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ABSTRACT

Rationale

Atherosclerosis is a protracted disease process of the arterial wall with onset decades

prior to its clinical manifestations. Lifelong follow-up data are required to identify the

process and understand the pathophysiology. These longitudinal data are scarce. We,

therefore, obtained cross-sectional data of wall thicknesses of arterial segments in

populations at different cardiovascular risk. We then sought to identify the segment with

the highest information content for atherosclerosis progression.

Methods

B-mode ultrasound intima-media thickness (IMT) data of carotid and femoral arteries

were acquired in disease free individuals: 45 young adolescents, 26 middle-aged adults

and 48 senior adults, as well as in individuals at high cardiovascular risk: 43 young

adolescents with familial hypercholesterolemia (FH), 248 adult FH patients and 184

patients with definite coronary artery disease (CAD).

Results

In the disease free groups, the average IMT(SD) and percentage of lesions were

0.53(0.03)mm and 0.0% in the young; 0.59(0.06)mm and 0.0% in the middle-aged and

0.78(0.12)mm and 8% in the seniors. In the high risk groups, these values were

0.54(0.05)mm and 0.1% in the young FH; 0.85(0.18)mm and 15% in the adult FH and

0.90(0.18)mm and 18% in the CAD patients. Of all arterial segments, the common femoral

artery (CFA) in the FH population exhibited the highest absolute IMT (1.12(0.61)mm),

the highest estimated IMT increase since adolescence (0.58mm) and the highest percentage

of lesions (39% of CFA measurements).

Conclusions

Regardless of segment, carotid and femoral arterial walls increase in thickness with age

and cardiovascular risk. This increase in thickness and prevalence of lesions is not similarly

distributed among anatomical segments. Of the arterial locations we studied, atherosclerosis

progression is best represented by the far wall of the common femoral artery.

INTRODUCTION

Atherosclerosis is a disease process with onset decades prior to the first clinical

manifestations of vascular disease1-3. The rate at which atherosclerosis progresses

increases with age and CVD risk factors, like LDL-cholesterol level and blood

pressure2,4-8. Since atherosclerosis is a slow process, both epidemiological studies as well

as medical intervention trials with clinical endpoints, require long follow-up or the inclusion

of large populations (or both) to be able to draw valid conclusions about the determinants
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of disease or the efficacy of therapeutic intervention. As a consequence, studies with

clinical endpoints consume precious time and financial resources2,9.

To overcome these practical difficulties, surrogate outcome measures were developed9-

13. Surrogate measures can investigate determinants of atherosclerosis at early stages of

the process and can assess disease modifiers, such as life-style and pharmacological

interventions.

Criteria for the validity of surrogate endpoints, as a substitute for clinical endpoints, were

put forward by Boissel et al9,10. They stipulated three conditions for validity. Firstly, a

surrogate endpoint should be more sensitive and readily available (sensitivity and

availability) than the clinical endpoint. Also, the endpoint should be easy to evaluate

(convenient), preferably by non-invasive means. Secondly, the causal relationship between

surrogate and clinical endpoint (proximity) should be established on the basis of

epidemiological, pathophysiological and clinical studies. Patients with and without clinical

vascular disease should therefore show differences in surrogate endpoint outcomes

(specificity). Thirdly, in intervention studies, anticipated clinical benefits (assessment of

benefit) should be deducible from the change in the surrogate endpoints. The latter implies

that it is not just the argument of cost and time that favour the development of surrogate

endpoints. Valid surrogate endpoints make it possible to test promising new drugs in

a relatively short period of time at relatively low cost compared to clinical measures

and thus obviate the need to await the outcome of clinical event driven trials10.

Moreover, the strength of surrogate endpoints is enhanced by the fact that they may yield

the way to mechanistic information at an early stage of the disease process. Surrogate

endpoints, therefore, have a value of their own2,10.

Considering all of the above, intima-media thickness (IMT) measurements acquired

by means of B-mode ultrasound imaging of carotid and femoral arterial walls meet

all validity criteria of a surrogate endpoint.

