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A b s t r a c t 

In clinical practice, cardiovascular (CV) risk stratification 
is based on the assessment of individual risk factors. 
Still many cardiovascular deaths occur in individuals who 
were not at high risk according to the current CV risk 
stratification models as the Systematic COronary Risk 
Evaluation chart (SCORE) and Framingham Risk Score. By 
measuring morphological and/or functional abnormalities 
in the arterial wall directly, the impact of all CV risk factors 
together can be determined. In this review, the current 
status for the use of a panel of non-invasive measurements 
of atherosclerosis (NIMA) in CV risk prediction in clinical 
practice is discussed. Some of these NIMA showed predictive 
value for CV disease, such as intima-media thickness, 
pulse wave velocity, and ankle-brachial index, both in 
patients and in healthy and community-based populations. 
Recommendations have been made to include these NIMA 
in CV risk stratification in secondary prevention. However, 
the additional value of NIMA in CV risk stratification in 
primary prevention settings remains to be determined. 
Furthermore, the main determinants of NIMA are still 
unclear. Also the use of different combinations of NIMA 
should be evaluated, since different NIMA likely reflect 
different stages and aspects of the atherosclerotic process 
that leads to CV events. Future prospective studies should 
focus on repeated measures of NIMA to reveal the main 
determinants of the different NIMA and evaluate the 
predictive value of baseline versus repeated measurements. 
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I n t r o d u c t i o n

Cardiovascular risk
Cardiovascular disease (CVD) has been a major cause 
of death for decades now,1 and it will probably be for 
years hereafter, although the number of cardiovascular 
deaths is decreasing.2 In 2005, 17.5 million cardiovascular 
deaths were registered, which was 30% of all global 
deaths3 and in the Netherlands a comparable trend was 
observed.4 Atherosclerosis is the major underlying process, 
leading to cardiovascular events.5 Many risk factors have 
been identified that promote atherosclerosis, including 
obesity, hypertension, lipid disorders, smoking, and 
diabetes mellitus.1 Cardiovascular (CV) risk prediction 
is mainly based on the assessment of these individual 
CV risk factors. Often only the most conventional CV 
risk factors are determined and treated to reduce CV 
risk. We do not know why some individuals develop 
early CVD and others do not, despite the presence of risk 
factors. Many CV deaths occur in patients who were not 
identified as high-risk patients. Moreover, despite blood 
pressure control, optimising lipid levels and lifestyle 
advice, approximately 50% of the patients who died from 
cardiac arrest were in the intermediate risk category of 
Framingham Risk Score, as described by Taylor in 2002.6 
Therefore, in the last few years research has focused on 
new biomarkers of atherosclerosis, including markers of 
inflammation and oxidative stress. So far, none of the new 
biomarkers appeared to have additional prognostic power 
in CV risk prediction beyond the traditional risk scores.7-9 
At every level of traditional risk factor exposure, there 
is a large inter-individual variation in the amount of 
atherosclerosis and the development of CVD. This 
variation is probably due to genetic susceptibility, 
combinations and interactions between risk factors, 
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including lifestyle habits, duration of exposure to specific 
levels of the risk factors, and factors such as biological and 
laboratory variability. When patients present at the clinic 
with a CV event, most of the damage has already been 
done. Therefore, atherosclerosis must be discovered as 
early as possible in primary prevention settings. 

Non-invasive measurements of atherosclerosis (NIMA)
A current concept is that by measuring atherosclerosis 
directly in the arterial wall, the damage caused by known 
and unknown risk factors can be determined, which allows 
us to better predict CV risk for the individual patient. This 
also provides the opportunity to measure atherosclerosis 
before clinically overt CVD, as changes in the arterial wall 
precede the clinical symptoms of CVD. Thus, subclinical 
disease measurements, representing the final result of 
risk exposure and genetic susceptibility, may be useful for 
improving CVD risk stratification, therapeutic strategies 
and evaluation of risk factor modification.10

Several invasive techniques to visualise the arterial system 
and the extent of atherosclerosis are available, such as 
intravascular ultrasound and angiography; the latter 
has been the ‘gold standard’ imaging technique for the 
presence of stenosis and/or occlusions in the arterial 
system in clinical practice for years now. It does not need 
further explanation that invasive techniques are not 
suitable as a screening tool in the general population. More 
recently, less invasive techniques became available, such as 
computed tomography and magnetic resonance imaging, 
although sometimes detergents are needed to optimise 
the pictures, which have to be injected. Moreover, these 
techniques are not widely available and very expensive at 

the moment, they cannot be applied to every patient, and 
expose patients to radiation. 
Therefore, many efforts have been made to develop 
relatively simple and cheap non-invasive measurements 
of atherosclerosis that can be applied to every individual. 
A variety of these non-invasive techniques have been 
developed in the last few years, each measuring different 
aspects of the atherosclerotic process. In this review, 
we explore the use of a panel of these non-invasive 
measurements and derived parameters, as depicted in 

figure 1. The NIMA will be discussed in the sections below 
based on our own experience, including their current 
status and evidence for introduction of these NIMA 
into clinical practice in primary prevention. We will 
conclude with future perspectives of NIMA in relation to 
cardiovascular risk prediction.

E n d o t h e l i a l  ( d y s ) f u n c t i o n

Flow-mediated dilation
Dysfunction of the endothelium, a monolayer of cells 
that covers the intima, is one of the first signs of 
atherosclerosis and is present before structural changes. 
Endothelial (dys)function can be measured non-invasively 
by flow-mediated dilation (FMD) with ultrasound at the 
brachial artery (figure 2).11 It has been recommended to 
perform FMD measurements according to the guidelines 
of the International Brachial Artery Reactivity Task Force.12 
In short: changes in the diameter of the brachial artery 
are measured at baseline and after releasing a cuff that 
has occluded the artery for four minutes. This results 
in an increased blood flow to restore the circulation, 

Figure 1. Cross-section of an artery with progressive atherosclerotic lesions including the different non-invasive 
measurements of vascular abnormalities and the derived parameters. In the boxes at the bottom, the change in the 
NIMA parameters with progression of atherosclerosis is depicted
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leading to increased sheer stress on the endothelium. A 
healthy endothelium produces nitric oxide (NO), which 
causes dilation of the artery to increase the blood flow 
to the peripheral circulation. When there is endothelial 
dysfunction, less NO is produced leading to less dilation 
of the artery. FMD is calculated as the post-occlusion 
diameter divided by the baseline diameter and is expressed 
as a percentage. When endothelial function is impaired, a 
lower FMD is measured. 
An important limitation of FMD is its relatively large 
variability. Numerous factors, such as biological and 
technical factors, contribute to the variability of FMD 
as recently summarised by Moens and co-workers.13 
Many efforts have been made to reduce measurement 
variability, such as the introduction of monitoring 
software.14,15 Intra-observer coefficients of variation of 1.8 
to 23.0% were previously reported, but when expressed 
as a percentage, coefficients of variation increased to 28 
to 33%.16 To detect a clinical treatment benefit, a mean 
improvement of FMD of over 2% is necessary and to 
account for natural variability even a difference of 4 to 
8% is necessary.17 A power analysis showed us that to 
detect a difference of 0.5% in the prevalence of CVD, over 
14,000 FMD measurements are needed.18 Furthermore, 
it is a time-consuming measurement that is relatively 
uncomfortable for the patient. Finally, there has been an 
under-reporting of negative studies.19 Reference values for 
FMD are lacking and depend on the method used; some 
report FMD after upper arm occlusion whereas others use 
forearm occlusion.
Despite the relatively large variability, FMD seems to be a 
promising technique for cardiovascular risk assessment 
in selected high-risk patient groups and several papers 
have reported the usefulness of FMD as a tool in CV risk 
stratification and prediction,20-27 although prospective 
studies are needed to prove this concept. Until recently, 

prospective data of population-based cohorts were scarce 
and the reported results were not consistent; FMD was 
related to CV events in some,28,29 but not all studies in the 
general population.30-32 These inconsistencies might be the 
result of the reported variability. Previously, we reported 
that FMD was not related to the traditional CV risk factors 
or prevalent CVD, neither in a low-risk nor a high-risk 
population including patients with familial combined 
hyperlipidaemia (FCH).18,33 Endothelial dysfunction is 
a measure of early atherosclerosis and will therefore be 
present in older populations where multiple risk factors 
have been present for many years. Very recently, Yeboah 
and colleagues showed that FMD was a predictor of CVD 
in a large sample from the general population, although 
FMD did not improve the prediction of CVD over the 
Framingham Risk Score. However, adding FMD to risk 
stratification based on the Framingham Risk Score made 
many individuals with a normal FMD shift towards a lower 
risk category. They concluded that FMD might help in CV 
risk stratification to select those who seemed to be at risk 
based on Framingham Risk Score, but based on a normal 
FMD seem to be at lower CV risk.29 These conclusions have 
to be regarded with care because of the variability of FMD, 
as also reported by these authors. 
After all these years of research on FMD, there is still no 
clarity on its possible potential to be a screening tool in 
CV risk stratification and no uniform results have been 
reported. Therefore, the use of FMD in clinical practice and 
especially in primary prevention settings is questionable 
and the time for FMD to be applied in clinical practice 
is still far away. Further research should focus on the 
possible role of FMD in CV risk stratification in younger 
populations, using standardised methods for FMD in 
standardised conditions. Improved or other non-invasive 
measures of endothelial function have to be developed 
and investigated for their applicability in clinical practice. 

