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Introduction






Introduction

Atherosclerosis is the main cause of coronary heart disease, stroke and peripheral
arterial disease. These cardiovascular diseases are the most important cause of
morbidity and responsible for 50% of all mortality in the United States, Europe and
much of Asia.! Since atherosclerosis and cardiovascular diseases are most prominently
present in the elderly and the number of elderly people will increase in the coming
decades, atherosclerosis-related diseases will put a heavy burden on our health care
systems.

Awareness of risk factors associated with atherosclerosis and increased risk of
cardiovascular diseases has led to an extensive number of studies on atherosclerosis.
Several clinical trials have been initiated to show the effect of treatment of risk factors
like hypertension and hyperlipidemia, on cardiovascular risk. Because cardiovascular
risk factors so far cannot completely explain atherosclerosis, direct measures of
subclinical atherosclerosis may be better tools in explaining and predicting
cardiovascular disease.

From this perspective, interest has risen in the non-invasive assessment of
atherosclerosis, especially for use in population-based studies to examine determinants
and consequences of atherosclerosis. Carotid ultrasonography provides us with the
ability to examine both intima-media thickness and carotid plaques as measures of
atherosclerosis. Carotid intima-media thickness is now widely used as a measure of
atherosclerosis in several population-based studies.”® Various cardiovascular risk
factors have been related to intima-media thickness and it has been shown to be related
to future cardiovascular disease, although studies are sparse. Furthermore, several
clinical trials are using carotid intima-media thickness as a proxy endpoint to show
benefit of treatment of risk factors.**

Data about risk factors for carotid plaques are scarce and studies that
investigated the association between carotid plaques and cardiovascular disease
focused on cerebrovascular disease only.'

Measurement of carotid intima-media thickness and carotid plaques has
provided us an important tool to examine etiology and risk of atherosclerosis and
cardiovascular diseases. Therefore, recently questions have been raised about the use
of carotid ultrasonography in clinical practice. More information about the extent of
atherosclerosis in the individual patient could enable the general physician to target
therapy at subjects with the highest risk that are likely to benefit most.

The aim of this thesis is to provide more information on carotid intima-media
thickness and plaques in relation to determinants of atherosclerosis and cardiovascular
disease. The studies presented in this thesis are all based on the Rotterdam Study, a
population-based cohort study among subjects aged 55 years and older. Chapter 2
provides an overview of the use of carotid intima-media thickness in observational and
intervention studies so far and ends with remaining research questions that still had to
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be elucidated. In chapter 3, the association between carotid atherosclerosis and
cardiovascular disease is investigated. In chapter 3.1 the association between carotid
intima-media thickness at three different sites of the carotid artery and the risk of
incident myocardial infarction is examined, while in chapter 3.2 the association
between carotid plaques and risk of incident myocardial infarction is explored. Chapter
3.3 deals with the risk of incident stroke and subtypes of cerebral infarction associated
with plaques in the carotid artery. In chapter 4, the clinical application of carotid
ultrasonography in cardiovascular risk assessment is examined. In chapter 4.1 the
usefulness of carotid intima-media thickness as compared to other classical
cardiovascular risk factors in the assessment of risk of incident myocardial infarction
and stroke is investigated. In chapter 4.2 carotid intima-media thickness is compared to
the ankle-brachial mmdex, another non-invasive measure of atherosclerosis, and we
examined the added value of both measurements. The study described in chapter 5
examines which cardiovascular risk factors are of importance in the progression of
plaques in the carotid artery. Finally, chapter 6 describes the main results of the studies
described in this thesis and discusses its limitations. The chapter concludes with
discussing the clinical relevance and provides suggestions for future research on
carotid atherosclerosis.
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Carotid intima-media thickness in observational and intervention studies

Introduction

In an increasing number of studies carotid intima-media thickness (IMT)
measurements are applied to study atherosclerosis in populations at large.'® With
high-resolution B-mode ultrasonography the lumen diameter, intima-media thickness
and presence and extent of atherosclerotic lesions can be evaluated. These studies
allow for etiologic research into risk factors for atherosclerosis and atherosclerosis as a
risk factor for future cardiovascular disease and for progression of atherosclerosis, its
determinants and its risks. Furthermore, carotid IMT measurements are of use in
intervention studies to assess the efficacy of drug treatment using carotid IMT as a
surrogate endpoint for cardiovascular morbidity and mortality.” The use of carotid
IMT measurements is conditional on the observation that an increased carotid IMT
confers an increased risk of cardiovascular disease. The current chapter provides a
brief overview of carotid IMT measurements in observational and intervention studies.

Practice, images, validation and reproducibility
For the acquisition of ultrasound images generally a Duplex ultrasound machine was
used equipped with a2 7 to 10 MHz linear array transducer. Images were stored on
videotape and in some studies directly on optical disc. In a later stage the stored
images were retrieved and carotid IMT was quantified."” Only a few studies used the
measurement systems on the ultrasound machine to measure carotid IMT.®

A typical characteristic longitudinal ultrasound image of the distal part of the
comumon carotid artery is shown in figure 1.* The near (anterior) and far (posterior)
wall of the carotid artery are displayed as two bright white lines separated by a hypo-
echogenic space. For the far wall the distance of the leading edge of the first bright
line of the far wall (lummen-intima interface) and the leading edge of the second bright
line (media-adventitia interface) indicates the intima-media thickness. For the near
wall, the distance between the trailing edge of the first bright line (adventitia-media
interface) to the trailing edge of the second bright line (intima-lumen interface) at the
near wall provides the best estimate of the near wall intirma-media thickness, The inner
lumen diameter can be assessed as the distance between the intima-lumen interface at
the near wall and the lumen-intima-interface at the far wall."’ Figure 1 allows for
measurement of common (mean and maximum) carotid IMT of the near wall, far wall
and lumen diameter. The image is digitized, and displayed on a screen of a personal
computer. The beginning of the carotid bifurcation (widening of the near and far wall)
is the reference point from which the measurements start. With a cursor the interfaces
of the near and far wall are marked over a length 10-mm to proximal. Dedicated
computer software calculates the mean and maximum carotid IMT and the mean and
minimal lumen diameter over that segment.'® Recently a number of automated edge
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detection programs have become available for measuring carotid IMT.""** The results
Jook promising.”

Figure 1. Characteristic longitudinal 2-D ultrasound image of the distal common
carotid artery.

Of approximately 95-99% of the examined participants reliable data on
common carotid IMT can be obtained. Carotid IMT measurements of the carotid
bifurcation and internal carotid artery are more difficult to obtain, frequencies vary
across studies from 75% to 95%.'>¢ The ability of obtainjng information depends to
some extent on the anatomy of the subjects (a low relatively mandible hampers
adequate imaging of the internal carotid artery). Data from the Atherosclerosis Risk In
Communities {ARIC) study showed that “missingness” of IMT measurements at the
bifurcation and internal carotid artery was a random process and not associated with
determinants of an increased carotid IMT, "

Validation studies, in which ultrasound measurements of carotid IMT were
compared with histology, showed that ultrasonic far wall carotid IMT truly and
accurately represents intima-media thickness.''*'® In contrast, these studies have
indicated that near wall carotid IMT measurements may considerably underestimate
the true intima-media thickness. In addition, the near wall measurement may be
affected by the axial resolution and the gain settings of the ultrasound equipment. The
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question, whether it matters very much should near wall common carotid IMT
measurement not aceurately represents the true near wall intima-media thickness, will
be addressed elsewhere in the article.

In several studies the reproducibility of carotid IMT measurements has been
evaluated.™'™7 The mean differences in repeated measurements between
sonographers, between readers and between visits were small and a good correlation
between paired carotid IMT measurements was seen. Measurement variability was
small in relation to the biological variability between subjects. The mean difference
between visits, 1.e., measurement error of carotid IMT was not related to levels of most
of the risk factors for atherosclerosis (random misclassification).>

Carotid IMT measures and distribution

Strict carotid ultrasound protocols were used to quantify the presence and extent of
carotid atherosclerosis using carotid IMT measurements."® These ultrasound protocols
ensure standardized image acquisition, reduce measurement variability and allow for
assessment of change in carotid IMT over time. The existing protocols clearly differ
across studies. In general, these approaches differ in four aspects, i.e., the length of the
segment of the measurement (maxirmum or mean intima-media thickness); the artery
{left or right); the site (common carotid artery, carotid bifurcation and internal carotid
artery) and the location of the measurement (near and far wall). Similarly, the
individual outcome variable, based on carotid IMT, differs across studies from a
(weighted) average of all measurements at all sites and locations to site specific far
wall measurements. At present it is not clear which approach is clearly superior for use
in observational and intervention studies.

Figure 2 presents the distribution of common carotid IMT measurements as
observed among the participants of the Rotterdam Study (mean common carotid IMT
was 0.80 mm (SD 0.16)).* Common carotid IMT was normally distributed with a small
tail to the right. Similar distributions have been described for carotid IMT
measurements in the carotid bifurcation and internal carotid artery.'® Importantly, there
appears to be no clear cut-off point to indicate at which common carotid IMT level a
subject is diseased or not and thus decisions to dichotomize subjects in groups of
subjects with and without abnormalities are therefore arbitrary.

11
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Figure 2. Distribution of common CIMT measurements the Rotterdam Study.
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Cross sectional findings

Age and sex

Table 1 shows general characteristics of a number of large community based cohort
studies in which carotid IMT is assessed. With increasing age common carotid IMT
increases in both men and women. Based on cross-sectionally obtained data estimates
were around 0.009 mm/year for men and 0.009 mm/year for women. 5! Common
carotid IMT was increased in men compared to women for all ages, with a mean
difference of around 5 to 10 %. This has been interpreted as differences in presence or
extent of atherosclerosis. However, this difference is partly attributable to differences
in end-diastolic lumen diameter and may therefore reflect differences in physiology
rather than differences in atherosclerosis per se.™

Prevalent cardiovascular disease
Subject with prevalent cardiovascular disease, such as myocardial infarction, angina
pectoris, intermittent claudication and stroke, have in general a thicker common

carotid intima-media compared to those without symptomatic cardiovascular
disease.



Table 1. General characteristics of some population-based observational studics using CIMT measurements.

Study name Baseline data Men Women Age Outcome variable
collection N) M) range
(years)
Atherosclerosis Risk in 1987-1989 4730 6090 45-64 mean of max. IMT CCA, BIF and ICA
Communities
Cardiovascular Health Study 1989-1990 2255 2946 65-102  mean of max. IMT CCA, BIF and ICA
Edinburgh Artery Study 1992-1994 1156 59-78 maximum of far wall CCA, BIF, ICA
France [988-1989 none 517 45-54 atherosclerosis based on plaques and
IMT

Kuopio Ischemic Heart Discase 1987-1989 1252 none 40,48,54, mean of max. IMT CCA and BIF
Study 60
Insulin Resistance * 643 798 40-69 see Cardiovascular Health Study
Atherosclerosis Study
Rotterdam Study 1990-1993 3105 4878 55-106  mean of mean IMT at CCA and BIF

IMT = intima-media thickness; CCA = common carofid artery; BIF = carotid bifurcation; [CA = internat carotid artery

* Not mentioned in the reference
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The magnitude of the difference in common carotid IMT between subjects with and
without symptomatic cardiovascular disease varies from 6 to 12 % across studies.
Carotid IMT was increased in subjects with intermittent clandication compared to
subjects without intermattent ¢laudication. The magnitude of the increase ranged from
15 % to 20 % and was similar for men and women.® In several studies strong and
graded associations of common carotid IMT to left ventricular mass, measured by
echocardiography, have been reported. >

Atheroscierosis elsewhere

An increased common carotid IMT has been shown to be associated with presence of
atherosclerosis elsewhere in the arterial system. A clear association between maximum
common carotid IMT and severity of internal carotid atherosclerosis has been
reported,™1°2*

Presence of calcifications of the abdominal aorta was associated with 18 %
increase in common carotid IMT.? A gradual increase in common carotid IMT with
decrease in ankle-arm index, as an indicator of atherosclerosis in the arteries of the
lower extremities, has been reported. Subjects with peripheral arterial disease, defined
as an ankle-arm index < 0.90 has a significantly increased carotid IMT compared to
those without peripheral arterial disease (ankle-arm index = 0.90). The age and gender
adjusted difference was 0.107 mm (95% CI, 0.071-0.143), reflecting a 15%
increase.>*

Cardiovascular visk factors

Elevated levels of established cardiovascular risk factors, such as LDL cholesterol,
systolic blood pressure, body mass index, and a decrease in HDL cholesterol were
associated with an increased carotid IMT." 3679022 Ap increase in carotid IMT of
around 8 % among subjects with hypertension compared to normotensive subjects has
been reported. For current smoking the increase in carotid IMT was between 5 and 10
% increased relative to non-smokers. The magnitude of the difference in carotid IMT
in subjects with diabetes mellitus compared to subjects without glucose intolerance
ranged from 7 to 12 %.

Longitudinal findings

Intima-media thickness as predictor of future disease

In cross-sectional studies an increased carotid IMT has been associated with
unfavorable levels of established cardiovascular risk factors, with prevalent
cardiovascular and cerebrovascular disease and with atherosclerosis elsewhere in the
arterial system. Based on these findings there is a growing belief that carotid IMT
measurements can be regarded as an indicator of generalized atherosclerosis and may

14
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be used as an intermediate endpoint or proxy endpoint as a suitable alternative for
cardiovascular morbidity and mortality.” This view is conditional on the observation
that increased carotid IMT is related to future cardiovascular events. At present we are
aware of only four published reports that explored the possible association between
carotid IMT and incident events.

Salonen and co-workers, in a study carried out in a random sample (n = 1,257)
of middle-aged Finnish men, reported that an increase of 0.1 mm in maximum far wall
common carotid IMT was associated with 11% (95% CI, 6-16) increase in risk of
myocardial infarction.® This analysis was based on 36 coronary heart disease events
that occurred after 1 to 3 years of follow-up.

Findings from the ARIC study were recently reported based on 290 coronary
heart disease events that occurred after a 4 to 7 years of follow up in 7289 women and
5552 men, aged 45-64 years.*! In this study carotid IMT was based on the mean far
wall of the common carotid artery, the bifurcation and the internal carotid artery. The
age adjusted risk of coronary heart disease increased gradually with increasing carotid
IMT (figure 3).

Figure 3. Risk of coronary heart disease by CIMT. Results from the ARIC study.
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Analyses with carotid IMT as a continuous variable indicated that the risk of CHD
increased by 69% (95% CI, 50%-90%) in middle-aged women and 36% (95% CI,
23%-51%) in middle-aged men per 0.19 mm increase in carotid IMT. Results for the
common carotid IMT per 0.19 mm increase {one SD) were 92% (95% CI, 66%-122%)
and 32% (95% CI, 8%-23%), respectively. As expected, adjustment for several
cardiovascular risk factors reduced, but not abolished, the magnitude of the
association.

In the Rotterdam Study, a prospective cohort study among 7983 subjects aged
55 years, a nested case-control approach was used to evaluate whether common
carotid IMT is related to future stroke and myocardial infarction.” The analysis was
based on 98 myocardial infarctions and 95 strokes, and a sample of 1373 subjects who
remained free from myocardial infarction and stroke during follow-up. The mean
duration of follow-up was 2.7 years. Carotid IMT was based on the average of the near
and far wall of the left and nght common carotid artery. The risk of stroke and of
myocardial infarction gradually with increasing IMT (figure 4).

Figure 4. Association between common CIMT and risk of first stroke and
myocardial infarction. Results from the Rotterdam Study.
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The odds ratio for stroke per standard deviation increase (0.163 mm) was 1.41
(95% CI, 1.25-1.82). For myocardial infarction, an odds ratio of 1.43 (95% CI, 1.16~
1.78) was found. When subjects with a previous myocardial infarction or stroke were
excluded, odds ratios were 1.57 (95% CI, 1.27-1.94) for stroke and 1.51 (95% CI,
1.18-1.92) for myocardial infarction. Additional adjustment for several cardiovascular
risk factors attenuated these associations: 1.34 (95% CI, 1.08-1.67) and 1.25 (95% CI,
0.98-1.58), respectively.
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In the Cholesterol Lowering Atherosclerosis Study (CL.AS) among 146 men of
the age of 40 to 59 years with a previous coronary artery bypass grafting, 78 coronary
heart disease (CHD) events had occurred after a mean follow-up of 8.8 years.” An
increase in common carotid IMT of 0.13 mm (one standard deviation) was associated
with a 1.4 fold (95% CI, 1.2-1.7) increased risk of CHD risk. Adjustment for
cardiovascular risk factors did not materially alter the odds ratio.

These important findings implicate that carotid IMT measures are strongly
related to future coronary heart and cerebrovascular disease in middle-aged and elderly
subjects. This predictive power remained even when established cardiovascular risk
factors were taken into account. These findings provide supportive evidence for the
use of carotid IMT as an intermediate or proxy endpoint in observational and
intervention studies.

Change in carotid IMT over time
Data on change over time in carotid IMT and its determinants are Jimited.***’
Smoking, increased LDL cholesterol have been shown to strongly associate with
increase in carotid IMT over time in Eastern Finnish men. Information on the
association between progression of carotid IMT and risk of cardiovascular disease i3
present from only one study.” In the CLAS study an annual progression rate of 0.03
mm/year in common carotid IMT was associated with a 2.2 fold (95% CI, 1.4-3.6)
increased risk of CHD. Compared to subjects with an common carotid IMT change of
0.011 mm/vear or less, the CHD risk of those with an annual progression of 0.03
mm/year or over was increased 4.5 fold (95% CI, 1.9-10.8). The association remained
after taken into account cardiovascular risk factors and progression of coronary
atherosclerosis.*®

Most of the current information on change in carotid IMT over time comes
from analyses on data of subjects in placebo groups in intervention studies.>** In
these studies carotid IMT was measured every 6 months for a period of up to 2 to 3
years. For an individual an estimate of the progression of carotid IMT was calculated
by fitting all obtained values over three years into a regression model weighed for the
time and nmumber of measurements and the baseline aggregate. The individual
regression slopes are then used to calculate a mean slope for each treatment group and
the mean slope values between treatment groups are compared. Estimates of
progression rates of common carotid IMT are presented in table 2 and 3. Progression
rates differ considerably across studies. Differences in the used methodology, in
outcome measure, and in selection of participants may at least partly explain the
differences in estimates of progression rates of carotid IMT.

17
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Intervention studies

Over the past years several intervention studies using change in carotid IMT as
outcome have been performed or are being conducted.”™ In the majority of these
trials three ways for an endpoint were used. First, the mean maximum carotid IMT
defined as the mean of the individual maximum IMT measured in up to 12 carotid
segments (near and far wall of the left and right common carotid artery, carotid
bifurcation and internal carotid artery). Second, the far wall and bifurcation carotid
IMT (mean of the far wall of the left and right common carotid artery and carotid
bifurcation. Thirdly, the single maximum IMT, defined as the maximum carotid TMT
detected across both the left and right carotid artery. Most of the intervention studies
from which results have been published evaluated the effect of lipid lowering
treatraent on the progression of carotid IMT.*** Results are summarized in table 3.
Generally, lipid lowering resulted in a reduced progression of carotid IMT compared
to placebo. The only trial evaluating the effect of different blood pressure lowering
regimes (calcium antagonist versus diuretic) showed that progression of carotid IMT
was slower in those on calcium antagonists, a difference that, however, did not reach
statistical significance.”” Several other trials evaluating a variety of drugs are currently
ongoing.

Important current issues

Near wall versus far wall carotid IMT measurements

The near wall findings in the validation studies have lead to an intensive discussion on
whether near wall carotid IMT measurements should be performed at all.'®!*!% At
present there are two strong views:* 1) the near wall measurements should not be
used, because they do not reflect the true thickness and therefore are invalid; 2) the
near wall measurements are of value and should be used. The latter view recognizes
and respects the view that the near wall measurement not truly reflects its anatomical
substrate, but there is additional evidence to argue in favor of the use of near wall
carotid IMT measurements.

The reproducibility of the near wall carotid IMT measurements is similar as
those reported for the far wall carotid IMT measurements.” The association between
near wall intima-media thickness and prevalent cardiovascular disease is as strong and
precise as compared to the association found for the far wall. Combining information

18



Table 2. Estimates of annual progression of CIMT in mm observed in confrol groups of randomized controlled trials.

Study  Number Prevalent condition Age- Method Estimated Standard
of range progression error of
subjects estimate
ACAPS 385 Free from CVID with at least one lesions 40-79  Mean max of 12 0.006 mm/yr 0.003
with an IMT between 1.5 - 3.5 nun segments
CLAS 39 Non-smoking men with a previous CABG  40-59  Mean far wall IMT at 0.05 mm/4 yr 0.08
CCA
KAPS 223 LDL cholesterol > 4.0 mmol/] and total 44-64 Mean of maximum far  0.0285 mm/fyr 0.0043
cholesterol < 7.5 mmol/l, men wall IMT in the CCA
PLAC-II 76 Subject with prevalent coronary artery 50-75 Maximum far wall 0.0456 mm/yr (.0057
discasc, and a carotid plague > 1.3 mm IMT at the CCA
CAIUS 305 Asymptomatic men and women, moderate =55  Mean maximum IMT 0.009 mm/yr 0.0027
hypercholesterolemia, with IMT 1.3 mm - (12 sites)
35mm
MARS 89 Angiographically defined coronary artery ~ 37-67  Far wall distal CCA 0.019 mm/yr 0.004

disease (92% men)

CCA = common carotid artery; IMT = intima-media thickness
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of the near wall and far wall cormmon carotid IMT into one intima-media thickness
estimate (average of four sites) provided the strongest association with cardiovascular
disease and lower extremity arterial disease.” Longitudinal results from the Rotterdam
study supported these cross-sectional findings: the association between near wall
carotid IMT and stroke or miyocardial infarction was as strong as that found for far
wall carotid IMT.* The combined near and far wall intima-media thickness led to the
strongest association. Findings in three randomized placebo controlled intervention
studies among subjects receiving placebo treatment indicated that the progression rate
of near wall common carotid IMT was similar to that for the far wall common carotid
IMT.* Combining information of both near and far wall yielded estimates of
progression rates with higher precision, i.e., smaller standard errors. The consequence
is that the number of patients that is needed in an intervention study to demonstrate a
treatment effect is smaller when carotid IMT is based on the average of near and far
wall measurements than on far wall measurements only.*® Thus, measurement of the
near wall carotid IMT yields valuable information, and should not be discarded easily.

However, one should realize that, in particular for the near wall measurement
standardization of gain settings and B-mode ultrasound technique across various
sonographers is of utmost importance. In general, this is easier in single center studies
than in multicenter studies. Also, near wall measurements are more difficult to obtain
compared to far wall measurements. For example, in the Rotterdam study near wall
intima-media thickness measurements of at least one or both sides of the common
carotid artery could not be obtained from the images in 8.9% of the subjects. For far
wall measurements, data on either left, right or both sides were missing in 3.1% of the
study population.* However, in analyses indicators of presence or absence of near
wall measurements may added to the regression model, or a near wall estimate may be
used based on the measurement of the side that is available, or a model may be used to
impute missing values.

Should we use common carotid IMT measurements only?

A very frequent question that is put forward is whether one should limit the study to
common carotid IMT measurements only or also should include measurements of the
carotid bifurcation and internal carotid artery. The main approach to this question is to
gvaluate the balance between evidence showing differences in strength of associations
of common carotid IMT and internal carotid IMT to cardiovascular disease and the
practicalities  involved, being time consurnption, mmissing data, and
reproducibility.>*!



Table 3. Main findings from randomized controlled trials on common CIMT.

