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ABSTRACT
Background: Our aim was to compare common carotid Mean Wall Thickness (MWT) 
measurements by 3.0 Tesla MRI to B-mode ultrasound (US) common carotid intima-media 
thickness (CCIMT) measurements, a validated surrogate marker for cardiovascular disease 
(CVD). 

Methods and results: 3.0 Tesla MRI and B-mode ultrasound scans of the left and right 
common carotid arteries were repeated three times in 15 healthy younger volunteers (aged 
26 ± 2.6 years), 15 healthy older volunteers (aged 57 ± 3.2 years) and 15 subjects with CVD 
and carotid atherosclerosis (aged 63 ± 9.8 years). MWT was 0.711 (± 0.229) mm and mean 
CCIMT was 0.800 (± 0.206) mm. MWT and CCIMT were highly correlated (r = 0.89, P < 
0.001). The intraclass correlation coefficients for interscan and inter-  and intra-observer 
agreements of MRI MWT measurements were larger than 0.95 with small confidence 
intervals, indicating excellent reproducibility. Power calculations indicate that 89 subjects 
are required to detect a 4% difference in MRI MWT compared to 469 subjects to detect 
similar differences with US IMT in follow-up studies. 

Conclusion: The study data for carotid MRI and ultrasound IMT showed strong agreement, 
indicating that both modalities measure the thickness of the intima and media. The 
advantage of MRI over US is that the measurement variability is smaller, enabling smaller 
sample sizes and potentially shorter study duration in cardiovascular prevention trials.
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INTRODUCTION
B-mode ultrasound (US) carotid intima-media thickness (CIMT) is a widely used and 
validated non-invasive imaging technique for the assessment of cardiovascular disease 
(CVD) risk as well as risk modification. CIMT is a strong independent predictor for 
myocardial infarction and stroke, and can provide an impression of cardiovascular drug 
efficacy, or lack of it.1, 2

Despite the scientific foundation of CIMT measurements, ultrasound has limitations in the 
imaging of atherosclerosis, inherent to its physical properties. US 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.
Magnetic resonance imaging (MRI) might overcome these limitations as it is a non-invasive 
technique that provides cross-sectional images of the carotid artery wall with great 
anatomical detail. In previous studies, MRI has been shown to reproducibly image carotid 
plaque volume and composition.3-10 MRI has also been shown to be capable of assessing 
the benefit of lipid-modifying drugs on plaque in relatively small sample sizes.11-21 However, 
MRI has not been able to accurately assess the earlier stages of atherosclerosis. In previous 
studies a large systemic bias was found between carotid MRI and carotid US.22, 23 Carotid 
wall thickness by MRI was markedly larger than US CIMT. Underhill et al. and Crowe et al. 
proposed that the difference could be explained by the fact that in addition to intima and 
media, MRI measurements also comprise the adventitial layer. The relatively low MRI 
resolution was suggested to be a second important factor in the discrepancy between these 
two modalities. 
The aim of the present study was to further improve carotid MRI protocols and determine 
whether MRI can produce a measurement of the carotid wall thickness, equivalent to carotid 
US. We hypothesized that if we increased MRI resolution, absolute Mean Wall Thickness 
(MWT) values would be in closer proximity to the CIMT values and measurements with both 
modalities would show high correlation. Moreover, they would describe carotid artery wall 
thickness progression with age similarly. If so, the benefit of MRI over US is that cross-
sectional imaging (MRI) is better in assessing the three-dimensional development of 
atherosclerosis than longitudinal imaging (US). Cross-sectional imaging assesses all sides of 
the artery wall, while longitudinal imaging only evaluates a small part of the artery wall and 
can miss arterial thickening of other parts of the wall. In addition, carotid MRI could 
potentially have higher reproducibility than US.

METHODS
Subject population
We selected fifteen younger healthy subjects (range 18 to 30 years), fifteen older healthy 
subjects (range 50 to 70 years) and 15 subjects with cardiovascular disease (CVD). Subjects 
with CVD were included if they had 30 to 70% carotid artery stenosis on duplex ultrasound. 
Healthy subjects did not show any signs and/or symptoms of CVD, and were not known 
with traditional risk factors for CVD. All subjects underwent bilateral carotid MRI and US 
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scans. Scans were done at three different time points, one to three weeks apart. The scans 
were performed between March 2007 and August 2008. MRI and US scans were analyzed 
off-line using dedicated software. Prior to the studies, approval was obtained of the 
Institutional Review Board of the AMC. All subjects gave written informed consent. 