Figure 2. On the left, the method of FMD is visualised. On the right the pre- and post-occlusion diameters are depicted 
as measured with analysing software. The dotted line represents the mean baseline diameter. At baseline, three 
subsequent measures of the diameter are performed and these are depicted as the dots on the left. After four minutes 
of occlusion, the cuff is deflated and the diameters are then measured every ten seconds for two minutes; the first six 
measures are depicted as the dots on the right panel. First there is an increase in diameter after occlusion, and the 
diameter returns to baseline values in time
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Nitroglycerin-mediated dilation
Beside endothelium-dependent vasodilation, the 
endothelial-independent vasodilation can be determined 
by administration of nitroglycerin. Nitroglycerin causes 
relaxation of the smooth muscle cells, which results 
in dilation of the arteries, and is independent of the 
function of the endothelium. The maximum diameter 
after nitroglycerin is divided by the baseline diameter and 
expressed as a percentage. When the function of the smooth 
muscle cells is impaired, the nitroglycerin-mediated dilation 
(NMD) is decreased. The NMD is used to check whether the 
attenuation of FMD is caused by damage in the endothelium 
and not a consequence of changes in the smooth muscle 
cells. Reference values have never been reported and, just as 
with FMD, depend on the method used. The role of NMD 
in CV risk stratification is unclear and most likely limited.

Brachial artery diameter
The brachial artery diameter (BAD) is the measure on which 
FMD is based. The reported measurement variability is 
much smaller than for FMD.34 Reference values are lacking, 
BAD differs between men and women, is dependent on 
blood pressure, and is influenced by antihypertensive 
medications. BAD appeared to have predictive value in CV 
risk assessment in recent publications.30,35,36 We previously 
reported that BAD was related to cardiovascular risk factors 
and other measurements of subclinical atherosclerosis in 
our population-based sample.18 The diameter of the brachial 
artery might be a reflection of systemic vasodilation, as 
a compensation in reaction to narrowing of the arterial 
lumen.37 The BAD might be a potential tool in CV risk 
stratification when combined with other measurements 
of atherosclerosis; however, this has to be evaluated 
prospectively. 

A r t e r i a l  s t i f f n e s s

Due to ageing and the progression of atherosclerosis, 
the arterial wall changes, and besides dysfunction of the 
endothelium, these changes result in arterial stiffness.38 
Arterial stiffness can be measured non-invasively with 
pulse wave analysis (PWA) and pulse wave velocity (PWV), 
using tonometry, as depicted in figure 3. The heart ejects a 
bolus of blood into the arterial system with every heartbeat 
and this causes a blood pressure wave through the arteries. 
When the wave arrives at an artery, this causes expansion 
of the artery. This phenomenon can be observed as the 
arterial pulse, which can be palpated at the wrist or at the 
carotid artery. A tonometer is a device that registers the 
changes in diameter of arteries. 
Due to the different composition of central and peripheral 
arteries, not all arteries stiffen to the same extent. The 
stiffening of central arteries is greater than the stiffening 
of the peripheral arteries. The clinical consequences of 
arterial stiffness are an increased risk of stroke as a result 
of increased systolic blood pressure, the development of 
left ventricular hypertrophy as a result of increased cardiac 
after load, and a decrease in coronary perfusion and heart 
failure due to the decrease in diastolic blood pressure.

Pulse wave velocity (PWV) 
PWV is a measure of wave velocity, which is propagated 
by contraction of the heart and travels along the arterial 
tree. To determine PWV, pulse waveforms are recorded 
at two sites sequentially, and wave transit time can be 
calculated using the R wave of a simultaneously recorded 
electrocardiography as a reference frame. PWV measured 
between the right carotid and the left femoral artery has 
been described as the gold standard measurement of 

Figure 3. Method of tonometry used to determine pulse wave analysis and velocity; the tonometer is gently pressed 
against the artery and registers the changes in diameter over time. On the right an example of an obtained waveform, 
this is composed of a forward wave in the systolic phase and a backward wave in the diastolic phase
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arterial stiffness by a panel of experts.38 Surface distance 
between the two recording sites can be measured parallel 
to the plane of the examination table. The distance 
between the carotid artery site and the supra sternal 
notch has to be subtracted from the distance between 
the supra sternal notch and the femoral artery site. 
PWV is calculated by dividing the travelled distance 
by the time. As the arteries become stiffer with ageing 
and progression of atherosclerosis, PWV increases. To 
minimise variability and make comparison between 
studies possible, recommendations for user procedures 
were provided by Van Bortel et al.39 
Reproducibility of PWV has been extensively studied and 
measurement variability is rather small.40-42 Reference 
values have been provided by several authors;43,44 in healthy 
adults the PWV generally ranges from 6 to 11 m/sec.45 The 
guidelines for the management of arterial hypertension 
and the guidelines for cardiovascular screening in the 
asymptomatic at-risk population included a PWV value >12 
m/s as a sign of target organ damage.46,47

PWV is an independent predictor of CVD in selected 
high-risk patient groups, and in the general population48-50 
and could provide additional information in clinical 
practice for CV risk stratification.51-54 Very recently, 
two studies even reported an improvement of CV risk 
stratification by adding PWV in hypertensive patients55 
as well as in apparently healthy adults.56 We reported 
that PWV was increased in FCH patients compared with 
their unaffected relatives. PWV did predict the presence 
of CVD equally well as a combination of traditional risk 
factors, but did not have additive value over and above 
the traditional risk factors in this high-risk population.57 
PWV was associated with the metabolic syndrome and 
its individual traits,58 with increasing waist,59 and with 
increasing apolipoprotein B (apoB) levels in our population-
based cohort.132

In conclusion, PWV is a well established measure of 
arterial stiffness and is a very promising tool to be included 
in CV risk stratification in clinical practice in secondary 
and primary prevention. The additive value of PWV 
over and above traditional CV risk factors remains to be 
confirmed in other populations, especially in combination 
with other NIMA. 

Pulse wave analysis (PWA)
PWA is commonly measured at the right radial artery. 
The pressure wave generated by contraction of the left 
ventricle travels along the arterial tree. The amplification 
of the pressure wave increases as it travels distally, 
resulting in a difference between brachial and central 
blood pressure of approximately 44% in healthy subjects 
with a mean age of 45 years.60 This amplification is known 
as the augmentation index (AIx) and reflects the overall 
interaction between the arterial tree and the left ventricle.61 

