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ABSTRACT
Surrogate markers have recently come under scrutiny since a few of the considered most 
reliable intermediate endpoints (LDL-C, HDL-C and HbA1c) have failed to predict clinical 
benefit following pharmacological intervention in the causal pathway. However, it follows 
that comprehending the pathophysiological complexity of atherosclerotic vascular disease, 
no single surrogate is likely to be omniscient in the translation of benefit or harm of a 
certain therapy. Especially surrogates that are assessed in the circulation merely reflect a 
part of the complex multipathway disease. Such markers do not have the ability to monitor 
potential side effects of interventions or assess the activation of unknown pro-atherogenic 
pathways. Contrary to such soluble endpoints, vascular imaging data can provide 
information on atherosclerosis as a continuous variable, since the disease process of the 
vascular wall itself is assessed. Understanding this continuity from the earliest stages 
through to the vascular complications is essential, as the arterial wall reflects the net effect 
of either known or yet to be discovered hereditary as well as environmental factors. In this 
review we will focus on challenges and pitfalls using plasma biomarkers as surrogate 
endpoints for the assessment of cardiovascular drug efficacy. Subsequently, we will focus on 
vascular imaging modalities as tools to investigate atherosclerosis.
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INTRODUCTION
In the last decades, we have witnessed the successful implementation of a plethora of anti-
atherosclerotic drugs that target systemic risk factors in cardiovascular prevention 
strategies. Novel modalities now face the challenge of having to provide a significantly 
better performance than their predecessors and/or competitors. In addition and in contrast 
to the presently used drugs, novel drugs increasingly target anti-inflammatory pathways or 
enzymatic targets that lack readily available outcome measurements.1 The difficulties in the 
acceptance of such strategies by the regulatory agencies have significantly increased the 
hurdle of demonstrating cardiovascular (CV) benefit. The “gold standard” to demonstrate 
such CV-benefit requires a large morbidity and mortality (M&M) study. Whereas such M&M 
trials are crucial for assessing safety and efficacy beyond a reasonable doubt, the downside 
pertains to the fact that they have poor sensitivity for efficacy assessment. Since most 
atherothrombotic events do not translate into ‘full’ clinical symptoms, clinical endpoint trials 
typically require inclusion rates up to 15,000 patients with a follow-up period of at least 5 
years. Obviously, these trials absorb precious time as well as financial resources. In contrast, 
surrogate endpoint studies can be more efficient to rapidly establish dose ranges and to 
evaluate efficacy of such drugs. Moreover, since surrogate markers often assess mechanisms 
of disease, causality of drug effect and disease response can be more specifically 
established than with clinical endpoints. 
Despite these advantages of surrogate markers, their use has recently come under scrutiny 
following the lack of some of the most reliable markers to predict clinical benefit of 
therapeutic interventions.2 In this review, we will reflect on potential problems and pitfalls 
using surrogate endpoints for the assessment of cardiovascular drug efficacy. First, we will 
discuss the plasma biomarkers and subsequently we will focus on the challenges and 
opportunities of surrogate markers as provided by vascular imaging modalities.

DEFINING SURROGATE ENDPOINT VALIDITY
The NIH Definition Working Group defines ‘biomarker’ and ‘surrogate endpoint’ as follows.3 
(1) A biomarker is a characteristic that is objectively measured and evaluated as an indicator 
of normal biological processes, pathogenic processes, or pharmacological responses to a 
therapeutic intervention. (2) A clinical endpoint is a characteristic or variable that reflects 
how a patient feels, functions or survives. (3) A surrogate endpoint is a biomarker intended 
to substitute for a clinical end point that should predict clinical benefit or harm or lack of 
both. 
The use of surrogate endpoints is attractive for studying protracted disease processes such 
as atherosclerosis. In order for surrogate endpoints to be useful tools, they must meet a 
definition for validity. 
Boissel and co-workers proposed a widely accepted framework to describe validity.4, 5 They 
posed three stipulations. First [availability and convenience], “although the surrogate 
endpoint should be easier to assess than the corresponding clinical endpoint, the most 
important characteristic is its frequency, i.e. it should occur more often than the 
corresponding clinical endpoint”. Second [proximity, causal relationship and specificity], 
“the relationship between surrogate and clinical endpoint must be well established, both 
quantitatively and qualitatively, through epidemiological studies”. Third [estimate of clinical 
effect and sensitivity], “an estimate of the expected clinical benefit, should be derivable 
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from the estimate of the reduction in the incidence of the surrogate endpoint, which can be 
obtained less sensitively from randomized clinical trial data”.