Carotid intima-media thickness measurements 
Carotid B-mode ultrasound scans of the left and right common carotid artery far wall were 
assessed according to a standardized protocol (Figure 1). The sonographer selected the 
best diastolic image as a DICOM still capture. Selected images were analyzed qualitatively 
and quantitatively off-line by a certified image analyzer and validated software (eTrack, 
Department of Physiology and Vascular Medicine, Academic Medical Center, Amsterdam, 
The Netherlands). One image analyst did all IMT measurements. Image analysis was done 
by identifying the lumen-intima and the media-adventitia boundaries of the carotid arterial 
far walls. The method has been described elsewhere.24 Common Carotid Intima-Media 
Thickness (CCIMT) was calculated as the average of the mean CIMT of the far wall of the 
distal 1 cm of the left and right common carotid artery. 

Figure 1. B-Mode ultrasound image and image analysis of the right common carotid artery (RCCA). High-resolution, 15-MHz 
B-mode ultrasound image of the distal common carotid artery far wall in a healthy 27-year-old volunteer is shown. Vertical 
arrow indicates the carotid dilation, just proximal of the carotid bulb. Image on right shows IMT image analysis. IMT is defined 
as the distance between the lumen-intima and the media-adventitia interfaces (upper and lower red lines).

3.0 Tesla magnetic resonance imaging
Magnetic resonance imaging scans were obtained on a 3.0 Tesla whole-body scanner (3.0 
Tesla Intera, Philips Medical Systems, Best, The Netherlands), using a single-element 
microcoil (Philips, Hamburg, Germany) with a diameter of five centimeters. Axial T1-
weighted Turbo Spin Echo (TSE) image stacks were acquired at end-diastole using double 
inversion recovery (DIR) preparation (Figure 2). Sequence parameters were: slice thickness 3 
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mm, imaging matrix size 240, FOV of 60 x 60 mm, non-interpolated pixel size 0.25 x 0.25 
mm, TE 9 ms, TR according to the subjects’ heart rate (approximately 900 ms), echo train 
length 7, echo train duration 63 ms. Active fat suppression (spectral attenuated inversion 
recovery (SPAIR) technique) was applied to improve the definition of the outer wall 
boundary and avoid chemical shift artifacts. All imaging was performed with cardiac gating. 
To localize the left and right common carotid artery and carotid bifurcation, axial Magnetic 
Resonace Angiography (MRA) images were acquired using a Time of Flight (TOF) sequence. 
These images together with projection images were used for positioning the scan planes 
perpendicular to the vessel at a predefined distance distal to the flow divider.

Figure 2. 3.0-T MRI image and image analysis of the common carotid artery. Cross-sectional images of the left common 
carotid artery wall of a young subject (A) and an older subject (B) are shown. The left and right lowest images show the image 
analysis. The inner and outer borders of the carotid artery are semiautomatically detected with dedicated software 
(VesselMass). The mean wall area (MWA) and total wall volume (TWV) have been calculated from the difference between the 
inner and outer borders. The MWT is defined as the distance between the inner and outer borders (indicated by yellow lines). 
The artery wall is divided into 8 segments, which can be analyzed separately. The segment indicated by the arrow was 
considered the far wall segment of the left artery.

Quantification of carotid artery wall dimensions: 3.0-Tesla MRI versus B-mode ultrasound

Circ Cardiovasc Imaging 2009;2:235-242 141



Eight slices were scanned of the distal 2.4 cm of the left and right common carotid artery. 
Each carotid was scanned individually. A total of 16 images were obtained per scan. The 
slices were located from 15 mm to 39 mm proximal to the carotid flow divider. All images 
were saved in DICOM format. Standardized equipment and protocols were used for image 
storage and data management. 
To assess the influence of the acquisition matrix and ECG gating on arterial wall 
measurements, we imaged the carotid artery at different settings in 5 subjects. We varied in 
plane resolution from 0.65 mm to 0.50 mm, 0.25 mm and 0.20 mm, all with 3 mm slice 
thickness. At 0.25 mm in plane resolution we also imaged with slice thickness 2 mm. In 
addition, all imaging was performed with and without cardiac gating at all mentioned in 
plane resolutions at slice thickness 3 mm for all subjects.

3.0 Tesla MRI image analysis 
Semi-automated qualitative and quantitative image analysis were performed using semi-
automated measurement software (VesselMass, Leiden University Medical Center, Leiden, 
The Netherlands).25-27 Two readers analyzed all images to assess inter-observer variability. 
One reader analyzed all the images twice to assess intra-observer variance. To reduce recall 
bias, the second reading took place at least 2 months after the first reading. The readers 
were blinded from previous MRI measurements. The VesselMass software performed 
automated tracing of the lumen-wall boundaries and the outer wall boundaries (Figure 2). If 
necessary, the automated traced boundaries could be manually corrected. The software 
algorithm for boundary detection is described elsewhere.25-27 Mean Wall Thickness (MWT), 
Mean Wall Area (MWA) and Total Wall Volume (TWV) were calculated. Normalized Wall 
Index (NWI) was calculated by dividing the wall area by the outer wall boundary area. We 
also calculated the Mean Wall Thickness of the “far wall segment” (MWTfw) to enable a 
direct comparison of the same arterial segment measured by MRI and US. We defined the 
far wall segment on the MRI images between 90° and 135° for the right carotid artery and 
between 225° and 270° for the left carotid artery, counting clockwise.
Signal to noise ratios (SNR) were calculated as SNR = S/σ, where S is the true signal 
intensity corrected for the noise contribution, and σ is the true standard deviation (SD) of 
the noise. Because the probability density function for the signal magnitude for a single-
receiver system follows a Rayleigh distribution, the relation between σ and the measured 
SD of the noise (SDn) is SDn = 0.655σ.28 Corrected signal intensity S was obtained from the 
measured magnitude signal (Sm) and the measured magnitude of the background noise (Sn): 
S = (Sm