AIx is principally determined by aortic reservoir function 
and other elastic arteries and to a minor extent by reflected 
waves.62 Men have lower AIx values than women63,64 
and AIx plateaus at the age of 60 and therefore can only 
be considered a measure of vascular age in younger 
individuals.65,66 Also central pressure parameters can be 
derived from the registered radial wave form, such as 
central augmented pressure, central systolic pressure, 
and central diastolic pressure. The derived parameters are 
indirect measures of arterial stiffness, whereas PWV is 
a direct measure of arterial stiffness. The main problem 
of these derived parameters is the calculation by means 
of a transfer function, which has only been validated 
in selected patients groups.67,68 Therefore, care must be 
taken when interpreting the data in other populations. 
Furthermore, there is doubt about the formula used to 
calculate the Aix.69 Since AIx strongly depends on heart 
rate, AIx corrected for a heart rate of 75 beats per minute 
is used.70 Different techniques are used to measure AIx 
and not all provide central pressure parameters. Reported 
reproducibility of the different techniques is good.40,42 
Also recently, reference values were reported in different 
populations.71,72 As atherosclerosis increases, AIx increases 
and this increase has been associated with increased CV 
risk.73 In FCH patients we could not report a difference 
in AIx compared with their unaffected relatives, whereas 
PWV was increased.57 This discrepancy might be explained 
by the fact that the age-related changes in PWV and 
AIx follow different patterns; changes in AIx are more 
dominant in younger subjects (<50 years) and changes in 
PWV are more marked in older individuals (>50 years).65 
In a population-based cohort we found that AIx was 
associated with the metabolic syndrome and its individual 
traits, although the association was stronger in men than 
in women.58 AIx also modestly but significantly increased 
with increasing apoB levels,132 but not with increasing waist 
circumference.59 
The use of central blood pressure parameters recently 
regained interest due to the results of the Conduit Artery 
Functional Endpoint (CAFÉ) study showing that central 
blood pressure but not peripheral blood pressure was 
lowered by one of the drugs administered.74 Since then, 
many studies have incorporated the central pressure 
measurements and many results have to be awaited. 
Very recently the same authors published additional 
analyses and concluded that the difference in central 
pressure reported before was mainly the result of the 
heart rate reduction with b-blockers. This appeared to 
be the major mechanism accounting for less effective 
central aortic pressure reduction per unit change in 
brachial pressure.75 Also the Cardiovascular Health 
Study showed that central pressure was more strongly 
related to (subclinical) atherosclerosis and CV events than 
brachial blood pressure,76 which was strengthened by a 

Holewijn, et al. NIMA ready for clinical practice?
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review in 2009.77 Very recently, a systematic review and 
meta-analysis provided quite robust evidence that central 
haemodynamics are independent predictors of CV events 
and all-cause mortality in different patient groups.54

To summarise, evidence is accumulating that central 
pressures would be more useful in CV risk stratification, 
although the independent predictive value of central 
haemodynamics in primary prevention remains to be 
determined.

T h i ck  n e s s  o f  t h e  a r t e r i a l  w a l l

Intima-media thickness (IMT)
The arterial wall can be visualised and the thickness of 
the arterial wall can be measured using ultrasound, as 
depicted in figure 4. 
IMT measures structural changes in the arterial wall and 
is a well-established marker of (subclinical) atherosclerosis. 
With ageing and progression of atherosclerosis the 
arterial wall thickens. The increase in IMT is associated 
with unfavourable levels of cardiovascular risk factors, 
atherosclerosis elsewhere in the arterial system, and 
with cardiovascular disease.78-83 IMT can be measured 
at different sites of the arterial tree. The most common 
place to measure IMT is the distal common carotid artery. 
The presence of a plaque is defined by the Mannheim 
Intima-media thickness consensus as a focal thickening of 
the arterial wall of at least 1.5 x the mean IMT.84 
Numerous studies have reported that IMT can be 
measured in a reliable and reproducible manner, although 
different protocols are used in different studies.85,86 
Measurement variability is typically introduced from 
several resources: ultrasound scanning equipment, 

sonographers, reading equipment, readers of the scans, 
scanning protocol, and thickness of the intima-media 
complex. Since automatic devices were introduced to 
measure IMT, variability decreased substantially.87-90 At 
higher ages, the variability in IMT between subjects is 
larger.91 The thickness of the wall also varies during the 
heart cycle. In the diastolic phase, the IMT is thicker than 
in the systolic phase. Therefore the measurements have 
to be performed at the same phase of the heart cycle in 
every person. Several authors have already extensively 
discussed the different methods used to measure IMT 
and international recommendations have been made for 
standardised IMT measurements.92 In studies evaluating 
the effect of drugs in which IMT is the primary endpoint, 
very small differences have to be detected, demanding 
a very precise IMT measurement. These studies mostly 
include IMT measures of the common carotid artery, the 
bulbus and the internal carotid artery measured from 
different scanning angles. Other studies use IMT as a 
screening tool; the measurement then needs to be simple, 
quick, but reliable and most studies only measure the IMT 
of the common carotid arteries at the angle that showed the 
optical thickest IMT.
Reference values were provided by many studies stratified 
by age.86,93-96 The guidelines for the management of 
arterial hypertension and the guidelines for cardiovascular 
screening in the asymptomatic at-risk population included 
an IMT value >0.9 mm or the presence of plaque as 
a sign of target organ damage.46,47 IMT has shown to 
predict CVD, in patients as well as in asymptomatic 
individuals.80,97-103 In line with these data, we showed 
that IMT was strongly associated with traditional CV 
risk factors in both participants from a population based 
sample,58,59 and in a high-risk population.104 The additive 
value of IMT over and above traditional CV risk factors in 
CV risk stratification has not been proven yet.105-107 Only 
one relatively small study reported that IMT would improve 
CV risk stratification in a primary prevention setting.108

In summary, IMT is a well-established surrogate marker of 
atherosclerosis and is a very promising tool to be included 
in CV risk stratification in clinical practice in the near 
future. The additive value in primary prevention remains 
to be determined prospectively.

The presence of plaque and plaque thickness
The presence of plaque and plaque thickness are measures 
of advanced atherosclerosis. Not many studies have 
included these parameters, and those that did used many 
different methods and definitions. As described in the 
previous section, the presence of plaque showed predictive 
value for CVD and is included in some guidelines.47 
Recommendations have been reported on how to define 
the presence of plaque.84 We reported in our low-risk 
population that participants with the metabolic syndrome 

Holewijn, et al. NIMA ready for clinical practice?

Figure 4. Measurement of the thickness of the arterial 
wall using ultrasound at the carotid artery. The most 
distal 10 mm of the common carotid artery is measured. 
ECA = external carotid artery, ICA = internal carotid 
artery, and CCA = common carotid artery. On the left a 
normal intima-media complex is depicted, on the right 
an example of increased thickness. The outer layer of 
the wall is coloured in green and the inner layer of the 
arterial wall is coloured in red
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had thicker plaques than those without.58 The number of 
participants with plaques present increased with increasing 
apoB levels and increasing waist circumference.59 
The predictive value of plaque thickness in CV risk 
stratification and the additive value of the presence of 
plaque in different populations need to be evaluated in 
prospective studies, taking into account the measuring 
method.

P e r i p h e r a l  f l o w

Ankle-brachial index at rest
The ankle-brachial index (ABI) at rest measures more 
advanced stages of atherosclerosis and has been used 
in clinical practice for years now to determine whether 
a patient suffers from peripheral arterial disease. The 
method commonly applied is one measurement of ABI at 
a single time point and by one single observer based on the 
publication of Price et al, who established the cut-off value 
of ABI in a very large population-based cohort.109 
The measurement found its way into clinical practice 
rather easily. The first publication on the reproducibility 
of the ABI dates from 1981.110 The authors recommended 
performing the measurement more than once and a 
difference in subsequent measures from 15 mmHg could 
be regarded as clinically relevant. Reproducibility of the 
ABI has been studied in selected patient groups and 
was reliable when performed by trained technicians.111-115 
An ABI at rest below 0.9 is widely considered to be 
abnormal.46,47,109 The ABI at rest is a simple, non-invasive 
and inexpensive test that can be used to identify 
individuals who are at high risk of developing CVD. 
Several studies have reported that a low ABI at rest had 
predictive value for CVD in patients with CVD and in 
low-risk populations.116-122 We reported that a decreased 
ABI at rest was associated with the metabolic syndrome 
and its individual traits in our population-based cohort.58 
A decreased ABI was also observed with increasing waist 
circumference59 and with increasing apoB levels.132 Further 
studies need to provide insight into the predictive value of 
the ABI at rest for CVD in low-risk populations over and 
above traditional risk factor stratification. 