SOLUBLE SURROGATE ENDPOINTS IN ATHEROSCLEROSIS
Cardiovascular disease is a complex succession of events that starts with endothelial 
dysfunction, lipid accumulation and migration of inflammatory cells into the arterial wall. 
Various adhesion molecules, cytokines, proteases, chemokines and receptors are involved 
in multiple pathways. Over the course of many decades they lead to the development of 
atherosclerosis, a disease process that remains largely clinically asymptomatic. With 
advancing age, plaques are present throughout the arterial system in the vast majority of 
civilized populations. Some plaques may become instable, rupture and cause myocardial 
infarction, stroke and peripheral vascular disease. It remains intangible what causes plaques 
to become instable while others remain innocuous. Within a single artery, stable and 
unstable plaques can coexist, suggesting that autocrine factors may be of importance.6 
The complexity of cardiovascular disease lies within this entanglement of slowly progressive 
processes initiated by systemic mediators and the sudden event which transpires locally. 
Given this pathophysiological complexity, no single surrogate endpoint is likely going to be 
universal in its description of benefit or harm of an intervention. We will discuss three 
important soluble surrogate endpoints for cardiovascular disease, used in recent 
cardiovascular trials.

Low density lipoprotein cholesterol (LDL-C)
Prospective data in the Framingham Heart Study and many others have consistently shown 
that risk of coronary heart disease is strongly related to serum total cholesterol (TC) and 
LDL-C levels.7, 8 This strong epidemiological association has rendered LDL-C an appealing 
target for cardiovascular drugs. The most effective pharmaceuticals to lower LDL-C are 
HMG-coA reductase inhibitors. For more than three decades now, various compounds in 
this class have proven to be effective in preventing cardiovascular events. In fact, a meta-
analyses of 58 trials including 148,321 participants, showed that for every 1.0 mmol/l LDL-C 
reduction, ischemic heart disease events were reduced by 11% in the first year of treatment, 
24% in the second year, 33% in years 3–5 and by 36% thereafter.9 The combination of the 
correlation of LDL-C with cardiovascular events in epidemiology and the decrease in 
cardiovascular events due to LDL-C lowering with statins have made LDL-C a reliable 
surrogate endpoint, that has been recognized as such by the Food and Drug Administration 
(FDA) as well as European Medicines Agency (EMEA). 
Despite the reliability of a surrogate, it is precarious to use a surrogate endpoint that is 
established for one class of drugs, to assess another class of drugs. A typical example is 
hormone replacement therapy (HRT) with estrogen and progestogen. Comparable to 
statins, estrogens lower LDL-C. In line, HRT was predicted to have a beneficial impact on 
cardiovascular event rates. However, estrogens were found to increase cardiovascular 
events.10 Conceptually, HRT has been suggested to stimulate proatherogenic pathways, 
which annihilate the beneficial impact of LDL-C-lowering. 
An even more recent example comes from the LDL-C-lowering drug ezetimibe. In the 
ENHANCE trial, the efficacy of ezetimibe on top of simvastatin 80 mg was evaluated in 
patients with familial hypercholesterolemia.11 Ezetimibe treatment caused an additional 
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16.5% reduction in LDL-C, equivalent to 1.4 mmol/l absolute difference. In spite of this 
change there was no effect on atherosclerosis progression as measured by ultrasound 
carotid intima-media thickness (CIMT). This outcome has been a matter of intense debate, 
as ezetimibe has been approved for CV-prevention by regulatory authorities based on its 
LDL-C-lowering capacity. Previous LDL-C-lowering intervention trials have revealed a 
consistent relation between LDL-C change and CIMT change. In fact, from a linear 
regression analyses plotting LDL-C change against CIMT change in lipid-lowering trials, one 
can appreciate a high correlation between these two surrogates (Figure 1). 
Failure to observe such a relation in the ENHANCE study has raised the question whether 
ezetimibe elicits unknown proatherogenic pathways that abolish the LDL-C-lowering 
benefit. Alternatively, it has been argued that it is virtually impossible to observe a 
difference in atherosclerosis progression in FH-patients whose CIMT has been effectively 
lowered by statin therapy and in whom a relatively small differential change between two 
actively treated trial arms (simvastatin 80 mg monotherapy vs. simvastatin 80 mg + 
ezetimibe) was investigated only over a period of 2 years.12 Thus, the control group was 
characterized by a yearly CIMT progression rate of only 0.0059 mm / year.11 In line, the 
baseline CIMT of 0.70 (± 0.20) mm was unexpectedly thin for a FH-population at that age 
and the baseline IMT data in ENHANCE are close to a normal distribution (Figure 2). In 
comparison, the baseline CIMT of the older ASAP study was 0.92 (± 0.21) mm. In ASAP, the 
CIMT data distribution curve was strongly positively skewed towards thicker arterial walls 
reflecting a greater incidence of vascular pathology (Figure 2).13 This decrease in mean 
baseline IMT most likely pertains to the prolonged exposure to potent statin therapy prior 
to participation in the ENHANCE trial. As a large morbidity and mortality study is still 
ongoing, the jury on clinical CV-protection by ezetimibe is still out. 
The recently published SEAS trial is yet another question mark on the ability of LDL-C to 
predict benefit of intervention on clinical events. In this trial 1873 patients were randomized 
to usual care or simvastatin 40 mg plus ezetimibe 10 mg and were followed up for 4 years. 
Although a 61% reduction in LDL-C was attained, there was no difference in the incidence 
of the composite primary endpoint of fatal and non-fatal cardiac events, angina, valve 
procedures, valve-induced cardiac failure and cardiac procedures between the simvastatin 
plus ezetimibe group and placebo. In addition, simvastatin plus ezetimibe reduced 
atherosclerotic events defined as a combination of fatal and non-fatal cardiac events, 
angina, ischemic stroke and procedures by 22%, much lower than what was to be expected 
from a 61% LDL-C decrease. These doubts have made the regulating authorities reluctant 
in the approval of new compounds solely based on LDL-C-lowering capacity, especially if 
the mechanism whereby LDL-C is lowered, differs from the statins. For example, the FDA 
recently provided guidance towards the approval of mipomersen, an antisense apoB-100 
based LDL-C-lowering drug. Despite the fact that this drug effectively lowers LDL-C beyond 
reductions achieved with standard lipid-lowering drugs, the FDA now requests clinical 
endpoint data for approval other than the orphan drug indication it has received for 
homozygous familial hypercholesterolemia (http://ir.isispharm.com).