2 - Sn
2)1/2.29 The magnitude (Sn) and the SD (SDn) of the background noise were 

measured in a region of interest free of signal and free of artifacts in the corner of the 
image. Contrast to noise ratios (CNR) between wall and lumen were calculated as CNR = 
SNRwall – SNRlumen.

Statistical analysis
Continuous variables are expressed as mean ± SD. The SD of the paired differences (SDpd) 
and the coefficients of variation (COV) between the initial and the repeat scans were 
calculated for MWT, MWA, TWV, NWI and CCIMT. COV was calculated by dividing the 
SDpd by the mean value of the population for each parameter. Pearson’s correlation was 
used to determine the correlation between MWT, MWTfw and CCIMT. A Bland-Altman plot 
was used to test for systematic bias between MWTfw and CCIMT. The agreement between 
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successive MRI and US scans was assessed using intraclass correlation coefficients (ICC (r)) 
and Bland-Altman plots. The agreement between successive MRI analysis between 
observers and within one observer were also assessed using ICC (r) and Bland-Altman plots. 
The MWA values at different resolutions were compared by analyses of repeat measures 
using a linear mixed model. MWA values at 0.65 mm resolution were used as the reference. 
Variation in slice thicknesses and ECG-gated and non-gated images were also compared by 
using a paired two-tailed Student’s t-test, with α < 0.05 to represent statistical significance. 
All statistical analyses were done using SPSS (Statistical Package for the Social Sciences) 
version 16.0 for Windows.
The authors had full access to the data and take responsibility for its integrity. All authors 
have read and agreed to the manuscript as written.

RESULTS
Patient characteristics
Three US and MRI scans were made of forty-five subjects. Fifteen were healthy younger 
subjects (< 30 years), fifteen were healthy older subjects (50 to 75 years) and fifteen were 
subjects with CVD and carotid atherosclerosis, defined as 30 to 70% carotid stenosis on US 
duplex. The population consisted of 20 females and 25 males and gender was equally 
distributed over the three groups. The mean PROCAM risk score for the healthy subjects 
was 1.9 (± 3.4). Patient characteristics are shown in Table 1.

Healthy Younger Subjects Healthy Older Subjects Subjects with CVD

Demographics
   Age, years 25.9 (2.6) 57.4 (3.2) 63.3 (9.8)
   TChol, mmol/l 4.2 (0.7) 5.6 (1.0) 4.4 (0.8)
   LDL-C, mmol/l 2.3 (0.6) 3.5 (1.0) 2.5 (0.8)
   HDL-C, mmol/l 1.6 (0.3) 1.7 (0.4) 1.3 (0.4)
   TG, mmol/l 0.6 (0.3) 1.0 (0.5) 1.4 (0.9)
   Fasting glucose, mmol/l 4.8 (0.3) 5.3 (0.8) 5.7 (0.8)
   Median hsCRP, mmol/l <1.0 <1.0 <1.0
   SBP, mmHg 118 (10) 127 (11) 137 (15)
   DBP, mmHg 68 (5) 77 (8) 72 (5)
   BMI, kg/m2 23 (3) 25 (2) 25 (3)
MRI measurements
   TWV, mm3 243.0 (36.5) 385.4 (91.3) 528.9 (163.8)
   MWA, mm2 10.1 (1.5) 16.1 (3.8) 22.0 (6.8)
   NWI 0.256 (0.024) 0.336 (0.040) 0.391 (0.060)
   MWT, mm 0.487 (0.047) 0.722 (0.131) 0.924 (0.208)
   MWTfw, mm 0.497 (0.050) 0.753 (0.217) 0.850 (0.159)
Ultrasound measurements
   CCIMT, mm 0.605 (0.086) 0.858 (0.217) 0.936 (0.119)

Table 1. Demographics and mean (SD) values of common carotid artery wall dimensions measured by 3.0-T MRI and 
ultrasound tabulated for the initial session.
Table 1. Demographics and mean (SD) values of common carotid artery wall dimensions measured by 3.0-T MRI and 
ultrasound tabulated for the initial session.
Table 1. Demographics and mean (SD) values of common carotid artery wall dimensions measured by 3.0-T MRI and 
ultrasound tabulated for the initial session.
Table 1. Demographics and mean (SD) values of common carotid artery wall dimensions measured by 3.0-T MRI and 
ultrasound tabulated for the initial session.