Ankle-brachial index after exercise
In clinical practice the exercise test is performed to 
confirm that a diminished arterial flow is the cause of a 
patient’s walking disability. A decreased ABI after exercise 
can also detect atherosclerotic lesions that do not yet 
cause a drop in blood pressure at rest. When more oxygen 
is needed during exercise, the obstruction prevents an 
increase in oxygen supply, which causes a drop of the 
pressure at the lower limb resulting in a lower ABI after 
exercise. ABI after exercise might therefore be considered 

a measure of subclinical atherosclerosis. Peripheral arterial 
disease is present when the ABI drops by more than 15% 
after exercise compared with the ABI at rest according to 
the Dutch guidelines.
Data on the predictive value of the ABI after exercise for 
CVD are lacking. We reported that individuals with the 
metabolic syndrome had a decreased ABI after exercise in 
the general population.58 ABI after exercise also decreased 
with increasing waist circumference59 and with increasing 
apoB levels.132 Further studies are warranted to determine 
the predictive value of ABI after exercise for CVD and its 
additive value over and beyond traditional CV risk factors, 
especially in low-risk populations in primary prevention 
settings. 

To summarise: although most of the NIMA described 
in this review are used for research purposes worldwide, 
none of these measurements have made their way into 
clinical practice yet, except for the ankle-brachial index 
(ABI). Some NIMA, including ABI, IMT, and PWV, have 
been recommended to be included in cardiovascular risk 
stratification to determine subclinical organ damage 
in the guidelines for the management of arterial 
hypertension, and in the guidelines for CV screening in 
the asymptomatic at-risk population.46,47

P r e d i c t i v e  v a l u e  o f 
c o m b i n a t i o n s  o f  NI  M A

Each NIMA reflects a different characteristic of the 
atherosclerotic process, involving functional and/
or morphological changes in the vessel wall. It might 
be better to define the measurements as non-invasive 
measurements of vascular abnormalities (NIMVA) than 
NIMA. It is also known that the extent of atherosclerosis 
differs along the arterial tree. In different populations at 
risk of CVD, different characteristics of the atherosclerotic 
process may be present or accelerated. Therefore, 
simultaneous measurements of different NIMVA could 
theoretically enhance the power to improve CV risk 
stratification. Only very few studies have evaluated the 
predictive value for CVD for different combinations of 
NIMVA. Very recently, Novo and co-workers reported that 
IMT in combination with the presence of plaque might 
provide additional information on CV risk in a primary 
prevention setting.108 This was also recently reported in 
the Atherosclerosis Risk In Communities (ARIC) study by 
Nambi et al.123 Tu and co-workers reported on the predictive 
value of the combination of IMT and arterial stiffness, but 
not all measures of stiffness used in that study showed the 
same results.124 In contrast, Muiesan and colleagues found 
that PWV in combination with echocardiography enhanced 
CV risk stratification, but adding PWV to IMT did not.53 
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Further studies need to investigate which NIMVA should 
best be combined to improve CV risk stratification, as well 
in primary as in secondary prevention.

D e t e r m i n a n t s  o f  NI  M VA

The progression rate of atherosclerosis differs among 
individuals. This might be due to different impact of 
known and unknown CV risk factors and/or differences 
in time exposure to these risk factors, and/or genetic 
predisposition. NIMVA measure the extent of vascular 
abnormalities reflecting (subclinical) atherosclerosis and 
the hypothesis is that this amount of atherosclerosis 
reflects the impact of all different CV risk factors together. 
Previous studies demonstrated that the predictive power 
of some individual NIMVA for cardiovascular events is 
independent of the conventional risk factors as described 
in the previous sections. Still a large proportion of the 
variance in NIMVA remained unexplained. In general, 
the reported percentage explained variance in NIMVA 
is larger in high-risk populations (i.e. ±50%) than in 
low-risk populations (i.e. ±30%).125-131 In line with these 
data we reported the percentage explained variance in 
IMT of ±50%, in both FCH patients and in the unaffected 

relatives.104 Future studies are needed to identify other 
main determinants of NIMVA, including exploring 
potential new CV risk factors. Repeated measurements of 
NIMVA might help to unravel the impact of ageing, time 
of exposure to known and unknown CV risk factors, and/
or genetic susceptibility. 

F u t u r e  p e r s p e c t i v e s

Subclinical disease measurements i.e. NIMVA may be 
useful for improving CV risk prediction, therapeutic 
strategies and evaluation of risk factor modification. 
However, the major pathophysiological determinants of 
NIMVA are still unknown. Reference values for primary 
prevention are still lacking for most of the described 
NIMVA. Furthermore, follow-up data on the panel of 
NIMVA are not yet available and therefore the relevance 
of NIMVA in clinical practice for the individual patient 
is unclear. Measuring changes in a panel of NIMVA 
values after, for instance, five years of follow-up, in both a 
low- and a high-risk population, in relation to changes in 
traditional and new CV risk factors and incidence of CVD, 
will unravel the major pathophysiological determinants of 
NIMVA, including ageing, time of risk factor exposure, 
and genetic risk factors. Also the power of baseline 
versus repeated NIMVA in CVD risk prediction, over 
and beyond CV risk factors, can be determined, leading 
to an evidence-based protocol for NIMVA to improve 
cardiovascular risk stratification for the individual patient 
in clinical practice. Furthermore, the combination of 
NIMVA that will improve CV risk stratification in both 
low- and high-risk populations in a cost-effective way can 
be unravelled, allowing earlier and more effective (new) 
preventive therapy. 

Ack   n o w l e d g e m e n t s

J. de Graaf was a clinical fellow of The Netherlands 
Organization for Health Research and Development, 
project registration number 907-00-082. Part of this 
work was enabled by a grant from the Netherlands Heart 
Foundation, grant number 2003B057.

R e f e r e n c e s

1. 	 World Health Organization. Prevention of Cardiovascular disease; 
guidelines for assessment and management of cardiovascular risk. 
WHGO Library 2007; ISBN 978 92 4 154717 8.

2. 	 Koek HL, Grobbee DE, Bots ML. [Trends in cardiovascular morbidity 
and mortality in the Netherlands, 1980-2000]. Ned Tijdschr Geneeskd. 
2004;148(1):27-32.

Holewijn, et al. NIMA ready for clinical practice?

Practical guide for consideration of use of 
non-invasive measurement of atherosclerosis in 
screening for cardiovascular risk:
•	 Risk factor evaluation in apparently healthy men 

aged 45-75 years and women aged 55-75 years; 
•	 Risk stratification based on the SCORE risk chart.

	 Subjects at low risk: lifestyle changes and 
treatment of modifiable risk factors: no additional 
screening.

	 Subjects at moderate/intermediate risk: lifestyle 
changes and treatment of modifiable risk factors, 
additional screening by target organ damage 
measurements (if available); 1 or more positive 
tests; more aggressive treatment comparable to 
high-risk patients:

	 - IMT > 0.9 mm or plaque(s)
	 - PWV > 12 m/s
	 - ABI < 0.9

Other measures have been recommended to 
determine target organ damage of the heart, kidney, 
eyes and brains; for a detailed description see the 
2007 Guidelines for the Management of Arterial 
Hypertension.47



396

d e c e m b e r  2 0 1 0 ,  v o l .  6 8 ,  n o  1 2

3. 	 World Health Organization. World Health Organization; 2009; Factsheet 
No. 317: Cardiovascular diseases. http://www.who.int/mediacentre/
factsheets/fs317/en/index.html. 

4. 	 Vaartjes I, Peters RJG, van Dis S, Bots ML. Hart- en vaatziekten in 
Nederland 2008, cijfers over ziekte en sterfte. The Hague: 2008.

5. 	 Kuller LH. Prevention of cardiovascular disease and the future of cardiovascular 
disease epidemiology. Int J Epidemiol. 2001;30(Suppl 1):S66-S72.

6. 	 Taylor AJ. Atherosclerosis imaging to detect and monitor cardiovascular 
risk. Am J Cardiol. 2002;90(10C):8L-11L.

7. 	 Folsom AR, Chambless LE, Ballantyne CM, Coresh J, Heiss G, Wu KK, 
et al. An assessment of incremental coronary risk prediction using 
C-reactive protein and other novel risk markers: the atherosclerosis risk 
in communities study. Arch Intern Med. 2006;166(13):1368-73.

8. 	 Wang TJ, Gona P, Larson MG, Tofler GH, Levy D, Newton-Cheh C, et 
al. Multiple biomarkers for the prediction of first major cardiovascular 
events and death. N Engl J Med. 2006;355(25):2631-9.

9. 	 van der Meer I, de Maat MP, Kiliaan AJ, van der Kuip DA, Hofman A, 
Witteman JC. The value of C-reactive protein in cardiovascular risk 
prediction: the Rotterdam Study. Arch Intern Med. 2003;163(11):1323-8.