Study Intervention Annual Annual Mean annual Estimated Estimated
name progressionin  progression in the treatment annual annual
treated group placebo group effect (nin} reduction of  reduction of
(mm/yr) (mm/yr) CHD risk.*  stroke risk,**
ACAPS  Lovastatin vs, placebo -0.009 (0.003) 0.006 (0.003) 0.015 mm 2.5% 3.8%
CLAS Colestipol/niacin vs. -0.05/4yr (0.08) 0,05 /4yr (0.08) 0.10 mm 16.8% 252 %
placebo
KAPS Pravastatin vs. placebo (.096 (0.0043) 0.0285 (0.0043) 0.6189 mumn 32% 4.8 %
PLACTI  Pravastatin vs. placebo 0.0295 (0.0058) 0.0456 (0.0057) 0.0161 mm 2.7% 4,1%
CAIUS Pravastatin vs. placebo -0.0043 (0.0028) 0.0090 (0.0027) 0.0133 mm 22% 3.4 %
3 years
MARS Lovastatin vs. placebo -0.028 (0.003) 0.015 (0.005) 0.043 mm 7.2 % 10.8 %
MIDAS  Isradipine versus 0.064 (0.006) 0.061 (0.006) 0.003 mm 0.5% 0.8 %

hydrochlorothiazide

* Based on the ARIC age adjusted estimates for common CIMT in men (odds ratio 1.32 per 0.19 mm increase)

** Based on the Rotterdam Study age and sex adjusted estimates for common CIMT (odds ratio 1.41 per 0.163 mm increase).
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Although most studies indicated that associations were most strong when information
from several carotid sites was combined, the magnitude of associations did not
significantly differ between the various approaches.*** Then practicalities such as
slightly more difficult to obtain good internal carotid images, more time spent on
ultrasonography and reading and slightly less good reproducibility for the internal
carotid artery may favor restriction to common carotid arteries. Yet, differences in
quantifying presence and extent of carotid atherosclerosis across studies should be
appreciated. At present it can not be answered satisfactory which approach provides
the best' indicator of atherosclerosis for cross-sectional studies, longitudinal studies
and intervention studies.

Changes in carotid IMT over time: reader drift and withdrawals

In studies on estimating progression in carotid IMT over time several aspects need
careful attention. This includes random and systematic differences across subjects
who measure carotid IMT from the stored images on videotape (readers). The
magnitude of these differences may be in the order of 0.1 mm as exemplified by
Furberg and co-workers.** Reader behavior within the same person may change over
time from initially reading 'thick’ to ultimately reading 'thin' or vice versa. This is of
importance when in time the relative proportion of "thick" or "thin" readers changes
considerably. This calls for strict quality control efforts. Recently, a number of
analysis systems has become available that use an automated edge detection program
for quantification of carotid IMT from the stored ultrasound images.''* These systems
should help to overcome the reader drift, since the automated edge detection program
does not change over time. The first results of such a system that was applied in a
relatively small single center study were encouraging: i.e., the reproducibility of the
measurements improved.'!

In studies of a long duration, mortality or withdrawal from the study during
follow-up may bias progression rates towards a lower estimate, assuming an increased
risk of death or withdrawal among those who progress rapidly. Having carotid IMT
measurements performed at regular intervals may help to overcome a serious effect of
withdrawal on the progression rates.

Summary

Carotid intima-media thickness can be non-invasively assessed in a valid and
repreducible way. An increased carotid IMT is associated with unfavorable levels of
established cardiovascular risk factors, with prevalent cardiovascular disease and with
atherosclerosis elsewhere in the arterial system. Data from intervention studies
indicate that lipid lowering in hypercholesterolaemic subjects results in a reduced
progression of carotid IMT. The risk of coronary heart disease and stroke gradually
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increases with increasing carotid IMT. This predictive power of carotid IMT
measurements remains after adjustment for cardiovascular risk factors. Also
progression of comummon carotid IMT appears to be a strong predictor of future CHD in
men with a previous coronary artery bypass grafting. These findings support the view
that carotid IMT measurements can be used as an endpoint as a suitable alternative for
cardiovascular morbidity and mortality in observational and intervention studies. In
particular in trials evaluating the efficacy of a treatment the use of carotid IMT
measurements will result in a considerable smaller number of subjects needed than
when using disease or death as an endpoint. Strict ultrasound protocols, training and
monitoring of sonographer and reader performance are mandatory.

Which carotid IMT measure (common, bifurcation, internal, or combined)
provides the ‘best’ information for observational and intervention studies needs to be
established. Whether carotid IMT should be measured in every patient at high risk of
future cardiovascular and cercbrovascular diseases and thus may help in further risk
profiling of an individual patient needs to be studied extensively.
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3.1

Carotid intima-media thickness at different sites and
risk of incident myocardial infarction

Abstract

Aims: We examined whether intima-media thickness (IMT) of the common carotid
artery, carotid bifurcation, internal carotid artery and the combined measure are
predictive of future myocardial infarction and which of the measurements has the
strongest predictive value.

Methods and results: We used a case-cohort approach in the Rotterdam Study.
Ultrasound images of the common carotid artery, carotid bifurcation and the internal
carotid artery were made. We selected the first 194 myocardial infarctions in the total
population (mean follow-up 4.6 years). Analyses were done using Cox regression with
adjustment for age and sex. The risk ratios (RR) for myocardial infarction associated
with common carotid, bifurcation, internal carotid IMT and the combined
measurement were 3.18 (95% confidence interval, 1.83-5.34), 4.11 (2.10-8.03), 5.31
(1.77-15.9) and 6.27 (3.27-12.0), respectively for the highest compared to the lowest
quartile. The RRs jfor myocardial infarction per standard deviation increase of
common carotid, bifurcation, internal carotid artery and combined IMT were 1.44
(1.28-1.62), 1.34 (1.17-1.53), 1.12 (0.94-1.33) and 1.47 (1.31-1.65), respectively. The
areas under the ROC-curves for the three measurements and the combined measure
were not significantly different.

Conclusions: Increased carotid IMT is a strong predictor of future myocardial
infarction and all measurement sites have the same ability to predict future myocardial
infarction.



Chapter 3.1

Introduction

Non-invasive assessment of intima-media thickmess of the carotid arteries by high-
resolution B-mode ultrasonography is widely used in observational studies and trials
as an intermediate or proxy measure of generalised atherosclerosis.'™ Increased
common carotid intima-media thickness has been associated with unfavorable levels of
established cardiovascular risk factors, prevalent cardiovascular disease and
atherosclerosis elsewhere in the arterial system.™ In recent studies, commeon carotid
intima-media thickness has also been found to be associated with the risk of incident
stroke and myocardial infarction.” '

Data on cardiovascular risk associated with bifurcation intima-media thickness
and internal carotid intima-media thickness are sparse. In a recent paper from the
Cardiovascular Health Study, the associations of intemal carotid intima-media
thickness with myocardial infarction and stroke were as strong as those for common
carotid intima-media thickness.! Internal carotid artery intima-media thickness
however, was composed of carotid bifurcation measurement as well as internal carotid
artery measurement and therefore no conclusions can be drawn for the association with
myocardial infarction for each of the measurements separately.'” No other studies have
given additional attention to the predictive value of each of the three intima-media
thickness measurements for future disease. Since most observational and intervention
studies have restricted to common carotid intima-media thickness measurements due
to feasibility, it is important to provide evidence of the predictive values of the various
sites and to evaluate which measurement is best in predicting future corcnary heart
disease. In this study we examined whether the intima-media thickness of the carotid
bifurcation and the internal carotid artery are predictors of future coronary heart
disease. Furthermore, we examined the predictive value of the intima-media thickness
of the three sites, the common carotid artery, carotid bifurcation and internal carotid
artery, and a combined measure of the three sites for future coronary heart disease.

Methods

Population

The Rotterdam study is a population-based prospective cohort study that aims to assess
determinants and occurrence of chronic diseases in the elderly, The study focuses on
cardiovascular, neurogeriatric, ophtalmologic and locomotor diseases, and has been
described in more detail elsewhere.”® Tn brief, all residents aged 55 and over of a
defined district in Rotterdam were invited to participate. A total of 7983 men and
wornen (78 percent of those eligible) entered the study. During the first survey, from
1990 to 1993, all participants were interviewed at home by 2 trained research assistant,
and subsequently visited the study centre twice. The study was approved by the
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Medical Ethics Committee of Erasmus University, and written informed consent was
obtained from all participants.

Cardiovascular Risk Indicators

At baseline, nterview information, including current medication, alcohol intake and
smoking habits, was obtained by a trained research assistant during a home interview.
A medical history of myocardial infarction was assessed by asking the subject “Did
you ever suffer from a myocardial infarction for which you were hospitalised?”.
Reported myocardial infarctions were verified. As an indicator of socio-economic
status the highest attained level of education was assessed. At the study centre, height
and weight were measured. Two blood pressure measurements were taken with a
random zero sphygmomanometer with the subject in sitting position, and averaged. A
twelve lead ECG was recorded and stored digitally. Hypertension was defined as a
systolic pressure 2160 mmHg or a diastolic pressure 295 mmHg or current use of blood
pressure lowering drugs for the indication of hypertension. Diabetes mellitus was
considered to be present when subjects currently used oral blood glucose-lowering
drugs or insulin, or had a non-fasting or postload glucose level above 11 mmol/L,
assessed after a non-fasting venipuncture. Serum total cholesterol and HDL-cholesterol
values were assessed by an automated enzymatic procedure in a non-fasting blood
sample.

Incident Myocardial Infarction

Information on incident fatal and non-fatal events was obtained from the general
practitioners (GPs) working in the district of Ommoord. The GPs involved reported all
possible cases of myocardial infarction to the Rotterdam research centre. Events were
presented as coded information according to the International Classification of Primary
Care (ICPC).'* Information on the vital status of the participants was obtained at
regular intervals from the municipal authorities in Rotterdam. When an event or death
had been reported, additional information was obtained by scrutinising information
from GP and hospital discharge records in case of admittance or referral. Events were
then confirmed by two Rotterdam Study physicians. In case of disagreement,
consensus was reached by discussion. A myocardial infarction was considered to have
occurred when the event led to a hospitalisation, and the hospital discharge record
comprised a diagnosis of a new myocardial infarction based on signs and symptoms,
ECG recordings, and repeated laboratory investigations during hospital stay. The
percentage of individuals lost to follow-up was 0.4%.

Selection of Case Subjects
Ultrasonography of the carotid arteries was performed in 5851 of the 7983 subjects.
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For subjects who had their baseline Rotterdam Study examination at the end of 1992
or in 1993, ultrasonography was not always performed due to the restricted availability
of ultrasonographers. For reasons of availability and completeness of information on
cardiovascular events, we restricted the present study to incident myocardial
infarctions registered by GPs with computerised files, before May 1996. The mean
duration of follow-up was 4.6 years. Incident cases were eligible for inclusion
irrespective of previous cardiovascular disease status. After review of all available
information, 194 myocardial infarctions were classified of which 38 were fatal and
156 were non-fatal. At the time of the present analysis, intima-media thickness had
been quantified for a random sample of 1958 of the 5851 subjects who underwent a
carotid ultrasonography. Of the 194 cases, 79 cases occurred in the subcohort of 1958
subjects and 115 in the remainder of the 5851 subjects. For these 115 subjects only
intima-media thickness was then quantified after which they were added to the dataset,
resulting in a total of 2073 subjects.

Measurement of intima-media thiclness

To measure carotid intima media thickness, ultrasonography of the common carotid
artery, carotid bifurcation, and internal carotid artery of the left and right carotid
arteries was performed with a 7.5-MHz linear-array transducer (ATL Ultra-Mark IV).
On a longitudinal, two-dimensional ultrasound image of the carotid artery, the anterior
(near) and posterior (far) walls of the carotid artery are displayed as two bright white
lines separated by a hypoechogenic space. The distance between the leading edge of
the first bright line of the far wall and the leading edge of the second bright line
indicates the intima-media thickness. For the near wall, the distance between the
trailing edge of the first bright line and the trailing edge of the second bright line at the
near wall provides the best estimate of the near-wall intima-media thickness. In
accordance with the Rotterdam Study ultrasound protocol ', a careful search was
performed for all interfaces of the near and far walls of the distal common carotid
artery, the carotid bifurcation and the internal carotid artery.

‘When an optimal longitudinal image was obtained, it was frozen on the R-wave of the
ECG and stored on videotape. The actual measurements of intima-media thickness
were performed off-line. From the videotape, the frozen images were digitised on the
screen of a personal computer using additional dedicated software. This procedure has
been described in detail previously *'*7. In short, with a cursor, or automatically by
the computer, the interfaces of the common carotid artery, the carotid bifurcation and
the internal carotid artery were marked across a length of 10 mm. For the common
carotid artery measurement, the most distal 10 mm. of the common carotid artery
before widening into the bifurcation was used. The carotid bifurcation was defined as
the part of the artery between the common carotid artery and the tip of the flow
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divider. The internal carotid artery was defined as the part of the artery after the tip of
the flow divider between the internal and the external carotid artery. We then
calculated the mean intima-media thickness for the common carotid artery only and
the maximum intima-media thickness over the marked length for both near and far
wall of all three arterial segments. The average of multiple frozen tmages of each
arterial segment was used for this. For our analyses, the maximum carotid intima-
media thickness was determined as the mean of the maximum intima-media thickness
of near- and far-wall measurements of both the left and right side arteries for each of
the three arterial segments. If data on one of the walls or one of the sides was missing,
maximum thickuness of the available wall and side was used. In the Rotterdam Study,
recording on videotape and quantification of intima-media thickness of the carotid
bifurcation and imternal carotid artery intima-media thickness started only after
approximately the first 1500 subjects were enrolled in the study. Because of this and
greater difficulties with ultrasound imaging of the carotid bifurcation and internal
carotid artery, there are more mussing data for these sites. After the first 1500 subjects,
visualisation of the common carotid artery, carotid bifurcation and internal carotid
artery was possible for 97%, 83% and 56% of the subjects, respectively. The readers
of the ultrasound images were unaware of the case status of the subject. Results from a
reproducibility study of IMT measurements of the common carotid artery among 80
participants of the Rotterdam Study who underwent a second ultrasound of both
carotid arteries within threc months of the first scan have been published elsewhere %,
In short, mean differences (SD) in far-wall intima-media thickness of the common
carotid artery between paired measurements of sonographers, readers, and visits were
0.005 mm (0.09), 0.060 mm (0.05), and 0.033 mm (0.12), respectively.

Data analysis

The association between intima-media thickness and incident myocardial infarction
was evaluated in a case-cohort design by use of a standard Cox proportional hazards
model with modification of standard errors based on robust variance estimates,'”*' In
these analyses the design is a cross between a cohort design and a case-control design.
At time of entry into the cohort an individual may be included in a random sample of
the cohort: the subcohort. All individuals are then followed for the outcome, whether
included in the subcohort or not. Then each case and all available controls at one point
in time define a risk set indexed by the follow-up time. A case outside the subcohort is
considered not at risk until just before becoming a case and is not included in earlier
risk sets. Subsequently the subcohort controls are weighted by the inverse of the
sampling fraction, in an attempt to get an estimate that would result from a full cohort
analyses.
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A composite measure that combined the maximal common carotid intima-
media thickness, the maximal bifurcation intima-media thickness and the maximal
internal carotid artery intima-media thickness was obtained for all subjects by
averaging the three measurements after standardisation (value minus mean, divided by
SD). Analysis were performed with carotid intima-media thickness used as a
continuous variable (expressed per SD) and as a categorised variable (based on
quartile cut-off points of the distribution). First, 2 model with adjustment for age and
sex was used. Second, additional adjustments were made for differences in baseline
characteristics between cases and controls. Third, we excluded subjects with a history
of myocardial infarction or stroke from the analyses. To assess the predictive value of
common carotid, bifurcation and internal carotid artery intima-media thickness
measurements as well as the combined measure, we used receiver operator
characteristic curves (ROC-curves). The area under the curve of each ROC-curve was
calculated to study which measurement is the best predictor of coronary heart disease.
The area under the ROC-curve represents the percentage of subjects correctly
identified. For better comparison of the four measurements, only subjects with
complete data for all three measurements were included in the ROC-curves, resulting
in a dataset of 476 subjects (85 cases and 391 controls). Differences between the areas
under the curve for the three separate measurements and the combined measure were
tested by the Chi-square statistic with its corresponding two-tailed p-value.

Results

Table 1 describes the baseline characteristics of the study subjects. The risk of
myocardial infarction increased gradually with increasing maximum intima-media
thickness when the near and far wall were combined (table 2). In quartile analysis the
age and sex adjusted risk ratios for myocardial infarction associated with maximal
common carotid intima-media thickness, maximal bifurcation intima-media thickness
and maximal internal carotid artery intima-media thickness were 3.18 (95% CI, 1.83-
5.54), 4.11 (95% CI, 2.10-8.05) and 5.31 (95% CI, 1.77-15.90) for the highest quartile
compared to the lowest quartile, respectively. For the combined measure the risk ratio
was 6.27 (95% CI, 3.27-12.02) for the highest quartile compared to the lowest quartile
(table 2, model I). The age and sex adjusted risk ratio for myocardial infarction per SD
increase of maximal common carotid IMT (0.21 mm), was 1.44 (95% CI, 1.28-1.62).
Per SD increase of maximal carotid bifurcation IMT (0.60 mm), the risk ratio was 1.34
{95% CI, 1.17-1.53). For the maximal internal carotid artery IMT the risk ratio per SD
{0.66 mm) was 1.12 (95% CI, 0.94-1.33). For the combined measure the risk ratio was
1.47 (95% CI, 1.31-1.65) per SD. When we did our analyses om only far wall
measurements of the three sites of the carotid artery, the age and sex adjusted risk ratio
per SD increase of maximal far wall thickness of the common carotid artery was 1.24
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(95% CI, 1.13-1.36). Per SD increase of maximal far wall thickness of the bifurcation
and the internal carotid artery the risk ratios were 1.24 (93% CI, 1.09-1.41) and 1.05
(95% ClI, 0.89-1.23), respectively. Additional adjustment for cardiovascular risk
factors attenuated the magnitude of the associations, as expected.

Table 1. Baseline Characteristics of the Study Population.

Characteristic Myocardial Controls
Infarction

N 194 2073
Age (years) 72 (8.2)* 70 (8.5)
Female (%) 39* 61
Body mass index (kg/m®) 26.3 (3.4) 26.6 (3.8)
Current smoking (%) 294 23.6
Systolic blood pressure (mmHg) 143 (22.5)* 138 (21.3)
Diastolic blood pressure (mmHg) 72(12.3) 72 (11.1)
Hypertension (%) 41* 34
Total cholesterol (mmol/L) 6.9 (1.2Y* 6.7(1.3)
HDL cholesterol (mmol/L) 1.20(0.28)* 1.34 (0.37)
Diabetes mellitus (%) 14* 7
Previous MI (%) 31* 15
Previous stroke (%) 6 3
Max. commeon carotid IMT (mm) 1.17 (0.29)* 1.03 (0.22)
Max. bifurcation IMT (mm) 1.76 (0.68)* 1.47 (0.62)
Max, internal carotid IMT (mm) 1.42 (0.61)* 1.23 (0.66)

Values are unadjusted proportions or means with SD in parentheses.
MI indicates myocardial infarction; Max., maximum; IMT, intima-media thickness.

* p<0.05 compared with total population, adjusted for differences in age and sex,

In quartile analyses, for the highest compared to the lowest quartile risk ratios
were 2.43 (95% CI 1.38-4.27), 3.91 (95% C1 1.8§7-8.18), 4.81 (93% CI 1.51-15.35) and
4.84 (95% CI 2.48-9.42) for the common, bifurcation and internal carotid artery and
the combined measure, respectively (table 2, model II). Separate analyses for males
and females showed similar risks. Risk ratios for the highest compared to the lowest
quartile of common carotid artery intima-media thickness were 3.21 (95% CI 1.66~
6.22) for men and 4.70 (95% CI 1.78-12.38) for women. Exclusion of 308 subjects
with a history of myocardial infarction and 60 subjects with a history of stroke resulted
in risk ratios that were about the same and were all statistically significant (table 2,
model I11).
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The areas under the ROC-curves for the common carotid artery, carotid bifurcation,
internal carotid artery and the combined measure were 0.671 (95% CI 0.611-0.731),
0.689 (0.630-0.747), 0.665 (0.605-0.725) and 0.670 (0.610-0.730), respectively.

Table 2. Association of Carotid Intima-Media Thickness with Risk of Myocardial

Infarction; the Rotterdam Study.

Site Risk Ratios (95% Confidence Interval)
Model I+ Mode] IT} Model ITI§

Maximal CCA IMT*

<0.880 mml| 1.0 1.0 1.0

0.880-0.983 mm 1.05 (0.56-1.96)  1.01 (0.54-1.90)  0.83 (0.37-1.82)

0.984-1.120 mm 238(1.38-4.11)  2.00(1.15-3.48)  2.50(1.29-4.82)

>1.121 mm 3.18(1.83-5.54)  2.43(1.38-427)  3.02 (1.55-5.90)

Per 1 SD increase 144 (1.28-1.62)  1.37(1.20-1.56)  1.40 (1.22-1.62)
Maximal Bif IMT*

< 1.000 mm|| 1.0 1.0 1.0

1.001-1.245 mm 1.75 (0.84-3.65)  1.91 (0.88-4.13)  1.28 (0.56-2.89)

1.246-1.710 mm 3.17(1.59-6.35)  3.11(1.48-6.53)  2.94(1.39-622)

>1.711 mm 4.11 (2.10-8.05)  3.91(1.87-8.18)  3.21(1.55-6.64)

Per 1 SD increase 134 (1.17-1.53)  1.28(1.11-1.47)  1.30(1.11-1.52)
Maximal ICA IMT*

<0.715 mm|| 1.0 1.0 1.0

0.716-0.951 mm 4.99 (1.64-15.15)  5.16 (1.62-16.37)  3.77 (1.19-11.95)

0.932-1.519 mm 772 (2.63-22.64)  7.28 (2.31-22.88)  4.94(1.62-15.11)

>1.520 mm 531(1.77-1590)  4.81(1.51-1535)  3.60 (1.14-11.40)

Per 1 SD increase 1.12(0.94-133)  1.17(0.92-1.50)  1.19(0.93-1.53)
Combined IMT

1% quartile | 1.0 1.0 1.0

2° quartile 242(1.20-4.89)  230(1.13-4.68)  2.90(1.23-6.84)

3" quartile 3.51(1.79-6.86)  3.07(1.56-6.07)  3.64(1.58-8.38)

4™ quartile 627 (327-12.02)  4.84 (2.48-942)  5.95(2.65-13.34)

Per 1 SD increase

1.47 (1.31-1.65)

1.38 (1.21-1.38)

1.46 (1.26-1.69)

IMT indicates intima-media thickness: CCA, common carotid artery; BIF, carotid bifurcation; ICA, internal

carotid artery.

* Cutpoints used were quartiles of the IMT distribution.

+ Model It age and sex adjusted.

T Model 1I: adjusted for age, sex, body mass index, systolic blood pressure, diastolic blood pressure, total

cholesterol, HDL cholesterol, smoking and diabetes mellitus,

§ Model HI: age and sex adjusted, previous myocardial infarction and stroke excluded.

|| Reference category.
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Discussion

The present study shows that an increased carotid artery intima-media thickness is
associated with future myocardial infarction in an older population. No difference was
found in the predictive value of intima-media thickness of the common carotid artery,
carotid bifurcation, internal carotid artery and the combined measure.

Several methodological issues need to be discussed before interpreting the
results, Missing values were present for a part of the subjects because of logistic
reasons and becanse of technical difficulties in visualisation of the carotid bifurcation
and the internal carotid artery. Data on bifurcation and internal carotid artery
measurements were missing for the first 1500 subjects, which can be considered a
random group, Missing data because of techmical difficulties with visualisation may
partly have been due to overweight, Since overweight has no association with intima-
media thickness, we do not think this has biased our results. Another possibility is
missing data due to tortuous vessels. If tortuous vessels are agsociated with more
extensive atherosclerosis, severe cases of atherosclerosis would have missing data on
bifurcation and internal carotid artery measurements and this may have led to an
underestimation of the true association, since severe atherosclerosis is also related to
tisk of myocardial infarction. Therefore we cannot exclude the possibility that the true
associations with carotid bifurcation and the internal carotid artery measurements are
somewhat higher. When comparing the predictive values we assured that all subjects
with any missing data on one of the measurement sites were excluded from the
analyses. The extent of misclassification of the diagnosis of myocardial infarction was
minimised, because the events were based on documented medical information, A
reproducibility study by Bots et al. showed good reproducibility for common carotid
artery intima-media thickness measurements.'®

As an indicator of atherosclerosis intima-media thickness is thought to be an
intermediate factor in the causal pathway of risk factors leading to myocardial
infarction and therefore adjustment for cardiovascular risk factors is not necessary to
prevent confounding. In this study additional adjustment for cardiovascular risk factors
was made. Although, as expected, the associations between carotid intima-media
thickness and incident myocardial infarction were attenuated, carotid intima-media
thickness was shown to be an independent risk factor for myocardial infarction.