High density lipoprotein cholesterol (HDL-C)
Several prospective epidemiologic studies have unambiguously showed an association 
between HDL-C levels and cardiovascular disease risk. An increase of 1mg/dl in HDL-C is 
associated with a 2–3% reduction in the risk of cardiovascular events.14 Moreover, the 
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predictive value of HDL-C is complementary to that of LDL-C levels.8 Since HDL-C is such a 
vigorous predictor of CVD risk, it has become the most promising target for 
pharmacological intervention. 
Nicotinic acid has been the first HDL-C-increasing compound and was proven to be 
beneficial for CV-outcomes. In the coronary drug project (CDP), niacin was compared to 
placebo. Initially, at end of trial, niacin treatment showed modest benefit in decreasing non-
fatal recurrent myocardial infarction and did not decrease total mortality. However, after 15 
years of follow-up, 9 years after discontinuation of niacin, an 11% decrease in mortality was 
observed in comparison to the placebo group.15

Figure 1. Low-density lipoprotein cholesterol (LDL-C) change versus common carotid intima-media thickness (CCIMT) change 

in randomized controlled trials. In this figure, trials that assess lipid-lowering drug efficacy are shown. Change in B-mode 
ultrasound CCIMT is plotted against percentage LDL-C change. Control groups are indicated by (C) and active treatment 

groups are indicated by (A).