Histological studies have shown that the distance between the leading edges of the

B-mode ultrasound interfaces of the double-line pattern of the arterial far wall

represents the intima-media complex11,14-16. In addition, B-mode ultrasound can provide

data on peripheral arterial wall thickness non-invasively11 in all stages of

atherosclerosis14,17-20. As was shown in prospective epidemiological studies17,21,22, only

a small increase in IMT increases the relative risk (RR) for myocardial infarction

and stroke. O’Leary et al.23 reported RR increases of 33 and 28% of, respectively,

myocardial infarction and stroke for every 0.2mm increase in common carotid IMT.
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Also, IMT measurements have shown clinical benefit in cholesterol lowering and

anti-hypertensive compounds24,25. Moreover, in one of these studies (the REGRESS

trial) it was observed that statin effects on coronary lumen, IMT of carotid and femoral

arteries and clinical cardiovascular events showed similar trends24.

IMT is considered a valid endpoint for atherosclerotic vascular disease. Cross-sectional

IMT data of carotid and femoral arterial wall segments can be obtained in disease

free and at risk populations. The data can be modelled to provide estimates of

atherosclerosis progression in these populations. The arterial location with the most

rapid estimated increase can then be identified. Here we present the results of our

studies.

PATIENTS AND METHODS

Disease free controls and subjects at high cardiovascular risk were observed. The

IMT dataset of the controls consisted of observations in 45 young adolescents, age

14.8(3)years19 , 26 adults, age 34.5(9.6)years26 and 48 asymptomatic seniors27,28. The

IMT dataset of the subjects at high risk consisted of observations in young and adult

FH and in CAD patients19. All 43 young FH subjects, age 14.8(2.8)years  were

asymptomatic. Of the 248 adult FH subjects, age 48.1(8.8)years, 142 had vascular,

mainly cardiac disease29. FH subjects were recruited at the department of Vascular

Medicine, Academic Medical Centre, Amsterdam. The 184 patients with definitive

CAD, age 56.4(7.9)years, participated in the Regression Growth Evaluation Statin

Study (REGRESS)24,31,32. This trial was performed under auspices of the Interuniversity

Cardiology Institute of The Netherlands (ICIN), Utrecht. Investigations were done

according to the principles outlined in the Declaration of Helsinki. Informed consent

was obtained in all subjects.

Data were acquired cross-sectionally. B-mode ultrasound imaging and image analysis

were performed in a standardized fashion19,24,26. The procedures were described in

extenso elsewhere24,27-29. In short, subjects lay in the supine position. Images were

acquired by three experienced sonographers. Acuson 128XP and XP10v ultrasound

systems with 7MHz linear array transducers were used (Acuson Corp., Mountainview,

CA, USA). In the carotid arteries, the far wall segments of the common carotid artery,

carotid bulb and internal carotid artery were imaged from a fixed lateral transducer

position. In the femoral arteries, the far wall segments of the common and the

superficial femoral arterial walls were imaged from a fixed anterior transducer

position. Images were either saved on S-VHS tape or as JPEG image files. Images
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were analysed off-line according to Selzer33 and Stok34 (Figures 1a, b and c). The

IMT data of populations and arterial locations were analysed by means of descriptive

statistics. For comparisons, Student’s t-test was used. Density curves of IMT

distributions of population samples were estimated non-parametrically using T4253H

spline functions35. Furthermore, we assumed that the sample of IMT’s was a mixture

of ‘normal’ IMT’s (of which value increases with age) and of IMT’s representing

lesions (or ‘plaques’). The normal IMT’s were assumed to be normally distributed

and we estimated the 97.5-percentile of this normal distribution using Bhattacharya’s

method36. IMT’s above this value were considered as ‘plaques’. Also, box-and-

whiskers plots clustered according to the arterial wall segment were used to investigate

IMT data of population samples at the different anatomical locations. SPPS statistical

packages were used (SPSS, Inc., Chicago, IL, USA.)