Most studies have concentrated on the common carotid intima-media thickness
to study the relationship with myocardial infarction. Salonen and Salonen, found in the
Kuopio Ischemic Heart Disease Risk Factor Study among 1257 middle-aged Finish
men that an increase of 0.1 mm of maximum common carotid intima-media thickness
was associated with an 11% (95% CI, 6% to 16%) increase in the risk of myocardial
infarction. ™ Hodis et al. found a positive association between progression of intima-
media thickness and incident coronary heart disease in a study of 146 men 40 to 59
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years of age who had previously had coronary artery bypass graft surgery.” Two other
studies described the relationship between carotid artery intima-media thickness and
future myocardial infarction. Chambless et al. reported in the Atherosclerosis Risk in
Communities Study (ARIC), a study among 15792 men and women, aged 45-64
years, an association between intima-media thickness and myocardial infarction.®
Their analyses were based on mean intima-media thickness of only the far wall of the
carotid artery at three locations and on a combined measure based on unweighted
means of the three measurement sites. The results showed a stronger association of
myocardial infarction with common carotid artery intima-media thickness than with
the other locations. Relative risks were 1.92 (95% CI 1.66-2.22), 1.40 (95% CI 1.29-
1.53) and 1.28 (95% CI 1.18-1.39) for men and 1.32 (1.13-1.54), 1.23 (95% CI 1.15-
1.31) and 1.15 (95% CI 1.08-1.23) for women per SD increase of common carotid,
carotid bifurcation and internal carotid intima-media thickness, respectively.
Differences in strength of the association between the measurement sites were not
found in the Cardiovascular Health Study, a prospective study among 5201 men and
women of 65 years and older. O’Leary et al. reported relative risks of 1.33 (95% CI
1.21-1.48), 1.43 (95% CI, 1.28-1.59) and 1.46 {95% CI, 1.32-1.61) per SD increase of
maximal common carotid artery intima-media thickness, intemal carotid artery intima-
media thickness and the combined measure, respectively.'"

In our study, risk ratios for the highest compared to the lowest quartile appear
to be slightly higher for bifurcation and internal carotid artery intima-media thickness
than for comunon carotid artery thickness, but the confidence intervals overlap and
differences are not significant. In agreement with the Cardiovascular Health Siudy, the
risks found in analyses with intima-media thickness as a continuous variable were
virtually the same for the three sites. When we examined the predictive values in
ROC-curves, bifurcation and internal carotid artery measurements were not ¢learly
better than common carotid artery measurements. Since bifurcation and internal
carotid artery measurements generally have larger amounts of missing data, the
measurement of the common carotid artery may have a practical advantage over
measurements at the two other sites.

In conclusion, the present study shows that increased common carotid,
bifurcation and internal carotid artery intima-media thickness are related to future
coronary heart disease. The predictive values of the three measurements and the
combined measurement of the three sites were similar.
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Plaques in the carotid artery and risk of
myocardial infarction

Abstract

Objective: We examined the association between presence of carotid plaques at three
different sites and future myocardial infarction in an older population.

Methods and results: The snidy was conducted in 7983 subjects of 55 years and
older, participating the population-based Rotterdam Study. At baseline (1990-1993),
ultrasound images of the carotid artery were made. The presence of plaques in the
common carotid artery (CCA), the carotid bifurcation (BIF) and internal carotid
artery (ICA) was assessed in both carotid arteries. Among the 5611 subjects with
available information on presence of carotid plaques, 2035 new myocardial infarctions
occurred. The mean duration of follow-up was 5.4 years. The association between
plagues and incident myocardial infarction was analyzed using Cox regression with
adjustment for age and sex. The presence of plaques in the common carotid artery
nearly doubled the risk of myocardial infarction (relative risk 1.9 (95% confidence
interval, 1.4-2.5)). The presence of plagues in the bifurcation and internal carotid
artery were associated with relative risks of 1.6 (1.2-2.2) and 2.0 (1.5-2.7),
respectively. There was a graded association between number of plagues and risk of
myocardial infarction. The presence of 5-6 plagues was associated with a 2.7 fold
(95% CI, 1.5-4.7) increased risk of myocardial infarction, when compared to no
plagues. The relationships with incident myocardial infarction were of equal strength
Jor calcified plagues and non-caicified plagues.

Conclusions: The presence of plagues in the carotid artery shows a graded
association with future myocardial infarction in an older population, irrespective of
side, location and calcification of the plague.
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Introduction

Non-invasive assessment of atherosclerosis has gained interest in population-based
studies. B-mode carotid uitrasonography provides information on atherosclerosis and
is suitable for assessment of lumen diameter, intima-media thickness and presence and
extent of plaques.'” Most of the recent studies have focused on carotid intima-media
thickness, its determinants and its consequences.”® The available evidence on the
cardiovascular consequences of carotid plaques mainly comes from studies that
investigated the risk of cercbrovascular disease.”'* Moreover, these studies generally
used the degree of carotid stenosis to evaluate the association with cardiovascular
disease, while most carotid plaques in the general population are non-stenotic.

Only one study examined the risk of myocardial infarction associated with
carotid plaques in the general population but included a limited number of events,'*
We examined the association between carotid plaques on different locations in the
carotid artery and the occurrence of future myocardia) infarction in elderly subjects
from the Rotterdam Study,

Methods

Population

The Rotterdam study is a population-based prospective follow-up study that aims to
assess the determinants and occurrence of chronic discases in the elderly. The study
focuses on cardiovascular, neurogeriatric, ophtalmologic and locomotor diseases, and
has been described in more detail elsewhere.”® In brief, all residents aged 55 and over
of a defined district in Rotterdam were invited to participate. A total of 7983 men and
women (78 percent of those eligible) entered the study. During the first survey, from
1990 to 1993, all participants were interviewed at home and visited the study center
twice. The study was approved by the Medical Ethics Committee of the Erasmus
University, and written informed consent was obtained from all participants.

Cardiovascular Risk Indicators

Baseline interview information included current medication and smoking habits. For
smoking, the number of packyears was calculated by multiplying the number of
cigarette packs per day with the total number of years of smoking for both current and
former smokers. Height and weight were measured at the study center. Two blood
pressure measurements were taken with a random zero sphygmomanometer with the
subject in sitting position, and averaged. Hypertension was defined as a systolic
pressure 2160 mmHg or a diastolic pressure =95 mmHg or current use of blood
pressure lowering drogs prescribed for hypertension. Diabetes mellitus was considered
to be present when subjects currently used oral blood glucose-lowering drugs or
insulin, or had a non-fasting or postload glucose level of 11.1 mmol/L and over. Serum
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total cholesterol and HDL-cholesterol were assessed by an automated enzymatic
procedure. A history of myocardial infarction was assessed by asking the subject “Did
you ever suffer from a myocardial infarction for which you were hospitalized?”.
Reported myocardial infarctions were verified by electrocardiograms and hospital
discharge records.

Assessment of carotid plagues

Of the 7983 subjects who participated in the Rotterdam Study, 7129 visited the
research center. Ultrasonography of the carotid artery was performed with a 7.5-MHz
linear-array transducer {(ATL Ultra-Mark IV) in 5851 subjects. Ultrasound data were
mainly missing due to logistic reasons. In particular, for subjects who had their
baseline Rotterdam Study examination at the end of 1992 or in 1993, ultrasonography
could not always be performed due to the restricted availability of ultrasonographers.
Plaques were defined as focal widenings relative to adjacent segments, with protrusion
into the lumen and composed of calcified and/or non-calcified components. Data on
plaques were available for 5611 subjects. From Qctober 1991 onwards plaque
assessment was performed on-line. All 3989 subjects with an on-line plaque
assessment were included. For 1622 subjects with a missing on-line plaque assessment
the off-line assessment was used. Because of poor visualization, data on plaques were
missing in 0.3% and 6.1% of the subjects for the right and left common carotid artery,
respectively and in 3.4%, 9.8%, 10.9% and 16.6% of the subjects for the right and left
bifurcation and right and left internal carotid artery, respectively. Data on plaque
characteristics (calcifications and acoustic shadowing) were available for 3297
subjects whose stored images on videotapes had been read at the time of the present
analyses. Data on calcification were obtained from off-line measurement. These were
obtained for 3297 subjects for the common carotid artery, for 3155 subjects for the
carotid bifurcation and for 2715 subjects for the internal carotid artery. A
reproducibility study of the on-line assessment of plagues has been described
elsewhere. In short, a kappa of 0.66 was found for the left carotid artery, a kappa of
(.68 for the right carotid artery and a kappa of 0.67 for plaques on either side,
indicating moderate agreement.

Incident myocardial infarction

The GPs in the study area report all possible cases of myocardial infarction to the
Rotterdam research center.'® A diagnosis of a myocardial infarction is considered
definite when a hospital discharge diagnosis of a new myocardial infarction is present
or, in case a patient is not hospitalized, when signs and symptoms, ECG recordings,
and repeated laboratory investigations, indicating a new myocardial infarction, are
available. The diagnosis is considered a probable myocardial infarction, when it was
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described as probable by a cardiologist. When the GP thought there was a certain new
myocardial infarction, but he had no additional evidence, the myocardial infarction
was also considered to be probable. When a death hag been reported by the municipal
authorities in Rotterdam, additional information is obtained by abstracting the medical
records of the GP and scrutinizing information from hospital discharge records in case
of admittance or referral. All subjects were followed up for fatal and non-fatal
myocardial infarctions from the day of entry in the study until January 1, 1998. The
mean duration of follow-up was 5.4 years. After review of all available information,
205 myocardial infarctions were classified within the 5611 subjects.

Data analysis

A plaque score was derived by counting the number of sites with a plaque, leading to a
maximum score of 6 (left and right common carotid artery, left and right carotid
bifurcation, left and right internal carotid artery). The score was obtained for 4473
subjects with a complete plaque assessment on all sites. To evaluate the association
between cardiovascular risk factors and carotid plaques on three different locations of
the carotid artery, logistic regression analysis was used. A calcified and a non-calcified
plaque score were obtained by counting the number of sites with a calcified plaque and
the number of sites with a non-calcified plaque, respectively. These scores were only
obtained for subjects with a plaque assessment on all sites. Cox regression modeling
was used to calculate relative risks of myocardial infarction for the different plaque
scores, adjusted for age and sex and additionally for other cardiovascular risk factors.
The number of calcified plaques and the number of non-calcified plaques were
subsequently included in a model together with the total plaque score to evaluate the
independent risk estimate of calcification, given the total number of plaques. All
analyses were performed by using SPSS software, version 9.0 (SPSS Inc., Chicago,
Tlfinois).

Results

Table 1 describes the baseline characteristics of the study population. Subjects with 5-
6 plaques in the carotid artery were older and were more likely to be male. Levels of
body mass index, systolic blood pressure, total and HDL cholesterol and percentage of
current smokers were higher in subjects with plaques. The prevalence of plaques was
highest in the carotid bifurcation. The percentage of subjects with a plaque at one or
both sides of the common carotid artery, the carotid bifurcation and the internal carotid
artery were 16%, 54% and 35%, respectively. For men these percentages were 20%,
38% and 42%, respectively, while in women they were 14%, 51% and 30%.



Table 1. Baseline characteristics of the study population.

Characteristic

N
Age v

Female, %

Body mass index, kg/m’
Systolic blood pressure, mmHg
Diastolic blood pressure, mmEg
Hypertension, %

Total cholesterol, mmol/L

HDL cholesterol, mmol/L
Current smoking, %

Diabetes mellitus, %

History of MI, %

incident Mi %

0 1-2
1744 1547
66 (7.8) 70 (8.6)
68 60
26.3 (4.5) 262 (3.5)
136 (20.8) 141 (22.1)
73 (11.0) 75 (11.6)
25 35
6.4 (1.15) 6.7 (1.22)
1.38 (0.36) 1.35 (0.38)
20 23
4 6
7 11
2 4

Number of plagues in the carotid artery

34 5-6
860 322
72 (9.0) 75 (9.3)
49 42
26.1 (3.8) 25.7 (3.6)
142 (23.2) 148 (23.7)
73 (12.8) 75 (13.5)
41 50
6.8(1.27) 6.9 (1.29)
1.34 (0.35) 1.29 (0.35)
28 34
9 12
18 24
4 7

P-value*

0.000
0.000
0.044
0.000
0.110
0.000
0.000
0.000
0.000
0.113
0.196
0.002

Values are age and sex adjusted means with SD in parenthesis, MI indicates myocardial infarction.

* adjusted for age and sex (where appropriate).
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Figure 1 shows that the prevalence of plaques at the three measurement sites is
strongly related to age. The established cardiovascular risk factors age, sex, systolic
and diastolic blood pressure, total cholesterol and current smoking were significantly
and positively associated with plaques in the carotid artery, while HDL cholesterol
was inversely associated with plaques in the carotid artery (table 2). Exclusion of 671

subjects with a history of myocardial infarction did not alter the associations between
risk factors and plaques.

Figure 1. Prevalence of plaques in the carotid artery for men and women.
Men
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CCA indicates common carotid artery; BIF, carotid bifurcation; ICA, internal carotid artery,

The relative risk of myocardial infarction associated with plaques in the carotid artery

is shown in table 3. Separate Cox analyses for the three locations in the carotid artery showed

age and sex adjusted relative risks of myocardial infarction of 1.9 (95% CI, 1.4-2.5) for

plaques in common carotid artery, 1.6 (95% CI, 1.2-2.2) for plaques in the carotid bifurcation

and 2.0 (95% CI, 1.5-2.7) for plaques in the internal carotid
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Table 2. Odds ratios (95% confidence interval) describing the association between risk factors and plaques af three different
locations of the carotid artery on either side,

Risk factor Plaque location
CCA BIF ICA
Model At Model B Model AT Model B Model AT Model B}
Age, y 1.06 (1.05-1.07) 1.05(1.04-1.06) 1.08 (1.07-1.08) 1.07(1.06-1.08) 1.06(1.05-1.07) 1.06(1.05-1.07)

Sex, female
Body mass index
per kg/m?

Systolic blood pressure

per 10 mmHg
Diastolic blood

pressure per 10 mmtilg

Total cholesterol
per mmol/L,
HDL cholesterol
per mmol/L
Smoking
Current*®
Former*

Diabetes mellitus

0.57 (0.49-0.66)
0.99 (0.97-1.01)

1.16 (1.13-1.20)
1.06 (1.01-1.14)
1.19 (1.12-1.27)
0.75 (0.60-0.94)
1.89 (1.52-2.36)

1.34 (1.09-1.64)
1.14 (1.00-1.30)

0.64 (0.53-0.78)
0.98 (0.96-1.00)

1.18 (1.14-1.22)
1.09 (1.02-1.16)
1.18 (1.10-1.26)
0.71 (0.56-0.90)
2.03 (1.61-2.57)

1.48 (1.20-1.83)
1.06 (0.92-1.22)

0.65 (0.58-0.73)
0.99 (0.97-1.00)

1.12 (1.09-1.15)
1.03 (0.98-1.08)
1.14 (1.09-1.20)
0.67 (0.57-0.79)
2.06 (1.74-2.43)

1.26 (1.08-1.45)
1.18 (1.02-1.36)

0.77 (0.67-0.89)
0.98 (0.96-1.00)

1.13 (1.10-1.16)
1.04 (0.99-1.10)
1.13 (1.08-1.19)
0.63 (0.53-0.75)
2.06 (1.74-2.45)

1.28 (1.10-1.49)
1,10 (0.95-1.27)

0.51(0.45-0.58)
1.00 (0.98-1.01)

1.13 (1.10-1.16)
1.04 (0.99-1.09)
1.20 (1.14-1.26)
0.72 (0.60-0.85)
2.08 (1,74-2.49)

1.36 (1.15-1.59)
1.01 (0.88-1.15)

0.58 (0.49-0.67)
0.99 (0.98-1.01)

1.13 (1.10-1.17)
1.04 (0.99-1.10)
1.19 (1.12-1.25)
0.71 (0.59-0.85)
2.18 (1.81-2.63)

1.42 (1.20-1.68)
0.94 (0.81-1.08)

CCA indicates common carotid artery; BIF, carotid bifurcation; ICA, intemal carotid artery.
* As compared to never smoking.
+ Model A is adjusted for age and sex {where appropriate).
T Model B includes age, sex, body mass index, smoking, systolic blood pressure, total and HDL cholesterol and diabetes mellitus.



Chapter 3.2

Table 3. Age and sex adjusted relative risk (95% confidence interval) of
myocardial infarction by presence of plaques at different locations in the carotid
artery.

CCA BIF ICA

n RR n RR n RR
Left side* 621 2.0(14-2.8) 143 14(1.1-1.9) 1258 1.5(1.1-2.1)
Right side* 590 2.0(1.4-2.9) 321 1.5(1.1-2.0) 1320 1.9(1.4-2.6)
Either sidet 906  1.9(1.4-2.5) 2953 1.6(1.2-2.2y 1820 2.0(1.5-2.7)
Bothsidest 305  2.6(1.7-3.9) 1511 14(.0-1.9) 758 14(1.0-2.0)

D B b2

CCA indicatcs common carotid artery; BIF, carotid bifurcation; ICA. internal carotid artery.
* Compared to no plaques at that side
t Compared to no plaques

artery. There was no difference in relative risk between left sided and right sided
plaques. Exclusion of 671 subjects with a history of myocardial infarction resulted in
relative risks of 2.0 (95% CI, 1.4-2.9), 1.7 (95% CI, 1.2-2.5) and 2.4 (95% CI, 1.7-3.4)
for plaques in the common carotid artery, the carotid bifurcation and the internal
carotid artery, respectively.

Figure 2. Age and sex adjusted rate ratio of myocardial infarction according to plaque
score.

Relative risk

0 1-2 3-4 5-6
(r=1744y  (n=1547) (n=860) (=322)
Plaque score

Error bars represent 95% confidence intervals

A graded association between number of plaques and risk of myocardial
infarction was seen (figure 2). An age and sex adjusted relative risk of 2.7 (95% (I,
1.5-4.7y was observed for 5 or 6 plaques compared to no plaques. When we
additionally adjusted for smoking, blood pressure, blood lipids, diabetes mellitus and a
history of myocardial infarction, the relative risks were attenuated and were no longer
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significant. The relative risks associated with the number of calcified plaques and non-
calcified plaques were highly comparable (table 4). The relative risk of myocardial
infarction for 4 to 6 calcified plaques compared to no calcified plaques was 2.0 (95%
CIL, 1.0-4.2), while 4 to 6 non-calcified plaques compared to no non-calcified plaques
resulted in a relative misk of 2.1 (95% CI, 0.8-6.0). When the number of calcified
plaques and the plaque score were simultaneously added to the model to obtain the
independent risk estimate of calcification of plaques, the relative risk of 4-6 calcified

plaques compared to no calcified plaques was attenuated and not significant, 1.3 (95%
CI, 0.5-3.2).

Table 4. Age and sex adjusted relative risk (95% confidence interval) of
myocardial infarction by calcification of the plaque.

Number of Calcified plaques Non-calcified plaques
plaques

0* 1.0 1.0

1-3 1.5(1.0-2.4) 1.1 (0.7-1.7)

4-6 2.0(1.04.2) 2.1 (0.8-6.0)

* Reference category.,

Discussion

We found a graded association between the number of plaques in the carotid artery and
risk of myocardial infarction, The risk of myocardial infarction was 2.7 times higher in
subjects with 5 or 6 plaques in the carotid artery compared to subjects without plaques
in the carotid artery. The presence of plaques in the carotid artery was associated with
future myocardial infarction, irrespective of side and location of the plaque. The
relationships with incident myocardial infarction were of equal strength for calcified
plaques and non-calcified plaques.

Most studies that investigated the association between carotid plaques and
cardiovascular disease focused on cerebrovascular disease. In the Cardiovascular
Health Study (CHS), subjects with calcified plaques had a nearly two-fold increased
prevalence of cerebral infarcts on MRI scan compared to subjects with isodense
plaque.’ In the British Regional Heart Study carotid plaques were cross-sectionally
associated with chest pain, intermittent claudication and prevalent ischemic heart
discase.'® Only one study examined the association with the risk of coronary heart
disease prospectively. Salonen et al. found that small plaques anywhere in the carotid
artery were associated with a relative risk of acute coronary events of 4.2 (1.5-11.5)
and large (stenotic) plaques with a relative risk of 6.7 (1.3-33.9), but analyses were
conducted using a limited number of events (n=24)."
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‘We found no clear difference in risk for calcified and non-calcified plaques.
Recent data on coronary artery calcifications have suggested that calcification is an
active process that stabilizes vulnerable plaques and protects against rupture.!’
However, whether subjects with predominantly calcified plaques in the carotid artery
also have predominantly calcified plaques in the coronary arteries is not known.
Recent evidence suggests that an other plaque characteristic, plaque-surface
morphology (smooth versus irregular) is a systemic measure of plaque stability, and is
related to future cardiac events.'®

In this older population, the prevalence of plaques was relatively high,
especially in the carotid bifurcation and internal carotid artery. The predominance of
plaques at these sites may be due to more turbulence of blood flow in the carotid
bifurcation and the internal carotid artery.”'" In our study, most established
cardiovascular risk factors were associated with plaques in the carotid artery, except
BMI. Similar results were found in other studies. Bonithon-Kopp et al. found in the
Vascular Aging (EVA) Study that the presence of carotid plaques was strongly related
to age, hypertension and hypercholesterolemia and weakly with ever smoking."' As in
our study, BMI showed no association with the presence of plaques. Ebrahim et al.
found in The British Regional Heart Study that HDL-cholesterol, total cholesterol and
systolic blood pressure were associated with plaques in the carotid artery.!”

Some limitations of the study need to be addressed. Missing data on one or
more sites was present for part of the study subjects because of logistic reasons and
poor visualization. Poor visualization may be due to overweight or tortuous vessels.
We found that BMI was not associated with plaques in the carotid artery. If tortuous
vessels would be associated with more extensive atherosclerosis, most severe cases of
atherosclerosis would have missing data on carotid plaques, which would have led to
an underestimation of the true association.

We computed a plaque score based on the number of sites with plaque. In the
CHS as well as in the EVA Study significant associations between intima-media
thickness and number of plagues were found. Several other cross-sectional studies
have shown that carotid plaques preferentially occurred in older people with intima-
media thickening.>*! The British Regional Heart Study reported that carotid intima-
media thickness and carotid plaque were correlated with each other but showed
different patterns of association with risk factors and prevalent disease.'”

This is the first population-based study showing a graded association between
plaques in the carotid artery and risk of myocardial infarction. The associations were
present irrespective of side, location and calcification of the plaque. The results
indicate that measurement of carotid plaques may play an important role in
cardiovascular disease risk assessment.
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3.3

Carotid plaques and risk of stroke and subtypes
of cerebral infarction

Abstract

Background: Carotid plagues are considered to increase the risk of stroke. Few
studies have quantified this relationship in asymptomatic subjects and limited data are
available on the importance of location of plagues, or the effect on subtypes of
cerebral infarction. It is still controversial whether the plagues merely reflect
generalized atherosclerosis or are directly causally related to subsequent stroke. We
investigated the relationship between carotid plagues, measured at different locations,
and risk of stroke and subtypes of cerebral infarction in a population based study.
Methods: The study was based on the Rofterdam Study and included 4336 subjects
aged 35 years or over who were free from stroke. Presence of carotid plagues in left
and right sided common carotid artery, bifurcation and internal carotid artery was
assessed at baseline (1990-1993). Severe plagues were defined as presence of 5 lo §
plagues. After a mean follow up of 5.2 years 172 strokes had occurred. The
association between plagues and risk of stroke was analyzed using a Cox proportional
hazards regression model,

Results: Plagues in the common carotid artery, bifurcation and internal carotid artery
increased the risk of stroke and cerebral infurction approximately 1.5-fold. Severe
carotid plagques increased risk of non-lacunar infarction in the anterior (RR 3.6 (95%
CI 1.5-9.0)), but not in the posterior circulation (RR 0.5, 95% CI 0.1-3.8). A strong
and graded association with lacunar infarction was observed, with an almost 10-fold
increased risk in subjects with severe plagues (RR 9.8, 95% CI 2.0-46.7).

