sonographic images. Ultrasonography of both carotid arteries was performed
with 2 7.5 MHz linear-atray transducer (Ultramark IV, ATL, Bothell, Washington,
USA). Plaques were defined as a focal widening relative to adjacent segments,
with protrusion into the lumen and composed of either only calcified deposits
or a combination of calcified and noncalcified material. No attempt was made to
quantify the size of the lesions. Severity of plaques in the common carotid artery
was graded as 0 (no plaques) or 1 (presence of plaques at the far or near wall of

the left or right common carotid artery).
Assessment of the glucose status

Information on history of diabetes mellitus and use of blood glucose lowering
medication was obtained duting a home interview. Additionally, information on
prescription of blood glucose lowering medication was obtained from the phar-
macy. Glucose status was classified into three categorics: non-diabetic subjects
with normal fasting glucose concentrations, subjects with impaired fasting glu-
cose (IFG), and subjects with diabetes mellitus. TFG is a recently defined diagnos-
tic category based on a fasting plasma ghucose concentration.”” Analogous to the
World Health Organization criteria of impaired glucose tolerance it represents a

metabolic stage intermediate between normal glucose homeostasis and diabetes
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and is associated with the insulin resistance syndrome."™'* Non-diabetic status
was defined as a fasting glucose level below 6.1 mmol/], without a history of
diabetes mellitus and without the use of blood glucose loweting medication. IFG
was defined as a fasting serum glucose level between 6.1 and 6.9 mmol/] with-
out 2 history of diabetes mellitus and without the use of blood glucose lower-
ing medication."” Diabetes mellitus was defined as a history of diabetes mellitus
and/ot the use of blood glucose lowering medication and/or a fasting serum

glucose level equal or greater than 7.0 mmol/1."
Atrterial stiffness

Arterial stiffness was assessed at the research center by measuting common
carotid artery distensibility and expressed as the distensibility coefficient. A
lower distensibility coctlicient indicates increased arterial stiffness, Subjects were
instructed to refrain from smoking and from taking coffee, tea, alcohol ot pain-
medication on the day of measurement, and from taking alcohol on the day
before. The vessel wall motion of the right common carotid artery was meas-
uted by means of a Duplex scanner (ATL Ultramark TV, operating frequency
7.5 MIHz) connected to a vessel wall movement detector system. The details of
this technique have been described elsewhere,"' Briefly, this system enables the
transcataneous assessment of the displacement of the arterial walls dusing the
cardiac cycle and, hence, the time-dependent changes in arterial diameter relative
to its diastolic diameter at the start of the cardiac cycle. Subjects were placed
in supine position, with the head tilted slightly to the contralateral side for the
measurements in the common carotid artery. A region at 1.5 cm proximal to the
otigin of the bulb of the carotid artery was identified using B-mode ultrasonog-
raphy.

The displacement of the arterial walls was obtained by processing the radio
frequency signals originating from two selected sample volumes positioned over
the anterior and posterior walls, The end-diastolic diameter (D), the absolute
stroke change in diameter during systole (AD), and the relative stroke change in
diameter (AD/D) were computed as the mean of four cardiac cycles of three
successive recordings. Blood pressure was measured twice at the upper arm with
a Dinamap automatic blood pressure recorder during the measurement session,
The mean was taken as the subjects reading, Pulse pressure (AP) was defined as
the difference between systolic and diastolic blood pressure. Mean arterial pres-
sure (MAP) was calculated by adding 1/3 pulse pressure to the diastolic blood
pressure. The cross-sectional arterial wall distensibility coefficient was calculated
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according to the following equation:' distensibility coefficient = (2AD/D)/ AP
(10 /kPa).

With this system a wall displacement of a few micrometers can be resolved"’
and diameter (1), AD, AD/D, and the distensibility coefficient can be assessed
reliably.'® The arterial wall properties, as determined in this way, are defined as
the relative changes in arterial cross-sectional area, expressed in terms of diam-
eter, for a change in pressure. They reflect a combination of passive elastic prop-
erties and active components induced by smooth muscle cells. A reproducibility
study in 47 subjects showed an intra-class correlation coefficient of 0.80 for the
distensibility coefficient. In the present study, measurements were restricted to
the right side to save time. This is allowed because in previous studies no dif-
ferences could be detected between arterial wall properties of the right and left

comimon carotid artety (unpublished results).
Population for analyses

Of all participants who attended the follow-up examination, information on
common carotid distensibility was available for 77%. Missing information on
common catotid distensibility was mainly due to logistic reasons. The first 3011
participants with information on common carotid distensibility were eligible for
the present study. We excluded 24 subjects from whom non-fasting blood was
drawn (without having a history of diabetes as reason of drawing non-fasting
blood) leaving 2987 subjects to be included in the analyses. A sub-analysis in
which we evaluated possible determinants of reduced arterial distensibility was
performed on a sub-population of 2816 subjects with complete information on
all determinants related to arterial distensibility. Missing information on determi-
natits was mainly due to logistic reasons. In the analysis with fasting glucose as

determinant diabetic subjects with non-fasting glucose were excluded (n=77).

Statistical analysis

Characteristics of non-diabetic subjects, subjects with IT'G and diabetic subjects
were calculated and tested for differences between groups after adjustment for
age using one way analyses of covariance for continuous characteristics and
logistic regression analyses for dichotomous characteristics. Before addressing
the association between glucose status and arterial distensibility, fasting glucose
and other potential determinants were telated to common carotid distensibility
in the total cohort (including non-diabetic and diabetic subjects) using multiple

— 5 ~



Chapter 3.2

linear regression analysis, The other potential determinants were age, gender,
MAP, total cholesterol, HDL-cholesterol, body mass index and waist-to-hip ratio.
Analyses were adjusted for age, gender and MAT, except when one of these varia-
ables was the determinant of interest.

The effect of glucose status on arterial distensibility was evaluated using
one way analyses of covariance, Differences in mean distensibility coefficient
between non-diabetic subjects, subjects with IFG and diabetic subjects werc
tested adjusted for age, gender, and MAP. Additional adjustment for the pres-
ence of plaques in the common carotid attery was made to evaluate whether
the association between impaired fasting glucose and arterial distensibility per-

sisted independently of atherosclerosis. The analyses were performed for the

Table 1
Characteristics of the study population by glucose status, The Rotterdam Study,
1997-1999.

Impaired

MNon diabetics fasting Diabetics

Characteristic glucose
n=2209 n=422 n=356
Age (years} 72 (60-101) 72(61-93) 74 (6191
Men? 41% 43% 47%*
Systolic bload pressure (mmHg) 131419 137 £ 20 140+ 178
Diastolic blood pressure {mmHg) 70+ 10 73210 71 £ 9%
Mean arterial pressure {mmHg) 90 + 12 94 113 94 + 108
Total cholesterol {mmaol/l) 59+ 1.0 5.9+ 1.0 5.6+ 0.9%¢
HDL-cholesterol (mmaol/l) 1.4 0.4 1.4 + 0.5 1.2 £0.3%#
Glucose (mmol/]) 5.3%04 6.4 + 0.2 8.8 £ 2.5%
Body mass index tkg/m? 26.2+3.8 28.0+4.2° 2834438
Waist-to-hip ratio 0.91+0.10 094+0.10" 1.0+ 0.09%
Distension (um) 3241109 11 308 £ 107
Diameter {mm) 7.8+1.0 8.0+ 1.0 8.1£0.9%
Presence of plaques in the common 14.3 16.1 24.75%
carotid artery*

Distensibility coeflicient (10/kPa) 10.9 + 4.4 9.8+ 4.4° 8.8t 3.6%

Values are given as mean + standard deviation except for age that is given as mean {range) and
categorical variables! that are given as percentage.

*p < 0.05 diabetics versus non diabetics, ' p < 0.05, diabetics versus impaired fasting glucose,
' p < 0.05 impaired fasting glucose versus non diabetics, adjusted for age, * p < 0.05, diabetics
versus non diabetics, adjusted for age, * p < 0.05, diabetics versus impaired fasting glucose,
adjusted for age.
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total cohort and within age-strata (a prior cut-off point of 75 years of age). All
analyses were performed using the statistical package SPSS 8.0 for Windows 95
(SPSS Inc., Chicago, Hllinots, USA}.

REsuLTS

Baseline characteristics of non-diabetic subjects, subjects with IFG and diabetic
subjects are presented in table 1. Diabetic subjects were significanty older than
non-diabetic subjects. After adjustment for age, subjects with IFG and diabetes
tended to have higher levels of cardiovascular risk factors as compared to non-
diabetic subjects, except fot total cholesterol that was lower in diabetic subjects
than in non-diabetic subjects and subjects with TFG. Diabetic subjects had 2
higher prevalence of plaques in the common carotid attery as compared to both
non-diabetic subjects and subjects with IFG, adjusted for age.

In the total cohort, age, gender, MAP, fasting glucose, FIDL-cholesterol, body
mass index, and waist-to-hip ratio were all sighificantly associated with the disten-
sibility coefficient after adjustiment for age, gender and MAP where appropriate
(Table 2). Total cholesterol was not associated with the distensibility coefficient.

Table 2

Multiple linear regression beta-coefficients (95% C.1.) describing the association of
various variables with the common carotid arterial distensibifity coefficient
(10%/kPa), the Rotterdam Study, 1997-1999,

Variable , beta-coefficient” (95% C.1.)
Age {years)+ -0.28 (-:0.30;-0.26)
Gender' -0.89 (-1.18 ; -0.60)
Mean arterial pressure (mmHg)* -0.17 {:0.18 ; -0.16)
Fasting glucose (mma¥/l)* -0.29 (-:0.39 ; -0.19)
Total cholesterol (mmol/l)* -0.06 (-0.19; 0.07)
HDL-cholesterol {mmol/h?* (.76 {0.44 ; 1.09)
Body mass index {kg/m?"* 0,09 (:0.12; -0.06)
Waist-to-hip ratio® -2.58{3.99;-1.17%

" Increase in distensibility coefficient (1074kPa) for every unit increase of the independent variable.
' Adjusted for gender; * adjusted for age; 5 adjusted for age and gender; * adjusted for age, gender
and mean arterial pressure,

HBL-cholesterol = high-density-lipoprotein cholesteral.

C.l. = confidence interval,
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{3 non diabetics impaired fasting glucose  [J diabetics Figure 1 . e .
Mean distensibility coeflicient

(95% confidence infervals) in
non-diabetic subjects, subjects
with impaired fasting glucose
. and diabetic subjects of the Rot-
RN [----1 terdam Study in the fotal cohort
: {upper figure} an in strafa of age
{lower figure) adjusled for age,
gender and mean arterial blood
pressure. The number of subjects
within each group is indicated at
the lower end of the respective
bar. DC = distensibility coeffi-
: : cient.

Total cohort *p = 0.2, % p < 0.01.

DC (106°/%Pa)

i 2209

DC (10%kPa)

< 75 years 275 years

Figure 1 shows the mean distensibility coefficient of the common carotid
artery for non-diabetic subjects, subjects with IFG and diabetic subjects for the
total cohort and in strata of age. All analyses were adjusted for age, gender and
MAP In the total cohort, adjusted common carotid artery distensibility coeffi-
cients (10°/kPa) of non-diabetic subjects, subjects with IFG and diabetic sub-
jects were 10.7 (standard error: 0.07), 10.4 (0.16) and 9.6 (0.18) respectively. The
difference in distensibility coefficient between non-diabetics subjects and sub-
jects with TFG was not significant (mean difference in distensibility coefficient
(95% C.L; p-value): 0.3 (-0.07 to 0.6; p=0.12)}. The difference in distensibility
coefficient between non-diabetic subjects and diabetic subjects was highly sig-
nificant (mean difference: 1.1 (0.3 to 1.3; p<0.001)). Adjusted common carotid
artery distensibility coefficients (107/kPa) of non-diabetic subjects, subjects with
IFG and diabetic subjects under 75 years of age were 11.7 (standard esror: 0.07),

— 58 -



IMPAIRED FASTING GLUCQOSE AND INCREASED ARTERIAL STIFFNESS

11.6 (0.21) and 10.5 (0.24) and above 75 years of age were 8.5 (0.11), 7.8 {0.24)
and 7.7 (0.25) respectively. Subjects under 75 years of age with IFG were com-
parable with non-diabetic subjects with respect to arterial stiffness (mean differ-
ence: 0.01 (-0.4 to 0.5; p=0.88)), while diabetic subjects under 75 years of age
had significantly increased arterial stiffness as compared to non-diabetic subjects
(mean difference: 1.2 (0.7 to 1.7; p<0.00£)). Above 75 years of age, arterial stiff-
ness of subjects with TFG was of the same order as arterial stiffness of diabetic
subjects and both were significantly higher than arterial stiffness of non-diabetic
subjects (mean difference berween subjects with IFG and non-diabetic subjects:
0.7 (0.2 to 1.2; p=0.007) and between diabetic subjects and non-diabetic subjects:
0.8 (0.3 to 1.4; p=0.002)). Results were similar for men and women and after
additional adjustment for the presence of plaques in the common carotid artery

{data not shown).

DiscussiON

The results of this population-based study in elderly subjects indicate that among
subjects under 75 years of age, subjects with IFG are comparable to non-diabetic
subjects with respect to arterial stiffness. Above 75 years of age, arterial stiffness
of subjects with IFG reaches that of diabetic subjects and both groups have
increased arterial stiffness as compared to non-diabetic subjects,

Some methodological issues need to be discussed. Firstly, by calculating the
distensibility cocfficient, distension of the common carotid artery is adjusted for
pulse pressure measured in the brachial artery. We thereby assume that pulse
pressute measured in the brachial artery is representative of pulse pressure in
carotid arteries. In dogs, it has been demonstrated that pulse pressure in the bra-
chial attery is lineatly related to blood pressure in the carotid artery over a wide
range of blood pressures."” However, it is known that the arterial pressure waves
undergo transformation in the arterial tree and therefore pulse pressure ts higher
in the brachial artery than in more central vessels like the carotid artery.™ On the
other hand, non-invasive cuff-based measurement of blood pressure underesti-
mates pulse pressure,” Several groups showed the validity of the use of brachial
pressures.””™ Secondly, in analyses with arterial distensibility, a measure highly
dependent on blood pressure, adequate correction for blood pressure is of the
utmost impottance. The distensibility coefficient is calculated by dividing the rela-
tive distension by pulse pressure. Despite this correction, the distenstbility coef-
ficient has a strong negative association with MATP. A higher MAP in the atery
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stretches the elastin and collagen fibers in the arterial wall, making the artery less
distensible. Blood pressure is one of the major determinants of arterial stiffness
and also patt of the insulin-resistance syndrome. Therefore, all analyses were
adjusted for MAP.

The insulin resistance syndrome consists of insulin resistance, compensatory
hypetinsulinemia, obesity (especially abdominal or visceral obesity), dyslipidemia
of the high-triglyceride and/or low-HDL type, and hypertension.”*" TFG s a
metabolic stage, intermediate between normal glucose homeostasis and diabetes
and is associated with insulin gesistance."™' Studies concerning insulin resistance
and an impaired glucose metabolism in relation to arterial stiffness are scarce
and confined to diabetic subjects or young to middle-aged healthy subjects.*"”
In subjects with non-insulin-dependent diabetes mellitus, the presence of insulin
resistance, as assessed with the cuglycaemic hyperinsulinaemic clamp technique,
is associated with increased arterial stiffness. Also, in young healthy non-diabetic
subjects, insulin resistance, as assessed with the euglycaemic hyperinsulinaemic
clamp technique, is associated with increased arterial stiffness independent of
MAP In healthy non-diabetic middle-aged women, variables of the insulin resist-
ance syndrome were found to be associated with reduced arterial distensibility,
after adjustment for MAP The Atherosclerosts Risk in Communities (ARIC)
study examined fasting glucose levels in relation to arterial stiffness in non-dia-
betic subjects aged 45 to 64 years and reported higher indexes of artertal stifftiess
when fasting glucose level was above normal”

In the present study, we compated arterial stiffness of subjects with IFG with
that of non-diabetic and diabetic subjects. In contrast to the ARIC study, we only
found increased arterial stiffness in subjects with IFG among subjects aged 75
yeats ot ovet. The ARIC Study, however, did not adjust for MAP. When we re-
analyzed our data without adjustment for MAP, we found similar results as the
ARIC study in subjects under 75 years of age. In that analyses, mean age and sex
adjusted distensibility coefficients (10-*/kPa) of non-diabetic subjects, subjects
with IFG and diabetic subjects were 11.8 (standard error: 0.10), 11.1 (0.24) and
10.0 (0.28) respectively. All groups were significantly different from each other.
However, fot reasons cxplained in the previous paragraph, we attach more value
to results adjusted for MAP. Some studies suggest gender-differences in the rela-
tion of diabetes and insulin-resistance with arterial stiffness™ but data are con-
tradictory. We did not find gendes-differences in the association of IFG with
reduced arterial distensibility:

We also examined other potential determinants of artetial stiffness. Several

vatiables evaluated are part of the insulin-resistance syndrome (fasting glucose,
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HDL-cholesterol, body mass index and waist-to-hip ratio). We found parameters
of the insulin resistance syndrome to be strongly associated with arterial stiffness
in eldezly subjects, which is in accordance with a previous study of our group in
healthy non-diabetic middle-aged women.” Total cholesterol, which is not part
of the insulin-resistance syndrome, was not associated with arterial distensibil-
ity. The finding of a significant association berween fasting glucose as continu-
ous vatiable and increased arterial stiffness in the total cohort is in agreement
with the trend in increasing arterial stiffness from non-diabetic subjects, subjects
with IFG to diabetic subjects it the total cohort (Table 1, Figure T). Moreover,
the analysis with fasting glucose as continuous variable included subjects with
diabetes mellitus who were newly diagnosed in the third examination phase on
the basis of theit fasting glucosc level, and had both high levels of fasting glu-
cose and increased arterial stiffness.

The association of arterial stiffness with atherosclerosis is stll subject to
debate.””* We additionally adjusted the associations of IFG and diabetes mel-
litus with arterial distensibility for the presence of atherosclerosis in the common
carotid artery. Additional adjustment did not alter the results. ‘This suggests that
the associations of IFG and diabetes mellitus with increased arterial stiffness are
in part independent of atherosclerosis. A telation between fasting glucose levels
and arterial stiffness independent of atherosclerosis may be explained by hyper-
glycaemia leading to increased arterial stiffness by collagen cross linking due to
non-cnzymatic glycation,*-2

An impaired glucose metabolism is a frequent condition in elderly non-diabetic
subjects."™" In our study population, 13.7% of subjects under 75 years of age
and 15.1% of subjects abave 75 years had IFG on the basis of recently devel-
oped diagnostic criteria, Arrerial stiffness is a process that generally develops
slowly taking years to reach advanced stages. Our results showed that above 75
yeats of age, non-diabetic subjects with an impaired glacose metabolism reach
the same avterial stiffiess as diabetic subjects. Increased arterial stiffness is associ-
ated with increased cardiovascular tisk'>" and recent evidence suggests oppottu-
nities to treat arterial stiffness induced by hyperglycaemia in the near future.™
Therefore, it is important to recognize that healthy non-diabetic elderly subjects
with high fasting glucose levels reach the same arterial stiffness as diabetic sub-
jects at high age. We found that in subjects with IFG, arterial stiffness has not
vet reach advanced stages under 75 years of age. In this group, early treatment of
hyperglycacmia may prevent advanced arterial stiffness.

In conclusion, the results of this population-based study show that 1IFG is

telated to increased arterial stiffness in non-diabetic elderly men and women.
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ASSOCTIATION BETWEEN ARTERIAL STIFENESS AND ATHEROQSCLEROSIS
Abstract

Background: Studies on the association between arterial stiffnes and atherosclerosis are
contradictory. We sindied several indicators of atheroicleroriv in relation to stiffness of the
dorta and the common cavotid artery.

Methods: Thir stndy was conducted within the Rotterdan Study in over 3000 elderly sub-
Jete qged between 60 and 101 years. AAovtéc stiffness war assersed by meainring carotid-femoral
pulse wave velocity and common carolid arterial stiffness by measnring common carolid disten-
sibility. Atherosclerosiv war assessed by comamon carotid intima-media thickness, plaques in
the carotid artery and in the aorla and the presence of peripheral avterial disease. Data were
analyzed by analyses of covariance with adjustment Jor age, gender, mean arterial presinre, and
heart rafe.

Results: Lncreasing common carolid intima-media thickness and increasing severity of plagies
in the carolid ariery and in the aorta were all strongly associated with increased aortic and
coimmon carotid arterial itiffwess (p for trend < 0.01 for all associations). Subjects with periph-
eral arterial disease had significantly increased aortic stiffness (p=0.001) and borderline signifi-
cantly increased common cavotid arterial stiffness (p=0.078) ar compared to subjects without
peripheral avterial disease. Resulls were similay afier additional adjnstment for cardiovascitar
visk factors and affer exclusion of subjects with prevalent cardiovascnlar diveare.
Conclusion: Thir population-based study shows that arterial stiffuess is strongly associated

with atherosclerosis at varionr sifes in the vascular free.

INTRODUCTION

Accurate non-invasive methods to measute arterial stiffness have recently become
available and are relatively easy to perform.'™ Results from several small studies
have suggested that subjects with cardiovascular disease have increased arterial
stiffness as compared to subjects without cardiovascular disease.™* Arterial stiff-
ness has also been shown to be a predictor of all-cause and cardiovascular

1% These results suggest an

mottality in subjects with end-stage renal disease.
association between arterial stiffness and atherosclerosis. Studies on a ditect asso-
ciation between indicators of artetial stiffness and indicators of atherosclerosis,
however, show conflicting results. Some studies reported a relation between arte-
rial stiffness and atherosclerosis'"'®, but others could not demonstrate such a
refationship."'" Most of the studies were performed in small groups of selected
subjects and investigated the association between acterial stiffness and atheroscle-

rosis in one vessel bed only. The objective of the present study was to examine
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the association between asterial stiffness and atherosclerosis at different sites in
the arterial tree in a large group of unselected, non-hospitalized subjects. Arte-
rial stiffness was assessed in the aorta by measuting carotid-femoral pulse wave
velocity (PWV) and in the common carotid artery by measuring the distensibil-
ity coefficient (DC). As indicators of atherosclerosis we used common carotid
intima-media thickness, presence of plaques in the carotid artery and in the

abdominal aorta, and the presence of peripheral arterial disease.

MEeTHODS

Study population

The Rotterdam Study is a population-based cohort study that aims at assessing
the occutrence of and risk factors for chronic diseases in the elderly. The ration-
ale and design of the Rotterdam study have been described in detail elsewhere,™
The baseline measurements were performed between 1990 and 1993, The third
follow-up examination phase took place from 1997 undl 1999. The Medical
Ethics Committee of the Erasmus University approved the study and written

intormed consent was obtained from all participants.
Cardiovascular disease and risk factors

Information on cardiovascular risk factors was collected during the third fol-
low-up examination. Information on current health status, medical history, drug
use and smoking behavior was obtained using a computerized questionnaire
during a home intetview. At the research centet, blood pressure was measured
twice in sitting position at the right arm with a random zero sphygmomanotmn-
cter. The average of the two measurements was used in the analyses. Height and
weight were measured while the subject was wearing lightweight clothes and no
shoes. Body mass index (weight/height®) was calculated. Serum total cholesterol
and high-density lipoprotein (HDI) cholesterol wete determined using an auto-
matic enzymatic procedure (Bochringer Mannheim Systems, Mannheim, Ger-
many). Serum glucose was determined by the hexokinase method (Bochringer
Mannheim Systems, Mannheim, Germany). Diabetes mellitus was defined as a
history of diabetes mellitus and/or the use of blood glucose lowering medica-
tion and/or a fasting serum glucose level equal to or greater than 7.0 mmaol/L"

Prevalent cardiovascular discase was defined as a history of myocardial infarc-
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tion or stroke, Information on cardiovascular disease at the baseline examination
of the Rotterdarn Study was assessed during a home interview: A history of myo-
cardial infarctdon and stroke was confirmed by reviewing the medical records
from the general practitioner (GP) and/or medical specialist or by ECG. From
baseline onwards, occurrence of myocardial infarction or stroke was reported by
gencral practitioners (GP) in the research area (85% of the cohort) by means
of a computerized system. Research physicians verified all information by check-
ing patient-records at the GP. The GPs outside the research area (15%) were
visited once a yeat by research physicians to check patent-records. In addition,

discharge reports and letters of medical specialists were obtained for hospital-

ized patients.
Indicators of atherosclerosis

The indicators of atherosclerosis used in this analyses were measured at the third
examination phase, except the presence of calcified plaques in the abdominal
aorta, which was determined during the second examination phase between 1993
and 1995,

Intima-media thickness was measured by recording of ultrasonographic images
of both the left and right carotid artery, using a 7.5 MHz linear array transducer
(ATL UlwaMark IV, Advanced Technology Laboratories, Bethel, Washington,
USA). The lumen-intima intetface and the media-adventitia interface of the near
and far wall of the distal common carotid artery were measured off-line, The
protocol has been descibed in detail elsewhere.”*' The common carotd intima-
media thickness was determined as the average of near and far wall measure-
ments of both left and right side.

The presence of plaques in the carotid artery was assessed by evaluating the
ultrasonographic images of the common, internal and bifurcation site of the
carotid artery for the presence of atherosclerotic lesions. Plaques wete defined
as a focal widening relative to adjacent segments, with protrusion into the lumen
composed of either only calcified deposits or a combination of calcification and
noncalcified material. No attempt was made to quantify the size of the lesions. A
total carotid plaque score was defined by summation of the presence of plaques
at far and near wall of left and right side at three locations {maximum score
of 12). Severity was graded as no plaques (score 0}, mild plaques (score 1 to 4),
modetate plaques (score 5 to 8) and severe plaques (score 9 to 12).

Atherosclerosis of the abdominal aorea was determined using a lateral X-ray of

the lumbar spinc (1'12-S1), on which the presence of calcified deposits was deter-
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mined. Calcified plaques were considered present when linear densities were
cleatly visible in an arca parallel and anterior to the laumbar spine (L1-L4).” Sever-
ity was graded from 0 (no caleified plaques) to 5 (aorta outlined with calcified
plaques) according to length of affected arca, Subsequently, subjects were classi-
fied into having no (grade 0), mild (grade 1), moderate (grade 2 and 3} or severe
(grade 4 and 5) atherosclerosis of the abdominal aotta.

