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Abstract

Carotid atherosclerosis measurements for eight subjects at baseline and 14 ±
2 days later were examined using 1.5 T and 3.0 T magnetic resonance imaging
(MRI). A single observer blinded to field strength, subject and timepoint
manually segmented carotid artery wall and lumen boundaries in randomized
images in five measurement trials. Mean increases in the signal-to-noise ratios
(SNR) for T1-weighted images acquired at 3.0 T compared to 1.5 T were 90%
(scan) and 80% (rescan). Despite significantly improved SNR and contrast-to-
noise ratios (CNR) for images acquired at 3.0 T, vessel wall volume (VWV)
intra-observer variability was not significantly different using coefficients of
variation (COV), and intraclass correlation coefficients (ICC). VWV interscan
variability and consistency at both field strengths were not statistically different
(1.5 T/3.0 T COV = 5.7%/7.8%, R2 = 0.96 for 1.5 T and R2 = 0.87 for
3.0 T). A two-way analysis of variance showed a VWV dependence on field
strength but not scan timepoint. In addition, a paired t-test showed significant
differences in VWV measured at 3.0 T as compared to 1.5 T. These results
suggest that although images acquired at 1.5 T have lower SNR and CNR VWV,
measurement variability was not significantly different from 3.0 T VWV and
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that VWV is field-strength dependent which may be an important consideration
for longitudinal studies.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Atherosclerosis is a progressive disease starting early in life and remaining clinically silent
for many years. Many of the landmark studies of clinical atherosclerosis progression have
relied on serial monitoring of coronary and carotid luminal stenosis using angiography and
these have provided clarity regarding risk (reviewed in Blankenhorn et al (1987), Blankenhorn
and Hodis (1994), Brensike et al (1984) and Arntzenius et al (1985)), as well as clear
guidelines for the stratification of patients to treatment (Barnett et al 1998). Currently,
longitudinal studies of carotid atherosclerosis progression can be undertaken using a variety
of other non-invasive imaging techniques such as B-mode ultrasound (measuring intima-
media thickness, reviewed in Barth (2004) and Ashrafian et al (2007)), three-dimensional
ultrasound (3DUS) measuring the vessel wall volume (VWV) (Egger et al 2007), the total
plaque volume (TPV) (Hatsukami et al 1994, Landry et al 2004, 2005, Steinke and Hennerici
1989) and magnetic resonance imaging (MRI), which allows for the measurement of plaque
and arterial wall components (reviewed in Yuan et al (2006)). Longitudinal studies using
MRI are dependent upon both the high spatial resolution afforded by the technique as well
as high scan–rescan reproducibility. Currently, most MR studies of carotid disease have been
undertaken at field strengths of 1.5 T and it is expected that higher field strengths would
provide both improved intra-observer and interscan reproducibility based on the expected
improvement in the signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR) (Cury et al
2006, Koktzoglou et al 2006, Yarnykh et al 2006). A number of recent studies have shown
that the SNR and contrast-to-noise (CNR) ratios were higher in carotid images acquired at
3.0 T as compared to 1.5 T (Cury et al 2006, Koktzoglou et al 2006, Yarnykh et al 2006).
Another recent analysis of carotid atherosclerosis has also specifically assessed reproducibility
at 3.0 T (Dehnavi et al 2007) and showed an interscan–intraclass correlation coefficient (ICC)
of 0.99 and inter-observer ICC of 0.98 for the measurement of total vessel wall area. For
longitudinal studies designed to monitor disease changes during specific interventions and as
well in cohort studies, it is necessary to assess interscan (scan–rescan) reliability in order to
gain an understanding of the variability that arises during repeated scanning visits. In the
prospective study described here, carotid MRI assessments at 1.5 T and 3.0 T were examined
in subjects with moderate atherosclerosis scanned twice in 2 weeks in order to assess intra-
observer and interscan variability within a scan–rescan paradigm simulating typical variability
observed in longitudinal studies. MRI-derived VWV was measured on five separate occasions
(8 subjects × 2 sides × 5 measurements × 2 timepoints × 2 field strengths = 320
measurements) by an observer who was blinded to subject identity, field strength and timepoint.
Intra-observer and interscan reproducibility as well as absolute volumetric measurements
derived from T1-weighted black blood MR images acquired at 3.0 T and 1.5 T were directly
compared in these study subjects.



Scan–rescan intra-observer variability of carotid atherosclerosis 6823

Table 1. Magnetic resonance imaging parameters for T1-weighted double inversion recovery scans
at 1.5 T and 3.0 T.