Conclusion: Carotid plaques increase the risk of stroke and cerebral infarction,
irrespective of location in the carotid artery. A stronger association with infarctions in
the anterior than in the posterior circulaton was found. No clear difference was seen
in risk estimates for ipslateral and contralateral infarctions.
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Introduction

Carotid plaques are frequently found in subjects who suffered from a stroke.”” Few
studies have quantified the association between carotid plaques and risk of subsequent
stroke in asymptomatic subjects.’ Also, limited information is available on the
relationship with subtypes of cerebral infarction®’, as well as about the impact of
location of the carotid plaque in relation to the risk of stroke. One could hypothesize
that because of more turbulence of bloodflow, bifurcation and internal carotid artery
plaques carry a higher risk than plagues in the common carotid artery.>® It is also still
controversial whether carotid plaques merely reflect generalized atherosclerosis or are
directly causally related to subsequent stroke by release of thrombo emboli.*™* We
investigated the association between asymptomatic plaques, measured at six locations
in the carotid arteries and the risk of stroke and subtypes of cerebral infarction in a
population-based cohort of elderly persons.

Methods

Population

The study is part of the Rotterdam Study, a population-based cohort study on chronic
and disabling diseases in the elderly. All inhabitants of Ommoord, a subwb of
Rotterdam, aged 55 years or more were invited. People living in homes for the elderly
were included. Participation rate of those invited for the study was 78% and in total
7983 subjects participated.” The Medical Ethics Committee of Erasmus University
Rotterdam approved the study. Written informed consent to retrieve information from
treating physicians was obtamed from all participants. Baseline measurements were
obtained from 1990 to 1993 and consisted of an interview at home and two visits to the
research center for physical examination. From the 7129 subjects who visited the
research center, 215 experienced a previous stroke. Participants with a previous stroke
were excluded from the present study.

Assessment of carotid plagues

At bageline 5679 participants who were free from previous stroke underwent B-mode
ultrasonography of both carotid arteries with a 7.5-MHZ linear array transducer (ATL
Ultra-Mark TV to assess intima media thickness and presence of plaques.'® Missing
ultrasounrd data were mainly due to restricted availability of ultrasonographers. The
left and right common carotid artery, bifurcation and internal carotid artery were
visualized and examined for the presence of plaques which were defined as focal
widenings relative to adjacent segments, with protrusion into the lumen, composed of
calcified or non-calcified components. Plaques were assessed in 5444 randomly
selected participants. Ultrasonographers and readers who assessed the presence of
plaques were blinded for all clinical information. The total plaque score reflected the
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total nurnber of sites with plaques and ranged from 0 to 6 (left and right-sided common
carotid artery, bifurcation and internal carotid artery). A total of 1108 participants had
a missing plaque score at one or more locations, leaving 4336 participants of whom we
had information on plaques at all locations in the carotid artery. The 1108 participants
with missing plaque score had on average slightly higher diastolic (P<0.001) and
systolic blood pressure (P<0.05) levels and body mass index (P<0.001), compared
with those without missings. The groups did not differ according to age, gender,
diabetes, carotid IMT, and total cholesterol. A reproducibility study of the on line
plaque assessment resulted in a kappa of 0.66 for the left, 0.68 for the right carotid
artery and 0.67 for either side, indicating a moderate agreement. In a subgroup of 1775
participants from the Rotterdam study, assessment of stenosis in the right internal
carotid artery was performed during the ultrasound examination. The prevalence of
stenosis >80% was 0.3%.

Assessment of stroke and subtvpes

During the baseline interview a previous stroke was assessed by asking “did you ever
suffer from a stroke, diagnosed by a physician?” Medical records of subjects who
answered ‘yes’ were checked in order to verify the diagnosis."' Once subjects enter the
Rotterdam Study they are continuously monitored for major events through antornated
linkage with the files from general practitioners. Information on vital status is obtained
at regular intervals from the municipal authorities in Rotterdam. When an event or
death has been reported, additional information is obtained by interviewing the general
practitioner and scrutinizing information from hospital discharge records in case of
admittance or referral. A neurologist (P.J.K.) reviewed information on all possible
strokes. He classified the stroke as definite, probable or possible.” We only used
definite and probable strokes in the analyses. If a CT or MRI, performed within 28
days, showed a hemorrhage or infarction the type of stroke was coded accordingly. We
classified the stroke as cerebral infarction in case of no abnormality on CT or MRI.
Strokes without neuro-imaging were classified as unspecified or as possible
hemorrhagic or ischemic in case of the following symptoms. The stroke was
considered to be hemorrhagic if there was sudden hemiplegia or other focal signs with
permanent unconsciousness or death within hours. The stroke was classified as
ischemic in case of limited impairment (isclated aphasia, isolated weakness of one
limb, isolated facial weakness or isolated hemianopia), complete improvement within
72 hours or documented atrial fibrillation at time of the diagnosis.

We further classified cerebral infarctions as lacunar or non-lacunar, based on clinical
symptoms and/or neurc-imaging. Furthermore, we subclassified them as located in the
anterior or posterior circulation. For the present study, follow-up for stroke was
complete in all participants until January 1, 1998.
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Medical history and risk factors

Information on current health status and medical history at baseline was obtained using
a computerized questionnaire. A neurologist verified all transient ischemic attacks
reported by participants during the interview.' Participants were classified as current,
former or never smoker. Non-fasting blood samples were taken and serum total
cholesterol and high-density lipoprotein (HDL) cholesterol was measured using an
automated enzymatic procedure. Sitting blood pressure was measured twice on the
right arm with a random-zerc sphygmomanometer. In the analyses we used the
average of the two measurements. Hypertension was defined as a systolic blood
pressure of 160 mmHg or over, or a diastolic blood pressure of 95 mmHg or over, or
current use of antihypertensive drugs for the indication of hypertension.'* Diabetes
mellitus was defined as use of oral blood glucose lowering drugs or insulin or random
or post-load serum glucose level higher than 11.0 mmol/L.

Data analysis

The relation between carotid plaques and the risk of stroke was assessed with a Cox
proportional hazards regression model. We assessed the relation between total plaque
score and risk of stroke and cerebral infarction, Participants without any plaques were
taken as the reference. We also analyzed the presence of one or more plaques at
different locations (left and/or right sided common carotid artery, bifurcation and
mternal carotid artery) in relation to the risk of stroke and cerebral infarction. In order
to distinguish between generalized atherosclerosis and thrombo-embolism we assessed
whether the association between left and right-sided plaque score (0-3) and risk of
infarction was different for ipsilateral and contralateral infarction. In these analyses
subjects with zero plaques in left- and respectively right-sided carotid artery were
taken as the reference. Further, we determined the relation between carotid plaques
and subtypes of infarction, in particular non-lacunar infarction in the anterior and
posterior circulation and lacunar infarction. All analyses were adjusted for age and
gender and additionally for hypertension, diabetes mellitus, smoking, HDL- and total-
cholesterol. We performed additional analyses excluding subjects with previous
transient ischemic attack (n=168). Results are presented as rate ratios with
corresponding 95% confidence intervals.

Results

Table 1 shows the baseline characteristics of the study population. During 22674
person years of follow-up (mean follow-up 5.2 years) 172 definite or probable strokes
occurred. A CT or MRI was performed in 65.2% of the cases. Subtyping revealed 106
cerebral infarctions, 14 intracerebral hemorrhages, 1 subarachnoid hemorrhage and 51
unspecified strokes. The infarction was lacunar in 21 cases (20%) of which 19 were
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located in the anterior circulation. A total of 85 infarctions were non-lacunar 43 of
which were Jocated in the anterior and 19 in the posterior circulation. In 23 infarctions
the location was unspecified. The group with stroke was on average older and
comprised a larger proportion of men than the cohort. We observed a higher
prevalence of carotid plaques at all locations in subjects with subsequent stroke. The
number of plaques in the left and right carotid artery were significantly correlated
{Spearman correlation coefficient 0.63).

Table 1. Baseline characteristics of the study population.

Study population Stroke

(n=4336) (n=172)
Age 68.9 (8.8) 74.5 (9.0)
Gender (% female) 59.9 52.3
Systolic blood pressure (mmHg) 139.6 (225) 149.8 (23.3)
Diastolic blood pressure (mmHg) 73.9(11.8) 75.2(13.3)
Total cholesterol (mol/L) 6.6(1.2) 6.4(1.2)
HDL cholesterol (mmol/L) 1.4 (0.4) 1.3 (0.4)
Diabetes (%) 10.0 21.5
Previous myocardial infarction (%) 12.0 18.0
Previous TTA (%) 2.7 7.6
Smoking (% current smokers) 234 247
Atnal fibrillation (%) 2.5 52
Any carotid plaques (%) 60.4 75.6
Plaque(s) in commuon carotid artery (%) 15.4 26.2
Plaque(s) in carotid bifurcation (%) 53.6 71.5
Plaque(s} in internal carotid artery (%) 34.9 47.1
Plaque(s) in left carotid artery (%) 49.7 65.7
Plaque(s) in right carotid artery (%) 483 65.1
Total plaque score (range 0-6) 1.6 24

Values represent means (sd), or percentages.

Carotid plagues and risk of stroke and cerebral infarction

The risk of stroke and cerebral infarction gradually increased with increasing total
plaque score. The risk of stroke in subjects with severe plaques (score 5 to 6) was 2.7
fold increased (RR 2.7 (95% CI 1.6-4.5)) and the risk of cerebral infarction more than
tripled (RR 3.12 (95% CI 1.62-6.02)), compared to subjects without plaques (table 2),
Plaques in the common carotid artery increased the risk of stroke and cerebral
infarction 1.6 and respectively 1.8 times. In the bifurcation and internal carotid artery
plaques increased the risks approximately 1.5-fold. These associations did not
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materially change after adjustment for other factors and restriction to subjects without
previous transient ischemic attack.

Table 2. Rate ratio of stroke and cerebral infarction in relation to carotid
plaques, adjusted for age and gender.

Subjects Stroke Cerebral infarction
atrisk
No of Rate ratio No of Rate ratio
evernts events
No plaque (ref.) 1715 42 1.00 29 - 1.00
Plaques at different
locations
=1 plaque in left or 669 45 1.75 (1.09-2.82) 25 1.55 (0.87-2.74)
right CCA
>l plaque inleftor 2322 123 1.52(1.04-2.22 73 1.58 (0.99-2.53)
right BIF
=1 plaque in left or 1514 81 1.39(0.92-2.09) 49 1.53 (0.92-2.55)
right ICA
Total plaque score
1-2 1503 58 1.19 (0.78-1.81) 34 1.16 (0.68-1.97)
34 823 43 1.36 (0.85-2.16) 25 1.53 (0.86-2.74)
5-6 295 29 2.69 (1.61-4.52) 18 3.12 (1.62-6.02)
Any plaque 2621 130 1.48(1.03-2.11) 77 1.44 (0.93-2,24)

Groups with plagues at different locations are not mutually exclusive.

Carotid plagues in relation to infarction in left and right hemisphere and subtypes of
infarction

A score of 3 plaques in the right carotid artery increased the risk of infarction in the
ipsilateral rather than the contralateral hemisphere (RR 4.30 vs. 1.28), althougch the
difference was not statistically significant (table 3). For plaques in the left carotid
artery the corresponding risks of ipsilateral and contralateral infarction were almost
similar (RR 4.19 vs. 4.04). Presence of any plaque in the left or right carotid artery
statistically significantly more than doubled the risk of infarction in the ipsilateral
hemisphere, while no significantly increased risk of infarction in the contralateral
hemisphere was found. Severe plaques (5-6 plaques) increased the risk of non-lacunar
infarction in the anterior circulation 3.6 times (table 4). The risk of anterior circulation
infarction was very similar for plaques at the different locations {common carotid
artery, bifurcation or internal carotid artery). Neither total plaque score nor plaques at
different segments of the carotid artery showed a significant relationship with the risk
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of non-lacunar infarction in the posterior circulation. Increase in total plaque score
gradually increased risk of lacunar infarction. Participants with 3-4 plaques had a more
than five times increased risk and participants with 5-6 plaques had an almost ten-fold
increased risk of lacunar infarction. The results did not materially change after
exclusion of subjects with previous transient ischemi¢ attack and after additional
adjustment for cardiovascular risk factors. The risk of lacunar infarction in participants
with plaques in the common carotid artery, bifurcation or internal carotid artery
significantly increased 5.7 to 8.1 times. The magnitude of these associations decreased
to respectively 3.5 and 5.3 after adjustment for cardiovascular risk factors, but did not
lose significance. Exclusion of subjects with previous transient ischemic attack did not
change the results.

Table 3. Rate ratio of ipsi~ and contralateral infarction in relation to the side of
carotid plaque, adjusted for age and gender.

Infarction in right Infarction in left
hemisphere hemisphere
n=38 n=36

Severity of plaques No. of Rate ratio No. Of Rate ratio
left carotid artery™® events events
0 11 1.60 10 1.00
1 8 1.16 (0.44-3.07) 13 1.91 (1.80-4.54)
2 11 2.12(0.82-5.51) 10 2.95(1.20-7.25)
3 8 4.04 (1.38-11.8) 3 4.19(1.36-12.9)
Any plaque 27 1.79 (0.82-3.88) 26 2.45(1.16-5.19)
Severity of plaques
right carotid artery*
0 10 1.00 i3 1.00
1 8 1.75 (0.65-4.73) 14 1.92 (0.86-4.27)
2 14 3.36 (1.29-8.71) 7 2.07 (0.85-5.03)
3 6 4.30(1.34-13.8) 2 1.28 (0.28-5.92)
Any plaque 28 2.58(1.13-5.19) 23 1.90 (0.93-3.90)

* Number of locations where plagues were observed (range 0-3).
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Table 4, Rate ratio of subtypes of cerebral infarction in relation to caretid plaques, adjusted for age and gender.

No plaque (refl)

Plaques at different
locations

=1 plaque in left or

right CCA

=1 plaque in left or

right BIF

=1 plaque in lfeft or

right ICA

Total plaque score
1-2
34
5-6
Any plaque

Subjects
at risk

1715

669

2322

1514

1503
823
295

2621

Anterior eirculation

Posterior circulation

Lacunar infarction

infarction infarction
No of Rate ratio No of Rate ratio No of Rate ratio
events evenis events
B 1.00 10 1.00 2 1.00
11 1.55 (0.60-4.08) 2 0.46 (0.09-2.25) 6 8.08 (1.48-44.16)
30 1.41 (0.66-3.02) 9 0.63 (0.24-1.64) 19 6.49 (1.47-28.69)
23 1.54 (0.68-3.45) 6 0.56 (0.19-1.63) 10 5.68 (1.16-27.75)
13 107 (0.47-2.42) 5 0.41(0.13-1.32) 8 3.44 (0.92-12.84)
9 (.94 (0.36-2.50) 3 0.50 (0.13-1.87) 7 5.25 (1.31-21.07)
10 3.61 (1.45-9.01) 1 0.47 (0.06-3.80) 4 9.77 (2.04-46.68)
32 1.29 (0.63-2.63) 9 0.44 (0.17-1.16) 19 4.39 (1.28-15.14)




Carotid plaques and risk of stroke and subtvpes of cerebral infarction

Discussion

The present study shows that carotid plaques increase the risk of stroke and cerebral
infarction, irrespective of their location in the carotid artery. We found that carotid
plagues increased the risk of infarction in the anterior but not in the posterior
circulation. Finally, a strong association between carotid plaques and risk of lacunar
infarction was found.

A few methodological issues need to be addressed. First, restriction to
participants without a missing plaque score at any location could have led to a
selection bias. We observed that participants with a missing score on average had
slightly higher blood pressure levels and body mass index compared with those
without missing values. However, no differences in other baseline variables
whereamong carotid IMT was observed. Therefore, we think selection bias is unlikely.
Misclassification of strokes could have occwred in our study, especially when
information was limited. In the analyses of infarctions and their subtypes we used only
infarctions in which a CT or MRI excluded a hemorrhage or infarctions with
symptoms that were very suggestive of ischemic stroke. In most of these cases the
stroke was diagnosed accurately. Classification of strokes was performed blinded for
plaque score. Misclassification of stroke, if present, is therefore non-differential, again
potentially resulting in an underestimation of the true effect. The reproducibility of
plaques showed a moderate agreement. However, since plaque assessment was
performed blinded for case status, misclassification is likely to be non-differential,
leading to an underestimation of the true associations.'” The advantage of the present
study is that it was done in asymptomatic participants in whom carotid stenosis was
rare. From studies in symptomatic subjects we know that degree of carotid stenosis
and echodensity of carotid plaques are associated with the risk of cerebral infarction."
The question remained what the role of carotid plaques is in relation to cerebral
infarctions in asymptomatic subjects. The Cardiovascular Health Study is the only
population-based cohort study that has investigated carotid plaques in relation to
subsequent stroke in asymptomatic subjects.* In that study, 4886 participants were
followed for 3.3 years and 175 strokes occwred. The study focused on plaque
characteristics, not plaque localization or plaque load and concluded that
hypoechogenic, but not hyperechogenic plaques were associated with increased risk of
ischemic stroke. Plaques were scored as present in the bifurcation or internal carotid
artery, without distinction between bifurcation and internal carotid artery. Plaques in
the common carotid artery were not analyzed. Furthermore, not all subtypes of
cerebral infarction were considered. The current study expands the findings of the
Cardiovascular Health study in all these aspects.

The present study showed that the risk of siroke and cerebral infarction
associated with carotid plagues does not depend on plaque location in the carotid
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artery. A considerable overlap of plaques at the different locations may explain the
lack of difference in risk between location. Amnother explanation is that in an
asymptomatic population carotid plaques primarily are indicators of generalized
atherosclerosis and that location in the carotid artery does not matter.

We further aimed to clarify the underlying mechanism of the association
between carotid plaques and cerebral infarction. The higher risk of cerebral infarction
with increasing plaque score could indicate that a higher plaque score reflects more
severe generalized atherosclerosis. On the other hand, if a participant has a high plague
score then the probability of having plaques that are vulnerable for thrombo-embolism
is also higher. Thus, we can not distinguish on the basis of these results between
generalized atheroslerosis and thrombo-embolism. For plaques in the right carotid
artery we observed a higher risk of ipsilateral infarction compared to contralateral
infarction whereas for plaques in the left carotid artery the risks of ipsilateral and
contralateral infarction were similar. These results do not provide conclusive evidence
that carotid plaques are sources of thrombo-emboli. Plaques in the left and right
carotid artery were highly correlated and similarly distributed. Numbers were not high
enough to examine the risks in subjects with plaques only at one side. We were not
able to establish whether a ruptured plaque was present in the ipsilateral carotid artery
when an ischemic stroke occurred. Two other studies also did not find differences in
occurrence of carotid atherosclerosis and plaques between the ipsi- and contralateral
carotid artery in symptomatic subjects.”'® An alternative approach to distinguish
between thrombo-embolism and generalized atherosclerosis was to compare
associations between carotid plaques and risk of infarction in the anterior and posterior
circulation. We observed that carotid plaques increased the risk of infarction in the
anterior, but not in the posterior circulation, although a small number of posterior
infarctions could be an alternative explanation for the absence of an association. These
findings indicate that carotid plaques are sources of thrombo-emboli.

We found a strong and gradual association between carotid plaques and risk of
lacunar infarction. Three possible mechanisms could underlie this association. First
and most likely, carotid plaques are markers of intracranial atherosclerosis on small
vessel level, which is believed to be an important causes of lacunar infarctions.
Secondly, severe carotid plaques may develop into carotid stenosis and impairment of
the bloodflow through the carotid arteries, leading to hypoperfusion of small cerebral
vessels. This hypothesis is supported by reports on the association between carotid
stenosis and lacunar infarction'”'®, but is not very plausible, since carotid stenosis in
our population was rare. A third explanation is that micro-emboli, originating from
carotid plaques, occlude small perforating vessels and thereby cause a Jacunar
infarction. A recent study on patients with classical lacunar syndrome and diffusion-
weighted imaging described a subset of patients with multiple lacunar infarctions
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associated with an embolic cause from the heart and large arteries.”® Nonetheless, it is
not likely that the majority of lacunar infarctions in the present study were caused by
thrombo-emboli.

This is the first prospective population-based study that investigated plagues at

all locations in the carotid artery in relation to stroke and subtypes of cerebral
infarction in asymptomatic and non-stenotic subjects. Increased total plaque score
increased the risk of stroke, infarction in the anterior circulation and lacunar infarction,
independent of plaque location,
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4.1

Is carotid intima-media thickness useful i
cardiovascular risk assessment?

Abstract

Objective: We defermined the contribution of common carotid IMT in the prediction
of future cardiovascular and cerebrovascular disease when added to established risk
Jactors.

Methods: We wused data from a nested case-control study comprising 374 subjects
with either an incident stroke or a myocardial infarction, and 1496 controls. All
subjects were aged 55 years and over and participated in the Rotterdam Study. Mean
Jollow-up was 4.2 years (range 0.1-6.5). We evaluated which correlates of
cardiovascular and cerebrovascular disease contribute to the prediction of either a
new incident myocardial infarction or a stroke. Logistic regression modeling and the
area under the Receiving Operating Characteristic curve (ROC area) were used to
quantify the predictive value of the established risk factors and the added value of
IMT.

Results: The ROC area of a model with age and sex only was 0.65 (95% confidence
interval, 0.62-0.69). Independent risk factors were previous myocardial infarction and
stroke, diabetes mellitus, smoking, systolic pressure, diastolic pressure, total and HDL
cholesterol. These risk factors increased the ROC area from 0.65 to 0.72 (0.69-0.75).
This model corvecily predicted 17% of all subjects with cardiovascular and
cerebrovascular disease. When common caroiid IMT was added to the previous model
the ROC areq increased to 0.75 (0.72-0.78). When only the IMT measurement was
used, the ROC area was 0.7] (0.68-0.74), and 14% of all subjects were correctly
predicted. There was no difference in ROC area when using different measurement
sites,

Conclusion: Adding intima-media thickness to a risk function for cardiovascular and
cerebrovascular disease does not vesult in a substantial increase in the predictive
value when used as a screeningtool.
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Introduction

Carotid intima-media thickness (IMT) measurements are widely being applied as a
measure of atherosclerosis in studies on determinants of presence and progression of
atherosclerosis and in studies on atherosclerosis as determinant of cardiovascular
disease.”™ Carotid IMT has been shown to be related to cardiovascular risk factors,
prevalent cardiovascular disease and to atherosclerosis in the peripheral, coronary, and
femoral arteries. Recently, evidence became available indicating that an increased
carotid IMT is a strong predictor of coronary heart disease and stroke."*” Therefore, it
has been suggested that measurements of carotid IMT may be used to identify high-
risk subjects.®

The objective of the present study is to evaluate in elderly subjects of the general
population which established risk factors, such as medical history, blood pressure and
serum lipids, are independent predictors of cardiovascular and cerebrovascular disease
and whether measurement of carotid IMT contributes to the prediction of
cardiovascular and cerebrovascular discase when added to these risk factors.
Eventually, we evaluated the predictive ability of the carotid IMT measurement alone,
when used to replace established risk factors.

Methods

Population

The Rotterdam Study is a single center prospective follow-up study on disease and
disability in the elderly in 7,983 subjects, aged 55 years or over, living in the suburb of
Ommoord in Rotterdam, The Netherlands, as detailed elsewhere.” Bascline data were
collected from March 1990 to July 1993 during a home interview and two visits at the
research center. The overall participation rate of those invited for the study was 78%.
The study has been approved by the Medical Ethics Committee of the Erasmus
University and written informed consent was obtained from all participants.

Cardiovascular and cerebrovascular visk indicators

At baseline, information about the medical history of myocardial infarction and stroke,
current medication, alcohol intake and smoking habits, was obtained by a trained
research assistant. At the study center an extensive physical examination was
performed, including height and weight measurement, two blood pressure
measurements (taken with a random zero sphygmomanometer with the subject in
sitting position, and averaged), a twelve lead ECG, serum total cholesterol and HDL-
cholesterol level and a non-fasting or postload glucose level.

Presence of hypertension was defined as a systolic pressure 2160 mmHg or a diastolic
pressure 295mm Hg or current use of blood pressure lowering drugs for the indication
of hypertension. Diabetes mellitus was considered to be present when subjects
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currently used oral blood glucose-lowering drugs or insulin, or had a non-fasting or
postload glucose level above 11 mmol/L, assessed after a non-fasting venipuncture.