The FATS study investigated the effect of niacin in combination with colestipol versus 
conventional therapy with placebo or colestipol and demonstrated an HDL-C increase of 
41% and a decrease in CV-event rates of 72% at 10-year follow-up. In the HATS study 
simvastatin with niacin versus simvastatin monotherapy was investigated, which showed a 
26% increase in HDL-C in the niacin-treated group and a 60% reduction in CV-event rate 
after 3 years follow-up.16 Of note, a caveat is that in addition to raising HDL-C, niacin also 
decreases triglycerides and LDL-C, so benefit on outcome cannot solely be attributed to 
HDL-C increase.
A novel compound that selectively and potently raised HDL-C levels is the cholesteryl ester 
transfer protein (CETP) inhibitor torcetrapib. As this compound raises HDL-C levels by more 
than 50%, expectations of the effects on outcome were high. The mortality and morbidity 
study conducted in 15,000 patients was, however, terminated early due to a significant 
increase in all-cause mortality in the torcetrapib group. The combination of an 
unprecedented increase in HDL-C with an increase in CV-event rates severely questioned 
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the reliability of HDL-C as a surrogate marker. Alternatively, off-target effects by torcetrapib 
may have annihilated the CV benefit. The latter has gained wider acceptance due to the 
significant blood pressure increase.17, 18 In more recent studies, these side effects were 
shown likely to be restricted to torcetrapib.19, 20 Thus, torcetrapib also increased blood 
pressure in animal models without endogenous CETP. Blood pressure changes were 
accompanied by an up regulation of the renin angiotensin system and the endothelin 
system in both adrenals as well as aortic tissue.20 These effects were selective for 
torcetrapib only. In view of these potent off-target effects of torcetrapib, two other CETP 
inhibitors have currently entered phase IIb / III studies to evaluate their impact on CV-
events.

Figure 2. Data distribution curves for ASAP and ENHANCE. In this figure, the mean carotid intima-media thickness (CIMT) 

data distribution curves are shown for the ASAP and ENHANCE trial.11, 13 In the ASAP trial the data are skewed toward thicker 
arterial walls reflecting a greater incidence of vascular pathology, while in the ENHANCE trial the CIMT distribution is close to 

normal. Also the median CIMT in ENHANCE is much lower than in ASAP.

Glycated haemoglobin (HbA1c)
Another surrogate endpoint that stands out is HbA1c, a strong predictor for cardiovascular 
events in patients with diabetes mellitus. HbA1c is recognized by the FDA and EMEA as a 
valid surrogate endpoint for cardiovascular outcome in diabetics. In a meta-analysis the 
pooled relative risk for cardiovascular disease was 1.18 per 1% point increase in HbA1c 
levels (95% CI, 1.10–1.26) in persons with type 2 diabetes.21 Many trials have showed that 
lowering HbA1c translates into clinical benefit for patients with type 2 diabetes. This has led 
to the hypothesis that further reduction of HbA1c levels to normal levels (below 6.0%) 
would be even more beneficial. This hypothesis was tested in the recently published 
ACCORD trial.22 ACCORD is a randomized controlled trial investigating the effect of 
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intensive glucose lowering compared to standard therapy on cardiovascular events in type 
2 diabetes patients. Glycated haemoglobin (HbA1c) levels were used as a surrogate 
endpoint to be targeted with insulin therapy in order to achieve very low HbA1c levels 
(below 6.0%) as compared to the standard therapy aiming for HbA1c levels of 7.0–7.9%. 
The trial was discontinued prematurely due to increased mortality (22%, P = 0.04) in the 
intensive-therapy group. This implies that, in contrast to expectations, strict glycaemic 
control may inflict harm in type 2 diabetic patients. Another prime example of the limitation 
of HbA1c as a surrogate comes from the trials that evaluated rosiglitazone, an anti-diabetic 
drug in the thiazolidinedione class, agonists for peroxisomeproliferator-activated receptor γ 
(PPAR-γ). The ADOPT trial is one of the largest randomized controlled trials that compared 
glycated haemoglobin control with rosiglitazone versus metformin or sulfonylureas. This 
study showed that despite greater decrease in HbA1c levels with rosiglitazone, 
cardiovascular event rates increased.23 Furthermore, in a meta-analysis of 42 trials, 
rosiglitazone was associated with increased risk of myocardial infarction, despite its HbA1c 
decreasing ability.24 
The lesson learned from these trials is that HbA1c is limited in its ability to serve as a 
surrogate of cardiovascular disease in patients with type 2 diabetes. Whereas in the past 
decades several drugs for this high risk population have been approved by the FDA based 
upon their glycated haemoglobin-decreasing capacity, the FDA will now likely change this 
regulatory pathway to approving drugs based on clinical outcome.25 
From these examples it is evident that vigilance is mandatory when using soluble surrogate 
endpoints in clinical trials, even for robust markers as LDL-C, HDL-C or HbA1c. Soluble 
surrogate endpoints merely reflect part of the complex multipathway disease and only 
reflect systemic mediators, without having the ability to monitor potential adverse effects of 
the interventions or to assess activation of unknown pro-atherogenic pathways.