RESULTS

Table 1. details age, gender and lipid characteristics of three groups of in total 119

healthy controls and three groups of in total 475 high risk subjects. If one considers

the combined carotid and femoral IMT of 0.53(0.03)mm in the unaffected young as

life’s ‘baseline’, it is evident that IMT increases with age and cardiovascular risk. In

the young FH there is no increase in IMT (0.54(0.05)mm: δIMT=0.01mm; p=0.2). In

unaffected adults and seniors, IMT increases with 0.06mm to 0.59(0.06)mm at age

35 years and with 0.25mm to 0.78(0.12)mm by age 68. In the at risk groups, IMT of

FH adults increases with 0.32mm to 0.85(0.18)mm at age 48 and in CAD patients

with 0.37mm to 0.90(0.18)mm at age 58. Therefore, the high risk FH adults of 48 and

CAD patients of 56 years of age show a higher IMT value if compared to the

asymptomatic seniors aged 68 years (δIMT=0.08; p=0.012 and δIMT=0.12mm;

p=0.007, respectively).

The IMT density (or ‘frequency distribution’) curves (Figure 2) show increased IMT

with age and cardiovascular risk. The curves of the young and healthy middle-aged

control populations show normal distributions. The curve of the adults shows a slight

shift to the right compared to the young. In the density curve of the seniors, the

majority of IMT data show a normal distribution with a shift of the entire curve to

the right and a minor deviation, or ‘tail’, from the normal curve. In adult FH and

CAD patient populations, the shift and tail formation are very  prominent. Based on

the curve of the CAD population, we defined as plaques those IMT values higher

than the 97.5-percentile of the distribution of the ‘normal’ IMT’s using Bhattacharya’s

method.
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Population samples Child./ Mid-Aged Seniors, Child./ Adults, CAD,

Adolesc., Controls Controls Adolesc., FH Patients

Controls FH

N 45 26 48 43 248 184

Gender, Male/Female 23/22 11/15 24/24 22/21 128/120 184/0

Age (SD), years 14.8(2.8) 34.5(9.6) 67.4(4.6) 14.8(2.8) 48.1(8.8) 56.4(7.9)

Total Cholesterol,

mmol/L 4.2(0.7) 6.3(1.8) 5.9(1.1) 7.8(1.9) 9.6(1.9) 6.1(7.9)

LDL-C, mmol/L 2.5(0.6) 4.2(0.9) 3.9(1.1) 6.1(1.8) 7.6(1.9) 4.3(0.8)

HDL-C, mmol/L 1.4(0.3) 1.5(0.4) 1.3(0.4) 1.2(0.3) 1.2(0.3) 1.0(0.2)

Triglycerides, mmol/L 0.8(0.3) 1.3(0.4) 1.7(0.24) 1.0(0.3) 1.9(0.9) 1.8(0.8)

IMT(SD), mm 0.53(0.03) 0.59(0.06) 0.78(0.12) 0.54(0.05) 0.85(0.18) 0.90(0.18)

(means based on a per subject average)

Arterial Wall Segments, mean IMT(SD), mm (based on available IMT measurements); %IMT >1.11mm.

Common Carotid (CCA) 0.53(0.07), 0.58(0.12) 0.79(0.15) 0.56(0.08) 0.74(0.20) 0.80(0.20)

CCA, % >1.11mm 0% 0% 2% 0% 4% 6%

Carotid Bulb (CB) 0.55(0.07) 0.64(0.11) 0.89(0.21) 0.57(0.09) 0.94(0.41) 1.03(0.36)

CB % >1.11mm 0% 0% 6% 1% 16% 28%

Internal Carotid (ICA) 0.52(0.11) 0.59(0.14) 0.74(0.18) 0.52(0.11) 0.81(0.32) 0.90(0.41)

ICA % >1.11mm 0% 0% 6% 0% 11% 20%

Common Femoral (CFA) 0.54(0.12) 0.61(0.11) 0.87(0.40) 0.53(0.12) 1.12(0.61) 1.07(0.48)

CFA % >1.11mm 0% 0% 18% 0% 39% 35%

Superficial Femoral (SFA) 0.49(0.09) 0.52(0.09) 0.59(0.09) 0.47(0.09) 0.64(0.21) 0.68(0.17)

SFA % >1.11mm 0% 0% 0% 0% 4% 3%

Totals, IMT(SD)mm. 0.53(0.03) 0.59(0.12) 0.78(0.25) 0.54(0.10) 0.85(0.42) 0.90(0.36)

Average of all IMT

measurements for each 0.32-0.99 0.33-1.00 0.40-2.16 0.32-1.13 0.32-4.30 0.41-3.28

population and range.