The presence of peripheral arterial disease was assessed by the ankle-brachial
pressure index, which is the ratio of the systolic blood pressure at the ankle to
the average systolic blood piessure at the right arm. Systolic blood pressure of
the posterior tibial artery at both left and right ankle was measured using an
8 MHz continuous wave doppler probe (Huntleigh 500 D, Huntleigh Technol-
ogy, Bedfordshire, UK) and a random zero sphygmomanometer with the subject
in supine position.” The ankle-brachial pressure index was calculated for both
ankles. In agreement with the approach followed by Fowkes™, we used the lowest
ankle-brachial pressure index in cither leg to determine presence of peripheral
arterial disease. Peripheral arterial disease was considered present when ankle-

brachial pressure index in ecither leg was lower than 0.9.
Atrterial stiffness

Aortic and common carotid artetial stiffness were measured during the third
examination phase. Carotid-femoral PWV was measured with subjects in supine
position. Before measurement of PWV, blood pressure was measured twice with
a sphygmomanometer after five minutes of rest and the mean was taken as the
subjects reading, Mean arterial pressure (MAP) was calculated by the following
formula: diastolic blood pressure + 1/3 * (systolic blood pressute - diastolic
blood pressute). Carotid-femoral PWV was assessed using an automatic device
(Complior, Colson, Garges-lés-Gonesse Cx, France)?! that assessed the time delay
between the rapid upstroke of the feet of simultaneously recorded pulse waves in
the carotid artery and the femoral artery. The distance traveled by the pulse wave
between the carotid artery and the femoral artery was measured over the surface
of the body using a tape measure. PWV was calculated as the ratio between the
distance traveled by the pulse wave and the foot-to-foot time delay and expressed
in meters per second. The average of at least 10 successive measureiments, to
cover a complete respiratory cycle, was used in the analyses.

Common carotid distensibility was assessed with the subjects in supine posi-
tion and the head tilted slightly to the contralateral side. The vessel wall motion

of the right CCA was measured by means of a Duplex scanner (Ultramark 1V,
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ATL, Bothell, Washington, USA) connected to a vessel wall movement detector
system. The details of this technique have been described elsewhere.'? After
five minutes rest, a region at 1.5 c¢m proximal to the origin of the bulb of the
carotid artery was identified using B-mode ultrasonography. The displacement of
the arterial walls was obtained by processing the radio frequency signals originat-
ing from two-selected sample volumes positioned over the anterior and postetior
walls. The end-diastolic diameter (D), the absolute stroke change in diameter
during systole (AD), and the relative stroke change in diameter ((AD)/D) wete
computed as the mean of four cardiac cycles of three successive recordings.
Blood pressure was measured twice with a Dinamap automatic blood pressure
recorder and the mean was taken as the subjects reading, Pulse pressure (AP) was
calculated as the difference between systolic and diastolic blood pressure. NAP
was calculated with the same formula as described by measurement of PV, The
cross-sectional arterial wall DC was calculated according to the following equa-
tion™: DC = (2AD/D)/ AP (107 /kPa).

In the present study, measurements were restricted to the right side to save
time. In previous studies no differences could be detected between arterial wall
properties of the right and left common carotid artery {unpublished results). A
reproducibility study in 47 subjects showed an intra-class correlation coefficient
of 0.80 for carotid-femoral PWV and 0.80 for common carotid DC,

Population for analysis

Of 4024 subjects eligible for a physical examination in the third examination
phase, carotid-femoral PWV was measured in 3550 subjects and common carotid
distensibility was measured in 3098 subjects. Missing information on PWV or
common carotid distensibility was almost entirely due to logistic reasons. Of
3550 subjects with a measurement of PWYV, 69 subjects (1.9%) were excluded
from the analyses because the variation between the successive PWV measure-
ments was more than [0% or less than 10 successive measurements were made,
leaving 3481 subjects for analyses. All subjects with a measurement of common
carotid distensibility were inchuded in the analyses. Of all subjects with a PWV
measurement, 47% had information on carotid intima-media thickness, 87% had
information on carotid plaques, 93% had information on plaques in the aorta
and 96% had information on presence of peripheral arterial diseasc. Of all sub-
jects with a measurement of the DC, 53% had information on carotid intima-
media thickness, 31% had information on carotid plaques, 92% had information

on plaques in the aorta and 6% had information on presence of peripheral
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arterial disease. Missing information on indicators of atherosclerosis was due
to logistic reasons, The large number of subjects with missing information on
carotid intima-media thickness was due to leeway in the off-line analysis of ultra-
sonographic images. Missing information on other covariates for analyses was
maximal 3.3% for subjects with information on PWV and maximal 4.0% for

subjects with information on the DC and also due to logistic reasons.

Statistical analysis

The association between arterial stiffness and indicators of atherosclerosis was
evaluated using one way analysis of covariance. Mean PWV adjusted for age,
sex, MAP and heart rate was calculated per quartile of the continuous indicators
of atherosclerosis or per category of the categorical indicators of atherosclero-
sis. Anatogously, mean DC adjusted for age, sex, MAP and heart rate was calen-
lated per quartile of the continuous indicators of atherosclerosis or per category
of the categorical indicators of atherosclerosis. A test for trend was performed
using multiple linear regression analysis with the quartiles or categories of the dif-
ferent indicators of atherosclerosis as ordinal variables. Analyses were repeated
after exclusion of subjects with prevalent cardiovascular disease. Next, the asso-
ciations were evaluated using multiple linear regression analysis with PYWV or
the DC as dependent vatiable and the different indicators of atherosclerosis as
independent variables, adjusted for age, sex, MAP and heart rate and several
catdiovascular risk factors (body mass index, total cholesterol, HDL cholesterol,
serum glucose, smoking and diabetes mellitus). Finally, the association between
both indicators of arterial stiffness was evaluated using multiple linear regres-
sion analyses, with the distensibility coeflicient as dependent and pulse wave
velocity as the independent variable and, additionally, by calculating the correla-
tion between pulse wave velocity and the distensibility coefficient. All analyses
were performed using SPSS 8.0 statistical package for Windows 95 {(SPSS Inc,,
Chicago, Illinois, USA).

REsuLTs

Table | presents the baseline characteristics of the study population. Levels of
cardiovascular tisk factors wete in the high normal range, as expected in a gencral
population of elderly subjects. Mean values of PWV per quartile or per category

of the indicators of atherosclerosis, adjusted for age, sex, MAP and heart rate arc
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Tabte 1

Characteristics of the study population,

Characteristic Value

Age (years) 72 {60-101)
Men! 58 %
Systolic blood pressure (mmHg) 143 (21)
Diastolic blood pressure (mmHg} 75(11)
Heart rate (bpm) 70018
Cholesterol:

Total (mmol/l) 5.8 (1.0)
HDL (mmol/l) 1.4 (0.4)
Bady mass index {kg/m? 26.8 (4.0

Diabetes' 12 %
Smoking™:
Current 16 %
Former 50 %
Past 34 %
Pulse wave velocity (m/s) 13.5(3.0)
Distensibility coefficient (10-%/kPa) 10.5 (4.4)
Intima-media thickness (um) 0.88 (0.16)
Plaques in carotid artery
No 308 %
Mild 41.8 %
Moderate 24.9 %
Severe 2.5%
Calcified plaques in the aorta
No 433 %
Mild 21.0 %
Moderate 30.7 %
Severe ) 50%
Peripheral arterial disease 18.1 %

Values are given as mean 1 standard deviation except for age that is given as mean (range) and
categorical variables that are given as percentage.

shown in figure 1. PWV consistently increased with increasing common carotid
intima-media thickness, plaques in the carotid artery and plagues in the aorta
{test for trend: p<<0.05 for all associations). Presence of peripheral arterial disease
was associated with a significantly increased PWV as compared to absence of
peripheral arterial discase. As expected, the associations of indicators of athero-
sclerosis with PWV were positive, as a higher PWV indicates increased aortic
stiffness, Mean values of the common carotid DC per quartile or per category of

the indicators of atherosclerosis, adjusted for age, sex, MAP and heare rate are
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Mean pulse wave velocity (PWV) per quartile of common carotid intima-media thick-
ness and per category of presence of peripheral arterial disease, plaques in the carotid
artery and plaques in the aorta, adjusted for age, sex, mean arterial pressure and heart
rate in elderly subjects of the Rotterdam Study. Bars indicate 95% confidence interval;
p-values indicate p for trend, except for peripheral arterial disease in which the p-value
indicates p for difference between the groups.

shown in figure 2, The DC consistentdy decreased with increasing intima-media
thickness and plaques of the common carotid artery and plaques in the aorta
(test for trend: P<C0.05 for all three associations). Presence of peripheral arterial
disease was associated with a bordetline significantly decteased DC as compared
to absence of petipheral arterial disease. As expected, the associations of indi-
cators of atherosclerosis with the DC were negative, as a lower DC indicates
increased common carotdd arterial stiffness. Results were the same after exchid-
ing subjects with prevalent cardiovascular disease (n=503) (data not shown).

The results of the multiple linear regression analysis are shown in table 2. Sig-
nificant associations between PWV and all indicators of atherosclerosis were
observed, adjusted for age, sex, MAP and heart rate and cardiovascular risk fac-
tors. The DC was significantly associated with common carotid intima-media

thickness, plaques ifi the carotid artery and plaques in the aorta, and borderline
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Figure 2

Mean distensibility coefficient (DC) per quartile of common carotid intima-media thick-
ness and per category of presence of peripheral arterial disease, plaques in the carotid
artery and plaques in the aorta, adjusted for age, sex, mean arterial pressure and heart
rate in efderly subjects of the Rotterdam Study. Bars indicate 95% confidence interval;
p-values indicate p for trend, except for peripheral arterial disease in which the p-value
indicates p for difference between the groups.

significantly associated with presence of petipheral arterial disease (p=0.09), after
adjustment for age, sex, MAP and heart rate and cardiovascular risk factors,

A quadratic relationship was found between the distensibility coefficient and
pulse wave velocity: distensibility coefficient = 27.4 - 1.9 * (pulse wave velocity)
+ 0.04 * (pulse wave velocity)? [p total model < 0.001]. The correlation between
the distensibility coefficient and pulse wave velocity was -0.41 (p < 0.001).

DiscussioN

The objective of this population-based study was to examine attetial stiffhess in
telation to atherosclerosis at different sites in the arterial tree. We found aortic

stiffness to be significantly associated with common carotid intima-media thick-
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Table 2

Multiple linear regression (B) coefficients and their 95% confidence intervals (CI)
describing the association” between aortic stiffness and common carotid stiffness
and different indicators of atherosclerosis in elderly subjects from the Rotterdam
Study.

o Common carotid stiffness
Aortic stiffness (mys) (10YkPa)

Indicator of atherosclerasis

B-coefficient (95% C.1.)  p-coefficient (95% C.1.)

Common carotid intima-media 0.96 (0,01 ; 1.91) =312 (-4.17 ; -2.08)
thickness (um)
Plagues in the carotid artery:

Mild (versus none) 0.20 (-0.02 ; 0.66) -0.10 (-0.40; 0.21)
Moderate (versus none) 0.40 (0.15 ; 0.66} -0.68 (-1.05 ; -.032)
Severe {versus none) 1.30{0.70; 1.90) -2.29{-3.15,; -1.43)
Calcified plaques in the aorta:

Mild {versus none) (.39 (0.17 ; 0.67) -0,22 (-0.55; 0.11)
Moderate (versus none) .80 (0,60 ; 1.02) -0.25 (-0.56 ; 0.06)
Severe (versus none) 2.06 (1.59; 2.52) -0.80 (-1.49; -0.11)
Presence of peripheral arterial 0.29 (0.05 ; 0.52) -0.30 (-0.64 ; 0.04)

disease (versus absence)

*All models adjusted for age, gender, mean arterial pressure, heart rate, total cholesterol, HDL-
cholesterol, serum glucose, smoking, body mass index and presence of diabetes mellitus,

ness, plaques in the carotid artery and in the aorta, and presence of peripheral
arterial disease. Common carotid arterial stiffness was significantly associated
with all indicators of atherosclerosis except for a bordetline significant associa-
tion with the presence of peripheral arterial disease. Results were similar after
additional adjustment for cardiovascular risk factors and after exclusion of sub-
jects with prevalent cardiovascular disease.

Some aspects of this study need to be discussed. Firstly, we use several non-
invasive measures as indicators of atherosclerosis, Intitma-media thickness and
plaques in the common carotid artery have shown to be adequate indicators of
atherosclerosis of the carotid artery.” ™ Radiographically detected calcifications
in the aorta cotrelate well with atherosclerotic plaques observed at autopsy and
in most cases visible calcification reptesented advanced atherosclerosis.™ Yao
and colleagues compared the ankle-brachial pressure index with arteriography
of the distal aorta and arteries of the lower extremities and demonstrated that
the pressure index is a valuable and sensitive method of assessment of occlusive
arterial disease.’! Secondly, information on the different indicators of atheroscle-

rosis was not available for every subject with a PWV measurement, This was
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mainly due to logistic reasons, and missing information, therefore, is likely to
be randomly distributed over categories of severity of artetial stiffness and thus
will not have introduced bias in the estimates. Thirdly, for determining the pres-
ence of plaques in the abdominal aorta, we used x-rays from the second examina-
tion phase, which took place on average four years before the third examination
phase in which arterial stiffness was measured. The reason for this was that
x-rays made in the third examination phase were not yet evaluated for the pres-
ence of aortic plaques at the timne of the present analyses. Using x-rays from the
second follow-up examination phase may have led to some misclassification in
severity of plaques in the aorta, but this misclassification is non-differential with
respect to artetial stiffness and thus, if present, will have led to an underestima-
tion of the associations.

Previous studies on the association between arterial stiffness and atherosclero-
sis reported conflicting results, Non-invasive measurement of distensibility of
the carotid artery has been shown to be closely refated to post-mortem estab-

'* The presence of atheromatous

lished atherosclerosis of the carotid attery.
plaques in the aorta has been found to be strongly correlated with decreased
aortic distensibility in subjects with vazious pathologies." Among hypertensive
patients, those with high aortic PWV as compared to those with low aortic PWYV,
had a higher frequency of carotid artery stenosis and tended to have a higher
frequency of aortic and lower limb atherosclerotic lesions." In contrast to the
above, other studies found no relation between arterial stiffness and atheroscle-
rosis, One study found the severity of aortic atherosclerosis to be unrelated to
the loss of aortic distensibility and observed a steadily progress of loss of aortic
distensibility with increasing age regardless of the atherosclerotic severity." In
an ecological study, Avolio and colleagues found similar changes in PWV with
age in populations with different prevalence of atherosclerosis and concluded
that arterial distensibility is not associated with atherosclerosis."® Megnien and
colleagues found no association between aortic stiftness as determined by PWV
and coronary and extracoronary atherosclerosis in a cross-sectional study of 190
asymptomatic men at risk for coronaty heart disease.” This study, however, com-
prised only a small number of subjects. The Atherosclerosis Risk in Communi-
ties (ARIC) study examined the relation between distensibility and intima-media
thickness of the common carotid artery. They did not observe an association
between arterial wall thickness and increased arterial stiffness, except for the
thickest 10% of the attery walls only." We found increased common carotid
stiffness only in the highest quartile of intima-media thickness of the common

carotid artery (Figure 2), which resembles the findings of the ARIC study, but
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observed increased aortic stiffness in the two upper two quartiles of aortc stiff-
ness (Figure 1). The absence of a clear association between arterial stiffness and
mntima-media thickness in the lower two quartites of intima-media thickness is
in agreement with recent evidence that suggests that intima-media thickness may
only reflect atherosclerosis beyond a cettain level.

Several possibilities for the observed association between arterial stiffness and
atherosclerosis can be hypothesized. One possibility is that presence of athero-
sclerosis leads to stiffening of the arteries. In favor of this hypothesis is the
study of Farrar and colleagues showing an increase in PWV in cynomolgus mon-
keys fed an atherogenic diet and a decrease in PWV in cynomolgus monkeys
fed an atherosclerosis regression diet.” An alternative possibility is that increased
arterial stiffness leads to vessel wall damage and atherosclerosis. Without the
shock-absorbing capacity, the stiff arterial wall may be subjected to increased
intraluminal stress on impact of increased pulsatile pressure.™ A third possibility
is that both mechanisms apply and that atherosclerosis is not only a consequence
of arterial stiffness, but may by itself in advanced stages also increase arterial
stiffness. This would result in a selfperpetuating, reinforcing process. A final
possibility is that arterial stiffness and atherosclerosis are independent processes
that frequently occur at similar sites in the arterial tree without the existence of
a causal relationship. Future long-term longitudinal studies, preferably starting
in young subjects, will be needed to elucidate the temporal relationship between
arterial stiffhess and atherosclerosis.

The strong association of aortic stiffness with atherosclerosis at various sites
of the arterial tree suggests that aortic stiffness can be used as an indicator of
generalized atherosclerosis. Whether this alse holds for common carotid arterial
stiffness is less clear as comumnon carotid arterial stiffness was associated with
carotid and aortic atherosclerosis but not cleatly with the presence of petipheral
arterial disease. Possibly, assessment of atherosclerosis in the abdominal aorta
was more accurate than assessment of atherosclerosis of the peripheral arteries,
which was assessed by a proxy.

Stiffening of the arterial tree leads to an increase in systolic blood pressure
and simultaneously a decrease in diastolic blood pressure resultng in a wide
pulse pressure.” The increased systolic blood pressure has a negative effect on
the heart due to an increased workload, while the reduced diastolic blood pres-
sure may limit coronary perfusion. These effects of mcreased pulse pressure may
explain the association between arterial stiffness and myocardial infarction,™"
Recent evidence shows that the combination of a high systolic blood pressure

and a low diastolic blood pressure resulting in a wide pulse pressure is also a
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strong tisk factor for stroke. ™ The strong association between artetial stiffness

and atherosclerosis observed in our study provides an additional explanation for

the association between arterial stiffness and cardiovascular diseasc,

In conclusion, the results of this population-based study in clderly subjects

suggest that arterial stiffness is associated with atherosclerosis at various sites in

the arterial tree.
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CHAPTER 5

Abrterial stiffness and cardiovascular disease






5.1

Measures of arterial stiffness
are associated with
myocardial infarction and stroke
The Rotterdam Study

Abstract

Background; Frnctional and stractural arierial abrormalities have been aviociated with
vitk of cardiovaicilar disease. In the present study, the association between avierial stiffness and
prevalent cardiovascular disease war evalnated in o large population-based stndy and compared
with that befween non-invasively meainred athevosclevosis and prevalent cardiovaselar divease.
Methods: The rtudy inclded 3818 elderly participants of the thivd examination phase of
the Rotterdanm Study. Ninety-five subjects bad a bistory of myocardial infarction and seventy-
eight tnbijects had a bistory of stroke. Arterial stiffness was determined by carotid-femoral
putle wave velocity and common carotid distensibility. Measures of athevosclerosis were the
aikle-brachial pressure index and plaguer in the carotid arfery. Anafyses were performed nsing
logistic regression anafyses, adjnsted for age, sex, miean arterial presinre, and heavt rate.
Results: Subjects with severe aortic stiffness had four-tinies as offen a previons myocardial inf-
arction, compared (o the reference category (odds vatio (95% confidence interval): 4.0 (1.8-9.2)).
Aortic stiffness was not cearly associated with stroke. Subjects with severe cavotid stiffness had
hvo-timer ar often a previons miyocardial infurction (2.3 (1.1-5.1)) and twelve-tizies ax often
a previos stroke (12.6 (2.7 - 58.1)), compared to theiy reference category. The assoclation of
arferial stiffness with cavdiopasentar divease wav comparable in magnitude with rhe avsociation
of atherosclerasis with cardiovascnlar disease,
Conclusion: The resultc of this study show that arterial stiffuess is velated to cardiovascilar

disease in a general papulation of elderly sibjects.

INTRODUCTION

Measures of arterial stiffness have been found to be related with myocardial

infarction in several cross-sectional studies among various popuiations""’ and in
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two longitudinal studies in subjects with end-stage renal disease.*” The relation
of arterial stiffness with stroke has been scarcely addressed. One small cross-
sectional study reported increased aortic stiffness in patients with stroke." Previ-
ous studies were all performed in small groups of selected subjects. The aim of
the present study was to determine the association of arterial stiffness with myo-
cardial infarction and stroke, in a large population-based study among clderly
subjects. We compared the strength of an association between arterial sdffness
and prevalent cardiovascular disease with the strength of an association berween
non-invasfiely measured atherosclerosis and prevalent cardiovascular disease. As
measures of arterial stiffness we used carotid-femoral pulse wave velocity (PWV)
and common carotid arterial (CCA) distensibility. Measures of atherosclerosis
were the ankle-brachial pressure index (ABPI) and plaques in the carotid artery.
We related both measures of arterial stiffness and both measutes of atheroscle-
rosis to history of myocardial infarction or stroke in a cross-sectional population-
based study among 3818 elderly subjects participating in the third examination
phase of the Rotterdam Study.

METHODS
Study population

The Rotterdam Study is a population-based cohort study that aims at assessing
the occurrence of and risk factors for chronic diseases in the elderly. The ration-
ale and design of the Rotterdam study have been described in detail elsewhere."
Shortly, 7983 subjects aged 55 years or over were included in the first (baselinc)
examination phase that took place between 1990-1993. From [997 untl 1999
the third examination phase took place for which 5901 subjects of the original
cohort were eligible. The remaining subjects of the cohort died in the mean-
time (n=1992), were lost to follow-up (n=35}, or were not invited to participate
because they were living in nutsing homes outside the study area {(n=55). Of
all subjects invited for the third examination phase, 4148 subjects attended the
physical examinations. The Medical Ethics Committee of the Erasmus Univer-
sity approved the study and written informed consent was obtained from all pat-

ticipants.
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Measures of arterial stiffness

Atterial stiffness was measured by two different methods e.g,, the carotid-femoral
PWV as measure of aortic stiffness and the distensibility coefficient (IDC) of the
common carotid artery as measure of common carotid arterial stiffness. Both
measures were obtained on the same day in the same room. The order of meas-
urements was fixed with first 2 PWV measurement and approximately 10 min-
utes later a measurement of common carotid arterial distensibility. Subjects were
instructed to refrain from smoking and from taking coffee, tea, alcohol or pain-
medication on the day of the measurements, and from taking alcohol on the day
of the measurements and the day before.

Carotid-femoral PWV was measured with subjects in supine position. Afrer
five minutes of rest blood pressure was measured twice with a conventional
sphygmomanometer and the mean was taken as the subjects reading, Subse-
quently carotid-femoral PWV was measared. The time delay between the rapid
upstroke of the feet of simultaneously recorded pulse waves was measured using
an automatic device (Complior, Colson, Gatges-lés-Gonesse Cx, France).”” The
distance traveled by the pulse wave between the carotid artery and the femoral
artery was measuted over the surface of the body using a tape measure. PWV
was calculated as the ratio between the distance traveled by the pulse wave and
the foot-to-foot time delay and expressed in meters per second. The average of
at least 10 successive measurements, to cover a complete tespiratory cycle, was
used in the analyses.

Common carotid distensibility was assessed with the subjects in supine posi-
tion, with the head dlted slightly to the contralateral side. The vessel wall motion
of the right CCA was measured by means of a Duplex scanner (Ultramark TV,
A1TL, Bothell, Washington, USA) connected to a vessel wall movement detector
system. The details of this technique have been described elsewhere."'* After
five minutes rest, a region at 1.5 cm proximal to the origin of the bulb of the
carotid attery was identified using B-mode ultrasonography. The displacement of
the arterial walls was obtained by processing the radio frequency signals originat-
ing from two-selected sample volumes positioned over the anterior and postetior
walls, The end-diastolic diameter (I3}, the absolute stroke change in diameter
during systole (AD), and the relative stroke change in diameter ((AD)/D) were
computed as the mean of four cardiac cycles of three successive recordings.
Blood pressure was measured twice with a Dinamap automatic blood pressure
recorder and the megn was taken as the subjects reading, Pulse pressure (AP) was

calculated as the difference between systolic and diastolic blood pressure. The
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cross-sectional arterial wall DC was calculated according to the following equa-
tion': DC = (2A12/D)/ AP (10°/kPa).

In the present study, measurements were restricted to the right side to save
time. In previous studies no differences counld be detected between arterial wall
properties of the right and left CCA (unpublished results), A reproducibdity
study in 47 subjects showed an intra-class correlation coefficient of 0.80 for
carotid-femoral PWV and 0.80 for the common carotid DC. Mean arterial pres-
sure {MAP) was calculated from blood pressure readings duting both measure-
ments of arterial stiffness by the formula: MAP = diastolic blood pressure + 1 /3
* AR

Measures of atherosclerosis

The presence of athcrosclerosis was assessed by two different methods e.g;, the
ABPT a5 measure of the presence of peripheral artery disease (PAD) and the
presence of plaques in the carotid arteries.

Ankle systolic blood pressure was measured at the posterior tibial artery at both
left and right ankle using an 8 MHz continuous wave doppler probe (Fluntleigh
500 D, Huntleigh Technology, Bedfordshire, UK) and a random zero sphyg-
momanometer with the subject in supine position.” The ratio of the systolic
blood pressure at the ankle to the systolic blood pressure at the right arm was
measured for both ankles and the lowest ABPI in either leg was used."”

Ultrasonography of both left and right common and internal carotid arteries
and left and right carotid artery bifurcation was performed with a 7.5 MHz linear-
array transducer (Ultramark IV, ATL, Bothell, Washington, USA}. Plaques were
defined as a focal widening of the wall relative to adjacent segments, with protru-
sion into the lumen composed of either only calcified deposits or a combina-
tion of calcified and noncalcified material. No attempt was made to quantify the
size of the lesions. A total carotid plaque scote was obtained by summation of
absence (score 0) or presence (score 1) of plaques on both sides at the three toca-

tions at the far and near wall of the carotid artery (maximum score of 12).