Imaging data
Of all 2160 MR images, 13 images (0.6%) were inadequate for image analysis. Mean SNR of 
the arterial wall was 28.6 (± 12.9). Mean CNR between the arterial wall and arterial lumen 
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was 19.0 (± 9.3). For SNR and CNR calculations, all 2160 images were evaluated. Mean SNR 
was higher and mean CNR was equal to previously published values30.  Acquisition time 
was around 30 seconds per slice depending on the heartrate and total scan time was 
approximately 45 minutes. A total of 270 US images were made, of which all images were 
adequate for image analysis. Average total US scan time was around 20 minutes. Mean 
values (± SD) of MWT, MWTfw, MWA, TWV, NWI and CCIMT of the initial scan set for the 
younger subjects, older subjects and subjects with CVD are shown in Table 1.

TWV MWA NWI MWT CCIMT
Interscan variability
   All subjects 0.99 (0.98-0.99) 0.99 (0.98-0.99) 0.97 (0.96-0.98) 0.98 (0.96-0.99) 0.87 (0.80-0.92)
Interobserver variability
   All subjects 0.99 (0.98-0.99) 0.99 (0.98-0.99) 0.97 (0.97-0.99) 0.94 (0.92-0.96) 0.87 (0.77-0.92)
Intraobserver variability
   All subjects 0.97 (0.95-0.98) 0.97 (0.95-0.98) 0.96 (0.94-0.97) 0.94 (0.92-0.96) 0.87 (0.78-0.93)
SDpd
   Younger subjects 23.9 mm3 1.00 mm2 0.02 0.037 mm 0.072 mm
   Middle-aged subjects 24.9 mm3 1.00 mm2 0.02 0.043 mm 0.139 mm
   Subjects with CVD 22.9 mm3 0.95 mm2 0.01 0.061 mm 0.082 mm
   All subjects 25.1 mm3 1.04 mm2 0.02 0.049 mm 0.102 mm
COV
   All subjects 6.5% 6.5% 6.1% 6.9% 12.8%

Table 2. Measurement variability of the different MRI measurements. Intraclass correlation coefficient values (95% confidence 
intervals in parentheses), coefficient of variation (COV) values, and standard deviations of the paired differences between 
scans (SDpd) for all subjects are shown. The SDpd values are also shown per group.

Table 2. Measurement variability of the different MRI measurements. Intraclass correlation coefficient values (95% confidence 
intervals in parentheses), coefficient of variation (COV) values, and standard deviations of the paired differences between 
scans (SDpd) for all subjects are shown. The SDpd values are also shown per group.

Table 2. Measurement variability of the different MRI measurements. Intraclass correlation coefficient values (95% confidence 
intervals in parentheses), coefficient of variation (COV) values, and standard deviations of the paired differences between 
scans (SDpd) for all subjects are shown. The SDpd values are also shown per group.

Table 2. Measurement variability of the different MRI measurements. Intraclass correlation coefficient values (95% confidence 
intervals in parentheses), coefficient of variation (COV) values, and standard deviations of the paired differences between 
scans (SDpd) for all subjects are shown. The SDpd values are also shown per group.

Table 2. Measurement variability of the different MRI measurements. Intraclass correlation coefficient values (95% confidence 
intervals in parentheses), coefficient of variation (COV) values, and standard deviations of the paired differences between 
scans (SDpd) for all subjects are shown. The SDpd values are also shown per group.

Table 2. Measurement variability of the different MRI measurements. Intraclass correlation coefficient values (95% confidence 
intervals in parentheses), coefficient of variation (COV) values, and standard deviations of the paired differences between 
scans (SDpd) for all subjects are shown. The SDpd values are also shown per group.

The difference in MWT between the younger and older healthy subjects was 0.235 mm (± 
0.037, P < 0.001). The difference in MWT between the older subjects with and without CVD 
was 0.202 mm (± 0.130, P = 0.004). The SD of the paired differences between the initial 
and the repeat MRI and US scans of all 135 scan sets are shown in Table 2. Table 2 also 
shows the ICC’s with 95% confidence intervals for the interscan, inter-observer and intra-
observer variability. For the MRI measurements all ICC values are > 0.95, with narrow 
confidence intervals. The Bland-Altman plots for MWA interscan, inter-observer and intra-
observer variability display no fixed or proportional bias (Figure 3).
Correlations between MWT, MWTfw and CCIMT measurements are shown in Figure 4. MWT 
and MWTfw showed high correlation with CCIMT. The Bland-Altman analysis of MWTfw 
versus CCIMT is shown in Figure 5. This figure shows a systematic downward bias in the 
MWTfw measurement compared to the CCIMT measurements, with a mean difference of 
-0.084 mm (± 0.114 mm, P < 0.001 in a paired t-test). 