10. 	 Duivenvoorden R, de Groot E, Stroes ES, Kastelein JJ. Surrogate 
markers in clinical trials-Challenges and opportunities. Atherosclerosis. 
2009;206:8-16.

11. 	 Celermajer DS, Sorensen KE, Gooch VM, Spiegelhalter DJ, Miller 
OI, Sullivan ID, et al. Non-invasive detection of endothelial 
dysfunction in children and adults at risk of atherosclerosis. Lancet. 
1992;340(8828):1111-5.

12. 	 Corretti MC, Anderson TJ, Benjamin EJ, Celermajer D, Charbonneau 
F, Creager MA, et al. Guidelines for the ultrasound assessment of 
endothelial-dependent flow-mediated vasodilation of the brachial artery: 
a report of the International Brachial Artery Reactivity Task Force. J Am 
Coll Cardiol. 2002;39(2):257-65.

13. 	 Moens AL, Goovaerts I, Claeys MJ, Vrints CJ. Flow-mediated 
vasodilation: a diagnostic instrument, or an experimental tool? Chest. 
2005;127(6):2254-63.

14. 	 Craiem D, Chironi G, Gariepy J, Miranda-Lacet J, Levenson J, Simon 
A. New monitoring software for larger clinical application of brachial 
artery flow-mediated vasodilatation measurements. J Hypertens. 
2007;25(1):133-40.

15. 	 Donald AE, Halcox JP, Charakida M, Storry C, Wallace SM, Cole TJ, 
et al. Methodological approaches to optimize reproducibility and 
power in clinical studies of flow-mediated dilation. J Am Coll Cardiol. 
2008;51(20):1959-64.

16. 	 Woodman RJ, Playford DA, Watts GF, Cheetham C, Reed C, Taylor RR, 
et al. Improved analysis of brachial artery ultrasound using a novel 
edge-detection software system. J Appl Physiol. 2001;91(2):929-37.

17. 	 Sorensen KE, Celermajer DS, Spiegelhalter DJ, Georgakopoulos D, 
Robinson J, Thomas O, et al. Non-invasive measurement of human 
endothelium dependent arterial responses: accuracy and reproducibility. 
Br Heart J. 1995;74(3):247-53.

18. 	 Holewijn S, den Heijer M, Swinkels DW, Stalenhoef AF, de Graaf J. 
Brachial artery diameter is related to cardiovascular risk factors and 
intima-media thickness. Eur J Clin Invest. 2009;39(7):554-60.

19. 	 Yan RT, Anderson TJ, Charbonneau F, Title L, Verma S, Lonn E. 
Relationship Between Carotid Artery Intima-Media Thickness and 
Brachial Artery Flow-Mediated Dilation in Middle-Aged Healthy Men. J 
Am Coll Cardiol. 2005;45(12):1980-6.

20. 	 Faulx MD, Wright AT, Hoit BD. Detection of endothelial dysfunction with 
brachial artery ultrasound scanning. Am Heart J. 2003;145(6):943-51.

21. 	 Fathi R, Haluska B, Isbel N, Short L, Marwick TH. The relative importance 
of vascular structure and function in predicting cardiovascular events. J 
Am Coll Cardiol. 2004;43(4):616-23.

22. 	 Gokce N, Keaney JF, Jr., Hunter LM, Watkins MT, Menzoian JO, Vita JA. 
Risk stratification for postoperative cardiovascular events via noninvasive 
assessment of endothelial function: a prospective study. Circulation. 
2002;105(13):1567-72.

23. 	 Neunteufl T, Heher S, Katzenschlager R, Wolfl G, Kostner K, Maurer G, et 
al. Late prognostic value of flow-mediated dilation in the brachial artery 
of patients with chest pain. Am J Cardiol. 2000;86(2):207-10.

24. 	 Kuvin JT, Karas RH. Clinical utility of endothelial function testing: ready 
for prime time? Circulation. 2003;107(25):3243-7.

25. 	 Vita JA, Keaney JF, Jr. Endothelial function: a barometer for cardiovascular 
risk? Circulation. 2002;106(6):640-2.

26. 	 Lane HA, Smith JC, Davies JS. Noninvasive assessment of preclinical 
atherosclerosis. Vasc Health Risk Manag. 2006;2(1):19-30.

27. 	 Shechter M, Issachar A, Marai I, Koren-Morag N, Freinark D, Shahar Y, et 
al. Long-term association of brachial artery flow-mediated vasodilation 
and cardiovascular events in middle-aged subjects with no apparent heart 
disease. Int J Cardiol. 2009;134(1):52-8.

28. 	 Witte DR, Westerink J, de Koning EJ, van der Graaf Y, Grobbee DE, 
Bots ML. Is the association between flow-mediated dilation and 
cardiovascular risk limited to low-risk populations? J Am Coll Cardiol. 
2005;45(12):1987-93.

29. 	 Yeboah J, Folsom AR, Burke GL, Johnson C, Polak JF, Post W, et 
al. Predictive value of brachial flow-mediated dilation for incident 
cardiovascular events in a population-based study: the multi-ethnic study 
of atherosclerosis. Circulation. 2009;120(6):502-9.

30. 	 Jensen-Urstad K, Johansson J, Jensen-Urstad M. Vascular function 
correlates with risk factors for cardiovascular disease in a healthy 
population of 35-year-old subjects. J Intern Med. 1997;241(6):507-13.

31. 	 Jensen-Urstad K, Johansson J. Gender difference in age-related changes 
in vascular function. J Intern Med. 2001;250(1):29-36.

32. 	 Shimbo D, Grahame-Clarke C, Miyake Y, Rodriguez C, Sciacca R, Di 
Tullio M, et al. The association between endothelial dysfunction and 
cardiovascular outcomes in a population-based multi-ethnic cohort. 
Atherosclerosis. 2007;192(1):197-203.

33. 	 Ter Avest E, Holewijn S, van Tits LJ, de Wit HM, Stalenhoef AF, de Graaf 
J. Endothelial function in familial combined hyperlipidaemia. Eur J Clin 
Invest. 2007;37(5):381-9.

34. 	 Ter Avest E, Holewijn S, Stalenhoef AFH, de Graaf J. Variation in 
non-invasive measurements of vascular function in healthy volunteers 
during daytime. Clin Sci. 2005;108(5):425-31.

35. 	 Kullo IJ, Malik AR, Bielak LF, Sheedy PF, Turner ST, Peyser PA. Brachial 
artery diameter and vasodilator response to nitroglycerine, but not 
flow-mediated dilatation, are associated with the presence and quantity 
of coronary artery calcium in asymptomatic adults. Clin Sci. (Lond) 
2007;1123):175-82.

36. 	 Yeboah J, Crouse JR, Hsu FC, Burke GL, Herrington DM. Brachial 
flow-mediated dilation predicts incident cardiovascular events in older 
adults: the Cardiovascular Health Study. Circulation. 2007;115(18):2390-7.

37. 	 Polak JF, Kronmal RA, Tell GS, O’Leary DH, Savage PJ, Gardin JM, et al. 
Compensatory increase in common carotid artery diameter. Relation 
to blood pressure and artery intima-media thickness in older adults. 
Cardiovascular Health Study. Stroke. 1996;27(11):2012-5.

38. 	 Laurent S, Cockcroft J, Van Bortel L, Boutouyrie P, Giannattasio C, Hayoz 
D, et al. Expert consensus document on arterial stiffness: methodological 
issues and clinical applications. Eur Heart J. 2006;27(21):2588-605.

39. 	 Van Bortel LM, Duprez D, Starmans-Kool MJ, Safar ME, Giannattasio 
C, Cockcroft J, et al. Clinical applications of arterial stiffness, Task 
Force III: recommendations for user procedures. Am J Hypertens. 
2002;15(5):445-52.

40. 	 Millasseau SC, Kelly RP, Ritter JM, Chowienczyk PJ. Determination of 
age-related increases in large artery stiffness by digital pulse contour 
analysis. Clin Sci (Lond). 2002;103(4):371-7.

41. 	 van Leeuwen-Segarceanu EM, Tromp WF, Bos WJ, Vogels OJ, Groothoff 
JW, van der Lee JH. Comparison of two instruments measuring 
carotid-femoral pulse wave velocity: Vicorder versus SphygmoCor. J 
Hypertens. 2010;28(8):1687-91.

42. 	 Wilkinson IB, Fuchs SA, Jansen IM, Spratt JC, Murray GD, Cockcroft JR, 
et al. Reproducibility of pulse wave velocity and augmentation index 
measured by pulse wave analysis. J Hypertens. 1998;16:2079-84.