IMAGING ATHEROSCLEROSIS AS A SURROGATE ENDPOINT
An appealing facet of vascular imaging as surrogate endpoint for cardiovascular disease is 
that it assesses the atherosclerotic disease process itself. Since it is the process itself that is 
imaged, the net effect of hereditary and environmental factors, either known or yet to be 
discovered, is reflected. Vascular imaging can be achieved by a number of imaging 
modalities, including intravascular coronary ultrasound (IVUS), B-mode ultrasound CIMT, B-
mode ultrasound brachial artery flow-mediated vasodilatation (FMD) and carotid magnetic 
resonance imaging (MRI). We will discuss the technical challenges and validity of these 
surrogate imaging markers.

Coronary intravascular ultrasound (IVUS)
Methodological aspects
Intravascular ultrasound is an invasive imaging technique performed during cardiac 
catheterization using small, intra-coronary catheters. The strong ultrasound signal reflected 
from the intima and external elastic membrane allows real-time intraluminal imaging of the 
vessel wall and measurement of the plaque area (Figure 3).26 Typical resolution obtained 
with a 20–40 MHz IVUS transducer is 0.08 mm axially and 0.20-0.25 mm laterally. Various 
artefacts can occur using IVUS imaging, specifically non-uniform rotational distortions, 
motion artefacts, ring-down artefacts (bright halos surrounding the catheter) and blood-
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speckle, limiting the ability to differentiate vascular tissue from lumen and perivascular 
tissue. Another challenge in IVUS imaging is its spatial orientation.27 

Clinical trials
In randomized serial IVUS studies, either arrest of progression or actual regression is 
collectively demonstrated during intensive lipid-modifying therapies. The REVERSAL trial 
showed benefit of aggressive lipid-lowering treatment (atorvastatin 80 mg) as compared to 
moderate lipid lowering (40 mg pravastatin).28 This is in line with the benefit of 80 mg 
atorvastatin over 40 mg pravastatin on CIMT in the ARBITER 1 trial and with the results in 
cardiovascular outcomes.29 The ASTEROID trial shows that even more aggressive lipid-
lowering therapy with rosuvastatin 40 mg causes additional plaque volume regression 
measured by IVUS.30 Other compounds than statins have also been investigated. 
Torcetrapib has no benefit on coronary atheroma volume assessed by IVUS in the 
ILLUSTRATE study which is in-line with the CIMT studies RADIANCE 1 and 2 and with the 
clinical endpoint study ILLUMINATE.18, 31–33 Furthermore, in the ACTIVATE trial, the acyl 
coenzyme A:cholesterol acyltransferase (ACAT) inhibitor pactimibe also shows lack of 
benefit on IVUS atheroma volume, in-line with CIMT study CAPTIVATE.34, 35 To date, no data 
from epidemiological studies assessing the predictive value of IVUS on clinical events are 
available. Nonetheless, a retrospective study did show IVUS plaque progression to be 
strongly correlated with risk of clinical events as predicted by clinical scoring systems.36 
Collectively, these studies underscore the validity of volumetric plaque burden as endpoint 
for the assessment of atherosclerosis progression/regression and show the sensitivity and 
specificity of this modality in identifying drug efficacy or lack of it.

B-mode ultrasound carotid intima-media thickness (CIMT)
Methodological aspects
B-mode ultrasound CIMT is a non-invasive distance measurement between the lumen-
intima and media-adventitia interfaces of carotid arterial walls (Figure 4). The distance 
between the interfaces represents the histological intima-media complex thickness.37 
Typical resolution obtained by US CIMT measurements is axially 0.044 mm and laterally 
0.25 mm.  CIMT offers good inter-scan and good inter-  and intra-observer reproducibility 
with ICC above 0.90 in recent trials.11, 32 Nonetheless, CIMT measurements have limitations 
in the imaging of atherosclerosis, inherent to its physical properties. Ultrasound provides 
two-dimensional pictures of the vessel wall, while atherosclerosis is a three-dimensional, 
irregular and eccentric disease. In ultrasound, the measured wall thickness and hence its 
measurement variability, is to a large extent dependent on the ability to reproduce the 
same angle of insonation and finding the exact same anatomic location when performing 
the repeat scan. Furthermore, US is hampered by calcifications which complicates CIMT 
measurements in subjects with more advanced atherosclerosis.