Influence of sequence parameters on arterial wall dimensions
We imaged the carotid arteries of 5 subjects with and without ECG gating and at various 
resolutions and slice thicknesses. MWA decreased 1.8 mm2 (± 2.1 mm2, P = 0.001) when 
ECG gating was used. This decrease was present at all resolutions. 
MWA increased with decreasing resolution; MWA was 19.0 mm2 (± 1.5 mm2) at in-plane 
resolution 0.65 mm and serves as the reference. MWA decreased  4.4 mm2 (± 1.3 mm2, P = 
0.002) at in-plane resolution 0.50 mm, 8.3 mm2 (± 1.9 mm2, P = 0.001) at in-plane 
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resolution 0.25 mm, and 7.5 mm2 (± 2.9 mm2, P = 0.004) at in-plane resolution 0.20 mm. 
MWA did not change when we varied slice thickness from 3 mm to 2 mm; difference 0.2 
mm2 (± 0.4 mm2, P = 0.24).

Figure 3. Bland-Altman plots of (Upper) Interscan, (Middle) Inter-Observer and (Lower) Intra-Observer Variability of MWA 
measurements of all three scans. The solid line is the mean of the differences between the 3 scans; the 95% prediction 
intervals are drawn as dashed lines. Paired t-tests to assess systemic bias were not significant.
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Figure 4. Comparison of CCIMT with MWT (left) and MWTfw (right) of the initial scan. The US data have a very high 
correlation with the MRI measurements of the mean wall thickness and the far wall thickness.

Figure 5. Bland–Altman analysis of MWTfw versus CCIMT of all three scans. A systematic downward bias of MWTfw compared 
to IMT can be observed of -0.084 mm (SD 0.114 mm). The solid line is the mean of the differences between MWTfw and 
CCIMT; the 95% prediction intervals are drawn as dashed lines.

DISCUSSION
In the present study we show that data of carotid MRI and ultrasound IMT showed strong 
agreement, indicating that both modalities measure the thickness of the intima and media. 
However, the measurement variability of the MRI was lower compared to the US technique. 
The high degree of correlation of MRI MWT to US IMT, an accepted surrogate marker for 
CVD, combined with a lower variability for MRI, shows that carotid MRI holds potential as a 
surrogate marker for CVD and may allow smaller sample sizes and shorter study duration in 
future cardiovascular prevention trials.
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The fact that the absolute values of MRI measurements were very similar to the US results is 
in contradiction to previously published data by Underhill et al. and Crowe et al. Both 
authors found MRI measurements to be markedly larger than IMT by US and proposed that 
in addition to intima and media, MRI measurements also incorporated the adventitial layer.
22, 23 MRI resolution was suggested to be a second confounding factor in the discrepancy 
between the two modalities. To further clarify this issue, we assessed the influence of 
resolution and ECG gating on arterial wall dimensions. We found MWA to decrease with 
increasing resolutions and with ECG gating. This confirms that the findings of Underhill et 
al. and Crowe et al. were indeed due to an overestimation of MRI-measured intima-media 
thickness probably due to a lower spatial resolution and non-ECG gated imaging. To 
completely resolve this issue, additional studies are needed comparing MRI and US 
measurements to histology of specimens of carotid arteries.
Although the absolute values of MRI measurements were very similar to the US results, we 
found MWT to be on average 0.084 mm smaller than IMT measurements. The exact reason 
for these lower values by MRI remains unclear. Most likely, the latter pertains to a difference 
between the MRI and US image analysis algorithms, resulting in a consistent, minor 
difference. Since the discrepancy between modalities is small and independent of the wall 
thickness, it bears little relevance for the assessment of cardiovascular risk and risk 
modification, in our opinion.
The reproducibility of IMT measurements has enabled IMT to be used as a surrogate 
marker for cardiovascular disease in epidemiological and intervention trials.31-33 However, 
reproducibility of IMT is insufficient for individual risk assessment, and the number of 
subjects needed to assess cardiovascular drug efficacy is relatively large. Moreover, high 
reproducibility of measurement tools is always in demand as it contributes to higher 
precision and reproducibility of clinical trials.34, 35 The results of this study demonstrate that 
measurement of carotid artery wall dimensions by MRI has high interscan reproducibility, 
exceeding that of IMT measurements in this study and that of recently published IMT 
studies.36-38 The interscan COV for MRI is about half of the interscan COV for ultrasound in 
the current study (6.5% versus 12.8%). Furthermore, MRI interscan reproducibility was 
equivalent in all three populations that were scanned and was not affected by age or the 
severity of atherosclerosis.
The interscan reproducibility of our data also exceeds that of the previously published 
carotid MRI data by Varghese et al.39, 40 and Alizadeh et al.41 Varghese et al. assessed the 
interstudy reproducibility in 10 subjects with evidence of carotid artery atherosclerosis and 
16 older healthy volunteers and found the mean standard deviation of the paired difference 
of MWV between scans to range from 33 mm3 to 38 mm3, while in our data it was 22.9 
mm3. Alizadeh et al. studied 10 healthy subjects in the age range of 25 to 79 years (mean 
age 57 years) and reported mean standard deviations of the paired difference between 
scans of MWA to range from 5.9 mm2 to 9.8 mm2, while in our data it was 1.0 mm2. 
Last, the inter-observer and intra-observer reproducibility of our data were high, due to the 
use of semi-automated software analysis. These findings are consistent with previously 
published data.25, 27   
Power calculations indicate that a sample size of 89 subjects would be needed to detect a 
4% (0.03 mm) difference in MWT by carotid MRI compared to a sample size of 469 subjects 
to detect a similar difference with US. 
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Study limitations
A potential limitation of this study is that we defined the far wall segment on the MRI 
images between 225° and 270° for the left carotid artery and between 90° and 135° for the 
right carotid artery, counting clockwise from the top. In our opinion these were the 
segments that best resemble the far wall segment as measured by US. In ultrasound 
imaging the distal 1 cm of the common carotid artery just proximal to the carotid dilation 
was imaged. We aimed to image the similar section of the carotid by MRI. In order to be as 
close as possible to the segment imaged by ultrasound, we chose to image 15 to 39 mm 
proximal to the carotid bifurcation. It is, however, impossible to pinpoint the exact location 
of the US measurement.
Another potential limitation of this study is that we only assessed the common carotid artery 
with MRI and not the carotid bulb and internal carotid artery. However, common carotid 
artery IMT is a valid surrogate endpoint for cardiovascular disease, as epidemiological data 
indicate that common carotid IMT is a good predictor for coronary heart disease and 
stroke2. Moreover, IMT of the common carotid artery segment has proved a robust 
measurement for detecting drug efficacy in many intervention trials1.