43. 	 Khoshdel AR, Thakkinstian A, Carney SL, Attia J. Estimation of an 
age-specific reference interval for pulse wave velocity: a meta-analysis. J 
Hypertens. 2006;24(7):1231-7.

44. 	Koivistoinen T, Koobi T, Jula A, Hutri-Kahonen N, Raitakari OT, 
Majahalme S, et al. Pulse wave velocity reference values in healthy adults 
aged 26-75 years. Clin Physiol Funct Imaging. 2007;27(3):191-6.

Holewijn, et al. NIMA ready for clinical practice?



397

d e c e m b e r  2 0 1 0 ,  v o l .  6 8 ,  n o  1 2

45. 	 Boutouyrie P, Vermeersch SJ. Determinants of pulse wave velocity 
in healthy people and in the presence of cardiovascular risk factors: 
‘establishing normal and reference values’. Eur Heart J. 2010; ahead of 
print.

46. 	 Naghavi M, Falk E, Hecht HS, Jamieson MJ, Kaul S, Berman D, et al. From 
vulnerable plaque to vulnerable patient--Part III: Executive summary of 
the Screening for Heart Attack Prevention and Education (SHAPE) Task 
Force report. Am J Cardiol. 2006;98(2A):2H-15H.

47. 	 Mancia G, De Backer G, Dominiczak A, Cifkova R, Fagard R, Germano G, 
et al. 2007 Guidelines for the management of arterial hypertension: The 
Task Force for the Management of Arterial Hypertension of the European 
Society of Hypertension (ESH) and of the European Society of Cardiology 
(ESC). Eur Heart J. 2007;28(12):1462-536.

48. 	 Willum-Hansen T, Staessen JA, Torp-Pedersen C, Rasmussen S, Thijs 
L, Ibsen H, et al. Prognostic value of aortic pulse wave velocity 
as index of arterial stiffness in the general population. Circulation. 
2006;113(5):664-70.

49. 	 Laurent S, Katsahian S, Fassot C, Tropeano AI, Gautier I, Laloux B, et al. 
Aortic stiffness is an independent predictor of fatal stroke in essential 
hypertension. Stroke. 2003;34(5):1203-6.

50. 	 Sutton-Tyrrell K, Najjar SS, Boudreau RM, Venkitachalam L, Kupelian 
V, Simonsick EM, et al. Elevated aortic pulse wave velocity, a marker of 
arterial stiffness, predicts cardiovascular events in well-functioning older 
adults. Circulation. 2005;111(25):3384-90.

51. 	 Khoshdel AR, Carney SL, Nair BR, Gillies A. Better management of 
cardiovascular diseases by pulse wave velocity: combining clinical 
practice with clinical research using evidence-based medicine. Clin Med 
Res. 2007;5(1):45-52.

52.	 Mitchell GF, Hwang SJ, Vasan RS, Larson MG, Pencina MJ, Hamburg NM, 
et al. Arterial stiffness and cardiovascular events: the Framingham Heart 
Study. Circulation. 2010;121(4):505-11.

53. 	 Muiesan ML, Salvetti M, Paini A, Monteduro C, Rosei CA, Aggiusti C, et 
al. Pulse wave velocity and cardiovascular risk stratification in a general 
population: the Vobarno study. J Hypertens. 2010;28:1935.

54. 	 Vlachopoulos C, Aznaouridis K, Stefanadis C. Prediction of cardiovascular 
events and all-cause mortality with arterial stiffness: a systematic review 
and meta-analysis. J Am Coll Cardiol. 2010;55(13):1318-27.

55. 	 Boutouyrie P, Tropeano AI, Asmar R, Gautier I, Benetos A, Lacolley P, 
et al. Aortic stiffness is an independent predictor of primary coronary 
events in hypertensive patients: a longitudinal study. Hypertension. 
2002;39(1):10-5.

56. 	 Mattace-Raso FU, van der Cammen TJ, Hofman A, van Popele NM, Bos 
ML, Schalekamp MA, et al. Arterial stiffness and risk of coronary heart 
disease and stroke: the Rotterdam Study. Circulation. 2006;113(5):657-63.

57. 	 Ter Avest E, Holewijn S, Bredie SJ, van Tits LJ, Stalenhoef AF, de Graaf J. 
Pulse wave velocity in familial combined hyperlipidemia. Am J Hypertens. 
2007;20(3):263-9.

58. 	 Holewijn S, den Heijer M, Swinkels DW, Stalenhoef AF, de Graaf J. 
The metabolic syndrome and its traits as risk factors for subclinical 
atherosclerosis. J Clin Endocrinol Metab. 2009;94(8):2893-9.

59. 	 Holewijn S, den Heijer M, van Tits LJ, Swinkels DW, Stalenhoef AF, 
de Graaf J. Impact of waist circumference versus adiponectin level on 
subclinical atherosclerosis: a cross-sectional analysis in a sample from 
the general population. J Intern Med. 2010;267(6):588-98.

60. 	 McEniery CM, Yasmin, McDonnell B, Munnery M, Wallace SM, Rowe CV, 
et al. Central pressure: variability and impact of cardiovascular risk factors: 
the Anglo-Cardiff Collaborative Trial II. Hypertension. 2008;51(6):1476-82.

61. 	 Safar ME, London GM. Therapeutic studies and arterial stiffness 
in hypertension: recommendations of the European Society of 
Hypertension. The Clinical Committee of Arterial Structure and Function. 
Working Group on Vascular Structure and Function of the European 
Society of Hypertension. J Hypertens. 2000;18(11):1527-35.

62. 	 Davies JE, Baksi J, Francis DP, Hadjiloizou N, Whinnett ZI, Manisty CH, 
et al. The arterial reservoir pressure increases with aging and is the major 
determinant of the aortic augmentation index. Am J Physiol Heart Circ 
Physiol. 2010;298(2):H580-H586.

63. 	 Nichols WW, O’Rourke MF. McDonalds Blood Flow in Arteries: 
Theoretical, Experimental and Clinical Principles. 4th edition. London: 
Edward Arnold; 1998:54–97, 243–283, 347–395. 

64. 	 Yasmin, Brown MJ. Similarities and differences between augmentation 
index and pulse wave velocity in the assessment of arterial stiffness. QJM. 
1999;92(10):595-600.

65. 	 McEniery CM, Yasmin, Hall IR, Qasem A, Wilkinson IB, Cockcroft JR. 
Normal vascular aging: differential effects on wave reflection and aortic 
pulse wave velocity: the Anglo-Cardiff Collaborative Trial (ACCT). J Am 
Coll Cardiol. 2005;46(9):1753-60.

66. 	 O’Rourke MF, Adji A. An updated clinical primer on large artery 
mechanics: implications of pulse waveform analysis and arterial 
tonometry. Curr Opin Cardiol. 2005;20(4):275-81.

67. 	 Chen CH, Nevo E, Fetics B, Pak PH, Yin FC, Maughan WL, et al. 
Estimation of central aortic pressure waveform by mathematical 
transformation of radial tonometry pressure. Validation of generalized 
transfer function. Circulation. 1997;95(7):1827-36.

68. 	 Pauca AL, O’Rourke MF, Kon ND. Prospective evaluation of a method 
for estimating ascending aortic pressure from the radial artery pressure 
waveform. Hypertension. 2001;38(4):932-7.

69. 	 Cheng LT, Tang LJ, Cheng L, Huang HY, Wang T. Limitation of the 
augmentation index for evaluating arterial stiffness. Hypertens Res. 
2007;30(8):713-22.

70. 	 Wilkinson IB, MacCallum H, Flint L, Cockcroft JR, Newby DE, Webb DJ. 
The influence of heart rate on augmentation index and central arterial 
pressure in humans. J Physiol. 2000;525:263-70.

71. 	 Chung JW, Lee YS, Kim JH, Seong MJ, Kim SY, Lee JB, et al. Reference 
values for the augmentation index and pulse pressure in apparently 
healthy Korean subjects. Korean Circ J. 2010;40(4):165-71.

72. 	 Janner JH, Godtfredsen NS, Ladelund S, Vestbo J, Prescott E. Aortic 
augmentation index: reference values in a large unselected population 
by means of the SphygmoCor device. Am J Hypertens. 2010;23(2):180-5.