Incident cardiovascular and cerebrovascular disease

Information on incident fatal and non-fatal events is obtained from the general
practitioners (GPs) working in the district of Ommoord. The GPs report all possible
cases of myocardial infarction and stroke to the Rotterdam research center. Events are
coded according to the International Classification of Primary Care (ICPC) .
Information on the vital status of the participants is obtained at regular intervals from
the municipal authorities in Rotterdam. When an event or death has been reported,
additional information is obtained by scrutinizing information from GP and hospital
discharge records in case of admittance or referral. Events are then confirmed by two
study physicians. Additionally, all data about new cases of myocardial infarction were
reviewed by a cardiologist and all data about stroke cases were reviewed by a
neurologist, both did not actually see the patient. In case of disagreement, consensus is
reached in additional meetings. An incident myocardial infarction was considered to
have occurred when the event led to a hospitalization, and the hospital discharge
record comprised a diagnosis of a new myocardial infarction based on signs and
symptoms, ECG recordings, and repeated laboratory investigations during hospital
stay. All suspected cerebrovascular events reported by the GPs were submitted for
review to a neurologist (PJK). The neurologist classified the events as definite,
probable and possible stroke, based on all information, including symptoms and signs
obtained by interviewing the GP or, in case of hospital referral, hospital data. An
incident stroke was considered to have occurred when (1) the event had led to a
hospitalization and the hospital discharge record indicated a diagnosis of a new stroke,
The clinical diagnosis was based on signs, symptoms, and neuroimaging investigations
during hospital stay; or (2) in case of no hospitalization, signs and symptoms
associated with the event obtained from the general practitioner were highly
suggestive of a stroke according to the neurologist (probable stroke); or (3) in case of
out hospital death, when the general practitioner reported that the cause of death was a
cerebrovascular accident and a cardiac cause was judged to be highly unlikely. For the
analyses, only definite and probable incident strokes were included.

Measurement of intima-media thickness

To measure carotid intima-media thickness, ultrasonography of the common carotid
artery (CCA), carotid bifurcation (BIF), and internal carotid artery (ICA) of the left
and night carotid arteries was performed with a 7.5-MHz linear-array transducer (ATL
Ultra-Mark IV). On a longitudinal, two-dimensional ultrasound image of the carotid
artery, the anterior (near) and posterior (far) walls of the carotid artery are displayed as
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two bright white lines separated by a hypoechogenic space. The distance between the
leading edge of the first bright line of the far wall and the leading edge of the second
bright line indicates the intima-media thickness. For the near wall, the distance
between the trailing edge of the first bright line and the trailing edge of the second
bright line at the near wall provides the best estimate of the near-wall intima-media
thickness.!! In accordance with the Rotterdam Study ultrasound protocol ]2, a careful
search was performed to obtain the optimal representation of both the near and far
walls of the distal common carotid artery, the carotid bifurcation and the internal
carotid artery. When an optimal longitudinal image was obtained, it was frozen on the
R-wave of the ECG and stored on videotape. The actual measurements of intima-
media thickness were performed off-line. From videotape, the frozen images were
digitized on the screen of a personal computer using additional dedicated software.
This procedure has been described in detail previously ', In short, with a cursor, or
automatically by the computer, the interfaces of the common carotid artery were
marked across a length of 10 mm. The computer then calculated the mean intima-
media thickness and the maximum intima-media thickness over the marked length for
both near and far wall. We used the average of the measurements of three frozen
images of both the left and right side artery to obtain mean values of the mean and the
maximum thickness for each subject. For the carotid bifurcation and the internal
carotid artery the interfaces were marked across a variable length at the thickest part of
the measurerent site. Then the maximum intima-media thickness was calculated over
the marked length. For the analyses, the maximum carotid intima-media thickness was
determined as the mean of the maximum intima-media thickness of near- and far-wall
measurements of both the left and right side arteries. A composite measure that
combined the maximal common carotid intima-media thickness, the maximal
bifurcation intima~media thickness and the maximal internal carotid artery intima-
media thickness when available was obtained by averaging the three measurements
after standardization (subject maximuwm IMT minus cohort mean of the maximum
IMT, divided by cohort standard deviation of the maximum IMT). The readers of the
ultragound images were unaware of the case status of the subject. Results from a
reproducibility study of IMT measurements of the common carotid artery among 80
participants of the Rotterdam Study who underwent a second ultrasound of both
carotid arteries within three months of the first scan have been described elsewhere .
In short, mean differences (SD) in far-wall intima-rmedia thickness of the common
carotid artery between paired measurements of sonographers, readers, and visits were
0.005 mm (0.09), 0.060 mm (0.05), and 0.033 mm {0.12), respectively. Corresponding
intraclass correlation coefficients were 0.63, 0.88 and 0.74, respectively.
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Selection of cases and controls

Ultrasonography of the carotid arteries was performed in 5965 of the 7983 subjects in
the Rotterdam Study. For subjects who had their baseline examination at the end of
1992 and in 1993, ultrasonography could not always be performed due to the restricted
availability of ultrasonographers. As this may be congidered as a random sample, for
the present study the cases and controls were drawn from this cohort of 5965 subjects.
For reasons of availability and completeness of information on cardiovascular and
cerebrovascular events, we restricted the present study to follow-up events registered
by GPs, before May 1996. The mean duration of follow-up was 4.2 years (range 0.1-
6.5 vears, standard deviation 1.6). We selected 374 case subjects with incident
cardiovascular and cerebrovascular disease of which 194 subjects had a myocardial
infarction and 191 subjects a stroke (11 subjects had both a myocardial infarction and
a stroke, for which we used the event that occurred first). For these subjects data on
carotid IMT was obtained from the stored images on videotape. For cach case subject,
4 control subjects were drawn. A subject was eligible as a control if he/she was free
from myocardial infarction and stroke. The total number of control subjects was 1496,
resulting in a total mumber of 1870 subjects.

Data analysis

First, data analysis was separately performed for the two outcomes (myocardial
infarction and stroke) using the same control group. Only subjects with complete data
on all risk factors and common carotid artery IMT measurement were included,
resulting in a dataset of 1721 subjects: 328 cases (174 myocardial infarctions and 165
strokes, 11 had both) and 1393 controls. The association between each risk factor and
myocardial infarction was quantified using logistic regression analyses, with
adjustment for age and sex. The odds ratio (OR} and 95% confidence interval (95%
CI) was used as measure of assoclation. Variables associated with myocardial
infarction (p-value <0.10) were then included in a multivariate logistic regression
model to evaluate the independent contribution in the prediction of myocardial
infarction. The first (overall) model included all “univardately’ (i.e. age and sex
adjusted) significant variables from medical history and physical examination. Model
reduction was performed by excluding variables that were not significantly related
with myocardial infarction (odds ratio with p-value <0.10) from the overall model.
Subsequently, the reduced model was extended with carotid IMT measurements to
evaluate their added value in the prediction of myocardial infarction. Differences in
predictive value between all different prediction models (overall, reduced and
extended) were estimated by comparison of the arca under the receiver operating
characteristic curve (ROC area) with standard error.'*"” A ROC curve of a multivariate
logistic model plots the sensitivity and 1-specificity at each consecutive threshold in
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the range of predicted probabilities of the model. The ROC area is a measure of the
discriminative or predictive ability of the model that can range from 0.5 (no
discrimination between subjects with and without myocardial infarction) to 1.0
(perfect discrimination). In all model comparisons, correlation between the models
was taken into account because they were based on the same cases.'®

A ROC area reflects the overall added value of a model and does not directly
indicate its clinical value.'”*® Therefore, we additionally estimated for the final model
the absolute number of correctly predicted patients with and without myocardial
infarction.

A similar analytical approach was followed for stroke as outcome and for the
combined cardiovascular and cercbrovascular disease outcome (both myocardial
infarction and stroke).

A different analysis was performed to evaluate any differences in the predictive
value for total cardiovascular and cerebrovascular disease (1.e. myocardial infarction or
stroke), between three IMT measurement sites and the combined IMT measure also
using logistic regression analyses in combination with ROC curves. This analysis was
done on a restricted dataset with complete data for all three measurement sites,
resulting in a dataset of 512 subjects: 156 cases (74 myocardial mfarctions and 74
strokes, 8 subjects had both) and 356 controls. Data on intima-media thickness at the
carotid bifurcation was available in 64% of the 1870 subjects (74% in all myocardial
infarction and stroke cases and in 61% of the controls), of the internal carotid artery it
was available in 31% (47% in all cases and in 27% of the controls), and in 96% (92%
in all cases and in 97% of the controls) it was available for the common carotid artery.

All analyses were performed by using SPSS software, version 9.0 (SPSS Inc.,
Chicago, Illingis).

Results

The general characteristics are given in table 1. The age and sex adjusted associations
for all evaluated risk indicators, including the carotid IMT measurements, with
myocardial infarction and stroke are given in table 2. Although the magnitude of the
association of each variable with both cardiovascular and cerebrovascular outcomes
was different, the same predictors were of importance for both outcomes. Age, male
gender, smoking, systolic blood pressure, hypertension, total cholesterol, HDL
cholesterol, previous myocardial infarction, previous stroke, and the carotid ITMT
measurements were highly associated with myocardial infarction. For stroke, also
diastolic blood pressure was a predictor, while total and HDL cholesterol and diabetes
mellitus were much less important predictors.
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Table 1. Baseline Characteristics of the Study Population.

Characteristic Myocardial Stroke Control
infarction subjects
N 194 191 1496
Age (years) T2* 75% 70
Female (%) 39%* 54%* 62
Body mass index (kg/m®) 26.3(3.4) 26.4(3.9) 26.6 (3.8)
Current smoking (%) 30 28 22
Svstolic blood pressure (mmHg) 144 (22.5)* 149 (24.0)* 138 (21.3)
Diastolic blood pressure (mmHg) 72 (12.3) 75 (13.4)* 72 (10.9)
Hypertension (%) 41% 52% 34
Total cholesterol (mmol/L) 6.9 (1.2)* 6.5(1.2) 6.7 (1.3)
HDL cholesterol (mmol/L) 1.20(0.28)* 1.31 (0.38) 1.34 (0.38)
Diabetes mellitus (%) 13* 14* 7
Previous MI (%) 31* 23* 12
Previous stroke (%) 6 11* 2
Max. common carotid IMT {mm) 1.17 (0.29)* 1.22 (0.35)* 1.02 (0.21)
Max. bifurcation IMT (mrmn) 1.76 (0.68)* 1.83 (0.73)* 1.44 (0.59)
Max. internal carotid IMT (mm) 1.42 (0.61)* 1.62 (0.81)* 1.15 (0.62)

Values are vnadjusted proportions or means with SD in parentheses.
MI indicates myocardial infarction; Max., maximal; IMT, intima-mediza thickness.
* p<0.05 compared with control subjects, adjusted for differences in age and sex.

Table 3 shows for both outcomes, myocardial infarction and stroke, the odds
ratios of the independent predictors in two predictive models. Model I has the
independent predictors added, like previous cardiovascular and cerebrovascular
disease, diabetes mellitus, smoking, systolic and diastolic blood pressure and total and
HDL-cholesterol. Model II was the same model extended with the commeon carotid
intima-media thickness. For both outcomes almost the same independent predictors
were found, except for bloodlipids which were no independent predicters of stroke. In
the prediction of myocardial infarction the ROC-area of model I was 0.75 (95% CI,
0.72-0.79) whereas for the prediction of stroke it was 0.73 (95% CI, 0.69-0.77).
Because for both outcomes the independent predictors were virtually the same and also
the ROC-areas were similar, we decided to combine both myocardial infarction and
stroke as one combined cardiovascular and cerebrovascular disease outcome. For the
prediction of this combined outcome a model with age and sex only reached a ROC-
area of 0.65 (95% CI, 0.62-0.69). The ROC-area of model I (table 3) increased
significantly (p-value = 0.01) from 0.65 to 0.72 (95% CI, 0.69-0.75). When common
carotid intima-media thickness was added to model I (table 3) for the prediction of the
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combined outcome (model IT) there was a significant increase (p-value = 0.01} from
0.72 to 0.75 (95% CI, 0.72-0.78). When meodel III, a model with age, sex and carotid
IMT only, was used instead of model I, the ROC area increased (p-value = 0.01) from
0.65 t0 0.71 (0.68-0.74).

Table 2. Association of risk factors with myocardial infarction and stroke.

Risk factor

Myocardial
infarction
=194

Stroke

n=191

Characteristics  from  medical
history and physical examination

Age (year)

Sex (female)

Previous MI (yes/no)

Previous stroke (yes/no)

Smoking
Current smoking (ves/no)
Former smoking (yes/no)

Body mass mdex (kg/mz)

Systolic blood pressure (10 mm Hg)

Diastolic blood pressure (10 mm Hg)

Hypertension (ves/no)

Total cholesterol (mmol/L)

HDL cholesterol (mmol/L)

Diabetes mellitus (yes/no)

Carotid IMT measurements
Max. common carotid IMT (per SD)
Max. bifurcation IMT (per SD)

Max. internal carotid IMT (per SD)
Combined IMT

1.19 (1.08-1.30)
0.37 (0.27-0.51)
2.64 (1.85-3.78)
2.18 (1.07-4.46)

1.80 (1.10-2.95)
1.44 (0.91-2.28)
1.00 (0.96-1.05)
1.10 (1.02-1.18)
1.00 (0.87-1.15)
1.11 (1.02-1.22)
1.31 (1.16-1.49)
0.38 (0.22-0.64)
1.23 (1.03-1.46)

1.51 (1.32-1.74)
144 (1.22-1.69)
1.27 (1.01-1.59)
1.71 (1.45-2.01)

1.45 (1.33-1.59)
0.64 (0.47-0.89)
1.61 (1.08-2.40)
4.20 (2.30-7.65)

1.90 (1.18-3.05)
1.26 (0.82-1.96)
0.99 (0.95-1.04)
1.18 (1.10-1.27)
1.31 (1.14-1.50)
1.17 (1.08-1.28)
0.98 (0.86-1.12)
0.91 (0.58-1.43)
1.13 (0.92-1.39)

1.56 (1.37-1.77)
1.51 (1.28-1.77)
1.56 (1.26-1.92)
1.68 (1.44-1.96)

Values are odds ratios with 95% confidence intervals, adjusted for age and sex (except for age and sex).
MI indicates myocardial infarction; Max., maximal: IMT, intima-media thickness; SD, standard deviation.
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Table 3. Results of multivariate logistic regression analyses for stroke, myocardial infarction and cardiovascular and
cerebrovascular disease and the area under the receiver operater characteristic curve.

Myocardial Stroke Cardiovascular and cercbrovascular disease
Infarction (stroke and MI)
n=194 n=191 n=374
Risk factor Model I Model I Maodel I Model TT

Age (per 5 yrs)
Sex (woinen)
Previous CVD
Diabetes mellitus
Smoking*
Current
Former

Systolic pressure (per 10 mmmHg)

Diastolic pressure (per 10 mmHg)
Total cholesterol {(mmol/L)

HDL chelesterol (mmol/1.)

Max. common carotid IMT (imm)

1.16 (1.03-1.30)
0.48 (0.32-0.73)
2.40 (1.65-3.49)
1.21 (1.00-1.48)

2.02 (1.18-3.45)
1.4 (0.87-2.38)
1.13 (1.02-1.25)
0.85 (0.70-1.03)
1.34 (1.17-1.53)
0.36 (0.20-0.64)

1.42 (1.26-1.60)
0.91 (0.60-1.39)
1.94 (1.30-2.89)
1.15 (0.92-1.45)

2.11 (1.26-3.53)
1,35 (0.84-2.17)
1.14 (1.03-1.25)
1.16 (0.97-1.38)
0.99 (0.86-1.15)
0.84 (0.51-1.38)

1.28 (1.18-1.40)
0.63 (0.46-0.85)
2.27 (1.70-3.04)
1.19 (1.00-1.41)

1.97 (1.34-2.89)
1.35 (0.94-1.93)
1.14 (1.06-1.23)
0.98 (0.86-1.13)
1.15 (1.04-1.27)
0.57 (0.39-0.85)

1.20 (1.10-1.32)
0.69 (0.50-0.94)
2.13 (1.58-2.86)
1.22 (1.03-1.45)

1.73 (1.17-2.56)
1.29 (0.90-1.85)
1.08 (1.00-1.16)
1.04 (0.90-1.20)
1.13 (1.02-1.25)
0.62 (0.41-1,92)
5.72 (3.40-12.6)

ROC area

0.75 (0.72-0.79)

0.73 {0.69-0.77)

0.72 (0.69-0.75)

0.75 (0.72-0.78)

Values are odds ratios with 95% confidence intervals,
ROC area, area under the receiver operating characteristic curve; IMT, intima-media thickness.

* Included as two indicator variables with no smoking as the refercuce category.
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In a subgroupanalysis on 512 subjects (156 cases and 356 controls), we then evaluated
the added contribution of each of the four IMT measurements in the prediction of the
combined outcome by separately adding them to model I (table 4). In this subset the
ROC-area of model I was 0.72 (95% Cl, 0.67-0.77). This was increased (p-value =
0.07) to 0.74 (95% CI, 0.69-0.78) when common carotid IMT was added to model I, to
0.74 (95% CI, 0.69-0.78) (p-value = 0.07) when bifurcation IMT was added, to 0.75
(95% CI, 0.70-0.79) (p-value = 0.01) when internal carotid IMT was added and to 0.75
(95% CI, 0.71-0.80) when the combined IMT measurement was added. Since the
increase in ROC-area for the different sites did not differ substantially, the common
carotid IMT was used for the remainder of the analyses, also because it was available
for 95% of all 1870 subjects.

Table 4. Contribution of different IMT measures to model I
in the prediction of cardiovascular and cerebrovascular disease.

Model ROC area (95%CI)
Model 1 0.72 (0.67-0.77)
Model 1+ max CCA IMT 0.74 (0.69-0.78)
Model I + max BIF IMT 0.74 (0.69-0.78)
Model I + max ICA IMT 0.75 (0.70-0.79)
Model I -~ combined IMT 0.75 (0.71-0.80)

CCA indicates common carotid artery; BIF, carotid bifurcation;

ICA. internal carctid artery; IMT, intima-media-thickness;

ROC arca, area under the receiver operating characteristic curve.

Model I contains age, sex, previous cardiovascular disease, diabetes mellitus, smoking, systolic and diastolic
blood pressure and total and HDL chelesterol.

To evaluate the difference in predictive value between the model with all
independent predictors (model I) and a model with only common carotid IMT added to
age and sex (model II), we obtained an estimate of absolute incidences in the total
cohort of the combined cutcome (cardiovascular and cerebrovascular disease) across
categories of the model’s predicted probability. Initially, the absolute incidence is set
by the case:control ratio of 1:4, giving 25%. Therefore, all subjects in the control
group were given a weight which was the inverse of the sampling fraction. The
sampling fraction was calculated by dividing 1496 controls by the cohort of 5965
subjects minus 374 cases, giving a sampling fraction of 0.27 and a weight of 3.74.
Hence, a new dataset was created which included all cases and the weighted control
group resembling the entire cohort. Table 5 shows the estimated distribution of
subjects with and without cardiovascular or cerebrovascular disease, across selected
probability categories of both model I and III. From this table one can directly obtain
the predictive value for presence or absence of cardiovascular and cerebrovascular
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Table 5. Distribution of subjects with and without cardiovascular and cerebrovascular disease according to estimated
probability (risk) by diagnostic model I and 11,

Model 1 Model T11
Estimated CVD %* N cvD+  cvDp-S CVD %’ N? cvD+t Ccvp-
probability’
<5% 2.8 3048 (55) 84(26) 2964 (57) 2.7 3081 (56) 82(25) 2999 (58)
6-10 % 7.7 1688 (31)  130(40) 1558 (30) 8.9 1759 (32) 156 (48) 1603 (31)
11-15 % 12.4 491(9)  61(19)  430(8) 9.] 464 (8)  42(13)  422(8)
16-20 % 14.8 189 (3) 28 (9) 161 (3) 21.1 128 (2) 27 (8) 101 (2)
221 % 21,0 119 (2) 25 (8) 94 (2) 20.4 103 (2) 21 (6) 82 (2)
Total 5535 328 5207 5535 328 5207

Values are absolute number of subjects with percentages of the cofumn total between parenthesis, unless stated otherwise.

! Categories of estimated probability of risk, as cstimated by the models;

2 Actual incidenee of cardiovascular disease per probability category;

? Estimated number (percentage, i.c. estimated incidence) of patients per probability category;

4 Bstimated number (percentage) of people with cardiovascular and cerebrovascular disease per probability category;

3 Estimated number {percentage) of people without cardiovascular and cerebrovascular disease per probability category.

Maodel I contains age, sex, previous cardiovascular disease, diabetes meltitus, smoking, systolic and diastolic blood pressure and 1otal and HDL cholesterol.
Model ITF contains age, sex and common carotid intima-media thickness,
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disease per probability category (reading horizontally). For model I, for exampie, of all 3048
subjects with an estimated probability below 5%, 84 subjects had CVD, and 2964 did not,
vielding a predictive value of cardiovascular and cerebrovascular disease presence of
84/3048 = 2.8 % and of cardiovascular and cercbrovascular disease absence of 97.2%.
Of 119 subjects with an estimated probability of 21% and over, 253 subjects
experienced an event and 94 did not, a predictive value of cardiovascular and
cerebrovascular disease presence of 25/119 = 21%. For model IIT of all 3081 subjects
with an estimated probability below 5%, 82 subjects experienced a cardiovascular and
cerebrovascular event, a predictive value for cardiovascular and cerebrovascular
disease presence of 2.4%. In the category of 21% and over, the predictive value for
presence of cardiovascular and cerebrovascular disease was 20%. Table 5 also enables
to estimate the sensitivity and specificity at different probability thresholds (reading
vertically). Therefore, a threshold probability has to be used above which the
probability as estimated by the model is considered to be a “positive” testresult. For
example, when using model T at an arbitrary threshold probability of 15% it can be
seen that of all 308 (189+119) subjects with a 16% or higher risk of cardiovascular and
cerebrovascular disease, 53 (28+25) indeed had a myocardial infarction or stroke,
correctly predicting 17% (9%+8%) of all cardiovascular and cerebrovascular disease
patients (1.e. the sensitivity or trae positive rate}, while 255 (161+94) did not, so that
only 5% (3%+2%) of all subjects were without cardiovascular and cerebrovascular
disease (i.e. 1-specificity or false positive rate), a specificity of 95%. Using the same
threshold of 15% when using carotid IMT (meodel III) showed that of all 231
(128+103) subjects with a 16% or higher risk, 48 (27+21) indeed experienced a
cardiovascular and cerebrovascular event (a sensitivity of 14%), while 183 (10 1+82)
did not, resulting in 4% false positives and a specificity of 96%. Similarly, sensitivity
and specificity can be caleulated for different threshold probabilities.

Discussion

Despite the observation of a significant association between carotid IMT and risk of
future cardiovascular and cerebrovascular disease, the contribution of a single carotid
IMT measurement, which represents the average of the maximum IMT values of the
near and far walls of both left and right carotid artery, to estimate the risk of
cardiovascular and cersbrovascular disease on an individual level is small. Our study
showed that clinical cardiovascular and cerebrovascular risk factors, obtained with
medical history and physical examination like blood pressure and cholesterol
measurements can reasonably well predict the future occurrence of cardiovascular and
cerebrovascular disease. Using these parameters facilitates the early prediction of
about 17% of all future cardiovascular and cerebrovascular disease cases (sensitivity)
with only 5% false positive predictions (95% specificity). Using the carotid IMT
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measurement was not substantially worse in the classification on risk of future
cardiovascular and cerebrovascular disease, since sensitivity for carotid IMT alone
was 14%, while the percentage of false positives was only 4% (96% specificity). For
these estimates we used an arbitrary threshold probability of 15% above which
subjects were classified as future cases of cardiovascular and cerebrovascular disease.
Using other risk thresholds than 15% as we used, did not yield other results. Whether
using sequential measurements will be more useful still needs to be studied.