CONCLUSION
Absolute values for carotid MRI and US measurements were similar and highly correlated, 
whereas the variability of the MRI measurement was smaller than for US. The high 
correlation of MRI with US implies that carotid MRI can expand on the extensive experience 
of prospective US IMT studies and intervention trials, which have resulted in acceptance of 
IMT as surrogate marker for CV-risk. In addition, due to its improved variability, MRI will 
enable smaller sample sizes in cardiovascular prevention studies. The combination of lower 
variability and decreased number of subjects included will also allow for a reduction in 
overall trial duration if MRI is used.
These data challenge us to further develop carotid MRI in standardized protocols to 
become a surrogate marker for CV events with the potential to substitute larger IMT studies 
with smaller and less time-consuming carotid MRI studies. 

References

1. Duivenvoorden R, Nederveen AJ, de Groot E, 
Kastelein JJ. Atherosclerosis imaging as a 
benchmark in the development of novel 
cardiovasular drugs. Curr Opin Lipidol 
2007;18:613-621.

2. Lorenz MW, Markus HS, Bots ML, et al. Prediction 
of clinical cardiovascular events with carotid 
intima-media thickness: a systematic review and 
meta-analysis. Circulation 2007;115:459-467.

3. Cai J, Hatsukami TS, Ferguson MS, et al. In vivo 
quantitative measurement of intact fibrous cap 
and lipid-rich necrotic core size in atherosclerotic 
carotid plaque: comparison of high-resolution, 
contrast-enhanced magnetic resonance imaging 
and histology. Circulation 2005;112:3437-3444.

4. Chu B, Kampschulte A, Ferguson MS, et al. 
Hemorrhage in the atherosclerotic carotid 

plaque: a high-resolution MRI study. Stroke 
2004;35:1079-1084.

5. Cai JM, Hatsukami TS, Ferguson MS, et al. 
Classification of human carotid atherosclerotic 
lesions with in vivo multicontrast magnetic 
r e s o n a n c e i m a g i n g . C i r c u l a t i o n 
2002;106:1368-1373.

6. Chu B, Hatsukami TS, Polissar NL, et al. 
Determination of carotid artery atherosclerotic 
l e s i o n t y p e a n d d i s t r i b u t i o n i n 
hypercholesterolemic patients with moderate 
carotid stenosis using noninvasive magnetic 
resonance imaging. Stroke 2004;35:2444-2448.

7. Hatsukami TS, Ross R, Polissar NL, Yuan C. 
Visualization of fibrous cap thickness and rupture 
in human atherosclerotic carotid plaque in vivo 

Chapter 9

148



with high-resolution magnetic resonance 
imaging. Circulation 2000;102:959-964.