%IMT >1.11mm, 0% 0% 8% 0.1% 15% 18%

population averages

Table 1. LDL-C: low density lipoprotein cholesterol in mmol/L; HDL-C: High density

lipoprotein in mmol/L; FH: Familial Hypercholesterolemia; CAD: Coronary Artery Disease.

The IMT data for each population (average of the mean per patient IMT’s) and split according

to arterial wall segments. IMT in millimetres; % of plaques (defined as IMT>1.11mm) is

given for each arterial wall segment and as population totals.
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This was reasoned as follows:

IMT distributions in the young and healthy adults were approximately normal; in

contrast, the IMT distribution in the CAD-patients had a prominent tail to the right.

We surmise that this is caused by lesions and that the IMT-distribution in the CAD-

population would be normal if there were no lesions.

We assume that most segments in the CAD-patients are ‘normal’ up to an IMT of

0.95 mm. In our data-set 71.16% of all walls had thickness <0.95mm: thus we estimate

probability P that a ‘normal’ wall in a CAD-patient is 0.95mm or less, as

P(IMT<0.95mm) =0.7116.

We need another observation; for example IMT=0.65mm. We observed that 20.7%

of all walls in the CAD-patients had thickness <0.65mm: P(IMT<0.65mm)=0.207.

Figure 1a. Image and off-line

image analysis of intima-media

thickness (IMT) of the common

carotid arterial far wall segment

of an 8-year old. This image

denotes a normal common carotid

arterial wall at young age

(IMT=0.48(SD0.08)mm).
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We know from the standard normal distribution (mean=0 and standard deviation=1)

that

P(Z<Z
1
)=0.7116 with Z

1
=0.56 and

P(Z<Z
2
)=0.207 with Z

2
=-0.815.

If the IMT distribution is normal then

0.95=σ x 0.56 + µ and 0.56=σ x –0.815 + µ .

Algebra yields σ=0.218 and µ=0.83, thus the mean IMT of CAD-patients would be

0.83mm if they had no lesions (standard deviation 0.218).

Now thresholds can be derived: (1-α)% of the IMT’s in CAD-patients are below the

limit

limit = zα * σ + α.

Figure 1b. Image and off-line

image analysis of  intima-media

thickness of a 47 year old at

cardiovascular risk (low HDL-

C). Although seemingly unspec-

tacular, every minor change in

IMT is a great leap in cardio-

vascular risk

(IMT=1.14(SD0.12)mm).
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For instance, 95% of the walls would fall below the limit

limit = 1.28 x 0.218 + 0.83 = 1.11mm

if they did not have lesions, and 97,5% of the walls below the limit

limit = 1.96 x 0.218 + 0.83 = 1.26mm

The percentages of lesions, or ‘plaques’, given as population totals and split according

to arterial location were calculated using the estimated 1.11mm threshold value

(Table 1).

With age and cardiovascular risk, mean IMT’s and percentages of plaque increase,

most notably in the carotid bulb and the common carotid femoral arterial walls. This

is also illustrated in Figure 3, in which IMT data of the population samples are clustered

according to arterial segments. The plots show that all locations increase in IMT and

variability with age and exposure to vascular risk, however, IMT increase also varies

for each location. This is the least manifest in the superficial femoral artery (SFA),

Figure 1c. Image and off-line

image analysis of intima-media

thickness (IMT) of the common

femoral arterial far wall of the

same subject. This image

shows major lesion formation

(IMT=2.50(SD0.44)mm)(Figures

by Courtesy of Dr. Wim Stok,

Department of Physiology,

Academic Medical Centre,

Amsterdam).
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Figure 2. Density curves of intima-

media thickness (IMT) distributions of

the population samples were estimated

non-parametrically, based on 0.05mm

data intervals and smoothed using

splines. Based on the curves, we defined

as plaques, those IMT values higher than

the 97.5-percentile of the distribution of

the ‘normal’ IMT’s, estimated at 1.11mm

(dashed line). (YNG-C: Young Controls;

YNG-FH: Young FH; MA-C: Middle-

Aged Controls; SEN-C: Senior Controls;

AD-FH: Adult FH; CAD: Coronary

Artery Disease).