To appreciate the results of the present analysis, some aspects need to be
discussed. First, it should be noted that the estimates of sensitivity, specificity and
predictive values apply to a prognostic setting, with a low baseline risk of the disease,
and should not be confused with (the usually much higher) estimates obtained from a
diagnostic setting, in which the a priori chance of having the disease under study is
much higher. We showed that established risk factors correctly classified 17% of all
subjects with cardiovascular and cerebrovascular disease while the carotid IMT
measurement correctly classified 14%. Thus, performing a carotid IMT measurement
only, leads to a 3% reduction in correctly predicting the presence of cardiovascular and
cercbrovascular disease. Although the value of carotid IMT as a proxy of
atherosclerosis in epidemiologic studies is without debate, in daily practice carotid
IMT measurement is still a time and money consuming investigation, which is not
easily performable in primary care. Therefore its value as a screeningtool seems to be
limited. Second, common carotid IMT was measured only once at baseline. Although
studies indicate good reproducibility, automatic edge dstection computer programs
may further reduce the measurement error as well as duplicate measurements may.
Third, the present analysis was restricted to those 95% of all subjects with complete
data on all risk indicators and carotid IMT measurements. It is not likely that the found
associations would be different if all those with missing data were not excluded, since
there was no reason to believe that the risk indicators and ultrasonography were
obtained from a selected sample of the study cohort. This is further examplified by the
analyses on the restricted dataset in which the ROC-areas were virtually the same.
Fourth, due to the case-control design of the present study the odds ratios (regression
coefficients) of the predictors are correctly estimated whereas a baseline risk of
cardiovascular and cerebrovascular disease (1.e. the intercept or constant of a model)
could not be directly estimated. Therefore, we applied a weighting procedure to the
control group 1o obtain table 5. If one desires to estimate the absolute risk for subjects
in a different population, one can directly use the (adjusted) regression coefficients
thongh must first adjust the constant for the prevalence of cardiovascular and
cerebrovascular disease in the population at hand,

In several studies a high carotid IMT was related to future cardiovascular and
cerebrovascular events.*>” Despite the different ultrasound protocols used in these
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studies the results for the common carotid intima-media thickness are remarkably
similar. Odds ratio per standard deviation increase in the ARIC study for coronary
heart disease was 1.92 (95% CI, 1.66-2.22) for women and 1.32 (95% CI, 1.13-1.54)
for men. In the Cardiovascular Health Study the relative risk for coronary heart disease
and stroke as a combined outcome was 1.35 (95% CI, 1.25-1.45). In the Rotterdam
Study the odds ratios werel 41 (95% CI, 1.25-1.82) for stroke and 1.43 (95%CI, 1.16-
1.78) for myocardial infarction. Recently, Touboul et al. found in cross-sectional
analyses on data from the GENIC study that an increased common carotid IMT was
associated with brain infarctions, both overall and in the main subtypes.” In all
studies, including the present one, the association remained when cardiovascular and
cerebrovascular risk factors were accounted for.

In conclusion, the present paper indicates that a single carotid IMT
measurement is of the same Importance as commonly used risk factors in the
prediction of cardiovascular and cerebrovascular disease. Relative to the other easy
obtainable and established risk factors, it does not add substantially when used as a
screening tool to discriminate subjects with high and low risk of getting cardiovascular
and cerebrovascular disease.
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4.2

Carotid intima-media thickness and ankle-brachial index:
Powerful predictors of myocardial infarction

Abpstract

Aim: The objective of this study was to compare the relative risks associated with
myocardial infarction for two measurements of atherosclerosis, carotid intima-media
thickness (IMT) and ankle-brachial index (ABl), We additionally examined the synergy
between both measures.

Methods: The study was conducted within the Rotterdam Study, a prospective follow-
up study in 7983 subjects, aged 55 years and over. At baseline (1990-1993),
ultrasound images of the carotid arteries were made (n=5854) and ankle-brachial
index was measured (n=06450). During a mean follow-up of 5.4 years, 228 new
myocardial infarctions occurred. Cox regression analysis was used to calculate the
risk of myocardial infarciion using tertiles of IMT and ABL When both were
combined, subjects with a low IMT and a high ABI were considered the reference
group. The area under the receiver operating characteristic curve (ROC area) was
then calculated for both measurements separately and for the two measurements
combined (n=5141).

Results: The rate ratio (RR) of myocardial infarction for the highest tertile of IMT
compared to the lowest was 2.26 (95% CI, 1.52-3.36). For the lowest tertile of ABI
compared to the highest, the RR was 2.18 (1.50-3.15). The RR for subjects with a high
carotid IMT and a low ABI compared to the reference group, was 3.04 (95% CI, 1.66-
5.57).

Conclusions: The associations of carotid intima-media thickness and the ankle-
brachial index with myocardial infarction are of equal strength, The risk raitio of
myocardial infarction was highest when both measures were in the tertile indicating
atherosclerosis.
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Introduction

Carotid intima-media thickness (IMT) is widely applied as a measure of
atherosclerosis in studies on determinants of presence of atherosclerosis and in studies
on atherosclerosis as determinant of cardiovascular disease." Carotid IMT has been
shown to be related to cardiovascular risk factors and prevalent cardiovascular disease.
Recently, evidence became available indicating that an increased carotid IMT is a
strong predictor of coronary heart disease and stroke.*” Ankle-brachial systolic blood
pressure index (ABI) has also been found to be an independent predictor of future
cardiovascular events.®!! Both carotid IMT and ABI are non-invasive measures of
generalized atherosclerosis and have been proposed to be useful in risk stratification.
However, the possible superiority of one above the other or the added value of both
measurements has never been evaluated. The objective of this study was to compare
the relative risks associated with myocardial infarction in an older population.
Furthermore, we evaluated the synergy between both measures of atherosclerosis.

Methods

Population

The Rotterdam Study is a single center prospective follow-up study on disease and
disability among 7,983 subjects, aged 55 years or over, living in the suburb of
Ommoord in Rotterdam, The Netherlands.® Baseline data were collected from March
1990 to July 1993 during a home interview and two visits at the research center. The
overall participation rate of those invited for the study was 78%. The study has been
approved by the Medical Fthics Committee of Erasmus University and written
informed consent was obtained from all participants.

Cardiovascular Risk Indicators

At baseline, interview information, including current medication, alcohol intake and
smoking habits, was obtained by a trained research assistant during a home interview.
A medical history of myocardial infarction was assessed by asking the subject “Did
you ever suffer from a myocardial infarction for which you were hospitalized?”.
Reported myocardial infarctions were verified by electrocardiograms and hospital
discharge records. During the interview a previous stroke was assessed by asking, “did
you ever suffer from a stroke, diagnosed by a physician?” Medical records of subjects
who answered ‘yes’ were checked and a previous stroke was considered to have
happened if it was confirmed by the medical records. Two blood pressure
measurements were taken with 4 random zero sphygmomanometer with the subject in
sitting position, and averaged. A twelve lead ECG was recorded and stored digitally.
Hypertension was defined as a systolic pressure =160 mmHg or a diastolic pressure
295 mmHg or current use of blood pressure lowering drugs for the indication of
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hypertension. Diabetes mellitus was considered to be present when subjects currently
used oral blood glucose-lowering drogs or insulin, or had a non-fasting or postload
glucose level above 11 mmol/L. Serum total cholesterol and HDL-cholesterol values
were assessed by an automated enzymatic procedure in a non-fasting blood sample.

Incident Cardiovascular Disease

Information on incident fatal and non-fatal events was obtained from the general
practitioners (GPs) working in the district of Ommoord. The GPs involved reported all
possible cases of myocardial infarction to the Rotterdam Study research center. Events
were presented as coded information according to the International Classification of
Primary Care (ICPC)."* Information on the vital status of the participants was obtained
at regular intervals from the municipal authorities in Rotterdam. When an event or
death had been reported, additional information was obtained by scrutinizing
information from GP and hospital discharge records in case of admittance or referral.
Events were then confirmed by two Rotterdam Study physicians. In case of
disagreement, consensus was reached by discussion. A myocardial infarction was
considered to have occurred when the event lead to a hospitalization, and the hospital
discharge record comprised a diagnosis of a new myocardial infarction based on signs
and symptoms, ECG recordings, and repeated laboratory investigations during hospital
stay. The diagnosis is considered a probable myocardial infarction, when it was
described as probable by a cardiologist. When the GP thought there was a certain new
myocardial infarction, but he had no additional evidence, the myocardial infarction
was also considered to be probable.

Measurement of intima-media thickness

To measure carotid intima-media thickness, ultrasonography of the left and right
common carotid artery was performed with a 7.5-MHz linear-array transducer (ATL
Ultra-Mark IV). On a longitudinal, two-dimensional uitrasound image of the carotid
artery, the anterior (near) and posterior (far) walls of the carotid artery are displayed as
two bright white lines separated by a hypoechogenic space. The distance between the
leading edge of the first bright line of the far wall and the leading edge of the second
bright line indicates the intima-media thickness. For the near wall, the distance
between the trailing edge of the first bright line and the trailing edge of the second
bright line at the near wall provides the best estimate of the near-wall intima-media
thickness. In accordance with the Rotterdam Study ultrasound protocol, a careful
search was performed for all interfaces of the near and far walls of the distal common
carotid artery. When an optimal longitudinal image was obtained, it was frozen on the
R-wave of the ECG and stored on videotape. The actual measurements of intima-
media thickness were performed off-line. From videotape, the frozen images were
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digitized on the screen of a personal computer using additional dedicated software.
This procedure has been described in detail previously.l‘”"15 In short, with a cursor, or
automatically by the computer, the interfaces of the common carotid artery were
marked across a length of 10 mm. We then calculated the point-maximum intima-
media thickness over the marked length for both near and far wall of the common
carotid artery. The average of multiple frozen images of cach arterial segment was
used for this. For the analyses, the maximum carotid intima-media thickness was
determined as the mean of the maximum intima-~media thickness of near- and far-wall
measurements of both the left and right side arteries for the common carotid artery.
The readers of the ultrasound images were unaware of the case status of the subject.
Results from a reproducibility study of IMT measurements of the common carotid
artery among 80 participants of the Rotterdam Study who underwent a second
ultrasound of both carotid arteries within three months of the first scan have been
described elsewhere.'®

Measurement of ankle-brachial index

Blood pressure was calculated as the mean of two consecutive measurements with a
random-zero sphygmomanometer at the right brachial artery in sitting position. The
systolic blood pressure level of the posterior tibial artery at both the left and right leg
was measured using an § MHz continucus wave Doppler probe (Huntleigh
Technology, Bedfordshire, UK) and a random-zero sphygmomanometer. For each leg
a single blood pressure reading was taken with the subject in supine position. The ratio
of the systolic pressure at the ankle to the systelic blood pressure at the arm (ankle-
brachial index) was calculated for each leg. The lowest ankle-brachial index in either
leg was used in the analyses. In subjects in which it was not possible to measure the
bleod pressure at the postenior tibial artery due to occlusion of the artery, the ankle-
brachial index was set at ().

Selection of Case Subjects

For reasons of availability and completeness of information on cardiovascular events,
we restricted the present study to follow-up events registered by GPs with
computerized files, before January 1, 1998. The mean duration of follow-up was 5.4
years (range 0.02-8.32). After review of all available information, 308 myocardial
infarctions were classified, 180 in men and 128 in women. Ultrasonography of the
carotid arteries was performed in 5854 (including 228 cases) of the 7129 subjects who
visited the research center. For subjects who had their baseline Rotterdam Study
examination at the end of 1992 or in 1993, ultrasonography was not always performed
due to the restricted availability of ultrasonographers. In 96.5 % of the 5854 subjects
we were able to assess the common carotid intima-media thickness from the
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videotapes. The ankle-brachial index was available in 6450 (including 233 cases) of
the 7983 subjects. The measurement was missing in 1533 subjects; 854 subjects did
not visit the research center, 4 subjects died before their visit to the research center and
in 675 subjects the systolic arm blood pressure, the systolic ankle blood pressure or
both were not measured. For 5141 of the 7129 subjects both carotid intima-media
thickness and ankle-brachial index were available, including 191 cases.

Data analyses

Means and proportions of risk factors for myocardial infarction at baseline were
calculated for all subjects in the total population with data on both measurements and
for subjects with a myocardial infarction during follow-up. Tertiles of carotid IMT and
ABI were calculated. Cox regression analysis was then used to calculate the risk of
myocardial infarction for the highest compared to the lowest tertile of IMT and for the
lowest compared to the highest tertile of ABL These analyses were also performed
with exclusion of subjects with a history of myocardial infarction or stroke. To
investigate the implications for clinical practice, we also dichotomized IMT and ABI.
In agreement with other studies, a threshold value of <0.90 was used for ABI. Since
about 20% of all subjects was found to have an ABI <0.90, for the threshold value of
carotid IMT we used the value at the upper 20 percent of the distribution, a value of
1.1675 mm. We used Cox regression to calculate the risk of myocardial infarction for
values of carotid IMT above the threshold value compared to values under the
threshold value and for values of ABI under the threshold value compared to values
above the threshold value, Next, we divided all subjects into nine groups according to
tertiles of carotid IMT and ABI. Cox regression analyses was used to evaluate the risk
of incident myocardial infarction in each of the nine groups. Subjects in the lowest
tertile of IMT and in the highest tertile of ABI were considered the reference group.
Subsequently, the risk of myocardial infarction was calculated for tertiles of IMT in
strata of ABI and for tertiles of ABI in strata of IMT. As a measure of interaction we
calculated the synergy index, defined as the ratio of the relative risk of both
measurements indicating severe atherosclerosis minus 1 divided by the risk of a high
IMT plus the risk of a low ABI minus 2. A synergy index of 1 indicates no synergy.
Finally, as a measure of predictive ability of carotid IMT and ABI, the area under the
receiver operating characteristic curve (ROC area) was calculated for both
measurements separately and for the two measurements combined. For better
comparison, only subjects with data on both measurements were used for the ROC
analyses (n=5141).
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Table 1. Baseline characteristics of the study population.

Characteristic Myocardial infarction Total population
N 308 7983
Age (years) 724 (8.6) 70.6 (9.8)
Female (%) 42 61
Body mass index (kg/m”) 26.4 (3.5) 26.3 (4.0
Systolic blood pressure (mmHg) 145 (22.1) 139 (22.4)
Diastolic blood pressure (mmHg) 74 (12.00 74 (11.7)
Hypertension (%) 40 32
Total cholesterol (mmol/L) 6.92 (1.14) 6.60 (1.23)
HDL cholesterol (mmol/L) 1.20 (0.29) 1.35(0.37)
Current smoking (%) 29 23
Diabetes mellitus (%) 12 7
History of stroke (%) 6 3
History of myocardial infarction (%) 25 11
Mean common carotid IMT (mm) (.86 (0.19) 0.80 (0.16)
Max. common carotid IMT (mm) 1.15 (0.27) 1.03 (0.22)
Ankle-brachial index 0.99 (0.25) 1.05 (0.24)

Values are unadjusted proportions or means with SD in parentheses.
Max. indicates maximum; IMT, intima-media thickness.

Results

Table 1 describes the baseline characteristics of the study population. Subjects who
had a myocardial infarction were more likely to smoke, have hypertension, diabetes or
a history of myocardial infarction. Levels of total and HDL cholesterol were also
higher in subjects with incident myocardial infarction. Analyses in tertiles of IMT
showed an age and sex adjusted rate ratio of 2.26 (95% CI, 1.52-3.36) for the highest
tertile compared to the lowest tertile (table 2). For the lowest compared to the highest
tertile of ABI the rate ratio was 2.18 (95% CI, 1.50-3.15). Additional adjustment for
other risk factors like body mass index, smoking, diabetes mellitus, systolic and
diastolic blood pressure and total and HDL cholesterol attenuated the rate ratios but
they remained statistically significant. When 852 subjects with a history of myocardial
infarction or stroke were excluded from the analyses, the highest tertile of IMT
compared to the lowest tertile showed an age and sex adjusted rate ratio of 2.29 (95%
Cl, 1.44-3.65), while the lowest compared to the highest tertile of ABI showed a rate
ratio of 2.07 (95% Cl, 1.34-3.20). When both measurements were analyzed
dichotomously, using a cut-off value of IMT (0.1675 mm) at the same percentile as the
well known cut-off value of 0.9 for ABI, an age and sex adjusted rate ratio of 1.89

88



Carotid intima-media thickness and ankle-brachial index

(95% CL, 1.40-2.55) was found for a high IMT as compared to a low IMT. For an ABI
<0.9 as compared to =0.9 the rate ratio was 1.66 (95% CI, 1.20-2.29).

Figure I. Association (rate ratios) of tertiles of intima-media thickness and ankle-

brachial index with myocardial infarction, adjusted for age and sex.

Risk ratio

IMT

intermed, /
low /

Tertiles of ABI

* Reference category

Figure 1 shows the rate ratios of myocardial infarction in analyses in which
subjects were stratified into nine groups according to IMT as well as ABI. The risk of
myocardial infarction was highest among subjects with a high IMT and a low ABI
(rate ratio 3.04, 95% CI, 1.66-5.57). In each stratum of ABI, the risk ratio increased
with increasing IMT. Similarly, in cach stratum of IMT, the risk ratio increased with
decreasing ABI, except in the stratum of low IMT. The synergy index was calculated
to be 7.3, indicating that the excess risk of having both IMT in the highest tertile and
ABI in the lowest tertile, is a factor 7 higher than the sum of the excess risk ratios of
both individual measurements. When we assumed the risk ratio of low IMT and a low

ABI compared to the reference group to be 1, instead of 0.75, the synergy index was
3.8.
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Table 2. Age and sex adjusted rate ratios (95% confidence interval) of tertiles of
IMT and ABI for incident myocardial infarction with corresponding ROC areas.

™MT ABI
Per SD 1.38 (1.26-1.52) 0.76 (0.68-0.86)
1% quartile 1.00% 2.18 (1.50-3.15)
2™ quartile 1.39 (0.92-2.10) 1.60 (1.10-2.35)
3™ quartile 2.26 (1.52-3.36) 1.00%
ROC area (95% CI) 0.69 (0.65-0.73) 0.68 (0.63-0.72)

IMT indicates carotid intima-media thickness; ABI, ankle-brachial index; SD, standard deviation; ROC area,
arca under the Receiver Operating Characteristic curve
* Reference category.

Table 2 shows the contribution of both common carotid artery IMT and ABI in
the prediction of incident myocardial infarction. We first computed standard
deviations of the measurements for the study population. The rate ratio per SD
increase of maximal common carotid artery IMT was 1.38 (95% CI, 1.26-1.52). The
age and sex adjusted area under the ROC curve for this measurement was 0.69 (95%
CIL, 0.65-0.73). For each increase in SD of ankle-brachial index the rate ratio was 0.76
{95% CI, 0.63-0.86), with a ROC area of 0.68 (95% CI, 0.63-0.72). The ROC area was
not increased when carotid IMT and ABI were simultaneously added to the model,
0.69 (95% CI, 0.65-0.73).

Discussion

The present study shows that the associations of common carotid artery intima-media
thickness and ankle-brachial index with myocardial infarction are of equal strength.
The risk of myocardial infarction was highest when both IMT was in the highest tertile
and ABI was in the lowest tertile.

Several methodological issues need to be addressed. A single measurement of
the both IMT and ABI was used. Since taking the mean of consecutive measurements
would reduce the difference between the measured value and the true value, our
measurement may have lead to an underestimation of the true rate ratio. Missing
values of intima-media thickness were present for a part of the subjects becanse of
logistic reasons and because of technical difficulties in visualization of the carotid
artery. Missing data because of technical difficulties with visualization are usually due
to the presence of tortured vessels. I this would be associated with more extensive
atherosclerosis, severe cases of atherosclerosis would have missing data. If present,
this may have lead to an underestimation of the true association. Values of ABI were
missing in 1533 subjects, mainly due to non-response or logistic reasons leading to not
measuring blood pressure. The characteristics of these subjects did not differ
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substantially from the subjects in which ABI was determined. When comparing the
ROC areas we assured that all subjects with any missing data on ome of the
measurement sites were excluded from the analyses.

Some other studies have addressed the association of either IMT or ABI with
myocardial infarction, showing that both non-invasive measures of atherosclerosis are
predictors of future cardiovascular disease, independent of other risk factors. In the
Kuopio Ischemic Heart Disease Risk Factor Study among 1257 middle-aged Finish
men, an increase of 0.1 mm of maximum common carotid intima-media thickness was
assoctated with an 11% (95% CI, 6% to 16%) increase in the risk of myocardial
infarction."'” In the Atherosclerosis Risk in Communities Study (ARIC), a study
among 15792 men and women, aged 45-64 years, relative risks were 1.92 (95% CI,
1.66-2.22) for men and 1.32 (95% CI, 1.13-1.54) for women per SD increase of
common carotid intima-media thickness.’ In the Cardiovascular Health Study, a
prospective study among 5201 men and women of 65 years and older, a relative risk of
myocardial infarction of 1.33 (95% CI 1.21-1.48) per SD increase of maximal
common carotid artery intima-media thickness was reported.” For ABI, Kornitzer et al.
found in a study among 2023 middle aged Belgian men a relative risk for an ABI
<0.90 versus 0.90 to be 4.97 (p = .006) for coronary mortality.'® In the Edinburgh
artery study, a study among 1592 men and women aged 55-74 years, a relative risk of
1.39 (95% CI, 0.90-2.16} for non-fatal myocardial infarction and a relative risk of 2.21
(95% CI, 1.25-3.90) for fatal myocardial infarction was found.'® In the Cardiovascular
Health Study, Newman et al. reported a relative risk of myocardial infarction of 1.61
(95% CI, 1.18-2.19) for an ABI <0.90 as compared to an ABI 20.90.°

To our knowledge, no other study compared the association of the two
measurements with myoccardial infarction, In the present study, we found no difference
in relative risks of myocardial infarction associated with these two measurements. The
risk of myocardial infarction was clearly highest when both measurements indicated
presence of atherosclerosis in the highest tertile. When the two measurements were
combined, the ROC area did not increase, indicating that overall the combination of
the two measurements was not better than the use of one single measurement. The
apparent discrepancy between these results may be due to the fact that the ROC
analyses examines the additive predictive value over the whole range of the other
atherosclerotic measurement, while for example, the ABI was only associated with
risk of myocardial infarction among subjects with an intermediate or high IMT.

In conclusion, the associations of common carotid artery intima-media
thickness and the ankle-brachial index with myocardial infarction are of equal
strength. The risk of myocardial infarction was highest when both intima-media
thickness was in the highest tertile and the ankle-brachial index was in the lowest
tertile.
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Progression of atherosclerosis in the carotid artery

Abstract

Aim: We investigated the relationship between cardiovascular risk factors and
progression of carotid atherosclerotic plaques in an older population.

Methods and results: The study was conducted within the Rotterdam Study, a
population-based study among 7983 subjects of 35 years and older. At baseline (1990-
1993} and during the third examination phase (1997-1999), ulirasound images of both
carolid arteries were made and presence of plagues in the common carotid artery, the
carotid bifurcation and internal carotid artery was assessed. Mean follow-up time
between examination phases was 6.5 years. Progression of plagues was calculated by
subtracting the number of sites with plaque at the first examination phase from the
number of sites with plague at the third examination phase. Severity of plaque
progression was categorized as mild (1 or 2 new plaques) or severe (more than 2 new
plaques). Logistic regression analyses with adjustment for age, sex and follow-up time
was used to calculate odds ratios (OR) of baseline risk factors for progression of
plagues. Systolic biood pressure (OR 1.08, 1.04-1.12, per 10 mm Hg) and total
cholesterol (OR 1.15, 1.08-1.23) were associated with progression of plagues in the
carotid artery. Current smokers have an OR of 1.58 (95% CI. 1.28-1.95), compared to
non-smokers for progression of carotid plagques. Associations were less strong for
body mass index, diastolic blood pressure and HDL cholesterol. The estimates were
generally higher for severe progression than for mild progression. Analyses for
categories of risk factors showed OR’s for severe progression of 2.49 (1.69-3.67), 1.44
(1.02-2.05), 3.16 (2.12-4.70) and 0.77 (0.52-1.13) for the highest compared to the
lowest quartile of systolic blood pressure, diastolic blood pressure, total and HDL
cholesterol, respectively.