8. Mitsumori LM, Hatsukami TS, Ferguson MS, et al. 
In vivo accuracy of multisequence MR imaging 
for identifying unstable fibrous caps in advanced 
human carotid plaques. J Magn Reson Imaging 
2003;17:410-420.

9. Saam T, Ferguson MS, Yarnykh VL, et al. 
Quantitative evaluation of carotid plaque 
composition by in vivo MRI. Arterioscler Thromb 
Vasc Biol 2005;25:234-239.

10. Saam T, Hatsukami TS, Takaya N, et al. The 
vulnerable, or high-risk, atherosclerotic plaque: 
noninvasive MR imaging for characterization and 
assessment. Radiology 2007;244:64-77.

11. Underhill HR, Yuan C, Zhao XQ, et al. Effect of 
rosuvastatin therapy on carotid plaque 
morphology and composition in moderately 
hypercholesterolemic patients: a high-resolution 
magnetic resonance imaging trial. Am Heart J 
2008;155:584-588.

12. Lee JMS, Wiesmann F, Shirodaria C, et al. Early 
changes in arterial structure and function 
following statin initiation: Quantification by 
magnetic resonance imaging. Atherosclerosis 
2008;197:951-958.

13. Corti R, Fayad ZA, Fuster V, et al. Effects of lipid-
lowering by simvastatin on human atherosclerotic 
lesions: a longitudinal study by high-resolution, 
noninvasive magnetic resonance imaging. 
Circulation 2001;104:249-252.

14. Corti R, Fuster V, Fayad ZA, et al. Lipid lowering 
by simvastatin induces regression of human 
atherosclerotic lesions: two years' follow-up by 
high-resolution noninvasive magnetic resonance 
imaging. Circulation 2002;106:2884-2887.

15. Lima JA, Desai MY, Steen H, et al. Statin-induced 
cholesterol lowering and plaque regression after 
6 months of magnetic resonance imaging-
m o n i t o r e d t h e r a p y . C i r c u l a t i o n 
2004;110:2336-2341.

16. Yonemura A, Momiyama Y, Fayad ZA, et al. Effect 
of lipid-lowering therapy with atorvastatin on 
atherosclerotic aortic plaques detected by 
noninvasive magnetic resonance imaging. J Am 
Coll Cardiol 2005;45:733-742.

17. Zhao XQ, Yuan C, Hatsukami TS, et al. Effects of 
prolonged intensive lipid-lowering therapy on 
the characteristics of carotid atherosclerotic 
plaques in vivo by MRI: a case-control study. 
A r t e r i o s c l e r T h r o m b V a s c B i o l 
2001;21:1623-1629.

18. Corti R, Fuster V, Fayad ZA, et al. Effects of 
aggressive versus conventional lipid-lowering 
therapy by simvastatin on human atherosclerotic 
lesions: a prospective, randomized, double-blind 
trial with high-resolution magnetic resonance 
imaging. J Am Coll Cardiol 2005;46:106-112.

19. Ayaori M, Momiyama Y, Fayad ZA, et al. Effect of 
bezafibrate therapy on atherosclerotic aortic 
plaques detected by MRI in dyslipidemic patients 
with hypertriglyceridemia. Atherosclerosis 
2008;196:425-433.

20. Corti R, Fuster V, Fayad ZA, et al. Lipid lowering 
by simvastatin induces regression of human 
atherosclerotic lesions: two years' follow-up by 
high-resolution noninvasive magnetic resonance 
imaging. Circulation 2002;106:2884-2887.

21. Saam T, Kerwin WS, Chu B, et al. Sample size 
calculation for clinical trials using magnetic 
resonance imaging for the quantitative 
assessment of carotid atherosclerosis. J 
Cardiovasc Magn Reson 2005;7:799-808.

22. Crowe LA, Ariff B, Keegan J, et al. Comparison 
between three-dimensional volume-selective 
turbo spin-echo imaging and two-dimensional 
ultrasound for assessing carotid artery structure 
and func t ion . J Magn Reson Imag ing 
2005;21:282-289.  

23. Underhill HR, Kerwin WS, Hatsukami TS, Yuan C. 
Automated measurement of mean wall thickness 
in the common carotid artery by MRI: a 
comparison to intima-media thickness by B-
mode ultrasound. J Magn Reson Imaging 
2006;24:379-387.

24. de Groot E, Hovingh GK, Wiegman A, et al. 
Measurement of arterial wall thickness as a 
surrogate marker for atherosclerosis. Circulation 
2004;109:III33-III38.

25. Adame IM, van der Geest RJ, Wasserman BA, et 
al. Automatic segmentation and plaque 
characterization in atherosclerotic carotid artery 
MR images. MAGMA 2004;16:227-234.

26. Adame IM, de Koning PJ, Lelieveldt BP, et al. An 
integrated automated analysis method for 
quantifying vessel stenosis and plaque burden 
f r o m c a r o t i d M R I i m a g e s : c o m b i n e d 
postprocessing of MRA and vessel wall MR. 
Stroke 2006;37:2162-2164.