Figure 3. Intima-media thickness (IMT)

in mm. is shown along the Y-axis. The

dashed line indicates the threshold value

of 1.11mm. The IMT’s of the populations

are clustered according to arterial wall

segments (CCA: Common Carotid Artery,

CB: Carotid Bulb, ICA: Internal Carotid

Artery, CFA: Common Femoral Artery,

SFA: Superficial Femoral Artery). The

box-order of populations in each cluster

is similar (YNG-C: Young Controls;

YNG-FH: Young FH; MA-C: Middle-

Aged Controls; SEN-C: Senior Controls;

AD-FH: Adult FH; CAD: Coronary

Artery Disease). In the boxes medians,

upper 75th and lower 25th percentiles are

indicated. Upper and lower whiskers

indicate values 1.5x the box-length away

from the 75th and 25th percentile,

respectively.
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which shows an increase from 0.49(0.09)mm in the unaffected young to 0.64(0.21)mm

in FH adults (δIMT=0.15mm, p<0.001)). The IMT increase is most prominent in the

common femoral artery (CFA; 0.54(0.12)mm in the young to 1.12(0.61) mm in FH

adults (δIMT=0.58mm, p<0.001).

DISCUSSION

In response to age and cardiovascular risk carotid and femoral arterial wall thickness

increases. However, not all arterial wall segments respond in a similar fashion to age

and risk factors like elevated LDL-cholesterol. From IMT density curves, a wall

thickness above 1.11mm could be defined as plaque. Analyses according to anatomical

wall segment showed the common femoral artery as the segment most prone to IMT

increase and plaque formation. From our observations the following consequences

may be drawn.

Firstly, it was estimated where increase in arterial wall thickness comes from. The

IMT findings in the CCA and nearby CB, as well as the CFA and nearby SFA, illustrate

that long term risk can be described by the IMT of any arterial segment, but that

some segments represent this risk better than others. This suggests that at population

level CAD, stroke or any other vascular disease risk is not necessarily described best

by a vessel in the anatomical vicinity of the endorgan, but by the observed response

of an arterial segment to a particular risk factor. The correlations between ultrasound

CFA IMT and coronary angiographic parameters in CAD patients24 and the finding

of correlations between ultrasound CFA IMT and left ventricular mass index in newly

diagnosed hypertensives support that hypothesis32.

Secondly, we estimated that IMT increase is most outspoken in the common femoral

artery (CFA). Consequently, B-mode ultrasound IMT measurements can provide

information on populations at cardiovascular risk. They also show what arterial

locations are most suitable for atherosclerosis studies and drug trials. The findings in

the REGRESS24 and INITIAL/LONGTERM37 trials that statin effects were mainly

evident in the CFA, are in agreement with the hypothesis that pro- and regression

studies of comparative IMT change should be performed in populations and in arterial

locations in which relatively high atherosclerosis progression can be expected.

Thirdly, the existence of the tail in the FH and CAD populations, without further

shifts of the normal parts of the curves to the right, indicate an IMT threshold value.
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Beyond this, atherosclerosis enters the more chaotic stages of plaque formation, arterial

stenosis, occlusion and the symptomatic stages of disease. The data could indicate

that cardiovascular disease prevention should be aimed at inhibition of progression

of arterial wall thickening prior to reaching the later stages of plaque.

Fourthly, the IMT data in different cohorts could be compared only, because

measurements were done according to a single protocol. This illustrates that if IMT

outcome is to be used as an argument in discussions on whether or not to apply

preventive measures in presumed at risk populations, and, whether the results of

therapeutic response of drugs in populations are valid, the strength of the argument

is better supported if measurements were done in a standardized fashion.

It may be concluded that B-mode ultrasound studies can provide information on

IMT distributions in apparently healthy and in at risk populations. The data present

atherosclerosis as a generalized disease of vascular walls with local differences in

increase in arterial wall thickness with age and cardiovascular risk. In arterial locations

with pre-existing thick arterial walls, the presence of plaques is greatly increased.

Since IMT is a valid endpoint for atherosclerosis, locations with the highest estimated

progression provide the highest information content on prevalence and incidence of

clinical sequela. The common femoral conduit should therefore be included in B-

mode ultrasound atherosclerosis studies and drug trials.
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