Clinical trials
The measurement of carotid atherosclerosis as a surrogate endpoint for CVD has been 
validated in various large prospective epidemiological studies. Pooled estimates of hazard 
ratios per 0.10 mm difference in CIMT, adjusted for age and sex, are 1.15 for MI and 1.18 
for stroke.14, 38 Placebo-controlled studies, namely PLAC II, MARS, LIPID and REGRESS, in 
patients with coronary artery disease, prove that atherosclerosis progression is retarded by 
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statin use.39–43 These findings have been confirmed in various large clinical endpoint 
studies. Also, aggressive lipid lowering evaluated in ASAP and ARBITER 1, markedly 
reduced CIMT progression when compared to moderate lipid lowering, which is consistent 
with IVUS observations in REVERSAL and with clinical outcome studies.13, 28, 29

Figure 3. Coronary intravascular ultrasound (IVUS). This figure shows a coronary IVUS image. Determination of atheroma 

cross-section area is calculated by subtracting the lumen cross-section area (LCSA) from the media-adventitia cross-section 
area (MCSA). The catheter is seen as a black circle in the lumen. Image courtesy of Alistair Lindsay, University of Oxford, UK.

Several CIMT trials, such as ACAPS, BCAPS, CAIUS, KAPS and METEOR, also show a 
beneficial effect of statins in asymptomatic subjects.44–48 The results are also in line with 
outcomes in morbidity and mortality studies. Next to statins, also other lipid-modifying 
compounds have been evaluated, such as torcetrapib, pactimibe and ezetimibe. 
The RADIANCE 1 and 2 trials, evaluated the efficacy of torcetrapib in addition to 
atorvastatin therapy.32, 33 The RADIANCE studies could not show any benefit of the addition 
of torcetrapib to atorvastatin in terms of carotid atherosclerosis. In fact, in RADIANCE 1, an 
unexpected increase of common carotid artery IMT was observed. The lack of benefit of 
torcetrapib observed in the CIMT studies was in line with the outcome on morbidity and 
mortality in ILLUMINATE, terminated early due to a sharp increase in all cause mortality in 
the torcetrapib group.17 The CAPTIVATE trial investigated the ACAT inhibitor pactimibe in 
patients heterozygous for familial hypercholesterolemia.35 This study was terminated early 
due to unfavourable results in the IVUS study ACTIVATE.34 In line with the IVUS results, 
pactimibe showed enhanced progression of CIMT. The ENHANCE trial, has been discussed 
above, results from the clinical endpoint study are not yet available.11

Taken together, one can conclude that CIMT outcome has consistently been in line with 
outcome in morbidity and mortality trials. In fact, when CIMT studies are plotted against 
clinical endpoint studies evaluating similar compounds, a clear relation can be observed.49 
Together with the data from epidemiological trials, the high availability, low cost and the 
relative easiness of image acquisition, make CIMT a well-validated and widely used 
surrogate imaging endpoint for cardiovascular disease.
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Figure 4. B-mode ultrasound carotid intima-media thickness (CIMT). In this figure an intima-media thickness measurement of 

the common carotid artery is shown. The lumen-intima interface (1) and media-adventitia interface (2) of the far wall are 
indicated by the red lines. The distance between these red lines represents the intima media-thickness (CIMT). Line 3 

represents the transition from common carotid to carotid bulb.

Brachial artery flow-mediated vasodilation (FMD)
Methodological aspects
Endothelial cells are a key regulator in preserving vascular health. A way to assess 
endothelial function is to quantify nitric oxide (NO) dependent brachial artery FMD which 
can be measured by ultrasound (Figure 5).50 
The measurement is done by assessing end-diastolic brachial artery diameters continually 
before and after 5 min of forearm ischemia. The superimposed blood flow and increased 
shear stress after ischemia stimulates local NO release from the endothelium resulting in 
vasodilation. FMD is expressed as the percentage difference between the maximum post-
cuff release brachial diameter and the average baseline diameter.51 
Reproducibility is recognized as a challenge in this imaging technique. The variability of 
FMD can be ascribed to biologic inconsistency of endothelial response, environmental 
factors such as exercise, temperature and food ingestion and variability derived from 
operators and readers. However, over the past years, improvement in imaging equipment, 
protocols and analysis software together with craftsmanship of sonographers has enabled 
reduction of variability to acceptable levels.52