73. 	 Nurnberger J, Keflioglu-Scheiber A, Opazo Saez AM, Wenzel RR, Philipp 
T, Schafers RF. Augmentation index is associated with cardiovascular risk. 
J Hypertens. 2002;20(12):2407-14.

74. 	 Williams B, Lacy PS, Thom SM, Cruickshank K, Stanton A, Collier D, et 
al. Differential impact of blood pressure-lowering drugs on central aortic 
pressure and clinical outcomes: principal results of the Conduit Artery 
Function Evaluation (CAFE) study. Circulation. 2006;113(9):1213-25.

75. 	 Williams B, Lacy PS. Impact of heart rate on central aortic pressures 
and hemodynamics: analysis from the CAFE (Conduit Artery Function 
Evaluation) Study: CAFE-Heart Rate. J Am Coll Cardiol. 2009;54(8):705-13.

76. 	 Roman MJ, Devereux RB, Kizer JR, Lee ET, Galloway JM, Ali T, et al. 
Central pressure more strongly relates to vascular disease and outcome 
than does brachial pressure: the Strong Heart Study. Hypertension. 
2007;50(1):197-203.

77. 	 Sabovic M, Safar ME, Blacher J. Is there any additional prognostic value 
of central blood pressure wave forms beyond peripheral blood pressure? 
Curr Pharm Des. 2009;15(3):254-66.

78. 	 Chambless LE, Heiss G, Folsom AR, Rosamond W, Szklo M, Sharrett AR, et 
al. Association of coronary heart disease incidence with carotid arterial wall 
thickness and major risk factors: the Atherosclerosis Risk in Communities 
(ARIC) Study, 1987-1993. Am J Epidemiol. 1997;146(6):483-94.

79. 	 Bots ML, Hoes AW, Hofman A, Witteman JC, Grobbee DE. 
Cross-sectionally assessed carotid intima-media thickness relates to 
long-term risk of stroke, coronary heart disease and death as estimated 
by available risk functions. J Intern Med. 1999;245(3):269-76.

80. 	 O’Leary DH, Polak JF, Kronmal RA, Manolio TA, Burke GL, Wolfson 
SK, Jr. Carotid-artery intima and media thickness as a risk factor for 
myocardial infarction and stroke in older adults. Cardiovascular Health 
Study Collaborative Research Group. N Engl J Med. 1999;340(1):14-22.

81. 	 Rosvall M, Janzon L, Berglund G, Engstrom G, Hedblad B. Incidence 
of stroke is related to carotid IMT even in the absence of plaque. 
Atherosclerosis. 2005;179(2):325-31.

82. 	 Sankatsing RR, de Groot E, Jukema JW, de Feyter PJ, Pennell DJ, 
Schoenhagen P, et al. Surrogate markers for atherosclerotic disease. Curr 
Opin Lipidol. 2005;16(4):434-41.

83. 	 Baldassarre D, Amato M, Bondioli A, Sirtori CR, Tremoli E. Carotid 
artery intima-media thickness measured by ultrasonography in normal 
clinical practice correlates well with atherosclerosis risk factors. Stroke. 
2000;31(10):2426-30.

Holewijn, et al. NIMA ready for clinical practice?



398

d e c e m b e r  2 0 1 0 ,  v o l .  6 8 ,  n o  1 2

84. 	 Touboul PJ, Hennerici MG, Meairs S, Adams H, Amarenco P, Desvarieux 
M, et al. Mannheim intima-media thickness consensus. Cerebrovasc Dis. 
2004;18(4):346-9.

85. 	 Kanters SD, Algra A, van Leeuwen MS, Banga JD. Reproducibility of in 
vivo carotid intima-media thickness measurements: a review. Stroke. 
1997;28(3):665-71.

86. 	 Cobble M, Bale B. Carotid intima-media thickness: knowledge and 
application to everyday practice. Postgrad Med. 2010;122(1):10-8.

87. 	 Graf S, Gariepy J, Massonneau M, Armentano RL, Mansour S, Barra JG, 
et al. Experimental and clinical validation of arterial diameter waveform 
and intimal media thickness obtained from B-mode ultrasound image 
processing. Ultrasound Med Biol. 1999;25(9):1353-63.

88. 	 Baldassarre D, Tremoli E, Amato M, Veglia F, Bondioli A, Sirtori CR. 
Reproducibility validation study comparing analog and digital imaging 
technologies for the measurement of intima-media thickness. Stroke. 
2000;31(5):1104-10.

89. 	 Selzer RH, Mack WJ, Lee PL, Kwong-Fu H, Hodis HN. Improved common 
carotid elasticity and intima-media thickness measurements from computer 
analysis of sequential ultrasound frames. Atherosclerosis. 2001;154(1):185-93.

90. 	Yanase T, Nasu S, Mukuta Y, Shimizu Y, Nishihara T, Okabe T, et al. 
Evaluation of a new carotid intima-media thickness measurement by 
B-mode ultrasonography using an innovative measurement software, 
intimascope. Am J Hypertens. 2006;19(12):1206-12.

91. 	 Stensland-Bugge E, Bonaa KH, Joakimsen O. Reproducibility of ultrasono-
graphically determined intima-media thickness is dependent on arterial 
wall thickness. The Tromso Study. Stroke. 1997;28(10):1972-80.

92. 	 Bots ML, Evans GW, Riley WA, Grobbee DE. Carotid intima-media 
thickness measurements in intervention studies: design options, 
progression rates, and sample size considerations: a point of view. 
Stroke. 2003;34(12):2985-94.

93. 	 Jarauta E, Mateo-Gallego R, Bea A, Burillo E, Calmarza P, Civeira F. 
Carotid intima-media thickness in subjects with no cardiovascular risk 
factors. Rev Esp Cardiol. 2010;63(1):97-102.

94. 	 Juonala M, Kahonen M, Laitinen T, Hutri-Kahonen N, Jokinen E, Taittonen 
L, et al. Effect of age and sex on carotid intima-media thickness, elasticity 
and brachial endothelial function in healthy adults: the cardiovascular risk 
in Young Finns Study. Eur Heart J. 2008;29(9):1198-206.

95. 	 Simon A, Gariepy J, Chironi G, Megnien JL, Levenson J. Intima-media 
thickness: a new tool for diagnosis and treatment of cardiovascular risk. 
J Hypertens. 2002;20(2):159-69.

96. 	 Stein JH, Korcarz CE, Hurst RT, Lonn E, Kendall CB, Mohler ER, et al. Use 
of carotid ultrasound to identify subclinical vascular disease and evaluate 
cardiovascular disease risk: a consensus statement from the American 
Society of Echocardiography Carotid Intima-Media Thickness Task Force. 
Endorsed by the Society for Vascular Medicine. J Am Soc Echocardiogr. 
2008;21(2):93-111.

97. 	 Lorenz MW, von Kegler S, Steinmetz H, Markus HS, Sitzer M. Carotid 
intima-media thickening indicates a higher vascular risk across a wide 
age range: prospective data from the Carotid Atherosclerosis Progression 
Study (CAPS). Stroke. 2006;37(1):87-92.

98. 	 Bots ML, Hoes AW, Koudstaal PJ, Hofman A, Grobbee DE. Common 
carotid intima-media thickness and risk of stroke and myocardial 
infarction: The Rotterdam Study. Circulation. 1997;96(5):1432-7.

99. 	 Chambless LE, Folsom AR, Clegg LX, Sharrett AR, Shahar E, Nieto FJ, 
et al. Carotid wall thickness is predictive of incident clinical stroke: the 
Atherosclerosis Risk in Communities (ARIC) study. Am J Epidemiol. 
2000;151(5):478-87.

100.	Feinstein SB, Voci P, Pizzuto F. Noninvasive surrogate markers of 
atherosclerosis. Am J Cardiol. 2002;89(5A):31C-43C.

101. 	Ali YS, Rembold KE, Weaver B, Wills MB, Tatar S, Ayers CR, et al. 
Prediction of major adverse cardiovascular events by age-normalized 
carotid intimal medial thickness. Atherosclerosis. 2006;187(1):186-90.

102. 	Price JF, Tzoulaki I, Lee AJ, Fowkes FG. Ankle brachial index and intima 
media thickness predict cardiovascular events similarly and increased 
prediction when combined. J Clin Epidemiol. 2007;60(10):1067-75.