Vascular disease

A history of myocardial infarction or stroke was defined as a first or recurrent
myocardial infatction ot a first or recurrent stroke ocecurring between the base-
line examination and the third examination phase (imean duration of folow-up:

6.6 years (range: 5.3 - 10.2 yeais)). Lvents were reported by general practition-
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ers (GP) in the research area (85% of the cohort) by means of a computerized
system. Rescarch assistants subsequently collected all available information on
the reported events. The GPs outside the research area (15%) were visited once a
yeat by research assistant to check patient-records. In addition, discharge reports
and letters of medical specialists were obtained for hospitalized patients, Two
research physicians independently coded events according to the International
Classification of Diseases, 10th edition'™, using all available information of an
event. Myocardial infarction was coded as 121 and stroke was coded as I61 -
I64. If there was disagreement, consensus was reached in a separate session by
the same two research physicians. Subsequently, a medical expert in the field
reviewed all events coded by the research physicians and checked whether all
coding rules had been applied correctly. In case of discrepancies between the
coding of the medical expert and the research physicians, the judgement by the
expert was considered definite. A myocardial infarction was considered définite
when a cardiologist ot RCG confirmed the diagnosis and considered probable
when a diagnosis of myocardial infarction was considered certain by the general
practitioner in the absence of information from a cardiologist or ECG. A myo-
cardial infarction was considered possible in all other cases. In the analysis, we
only included definite and probable myocardial infarctions. A stroke was consid-
cted definite if the diagnosis was based on both clinical symptoms and neuro-
imaging. A probable stroke was considered if no computer tomography (CT)
ot magnetic resonance imaging (MRI) was made but when symptoms were sug-
gestive for stroke according to the GP or neurologist. In case of a fatal stroke
tepotted by the GP, a cardiac cause of death should have been excluded to reach
a diagnosis of probable stroke. The stroke was considered possible if a neurolo-
. gist diagnosed a ‘possible stroke’ without neuto-imaging or if a GP recorded a
fatal stroke and could not exclude a cardiac cause of death, When CT or MRI
was performed and showed a hemorrhage or infarct the type of stroke was
coded accordingly. A stroke was coded as unspecified when no CT or MRT was
available to judge the subtype. In the analysis we included only definite and prob-
able strokes, Of the 78 strakes included, 64 strokes were cerebral infarctions, 3
strokes were primary intracerebral haemorrhages, and 11 strokes were unspeci-
fied.

Vascular risk factors

Information on stoking was obtained during a home interview using a computer-

ived questionnaire. Antropometric measures were obtained at the rescarch center
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while the subject was weating lightweight clothes and no shoes, and included
height, weight, waist and hip circumference. Body mass index (weight/height?)
and the waist-to-hip tatio were calculated. After an overnight of fasting, blood
was obtained at the research center by venapuncture with minimal stasis using
a 12 gauge Butterfly needle. Serum total cholesterol and high-density lipopro-
tein (HDL) cholesterol were determined using an automatic enzymatic proce-
dure (Boehringer Mannheim, Mannheim, Germany). Glucose was enzymatically
determined by the Hexokinase method (Boehringer Mannheim, Mannheim, Ger-

many).
Population for analyses

Of all participants who wete eligible for a measurement of arterial stiffness
(n=4148), a measurement of carotid-femoral PWV or a measurement of
common carotid distensibility or both was available for 3818 subjects. From the
3818 eligible subjects, 339 subjects had a previous myocardial infarction or stroke
before baseline examination but did not have a myocatdial infarction or stroke
after the baseline examination. These were excluded from the analyses, leaving
3474 subjects for analyses. In these subjects, information on PWV was available
for 3175 subjects, information on common carotid distensibility was available
for 2825 subjects, information on the ankle-brachial pressure index was available
for 3302 subjects, and information on common carotid plaques was available for
3285 subjects. Missing information on measures of arterial stiffness or athero-

sclerosis was almost entirely due to logistic reasons.
Statistical analysis

Characteristics of subjects without myocardial infarction or stroke, subjects
with myocardial infarction and subjects with stroke were tested for differences
between groups after adjustment for age using analyses of covariance for con-
tinnous variables and logistic regression analyses for dichotomous vatiables. The
odds ratios for previous myocardial infarction or stroke per quartile of measures
of arterial stiffness or atherosclerosis were calculated using logistic regression
analyses adjusted for age, sex, MAP and heart rate. For this purpose, we re-coded
the carotid plaque score in four categories in such a way that each category com-
prised approximately 25% of the subjects. Increasing quartiles of both PWV and
carotid plaques represent increasing severity, while increasing quartiles of both
the common carotid DC and ABPT represent decreasing scverity. Accordingly,

—90 -



ARTERIAL STIFFNESS, MYOCARDIAL INFARCTION AND STROKE

we chose the lowest ot the highest quartile as the reference category. Analyses
were repeated with additional adjustment for several cardiovascular risk factors
(total cholesterol, HDL-cholesterol, glucose, body mass index, watst-to-hip ratio,
and smoking). Separate models were used for PWV, the common carotid DC,
the ABPI, and CCA plaques. Next, we examined whether the associations of

both arterial stiffness and atherosclerosis with previous myocardial infarction

Table 1
Characteristics of the study population, The Rotterdam Study.

g %
£ = £ £
t_5 g o =
i85  aDS :
U d b= 252 9]
.‘D (] W .GJ (v E G_J‘
g3 g98 g
Characteristic w E S w» EE A
Number 3310 95 78
Age {years) 72 (6.8) 74 (6.7)" 76 (7.6)
Men (%) 39 67t 488
Systolic blood pressure (mmHg) 143 (21) 138 (21) 146 (20)
Diastolic bload pressure (mmHg) 76 (11 70(11) 75 (12)
Heart rate (bpm) 74 (12) 66 {12) 71{(13)
Smoking
current (%) 15.8 7.9 13.0
past (%) 48.4 60.0¢ 57.1
Body mass index (kg/m?) 26.8 (4.0) 26,1 (4.1) 26.9 (3.6)
Waist-to-hip ratio {cm/cn) 0.92 {0.10)  0.95 (0.08)'  0.95 (0.08)°
Total cholesterol (mmol/l) 590.0) 5.4 (1.03 5.9(1.3)
HDL-cholesteral {mmol/l} 1.4 {0.4) 1.2 {0.3) 1.3 0.3
Serum glucose (mmol/[) 5.9(1.4) 6.4 (2.3)F 6.2 {2.1)
Peripheral arterial disease (%) 15.6 32.2¢ 40.9%
Presence of plaques in carotid artery (%) 14.4 30.4 29,08
Distensibitity coefficient (10°/kPa) 10.6 (4.4) 10.5 (4.8} 8.0 (3.3)¢
Pulse wave velocity (m/s) 13.4 (3.0 14.8 (3.3)} 4.6 3.1}

Values are expressed as mean (standard deviation) in case of continuous variables and as
percentages in case of categorical variables.

* p<0.05 subjects with myocardial infarction versus subjects without myocardial Infarction or
stroke; ! p<0.05 subjects with stroke versus subjects without myacardial infarction or stroke;
' p < 0,05 subjects with myocardial infarction versus subjects without myocardial infarction or
stroke, adjusted for age; ¥ p < 0.05 subjects with stroke versus subjects without myocardial
infarction or stroke, adjusted for age.
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and stroke were independent of each other by additional adjusting for the other
All analyses were performed using the SPSS 9.0 statistical package for Windows
98 (SPSS Inc., Chicago, Illinots, USA).

REsurrs

Characteristics of the study population are presented in table f. Subjects without
a previous myocardial infarction or stroke were younger, less often male, had
fewer vascular risk factors and less often atherosclerotic disease as compared
to subjects with previous myocardial infarction or stroke. Subjects with previ-
ous myocatdial infarction had lower systolic and diastolic blood pressures and a
lower heatt rate as compared to subjects without previous myocardial infarction.

PWYV and carotid plaques had the strongest association with previous myocar-

Table 2
Risk (OR) and 95% confidence interval (Cl) of myocardial infarction per quartile of

risk indicator.

Model 1* Model 2!
n events OR {95% Ch n events OR (95% C1)

PWV (m/s) 3175 79 2858 70

(< 11.3) 795 11 1.0 (reference) 652 10 1.0 (reference)

2'(11.3-13.1) 794 15 1.7(0.7-3.8) 747 13 1.500.6-3.6)

34 (13.1-15.7) 795 23 2.6(1.2-5.6) 736 21 240.0-54

4™ (>15,1) 791 30 4.0{(1.8-9.2) 723 26 35(1.5-8.9)
DC of CCA (10%kPa) 2825 77 2663 70

1 (< 7.4) 706 23 23(1.1-5.1) 572 23 2.0(0.9 - 4.5)

2" (7.4-10.0) 706 20 1.6(0.9-3.8) 586 17 1.400.6-2.9

3 (10.0-13.2) 707 15 1.1(0.5-2.3) 604 11 0.8(04-1.7)

40 (= 13.2) 706 19 1.0 {reference) 628 19 1.0 (reference}
ABP| 3302 87 2428 57

1% (£ 0.95) 787 36 3.2{1.6-6.4) 586 19 2.2(1.0-5.1)

21 {0,95-1,05) 848 24 2,2(1.1-4.7) 595 18 2,2(1.0-5.0)

3% (1.05-1.14) 832 16 1.6 (0.7 - 3.5) 613 11 1.3(0.5-3.3)

4hi=1.14) 835 i1 1.0 (reference) 634 9 1.0 (reference)
Plaques in CA 3285 90 2485 61

1 1074 11 1.0 {reference) 814 8 1.0 {reference)

21y 601 i) 1.3(05-3.2) 453 8 1.6{0.6 -4.3)

3(2-3) B5 25 2.7{1.3 - 5.6) 633 18 2,4 (1.0 - 5.6)

4 (4-12) 795 46 4.3(2.4-8,6) 585 27 3.3(1.4-7.6)

n = number of subjects; PWV = pulse wave velocity; DC = distensibility coefficient; CCA =
common carotid astery; ABP| = ankle-brachial pressure index; CA carotid artery. " Model 1:
adjusted for age, sex, mean arterial pressure and heart rate. ' Model 2: as model 1, except models
with PWV and common carotid DC additionally adjusted for ABPI and CA plagues and models
with ABPI and CA plaques additianally adjusted for PWV and common caretid DC,
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dial infarction (Lable 2, Model 1). Subjects in the highest quartile of both PWV
and carotid plaques had four-times more often a myocardial infarction as com-
pared to subjects in the respective reference categories. Subjects in the lowest
quartile of common carotid DC had two-times more often a myocardial infarc-
tion and subjects in the lowest quartite of the ABPI had three-times more often
a myocardial infarction as compared to their reference categories, Results were
similar after additional adjustment for vascular tisk factors (data not shown). The
odds ratios for previous myocardial infarction associated with arterial stiffness
and atherosclerosis, respectively, decreased slightly when adjusted for the pres-
enice of the other, though results generally remained significant (Table 2, Model
2).

Previous stroke was most strongly associated with the common carotid DC
(Table 3, Model 1}. Subjects in the lowest quartile of the common carotid DC

had twelve-times more oftent a stroke as compared to the reference category.

Table 3
Risk (OR} and 95% confidence interval (CI) of stroke per guartile of risk indicator,
Model 1* Madel 2
n events OR (95% Cl) fn events OR {95% CI)
PWV (m/fs) 3175 72 2858 60
1< 1.3} 795 8 1.0 (reference) 744 6 1.0 {reference}
20(11.3-13.7) 7904 11 1.0{0.4 - 2.6) 722 7 0.9{0.3-2.7)
39 (13.1-15.1) 795 30 2.4 (1.0-5.5) 704 27 3,1(1.2-7.9
4% (>15.1) 791 23 1.4 (0.5 -3.4) 688 20 1.8(0.6-5.1)
DC of CCA (10%kPa) 2825 62 2663 53
1 (2 7.4) 706 32 12,6 (2.7 - 58.1) 648 28 9.9(2.1 -46.6)
2 (7.4-10.0) 706 13 59{1.3-27.3) 664 9 3.7 (0.8-18.1)
3" (1L0-T3.2) 707 15 7.2{1.6-32.0) 669 14 6.7 {1.5 - 30.0¢
ah (> 13.2) 706 2 1.0 (reference) 682 2 1.0 (reference)
ABPI 3302 09 2428 49
14 (< 0.95) 787 29 20(1.0-3.9 544 18 1.7 (0.8 -3.8)
2™ {0.95-1.05) 848 i7 1.3 (0.6 - 2.7) 634 12 1.2(0.5-2.9)
34 (1.05-1.14) 832 10 0.8(03-1.8) 628 9 1.0(0.4 - 2.5)
Al 1,14 835 i3 1.0 (reference) 622 10 1.0 (reference)
Plagues in CA 3285 76 2485 55
1 (0} 1074 11 1.0 (reference) 814 8 1.0 (reference)
2 (1) 601 17 3.00.3-6.7) 453 11 2.3(0.9-5.7
39(2-3) 815 17 2.00.9-4.9) 633 13 1.50.6-3.7)
4™ (4-12) 795 31 3.0{1.4-6.5) 585 23 25(1.1-5.8)

n = number of subjects; PWV = pulse wave velocity; DC = distensibility coefficient; CCA =
common carotid artery; ABPi = ankle-brachial pressure index; CA carolid artery. * Model 1:
adjusted for age, sex, mean arterial pressure and heart rate. ' Moded 2: as model 1, except models
with PWV and cammen caretid DC additionally adjusted for ABPI and CA plagues and maodels
with ABPI and CA plaques additionally adjusted for PWV and common caratid DC,
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Subjects in the highest quartile of carotid plaques had three times more often a
stroke and subjects in the lowest quattile of the ABPI had two-times more often
a stroke as compared to the respective reference categories, PWV was not clearly
associated with stroke. Results were similar after additional adjustment for vascu-
lar risk Factors (data not shown). The odds ratios for previous myocardial infarc-
tion associated with arterial stiffness and atherosclerosis, respectively, decreased
slightly when adjusted for the presence of the other, though results generally
remained significant (Table 3, Model 2). Subjects in the highest category of the
common carotid DC had still ten-times more often a stroke as compated to sub-

jects in the reference category, independent of the presence of atherosclerosis,

DiscussioN

Our results show that aortic stiffness is increased in the presence of a myocardial
infarction. The strength of the association between aortic stiffness and myocar-
dial infarction is compatable with that of atherosclerosis, CCA stiffiness is also
associated with previous myocardial infarction, though less strong, CCA stiffness
is strongly associated with previous stroke. The association is stronger than that
of measutes of atherosclerosis with previous stroke. All observed associations
of arterial stiffness with cardiovascular discase were independent of generalized
atherosclerosis.

Some methodological aspects nced to be discussed. Firstly, assessment of vas-
cular events from baseline examination onwards was complete for both myo-
cardial infarction and stroke untl January 1998, Because arterial stiffness was
measured from September 1997 until July 1999, it is possible that at the time of
the present analyses recent occutrences of a myocardial infarction ot stroke were
untknown. This will have resulted in incorrectly classifying some subjects as free
of myocardial infarction or stroke. This misclassification of disease, however,
can be considered to be independent of arterial stiffness and thus, if present, will
have led to an underestimation of the observed association. Secondly, changes
in life-style are likely to be induced by a cardiovascular event. This could dimin-
ish long-term contrast in arterial stiffness and atherosclerosis between subjects
with and without a history of an event. To minimize the effect of changes in
lifestyle without losing too many events we included only myocardial infarctions
and steokes that occutred after baseline, resulting in a history of five to ten years.
Thirdly, some subjects could not be included for various reasons. Evaluating

the association of risk indicators with disease in subjects with prevalent disease
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means only including survivors of myocardial infarction and stroke. Additionally,
sutvivors of a myocardial infarction or stroke with considerable physical impait-
ment might not be willing to visit the reseasch center. Furthes, not for alt subjects
attending the third examination phase was information available on measures of
arterial stiffness and measures of atherosclerosis due to logistic reasons. We do
not think that missing these subjects has setiously altered our results. Missing
subjects with severe disease will probably have led to an underestimation of the
association, while random loss of subjects due to logistic reasons will not have
biased our results,

We found both aortic and CCA stiffness to be associated with previous myo-
catdial infarction. This is in agreement with previous studies but these studies
included only a small number of subjects."”” We found CCA stiffness to be associ-
ated with previous stroke, while no such association was found for aortic stiff-
ness. Previcus studies on the association between measures of arterial stiffness
and stroke are limited to one cross-sectional study on aortic stiffness. This study
found, in contrast with our results, a strong association,'’

The association of arterial stiffness with cardiovascular disease may be
explained partly through an association of arterial stiffness with atherosclerosis,
Our results indicate, however, that the association between measures of arterial
stiffness and previous myocardial infarction and stroke was only slightly attenu-
ated after including measures of atherosclerosis in the model. This suggests that
additional mechanisms play a role. Artetial stiffness leads to an increase in systo-
lic blood pressure and simuttancously a dectease in diastolic blood pressure and
thus an increase in pulse pressure. This may negatively affect the myocardium
as an increasc in systolic blood pressure leads to an increased workload of the
heatt, while a decrease in diastolic blood pressure may limit coronary perfusion.
The stronger association of aortic stiffness as compared to CCA stiffness with
myocardial infarction can probably be explained by the larger influence of the
thoracic aorta than the CCA on load of the heart. Recent evidence shows that
the combination of a high systolic blood pressure and a low diastolic blood
pressure, resulting in an increased pulse pressure, is also a strong risk factor for
stroke."”* Our results show that CCA stiffness was strongly associated with pre-
vious stroke, comparable with the association of measures of atherosclerosis
with previous stroke, Some authots suggest that the risk of embolisms due to
rupture of plaques is increased in stiff arteries.” Especially when inhomogenei-
ties in stiffness in and around the plaque are present, this is likely to result in
increased shear stress and subsequent rupture. Besides enlargement of the pulse

pressure, this mechanism could add to an association between CCA stiffness and
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previous stroke, This mechanism would imply an interaction between common
carotid artery plaques and stiffness in which the presence of one increases the
risk associated with the other and vice versa. Unfortunately, we could not evalu-
ate a possible interaction because of too small numbers of events,

We could not demonstrate an association between aortic stiffness and stroke,
though subjects in the third quartile of PWV had a slightly increased risk of
stroke as compared to subjects in the reference category. The absence of a
clear association is difficult to explain, as one would expect to find an associa-
tion between aortic stiffness and previous stroke when arterial stiffening is a
generalized process throughout the arterial tree. Also, aortic stiffness probably
contributes to an increased carotid pulse pressure. As mentioned before, one
cross-sectional study found a strong association between aottic stiffness and
stroke." More studies are needed to elucidate the association between aortic stiff-
ness and stroke.

This is the first large population-based study showing an association between
arterial stiffness and cardiovascular disease. The strength of the association of
arterial stiffness with cardiovascular disease is comparable with the strength of
non-invasive measures of atherosclerosis with cardiovascular disease, which are
established mdicators of cardiovascular disease. Finding the association of arte-
rial stiffness with myocardial infarction and stroke to be independent of athero-
sclerosis suggests that arterial stiffness is not only a risk indicator through an
association with atherosclerosis but, possibly, also is a risk factot for cardiovascu-
lar disease in a general population of elderly subjects.

In conclusion, our results showed that arterial stiffness is associated with car-

diovascular discase in a general population of cldetly subjects.
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5.2

Aortic stiffness and the balance between
cardiac oxygen supply and demand
in an elderly population
The Rotterdam Study

Abstract

Background: Awvic stiffners ic an independent predictor of mortality. Thiv has been
explained in pard by an increased cardiac oxygen demand in subjects with an increased aortic
stiffners. We determined whether an increased aortic stiffuess, as measured with aortic pilie
wave velocity (PW/V7), inay afvo decrease the perfivion pressure and this cardiac oxygen supply
polential

Methods: P17 and aortic pressure waves, reconsirueted from finger pressure waves, were
obtained in 2490 elderly subjects, as parl of the Rotterdam Study, « population based sindy
in the elderty. Cardiae oxygen supply and deniand wese estimated using pulse wave analysis
technigues, and refated to PWT7 in multiple linear regresiion analyses after adjnstment for sex,
age, mean blood pressure and heart rate.

Results: Cardiac oxygen demand: both the systolic precsure time indexc (SPTI) and the rate
pressuve produet increased with increasing PWV, 0.089 mmHg.s (95%CI: 0.049-0.128)
and 42.2 muiHg/ wiin (95%C1: 34.1-50.3) per | /s increase in PWV respectively. Cardiac
axygen supply potential the diastolic presinre time index (DPTI) decreased 0.098 mmHg.s
per 1 il increase in PWT (95%CT: 0.052-0.145); the diastofic time fraction did not
change with increasing PWV. In concordanee the supply-demand ratio DPT1/ SPTI decreased
0.006 for every 1 m/ s increase in PW17 (95%CI: 0.003-0.008).

Conclusion: Tnerements in aortic stiffness, as estivated with PW17, are not only related to
tneveased cardiac oxygen demand, but alve, due to a decreased diastolic perfision previuive, to a
decrease in cardiae oxygen supply potential. This offers an additional explanation for the refa-

tion between aortic stiffiess and cardiovaicnlar mortalify,
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INTRODUCTION

Pulse wave velocity (PWV) in the aorta, which is related to aortic stiffness', is
a potent predictor of both cardiovascular and all-cause mortality in a high risk
population of patients with end-stage renal disease.” Pulse pressure, which is also
targely determined by aortic stiffness’, has also been shown to be an independent
predictor of cardiovascular events and mortality both in the general population®”,
and in subjects with hypertension®™’, renal failure®, or left ventricular dysfunc-
tion.” Since both PWV and pulse pressure are closely related to aortic stiffness,
it is likely that aortic stiffness is the undetlying cause of both risk factors for
cardiovascular and non-cardiovascular mortality.

Apart from a possible correlation with atherosclerosis and coronary artery
disease'™", the relation between aottic stiffness and cardiovascular mortality
has been explained by an increase in cardiac oxygen demand: the cardiac after-
load inereases when the left ventricte has to pump into a less distensible aorta.
Decreased coronary petfusion, due to decreasing diastolic perfusion pressure
and/or diastolic petfusion time, may, however, add to this risk, as demonstrated
in animal experiments."

\We set out to determine whether increased aortic stiffness is associated with
increased cardiac oxygen demand, and also with decteased cardiac oxygen supply
potential, by a decteased cardiac perfusion pressure and/or relative perfusion
time. Aortic stiffness was estimated with PWV measurements, whereas cardiac
oxygen supply potential and cardiac oxygen demand were estimated using pulse

wave analysis techniques,

METHODS

Subjects

This study was conducted within the Rotterdam study, an ongoing population
based cohort study that aims at assessing the occurrence of, and risk factors for
chronic diseases in the elderly. The rationale and design of the Rotterdam study
have been described in detail elsewhere.'” Measurements for the present study
took place during a follow-up examination, between March 1997 and Decem-
ber 1999. The Medical Ethics Committee of the Erasmus University approved

the study and written informed consent was obtained from all participants, The
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analysis was performed on data of the first 3082 subjects, in whom both a PWV
measurement and a finger pressure measurement were present. No further in- or

exclusion criteria were applied.
Measurements

As a measure of aortic stiffness we measured the carotid-femoral pulse wave
velocity. We used PWV, rather than pulsce pressure, as a measure for aortic stiff-
ness, since the indices of cardiac oxygen supply potential and cardiac oxygen
demand are obtained independently of PWV but not of pulse pressure. With
the subjects in supine position, the time delay between the feet of simultaneously
recorded pulse waves was measured using an automatic device (Complior',
Colson, Gatges-lés-Gonesse Cx, France).! The distance between the pulse record-
ing sites at the carotid and femotal arteries was measured over the sutface of
the body using a tape-measure. PWV was calculated as the ratio between this
distance and the foot-to-foot time delay and expressed in meters per second. The
average of at least 10 measurements was used in the analyses, to cover a com-
plete respiratory cycle. In a reproducibility study within 47 subjects of the Rot-
terdam study, PWV measurements showed an intraclass correlation coefficient
of 0.80.

Finger pressure was measured noninvasively with FinapresTM (Ohmeda 2300¢,
Ohmeda, Louisville, Colorado)™ at the middle finger of the left hand during the
PWV measurements. An upper arm cuff was positioned on the same arm. It
was inflated after the PWV measurements, to measure the Riva-Rocci systolic
brachial artery pressure to correct for a possible pressure gradient between upper
arm and finger using a return-to-flow algorithm."” Finger pressure and upper

arm cuff pressure were digitized at 100 Hz and stored.
Pulse wave analysis

Aortic pressute waves were reconstructed from finger pressure by correcting
both for pulse wave distortions and for a possible pressure gradient. We used
aottic pressure, rather than finger pressure, for calculation of the indices of
cardiac oxygen demand and supply potential, since wave reflections may cause
substantial differences between the aortic pulse and peripheral pulses.'™ Such
differences could affect the validity of the indices. A generalized transfer func-

19.20

tion"*" was used to cotrect for the physiological pulse wave distortions, mainly

due to these reflections, occurring between aorta and finger. This transfer
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function was developed with data from simultaneous measurements of finger
pressurc with Finapres and ascending aortic pressure with catheter-mounted
micromanometers (unpublished data) and looks similar to the transfer fanction
published by Karamanoghu and Feneley™ Tt compensates for the pulse wave dis-
tortion by slightly amplifying frequencies below 1 Hz, while attenuating higher
frequency components with a peak attenmation around 4 to 5 Hz. Generalized
waveform filtets fot the upper limb show little inter-individual variation, particu-
larly at low frequencies””! Individual correction for a possible pressure gradient
was based on a return-to-flow measurement, i.e. the pressure in a deflating upper
arm cuff at the moment that the first pressure pulse is detected at the finger."”
This provides level correction to upper arm pressure levels, which is considered
acceptable since the difference between mean aortic pressure and mean brachial
artery pressure is usually negligible™ The BeatScope softwate package (TNO-
BMI, Amsterdam, the Netherlands) was used to detect return-to-flow and to
calculate beat to beat values of heart rate and systolic, diastolic and mean recon-
structed aortic pressure, with mean pressure defined as the true integrated mean
pressute. Measurements with more than ten artifacts in finger pressure record-
ings, as determined by BeatScope, were excluded. Only recordings of at least
one minute with a stable finger pressure signal and a successful return-to-flow
measutement were used for further analysis.

'lo estimate catdiac oxygen supply potential the Diastolic Pressure Time Index
(DPTT in mmHgs)™*! was calculated as the area under the diastolic part of the
aortic pressure wave (Figure 1). Because of the non-invasive nature of the meas-
urements, we did not, as originally described by Buckberg et al.® subtract left
ventticular pressure from aortic pressure before calculating DPTL Diastole was
defined as the petiod between the incisura in the aortic pressure wave and the
start of the next systolic upstroke. Diastole determined from calculated aortic
presssure waves differed 6.551.8% (mean T standard deviation) from diastole
determined from measured aortic waves in unpublished data. Cardiac oxygen
supply potential was also assessed by caleulating the Diastolic Time Fraction
(DTI)® as the ratio of diastolic time and the interbeat interval (Figure 1). Both
DPIT and DTF have been shown to correlate with subendocardial and mid-
myocardial blood flow™* when vasodilatory reserve is exhausted.™ To esti-
mate cardiac oxygen demand we calculated the Systolic Pressure Time Index
(SPTI, in mmlgs)™* as the area under the systolic patt of the aortic pressure
curve (Figure 1), and the Rate Pressure Product (RPP in mmHg/min)* as the
product of heart rate and systolic aortic pressure. Both SPTT and RPP have been

shown to correlate with cardiac oxygen consumption.®*"* DPTT/SPTI, or the
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Figure t

Calculation of the indices used
to estimate oxygen supply and
demand.