Conclustons: In this population-based study we found that the most important risk
Sactors for progression of carotid atherosclerosis were age, sex, systolic blood
pressure, total cholesterol and smoking.
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Introduction
Carotid intima-media thickness and plaques have been found to be associated with
cardiovascular risk factors.”” So far, few studies have examined the association
between classical cardiovascular risk factors and progression of carotid intima-media
thickness.>'* In general, level of LDL cholesterol, systolic blood pressure and smoking
were associated with progression of carotid intima-media thickness. The
Atherosclerosis Risk in Communities (ARIC) Study found that smoking was the most
important risk factor for progression of intima-media thickness."* Presence of plaques
at different sites in the carotid artery is an alternative measure of carotid
atherosclerosis and can be obtained relatively easily. No study has yet examined
determinants of progression of carotid plaques.

In the present population-based study we investigated the relationship between
classical cardiovascular risk factors and progression of carotid atherosclerotic plaques
in an older population.

Methods

Study population

The Rotterdam study is a population-based prospective follow-up study aiming at the
assessment of determinants and occurrence of chronic diseases in the elderly. The study
focuses on cardiovascular, neurogeriatric, ophtalmologic and locomotor diseases, and
has been described in more detail elsewhere.”® In brief, all residents aged 55 and over
of a defined area in Rotterdam were invited to participate. A total of 7983 men and
women (78 percent of those eligible) entered the study. During the first examination
phase (1990-1993), all participants were interviewed at home and visited the study
center twice. Between the first and third examination phase, 1992 persons had died, 35
were lost to follow-up, and 55 were not invited for the third examination phase because
they were living outside the area. For the third examination phase (1997-1999) 5901
subjects were invited. Of the invited subjects, 4730 (80%) participated, of which 4023
completed both visits of the third examination. The study was approved by the Medicat
Ethics Committee of the Erasmus University, and written informed consent was
obtained from all participants.

Baseline cardiovascular risk factors

Baseline interview information included current medication and smoking habits. For
smoking, the number of packyears was calculated by multiplying the number of
cigarette packs per day with the total number of years of smoking for both current and
former smokers. Height and weight were measured at the study center. Two blood
pressure measurements were taken with a random zero sphygmomanometer with the
subject in sitting position, and averaged. Diabetes mellitus was considered to be present
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when subjects currently used oral blood glucose-lowering drugs or insulin, or had a
non-fasting or postload glucose level of 11.1 mmol/L or over. Serum total cholesterol
and HDL-cholesterol were measured by an automated enzymatic procedure. A history
of myocardial infarction was assessed by asking the subject “Did you ever suffer from
a myocardial infarction for which you were hospitalized?”. Reported myocardial
infarctions were verified by electrocardiograms and hospital discharge records. During
the interview a previous stroke was assessed by asking, “did you ever suffer from a
stroke, diagnosed by a physician?” Reported strokes were checked and a previous
stroke was considered to have occurred if it was confirmed by medical records.

Assessment of carotid plagues

Of the 7983 subjects who participated in the Rotterdam Study, 7129 visited the
research center for their first examination phase, Ultrasonography of the carotid artery
was performed with a 7.5 MHz linear-array transducer (ATL Ultra-Mark IV) in 5854
subjects. Ultrasound data were mainly missing due to logistic reasons. In particular,
for subjects who bad their bascline examination at the end of 1992 or in 1993,
ultrasonography could not always be performed due to the restricted availability of
ultrasonographers. Data on plagues were available for 5611 subjects. From October
1691 onwards plaque assessment was performed on-line (n= 3989). For 1622 subjects
with a missing on-line plaque assessment the off-line assessment was used. Of the
4023 subjects who visited the research center during the third examination phase,
ultrasonography of the carotid artery was performed in 3860 subjects. For 3841 of
these subjects on-line plaque assessment was performoed. For 19 subjects plaque
assessment was not possibie due to technical difficulties in visualization of the carotid
artery. For both the first and the third examination phase, plaques were defined as
focal widenings relative to adjacent segments, with protrusion into the lumen and
composed of calcitied and/or non-calcified components, using identical protocols.

For both the first and the third examination phase, a plaque score was derived
by counting the number of sites with a plaque, leading to a maximum score of 6 (left
and right common carotid artery, left and right carotid bifurcation, left and right
internal carotid artery). When data on one or more sites were missing, a weighted
plaque score was computed based on the available number of sites. For these subjects
we divided the number of sites with a plaque by the number of sites with available
plaque assessment and multiplied by 6. Change in the number of plaques was
calculated for all subjects by subtracting the plaque score at the first examination
phase from the plaque score at the third examination phase. Since not all subjects from
the third examination phase with a plaque assessment also had a plaque assessment in
the first examination phase, progression could be computed for a total of 3118
subjects. Subjects with a decrease in the nurnber of plaques (508 subjects, 16%) were
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considered to have no progression. Mean follow-up time between examination phases
was 6.5 years (range 5.2-9.4 vears; standard deviation 0.4).

Data analyses

First, levels of baseline risk factors were computed for both subjects with and without
progression of atherosclerosis. Logistic regression analyses were then used to calculate
the associations (odds ratios with 95% confidence intervals) between baseline risk
factors and progression of plaques, initially with adjustment for age, sex and follow-up
time, secondly with additional adjustment for other cardiovascular risk factors.

Next, progression was categorized into two categories. Mild progression
referred to the occurrence of one or two new plaques. Severe progression referred to
the occurrence of more than two new plaques. Polytomous logistic regression analyses
were then used to calculate the associations (odds ratios) between baseline risk factors
and severity of progression of plaques. Finally, associations between quartiles of
continuous baseline risk factors and progression of carotid plaques were calculated in
which the lowest quartile was considered the reference category.

The associations between risk factors and progression of plaques were
additionally performed separately for men and women and for younger (<65 years)
and older (>65 years) subjects. Interactions between age and other sk factors and

between sex and other risk factors were examined by adding interaction terms to the
logistic regression models.

Figure 1. Progression of carotid plaques for men and women.
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Table 1. General characteristics of the study population at baseline.

No progression of Progression of
carotid carotid
atheroscierosis atherosclerosis
(N=1721) (N =1397)
Follow-up time, years 6.5 (0.4) 6.6 (0.4)
Age, years 65.0 (6.5) 664 (6.9)
Female, % 62 55
Body mass index, kg/m” 26.3 (4.5) 26.3 (3.5)
Systolic blood pressure, mmHg 134 (20.5) 138 (20.6)
Diastolic blood pressure, mmHg 73 (11.0) 74 (10.8)
Total cholesterol, mmol/L 6.6(1.2) 6.8(1.2)
HDL cholesterol, mmol/L. 1.38 (0.38) 1.34 (0.34)
Current smoking, % 19 24
Former smoking, % 44 46
Diabetes mellitus, % 6 7
History of myocardial infarction, % 9 10
History of stroke, % 2 1

Values are unadjusted proportions or means with SD in parentheses,

Results

Table 1 gives the baseline characteristics of the study population. Subjects with
progression of plaques were slightly older and more likely to be male. Of all 3118
subjects, 1397 subjects showed progression of the number of plaques. In 48% the
number of plaques increased with one, in 29% with two and in the remaining with
more than two {figure 1).

Odds ratios of risk factors for progression of plaques in the carotid artery are
given in table 2. Strong associations were found for male sex, smoking, systolic blood
pressure and total cholesterol. Current smokers had an age, sex and follow-up time
adjusted odds ratio of 1.58 (95% CI, 1.28-1.95), compared to non-smokers for
progression of carotid plaques. For systolic blood pressure an odds ratio of 1.08 (35%
CI, 1.04-1.12) for progression of plaques was found and for total cholesterol an odds
ratio of 1.15 (95% CI, 1.08-1.23). When additionally adjusted for other risk factors
(model 1) the odds ratios did not materially change. Similarly, exclusion of 421
subjects who initiated lipid lowering or blood pressure lowering medication during
follow-up, did not change the results.
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Table 2. Odds ratios (95% CI) of progression of atherosclerosis for baseline risk

factors.

Model T

Model I1

Age (per year)
Sex (women)
Body mass index (kg/m®)
Systolic blood pressure (per 10 mm Hg
Diastolic blood pressure (per 10 mm Hg)
Total cholesterol (mmol/L)
HDL cholesterol (mmol/L)
Smoking
Cwrrent smokers
Past smokers
Number of cigarettes
Pack years of smoking
Diabetes mellitus
Previous myocardial infarction
Previous stroke

1.03 (1.02-1.04)
0.74 (0.63-0.84)
1.00 (0.98-1.02)
1.08 (1.04-1.12)
1.05 (0.98-1.12)
1.15 (1.08-1.23)
0.82 (0.67-1.02)

1.58 (1.28-1.95)
1.21 (1.00-1.45)
1.02 (1.01-1.03)
1.01 (1.00-1.01)
0.95 (0.90-0.99)
0.95 (0.74-1.22)
0.79 (0.43-1.43)

1.03 (1.02-1.04)
0.79 (0.65-0.95)
1.00 (0.98-1.01)
1.11 (1.06-1.17)
0.93 (0.85-1.01)
1.15 (1.08-1.23)
0.82 (0.66-1.03)

1.64 (1.19-2.26)
1.16 (0.93-1.43)
0.99 (0.97-1.01)
1.00 (1.00-1.01)
0.94 (0.90-0.99)
0.94 (0.73-1.22

0.67 (0.36-1.25)

Model I: adjusted for age, sex and follow-up time (where appropriate).
Model II: adjusted for age, sex, follow-up time, body mass index, smoking, systolic blood pressure, total and
HDL cholesterol, diabetes mellitus and history of myocardial infarction and stroke.

Progression of plaques was then further classified into mild progression (1-2
new plaques) and severe progression (>2 new plaques). Table 3 shows the odds ratios
of the same risk factors for mild and severe progression. The estimates were generally
higher for severe progression than for mild progression. In table 4, odds ratios for
progression of plaques are shown for categories of continuous baseline risk factors.
For severe progression, odds ratios for the highest compared to the lowest quartile of
systolic blood pressure and total cholesterol the odds ratios were 2.49 (95% CI, 1.69-
3.67) and 3.16 (95% CI, 2.12-4.70), respectively. For body mass index, diastolic blood
pressure and HDL cholesterol the associations were less strong, odds ratios for the
highest quartile compared to the lowest guartile were 1.46 (95% CI, 1.02-2.08), 1.44
(93% CI, 1.02-2.05) and 0.77 (95% CI, 0.52-1.13)}, respectively.

Analyses in strata of sex showed similar magnitudes of the associations
between risk factors and plaque progression for men and women. Only the association
between former smoking and progression of atherosclerosis was different for men and
women (p for interaction = 0.04). No association was found between former smoking
and progression of atherosclerosis among women (odds ratio 1.09, 95% CI, 0.87-1.36),
while men had an increased risk compared to non-smokers {odds ratio 1.78, 95% CI,
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1.18-2.68). When we examined associations among younger (<65 years) and older
(>63 years) subjects, the association between sex and progression of plaques was
stronger in younger (odds ratio 0.65, 95% CI, 0.53-0.80), than in older (odds ratio
0.82, 95% CI, 0.67-1.00) subjects (p for interaction = (.03). Stmilarly, smoking and
HDL cholesterol were only significant risk factors for progression among younger
subjects (p”s for interaction were <0.001). No significant interactions with age were
found for systolic blood pressure, diastolic blood pressure and total cholesterol.

Table 3. Odds ratios (95% CI) of mild and severe progression of atherosclerosis
for baseline risk factors.

Mild progression  Severe progression

(1-2 new plaques)  (>2 new plaques)

(N = 1076)

(N=321)

Age (per year)
Sex (women)
Body mass index (kg/m”)
Systolic blood pressure (per 10 mm Hg)
Diastolic blood pressure (per 10 mm Hg)
Total cholesterol (mmol/L)
HDL cholesterol (mmol/L)
Smoking
Current smokers
Past smokers
Number of cigarettes
Pack years of smoking (per 5)
Diabetes mellitus
Previous myocardial infarction
Previous stroke

1.03 (1.02-1.04)
0.78 (0.67-0.91)
1.00 (0.98-1.01)
1.07 (1.03-1.11)
1.03 (0.96-1.10)
1.09 (1.02-1.16)
0.88 (0.70-1.10)

142 (1.13-1.78)
1.13 (0.93-1.38)
1.01 (1.00-1.02)
1.02 (1.00-1.04)
0.97 (0.92-1.01)
0.86 (0.66-1.13)
0.79 (0.41-1.51)

1.04 (1.02-1.06)
0.60 (0.47-0.77)
1.01 (0.98-1.04)
1.15 (1.08-1.22
1.13 (1.01-1.26)
1.26 (1.14-1.40)
0.70 (0.48-1.03)

2.17 (1.50-3.13)
1.42 (1.01-1.99)
1.03 (1.01-1.04)
1.04 (1.01-1.07)
0.87 (0.77-0.98)
1.18 (0.79-1.73)
0.93 (0.35-2.47)

Odds ratios arc adjusted for age, sex and follow-up time.,
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Table 4. Odds ratios (95% CI} of mild and severe progression of atherosclerosis
for categories of continuous baseline risk factors.

Total progression Mild progression

(1-2 new plaques)

Severe progression
(>2 new plaques)

N 1397 1076 321
Body mass index (kg/m®)
I* quartile 1.00* 1.00* 1.00*
2 quartile  1.08 (0.88-1.33) 1.07 (0.86-1.33) 1.14 (0.79-1.64)

39 quartile  1.23 (1.00-1.51)

4" quartile  1.16 (0.94-1.42)
Systolic blood pressure (mmIg)

1™ quartile 1.00*

2" quartile  1.25(1.01-1.53)
3% quartile  1.36 (1.11-1.67)
4™ quartile  1.70 (1.38-2.09)

Diastolic blood pressure (mmHg)
17 quartile 1.00*

2" quartile  1.00 (0.82-1.22)
3% quartile  1.02 (0.83-1.25)
4% quartile  1.19 (0.97-1.46)
Total cholesterol (mmol/L)
I* quartile 1.00*
2™ quartile  1.57 (1.28-1.92)
3 quartile  1.59 (1.28-1.98)
4% quartile  1.65 (1.34-2.03)
HDL cholesterol {mmol/L)
1% quartite 1.00%
2™ quartile  1.12 (0.91-1.37)
39 quartile  0.92 (0.73-1.16)
4% quartile  0.92 (0.73-1.16)
Smoking (packyears)
Never 1.00*

1-15  1.42(1.08-1.86)
16-30  1.53(1.17-1.99)
>30 128 (0.87-1.87)

1.19 (0.96-1.47)
1.04 (0.84-1.30)

1.00*
1.15 (0.92-1.43)
1.21 (0.97-1.51)
1.53 (1.23-1.91)

1.00%

1.05 (0.85-1.30)
0.98 (0.78-1.22)
1.15 (0.92-1.43)

1.00%
1.35 (1.09-1.68)
142 (1.13-1.79)
1.30 (1.04-1.62)

1.00%
1.12 (0.90-1.40)
0.98 (0.76-1.26)
0.96 (0.75-1.22)

1.00%

1.11 (0.89-1.38)
1.26 (0.99-1.60)
1.38 (1.10-1.74)

1.18 (0.82-1.70)
1.46 (1.02-2.08)

1.00%
1.71 (1.15-2.54)
2.08 (1.41-3.06)
2.49 (1.69-3.67)

1.00%
0.96 (0.67-1.38)
1.14 (0.79-1.63)
1.44 (1.02-2.05)

1.00*

2.67 (1.80-3.97)
232 (1.51-3.55)
3.16 (2.12-4.70)

1.00%

0.94 (0.67-1.32)
0.75 (0.50-1.12)
0.77 (0.52-1.13)

1.00%
1.44 (0.99-2.09)
1.75 (1.17-2.60)
1.98 (1.36-2.38)

* Reference category. Odds ratios are adjusted for age, sex and follow-up time.
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Discussion

We found that the most important risk factors for progression of the number of plaques
in the carotid artery during 6.5 years of follow-up were age, sex, systolic blood
pressure, total cholesterol and smoking. The highest risk was found for the highest
level of risk factors and the associations were stronger for severe progression than for
mild progression.

Some methodological issues need to be discussed. Data on carotid plaques was
missing for part of the study subjects on one or both examination phases because of
logistic reasons, which can be considered random, and because of poor visualization.
Poor visualization may be due to overweight or tortuous vessels. We found that BMI
was not associated with presence and progression of plaques in the carotid artery. If
tortuous vessels would be asseciated with more extensive atherosclerosis, most severe
cases of atherosclerosis or progression of atherosclerosis would have missing data on
carotid plaques, which would have led to an underestimation of the true association.
Selection bias due to subjects lost to follow-up may have occwrred. This might have
led to an underestimation of the risk estimates, since subjects with more severe
progression of atherosclerosis are less likely to survive.

We calculated the progression of plaques as the difference between the number
of plaques at the end of follow up and the number of plaques at baseline. About 16%
of all subjecis were found to have had a decrease in the number of plaques. Since we
consider this to be mainly measurement error, we added these subjects to the group
without progression. A drawback of the scoring method is that progression of existing
plaques at baseline, resulting in diameter change, cannot be measured and therefore
some misclassification may have occurred. Furthermore, subjects with the maximum
number of plaques at baseline (i.e. ¢ plaques) cannot have had plaque progression.
When we excluded these subjects (n=68) from the analyses, the risk estimates did not
materially change. Although our approach to measuring plaque progression is rather
crude, the method is casily applicable in practice and can be completed in a short
period of time.

Few studies have examined the associations between risk factors and
progression of carotid atherosclerosis, but in most studies progression of intima-media
thickness was investigated."™'®"” Howard and co-workers examined in the
Atherosclerosis Risk in Communities (ARIC) study the association between cigarette
smoking and progression of atherosclerosis as measured by an increase in intima-
media thickness."* They concluded that both active smoking and environmental
tobacco smoke are associated with progression of atherosclerosis. Their findings
suggest that the impact of smoking was larger among subjects with diabetes mellitus
and subjects with hypertension. Laldka and colleagues showed that elevated systolic
blood pressure and pulse pressure were important risk factors for progression of
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preclinical atherosclerosis.'”” One trial investigated classical risk factors for progression
of plaques in the carotid artery.' Delcker and colleagues showed in a study among 59
patients with known cardiovascular risk factors or neurological symptoms, that
diastolic blood pressure was the strongest predictor of plaque progression as measured
by an increase in plaque volume, followed by diabetes mellitus.

We found less strong associations with progression of the number of carotid
plaques for body mass index, diastolic blood pressure and HDL cholesterol. Cross-
sectionally, it has been previously shown that HDL-cholesterol, total cholesterol and
systolic blood pressure are significantly associated with presence of plaques in the
carotid artery.”® Also in cross-sectional studies, body mass index has not been found
to be strongly associated with atherosclerosis. The effect of medication, started after
the baseline measurements might have diluted the associations of both total cholesterol
and HDL cholesterol with plaque progression. However, when we excluded all
subjects who used lipid lowering or blood pressure lowering medication at baseline or
initiated this during follow-up, the results did not materially change. The association
between HDL cholesterol and progression of plaques was present in subjects below 65
years of age. Other studies have found that HDL cholesterol was only weakly
associated with coronary heart disease at older age.*' Diastolic blood pressure tends to
decrease in elderly subjects. A J-shaped relation has been found for the association
between diastolic blood pressure and progression of aortic atherosclerosis.”> This may
partly explain the weak association we found with progression of carotid
atherosclerosis, although we did not find a clear J-shape.

We found the association between cardiovascular risk factors and progression
of carotid plaques to be stronger for subjects with severe progression than for subjects
with mild progression. This can probably be at least partially explained by less
misclassification of the presence of progression among subjects with severe
progression. Analyses of interaction between risk factors showed that the associations
between sex and current smoking with progression of carotid plagues were found to be
stronger in younger subjects,

In conclusion, in this population-based study we examined the association
between classical risk factors and progression plaques in the carotid artery, during 6.5
years of follow-up. Most important risk factors were age, sex, systolic blood pressure,
total cholesterol and smoking.
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General discussion

The aim of this thesis is to advance knowledge on carotid intima-media thickness and
plaques in relation to occurrence of atherosclerosis and cardiovascular disease. This
final chapter will discuss the general applicability of carotid ultrasonography and
position of measurements of carotid atherosclerosis as an indicator of cardiovascular
risk. Preceding this discussion, some background on the studies is given and the main
results are summarized. Methodological aspects and clinical implications are reviewed
and finally suggestions for future research on carotid ultrasonographic measures of
atherosclerosis will be given.

Background

Atherosclerosis is the most important underlying canse of cardiovascular diseases and
interest has increased over the last two decades to assess atherosclerosis non-
invasively. Carotid ultrasonography is a powerful tool to study subchnical
atherosclerosis in a non-invasive manner in populations at large in particular by
measuring intima-media thickness and carotid plaques. This technique facilitates to
study atherosclerosis, its determinants and its consequences. Several population-based
and hospital-based observational studies have implemented carotid intima-media
thickness measurements as a non-invasive measure of atherosclerosis. In several
intervention studies carotid intima-media thickness is used as proxy endpoint. At the
start of this thesis ample evidence was available on the cross-sectional relationship of
risk factors with carotid intima-media thickness and plaques,'® and the relation of
subclinical atherosclerosis with cardiovascular disease.*'? Although the value of non-
invasive assessment of intima-media thickness as a measure of generalized
atherosclerosis is now widely accepted, the value of the use of these measurements in
medical practice has scarcely been addressed. The contribution of the current thesis is
both to examine intima-media thickness and carotid plagques in relation to
cardiovascular risk factors and risk of myocardial infarction and stroke and to provide
more information on the applicability of ultrasonographic measurements of
atherosclerosis in the prediction of future cardiovascular events. Also, the usefulness
of intima-media thickness combined and compared with another established measure
of atherosclerosis, the ankle-brachial blood pressure index, was examined.

The studies described in this thesis were performed as part of the Rotterdam
Study.!! This is a population-based prospective cohort study among 7983 subjects,
aged 55 years and over at baseline. During the first examination phase (1990-1993), all
participants were interviewed at home and visited the study center twice. Between the
first and third examination phase, 1992 persons had died, 35 were lost to follow-up,
and 55 were not invited for the third examination phase because they were living
outside the area. For the third examination phase (1997-1999) 5901 subjects were
invited. Of the invited subjects, 4730 (80%) participated, of which 4023 completed
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both visits of the third examination. In both the first (n=5854) and the third (n=3860)
examination round ultrasonography was performed and intima-media thickness was
measured and carotid plaques were assessed.

Main Findings

Intima-media thickness

Several population-based studies have addressed the association between intima-media
thickness and incident cardiovascular disease.””*'"* In these studies, intima-media
thickness of the common carotid artery was used as a measure of atherosclerosis. Since
data were lacking on which carotid intirna-media thickness measure (i.e. common,
bifurcation, internal or combined) best predicts cardiovascular events, we examined
the association between carotid intima-media thickness at three sites of the carotid
artery and risk of incident myocardial infarction. The risk of myocardial infarction
gradually increased with an increase in carotid intima-media thickness, indicating that
carotid intima-media thickness is a predictor of future myocardial infarction. Intima-
media thickness measurements of the commeon carotid artery, the carotid bifurcation
and the internal carotid artery as well as a combined measure show the same
magnitude of risk.

Carotid plaques

Until now, only a few studies have used non-stenotic carotid plaques as an indicator of
atherosclerosis. These studies mainly investigated risk of cerebrovascular disease
associated with carotid plaques.””'® In this thesis, we examined the risk of stroke
associated with carotid plaques and additionally focused on different subtypes of
cerebral infarction. Presence of carotid plaques was found to be related to risk of
stroke and cerebral infarction, irrespective of their location in the carotid artery. We
found no clear indication that carotid plaques were more strongly associated with
ipsilateral than with contralateral cerebral infarctions. Furthermore, a strong relation
was found with lacunar infarction and infarction in the anterior circulation. No
increased risk of infarction in the posterior circulation was found.

To further investigate the use of carotid plagues as a measure of advanced
atherosclerosis we examined the association between carotid plaques at different
locations of the carotid artery and risk of myocardial infarction. The results showed a
graded association between the number of plaques in the carotid artery and risk of
myocardial infarction. There was an almost three-fold increased risk of myocardial
infarction for subjects with 5 or 6 plaques in the carotid artery compared to subjects
without plaques in the carotid artery. The relationships with incident myocardial
mfarction were found to be of equal strength for calcified and non-calcified plaques.
The risk of myocardial infarction associated with the presence of 5 or 6 plaques is
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comparable to that associated with the highest quartile compared to the lowest of
intima-media thickness (relative risk 3.2).