Clinical trials
The prediction of future cardiovascular events by FMD has been investigated in one large 
study. This study has been performed in the Cardiovascular Health Study in 2792 adults 
aged 72–98 years that were followed for 5 years.53 This population-based cohort study 
investigated if FMD predicted cardiovascular events. After 5 years of follow-up, a total of 
674 subjects (24.1%) had experienced a cardiovascular event. In subjects with FMD greater 
than the sex-specific median, event-free survival rates for cardiovascular events were 
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significantly higher than in subjects with FMD less than or equal to the sex-specific medians 
(78.3% versus 73.6%, log-rank P = 0.006). Even after adjustment for age, gender, diabetes 
mellitus, cigarette smoking, systolic and diastolic blood pressure, baseline cardiovascular 
disease status, and total cholesterol, FMD remained a significant predictor of cardiovascular 
events (hazard ratio, 0.91 [95% CI, 0.83–0.99], P = 0.02 per unit SD of FMD).

Figure 5. B-mode ultrasound brachial artery flow mediated vasodilation (FMD). This figure shows a longitudinal image of the 

brachial artery (left). A diastolic image is recorded in each heartbeat. For off-line image analyses, a region of interest (yellow 

box) is selected for continuous automated measurement of brachial artery diameter. On the right, the brachial diameters (y-
axis) are shown for each recorded image (x-axis). (1) The average baseline diameter can be calculated from the recorded 

frames prior to cuff inflation. (2) The maximum diameter is measured after cuff release. FMD is calculated as the percentage 
increase as compared to baseline diameter.

In drug efficacy trials, brachial FMD has often shown to be consistent with clinical outcome 
or outcome of other imaging modalities, but not always. Studies investigating oral estradiol 
therapy in postmenopausal women have repeatedly shown impressive improvement of 
FMD, which is in contradiction to clinical endpoint studies.54 
In the assessment of efficacy of statins, blood pressure-lowering medication and lifestyle 
interventions, FMD has shown to be in line with clinical endpoint studies.55–58 The 
advantage of FMD is the fact that short term exposure to drugs can be assessed. 
Furthermore, due to the non-invasive nature of this modality both adults as well as children 
can be investigated.

Carotid artery magnetic resonance imaging (MRI)
Methodological aspects
Vascular magnetic resonance imaging is a relatively new non-invasive technique in the 
assessment of atherosclerosis. New sequences and coils allow high resolution imaging of 
the walls of the aorta and, in particular, the carotid (Figure 6). 
In addition to imaging arterial wall dimensions, MRI also enables visualization of plaque 
composition. Calcification, haemorrhage, fibrous cap and lipid-rich necrotic cores can 
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readily be distinguished, providing information on plaque vulnerability.59 In addition, MRI is 
also capable of assessing functional properties of the artery wall. Dynamic contrast 
enhanced MRI (DCE-MRI) has been implemented to estimate vessel wall inflammation. 
Thus, diffusion rate of the gadolinium contrast through the artery wall reflects the degree of 
artery wall inflammation and macrophage content.60

Moreover, distension and wall shear stress (WSS) in the artery can be quantified in high 
temporal and spatial resolution. Distension is a measure for arterial wall stiffness, WSS is an 
important determinant of endothelial function and phenotype.61, 62 
Vascular imaging can be done at both 1.5 T and 3.0 T field strengths, with the advantage of 
better signal to noise ratios at higher field strengths.63 Recent developments in imaging at 
3.0 T have made imaging possible at 0.25 mm resolution, a marked improvement of the 
resolution imaged with 1.5 T (∼0.50 mm). Imaging at 0.25 mm resolution has shown to be 
highly correlated with ultrasound CIMT measurements with similar absolute values.64 
Furthermore, vascular MRI is highly reproducible in measuring arterial wall dimensions with 
ICCs of 0.98 in both healthy young volunteers and subjects with advanced atherosclerosis.65 
Also, quantification of plaque components has proved highly reproducible. This 
reproducibility has allowed current trials to be conducted in small samples sizes (∼40 
patients) over reasonable time periods (3–12 months) to show statistically significant effects. 
A limitation of MRI is phase-encoded motion artefacts that can occur with swallowing or 
head movements, but also due to breathing especially in obese subjects. The artefacts 
appear as bright noise or repeating densities oriented in the phase direction, occurring as 
the results of motion during acquisition of a sequence and extend across the entire field of 
view. Other limitations are availability and cost.