The Systolic Pressure Time Index
(SPTI) and the Rate Pressure
Product (RPP, the product of
heart rate and systolic pressure)
are estimates of cardiac oxygen
demand. The Diastolic Pressure
Time Index (DPTNH, and the
Diastolic Time Fraction (DTF, the
ratio of the diastolic time and the
interbeat interval) are estimates
of the cardiac oxygen supply
potential. DPTHSPTI estimates
the balance between cardiac
oxygen supply and demand.

systolic
pressure

diastolic g
pressuse

SPTI

systole diastole

“supply:demand ratio” estimates the balance between cardiac oxygen supply and
demand.?* A decrease of this ratio below a critical level has been shown to be

29

related to the occurrence of myocardial ischemia.™
Population for Analysis

A total of 2490 subjects was eventually used for the analysis, since 592 subjects
were excluded. In 89 of them return-to-flow was not detected by BeatScope,
eighter because the upper arm cuff was inflated to a level that was too low or
because the deflation rate was too high. 308 more subjects were excluded because
the finger pressure measurement was not stable for at least one minute before
inflation of the upper arm cuff and 166 subjects wete excluded because their
finger pressure measurement contained more than ten artifacts. Twenty subjects
were excluded because the number of repeated PWV measurements was smaller
than ten and nine more subjects were excluded because the vatiation between the

repeated PWV measurements was mote than 10%.
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Data analysis

After testing for a normal distribution, mean and standard deviation were calcu-
lated for all continuous parameters. The association of PWV with DPTI, DTFE
SPTIL, RPP and DPTI/SPTI was evaluated in five separate multiple linear regres-
sion analyses. In thesc analyses DPTI, DTE, SPTIL, RPP and DPTI/SPTI were
used as dependent variable and PWV, age, sex, mean aortic pressure and heart
rate as independent variables, The regression analyses were performed for the
total cohort and for men and women separately. DPTT, DTE SPTI, RPP and
DPTI/SPTT were also calculated per quartile of PWYV, adjusted for age, sex,
mean aortic blood pressure and heart rate, vsing analyses of covariance. A test
for end was performed using multiple linear regression with the indicators
for oxygen supply and demand (DPTIL, DTE SPTT, RPP and DPTI/SPTI) as
dependent variables in scparate models and the quartiles of PWV, adjusted for
age, sex, mean aortic pressuae and heart rate, s ordinal independent variable.
The correlation berween PWYV and heart rate was calculated in a multivariate
mode] adjusting for age, gender and mean aortic pressure. The correlations
betweets PWV and systolic and diastolic pressure were calculated in multivariate
models adjusting for age, gender and mean aortic pressure and heart rate, A dif-
ference was considered to be statistically significant when the two-sided P-value
was below 0.05. All analyses were performed with the SPSS 8.0 for Windows 95
statistical package (SPSS Inc., Chicago, Hlinois, USA).

REsuLTS

Baseline characteristics of the study population and average values of blood pres-
sure, heart rate, PWV, and the supply and demand patameters are presented in
Table 1.

Cardiac oxygen supply potential

DPTI decreased with 0.098 mmHgs for every 1 m/s increase in PWV after
adjustment for age, gender, mean aortic blood pressure, and interbeat interval
(Table 2). Tn this model we adjusted for interbeat interval, rather than HR, since
the relation between HR and DPTI was not linear, whereas that between inter-
beat interval and DPTT was. DPTI in the highest PWV quartile differed signifi-

cantly from that in the other quartiles (Figure 2). Other differences between
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Table 1
Characteristics of the study population,
Characteristic Value
Age (years} 716 + 6.6
Femate (%) 58.5
Diabetes Mellitus (%) 12,1
Weight (kg) 74.6 + 12,4
Body Mass Index (kg/m?) 26,8 + 3.8
Blood Pressure (mmHg)

Systolic 151.3 + 21.1

Diastolic 84.6 + 10,5
Heart Rate (min™) 71.7 + 11,0
Pulse Wave Velocity (m/s) 13.5 £+ 3.0
Oxygen Supply Parameters

DPT! (mmHg.s) 48.5 + 11.0 -

DTF 0.616 + 0.041
Oxygen Demand Parameters

SPTI (mmHg.s) 37.7 £ 5.8

RPP {(mmHg/min) 9426 + 1999
Supply:Demand Ratio

DPTi/SPTI 1.29 + 0.23

DPTI: Diastetic Pressure Time Index, DTF: Diastolic Time Fraction, SPTh Systolic Pressure Time

Index, RPP: Rate Pressure Product.
Values are expressed as mean + standard deviation for continuous parameters, or as percentage
in case of categorical parameters,

Table 2

Beta coefficient and its 95% Confidence Interval {Cl} describing the association of
puise wave velocity (PWV) with indices of cardiac oxygen supply potential and
cardiac oxygen demand. -

Indices Beta - coefficient 95 % C.l. P-value

Oxygen Supply Parameters

DPTI (mmHg.s) -0.098 -0.145 --0.052 < 0.001

DTF 0.0003 0.0 - 0.0006. 0.132
Oxygen Demand Parameters

SPTI tmmiHg.s) 0.089 0.049-0.128 < 0.001

RPP (mmHg/min) 42,2 34.1-50.3 < 0.001
Supply:Demand Ratio

DPTI/SPTI -0.006 -0.008 --0.002 < 0.00%

DPTI: Diastolic Pressure Time Index, DTF; Diastolic Time Fraction, SPTE: Systolic Pressure Time
Index, RPP: Rate Pressure Product. All models were adjusted for age, sex, mean aoric pressure,
and heart rate except the model with DPTY, which was adjusted for age, sex, mean aortic
pressure, and interbeat interval.
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Figure 2
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quartiles PWV did not reach significance, but the test for trend was significant (P
= (.003). DTF did not change with PWV, when adjusted for age, gender, mean
aortic blood pressure, and HR (Table 2). DTF in the third PWV quartile dif-
fered significandy from that in the lowest quartile (Figure 2). Other differences

between quartiles PWV were not significant, neither was the test for trend (P =

0.141).

Catrdiac oxygen demand

SPTI inctreased 0.089 mmHgs for every 1 m/s increase in PWV, after adjust-
ment for age, gender, mean aortic blood pressure, and HR (Table 2). SPTT dif-

fered between most quartiles of P\WV (Figure 3), only the difference between
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Figure 3

Mean Systolic Pressure
Time Index* ($PTI}, and
the mean Rate Pressure
Product* (RPP), two esti-
mates of cardiac oxygen
demand, per quartile of
pulse  wave  velocity
(PWYV),

* Associations adjusted for
age, sex, mean aortic blood
pressure and heart rate,

Bars indicate standard devi-
ation,

the second and the third quartile was not significant. The test for trend was sig-

nificant (P < 0.001).

RPP was also positively associated with PWV after adjustment for age, gender,
mean aottic blood pressure, and HR. RPP increased with 42.2 mmFg/min per 1
m/s increase in PWV (Table 2). The results of the model wete similar when RPP
was calculated with Riva-Rocci/Korotkoff systolic upper arm pressure, rather

than with systolic aottic pressure (data not shown). RPP differed between most

quartiles of PWV (Figure 3), only the difference between the first and the second
quartile was not significant. The test for trend was significant (P < 0.001).
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Figure 4
1.34 S -~ -+ - The balance between car-
diac oxygen supply and
demand* (DPTI/SPTI) per
quartile of pulse wave
velocity (PWV),

* Association adjusted for
age, sex, mean aortic hlood
pressure and heart rate.

DPTI/SPT]

i e Bars indicate standard devi-
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Quartile of PWV

Supply:demand ratio

The cardiac oxygen supply:demand ratio DPTI/SPTI decreased with 0.006 for
every 1 m/s increase in PWV, after adjustment for age, gender, mean aottic blood
pressure, and heart rate (Table 2). The supply:demand ratio differed significanty
between all quartiles PWV (Figure 4). The test for trend was also significant (P
< 0.001).

All models gave similar results in males and females (data not shown). PWV cor-
related positively to heart rate {r = 0.18, P < 0.001) in a multivariate model adjust-
ing for age, gender and mean aortic pressure. P\WV also correlated posttively to
systolic blood pressure (r = 0.22, P < 0.001), and negatively with diastolic aortic
pressure (r = -0.20, P < 0.001) in multivariate models adjusting for age, gender,

mean aortic pressure and heart rate.

DiscussioN

An increased cardiac oxygen demand has been suggested as an explanation for
the relation between artetial stiffness and cardiovascular mortality.® In the present
study we show that PWV, a measure of aortic stiffness, is not only related to an
increased oxygen demand, but also to a decreased cardiac oxygen supply poten-
tial.

Some limitations of the study need to be discussed. Firsty, resting heart rate

and carotid and aortic stiffness have, as in this study, been shown to be related to
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each other. ™ Heatt rate is a confounder in the association of PWV and the indi-
ces. We therefore adjusted for heatt rate when studying the effect of PWV. The
correlation between PWV and the 5 parameters studied was probably also weak-
ened by the fact that we adjusted for age, gender and mean aortic pressute, three
important physiological determinants of aortic stiffness.*? We did, conservatively,
correct for all these factors in order to be certain to study the effect of aortic stiff-
ness itself on the estimates of cardiac oxygen supply and demand, rather than
merely the combined effect of age, gender, mean aortic pressute and heart rate.
However, by doing so we might have reduced the correlation between PWV and
the indices. Secondly, the parameters shown in this study were calculated from
aortic pressure waves reconstructed from noninvasively measured finger artery
pressure tecordings, using a generalized transfer function." This transfer func-
tion mainly corrects for the amplification of the systolic pressure.'™**' The use
of it, therefore, mainly affects calculation of SPTI and RPP. However, results
were similar when RIPP was caleulated from sphygmomanometrically obtained
systolic blood pressure. For the calculation of pressure in diastole, and thus
for calculation of DPTI, the lower frequency components of the transfer func-
tion are of importance, Since generalized waveform filters in the upper limb
show little inter-individual variation at these low frequencies™?', calculation of
DPTT with respect to pressure is hardly affected by the use of a generalized
teansfer function. The cardiac incisura, however, is a high frequency phenom-
enon. Because of larger inter-individual vatiation at high frequencies, the use of
a generalized transfer function might hamper the identification of the cardiac
incisura in reconstructed waves. Such identification is important for calculation
of DPTI, DFT, SPTI and DPTI/SPTI. However, in agreement with others™?',
we observed only minor differences between diastolic periods determined from
measured aortic pressure waves and diastolic periods from reconstructed aotrtic
pressure waves. Therefore, we feel that the associations of PWV with the esti-
mates of cardiac oxygen demand and supply potential were not due to error
introduced by the use of the transfer function.

Any decrease in the supply:demand ratio, DPTI/SPTT, may cause ischemia
if the coronary flow reserve is exhausted.”* This ratio has been shown to cor-
relate with subendocardial flow in animal studies.® In healthy subjects suben-
docardial perfusion is hampered if DPTI/SPTI falls below 0.4 to 0.6.7* The
ratio’s observed in this study, measured while subjects were resting, remained well
above this imit in neatly all subjects. However, the ratio is known to decrease
duting excrcise” and the critical limit increases when the vasodilatory reserve

is exhausted, c.g. by the presence of cotonary artery stenoses or left ventricular
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hypertrophy.™ Thus any dectease in DPTI/SPTT ratio may not cause myocardial
ischemia in healthy subjects, but may explain coronaty ischemia in subjects with
existing coronary artery disease. DPTI and DTF have both been shown to cor-

9324

relate with subendocardial and midmyocardial blood flow™*, espectally when

vasodilatory reserve is exhausted.®* SP'IT and RPP have both been shown to
correlate with cardiac oxygen consumption

The supply:demand ratio DPTT/SPTT decreased with increasing PWV. As
hypothesized, the decrease in DPTT/SPTI with increasing PWV could both be
attributed to a decrease in DPTT and ro an increase in SPTT with increasing PWV.
We might have underestimated the effect of PWV on DPIT and DPTI/SPTI,
since we did not subtract the diastolic ventricular pressure before calculating
DPTI, as originally described.™ Subjects with higher PWV might be expected to
have more left ventriculat hypertrophy™ and thus higher end diastolic ventricu-
lar pressures. Therefore it is very well possible that the decrease of DPTT and
of DPTI/SPTT with increasing PWV was underestimated. DTF, a measute for
the relative length of the diastolic time, did not change with increasing PWV.
The decrease in DPIT with increasing PWV should therefore be attributed to a
decrease in diastolic pressurc in subjects with stiffer aortas, The lower diastolic
pressure in subjects with stiffer aortas can be explained in two ways. It can either
be due to a decreased windkessel function, or to a shift of reflected pressure
waves into systole. In young subjects reflected pressure waves reach the ascend-
ing aorta during diastole, adding to the diastolic perfusion pressure. Aortic stiff-
ness causes an increase in PWV. When PWV increases, reflected pressure waves
attive in the ascending aotta during systole, thus adding to the ventricular load,
and catdiac oxygen demand." Furthermore, these eatly reflected waves no longer
add to the diastolic pressure, cxplaining the decrease in diastolic pressure and
DPTT with increasing PWV observed in this study. The decrease in DPTT with
increasing PWV indicates that the cardiac oxygen supply potential decreases with
Increasing aottic stiffness.

Fven the stable DTT points to a decreased oxygen supply potential, The coro-
naty oxygen supply potential is known to decrease in the presence of a stable
DTE, when the left ventricular aftetload increases.” The latter is certainly the
case, piven the increase in SPTT with PYWV,

In healthy subjects, # decrease in diastolic perfusion pressure and/or time can
be compensated by coronary dilatation. A decrease in oxygen supply potential
results in a decreased coronary perfusion, only when the vasodilatory reserve is
deminished or even exhausted. ™™ The latter can be the case if coronary attery

disease is present, or in case of left ventricular hypertrophy.®* Aortic stiffness,
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which results in part from atherosclerosis®, has indeed been shown to correlate
with intima media thickness in the comton carotid artery'', and with the pres-
ence of coronary artery disease."™ Aortic stiffness, and the resulting systolic
pressure augmentation, are also involved in the pathogenesis of left ventricular
hypertrophy, by increasing the left ventricular afterload.**** Thus an elevated
PWYV might not only cause a decrease in cardiac oxygen supply potential, it is
also linked to those clinical conditions in which this decrease in oxygen supply
potential is most relevant and potentially damaging,

Both the increase in SPTI and the increase in RPP indicate an increase in
catrdiac oxygen demand with increasing PWV. The increase in SPTI could be
attributed to an increase in systolic pressure. This can in turn either be due to a
decreased windkessel function, ot to the afote-mentioned shift of reflected pres-
sure waves into systole in subjects with increased aortic stiffness.'® The increase
in RPP results both from the increase in systolic pressure and heart raté with
increasing PAVV.

In conclusion, our findings support the view that the relatdonship between
mortality and aortic stiffness or pulse pressure might not only be explained by an
increase of oxygen demand, but also by a decrease of oxygen supply potential

with increasing aortic stiffness,
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Aortic stiffness is associated with
atherosclerosis of the coronary arteries

The Rotterdam Study

Abstract

Background: Aortic stiffuess can kad to low diastolic blood pressuve, thereby posiibly limit-
ing coronary perfission. Thiv can be compensated by coronary vasodilatation in healthy subjecte
but thiv reactive vasodilatation iv limited in the preence of coronary atherosclerosis, leading lo
subendocardial ischemia. Therefore, simultancons occurvence of both covonary atherorclerosis
and aortic stiffness can lead to increaved risk of subendocardial ivchasmia. We stdied the
combined occurrence of both phenomena in a large, nnhoipitalized older population.
Methods: The siudy was performed in 763 subjects of the Rotrerdan Study, a population-
based study of elderly subjects. Coronary atheroiclerosic was assessed by measuring coronary
calelfication with electron beam tomography and expressed as a total calvivm score. The fotal
cateitim score war log-transformed because of it bighly skewed distribution. Aortic stiffness was
assessed by measnring carotid-femoral prlse wave velocity. The aisociation between puise wave
velocity and coronary calcification wai evalitated affer adjustment for age, sex, mean avlerial
presizve and heart vafe,

Results: Linear regression anafyses showed that increased pudve wave velocity was asrociated
with a bigher lpg total coronary calcium scove (B-cogfficient (95% confidence interval): 0.12
(0.05-0.18), p<0.001). Logistic regression analyses showed that for each rtandard deviation
increase in pulse wave nelocity, the risk on advanced coronary calification increased with 47%
(odds ratio (95% confidence interval): 1.47 (1.05-2.06)).

Conclusions: The results of thiv popalation-based study in elderly subjects showed a strong
arsocialion betiween aorfic stiffuness and coronary atherosclorosis. The occnrvence of both proc-

guier stmultaneonstly may indicate a bigh-visk group for subendocardial ischaemia,
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INTRODUCTION

Several small stadies showed that subjects with cardiovascular disease have
increased aottic stiffness as compared to subjects without cardiovascular disease."
ANottic stiffness has also been shown to be a predictor of all-cause and cardiovas-
cular mortality in subjects with end-stage renal disease.’ These resules suggest an
association between artetial stitfness and atherosclerosis. However, one study has
evaluated the relation betsveen aortic stiffness and calcification of the coronary
arteries assessed with electron beam tomography, and could not demonstrate an
association.” Aortic stiffness can have a negative effect on the myocardium as
increased aortic stiffness leads to an increase in systolic blood pressure, thereby
increasing the workload and oxygen-consumption of the heart, Furthermore,
the diastolic blood pressure is decreased by aortic stiffness, thereby limiting the
coronary petfusion.* In healthy subjects, a decreased coronary perfusion pres-
sure can be compensated by coronaty vasodilatation.” Howevet, in the presence
of coronary atherosclerosis, the vasodilatory reserve is limited and a decreased
perfusion pressure, in these circumstances, can lead to decreased oxygen supply,
especially subendocardial supply™'" From this follows that the negative effect
of aortic stiffness on the heart can be expected to be more pronounced when
aottic stiffness is associated with coronaty atherosclerosis. If these two phenom-
ena indeed occur together more frequently than expected by chance, this would
indicate the presence of a high-risk group at increased risk for subendocardial
ischemia. The objective of the present study was to study the association between
zortic stiffness and atherosclerosis of the coronary arteries, assessed by measur-
ing coronaty calcification with electron beam tomography, in a large population-
based study. The study was petformed in the Rotterdam Study, a cohort study

among eldetly subjects.

METHODS

Study Population

"The Rotterdam Study is a population-based cohort study that aims at assessing
the occurrence of, and risk factors for chronic diseases in the eldetly. The ration-

ale and design of the Rotterdam study have been desciibed in detail elsewhere.

In March 1997, the third examination phase started. The Medical Ethics Commit-
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tee of the Erasmus University approved the study and written informed consent
was obtained from all participants. For the present study, the first 780 subjects
who attended the follow-up examination and had both a measurement of aortic

stiffness and coronary calcification were eligible.
Aortic stiffness

Aortic stiffness was assessed by measuring carotid-femoral pulse wave velocity
(PWV). PWY was not measured in 12% of all subjects who attended the third
examination phase, which was alimost entirely due to logistic reasons. Subjects
were instructed to refrain from smoking and from taking coffee, tea, alcohol or
pain-medication on the day of measurement, and from taking alcohol on the day
before the measurement. Catrotid-femoral PWV was measured with the subject
in supine position. After five minutes rest, blood pressure was measured twice
with a conventional sphygmomanometer and the mean was taken as the subjects
reading. Mean arterial blood pressure (MAP) was calculated by the following for-
mula: diastolic blood pressure + 1/3 * (systolic blood pressure - diastolic blood
pressure). Subsequently PWV was measured. The time delay between the feet of
simultaneously recorded pulse waves was measured using an automatic device
(Complior, Colson, Garges-les-Gonesse Cx, France)." The distance traveled by
the pulse wave between the carotid artery and the femoral artery was measured
over the surface of the body using a tape measure. PAWV was calculated as the
ratio of the distance traveled by the pulse wave and the foot-to-foot time delay
and expressed in meters per second. The average of at least 10 successive meas-
utements, to covet a complete respiratoty cycle, was used in the analyses. All
measurements were performed by three observers. A reproducibility study in 47
subjects showed an intra-class correlation coefficient of 0.80 for carotid-femoral
PYWV.

Coronaty atherosclerosis

Coronary atherosclerosis was assessed by measuring coronary calcification with
an Imatron C-150 EBT scanner (Imatron, South San Fransisco, California). All
subjects under 85 years of age were invited for measurement of coronary calci-
fication by electron beam tomography. Subjects were placed in supine position.
The scan was obtained using a neutral, transverse position of the subject with
the single slice mode (SSM), with 3mm slice thickness, 100ms exposure time at
130kV and 630 mA, during ECG gating at 80% of the R-R interval in suspended
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inspiration. In this mode 38 adjacent slices wete obtained from the level of the
root of the aorta through the entire heart. Coronary calcification was quantified
off-line by encircling each area with high density in the course of an epicardial
coronary artery thus indicating a region of intetest around the presumed lesion.
Softwate, provided by Acculmage Diagnostics Cotperation displays within this
region of interest, all pixels having Hounsfield units higher than 130. The cal-
cium score is then obtained by multiplying the area of interest, when it was larger
than 0.65 mm?, with a factor indicating maximum density within that area, as pro-
posed by Agatston.'* As the distribution of the calcium score is highly skewed, a
log-transformation of the calcium score is used in the analyses, according to the
following fornua: log calcium score = In (total calcium score + 1}. The value of
1 was added to the total calcium score as many subjects had a total calcium score
of zero, Subjects in the highest quartile of the calcium score were considered to
have advanced calcification. Subjects without calcifications of the coronary arter-

ies (12,7%) were used as reference group.
Cardiovascular tisk factors and atherosclerosis

Information on smoking behavior was obtained during a home interview using
a computerized questionnaire, Anthropometric measures were obtained at the
research center while the subject was wearing lightweight clothes and no shoes,
and included height, weight, waist and hip circumference. Body mass index
(weight/height?) and the waist-to-hip ratio were calculated. After an overnight of
fasting, blood was obtained at the research center by venapuncture with minimal
stasis using a 12 gauge Buttetfly needle. Serum total cholesterol and high-density
lipoprotein (HDL) cholesterol were determined using an automatic enzymatic
procedure (Bochringer Mannheim Systems, Mannheim, Germany), Glucose was
enzymatically determined by the Hexokinase method (Bochringer Mannheim
Systems, Mannheim, Germany).

The presence of plaques in the common carotid artery was assessed by on-line
evaluation of ultrasonographic images of the common carotid artery. Plaques
in the common carotid artery was coded as 0 (no plaques) and 1 (presence of
plaques at the far or near wall of the left ot right common carotid artery). Systo-
lic blood pressure of the postetior tibial artery was measured at both left and
right ankle using an 8 MHz continuous wave doppler probe (Huntleigh 500 D,
Huntleigh Technology, Bedfordshire, UK) and a random zero sphygmomanom-
eter with the subject in supine position." The ratio of the systolic blood pressure

at the ankle to the average systolic blood pressute at the right arm was computed.
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This ankle-brachial pressure index was calculated for both ankles. In agreement
with the approach followed by Fowkes', we used the lowest ankle-brachial pres-
sure index in either leg in the analyses. A low ankle-brachial pressure index indi-

cates the presence of atherosclerosis of the lower extremities.

Population for analyses

The first 780 subjects who attended the third examinaton phase of the Rot-
terdam Study and in whom both aortic stiffness and coronary calcification was
measured were eligible for the present analyses. Nine subjects were excluded
because the total calcium score was higher than 5000. Additionally, five subjects
were excluded because the number of repeated PWV measurements was smaller
than ten and Ave more subjects were excluded because the variation berween
the repeated PWV measurements was more than 10%. In total 19 subjects were
excluded, leaving 763 subjects for analyses. In a sub-analysis in which we adjusted
for cardiovascular risk factors, we included all subjects with complete informa-
tion on all cardiovascular risk factors (n=739). In a sub-analysis in which we
adjusted for the presence of atherosclerosis we included all subjects with com-
plete information on presence of atherosclerosis in the carotid artery and periph-

eral artery disease (n=715).
Statistical analysis

The association between PWV and the total calcium score was examined in three
ways. Firstly, the mean log calcium score was caleulated per quartle of PWV, Dif- |
ferences between the groups were tested using one way analyses of covatiance,
adjusted for age, sex, MAP and heart rate. Secondly, we determined whether
PWV as a continuous variable was associated with the log calcium score, using
mualtiple linear regression analysis with log calcium score as the dependent vari-
able and PWV as the independent vatiable, adjusted for age, sex, MAD, and heatt
rate (model A). Model A was extended with several cardiovascular risk factors
being body mass index, total cholesterol, HDL cholesterol, diabetes mellitus, and
smoking (model B). Model A was also extended with measures of atherosclero-
sis being the presence of atherosclerosis in the arteries of the lower extremities
and presence of plaques in the common carotid artery (model C). Finally, logistic
regression analyses was used to calculate the odds ratio and its 95% confidence
interval for presence of advanced coronary calcification per standard deviation

increase in PWV, adjusted for age, sex, MAP, and heart rate. All analyses were
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performed using the SPSS 8.0 statistical package for Windows 95 (SPSS Inc,,
Chicago, Hlinois, USA).

REsSULTS

Characteristics of the study population are presented in table L. The levels of car-
diovascular risk factors and presence of atherosclerosis were in the high norimal
range, as expected for a general population of eldetly subjects. As distribution
of the total calcium score was highly skewed, both the median and intet-quartile
range of the total calcium score and the mean and standard deviation of its log-
transformation are given,

Values of log total calcium score per quartile of PWV, adjusted for age, sex,

MAP and heart rate are shown in figure 1. Mean values of log total calcium score

Table 1

Characteristics of the study population, The Rotterdam Study.