Cardiovascular risk assessment

Carotid intima-media thickness has been shown to be related to cardiovascular risk
factors, prevalent cardiovascular disease and to atherosclerosis in the peripheral,
coronary, and femoral arteries. Furthermore, an increased carotid intima-media
thickness is a strong predictor of coronary heart disease and stroke. Therefore, it has
been suggested that measurements of carotld intima-media thickness and carotid
plaques may be used to identify high-risk subjects and serve as a tool for msk
stratification. Data on the clinical application of carotid ultrasonography have not been
published so far. We examined whether measurement of carotid intima-media
thickness contributes to the prediction of cardiovascular disease when added to
established risk factors, such as medical history, blood pressure and serum lipids. The
study showed that despite the observation of a significant association between carotid
intima-media thickness and risk of future coronary heart disease and cerebrovascular
disease, the contribution of a single carotid intima-media thickness measurement to
estimate the risk of cardiovascular disease on an individual level is small, although the
intima-media thickness measurement predicted future myocardial infarction and stroke
as well as “classical” risk factors. Relative to the other easy obtainable and established
cardiovascular risk factors, it does not add substantially when used as a screening tool
to discriminate subjects in the general population with high and low misk of getting
cardiovascular disease.

Change in atherosclerosis

Follow-up measurements in population-based studies have made it possible to examine
changes in carotid atherosclerosis over time.”® The Atherosclerosis Risk in
Communities {ARIC) Study has shown that both active smoking and environmental
tobacco smoke are associated with progression of atherosclerosis as measured by the
carotid intima-media thickness.” In the Asymptomatic Carotid Atherosclerotic
Progression Study (ACAPS) estrogen replacement therapy was shown to reduce
progression of atherosclerosis in women not receiving lipid-lowering medication.*® At
present, data on change in intima-media thickness from the Rotterdam Study are not
yet available for analyses.

In this thesis we investigated the relation between classical cardidvascular risk
factors and progression of the number of plaques in the carotid artery. We found that
the most important risk factors for progression of the number of plaques in the carotid
artery during 6.5 years of follow-up were age, sex, systolic blood pressure, total
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cholesterol and smoking. The highest risk was found for the highest level of these risk
factors, both for moderate and for severe progression.

Study design

Most of the studies described m this thesis were analyzed as cohort studies. Cox
proportional hazards models were nsed m which the time to incidence of an event is
modeled to compute the risk estimates.”” Also, both the nested case-control approach
and the case-cohort approach have been used in this thesis. In a case-cohort approach,
a combination of a cohort design and a case-control design is made.”* We used this
approach mainly for efficiency reasons. Since intima-media thickmess had been
guantified for a random sample of 1958 of the 5854 subjects who underwent a carotid
ultrasonography and for all cases, this enabled us to evaluate the association between
intima-media thickness and incident myocardial infarction by using a standard Cox
proportional hazards model. Although the selection of controls in a nested case-control
is important to obtain unbiased risk estimates, a nested case-control study was used to
estimate the absolute number of correctly predicted patients with and without
cardiovascular disease in chapter 4.1.%

Carotid ultrasonographic measures of atherosclerosis

Intima-media thickness as measure of atherosclerosis

In our studies, carotid intima-media thickness is used as a measure of generalized
atherosclerosis. Some have argued that carotid intima-media thickness may not reflect
atherosclerosis but rather is an adaptive response of the vessel wall to changes in shear
stress and tensile stress. However, it has been shown that carotid intima-media
thickness, even at lower levels, may validly indicate the presence of atherosclerosis
elsewhere in the arterial system.’®** Furthermore, for intima-media thickness ranging
from (.60 to 0.90 mm, graded associations were found with cardiovascular risk factors
and prevalent cardiovascular disease.”® Also, the risk of future cardiovascular and
cerebrovascular disease increases gradually with increasing common carotid intima-
media thickness.”®** Therefore, in our view, intima-media thickness of the carotid
artery can validly and effectively be used as a measure of generalized atherosclerosis.

Measures of progression

Several cross-sectional studies, including studies from the Rotterdam Study, showed
that several cardiovascular risk factors are associated with intima-media
thickening."**™* Intervention studies have illustrated the usefulness of carotid
ultrasonography to monitor changes of intima-media thickness over time %%
Observational studies on progression of intima-media thickness are scarce.”*™ The
usefulness of a measure of progression of intima-media thickness will depend on the
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amount of measurement error in the measurements and the follow-up time between
measurements. Whether the availability of more than two measurement points in time
with regression through these points offers a better measurement of progression of
intima-media thickness than subtraction of the baseline measurement from the follow-
up measurement is not known yet,

Carotid plagues as measure of atherosclerosis

Most studies using carotid ultrasonography have measured intima-media thickness.
This is a measure of the combined thickness of the intima and the media of the vessel
wall and thus does not directly measure atherosclerosis, which developes from the
intima. Assessment of plaques in the carotid arteryprovides a direct measure of the
extend of atherosclerosis, Carotid plaques in the carotid bifurcation and the internal
carotid artery have been significantly associated with intima-media thickness.>'***" In
chapter 3.2 we showed that established cardiovascular risk factors were significantly
and positively related to plaques in the carotid artery and a graded association between
the number of carotid plaques and risk of myocardial infarction was found. Therefore,
although the carotid plaque assessment used in our studies is a rather crude measure,
our findings show that the number of carotid plaques represents the degree of
atherosclerosis. The risk of myocardial infarction associated with the presence of 5 or
6 plaques, relative risk 2.7, is comparable to that associated with the highest quartile
compared to the lowest of intima-media thickness (relative risk 3.2). Carotid plaque
assessment as used in this thesis can be easily performed in a short period of time
without the use of expensive computer software, which is necessary for measurement
of intima-media thickness. More research is needed to assess whether additional
information about the type of carotid plaques is useful. Recent studies have argued that
plaque characteristics like plaque density and calcification may have additional value
in establishing the relationships with future cardiovascular events.'*'*** Another
plaque characteristic, plaque-surface morphology (smooth versus irregular), as can be
obtained by carotid angiograms, is a systemic measure of plaque stability and has been
found to be related to future cardiac events.” We found no difference in risk for
calcified and non-calcified carotid piaques in the Rotterdam Study. Other data about
plaque characteristics are not available. Measurement of plaque characteristics is
subjective and difficult to standardize, and the usefulness in classifying type of plaque
by ultrasonography has to be investigated.

Clinical implications

Current guidelines for treatment of risk factors are based on absolute tisk of
cardiovascular disease for the individual patient.™* It is now well known that
combined measurement of several cardiovascular risk factors can not only give the
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general practitioner insight in the cardiovascular risk profile of his or her patient, but it
can also be a basis for more tailored cardiovascular prevention. Carotid
ultrasonography has the advantage of being non-invasive and safe and may help the
physician to estimate the risk of cardiovascular disease for the individual patient. This
has led to the question whether carotid ultrasonography could contribute to the
assessment of the cardiovascular risk profile of the patient. In chapter 4.1 we showed
that cardiovascular risk assessment using classical cardiovascular risk factors like
medical history, blood pressure and serurm lipids reasonably predicts the occurrence of
future cardiovascular events. Carotid intima-media thickness measurement was almost
as good as a predictor as all classical risk factors combined. Adding intima-media
thickness to commonly used risk factors to assess cardiovascular risk, however, did not
contribute very much. We concluded that intima-media thickness does not add
substantially when this measurement is used as a screeningtool in a setting where
information on classical risk factors is available. Although the use of carotid intima-
media thickness as a measure of atherosclerosis in etiologic research is beyond
dispute, for clinical practice the carotid intima-media thickness measurement is still a
time and money consuming investigation, which is not easily performable in primary
care without extra fraining.

For clinical practice, the use of other non-invasive measures of atherosclerosis,
iike the ankle-brachial index could be promising. This blood pressure index is rather
gasy to obtain, inexpensive and can be implemented without extra training. In chapter
4.2 we showed that the ankle-brachial index is strongly associated with future
myocardial infarction. Our study indicated that the ankle-brachial index predicted
future myocardial infarction equally well as carotid intima-media thickness. Risk of
myocardial infarction was highest when both intima-media thickness was in the
highest tertile and the ankle-brachial index was in the lowest tertile. Usefulness as a
predictor of myocardial infarction in clinical practice needs to be further investigated.
Recent results indicate that coronary calcium as measured by electron beam computer
tomography might be useful in the prediction of future myocardial infarction.*!
Coronary calcium is invariably associated with significant atherosclerosis.”® Since
computer tomography can visualize local calcium deposits in the coronary arteries, its
predictive value for coronary events may be better than that for carotid ultrasound.’®**
At present, only data from small studies are available. Prospective data from large
population-based studies that examined the predictive value of this measurement for
cardiovascular disease in clinical practice are awaited.

Futare research on atherosclerosis
The objectives of the studies described in this thesis were to examine ultrasonographic
measures of atherosclerosis in relation to determinants of atherosclerosis and
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cardiovascular disease outcomes and the use of these measurements in the prediction
of future cardiovascular disease in clinical practice.

The studies presented in this thesis support the view that carotid
ultrasonographic measures of atherosclerosis can be used as valid subclinical measures
of atherosclerosis in etiologic research. Non-invasive measurement of intima-media
thickness enables us to examine determinants of cardiovascular disease in subjects of
young age in which waiting for cardiovascular disease outcomes would need long
periods of follow-up. More research is needed to obtain more information about the
value of measurement of plaque characteristics, like surface regularity, density,
homogeneity and calcification, in etiologic research. However, the validity of the
assessment of plaque characteristics by carotid ultrasonography is not known yet.
Knowledge about plaque characteristics could learn us more about etiologic factors in
the process of atherosclerosis and the role of atherosclerosis in the development of
cardiovascular disease. Little is known about the determinants of progression of
carotid atherosclerosis and the relationship between progression of carotid intima-
media thickness or carotid plaques and incident cardiovascular disease and mortality in
longitudinal stadies. Longer foilow-up periods are needed to obtain sufficient numbers
of cases to examine the association between progression and incident cardiovascular
disease.

Although our results suggest a limited value of carotid ultrasonography for risk
assessment at an individual level in general practice, they await confirmation by other
studies. It is still unclear whether intima-media thickness and plaque assessment can
be useful in targeting therapy in high-risk patients. Recent evidence suggests the
limited usefulness of carotid intima-media thickness in the prediction of cardiovascular
events in patients with stable angina, whereas carotid plaques provided better
prediction. In contrast, intima-media thickness measurements in high-risk patients
particpating in the SMART study showed a strong relation to (re-)events, with a better
predictive value than functional measurements like distensibility.’® Several other
measures have been proposed to be of possible use in general practice. The ankle-
brachial blood pressure index is a non-invasive and easy obtainable measure of
atherosclerosis. Although we found the risk estimates of myocardial infarction for the
ankle-brachial index to be equal to intima-media thickness, the value of this
measurement in cardiovascular risk assessment should be further examined. Possibly,
the more recently developed imaging techniques like eclectron beam computed
tomography can prove to be a good tool for prediction of myocardial infarction,
especially because this can directly visualize calcifications present in the coronary
arteries. Prospective data on this measurement are needed.
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Summary

This thesis descrnibes our research on carotid intima-media thickness and plaques in
relation to cardiovascular risk factors and cardiovascular disease. All studies were
performed within the Rotterdam Study, a population-based prospective cohort study
on frequency and determinants of disease in the elderly. At baseline (1990-1993), 7983
inhabitants of a suburb of Rotterdam, aged 55 years or older, participated (response
78%). Follow-up examinations on carotid atherosclerosis were performed during the
third examination phase (1997-1999). All study participants are continuously being
followed for the development of cardiovascular diseases using medical records from
the general practitioners.

Chapter 1 provides a general introduction to this thesis. Two chapters in this
thesis address the association between intima-media thickness and incident
cardiovascular disease. The first one (chapter 2) is an overview of the use of intima-
media thickness measurements, addresses validity and reproducibility of the
measurement and summarizes the cross-sectional and sparse longitudinal findings so
far, The second paper, presented in chapter 3.1 describes the association between
carotid intima-media thickness at three sites of the carotid artery and risk of incident
myocardial infarction, The age and sex adjusted risk ratio for myocardial infarction per
SD increase of common carotid intima-media thickness was 1.44 (95% confidence
interval, 1.28-1.62). Per SD increase of carotid bifurcation intima-media thickness,
internal carotid artery intima-media thickness and the combined measure, the risk
ratios were 1.34 (95% CI, 1.17-1.53), 1.12 (95% CIL, 0.94-1.33) and 1.47 (95% CI,
1.31-1.65), respectively. Furthermore, risk of myocardial infarction gradually
increased with an increase in carotid intima-media thickness. Therefore, we concluded
that an increased carotid intima-media thickness is a swong predictor of future
myocardial infarction and all measurement sites have the same ability to predict fiuture
myocardial infarction.

In chapter 3.2 we examined the association between carotid plagques at
different locations in the carotid artery and risk of myocardial mfarction. This study
showed a graded association between the number of plaques in the carotid artery and
risk of myocardial infarction. The risk ratio of myocardial infarction was 2.7 (95% CI,
1.5-4.7) for subjects with 5 or 6 plaques in the carotid artery compared to subjects
without plaques in the carotid artery. The relationships with incident myocardial
infarction were found to be of equal strength for calcified and non-calcified plaques.
We examined the risk of stroke and focused on different subtypes of cerebral
infarction in chapter 3.3. The study shows that carotid plaques increase the risk of
stroke and cerebral infarction, irrespective of their location in the carotid artery. There
was no evidence that carotid plaques are more strongly related to ipsilateral than to
contralateral infarctions. Plaques in the carotid artery were found to increase the risk of
infarction in the anterior circulation, but not in the posterior circulation. There was an
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almost 10-fold increased risk of lacunar infarction when 5 or 6 plaques were present
when compared to no plagues in the carotid artery.

In chapter 4.1 we studied the application of intima-media thickness in
cardiovascular risk assessment. Our study showed that classical cardiovascular risk
factors have a area under the Receiver Operating Characteristic curve (ROC area) for
prediction of cardiovascular disease of 0.72 (95% CI, 0.69-0.75). When common
carotid intima-media thickness was added to these risk factors the ROC area increased
marginally to 0.75 (95% CI, 0.72-0.78). When common carotid intima-media
thickness alone was used, the ROC area was almost similar to the ROC area for
classical risk factors, 0.71 (95% CI, 0.68-0.74). These results indicate that a carotid
intima-media thickness measurement can predict equally well compared to the
commonly used risk factors combined. However, given the other risk factors, intima-
media thickness only marginally increases the predictive value of the model. In
chapter 4.2 we evaluated which of the non-invasive measurements of generalized
atherosclerosis, carotid intima-media thickness and the ankle-brachial blood pressure
index, is most strongly associated with future myocardial infarction and whether
combination of the two measurements has additive value. The study shows that the
relative risks for myocardial infarction of both measurements are equally high. Risk of
myocardial infarction was highest when both the intima-media thickness was in the
highest tertile and the ankle-brachial index was in the lowest tertile.

Chapter 5 describes a study in which we investigated the relationship between
classical cardiovascular risk factors and progression of carotid atherosclerotic plaques
during 6.5 years of follow-up. The most important risk factors for progression of
atherosclerosis in the carotid artery were age, sex, systolic blood pressure, total
cholesterol and smoking. The estimates were generally higher for severe progression
than for mild progression.

In chapter 6 we discuss the results of the studies presented in this thesis. Our
results are in agreement with the view that both carotid intima-media thickness and
carotid plaques are measures of generalized atherosclerosis. These measures can be
used as intermediate endpoints in observational and intervention research. Both
measures of atherosclerosis show graded associations with incident myocardial
mfarction and stroke. However, the contribution of carotid intima-media thickness in
cardiovascular risk assessment is limited, although these results should be confirmed
by other studies. We showed that most classical risk factors are associated with
progression of carotid plaques. The value of plaque characteristics, like plaque density,
calcification and surface morphology, both in etiologic research and in prediction of
cardiovascular disease should be further evaluated. Longer follow-up periods in large
population-based studies are needed to obtain knowledge about the relationship
between progression of carotid atherosclerosis and incident cardiovascular disease and
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mortality, Finally, the role of carotid ultrasonographic measures of atherosclerosis in
etiologic and prediction research should be further compared to that of other measures
of atherosclerosis, like the ankle-brachial index and coromary calcifications as
measured by electron beam computed tomography.
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Samenvaliting

Dit proefschrift beschrijft het onderzoek naar de intima-media dikte metingen en de
plaque beoordeling van de halsslagader in relatie tot cardiovasculaire risicofactoren en
cardiovasculaire ziekten. Alle beschreven onderzoeken werden uitgevoerd binnen het
Erasmus Gezondheid en Ouderen (ERGO) onderzoek, een populatie-studie over
frequentie en oorzaken van ziekten bij ouderen. Het onderzoek begon in 1990-1993
onder 7983 inwoners van Ommoord, een wijk van Rotterdam, die op dat moment 55
jaar of ouder waren. In 1997-1999 werd iedereen voor de derde keer onderzocht op
atherosclerose van de arteria carotis. Vanaf het begin van de studie worden aile
deelnemers gevolgd voor het optreden van cardiovasculaire ziekten door koppeling
met huisartsenbestanden.

Hoofdstuk 1 is een algemene inleiding van dit proefschrift. Twee hoofdstukken
in dit proefschrift behandelen de relatie tussen intima-media dikte en het optreden van
cardiovasculaire ziekten. Het eerste (hoofdstuk 2) biedt een overzicht van het gebruik
van deze vaatwanddikte meting, behandelt validiteit en reproduceerbaarheid van de
meting en vat de bevindingen samen uit de cross-sectionele onderzoeken en schaarse
prospectieve onderzoeken die tot nu toe verricht zijn. De tweede studie, beschreven in
hoofdstuk 3.1 beschrijft de relatie tussen intima-media dikte op drie verschillende
locaties in de halsslagader en de kans op het krijgen van een myocardinfarct. Het voor
leeftijd en geslacht gecorrigeerde relatieve risico van het krijgen van een
myocardinfarct per standaard deviatie toename van de wanddikte van de arteria carotis
communis was 1.44 (95% betrouwbaarheidsinterval, 1.28-1.62). De relatieve risico’s
per standaard deviatie toename van de wanddikte van de arteria carotis bifurcatie, de
arteria carotis interna en cen gecombineerde maat waren respectievelijk 1.34 (95% BI,
1.17-1.53), 1.12 (95% BI, 0.94-1.33) en 147 (95% BI, 1.31-1.65). Bovendien nam de
kans op een myocardinfarct geleidelijk toe met het toenemen van de vaatwanddikte.
Wij concludeerden hieruit dat een toegenomen intima-media dikte van de halsslagader
een sterke voorspeller is van het optreden van een myocardinfarct en dat de metingen
van alle meetlocaties dezelfde mogelijkheden hebben om een toekomstig
myocardinfarct te voorspellen.

In hoofdstuk 3.2 onderzochten we de relatie tussen plaques op verschillende
locaties in de halsslagader en het risico van een myocardinfarct. Dit onderzoek toont
cen gradueel verband tussen het aantal plaques in de halslagader en de kans op het
krijjgen van een myocardinfarct. Het relatieve risico van het krijgen van een
myocardinfarct was 2.7 (95% BI, 1.5-4.7) keer zo groot voor mensen met 5 of 6
plaques in de halsslagader in vergelijking met mensen zonder plaques. De relatics met
bet optreden van een myocardinfarct waren van gelijke grootte voor gecalcificeerde
plaques en niet-gecalcificeerde plaques. Ook onderzochten we het risico van een
beroerte en keken daarbij naar verschillende subtypen van beroerte in hoofdstuk 3.3.
Dit onderzoek toont aan dat aanwezigheid van plaques in de halsslagader de kans op
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een beroerte verhoogt, onafhankelijk van de locatie van de plaque in de arterie. Er
waren geen aanwijzingen dat plaques sterker zijn gerelateerd aan ipsilaterale infarcten
dan aan contralaterale herseninfarcten. Plaques in de halsstagader verhogen de kans op
een hersenmfarct in de voorste cerebrale circulatie, maar niet in de achterste circulatie.
Er was een bijna 10-voudig verhoogde kans op een lacunair infarct bij mensen met 5
of 6 plaques in de halsslagader, vergeleken met mensen zonder plaques.

In hoofdstuk 4.1 onderzochten we het gebruik van de intima-media dikte
meting bij de cardiovasculaire risico schatting. Ons onderzoek toont aan dat klassieke
risicofactoren een oppervliakte onder de Receiver Operating Characteristic (RQC)
curve voor het voorspellen van cardiovasculaire ziekte hebben, van 0.72 (95% BI,
0.69-0.75). Wanneer de intima-media dikte van de arteria carotis communis werd
toegevoegd aan deze risicofactoren, steeg de ROC opperviakte naar 0.73 (95% BI,
0.72-0.78). Wanneer deze intima-media dikte meting alleen werd gebruikt, was de
ROC oppervlakte bijna gelijk aan die van de klassieke risicofactoren, 0.71 (95% BI,
0.68-0.74). Deze resultaten wijzen er op dat een intima-media dikte meting net zo goed
is als klassieke cardiovasculaire risicofactoren in het voorspellen van cardiovasculaire
ziekte. Echter, gegeven deze risicofactoren, verhoogt de intima-media dikte slechts
marginaal de predictieve waarde van het model. In hoofdstuk 4.2 onderzochten we
welke van de niet-invasieve metingen van gegeneraliseerde atherosclerose, intima-
media dikte van de halsslagader en de enkel-arm bloeddruk index, het sterkst
gerelateerd is aan het optreden van een myocardinfarct en of een combinatie van de
twee metingen aanvullende waarde heeft. Dit onderzoek toont aan dat het relatieve
risico op een myocardinfarct voor beide metingen even hoog is. De kans op ecen
myocardinfarct was het hoogst wanneer zowel de waarde van de intima-media dikte in
het hoogste tertiel was als de waarde van de enkel-arm index in het laagste tertiel.

Hoofdstuk 5 beschrijft cen onderzoek waarin we hebben gekeken naar de
relatie tussen klassicke cardiovasculaire risicofactoren en progressie van plaques in de
halsslagader tijdens een follow-up periode van 6.5 jaar. De meest belangrijke
risicofactoren veor progressie van atherosclerose in de halsslagader waren leeftijd,
geslacht, systolische bloeddruk, serum totaal cholesterol en roken. De
risicoschattingen waren in het algemeen hoger voor ernstige progressie dan voor milde
progressie.

In hoofdstuk 6 bespreken we de in dit proefschrift gepresenteerde resultaten.
Onze resultaten zijn in overeenstemming met de huidige gedachte dat zowel intima-
media dikte als plaques in de halsslagader, maten van gegeneraliseerde atherosclerose
zifn. Deze maten kunnen gebruikt worden als intermediaire eindpunten in
observationele studies en klinische trials. Beide maten van atherosclerose tonen
gradueie verbanden met het optreden van een myocardinfarct en beroerte. Echter, de
bijdrage van de intima-media dikte meting in de cardiovasculaire risicoschatting is
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beperkt, alhoewel deze resultaten nog bevestigd dienen te worden door andere
onderzocken. Wij hebben aangetoond dat de meeste klassicke risicofactoren zijn
gerelateerd aan progressie van plaques in de halsslagader. De waarde van plaque
karakteristicken zoals echodensiteit, calcificatic en oppervlakte, voor zowel etiologisch
onderzoek als voor het voorspellen van cardiovasculaire ziekte moet verder onderzocht
worden. Langere follow-up tijden in grote populatie-studiecs zijn nodig om meer
inzicht te verkrijgen in de relatie tussen progressie van atherosclerose in de arteria
carotis en het optreden van cardiovasculaire zickte en mortaliteit. Tenslotte zal de rol
van echografie van de halsslagader als maat van atherosclerose in etiologisch
onderzoek en onderzoek naar voorspelling van ziekte moeten worden vergeleken met
andere maten van atherosclerose, zoals de enkel-arm index en de coronaire
calcificaties zoals gemeten met de electron beam computed tomography (EBCT) scan.
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