27. Adame IM, van der Geest RJ, Bluemke DA, et al. 
Automatic vessel wall contour detection and 
quantification of wall thickness in in-vivo MR 
images of the human aorta. J Magn Reson 
Imaging 2006;24:595-602.

28. Constantinides CD, Atalar E, McVeigh ER. Signal-
to-noise measurements in magnitude images 
from NMR phased arrays. Magn Reson Med 
1997;38:852-857.

29. de Bazelaire CM, Duhamel GD, Rofsky NM, 
Alsop DC. MR imaging relaxation times of 
abdominal and pelvic tissues measured in vivo at 
3 . 0 T: p re l i m i n a r y re s u l t s . R a d i o l o g y 
2004;230:652-659.

30. Yarnykh VL, Terashima M, Hayes CE, et al. 
Multicontrast black-blood MRI of carotid arteries: 
comparison between 1.5 and 3 tesla magnetic 
f ield strengths. J Magn Reson Imaging 
2006;23:691-698.

31. Bots ML, Mulder PG, Hofman A, et al. 
Reproducibility of carotid vessel wall thickness 
measurements. The Rotterdam Study. J Clin 
Epidemiol 1994;47:921-930.

32. Stensland-Bugge E, Bonaa KH, Joakimsen O. 
Reproducib i l i ty of u l t rasonographica l ly 
determined intima-media thickness is dependent 

Quantification of carotid artery wall dimensions: 3.0-Tesla MRI versus B-mode ultrasound

Circ Cardiovasc Imaging 2009;2:235-242 149



on arterial wall thickness. The Tromso Study. 
Stroke 1997;28:1972-1980.

33. Smilde TJ, Wollersheim H, Van LH, Stalenhoef AF. 
R e p r o d u c i b i l i t y o f u l t r a s o n o g r a p h i c 
measurements of different carotid and femoral 
artery segments in healthy subjects and in 
patients with increased intima-media thickness. 
Clin Sci (Lond) 1997;93:317-324.

34. Julius S. The ALLHAT study: if you believe in 
evidence-based medicine, stick to it! J Hypertens 
2003;21:453-454.

35. Cleophas GC, Cleophas TJ. Clinical trials in 
j e o p a rd y. I n t J C l i n P h a r m a c o l T h e r 
2003;41:51-55.

36. Kastelein JJ, van Leuven SI, Burgess L, et al. 
Effect of torcetrapib on carotid atherosclerosis in 
familial hypercholesterolemia. N Engl J Med 
2007;356:1620-1630.

37. Kastelein JJ, Akdim F, Stroes ES, et al. Simvastain 
w i th o r w i thou t eze t im ibe i n f am i l i a l 
h y p e rc h o l e s t e ro l e m i a . N E n g l J M e d 
2008;358:1431-1443.

38. Meuwese MC, Duivenvoorden R, Davidson MH, 
et al. Effect of ACAT Inhibition on Progression of 
Carotid Atherosclerosis in Patients with Familial 
Hypercholesterolemia, the CAPTIVATE study. J 
Clin Lipidol 2007;1:382 Abstract.

39. Varghese A, Crowe LA, Mohiaddin RH, et al. 
Interstudy reproducibility of three-dimensional 
volume-selective fast spin echo magnetic 
resonance for quantifying carotid artery wall 
v o l u m e . J M a g n R e s o n I m a g i n g 
2005;21:187-191.

40. Varghese A, Crowe LA, Mohiaddin RH, et al. 
Inter-study reproducibility of 3D volume selective 
fast spin echo sequence for quantifying carotid 
artery wall volume in asymptomatic subjects. 
Atherosclerosis 2005;183:361-366.

41. Alizadeh DR, Doornbos J, Tamsma JT, et al. 
Assessment of the carotid artery by MRI at 3T: a 
study on reproducibility. J Magn Reson Imaging 
2007;25:1035-1043.

Acknowledgements
R. Duivenvoorden, MD, E. de Groot, MD PhD, and A.J. Nederveen, PhD, wrote the manuscript and were involved in data 
analysis and data acquisition. B.M. Elsen, MD, was involved in data analysis, R.J. van der Geest, MSc, J.S. Laméris, MD PhD, 
E.S.G. Stroes, MD PhD and J.J.P. Kastelein, MD PhD, critically reviewed the manuscript. All authors had full access to all of the 
data in the study and take responsibility for the integrity of the data and the accuracy of the data analysis.
Furthermore, we would like to thank A.M. van den Berg for assisting in data acquisition, A.H. Zwinderman, PhD, for assisting 
with statistical analysis and J.H.C. Reiber, PhD, for kindly providing the MRI analysis software.

Funding sources
No funding

Disclosures
None.

Chapter 9

150