Characteristic Value
Age {years) 70 + 5.6
Male (%) 48
Systolic blood pressure (mmHg) 150 + 20
Diastolic blood pressure (mmHg) 84 + 10
Heart rate (min™) 73 £ 12
Body mass index (kg/m?) 268 + 3.6
Total cholesterol (mmol/l) 58 + 0.9
HDL-cholesterol {mmolfl) 1.4 4+ 0.4
Smoking

current (%) 17

past (%) 52
Presence of diabetes mellitus (%) 11
Presence of plaques in common carotid artery (%) 15
Presence of peripheral artery disease (%} 14

Total calcium score’ 114.5 (8.25 - 542.8)
Log total calcium score 4,2 4+ 2.5
Pulse wave velacity 13.07 + 2.77

Values of continuous variables are expressed as mean + standard in case of a normal distribution
or as median {inter-quartile range) in case of a non-normal distribution”, Categorical variables are
expressed as percentage.
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Figure 1

Mean log calcium score (95% confidence intervals) per quartile of pulse wave velocity,
adjusted age, sex, mean arlerial blood pressure, and heart rate,

were 3.78, 4.14, 4.41, and 4.59 for the first, second, thirth and fourth quartile
of PWV, respectively. Subjects in the third and foutth quartle of PAWV had a sig-
nificanty higher log calcium scote as compared to subjects in the first quartile of
PWV (p = 0.009 and p = 0.002, respectively). The results of the regression analy-
sis are presented in table 2. Pulse wave velocity was highly significantly associated
with the log calcium score, after adjustment for age, sex, MAP and heart rate.
Additional adjustment for sceveral cardiovascular risk factors did hardly affect

the strength of the association while additional adjustment for the presence

Table 2
Linear regression coefficients describing the increase in log total calcium score per 1
m/s increase in pulse wave velocity, The Rotterdam Study,

Mode] N B-coefficient’” 95 % confidence interval p-value
Model At 763 0.116 0.057 to 0.181 < 0.001
Model B 739 0.113 0.048 to 0.178 0.001
wModel C¥ 715 0.081 0.01510 0.147 0.017

' Madel A: adjusted for age, sex, mean arterial blood pressure and heart rate,
' Model B: as model A with additional adjustment for body mass index, total chalesterol, HDE-

cholesteral, smoking and diabetes mellitus.
SModel C: as model A with additional adjustment for peripheral artery diseases and plagues in the

common carotid artery. :
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of carotid and peripheral atherosclerosis attenuated the association, though the
association remained significant (1able 2). For each standard deviation increase
in PWYV, the risk on advanced coronary calcification increased with 47% (OR and
its 95% confidence interval: 1.47 (£.05-2.06)), after adjustment for age, sex, MAP

and heart rate,

DiscussionN

The results of our population-based study in eldetly subjects show that aortic
stiffness is associated with atherosclerosis of the coronary arteries.

Some aspects of the study need to be discussed. Firstly, we use coronary
calcification, as detected by electron beam tomogtaphy, as 2 measure of coro-
nary atherosclerosis. Blankenhorn summarized the evidence that coronary artery
calcification occurs only at sites involved with atherosclerosis.” Several studies
showed that calcification is more often present in nonstenotic disease than in
stenotic disease," A total calcium score assessed by electron beam tomography
has been shown to correlate well with the histomorphometric calcium area
and with histopathologic established coronary atherosclerotic plaque area.™ The
total coronary calcium score, assessed by electron beam tomography, is strongly
related to angiographically established coronaty artery disease.® Secondly, we
excluded some subjects (1%) with total calcium scores above 5000 from our
analyses, We consider these calcium scotes to be out of the physioclogical plausi-
ble range. These high calciutm scotes might have been induced by partly over-
projection of the aorta and thus including calcification of the aorta in the total
calcium score. Repeating the analyses including these subjects, however, did not
alter the results. Thirdly, the calcium score as constructed by Agatson et al.”
uses both the area of calcification and the density, as weighing factor of the
calcified area. The density of a calcified lesion is coded as 1 to 4 depending on
the maximum density in the area. This can result in an inaccurate score as only
the maximurm density is used for the rotal calcified area. The reproducibility of
calcium scoring using Agatsons formula has been shown to be limited, " At this
moment, however, the calcium score based on Agatsons formula is still widely
used as a quantitative measure of coronary calcification and is the only widely
accepted and available scoring system. Any misclassification of the total calcium
score induced by using the Agatson formula is likely to be independent of the
arterial stiffness and will therefore have lead to an underestimation of the associa-

tion.
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We found a strong association between aortic stiffness and atherosclerosis
of the coronary arteries, which is in accordance with some previous small stud-
ies that showed increased aortic stiffness in subjects with coronary artery dis-
easc assessed by angiography.'***' However, one previous study examined the
association of aortic stiffness and coronaty calcification measured by electron
beam tomography in 190 asymptomatic men at risk for cardiovascular disease
but found no association.” The rclatively small number of subjects in the study,
resulting in little power to disclose an association, might explain the discrepancy
with our results.

Common determinants of atterial stiffening and atherosclerosis might partly
explain the observed association. If this hypothesis is correct, adjustment for
common determinants of both processes is expected to attenuate the associa-
tion between aortic stiffiress and coronary atheroscletosis. However, when addi-
tional adjustment for the presence of cardiovascular risk factors as common
determinants was performed, the strength of the associaton did hardly change.
Besides common determinants, other mechanisms may explain the association
between aortic stiffness and atherosclerosis of the coronaty arteries. There is
evidence that the presence of atherosclerosis leads to stiffening of the arteries.”
Conversely, increased arterial stiffness may lead to atherosclerosis by vessel wall
damage. Without the shock-absorbing capacity, the stiff arterial wall may be sub-
jected to greater shear and intraluminal stresses due to an increased pulsatile
pressure,” Both atherosclerosis and attetial stiffiiess are likely to be generalized
processes, occurting throughout the arterial system when present. If this is true
and if one process is a causal factor in the pathogenesis of the other and vice
versa, one would expect to find a strong, synergistic, association between arterial
stiffness and atherosclerosis independent of the vessel beds studied. Additional
adjustment for the presence of athetosclerosis at othet sites of the atterial tree
attemated the observed association, which is consistent with this view

Increased aottic stiffness can lead to an increase in systolic blood pressure,
thereby increasing the workload and oxygen-consumption of the heart, and
simultaneously to a decrease in diastolic blood pressure, thereby possibly limiting
the coronary perfusion.® A heart with a normal coronary circulation is capable of
regulating coronaty blood flow by means of vasodilatation to secute metabolic
needs of the myocardium even when diastolic perfusion pressure falls.” In the
presence of coronary artery disease, however, this regulation mechanism can
be exhausted.*'" In these circumstances, a fall in aortic diastolic blood pressure
and a subsequent decrease of coronary perfusion pressure can lead to myo-

cardial 1schemia, especially subendocardial ischemia, An experitmental study in
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dogs showed that decreased aortic compliance greatly increased the risk of sub-
endocatdial ischemia in the presence of coronary stenosis.” Our results show
that subjects with increased aortic stiffness have a 47% higher 1isk of having
advanced calcifications of the cotonary arteries. This may indicate a group at risk
for subendocardial ischemia and subsequent cardiac events when the mechanism
as observed in animals also applies to humans, This could imply that anthypet-
tensive therapy in subjects with isolated systolic hypertension and increased pulse
pressure due to increased arterial stiffness could be hazardous because of fur-
thet Jowering the diastolic blood pressure. However, large clinical trials showed
that blood pressute lowering drugs in subjects with isolated systolic hypertension
and a high pulse pressure greatly decrease cardiovascular risk.**™ A recent meta-
analysis that showed a large benefit of treating isolated systolic hypertension
in the eldetly, however, also showed that for every level of systolic blood pres-
sure, the diastolic blood pressure was inversely associated with cardiovascular
mortality.*' This paradox might be explained by a greater favorable effect of anti-
hypertensive therapy on cardiac oxygen demand by lowering the systolic blood
pressure as compated to the hazardous cffect of antihypertensive therapy on
cardiac oxygen supply by lowering the diastolic blood pressure. Furthermore, sev-
etal blood pressure lowering drugs may also dectease stiffness of the arteries™?,
which by itself may lead to an increase in diastolic blood pressure. In subjects
with an increased pulse pressure due to increased arterial stiffness it may be indi-
cated to selectively lower the systolic blood pressure without altering diastolic
blood pressure. ™

In conclusion, the results of this population-based study in elderly subjects
show that aortic stiffness frequently occurs in combination with atherosclerosis
of the coronary arteries. As subjects with coronary atherosclerosis have may
lost their ability to compensate for a decreased coronary perfusion following
increased aortic stiffness, it is important to recognize the frequent simultaneous

concurrence of these conditions.

REFERENCES

t. Hirai T, Sasayama S, Kawasaki T, Yagi S, Stiffness of systemic arteries in patients
with myocardial infarction. A noninvasive method to predict severity of coronary
atherosclerosis. Circulation 1989;80(1):78-806.

2. Dart AN, Lacombe F, Yeoh JK, Cameron |D, Jennings GL, Laufer I, Esmore DS.
Aortic distensibility in patients with isolated hypercholesterolacmin, coronary artery
disease, or cardiac transplant. Lancet 1991;338(8762):270-3,

~ 124 -



10.

11.

12,

14,

15.

16.

17.

19.

AORTIC STIFFNESS AND CORONARY ATHEROSCLEROSIS

Gatzka CD, Cameron D, Kingwell BA, Dart AM. Relation between coronary artery
disease, aortic sedffness, and left ventticular structare in a population sample. Hyper-
tension 1998;32(3):575-8.

Blacher ], Guerin AP, Pannier B, Marchais 5], Safar ME, London GM. Impact of aortic
stiffness on survival in end-stage renal disease. Circulation 1999;99(18):2434-9.
Megnien JL, Simon A, Denasie N, Del-Pino M, Gatiepy ], Segond P, Levenson
], Aotiic stiffening does not predict coronary and extracoronary atherosclerosis in
asymptomatic men at risk for cardiovascular disease. Am | Hypertens 1998,11(3 Pt
1):293-301.

O'Routke MF, Kelly RT. Wave reflection in the systemic circulation and its implica-
tions in ventricular function [editorialf. | Hypertens 1993;11(4):327-37.

Mosher T, Ross ], McFate I'N, Shaw RE Control of coronary blood fow by an
autoregulatory mechanism. Cire Res 1964;14:250,

Bache R, Cobb FR. Effect of maximal coronary vasodilation on transmural myocar-
dial perfusion during tachycardia in the awake dog, Circ Res 1977;41(5):048-53.
Hoffman JI, Buckberg GD. The myocardial supply:demand ratio--a critical review.
Am | Cardiol 1978;41(2%:327-32,

Flynn AE, Coggins DL, Goto M, Aldea G5, Austin RE, Doucette W, Husseini W,
Hoffman JI. Does systolic subepicardial perfusion come from retrograde subendo-
cardial flow? Am ] Physiol 1992;262(6 Pt 2):H1759-69.

Metkus D, Kajiya F, Vink H, Vergroesen I, Dankelman ], Goto M, Spaan JA. Pro-
longed diastolic time fraction protects myocardial perfusion when coronary blood
flow is reduced. Circulation 1999;100(1):75-81.

Hofman A, Grobbee DE, de Jong PT, van den Ouweland FA. Determinants of
disease and disability in the eldetly: the Rotterdam FEldedy Study. Eur ] Epidemiol
1991;7(4):403-22.

. Asmar R, Benetos A, Topouchian |, Laurent P, Pannier B, Brisac AM, Target R, Levy

BI Assessment of arterial distensibility by antomatic pulse wave velocity measure-
ment. Validation and chinical application studies. Hypertension 1995;26(3):485-490.
Agatston AS| Janowitz WR, Hildner F], Zusmer NR, Viamonte M, Jr, Detrano R,
Quantification of coronary artery calcium using ultrafast computed tomogtraphy. |
Am Coll Cardiol 1990;15(4):827-32.

Vogt MT, Wolfson SK, Kuller LH. Lower extremity arterial disease and the aging
process: a review: ] Clin Epidemiol 1992;45(5):529-42.

Fowkes FG, Housley E, Cawood EH, Macintyre CC, Ruckley CV, Prescott R} Edin-
burgh Artery Study: prevalence of asymptomatic and symptomatic peripheral artetial
disease in the general population. Int ] Epidemiol 1991;20(2):384-92,

Blankenhorn DH. Cotonary attery calcification: a review. Am ] Med Sci 1961;
242:41-49.

. Wexler L, Brundage B, Crouse J, Detrano R, Fuster V, Maddahi J, Rumberger §,

Stanford W, White R, Taubert K. Corenary astery calcification: pathaphysiology, epi-
demiology, imaging methods, and clinical implications. A statement for health pro-
fessionals from the American Heart Association, Writing Group. Circutation 1996;
94(5):1175-92,

Mauiner SL, Mautner GC, Froehlich J, Feuerstein IM, Proschan MA, Roberts WC,
Doppman JL. Coronary artery disease: prediction with in vitro electron beam CT.
Radiology 1994;192(3):625-30.

- 125 —



20

21.

22.

23.

24.

25.

26.

=)

27.

28.

29,

30.

3L

32.

33.

34

Chapter 5.3

Rumberger JA, Simons DB, Fitzpatrick L\, Sheedy PF, Schwartz RS, Coronary artety
calcium area by electron-beam computed tomography and coronary atheroscletotic
plaque area. A histopathologic cotrelative study. Circulation 1995,92(8):2157-62,
Guerci AD, Spadaro LA, Popma J], Goedman KJ, Brundage BH, Budoff M, Lerner
G, Vizza RE Relation of coronaty calcium scote by electron beam computed tomog-
raphy to artetiographic findings in asymptomatic and symptomatic adults. American
Journal of Cardiology 1997;79(2):128-33.

Callister 1Q), Cooil B, Raya SP, Lippolis NJ, Russo DJ, Raggi I Coronary artery dis-
ease: improved reproducibility of calcium scoring with an electron-beam CT volu-
metric method. Radiology 1998;208(3):807-14.

Stefanadis C, Wooley CF, Bush CA, Kolibash AJ, Boudoulas H. Aortic distensibility
abnormalities in coronary artery disease. Am ] Cardiol 1987;59(15):1300-4.

Tmura T, Yamamoto K, Satoh T, Mikami T, Yasuda H. Arteriosclerotic change in the
human abdominal aorta in vivo in refation to cotonary heart disease and risk factors.
Atherosclerosis 1988;73(2-3):149-55,

Fatrar D], Bond MG, Riley WA, Sawyer JK, Anatomic correlates of aortic pulse wave
velacity and carotd artery clasticity during atherosclerosis progression and regres-
sion in monkeys. Circulation 1991;83(5):1754-63.

Demer LL. Effect of calcification on in vive mechanical response of rabbit arteties
to balloon dilation. Circulation 1991;83(6):2083-93,

Watanabe H, Ohtsuka §, Kakihana M, Sugishita Y. Coronary circulation in dogs with an
experimental decrease in aortic compliance, ] Am Coll Cardiol 1993;21(6):1497-506.
Cutb D, Pressel SL, Cutler JA, Savage P, Applegate W38, Black H, Camel G, Davis
BR, Frost PH, Gonzalez N, Guthrie G, Oberman A, Rutan GH, Stamler | Effect
of diuretic-based andhypertensive treatment on cardiovascular disease dsk in older
dinhetic patients with isolated systolic hypetiension. Systolic Hypertension in the
Elderly Program Cooperative Research Group. Jama 1996;276(23):1886-92.

Leonetti G, Trimarco B, Collatina S, Tosetti A. An effective approach for treating eld-
erly patients with isolated systolic hypertension: results of an Italian multicenter study
with fosinopril. American fournal of Hypertension 1997,10(10 Pt 2):2305-23585.
Staessen JA, Fagard R, This L, Celis H, Arabidze GG, Birkenhager WEH, Bulpitt CJ,
de Leeuw PW, Dollery CT, Fletcher AE, Forette E Leonett G, Nachev C, O’Brien
ET, Rosenfeld ], Redicio JI., Tuomilehto |, Zanchetti A. Randomised double-blind
compatison of placebo and active treatment for older patients with isolated systolic
hypertension. The Systolic Hypertension in Europe (Syst-Hur) Thal Investigators.
Lancet 1997,350(0080%:757-64.

Staessen JA, Gasowski |, Wang JG, Thijs L, Den Hond L, Boissel JP, Coope ],
Ekbom ‘I, Gueyffier F, Liu I, Kerlikowske I, Pocock S, Fagard RH. Risks of
untreated and treated isolated systolic hypertension in the eldetly: meta-analysis of
outcome frials. Lancet 2000;355(9207):865-72,

Asmar RG, Pannier B, Santoni P, Laurent 8, London GM, Levy Bl, Safar ME. Rever-
ston of cardiac hypertrophy and reduced arterial compliance aftet converting enzyme
inhibition in essential hypertension. Circulation 1988;78(4):941-50.

Benetos A, Santoni )P, Safar ME. Vascular effects of intravenous infusion of the angi-
otensin converting enzyme inhibitor perindoprilat. | Hypertens 1990,8(9):819-26.
Beneros A, Asmar R, Vasmant D, Thiery P, Safar M, Long lasting arterial effects of
the ACE inhibitor ramipsl. | FHlum Hypertens 1991;5(5):363-8.

- 126 -



AORTIC STIFFNESS AND CORONARY ATHEROSCIEROSIS

35, Shimamoto H, Shimamoto ¥, Lisinopril improves aortic compliance and renal low

Comparison with nifedipine. Hypertension 1995;25(3):327-34.

36. Breithaupt-Grogler K, Leschinger M, Belz GG, Butzer R, Erb I, de May C, Sinn W,

37

Influence of antihypertensive therapy with cilazapril and hydrochlorothiazide on the
stiffness of the aorta. Cardiovase Drugs Ther 1996;10(1):49-57.

Safar ME, Blacher ], Mourad J], London GM. Stifiness of carotid artery wall mate-
ddal and blood pressure in humans: application to antihypertensive therapy and stroke
prevention. Stroke 2000;31(3):782-90.

-127 -






CHAPTER 6

Arterial stiffness as underfying mechanism of
disagreement between an oscillometric blood pressure
monitor and a sphygniomanometer






ARTERIAL STIFFNESS AND BLOOD PRESSURE MEASUREMENT

Abstract

Background: Oscillometric blood pressure devices tend lo overestimate systolic blood pressure
and nnderestimate diastolic blood presinre as compared 1o iphygmomanometers, Recent studies
indicate that discrepandier in performance between these devices may differ between healthy and
digbetic subjects. Arterial stiffness in diabetics contd be the underlying factor explaining these
differences. We stidied differencer between a Dinamap oscillonetric blood pressure monitor
and a randoni-gero sphygmomanoweter in velation to arterial stiffuess in 1808 healthy elderly
sabjeets.

Methods: The study war conducted within the Rotterdan Study, a population based cobort
study of tubjects aged 55 years and over. Systolic and diastolic blood previmrve differences
between a Dinamap and a randon-gero sphygmomanomeler weve related to arievial stiffiess,
ar measitred by cavolid-femoral pufie wave velocity.

Results: [ncreased arterial stiffness was avsociated with bigher systolic and diastolic blood pres-
sure readings by the Dinamap ar compared to the random-zero sphygmonianoneler, independ-
ent of age, sex and avevage mean blood pressure level of both devicer. The beta-coefficient (95%
confidence interval) way 0.25 (0.00-0.50) mmHg/ (m/ ) for the systolic blood presinre differ-
ence and 0.35 (0.20-0.50) mmHg/ (/) for the diastolic blood pressure difference.
Conclusion: The results indicate that a Dinamap oscillometric blood pressure device, in
comiparison to a random-sere sphygmomanonieter, overestiprates systolic and divstolic blood pres-

sure veadings in snbjects with stiff arteries.

INTRODUCTION

Automatic oscillometric blood pressure devices are frequently used to measure
blood pressure. Several studies, evaluating theit performance in compatison with
a Hawksley random-zero or conventional sphygmomanometet, showed that oscil-
lometric devices tend to overestimate SBP and underestimate DBP as compared
to sphygmomanometers.'” Recent studies indicate that differences in perform-
ance between these devices may differ between healthy and diabetic subjects.””
One study, comparing a Dinamap 8100 oscillometric device to a Hawksley ran-
dom-zero sphygmomanometer in diabetic subjects, found that the Dinamap ovet-
estimated SBP below 118 mmHg and underestimated SBP above 152 mmHg,
while DBP was underestimated over the whole range of pressures® Another
study compared a SpacclLabs 90207 oscillometric device with a sphygmomano-
meter in diabetic subjects and healthy controls. The SpaceLabs device ovetes-

timated SBP both in diabetic subjects and in controls, but the overestimation
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was more pronounced in the diabetic subjects. DBP was underestimated in both
groups, but less pronounced in diabetic subjects.*’

An oscillometric blood pressure device determines blood pressure by detect-
ing a sequence of oscillations in cuff pressure while the pressure is reduced.’
As diabetic patients have stiffer arteries than non-diabetic subjects’, arterial stiff-
ness could be the undetlying mechanism of the more pronounced differences
between oscillometric devices and sphygmomanometers in this group. We evalu-
ated determinants of differences between an oscillometric blood pressure device
and a sphygimomanometer in a large population-based cohort of elderly sub-

jects.

METHODS

Study Design

This study was conducted within the Rotterdam study. The Rotterdam Seudy is
a population-based cohort study that aims at assessing the occurrence of, and
risk factors for chronic diseases in the elderly. The rationale and design of the
Rotterdam study have been described in detail elsewhere." For the present analy-
ses, all measurements took place during a follow-up examination between March
1997 and January 1999. Blood pressure measurements taken by a Dinamap and
a random-zero blood pressure monitor were compared in the first 1808 subjects,
which participated at the follow-up examination. The Medical Ethics Committec
of the Erasmus University approved the study and written informed consent was

obtained from all participants.
Measurement of Blood Pressure

Blood pressute was measuted in a fixed order, fitst with a Dinamap xI vital signs
monitor (Critikon Inc, Tampa, Florida, USA) and approximately 15 minutes later
with a Hawksley MIKH random-zero sphygmomanometer (Flawksley and Sons
Ltd). A medical doctor took all Dinamap readings with the subject in supine
position. An expetienced research nurse, who was not aware of Dinamap record-
ings, took all random-zero readings while the subject was sitting. Blood pressure
was teasured twice at the tight arm after five minutes of rest and cuff size as
recommended by the manufacturer was used on all oceasions. For random-zero

recordings, Korotkoff sounds phase one and five were taken for SBP and DBP,
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respectively. Readings weze recorded to the nearest 2 mmHg;
Measurement of Arterial Stiffness

Arterial stiffness was assessed by carotid-femoral PWV, The time delay between
the rapid upstroke of the feet of simultaneously recorded pulse waves in the
carotid artery and the femoral artery was measured using an automatic device
(Complios, Colson, Gatges-lés-Gonesse Cx, France)." The distance traveled by
the pulse wave between carotid and femoral artery was measured over the sur-
face of the body using a tape measure. PWV was calculated as the ratio of the
distance traveled by the pulse wave and the foot-to-foot time delay and expressed
in meters per second. To cover a complete respiratory cycle, the average of at

least 10 successive measurements was used in the analyses.

Control-study

The population-based study was performed on a large number of subjects,
thereby optimizing the opportunity to study determinants of differences between
blood pressurc measuring devices. However, several aspects in the design of the
population-based study may create differences between blood pressure devices.
We conducted a second study to examine whether observed differences between
the two monitors in the population-based study were due to these non-optimal
design-aspects. To optimize conditions, this control-study was performed accord-
ing to the British Hypertension Society protocol Part T1, validation procedures
in eldetly subjects.” Both devices wete compared in two groups of 28 subjects,
selected from the 1808 subjects of the population-based study. Selection was
based on their SBP and DBP differences, age and arterial suffness status, as
defined by PWV, observed in the population-based study. One group comprised
subjects with SBP and DBP differences between devices, age and PWV all below
the mean of the respective distributions in the population-based study {(non-
stiff group), the other group compiised subjects with these chatacteristics all
above the mean of the respective distributions in the population-based study
(stiff group). This sclection resulted in assigning subjects with lower or slightly
higher Dinamap readings than randem-zero readings to the group referred to as
non-stiff group and assigning subjects with considerably higher Dinamap read-
ings than random-zero readings to the group referred to as stiff group. Thus,
selection was made on both arterial stiffness status and blood pressure differ-

ences between devices. Under the assumption that there are no unknown alterna-
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tive explanations for the association between arterial stiffness and differences
between the devices, observing the same diffetence between the devices in a new
study, in which non-optimal design aspects are removed, indicates that the dif-
ference can be truly ascribed to arterial stiffness. A sequential compatison was
petformed on the right arm with a single cuff. The length of the cuff was chosen
to be sufficient to encitcle 80% of the subject’s atm circumfetence. A conven-
ttonal sphygmomanometer was included in the comparison, The three different
devices were used alternately. A total of thiee blood pressure measurements, two
minutes apart, were petformed with each device while the subject was sitting,
without prior rest. The order of the device was determined by randomization
with a dice, One experienced research assistant, who was unaware of the research
question, petformed all measurements, For readings with a sphygmomanometer,
Korotkoff sounds phase one and five were taken for SBP and DBP, respectively.
Readings were recorded to the nearest 2 mmHg, The same equipment was used

throughout the study period.
Statistical Analysis

In the population-based study, blood pressute values are based on the mean of
two successive readings, Differences are presented as Dinamap minus random-
zero values, A paired T-test was used to cvaluate whether differences between
random-zero and Dinamap were significantly different from zero. Determinants
of the SBP and DBP difference were evaluated using multiple linear regression
analyses with SBP or DBP difference as dependent variable, adjusted for average
mean blood pressure level of both devices (Dinamap + random-zero/2). This
analysis was done for the total cohort and in sttata of sex. Subsequently, mean
SBP and DBP differences were calculated per quartile of PWV, adjusted for age,
sex, and average mean blood pressure level of both devices, using analyses of
covatiance. A test for trend was performed using multiple linear regression analy-
ses with quartiles of PWV as ordinal variable.

In the control-study, blood ptessute values were based on the mean of three
readings with each device. Differences are presented as Dinamap minus ran-
dom-zero values, Dinamap minus conventional sphygmomanomcter values, and
random-zero minus conventional sphygmomanometer values. A paiced T-test
was used to evaluate whether observed differences were significantly different
from zero. A two-sample T-test was used to evaluate blood pressure differences
between the non-stiff group and the stiff group within and between devices.