103. 	Lorenz MW, Markus HS, Bots ML, Rosvall M, Sitzer M. Prediction of 
clinical cardiovascular events with carotid intima-media thickness: a 
systematic review and meta-analysis. Circulation. 2007;115(4):459-67.

104.	Ter Avest E, Holewijn S, Bredie SJ, Stalenhoef AF, de Graaf J. Remnant 
particles are the major determinant of an increased intima media 
thickness in patients with familial combined hyperlipidemia (FCH). 
Atherosclerosis. 2007;191(1):220-6.

105. 	Iglesias del Sol A, Moons KG, Hollander M, Hofman A, Koudstaal 
PJ, Grobbee DE, et al. Is carotid intima-media thickness useful in 
cardiovascular disease risk assessment? The Rotterdam Study. Stroke. 
2001;32(7):1532-8.

106.	Cao JJ, Arnold AM, Manolio TA, Polak JF, Psaty BM, Hirsch CH, et al. 
Association of carotid artery intima-media thickness, plaques, and 
C-reactive protein with future cardiovascular disease and all-cause 
mortality: the Cardiovascular Health Study. Circulation. 2007;116(1):32-8.

107. 	Simon A, Megnien JL, Chironi G. The value of carotid intima-media 
thickness for predicting cardiovascular risk. Arterioscler Thromb Vasc 
Biol. 2010;30(2):182-5.

108. 	Novo S, Carita P, Corrado E, Muratori I, Pernice C, Tantillo R, et al. 
Preclinical carotid atherosclerosis enhances the global cardiovascular risk 
and increases the rate of cerebro- and cardiovascular events in a five-year 
follow-up. Atherosclerosis. 2010;211(1):287-90.

109.	Price JF, Stewart MC, Douglas AF, Murray GD, Fowkes GF. Frequency 
of a low ankle brachial index in the general population by age, sex and 
deprivation: cross-sectional survey of 28 980 men and women. Eur J 
Cardiovasc Prev Rehabil. 2008;15(3):370-5.

110. 	Doobay AV, Anand SS. Sensitivity and specificity of the ankle-brachial 
index to predict future cardiovascular outcomes: a systematic review. 
Arterioscler Thromb Vasc Biol. 2005;25(7):1463-9.

111. 	 Baker JD, Dix DE. Variability of Doppler ankle pressures with arterial 
occlusive disease: an evaluation of ankle index and brachial-ankle 
pressure gradient. Surgery. 1981;89(1):134-7.

112. 	Ray SA, Srodon PD, Taylor RS, Dormandy JA. Reliability of ankle:brachial 
pressure index measurement by junior doctors. Br J Surg. 1994;81(2):188-90.

113. 	Kaiser V, Kester AD, Stoffers HE, Kitslaar PJ, Knottnerus JA. The influence 
of experience on the reproducibility of the ankle-brachial systolic pressure 
ratio in peripheral arterial occlusive disease. Eur J Vasc Endovasc Surg. 
1999;18(1):25-9.

114. 	de Graaff JC, Ubbink DT, Legemate DA, de Haan RJ, Jacobs MJ. 
Interobserver and intraobserver reproducibility of peripheral blood and 
oxygen pressure measurements in the assessment of lower extremity 
arterial disease. J Vasc Surg. 2001;33(5):1033-40.

115. 	Matzke S, Franckena M, Alback A, Railo M, Lepantalo M. Ankle brachial 
index measurements in critical leg ischaemia--the influence of experience 
on reproducibility. Scand J Surg. 2003;92(2):144-7.

116. 	Abbott RD, Rodriguez BL, Petrovitch H, Yano K, Schatz IJ, Popper JS, et 
al. Ankle-brachial blood pressure in elderly men and the risk of stroke: 
the Honolulu Heart Program. J Clin Epidemiol. 2001;54(10):973-8.

117. 	McDermott MM, Liu K, Criqui MH, Ruth K, Goff D, Saad MF, et al. 
Ankle-brachial index and subclinical cardiac and carotid disease: the 
multi-ethnic study of atherosclerosis. Am J Epidemiol. 2005;162(1):33-41.

118. 	Tsai AW, Folsom AR, Rosamond WD, Jones DW. Ankle-brachial index and 
7-year ischemic stroke incidence: the ARIC study. Stroke. 2001;32(8):1721-4.

119. 	Leng GC, Fowkes FG, Lee AJ, Dunbar J, Housley E, Ruckley CV. Use of 
ankle brachial pressure index to predict cardiovascular events and death: 
a cohort study. BMJ. 1996;313(7070):1440-4.

120. 	Jonsson B, Skau T. Ankle-brachial index and mortality in a cohort of 
questionnaire recorded leg pain on walking. Eur J Vasc Endovasc Surg. 
2002;24(5):405-10.

121. 	Papamichael CM, Lekakis JP, Stamatelopoulos KS, Papaioannou TG, 
Alevizaki MK, Cimponeriu AT, et al. Ankle-brachial index as a predictor 
of the extent of coronary atherosclerosis and cardiovascular events in 
patients with coronary artery disease. Am J Cardiol. 2000;86(6):615-8.

122. 	Lee AJ, Price JF, Russell MJ, Smith FB, van Wijk MC, Fowkes FG. Improved 
prediction of fatal myocardial infarction using the ankle brachial index 
in addition to conventional risk factors: the Edinburgh Artery Study. 
Circulation. 2004;110(19):3075-80.

123. 	Nambi V, Chambless L, Folsom AR, He M, Hu Y, Mosley T, et al. Carotid 
intima-media thickness and presence or absence of plaque improves 
prediction of coronary heart disease risk: the ARIC (Atherosclerosis Risk 
In Communities) study. J Am Coll Cardiol. 2010;55(15):1600-7.

Holewijn, et al. NIMA ready for clinical practice?



399

d e c e m b e r  2 0 1 0 ,  v o l .  6 8 ,  n o  1 2

124. 	Tu ST, Wang IW, Lin HF, Liao YC, Lin RT, Liu CS, et al. Carotid 
intima-media thickness and stiffness are independent risk factors for 
atherosclerotic diseases. J Investig Med. 2010;Jun 19: e-pub.

125. 	Mitchell GF, Parise H, Benjamin EJ, Larson MG, Keyes MJ, Vita JA, et al. 
Changes in arterial stiffness and wave reflection with advancing age in 
healthy men and women: the Framingham Heart Study. Hypertension. 
2004;43(6):1239-45.

126. 	van Trijp MJ, Bos WJ, van der Schouw YT, Muller M, Grobbee DE, 
Bots ML. Non-invasively measured structural and functional arterial 
characteristics and coronary heart disease risk in middle aged and elderly 
men. Atherosclerosis. 2006;187(1):110-5.

127. 	O’Leary DH, Polak JF, Kronmal RA, Savage PJ, Borhani NO, Kittner SJ, 
et al. Thickening of the carotid wall. A marker for atherosclerosis in the 
elderly? Cardiovascular Health Study Collaborative Research Group. 
Stroke. 1996;27(2):224-31.

128. 	Salonen JT, Salonen R. Ultrasound B-mode imaging in observational 
studies of atherosclerotic progression. Circulation. 1993;87(3 
Suppl):II56-II65.

129. 	Fox CS, Polak JF, Chazaro I, Cupples A, Wolf PA, D’Agostino RA, et al. 
Genetic and environmental contributions to atherosclerosis phenotypes 
in men and women: heritability of carotid intima-media thickness in the 
Framingham Heart Study. Stroke. 2003;34(2):397-401.

130. 	Keulen ET, Kruijshoop M, Schaper NC, Hoeks AP, de Bruin TW. Increased 
intima-media thickness in familial combined hyperlipidemia associated 
with apolipoprotein B. Arterioscler Thromb Vasc Biol. 2002;22(2):283-8.

131. 	Bhuiyan AR, Srinivasan SR, Chen W, Paul TK, Berenson GS. Correlates of 
vascular structure and function measures in asymptomatic young adults: 
the Bogalusa Heart Study. Atherosclerosis. 2006;189(1):1-7.

132.	 Holewijn S, den Heijer M, Swinkels DW, Stalenhoef AFH, de Graaf 
J. Apolipoprotein B, non-HDL-cholesterol and LDL- cholesterol for 
identifying individuals at increased cardiovascular risk. J Intern Med. doi: 
10.1111/j.1365-2796.2010.02277.x. 

Holewijn, et al. NIMA ready for clinical practice?