Clinical trials
A number of studies in humans have assessed atheroma progression and regression in 
longitudinal studies with MRI. Corti et al. showed that simvastatin caused regression of 
aortic and carotid artery atheroma area over a period of 12 and 24 months.65, 66 Lima et al. 
and Yonemura et al. showed that simvastatin could induce regression of aortic plaque 
volume after only 6 months of treatment67, 68 and Lee et al. even showed plaque regression 
after 3 months of statin therapy in treatment-naïve patients with CHD.69 In a case–control 
study by Zhao et al., a marked decrease in lipid-rich necrotic core size was found in patients 
on intensive lipid-lowering therapy when compared to controls.70 The ORION trial was a 
randomized controlled trial evaluating 43 patients with carotid stenosis by duplex 
ultrasound that were randomized to receive either a low (5 mg) or high (40 / 80 mg) dose of 
rosuvastatin. High dose rosuvastatin decreased the lipid-rich necrotic core size by 41.4%.71 
The findings of the above-mentioned studies provide preliminary evidence that statin 
therapy has a beneficial effect on plaque volume but also plaque composition, indicating 
that plaque stabilization might ensue. This is in line with clinical outcome studies and with 
results from CIMT and IVUS studies. 
As vascular MRI is a relatively new technique, studies that investigate the predictive value 
for cardiovascular events are not yet available. However, studies like the ARIC carotid MRI 
study, the High Risk Plaque initiative and the Multi-Ethnic Study of Atherosclerosis (MESA) 
are large studies ongoing and will provide more information on this topic in the near future 
(http://www.cscc.unc.edu/carmri/; http://www.hrpinitiative.com; http://www.mesanhlbi.org). 
Furthermore, a correlation between plaque dimensions and cardiovascular risk score has 
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been found in the Framingham Heart study, providing indirect evidence of the predictive 
value of vascular MRI for cardiovascular risk.72

In summary, magnetic resonance imaging of the artery wall is a rapidly evolving technique 
that innovates vascular imaging. Vascular dimension, composition and function can be 
measured non-invasively over time and drug efficacy can be assessed in relatively small 
sample sizes with short study duration. In this respect, vascular MRI will be the first modality 
to allow for a ‘one-stop shop’ measurement, in which structural, compositional as well as 
functional data can be obtained during one single measurement. However, data from 
epidemiological trials need to be awaited to assess the predictive value of vascular MRI.

Figure 6. Carotid artery magnetic resonance imaging (MRI). This figure shows a cross-sectional magnetic resonance image 

(MRI) of a carotid artery plaque. A calcified area in the artery wall is indicated by yellow line. The thickness of the fibrous cap is 
indicated by red lines between the lumen and the calcified area. The lumen contour is indicated by the red line. The outer wall 

contour is indicated by green the line. The image was made with a Philips 3.0 T MRI. Image resolution is 0.25 mm × 0.25 mm 

(non-interpolated).

CONCLUSION
Recent studies have raised our awareness regarding the limitations of soluble surrogate 
endpoints in assessing cardiovascular drug efficacy. As surrogate endpoints, especially 
soluble ones, merely reflect part of a complex multi factorial disease, they are relatively 
insensitive to unanticipated stimulation or inhibition of unknown pathways. 
In addition, the majority of compounds in the pipeline for cardiovascular prevention target 
functional (inflammation) and cellular processes (cholesterol efflux) in the arterial wall itself, 
rather than systemic factors (e.g. blood pressure, lipids, glucose), thus hampering the use of 
soluble surrogates to monitor efficacy of the intervention.
Imaging the effects of cardiovascular drugs on atherosclerosis progression, plaque 
stabilization and vessel wall inflammation is therefore crucial for the development of novel 
anti-atherosclerotic modalities. To date, imaging has mainly focused on quantifying arterial 
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remodelling. Studies with IVUS and CIMT have proven to have high sensitivity and 
specificity for evaluating drug efficacy or lack of it, even when the soluble surrogate pointed 
in the opposite direction. Currently, vascular imaging is striving to add inflammation and 
functional quantifications to the armamentarium of modalities, a development which is 
fuelled by the pressing need to evaluate emerging compounds. Despite the fact that 
vascular imaging modalities all have technical limitations, visualizing the artery wall is 
effective and objective. In fact, imaging markers can contribute to the understanding of in 
vivo arterial remodelling in disease risk and prevention. Therefore, imaging markers can be 
used as a benchmark or as a derisking procedure in drug development prior to embarking 
on the financial and human risk of large morbidity and mortality studies.
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