A difference was considered to be statistically significant when the two-sided
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p-value was below 0.05. Alf analyses weze performed with the statistical package
SPSS 8.0 for Windows 95 (SPSS Inc., Chicago, Tllinois, USA),

RESULTS
Population-based Study

Characteristics and blood pressute values of the study population of the popula-
tion-based study are shown in Table 1. Mean SBP difference (95% confidence
interval) between the Dinamap and random zero was 10.9 (10.2-11.6) mmHg and
mean DBP difference was 4.8 (4.3-5.1) mmHg A positive difference indicates
that the Dinamap reading was higher than the random-zero reading. Age was a
significant determinant for both the SBP and DBP difference. The P-coefficient
(95% confidence interval) was 0.105 (0.003 to 0.207) mmHg per year increase in
age for the SBP difference and 0.183 (0.120 to 0.246) miHg per year increase in
age for the DBP difference, adjusted for sex, and average mean blood pressure
level of both devices. Subsequent analyses showed that arterial stiffness was a
significant determinant for both the SBP and DBP difference, adjusted for age,
sex, and average mean blood pressure level of both devices. The [3-coefficient
(95% confidence interval) was 0.25 (0.00 to 0.50) mmIg per 1 m/s increase in
PWYV for the SBP difference and 0.35 (0.20 to 0.50) mmHg per 1.m/s increase
in PWV for the DBP difference. The positive regression coefficients indicate

Table 1
Characteristics and bloed pressure values of the study population of
the population-based study, the Rofterdam Study, 1997-1999,

Population-based study

Characteristic N=1808
Age in years (range} 73 (61-95)
Males (%) 39
mean (standard deviation)
Pulse wave velocity (m/s) 14.0 (3.2)
SBP random zero (mmHg) 141 (20)
DBP random zero (mmHg) 74 (11)
SBP Dinamap (mmHg} 152 {23)
DBP Dinamap (mmk!g) 78 (11)

SBP = systolic blood pressure, DBP = diastolic blood pressure
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Figure 1

Mean blood pressure difference per quartile of pulse wave velocity (m/s) (Dinamap minus random-zero), adjusted for age, sex, and average
blood pressure level of both devices, in 1808 subjects from the population-based study, The Rotterdam Study, 1997 - 1999. Bars indicate

standard errors of the mean.
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higher SBP and DBP readings by Dinamap as compared to random-zeto with
increasing age and increasing arterial stiffness. Results were the same for men
and women sepatately (data not shown). In Figure 1, the association between
arterial stiffness and blood pressure differences is shown in quartiles of the PWV

distribution.
Control-study

The characteristics of the study population of the control-study are shown in
Table 2. Observed differences in all compatrisons, for both the stiff and non-stff
group, were significantly different from zero, except the DBP difference between
Dinamap and random-zero in the stiff group and the SBP difference between
Dinamap and a conventional sphygmomanometer in the stiff group (Table 3).
The direction of SBP and DBP differences varied and agreement between moni-
tors was sometimes better in the stiff group than in the non-stiff group. How-
evet, in agreement with the population-based study, their was a general trend
towatds more positive SBP and DBP readings in the stiff group than in the non-
stff group by the Dinamap as compared to both sphygmomanometers. In the
compasison of Dinamap with random-zero, the SBP and DBP differences were
significantly more positive in the stiff group than in the non-stiff group. In the

Table 2
Characteristics and blood pressure values of the study population of
the control-study, the Rotterdam Study, 1997-1999.

non-stiff group stiff group

Characteristic . ne28 Y
Age in years {range) 68 (62-76) 83 (77-91)
Males (%) 14 46

mean (standard deviation)
Pulse wave velocity (m/s) 12.1(1.1) 18.0 (2.7)
SBP random zero (mmHg) 121 (14) 131 17y
DBP random zero {mmHg) 74 (9} 72{(12)
SBP Dinamap (mmHg} 129(17) 143 (20¥
DBP Dinamap (mmHg) 70010 73{(12)
SBP conventional sphygmomanometer (mmHg) 131 (14) 143 (200"
DBP conventional sphygmomanometer {mmHg) 80 (8) 76 (13)

SBP = systolic blood pressure, DBP = diastolic blood pressure.
P < 0.05, stiff group versus non-stiff group. '
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Table 3

Student's T-test for equality of mean SBP and DBP differences between the Dinamap
and thé random zero, the Dinamap and conventional sphygmomanometer, and the
random zero and conventional sphygmomanometer in the non-stiff versus the stiff
group of the control-study, the Rotterdam Study, 1997-1999,

Group
Blood pressure difference -~ Difference  P-value
non-stiff stiff
SBP Dinamap - random zero (mmHg) 8.0 12.7 -4,7 0.01
DBP Dinamap - random zero {mmHg) -4.2 1.3 -5.5 0.002
SBP Dinamap - conventional 2.5 0.3 2.8 0.077

sphygmomanometer (mmHg)

DBP Dinamap - conventional 9.8 3.1 6.7 <0.001
sphygmomanometer (mmHg)

SBP random zero - conventional

sphygmomanometer (mmHg) 105 124 19 0.22

PBP random zero - conventional

sphygmomanometer (mmHg) =5 A4 1 0.36

SBP = systolic blood pressure, DBP = diastolic blood pressure

compatison of Dinamap with a conventional sphygmomanometer, the SBP dif-
ference was bordetline significantly more positive and the DBP difference was
significantly more positive in the stiff group as compared to the non-stiff group.
In the compatrison of random-zero with a conventional sphygmomanometer, the
SBP and DBP differences were not significantly different between the non-stiff
and stiff group.

DiscussioN

Our results show that artetial stiffness is associated with an overestimation of
SBP and DBP by a Dinamap oscillometric blood pressure device as compared
to a Hawksley random-zero sphygmomanometer. The control-study, conducted
according to the British Hypertension Society protocol, confirms that arterial
stiffness is a determinant of overestimation of SBP and DBP by the Dinamap as
compated to a random-zero sphygmomanomneter in subjects with stiff arteries,
Some aspects of the study need to be discussed. Firstly, we adjusted all analy-
ses for mean blood pressure level (average of both devices) because PWV is
highly dependent on blood pressure and the difference between the devices

increased with increasing blood pressure level (data not shown). Secondly, PWV
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was calculated using the distance between carotid and femoral artery as distance
belonging to the time-delay between the pulse waves. This distance is longer than
the ‘true’ distance resulting in overestimation of the pulse wave velocity. Because
variations in anatomy are limited, this overestimation can be considered similar
for all subjects and therefore will not have sesiously affected out results. Thirdly,
we related carotid-femoral PWV to blood pressute difference between devices
measured at the brachial artery. We thereby assumed that vessel wall stiffness of
the carotid-femoral vessel bed is representative of brachial arterial stiffness. It
is known, however, that there is a reasonable heterogeneity among vessel wall
propetties of different arterial regions.”" To out knowledge, there are no stud-
tes comparing vessel wall properties of brachial artery with that of the carotid-
femoral vessel bed, making it difficult to accurately assess the validity of our
assumption. However, we assume that misclassification in brachial arterial stiff-
ness status is non-differential and thus, if present, will have resulted in an under-
estimated of the association.

Design-aspects of the population-based study may have created the observed
differences between devices. Examples of such design-aspects are the fixed order
in which the device were used, the subjects body-position duting measurement
(sitting versus supine) and the obsetver {(nurse vetsus doctor). The expected
effect of these aspects on differences between the devices, howevet, does not
always correspond with observed differences. For example, it is known that
blood pressure measured in sitting position is generally higher than blood pres-
sure measured in supine position,''* The difference in body-position in the pop-
ulation-based study can not explain our results as Dinamap blood pressures were
higher than random-zero blood pressures and subjects were in supine position
during Dinamap recordings while sitting during random-zero recordings. The
design-aspects of the population-based study can also not explain that the blood
pressure differences between devices are dependent on arterial stiffness status,
which is confitmed in the control-study.

An alternative interpretation of our findings is that increased arterial stiffness
leads to underestimation of SBP and DBP by the random-zero sphygmomanorm-
eter as compared to the Dinamap. Previous studies indicate that the random-zeto
underestimates SBP and DBP as compared to a conventional sphygmomano-
meter."” In agreement with this, we found an underestimation of SBP and DBP.
measured by the random-zero in comparison with the conventional sphygmoma-
nometet in both the stiff and non-stiff group of the control-study. However,
between the stiff and non-stiff group, no significant diffetence in blood pressute

differences between devices was observed, indicating that the underestimation
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by randomn-zero was not related to artetial stiffness. The undetlying mechanism
by which blood pressure is measured by a sphygmomanometer is also not com-
patible with this alternative interpretation. Current thinking on the origin of
Korotkoff sounds during sphygmomanometry is that they might be gencrated by
movement of the vessel wall.”¥ Increased arterial stiffness could diminish vessel
wall movements resulting in decteased loudness of Kototkoff sounds." This
would lead to lower SBP but higher DBP readings with a sphygmomanometer
in subjects with stiff arteries. As we found both lower SBP and DBP by the
random-zero as compared to the Dinamap, this alternative explanation is only
compatible with the observed difference in SBP, and therefore unlikely.

Previous studies showed that oscillomettic devices tend to overestimate SBP
and underestitnate DB as compared to conventional sphygmomanometers.'
In the population-based study, Dinamap overestimated both SBP and DBP as
compated to random-zero. The relatively old age of this stady population could
be the reason for finding an overestimation of DBDP, as increasing age was an
determinant of overestimation of SBP and DBP by Dinamap. In line with the
ptevious studies, we did find an overestimation of SBP and an underestimation
of DBP by Dinamap as compared to random-zero in younger subjects with
distensible arteries (non-stiff group) in the control-study. In comparison with
a conventional sphygmomanometer, Dinamap underestimated both SBP and
DBP in the non-stiff group. This underestimation became less in the stiff group.
Although not in line with previous studies, it does support our hypothesis that a
Dinamap uniformly gives more positive blood pressure readings in subjects with
stiff arteries.

Out results with respect to stiffness are in line with a previous study that
found more overestimation of SBP and less underestimation of DBP in diabetic
subjects as compated to healthy controls by a SpaceLabs device compared to a
conventional sphygmomanometer.” It is well known that diabetic subjects have
stiffer arteries than non-diabetic subjects.” Increased arterial stiffness in diabetic
subjects might be the underlying mechanism of the observed difference between
the devices, Another study evaluated differences between a Dinamap 8100 and
random-zero sphygmomanometer in diabetic subjects and found an overestima-
tion of SBP at low SBP values, an underestimation of SBP at higher SBP levels
and an underestimation of DBP at all DBP values by Dinamap compared to the
random-zero. This is discordant with our results, We obsetved increasing differ-
cnice between the Dinamap and the random-zero with increasing blood pressure
level. When arterial stiffness is indeed a determinant of SBP difference, this is

what one would cxpect to find as SBP rises when arteries become stiffer.

- 140 -



ARTERIAL STIFFNESS AND BLOOD PRESSURE MEASUREMENT

The mechanism by which arterial stiffniess leads to higher SBI and DBP read-
ings by Dinamap is not clear. Tt might be explained by changes in oscillograms
of subjects with stiff arteries, The algorithm by which Dinamap determines SBP
and DBP from an oscillogram is not publicly known. Therefore, it is unfeasible
to speculate zbout the effect of changes, observed in oscillograms of subjects
with stiff arteries, on blood pressure determination by Dinamap.

Accurate blood pressure determination and diagnosis of hypertension is essen-
tial in subjects with a compromised cardiovascular system. Therefore, more stud-
fes are needed to clucidate the consequences thatarterial characteristics entail on
blood pressure measurement by oscillometric devices. Most subjects participat-
ing in validation studies are healthy volunteers. Elderly volunteers might have
relative young arterial systems. We suggest including special subgroups like sub-
jects with arterial stiffness, advanced atherosclerosis, hypertension, cardiovascu-
lar disease or diabetes, in validation studies of blood pressute measuring devices.

In conclusion, the results of our study suggest that arterial stiffness is a deter-
minant of higher systolic and diastolic blood pressure readings by a Dinamap

oscillometric blood pressure device as compared to sphygmomanometets.
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GENERAL DISCUSSION

{he aim of the studies desctibed in this thesis was to provide epidemiologi-

cal insight on causes and consequences of stiffening of the arterial tree,
q 2

s Bach previous chapter includes a discussion on the merits and limitations
of the study described in that chapter. This chapter will provide more general
views on the methodological considerations when performing epidemiological
studies on arterial stiffness. Before these are addressed, some background on
the studies and an overview of the main findings is given. Next, the pathogen-
esis, clinical implications, and possibilities for treatment of arterial stiffness are
reviewed. This discussion finishes with suggestions for further epidemiological

research on stiffening of the arterial tree.

BACKGROUND

The number of studies on stiffness of the arterial tree has matkedly increased
in the past decade. Reasons for this increase are the recent availability of accu-
rate non-invasive measures to measure artetial stiffness and the awareness of
increased cardiovascular risk associated with increased artetial stiffness when
arteries become stiffer. Most studies on causes and consequences of stiffening
of the arterial tree have been performed in small groups of selected subjects.
Population-based studies evaluating the aetiology and prognosis of arterial stiff-
ening are lacking, with the exception of a population-based study.conducted in
middle-aged subjects.'

The Rotterdam Study is a population-based cohort study that started in 1990
and included 7983 elderly subjects, aged 55 yeatrs or over at baseline. In 1997, .
the third examination phase started, in which two frequently used methods to
measure arterial stiffness were incorporated. These methods ate measurement of
carotid-femoral pulse wave velocity, which is a measure of aottic stiffness and
measurement of distensibility of the common carotid artery, which is a measure
of common carotid arterial stiffness. Of the 4148 subjects who were cligible for
physical examination in the third examination phase, carotid-femoral pulse wave
velocity was measured in 3550 subjects and distensibility of the common carotid
artery was measured in 3098 subjects, The studies described in this thesis were
mainly performed in this group of eldetly subjects. One study on determinants
of arterial stiffness was performed among a separate group of healthy middle-

aged women.
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MAIN FINDINGS
Determinants of arterial stiffness

Two studies described in this thesis addressed determinants of arterial stiffness.
One study was performed in the elderly participants of the Rotterdam Study and
the other was performed in healthy middle-aged women. Determinants exam-
ined were various biochemical variables including lipids, glucose, insulin, and
body composition measures. Both studies examined the association of these
variables with distensibility of the common carotid artery. In a study in healthy
non-diabetic middle-aged women we found variables that are part of the insulin-
resistance syndrome to be related with decreased distensibility of the common
carotid artery, whereas variables that are not part of the insulin-resistance syn-
drome were not (chapter 3.1). The degree of clustering of variables of the insu-
lin-resistance syndrome within one subject was assessed by a summation score
of all variables of the insulin-resistance syndrome, This clusteting score was
strongly related to decreased distensibility (every unit increase in clusteting score
was associated with a decrease in common carotid distensibility of 0.27 10-/kPa
(95% confidence interval: 0.15 to 0.38)). In the elderly subjects of the Rotter-
dam Study we found glucose, HDI.-cholesterol, body mass index and waist hip
ratio, which are all variables of the insulin resistance syndrome, to be related
to decreased distensibility of the common carotid artery (chapter 3.2). Elevated
total cholesterol, which forms no part of the insulin-resistance syndrome, was
not related to decreased distensibility. In addition, we observed that subjects
under 75 yeats of age with impaired fasting glucose were comparable in arterial
stiffness with healthy non-diabetic subjects while above 75 years of age, arterial
stiffness of subjects with impaired fasting glucose reaches that of diabetic sub-
jects. The results of these two studies are in accordance with previous studies
that showed a relation between the insulin-resistance syndrome and arterial stiff-

ness in diabetic subjects® as well as in non-diabetic subjects."?
Atcterial stiffness and atherosclerosis

The terms atherosclerosis and arteriosclerosis are frequently used indiscriminately
to refer to alterations and lesions in large atteries. From an etymological point of
view, the term arteriosclerosis identifies arterial stiffness’, while atherosclerosis

refers to atheromatic lesions of the arterial wall that frequently are calcified. Sev-
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etal small studies showed that subjects with cardiovascular disease have increased
arterial stiffness as compated to subjects without cardiovascular disease.™'? Arte-
rial stiffness has also been shown to be a predictor of all-cause and cardiovascular
mottality in subjects with end-stage renal disease."™ An association between arte-
rial stiffness and cardiovascular disease suggest an association between arterial
stiffness and atherosclerosis. Studies on a direct association between measures
of arterial stiffness and measurds of atherosclerosis, however, report conflicting
results. Some studies reported a positive relation between arterial stiffness and
atherosclerosis"™'® but others could not demonstrate such a relationship.'> We
evaluated the association of both aortic stiffness and common carotid stiffness
with several measures of atherosclerosis (chapter 4) and found strong associa-
tions of both measures of arterial stiffness with atherosclerosis at several sites in
the arterial tree. Comumon carotid intima-media thickness, plaques in the carotid
artery, and plaques in the aorta were all highly associated with both aortic and
common carotid arterial stiffness {p for trend < 0.01 for all associations). Sub-
jects with peripheral artetial disease had significantly increased aottic stiffness (p
= 0.001}) and bordetline significant increased common carotid arterial stiffness {p

= 0.078) as compared to subjects without peripheral arterial disease.
Arterial stiffness and cardiovascular disease

Arterial stiffness and previous myocardial infarction and stroke

Several siall cross-sectional studies have addressed the relation between measures
of artetial stiffness and cardiovascular disease. These studies uniformly showed
increased artetial stiffness in subjects with a previous myocardial infarction.””"*
Only one cross-sectional study examined the relation between arterial stiffness
and stroke and found increased attetial stiffness in subjects with stroke." We
examined aortic stiffness and common carotid arterial stiffness in relation to pre-
vious myocardial infarction and stroke (chapter 5.1). Subjects with severe aortic
stiffness had four-times as often a previous myocardial infarction, as compared
to the reference category (relative risk and 95% confidence interval: 4,0 (1.8-9.2)}.
Aortic stiffness was not clearly associated with previous stroke, Subjects with
severe carotid stiffness had two times as often a previous myocardial infarction
(2.3 (1.1-5.1)) and twelve times as often a previous stroke (12.6 (2.7 - 58.1)), as
compated their reference category. The associations persisted after adjustment
for the presence of atherosclerosis suggesting that other mechanism than an
association between artetial stiffness and atherosclerosis may explain the associa-

tion between arterial stiffness and cardiovascular disease.
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Aortic stiffness and the balance between cardiac oxygen supply and
demand

Increased arterial stiffness leads to an increasc in pulse pressure. Pulse pressure
has been shown to be an independent predictor of cardiovascular events and mor-
tality in genetal populations™* as well as in selected patient groups.®* This can
partly be explained by an increase in cardiac oxygen demand due to an increased
afterload following increased pulse pressure.® Howevet, a decrease in diastolic
blood pressure, following increased arterial stiffness, can add to increased car-
diovascular risk by decreasing coronary perfusion pressure and thereby decreas-
ing cardiac oxygen supply. In healthy subjects, a decreased coronary perfusion
pressure can be compensated by coronary vasodilatation.” But in the presence
of coronary atherosclerosis, the vasodilatoty reserve is limited and a decreased
petfusion pressure, in these citcumstances, can lead to decreased oxygen supply,
especially subendocardial supply.”™™ An experimental study in dogs showed that
decreased aortic compliance greatly increased the risk of subendocardial ischae-
mia in the presence of coronaty stenosis due to a decreased diastolic petfusion
pressure following decreased diastolic blood pressure.”! We evaluated aortic stiff-
ness in relation to both cardiac oxygen demand and cardiac oxygen supply (chap-
ter 5.2). Increased aortic stiffness was associated to increased cardiac oxygen
demand but also to decreased cardiac oxygen supply. In accordance, increased
aortic stiffness was strongly associated with a decrease in the cardiac oxygen
supply/demand ratio. An increase of pulse wave velocity of 1 m/s was associ-
ated with a decrease in cardiac oxygen supply/oxygen demand ratio of 0.006
(95% confidence interval: 0.003 - 0.008).

Aortic stiffness and calcification of the coronary arteries

In chapter 5.3, we related aotic stiffness to calcifications of the coronary arteries,
as assessed by clectron beam tomography, in the elderly subjects of the Rotter-
dam Study. We found a strong association between aortic stilfhess and calcifica-
tions of the coronary arteries. Subjects with increased aortic stiffness had a 47%
higher risk of having advanced calcification of the coronary arteries as compared
subjects without increased aortic stiffness. These results in combination with the
results of chapter 5.2 indicates that subjects with incteased aortic stiffness are
likely to have both a decreased cardiac oxygen supply as well as an increased risk
of advanced coronary atherosclerosis. This may identify a group at high risk of
subendocardial ischaemia as their coronaty atteties can not compensate for the

decreased cardiac oxygen supply.
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Consequences of arterial stiffness for blood pressure measurement

Automatic oscillometric blood pressure devices are frequently used to measure
blood pressure non-invasively. Studies have evaluated their performance in com-
parison with a conventional sphygmomanometer or the Hawksley random-zero
sphygmomanometer and showed that oscillometric devices tend to overestimate
systolic blood pressure and underestimate diastolic blood pressure as compared
to sphygmomanometers.’™* An oscillometric blood pressure device determines
blood pressure by detecting a sequence of oscillations in cuff pressure as the cuff
pressute is reduced from above systolic to below diastolic pressure’? Changes
in arterial elastic properties might lead to differences in oscillations and as a
consequence false blood pressure readings by oscillometric devices. Some stud-
ies indicate that diffetences in performance between these devices may differ
between healthy and diabetic subjects.**** As diabetic patients have stiffer artet-
ics as compated to non-diabetic subjects®, stiffening of the arteries of diabetic
subjects could be the underlying mechanism of the more pronounced differ-
ences between oscillometric devices and sphygmomanometers in this group. In
the elderly subjects of the Rotterdam Study, we found that increasing stiffness
of the aorta was associated with higher systolic blood pressure readings (p frend
= (.002) and higher diastolic blood pressute readings (p trend < 0.0001) by a
Dinamap oscillometric blood pressure device as compared to a Hawksley ran-

dom-zero sphygmomanometer (chapter 6.1).

METHODOLOGICAL CONSIDERATIONS

Study design

There ate three main types of non-experimental epidemiological studies e,
longitudinal studies, case-control studies and cross-sectional studies. All studies
described in this thesis are cross-sectional in design. In contrast to a longitudinal
study, in a cross-sectional study all measurements are made at the same point in
time, When the determinant changes over time and particularly when the deter-
minant is affected by the outcome, differential misclassification can occut, which
can bias the tesults of a cross-sectional study. For example, blood pressure may
decrease after a myocardial infarction due to forward failure of the heart. When
the association between blood pressure and myocardial infarction is assessed in

a cross-sectional study after the myocardial infarction has occurred, the associa-
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tion will be underestimated as the high blood pressure that caused the myocardial
infarction is no longer present.

In this thesis, two studies are described that concern the aetiology of arterial
stiffness, one of which was performed in the Rotterdam Study. The measures
of arterial stiffness were incorporated in the third examination phase of the Rot-
terdam Study from 1997 until 1999. Possible determinants of arterial stiffness
wete measured at both the fisst and the third examination phase of the Rotter-
dam Study. We chose a cross-sectional approach to study determinants of arterial
stiffness in the Rotterdam Study. In general, when evaluating determinants of an
outcomne, longitudinal studies are preferred to measure the determinant before
occurrence of the outcome. Howevet, it is more difficult to measure a determi-
nant before occurtence of the outcome when the outcome is a process develop-
ing throughout life, like stiffening of the arterial tree. The two studies described
in this thesis that concerned determinants of arterial stiffness, addressed body
composition measurcs and several biochemical variables like lipids and serum glu-
cose as determinants of atterial stiffness. These variables are unlikely to change
due to increased stiffening of the arterial tree. Thus evaluating the association
between these determinants and arterial stiffness in a cross-sectional study will
not infroduce bias to the effect estimate. When cvaluating these determinants,
the relevant exposute to the determinant has to be determined. It is difficult
to appraise whether the determinant at baseline or the current determinant
better reflects the relevant exposure, Exposure at baseline does not take changes
between baseline and current level into account. We therefore chose to relate cur-
rent determinants to arterial stiffness.

A cross-sectional study desipn is an adequate design when an association
between two variables is evaluated and interest in whether two variables ate
related to each other rather than in the etiological coherence between the two
variables. Two studies described in this thesis concerned the association of arte-
rial stiffness with extra-cotonary and coronaty atherosclerosis in chapter 4 and
chapter 5.3, respectively. For both studies a cross-sectional study design was
chosen.

One cross-sectional study described in this thesis concerned arterial stiffness
as tisk indicator for cardiovascular disease, We evaluated the association betwecen
arterial stiffness and previous myocardial infarction and stroke. Preferably, the
value of a risk indicator is evaluated in a longitudinal follow-up study; in which
the 1isk indicator is measured before the occureence of the outcome, However,
in the Rotterdam Study, arterial stiffness was measured between 1997 and 1999

resulting in a too short a follow-up time for adequate longitudinal analyses, As it
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is possible that arterial stiffness changes after the occurrence of a cardiovascular
event by changes in life-style, blood pressure or thetapy, misclassification of arte-
rial stiffness might have occutred. This would be differential misclassification as
it is dependent on the outcome and could result in information-bias. Also, it is
likely that arterial stiffness changed because of passage of time, as stiffening of
the arteries is a process developing throughout life. To minimise these effects on
arterial stiffness, we only included recent histories of myocardial infarction ofr

stroke.
Selection bias

Selection bias occurs when the relation between the determinant and the out-
come is different for those who participated and those who would be theo-
retically eligible but did not participate. Selection bias can lead to either an
underestimation or an overestitnation of an association and can not be corrected
for in the analyses.

The studies presented in this thesis were mainly performed as part of the Rot-
terdam Study. Selection in the Rotterdam Study can have occurred both at base-
line due to non-response or at the time of the third examination phase due to
non-response ot due to missing subjects who died (survival bias) or were lost
to follow-up. At baseline, all inhabitants of the suburtb Ommootd in Rotterdam,
The Netherlands who wete aged 35 years or over wete invited to participate.
A total of 7983 subjects (tesponse rate of 78%) agreed to participate. Of the
7983 subjects who participated at the baseline examination phase, 1992 subjects
(25%) died between the first and third examination phase, 55 subjects (0.7%) -
were living in nursing homes outside the study area and were not invited to pat-
ticipate and 35 subjects (0.4%%) were lost to follow up. Thus, a total of 5901 sub-
jects were eligible for the third examination phase of whom 4730 subjects (80%)
participated at a home-interview and 4148 subjects (70%) at physical examina-
tions at the research centie.

Non-responders may differ with respect to attitude towards health, risk factor
status, socio-economic status, and health status from respondets to a study.
Therefore, it is likely that non-responders are older, have higher levels of risk
factors, increased arterial stiffness and more disease as compared to subjects par-
ticipating in the stady. However, for evaluating associations in terms of relative
risk, bias due to non-response only occurs when non-response is related to the
determinant indepepdent of its relation to the outcome. This is less likely to

occur and therefore non-response will probably not have seriously biased the
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results of our study.

Subjects who died before the third examination phase were also likely to have
had a higher risk factor and disease status. This could Jead to survival-bias if
subjects who were still alive and were able to participate in the third examina-
tion phase are healthy survivors who are not susceptible to the effects of deter-
minants under study. In these subjects the relation between the determinant and
the outcome is different than in subjects who died. When evaluating associations
in eldetly subjects, it is likely that those most susceptible to the determinants
under study already died at younger ages, therefore, some survival-bias is likely
to have occusred and inevitable.

Of the 4148 subjects participating at the physical examinations of the third
examination phase, a measurement of aortic stiffness was available for 3550
(86%) and a measurement of common carotid distensibility was available for
3098 (75%) Missing information on most determinants of arterial stiffness was
less frequent. Missing information on any variable was mainly due to logistic
reasons, therefore non-differential with respect to status of variable related to
arterial stiffhess. The relation between determinant and outcome is therefore
unlikely to be different for subjects who were examined and subjects who missed
part of the examination due to logistic reasons and thus will not have led to

biased results,
Confounding

Bias due to confounding occurs in etiologic analyses when a third factor is related
to both the determinant and the outcome and is not an intermediate in the causal
pathway between determinant and outcome. There are several ways to deal with
confounding. One of the most applied means is statistical adjustment by includ-
ing the confoundet as a covatiate in the analyses. To be able to statistically adjust
for a confounder, knowledge is acquired concerning which variables might be
confounders in the association of interest and information on those variables
must be available. When a confounder is present but not measured and thus can
not be controlled for in the analyses, the effect estimate will be biased. This is
called residual confounding ™ Another problem with handling of confounding is
misclassification of the confounder. When misclassification of the confounder
occurs, statistical methods used for control of confounding do not adequately
deal with the bias introduced to the effect estimate.” This type of confounding
is known as resonance confounding,*

Important confounders in studies on the relation between potential determi-
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nants and arterial stiffness or between arterial stitfness and cardiovascular discase
are age, gender, blood pressure, and heart rate. These ate all strongly cotrelated
with arterial stiffness and ave likely to be correlated with determinants of arterial
stiffhess or consequences of arterial stiffness independent of their association
with arterial stiffness. Therefore, all analyses in the present thesis were statisti-
cally adjusted for age, gendet, blood pressure, and heart rate. When evaluating
the association of arterial stiffness with atherosclerosis or with cardiovascular
disease it is not clear whether cardiovascular risk factots are rrue confounders or
precursors in the associations under study. Adjusting for a precursor will unjustly
diminish the association. However, as we were also interested in an association of
arterial stiffness with atherosclerosis or with cardiovascular disease independent
of cardiovascular risk factors, we chose to evaluate these associations both with
and without additional adjustment for cardiovascular risk factors.

In studies concerning associations with measures of arterial stiffness, reso-
nance confounding can occur due to misclassification of blood pressure. There
are two different reasons for misclassification of blood pressure. Firsdy, blood
pressure is measured at the brachial artery and used to adjust aortic stiffness
or comimon carotid arterial stiffness, thereby assuming that brachial blood pres-
sure is representative of blood pressure in the aotta and cominon carotid attery.
Mean arterial pressure can be considered to be relatively constant between cen-
tral arteries and peripheral arteries. Several studies showed that mean arterial pres-
surc declines only 1-3 mmHg from the central artetial system to the petipheral
arteries,"” " Therefore, adjusting analyses with pulse wave velocity using brachial
mean arterial pressure in stead of aortic mean arterial pressure probably will
not have seriously affected our results. The same holds for using brachial mean
pressure in stead of carotid mean atterial pressure when adjusting analyses with
common carotid distensibility. Another issue concerns pulse pressure. By calcu-
lating the distensibility coefficient, distension of the common carotid artery is
adjusted for pulse pressure measured in the brachial artery. We thereby assume
that pulse pressure measured in the brachial artery is representative of pulse
pressure in carotid artertes. Howevet, pulse pressure is known to be higher in
the brachial artery than in more central vessels like the carotid artery becausc
arterial pressure waves undergo transformation in the attetial tree.™ ‘This issue
is discussed in detail in chapter 2 when discussing the limitations of measuring
common carotid distensibility as method to assess arterial stiffiness,

Another way whereby resonance confounding can occur is by incorrect statist-
cal adjustment for blood pressure. Theoretically, the relation of mean arteriat

pressure with both carotid-femoral pulse wave velocity and common carotid dis-

~ 153 ~



Chapter 7

tensibility is not linear, levelling off at higher pressures as a highetr mean arterial
pressure in the artery stretches the elastin and collagen fibres in the arterial wall,
making the attery less distensible. Adjustment for mean attetial pressure in a
linear model might therefore not be adequate. However, it is likely that the asso-
ciation between mean arterial pressure and distensibility of an artery is unique
for each individual. Adequately adjustment for mean arterial pressure would then
ask for separate modecls for each individual, which is unfeasible. Most of the stud-
les described in this thesis were conducted in an eldetly population with relatively
high blood pressures. Subjects in out studies are therefore likely to have a mean
arterial pressure in the pressure range whete the relation between mean arterial
pressute with arterial stiffness js levelled off. However, we found the associa-
tion of arterial stiffness with mean arterial pressure in the total population to
be linear for almost the entire pressure range. The association only attenuated
when the mean arterial pressure was above 140 mmHg (Chapter 2), Only 1.1%
of the subjects had a mean arterial pressure above 140 mmHg Furthermore,
when evalnating the associations in strata of high and low mean arterial pressure,
the associations were in general the same. This argues against a major effect of

resonance confounding by mean arterial pressure,

PATHOGENESIS OF ARTERIAL STIFFNESS

The most common factots leading to increased stiffening of the arterial tree
are age and hypertension. The effect of age on the arterial wall is mainly due
to tissue fatigue, resulting in diameter enlargement and elastin degradation ™™
These alterations are mote pronounced in central arteries like the thoracic aorta
and carotid artery then in mote petipheral arteties such as the femoral and
radial artery® Hypertension induces several structural changes in the arterial
wall including vessel wall hypertrophy and changes in the extracellular matrix, ™
Morcovet, local hormonal changes in hypertensive subjects can have pressure-
independent effects on the arterial wall, mainly caused through modification of
cell growth or syntheses of extracellular matrix**

Other factors besides age and hypertension can alter the elastic properties
of the arterial wall. The endothelium is known to release several vasoactive sub-
stances including nitric oxide and endothelin-1, which may influence arterial stiff-
ness, by two different mechanisms, The first functional mechanism is by directly
influencing the vascular tone. The other mechanism is by changing the vessel

wall structure. Nittic oxide has an antimitogenic effect while endothelin-1 has a
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mitogenic effect. Changes in the balance between nitric oxide and endothelin-1

may promote vascular proliferation and atheroma formation.™ Plasma endothe-
lin-1 concentration has been shown to have a significant positive correlation
with aortic stiffness in patients with coronary artery discase.”” Tmportant deter-
minants of endothelial dysfunction are age and gender, with endothelial dys-
function occutring eatlier in men.™ Part of the effect of age and gender on
arterial stiffness could be trough endothelial dysfunction. Homacysteine has
also been related to endothelial dysfunction™* However, studies on the asso-
ciation between homocysteine and atterial stiffness to date reported conflicting
results. Two studies in high-risk patients observed an association between plasma
homocysteine levels and increased arterial stiffness®® while another study in sub-
jects with mild hyperhomocysteinaemie could not demonstrate an association,®
Decreased bioavailability of endogenous nitric oxide has been found to be associ-
ated with a number of risk factors for arterial stiffening, such as hyperlipidaemia
and diabetes.” In the studies described in chapter 4.1 and 4.2, we found diabetes
mellitus but also components of the insulin-resistance syndrome, like dyslipid-
aemia, to be associated with decreased distensibility. Endothelial dysfunction
might partly explain the association of diabetes mellitus and msulin-resistance
with decreased distensibility. However, hyperglycaemia by itself may also lead to
increased arterial stiffness by increased collagen cross-linking due to non-enzy-
matic glycation.®*

Recently, research has included genetic factors of the renin-angiotensin system
as potential determinants of arterial stiffness.* The AT’ -receptor plays an impor-
tant role in actions that angiotensin IT entails on the cardiovascular system and
an A'l' -teceptor gene A/C polymorphism is recently identified. The presence of
the AT, C allele in hypertensive subjects has been shown to be associated with
increased aortic stiffness, independent of blood pressure levels.””™ In these stud-
ies, several interaction between this genetic polymorphism and other risk factors
for stiffening ot the arterial tree, like age and the total cholesterolhigh-density
cholesterol ratio have been obsceved. These results suggest that the AT -receptor
polymorphism might modulate the effects of hypertension, ageing and lipids on
latge arteries.

Finally, another process that might play a role in the pathogenesis of artetial
stiffiiess is described in chapter 3.1 and concerns a reinforcing, self-perpetuating
process due to the fact that arterial stiffness and atherosclerosis are both determi-
nants and consequences of the other. Calcified atheroscletotic plaques are likely
to stiffen the arterial wall. On the other hand, without the shock-absorbing capac-

ity, the stiff arterial wall may be subjected to greater intraluminal stresses due to
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an increased pulsatile pressure and therefore is likely to be at increased risk of

atherosclerotic changes.”

TREATMENT OF ARTERIAL STIFENESS

Our results and results from previous studies suggest that arterial stiffness is caus-
ally related to cardiovascular risk. Treatment of arterial stiffness may decrease car-
diovascular risk and the possibility of treating arterial stiffness increasingly gains
attention. Several anti-hypertensive drugs have been evaluated in their potential
to improve atterial compliance. A marked increase in arterial distensibility has
been shown with ACE inhibitors, calcium channel blockers and nitrates,™™™ It
has been suggested that the combination of drugs, for example a calcium chan-
nel blocker and a ACE inhibitor, could be pagticularly useful in patients with
arterial stiffiess, since both compounds have shown a high efficacy in nmprov-
ing large artery comphliance, and provide synergistic effects when given together.?
Drugs that selectively decrease systolic blood pressure without altering diastolic
blood pressure’™, could be an advantage in subjects with increased arterial stiff-
ness.

Recent evidence suggests that there is therapeutic potential to treat hyper-
glycaemia induced arterial stiffness by breakers of advanced glycation end prod-
ucts.” Although still in the animal-experimental phase, this provides a promising
possibility to treat increased arterial sdffness in diabetic subjects and subjects
with impaited ghicose tolerance. Also, inhibition of the production of glycation
end products has been shown to prevent arterial stiffening with age in rats.™

Drugs that increase the endothelial nitvic oxide release are also potential benefs-
cial drugs to increase arterial compliance. Oestrogen increases the basal endothe-
lial nitric oxide release in post-menopausal women™, and also has been shown to
decrease aortic stiffness.™ In healthy subjects, an elevation of the homocysteine
concentration induced by oral methionine has been shown to be associated with
an impairment of vascular endothelial function, which could be prevented when
pre-treatment with vitamin C was given.” Vitamin C has been shown to reduce
arterial stiffness in healthy subjects.® Cholesterol reduction increases the bioavail-
ability of nitric oxide and lipid-lowering therapy might therefore have potential
as arterial stiffness reducing drug® Also, endothelin receptor antagonists have

been suggested as potential atterial stiffness-reducing drugs.
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CLINICAL RELEVANCE

Tt is well known that diabetic subjects have stiffer arteries as compared to non-
diabetic subjects** Insulin resistance has been found to be positively asso-
ciated with arterial stiffness in patients with non-insulin-dependent diabetes
mellitus” and in healthy subjects.”* We found variables of the insulin resistance
syndrome and impaired levels of fasting glucose, which is an indicator of an
impaired glucose metabolism, to be associated with decreased distensibility in
healthy subjects (chapter 3.1 and 3.2, respectively). In chapter 5.1, we have shown
that increased arterial stiffness is associated with cardiovascular risk. Therefore,
healthy subjects with high fasting glucose levels and insulin-resistance may be at
increased cardiovascular risk. In these subjects, advise to change an unhealthy
lifestyle or antthypertensive and lipid-lowering therapy is indicated. Some classi-
cal antihypertensive drugs have been shown to decrease artetial stiffness. On the
basis of our results, antihypertensive drugs that also improve arterial distensibil-
ity may be the drugs of first choice to treat high blood pressure in subjects with
high fasting glucose levels and insulin-resistance.

The strong associations observed in chapter 4 of aortic stiffness and common
carotid arterial stiffness with measures of atherosclerosis at several sites in the
arterial tree suggest that measures of arterial stiffness may be used as indicators
of generalised atherosclerosis. In chapter 5.1 we found that both measures of
arterial stiffness ate indicatots of previous myocatdial infarction while distensibil-
ity of the common catotid artery was also a strong indicator of previous stroke,
The results showed that the magnitude of the associations between myocardial
infarctiont and stroke with measures of arterial stiffness were comparable with
the magnitude of the associations of measutes of atherosclerosis with myocar-
dial infarction and stroke. Motcover, the association of arterial stiffness with
myocardial infarction and stroke was independent of the presence of athero-
sclerosts. This suggests that the association of atterial stiffness with cardiovascu-
lar disease does not only exist through an association of arterial stiffness with
athcrosclerosis. These results and results from previous studies™" strongly sug-
gest that the process of arterial stiffness is associated with increased cardiovas-
cular risk. Therefore, itcreased stiffening of the arterial tree is not merely an
innocent consequence of advancing age but rather can be viewed as a new car-
diovascular risk factor.

Tn chapter 5.2 we showed that increased aortic stiffness is associated with an

increase in cardiac oxygen demand. Increased aortic stiffness was also associated
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with a decrease in cardiac oxygen supply. This is probably due to a decrease in
coronaty petfusion due to a dectease in aortic diastolic blood pressure. Healthy
subjects are capable of coronary vasodilatation to compensate for a decreased
coronary perfusion” However, in the presence of coronary atherosclerosis,
the vasodilatory reserve is limited and a decreased perfusion pressure, in these
circumstances, can lead to decreased oxygen supply, especially subendocardial
supply.™* In chapter 5.3 we showed that subjects with incteased aortic stiffness
are at high risk of also having severe coronary calcifications. Thus, increased
aortic stiffness leads to a decreased coronary perfusion but is also associated
with 2 loss of the ability to compensate for that decreased coronary perfusion
through its association with coronary calcifications. Therefore, it can be expected
that subjects with increased aortic stiffness are at high risk of developing cardiac
ischaemia, especially subendocardial ischaemia, From this it can be hypothesised
that antihypertensive therapy in subjects with isolated systolic hypertension and
increased pulse pressure due to increased arterial stiffness may be hazardous
when further lowering the diastolic blood pressure. However, large clinical trials
showed that blood pressure lowering drugs in subjects with isolated systolic
hypertension and a high pulse pressure greatly decrease cardiovascular risk. ™
A recent meta-analysis that showed a large benefit of treating isolated systolic
hypertension in the elderly, however, also showed that for every level of systolic
blood pressure, diastolic blood pressure was inversely associated with cardio-
vascular mortality.™ The paradox might be explained by a greater favourable
effect on cardiac oxygen demand of lowering the systolic blood pressure as com-
pated to the hazardous effect on cardiac oxygen supply of lowering the diastolic
blood pressure. Furthermote, classical blood pressure lowering drugs might also
decrease stiffness of the arteries™, which by itself may lead to an increase in
diastolic blood pressure. Therefore, in subjects with increased arterial stiffness
and an increased pulse pressure, it may be indicated to focus on selectively lowes-
ing systolic blood pressure without altering diastolic blood pressure,’"™

In chapter 6.1 we show that increased arterial stiffness can lead to an overesti-
mation of systolic and diastolic blood pressure by automatic oscillometric blood
pressure monitors, vatying from only | mmHg in some subjects to nearly 10
mmHg in other subjects. Oscillometric blood pressure devices are frequently
used. Our findings indicated that caution is warranted with interpreting blood
pressure readings from automatic devices in subjects who may have stiff arteries,

like elderly, hypertensive subjects, and diabetic subjects.
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FUTURE RESEARCH

Atherosclerosis is thought to be a genexalised process throughout the arterial tree.
Whether arterial stiffening is also a generalised process throughout the arterial
tree is less clear. Our results suggest that this may not be the case. We found
the aorta to be stiffer in men and the common carotid artery to be stiffer in
women. Furthermore, whereas common carotid arterial stiffness was strongly
related to previous stroke, no clear relation was found between aortic stiffness
and previous stroke. Differences in elastic and muscular content of the arterial
wall could lead to differences in arterial stiffening between different arterial sites.
The common carotid artety is mainly an elastic artery. The ascending aorta is
also predominantly elastic but the abdominal artery is more muscular. Also-dif-
ferent functions of different arteries could mean that for example hormonal
influences on the arterial wall differ between arterial sites with different func-
tions. This could lead to differences in artetial stiffening between these differ-
ent atterial sites. The function of the common carotid attery is to distribute the
amount of blood flow to the beain while the aorta has mainly a transporting func-
tion. Differences between both arterial sites in our studies, however, may also be
explained by the different imethods used to assess aortic stiffness and common
carotid arterial stiffness. Studies on the association between arterial stiffness and
cardiovascular disease suggest that arterial stiffness is a cardiovascular risk factor
and more research on stiffening of the artetial tree is warranted. However, when
various studies are based on measurement of arterial stiffness at various sites
in the arterial tree assessed with various methods, results can only be combined
when stiffening of the arterdal tree is a generalised process. To address this issue,
studies are needed that use the same method for assessing stiffness in different
parts of the arterial tree. Another issue is the issue of the numerous definitions
of arterial stiffness. In a recent review, 24 definitions of arterial elastic properties
were identified.”" As the author of the review states, the ever-increasing vatiety
of new terminology may have ramifications for the widespread application of
measurements of attexial clastic properties. One of the goals for future research
in the field of arterial stiffness is to reach consensus over terminology used.

Age and blood pressure are well known determinants of stiffening of the arte-
rial tree. Studies on the association between gender and arterial stiffness in vari-
ous age groups report conflicting results. However, most of these studies were
performed on small numbers of subjects. We found that women have a stiffer

common carotid artery as compared to men while men have a stiffer aorta as
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compared to women. Finding different gender-differences across arterial sites
may indicate that stiffening of the arterial tree is not a gencralised process. Large
population-based studics i younger subjects on the association between gender
and arterial stiffness at several sites in the artetial tree would help to elucidate
the influence of gender on stiffening of various arterial sites. These studies
should preferably include the perimenopausal period. We studied the association
between fasting glucose and variables of the insulin-resistance syndrome with
decreased artetial distensibility in a large group of healthy subjects. Studics evalu-
ating other determinants of arterial stiffening are sparse and mainly performed
in a small number of subjects. Lo date, a large part of the vatdability in arterial
stiffness remains unexplained. Therefore, more studies on possible determinants
of arterial stiffness are needed. Candidates for further evaluation as determinant
of arterial stffening in future studies are homocysteine, nutritional parametets,
aleohol intake, physical activity and genetic factors. Puture studies would prefer-
ably be population-based to limit the possibility of sclection-bias and include a
large number of subjects to enhance power to show small associations or associa-
tions despite measutement errot.

Several cross-sectional studies, including studies presented in this thesis, sug-
gested that arterial stiffness is a risk factor for cardiovascular discase. Assump-
tions as derived from these studies need verification by relating arterial stiffness to
incident cardiovascular events and mortality in longitudinal studies. Recently, two
longitudinal studies in subjects with end-stage renal disease were published. "
These studies showed that arterial stffness is a strong predictot of cardiovascular
mortality. Longitudinal studies in high-risk subjects, like end-stage renal disease,
have the advantage of a high event rate and therefore probably need shorter
follow-up time to show an association. However, it is also interesting to know
whether arterial stiffness is a tisk factor for cardiovascular disease in the general
population, which awaits the results of population-based follow-up studies like
the Rotterdam Stady.

Several studies have focussed on treatinent of arterial stiffness. Most atten-
tion has been paid to the classical antihypertensive drugs. As mentoned beforc,
a marked decrease in arterial stiffness can be reached with ACE-inhibitors, cal-
cium channel blockers and nitrates.”*™ Sclectively decreasing systolic blood pres-
sure without altering diastolic blood pressure may be an advantage in subjects
with increased arterial stiffness, Future studies on treatment of arterial stiffness
should focus on compatisons in efficacy of drugs that have been shown to

decrease arterial stiffness in randomised placebo-controlled double-blind trials.
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8.1

Summary

ith an increasing number of eldetly subjects in modern Western Soci-

ety it is important to address age-related conditions that may have
Y V¥V  adverse effects on health. Stitfening of the arterial tree is an age-
related condition and studies on arterial stiffness so far suggest that increased
arterial stiffness may increase the risk on cardiovascular disease. To date, stff-
ening of the arterial trec is mainly evaluated in studies with a relatively small
group of selected sabjects. The aim of this thesis was to study causes and con-
sequences of artesial stiffness in a large population-based cohort of eldetly sub-
jects. The studies desctibed in this thesis were mainly performed within the
Rotterdam Study, a population-based cohort study of subjects aged 55 years and
over,

Diabetes mellitus has frequently found to be associated with arterial stiffness.
Diabetes telated conditions, like the insulin tesistance syndrome, arc less fre-
quently evaluated in relation to arterial stiffness. With regard to causes of stiffen-
ing of the arterial tree, the focus of studies described in this thesis is therefore on
insulin resistance and vatiables associated with the insulin-resistance syndrome.
The association of atherosclerosis and arterial stiffness is also addressed in the
light of causes of stiffening of the arterial tree. With regard to consequences of
stiffening of the arterial tree, focus is on cardiac and neurological consequences.
Finally, we addressed consequences for non-invasive measurement of blood pres-
sure.

Chapter 1 gives a general introduction to this thesis. Chapter 2 introduces
the concept of stiffening of the arterial tree and starts with some background
on elastic properties of the arterial wall. Subsequently, two methods to measure
arterial stiffness that are used in the Rotterdam Study are described in detail. The
extent of arterial stiffnness, as assessed by these methods, is shown according
to age, gender and blood pressure among subjects from the Rotterdam Study.

Finaily, the association between these measures of arterial stiffness is given.
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Chapter 3.1 addresses the association between vatiables of the insulin resist-
ance syndrome and common carotid distensibility as measure of arterial stiffness
in healthy middle-aged non-diabetic women. We found variables of the insu-
lin-resistance syndrome (body mass index, waist-to-hip ratio, HDL-cholesterol,
triglycesides, glucose, insulin, apolipoprotein A1, plasminogen activator inhibitor-
I-antigen and tssue-type plasminogen activator-antigen) to be associated with
increased arterial stiffness. No association was found between arterial stiffness
and vatiables not part of the insulin resistance syndrome (total cholesterol, T.DL-
cholesterol and apolipoprotein B).

We further address the association between impairment of glucose metabo-
lism and arterial stiffness in chapter 3.2, In this chapter, impaired fasting glu-
cose, a measure of impaired glucose metabolism, was examined in relation to
common carotid distensibility in elderly subjects, We compared arterial stiffness
of subjects with impaired fasting glucose with arterial stiffness of non-diabetic
subjects without impaired fasting glucose, and with that of diabetic subjects, Sub-
jects with impaired fasting glucose under 75 years of age were found to have
atterial stiffhess compatable with non-diabetic subjects without impaired fasting
glucose, while diabetic subjects had stiffer arteries. Above 75 years of age, arte-
rial stiffness of subjects with impaired fasting plucose reached that of diabetic
subjects, Results were the same in men and women. In this chapter we addition-
ally evaluated the association between several variables, inchiding variables of the
insulin-resistance syndrome, and arterial stiffness. In accordance with chapter
3.1, vatiables of the insulin-resistance syndrome wete associated with increased
artetial stiffness.

In chapter 4 we address the association between arterial stiffness and athero-
sclerosis, two processes both affecting the arterial wall. Several small studies
found a relation between arterial stiffness and cardiovascular disease, suggesting
an association between arterial stiffness and athetosclerosis. Stadies on a direct
association between measures of arterial stiffness and measures of atherosclero-
sis, howevet, reported conflicting results, We examined the association of both
aortic stiffness and common carotid arterial stiffness with measures of athero-
sclerosis at several sites of the arterial tree in elderly subjects, Aortic stiffness
was assessed by measuring carotid-femoral pulse wave velocity. Common carotid
artetial stiffness was assessed by measuting the distensibility coefficient of the
common carotid artery, Measures of atherosclerosis were common carotid
intima-media thickness, plaques in the carotid artery and in the aorta, and pres-
ence of petipheral arterial disease (assessed by the ankle-brachial pressure index).

Qur results showed that increasing common carotid intima-media thickness and
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increasing severity of plaques in the carotid artery and in the aorta were all
strongly associated with increased aortic and common carotid arterial stiffness.
Subjects with peripheral arterial disease had significantly increased aortic stiff-
ness and borderline significantly increased common carotid arterial stiffness as
compated to subjects without peripheral artetial disease,

The studies described in chapter 5 focus on consequences of arterial stiff-
ness. In chapter 5.1, the association between arterial stdffness and prevalent myo-
cardial infarction and stroke is examined and compared with the association of
atherosclerosis and prevalent myocardial infarction and stroke. Measures of atte-
tial stiffness were carotid-femoral pulse wave velocity as a measute of aortic stiff-
ness and common carotid distensibility as a measure of comon carotid arterial
stiffness. Measures of atherosclerosis were the ankle-brachial pressure index and
plaques in the carotid artery. We found aortic stiffness to be strongly associated
with myocardial infarction. The strength of the association between aortic sdff-
ness and myocardial infarction was comparable with that between atherosclerosis
and myocardial infarction. Common carotid artery stiffness was also associated
with myocardial infarction, though less strongly. Common carotid artery stiff-
ness was strongly associated with stroke, the strength of the association was com-
parable with that between atherosclerosis and stroke. All observed associations
of arterial stiffness with cardiovascular disease were independent of gencralised
atherosclerosis.

Pulse pressure, which is largely determined by arterial stiffness, has been
shown to be an independent predictor of cardiovascular events and mortality
in a general population as well as in selected patient groups. This can partly be
explained by an increase in cardiac oxygen demand due to an increased afterload
due to an elevated pulse pressure. However, a decrease in diastolic blood pres-
sute, following increased arterial stiffness, could add to increased cardiovascular
risk by decreasing coronary perfusion pressure and thercby decreasing cardiac
oxygen supply. In chapter 5.2 we examined the relation between aortic stiffness
and both cardiac oxygen demand and cardiac oxygen supply. Aottic stiffness
was assessed by measuring carotid-femoral pulse wave velocity. Cardiac oxygen
demand and supply were estimated using pulse wave analysis of the aortic blood
pressure waves, which were reconstructed from finger blood pressure waves. As
expected, we found increased aortic stiffness to be associated with increased
cardiac oxygen demand. However, we also found an association between aortic
stiffness and decreased cardiac oxygen supply. In accordance, increased aortic
stiffness was strongly associated with a decrease in the cardiac oxygen supply/

demand ratio. In healthy subjects, a decreased coronary perfusion pressure can
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be compensated by coronary vasodilatation. However, in the presence of cot-
onary atherosclerosis, the vasodilatory teserve is limited and a decreased per-
fusion pressure, in these circumstances, may lead to decreased oxygen supply,
especially subendocardial supply. Therefore, simultancous occurrence of both
coronary atherosclerosis and aottic stiffness can lead to increased risk of suben-
docardial ischaemia, This issue is addressed in chaptet 5.3, in which the associa-
tion between aortic stiffness and coronary atherosclerosis is examined. Coronary
atherosclerosis was assessed by measuting coronaty calcification with electron
beam tomography. Aortic stiffness was assessed by measuring carotid-femoral
pulse wave velocity, We found increased aortic stiffness to be associated with the
presence of severe calcifications of the coronary arteries. Subjects with increased
aottic stiffness had a 47% higher risk of having severe calcifications of the coro-
nary arteries compared to subjects without stiff arteries.

In chapter 6 we examine the consequences of increased arterial stiffness on
te accuracy of non-invasive measurement of blood pressure. Automatic oscil-
lometric blood pressure devices are frequently used to measure blood pressure.
Recent studies indicate that differences in performance between automatic oscil-
lometric blood pressure devices and sphygmomanometers may differ between
healthy and diabetic subjects. An oscillometric blood pressure device determines
blood pressure by detecting a sequence of oscillations in cuff pressure while the
pressure is gradually reduced. As diabetic subjects have stiffer arteries than non-
diabetic subjects have, arterial stiffness could be the undetlying mechanism of
the more pronounced differences between blood pressure values attained with
oscillometric devices and sphygmomanometers in diabetic subjects. We exam-
ined whether arterial stiffness, as assessed by measuring carotid-femoral pulse
wave velocity, is a determinant of the difference between blood pressure meas-
ured with a Dinamap automatic blood pressure device and a Hawksley random
zero sphygimomanometer. We found that the Dinamap overestimated both systo-
lic and diastolic blood pressure as compared to the random-zero sphygmoina-
nometer in subjects with stff arteries when compared to subjects withour stiff
atteries.

In chapter 7 we discuss the results of the studies presented in this thesis and
place the findings in a broader perspective. We conclude that arterial stiffness is
not a benigh condition. Arterial stiffness is associated with the presence of car-
diovascular diseases like myocardial infarction and stroke. The studies described
in this thesis had a cross-sectional design. Longitudinal studies are needed to
examine the consequences of increased stiffening of the artetial tree on future

health status.
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Samenvatting

e vergijzing van de moderne westerse samenleving maakt het belang-

rijk aandacht te besteden aan aandoeningen die gerelateerd zijn aan
' veroudering, met name wanneer deze een negatief cffect op de gezond-
heid hebben. Verstijving van slagaders is een aan veroudeting gerelateerd proces.
Studies naar de gevolgen van slagaderverstijving suggeteren dar slagaderver-
stijving tot cenn verhoogd risico op cardiovasculaire ziekte zoals een hartinfarct
leidt. De tot op heden gepublicecrde studies met betrekking tot slagaderverstij-
ving gebruikten echter kleine geselecteerde patiéntengroepen. Flet doel van dit
proefschrift was om corzaken en gevolgen van verstijving van slagaders te onder-
zoeken in cen grote groep deelnemers afkomstig uit de algehele bevolking, De
studies beschreven in dit proefschrift zijn grotendeels uitgevoerd binnen het
Erasmus Rotterdam Gezondheid en Ouderen (ERGO) ondetzoek, een popula-
tie-studie onder deelnemers van 55 jaar en ouder.

Veroudering is een belangrijke corzaak van toegenomen slagaderverstijving,
Bij bepaalde aandoeningen echter, vetloopt het proces van slagaderverstijving
versneld, hetgeen leidt tot stijve arterién op jongere leeftijd. Eén van deze aan-
doeningen is suikerzickte, welke frequent gerelateerd is aan slagadetverstijving,
Voor de aan suikerziekte gerelateerde aandoeningen zoals insuline resistentie en
variabelen geassocieerd met het insuline-resistentie syndroom is de relatie met
slagaderverstijving echter minder duidelijk. Met betrekking tot oorzaken van
verstijving van het slagaders ligt het accent van de studies beschreven in dit
proefschrift dan ook vooral op aandocningen die aan diabetes mellitus gerela-
teerd zijn. De relatie tussen slagaderverkalking en slagaderverstijving is eveneens
geévalucerd in het licht van mogelijke ootzaken van verstijving van slagaders.
Met betrekking tot de gevolgen van verstijving van slagaders ligt het accent op
cardiale en neurologische gevolgen en gevolgen voor niet-invasieve meetmetho-
den van bloeddruk.
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Hoofdstuk 1 is een algemene inleiding tot dit proefschrifi. Hoofdstuk 2 is
een algemene introductie over het proces van slagaderverstijving en geeft ach-
tergrondinformatie over de elastische eigenschappen van slagadess. Vervolgens
worden twee veel gebruikte methoden om slagaderverstijving te meten in detail
beschreven. Beide methoden zijn gebruikt in het ERGO onderzoek, De mate
van slagaderverstijving die gemeten is met beide methoden in de populatie van
oudere deelnemers wordt getoond naar leeftijd, geslacht en bloeddruk. Tenslotte
wotdt ingegaan op de associatie tussen de twee verschillende methoden om vaat-
wandstijtheid te meten.

Hoofdstuk 3.1 gaat in op de associatie tussen variabelen die geassocieerd zijn
met het insuline-resistentie syndroom en distensibiliteit van de halsslagader, Dis-
tensibiliteit van de halsslagader geeft de uitzetting van de halsslagader tijdens
het passcren van de polsgolf weer en is een maat voor slagaderverstijving, Het
ondeszock werd uitgevoerd in een algemene populatie van gezonde vrouwen
van middelbare leeftijd zonder suikerziekte, Van enkele andere vatiabelen die
niet geassocicerd zijn met het insuline-resistentie syndroom werd evenecns de
relatie met distensibiliteit van de halsslagader onderzocht. Onze resultaten lieren
zien dat variabelen die geassocicerd zijn met het insuline-resistentie syndroom
{quetelet index, taille-heup ratio, HDL-cholesterol, triglyceriden, glucose, insuline,
apolipoproteine A1, plasminogeen activator inhibitor-1-antigeen en weefsel-type
plasminogeen activator-antigeen) geassocicerd waren met afgenomen distensibi-
liteit van de halsslagader. Br werd geen relatie gevonden tussen variabelen niet
geassocicerd met het insuline-resistentie syndroom (totaal cholesterol, LIDI~cho-
lesterol en apolipoproteine B) en distensibiliteit van halsslagader.

De relatie tussen een afwijkend glucose metabolisme en slagaderverstijving
werd verder onderzocht in hoofdstuk 3.2, In dit hoofdstuk is een verhoogd
nuchter glucose, hetgeen cen maat is voor cen afwijkend glucose metabolisme,
gerelatcerd aan distensibiliteit van de halsslagader in de oudere populatie van het
ERGO onderroek. De vaatwandstijtheid van individuen met een verhoogd nuch-
ter glucose maar zonder suikerziekte is vergeleken met zowel de vaatwandstijf-
heid van individuen met een normaal nuchter glucose maar zonder suikerziekte
en met de vaatwandstijfheid van individuen met suikerziekte. Onder de 75 jaar
bleken individuen met een verhoogd nuchter glucose zonder suikerziekte een
zelfde mate van vaarwandstijfheid te hebben als individuen met een normaal
nuchter glucosc zonder suikerzickte, terwifl individuen met suikerziekte een stij-
vere vaatwand hadden. Boven de 75 jaar was de vaatwandstijfheid van individuen
met een afwikend nuchter glucose vergelijkbaar met de vaatwandstijfheid van

individuen met suikerziekte. Beide groepen hadden een stijvere vaatwand dan
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individuen met een normaal nuchter glucose en zonder suikerziekte. De resul-
taten waten eenduidig voor mannen en vrouwen. In dit hoofdstuk hebben we
additioneel de associatic tussen diverse variabelen, waaronder diegene die geasso-
cieerd zijn met het insuline-resistentie syndroom, en slagaderverstijving bekeken.
Variabelen die geassocieerd zijn met het insuline-resistentie syndroom bleken
gerelateerd te zijn met toegenomen vaatwandstijtheid hetgeen in overeenstem-
ming is met de resultaten van hoofdstuk 3.1

in hoofdstuk 4 beschtijven wij de relatie tussen slagaderverstijving en slagader-
verkalking, beide processen die de vaatwand beinvloeden. Eerdere klcine studies
hebben een relatie laten zien tussen slagaderverstijving en cardiovasculaire ziek-
ten. Dit suggereert het bestaan van een relatie tussen slagaderverstijving en slag-
aderverkalking. Echter, studies naar een directe refatie tussen slagaderverstijving
en slagaderverkalking rapporteerden tegenstrijdige resultaten. Wij hebben de
relatie bestudeerd tussen slagaderverstijving van zowel de aorta als de halsslag-
ader en maten van slagaderverkalking op verschillende plaatsen in het vaatbed
in een grote groep ouderen. Als maat voor vaatwandstijfheid van de aorta is de
polsgolfsnelheid over het traject tussen de halsslagader en liesslagader gemeten.
Als maat voor vaatwandstijfheid van de halsslagader is de distensibiliteit van de
halsslagader gemeten. De verschillende maten van atherosclerose waren intima-
media dikte van de halsslagader, de aanwezigheid van plaques in de halsslagader
en in de norta en de aanwezigheid van perifeer vaatlijden, vastgesteld met behulp
van de enkel-arm index. De resultaten licten zien dat toegenomen intima-media
dikte van de halsslagader en toegenomen hoeveelheid plaques in zowel de hals-
slagader als in de aorta allen sterk geassocieerd waren met toegenomen vaatwand-
stijfheid van zowel de aorta als de halsslagader. Individuen met perifeer vaatlijden
hadden een significant stijvere aorta en een bijna significant stijvere halsslagader,
waneet vergeleken met individuen zonder petifeer vaatlijden.

In de studies beschreven in hoofdstuk 5 ligt het accent op gevolgen van slag-
aderverstijving, Hoofdstuk 5.1 beschrijft de relatie tussen slagaderverstijving en
prevalente cardiovasculaire ziekten (hartinfarct en herseninfarct) en vergelijkt de
sterkte van deze relatie met die van slagaderverkalking en prevalente cardiovascu-
laire ziekten., Als maat voor slagaderverstijving gebruikten wij polsgolfsnelheid
over het traject tussen de halsslagader en liesslagader (maat voor vaatwandstijf-
heid van de aorta) en distensibiliteit van de halsslagader (maat voor vaatwandstijf-
heid van de halsslagader). Als maat voor slagaderverkalking gebruikten wij de
enkel-arm index en de aanwezigheid van plaques in de halsslagader. Wij vonden
dat vaatwandstijfheid van de aorta geassocieerd was met de aanwezigheid van

ecn hartinfarct en dat de sterkte van deze associatie vergelijkbaar was met de
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associatie van slagaderverkalking en de aanwezigheid van een hartinfarct. Vaat-
wandstijtheid van de halsslagader bleek ook geassocieerd te zijn met cen de aan-
wezigheid van een hartinfarct, echter minder sterk. Vaatwandstijfheid van de
aorta was niet geassocieerd met de aanwezigheid van een herseninfarce, terwijl
vaatwandstijfheid van de halsslagader sterk geassocieerd was met de aanwezig-
heid van een herseninfarct. De sterkte was vergelijkbaar met de sterkte van een
associatie tussen slagaderverkalking en de aanwezigheid van een herseninfarct.
Alle geobserveerde associaties tussen vaatwandstijtheid en cardiovasculaire ziek-
ten waren onathankelijk van de aanwezigheid van slagaderverkalking.

Een verhoogde polsdruk wordt voor een groot deel veroorzaakt door slagader-
verstijving, Eerder onderzoek laat zien dat polsdruk een onathankelijke voorspel-
ler is van cardiovasculaire ziekten en sterfte, zowel in de algehele populatie als in
geselecteerde patiénten groepen. Dit kan voor een deel verklaard worden door
een toegenomen cardiale zautstof behoefte als gevolg van een toegenomen druk-
belasting van het hart bij een verhoogde polsdruk. Echter, een verminderde dias-
tolische bloeddruk, ten gevolge van toegenomen slagaderverstijving, zou kunnen
bijdragen aan het verhoogde cardiovasculaire risico door een vermindering van
de coronaire perfusic en daarbij een verminderde cardiale zuurstof toevoer. In
hoofdstuk 5.2 relateren wij vaatwandstijtheid van de aotta aan zowel cardiale
zuurstof behoefte als cardiale zuurstof toevoer. Als maat voor vaatwandstijfheid
van de aorta is de polsgolfsnetheid over het traject tussen de halsslagader en de
liesslagader gemeten. Cardiale zourstof behoefte en toevoer zijn bepaald door
middel van analyse van de polsgolf in de aorta die is gereconstrueerd met behulp
van drukmetingen in de vinger. Zoals verwacht vonden we dat toegenomen vaat-
wandstijfheid van de aorta geassocieerd was met een toegenomen cardiale zuur-
stof behoefte. We vonden echter ook dat toegenomen vaatwandstijfheid van de
aotta geassocieerd was met een afgenomen cardiale zuurstof toevoer. Overeen-
stemmend was vaatwandstijfheid van de aorta sterk geassocieerd met cen afge-
nomen ratio van cardiale zuutstof toevoer/behoefte. Gezonde individuen zijn
in staat om een verminderde cardiale zuurstof toevoer te compenseren door
middel van coronaire vasodilatatie. Echter, als de coronair vaten zijn verkalkt dan
is de vasodilatoire reserve capaciteit beperkt en kan cen verminderde coronair
perfusie leiden tot een verminderde cardiale zuutstof toevoet, met name een ver-
minderde subendocardiale zuusstof toevoer. Het tegelijkertijd voorkomen van
zowel verkalking van coronair vaten als vaatwandstijtheid van de aorta zou dus
kunnen leiden tot cen verhoogd 1isico op subendocardiale ischaemie. Hoofd-
stuk 5.3 beschrijft de associatie tussen vaatwandstijfheid van de aorta en verkal-

king van de coronait vaten. Vaatwandstijfheid van de aorta is gemeten doot het
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meten van de polsgolfsnelheid over het traject van de halsstagader tot de liesslag-
ader. Verkalking van de coronair vaten is gemeten door het meten van coronaire

calcificaties gebruik makend van efectronenbundel tomografie. De resultaten van

dit onderzoek tonen dat toegenomen vaatwandstjfheid van de aorta sterk geasso-
cieerd was met de aanwezigheid van calcificaties in de coronair vaten. Individuen

met ecn toegenomen vaatwandstijfheid van de aorta hadden een 47% verhoogt
risico op het hebben van ernstige calcificaties van de coronair vaten.

In hoofdstuk 6 evalueren wij of toegenomen slagaderverstijving consequen-
ties heeft voor het niet-invasief meten van de bloeddruk. Automatische oscil-
lometrische bloeddrukimeters worden frequent gebruikt voor het meten van
de bloeddruk. Recente studies Jaten zien cat verschillen tissen cen automati-
sche oscillometrische bloeddrukimeter en een niet-automatische bloeddrukmeter
(sphygmomanometer} anders zijn wanneer geévalueerd bij gezonden individuen
dan bjj individuen met suikerziekte. Een oscillomettische bloeddrukmeter bepaalt
de hoogte van de bloeddruk door middel van et detecteren van een serie oscil-
laties in de druk van de bloeddrukmeterband terwijl de druk in de band gelei-
delijk verminderd wordt. Individuen met suikerziekte hebben stijvere slagaders
dan individuen zonder suilerziekte, Slagaderverstijving van individuen met sui-
kerziekte kan de ondetliggende oorzaak zijn van de meer vitgesproken verschil-
len tussen oscillometrische bloeddrukmeters en sphygmomanometers in deze
groep. Wij hebben onderzocht of slagaderverstijving, gemeten doot middel van
het meten van de polsgolfsnelheid over het traject van de halsslagader tot de
liesslagader, cen oorzaak is van verschillen tussen cen Dinamap oscillomettische
automatische bloeddrukmeter en cen Hawksley ‘random-zero” sphygmomano-
meter. De resultaten lieten zien dat de Dinamap automatische bloeddrukmeter
een hogere systolische bloeddruk en diastolische bloeddruk mat dan de ‘random-
zerd” sphygmomanometer in individuen met stijve stagadess, vergelcken met indi-
viduen zonder stijve slagaders.

In hoofdstuk 7 worden de belangtijkste resultaten van de onderzoeken
die in dit proefschrift zijn beschreven geévalueerd, rekening houdend met de res-
tricties van deze onderzoeken, Geconcludeerd kan worden dat slagaderverstijving
geen onschuldig verouderingsfenomeen is, Het stijver worden van de slagaders
is gerelateerd aan een verhoogd risico op cardiovasculaire zickten, De studies
beschreven in dit proefschrift waren cross-sectioneel. Toekomstige longitudinale
bevolkingsonderzoeken zijn nodig om het negatieve effect van slagaderverstij-
ving op de gezondheid nader te evalueren.
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et gezegde ‘vele handen imaken licht werk’ is zeker van toepassing

geweest bij het tot stand komen van dit proefschrift. Vele mensen

2. B hebben meegeholpen, meegedacht, toegekeken of op een anderc wijze
bijgedragen bij de voltooiing van dit proefschrift.

Bijzonder belangrijk voor de totstandkoming van dit proefschrift is mijn co-
promotor Jacqueline Witteman geweest. Beste Jacqueline, ik prijs mij zelf geluk-
kig dat ik door jou ben begeleid. Je wist de juiste balans te vinden tussen het
stimuleren van zelfstandig werken en toch altijd klaat te staan wanneer ik je nodig
had., Je grote epidemiologische expertise en je analytische manier van denken zijn
zeer belangrijk geweest bij mijn vorming als onderzoeker. Bedankt voor deze
leerzame en gezellige tijd, ik hoop dat we elkaar nog regelmatig tegenkomen.

Voorts wil ik mijn beide promotoren professor Grobbee en professor Hofiman
bedanken. Beste Rick, de dag dat ik begon met dit onderzock verliet jij net de
afdeling om naar Utrecht te gaan. Ondanks de afstand en het inherent spaarzaam
overleg heb ik veel van je geleerd. Je wist altijd direct je vinger op zwakke plek-
ken te leggen en helder en schetp uit te leggen waat ik nog het een en ander kon
bijschaven. Bedankt dat ik ook op persoonlijk vlak op je kon rekenen. Beste Bert,
je hicld altijd een oogje in het zeil aangaande de vorderingen van dit cardiologisch
gerichte project. Daarnaast heb je mij enthousiast gemaakt voor epidemiologisch
onderzoek, Tk heb met groot plezier onderzoek gedaan aan ‘jouw’ instituut.

Michiel Bots van het Julius Centrum speelde een belangrijke rol in dit onder-
zock. Beste Michiel, bedankt dat je altijd klaarstond voor vragen en voor beoorde-
ling van de manuscripten, zelfs al was je geen coauteur. fe expettise, je nuchtere
en relativerende opmerkingen en je opbeutende woorden, ook op persoontijk
vlak, waren vaak meer dan welkom, Onze tripjes naar Patijs en San Diego had ik
niet graag willen missen,

Willem Jan Bos van het AMC dank ik voor zijn kennisoverdracht aangaande
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fysiologische processen. Beste Willem Jan, ik ben blij met je samengewerkt te
hebben. Je was altijd te vinden voor cen vruchtbare discussie en je klinische
manier van benaderen was een wetkome aanvulling op mijn epidemiologische
aanpak. Berend Westerhof en Ilja Guelen van BMI-TNO dank ik voor hun hulp
op het ERGO centrum. Voor de meest complexe apparatuuropstellingen verzon-
nen ze igenieuze oplossingen.

I would like to thank professor Asmar en doctor Topouchian from Paris,
France for their time and training regarding the pulse wave velocity measurement.
Whenever 1 had a question or a technical problem with the Compliot, T could
always count on their immediate support. In Maastricht waren professor Rene-
man en professor Hoeks altijd bereid om mee te kijken en mee te denken met
de bevindingen. Hun snelle en deskundige beootdeling van de manuscripten was
zeet waardevol tjdens mijn eindsprint.

Het meten van vaatwandstijfheid op twee plaatsen bij ruim 3000 mensen was
nooit mogelijk geweest zonder het enthousiasme van Inge Haumersen en Toos
Stehmann. Toos en Inge, dit proefschrift berust deels op jullie vakkundigheid en
inspanningen, Daarvoor wil ik jullie heel exrg bedanken. De andere medewerkers
van het ERGO centrum wil ik bedanken voor het verzamelen van talloze andere
data en de gezellige nurtjes op het centrum. Het dranien van een ERGO dienst
was altijd een welkome afwisseling op het werk achter de computer. Niet in de
laatste plaats ben ik veel dank verschuldigd aan de declnemers van het ERGO
ondetzoek voor hun enorme toewijding om mee te doen aan onderzoek dat met
de jaren steeds uitgebreider wordt.

Deirdre van der Kuip neemt cen bijzondere plaats in binnen het ERGO
onderzoek. Deirdre, jouw extensieve reorganisatie op verschillende viakken heeft
ervoor gezorgd dat de dataverzameling van ERGO 3 secuur en vlot is verlopen.
Daardoor kon dit proefschrift snel volgen. Ook je bijdrage aan de manuscripten
was onmishaat.

Viet jaar wetrken aan dit proefschrift zijn omgevlogen en niet in de laatste
plaats vanwege de vele gezellige collegae. Mijn kamergenoten, Itis, Liesbeth en
later Irene, zorgden voor de benodigde afleiding en gezelligheid en dat ik niet al
te lang stond weg te dromen bij het uitzicht over de Maas, Mijn nieuwe kamerge-
noten, Matgo, Saskia en Rogier, ben ik zecr dankbaar voor het feit dat ze gedu-
rende de laatste maanden vol begrip hebben gezorgd voor veel rust op de kamer.
Saskia, bedankt voor de vele kopjes koffie die je voor me hebt gezet. Het eet-
clubje van weleer, Itis, Paul, Carolien, Raan, Liesbeth, Sandra en natuurlifk Jan
Cees, maakte dat ik nog regelinatig een warme maaltijd nuttigde in tijden dat bet

feven icts minder georganiseerd was. Antonio, Paul, Tommy en Sandra bleken
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prima verhuizers. Bedankt dat we op jullie konden rekenen. Bas, samen bezig zijn
met de laatste loodjes gaf me veel steun.

Paul Mulder dank ik voor zijn statistische expertise, Bij Bettina, Lidia en Maria
kon ik altijd binnenlopen voor cen “klein’ statistisch vraagje. Het secretariaat wil
ik bedanken voor de secretatiéle ondersteuning, met name Marga die de agenda
van facqueline uitstekend hantcerde. De jongens van de automatiscring, met
name Frank en Nano, wil ik bedanken voor alte IT-hulp. Annelies van Ruiten-
beek van het Jultus Centrum wil ik bedanken omdat ze ervoor zorgde dat de
afstand tussen Utrecht en Rotterdam zo klein mogelijk bleef.

Gerjan Konings dank ik voor de artisticke manier waarop hij de omslag digi-
taal heeft vormgegeven, Anna Bosselaar dank ik voor de opmaak van dit boekje
en omdat ze me op het laatste moment uit de brand hielp door voor een finishing
touch van de omslag te zorgen.

Mijn vriendinnen Monique en Wietske wil ik bedanken voor het begrip als ik
het weer eens af liet weten omdat ik het te druk had. Monique, je steun in moei-
lijke tijden is onvergetelijk.

Sandra, als buuf en collega moet ik je al enige tijd missen, hetgeen ik zeer
jammer vind. Een goede conversatie onder het genot van cen biertje in de Witte
Aap is toch echt leuker dan via e-mail. Tk ben heel blij dat je straks naast me staat,
daarmee ben je officicel onze huis-paranimf.

Ronald, jou wil ik bedanken omdat jouw vertrouwen in mijn kunnen maakte
dat ik cen promoticonderzock durfde aan te vangen.

Mijn familie wil ik bedanken voor hun belangrijke rol in mijn leven. Mijn
ouders hebben mij altijd mijn eigen weg laten kiezen, Ze hadden er vertrouwen
in dat het wel goed met me zou komen. Lieve pa en ma, dat enorme vertrouwen
heeft me gebracht tot waar ik nu ben. Daarom draag ik dit boekje aan jullie op.
Mijn broer Kees is al mijn hele leven cen belangrijke steun en toeverlaat. Iees,
ik ben heel blij dat jij straks djdens de verdediging aan mijn zijde zal staan. Mijn
broer Ed heeft reeds op de middelbare school mijn ambitie geprikkeld. Ed, jij
hebt mij altijd weten te stimuleren en daarmee heb je de basis voor dit boekje
gelegd. Ook wil ik je bedanken voor het model staan voor de omslag, Hanneke
en Petra wil ik bedanken omdat ze net als echte zussen er altjd voor me zijn.
Flanneke, je hebt reeds eerder cen kunstwerk voor mij gemaakt maar cen medi-
sche illustratie was geheel nieuw voor je. Desalniettemin heby je het idee prachtig
uttgewerkt. Heel crg bedankt daarvoor.

De beste ontdekking die ik heb gedaan op de afdeling Epidemiologic & Bio-
statistiek is Jan Cees. Lieve, lieve Jan Cees, je maakt me zo gelukkig dat alles de
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