Acquisition parameters for axial
T1 double inversion recovery 1.5 T 3.0 T

TE (ms) 12 11.4
TR 1 RR 1 RR
RBW (kHz) 41.67 41.67
FOV (cm) 11 11
Thickness (mm) 2 2
Matrix 224 × 224 224 × 224
NEX 3 3
Scan time (minutes) 8:48 8:48
Fat saturation Yes Yes
Spacing overlap 0 0
Number of slices 16 16
Pulse sequence FSE FSE

TE is the echo time, TR is the recovery time, RBW is the receiver bandwidth, FOV is the field of
view, NEX is the number of excitations.

2. Methods

2.1. Study subjects

Ten subject volunteers with carotid total plaque area �0.5 cm2 (previously measured using
B-mode ultrasound) were recruited from the Premature Atherosclerosis Clinic and the Stroke
Prevention Clinic at University Hospital, London Health Sciences Centre, London, Canada,
as previously described (Egger et al 2007). All subjects provided written informed consent to
the study protocol approved by the University of Western Ontario Standing Board of Human
Research Ethics.

2.2. Imaging

All subjects were scanned at 1.5 T and 3.0 T on GE EXCITE whole-body MR systems, with
pulse sequences optimized for the associated field strengths but matching in all other aspects
and matching custom-built 6-element carotid-bifurcation-optimized receive-only phased-array
coils. Both receive-only coils were geometrically and electronically identical, but with one
tuned for use at 1.5 T and the other for use at 3.0 T. For both scanners, a specialized foam head
holder was also used to reduce positioning variability and to provide comfortable but secure
immobilization of each subject’s head. The time frame between MRI scanning sessions at
each field strength was approximately 2 h and all subjects were scanned at baseline (scan) and
14 ± 2 days later (rescan) at both field strengths. A 2 week gap between scanning sessions
was chosen to minimize subject inconvenience, and to model typical sources of variability
stemming from the acquisition of the images due to MR coil positioning, subject motion and
subject repositioning changes. In addition, for this subject group with moderate atherosclerosis
and no carotid stenosis, it was assumed that no physiological changes would have occurred
within the 2 week scanning session period that would change carotid measurements or increase
the variability of the measurements.

Multiple MR sequences were acquired and the total acquisition time for all sequences was
approximately 60 min. At both 3.0 T and 1.5 T, a set of 100 2 mm thick axial two-dimensional
(2D) time-of-flight slices was acquired in 4 min to identify the superior–inferior level of the
flow dividers on each side. A localized shim was performed prior to each of the remaining
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sequences to ensure good performance of fat saturation pulses. The remaining series consisted
of a multi-slice 2D black blood acquisition, with T1-weighted (T1w) contrast, using double
inversion recovery (DIR with 180◦ pulse). Parameters for the T1w scans analyzed in this study
and acquired at 1.5 T and 3.0 T are provided in table 1. All images following the localizer were
acquired with 0.5 mm in-plane resolution, 2 mm slice thickness and fat saturation. The subject
motion was monitored by examining odd-to-even slice mis-registration. All post-localizer
series were planned with slices centered in the superior–inferior direction at a point 5 mm
superior to the flow divider of the index bifurcation. The T1w sequences were acquired with
16 × 2 mm2 thick slices resulting in 16 contiguous slices and covering 32 mm in the head-foot
axis.

2.3. Image analysis and measurements

2.3.1. MRI-derived outer wall volume, lumen volume and vessel wall volume. Carotid
images acquired using the T1w sequence (both right and left carotid sides) at scan and rescan
were acquired at both 1.5 T and 3.0 T field strengths and were evaluated by a single observer
who was blinded to field strength, subject identity and timepoint. As field-strength-dependent
differences and variability and not inter-observer variability were the focus of this study, we
limited the analysis to a single observer who performed multiple measurements of all images
at both field strengths. In this study, T1w scans were chosen for analysis: (1) because of
previously published analysis that showed that blood flow suppression was best achieved using
the single slice DIR technique (Yarnykh et al 2006) and (2) to allow for a direct comparison
with previously published results (Yarnykh et al 2006). In addition, because this study focused
on interscan and intra-observer variability, the single observer evaluated only T1w images in
order to minimize observer memory bias that may have resulted from the analysis of multiple
datasets. All carotid side images for each timepoint and field strength were reviewed on
five occasions by a single observer who was blinded to subject identity, timepoint and field
strength. For each measurement trial, images were analyzed in an independently randomized
order and randomization was performed by a technologist and not the observer. Unlike most
studies that have evaluated carotid atherosclerosis using MR imaging (Yuan et al 2006), scans
acquired at the two timepoints were not reviewed together but were randomized within the
entire set of images in order to provide the most conservative estimate of intra-observer and
interscan variability.

Manual planimetry was used in the analysis of MR images and has been previously used
to determine 3DUS VWV (Egger et al 2007) and 3DUS TPV (Landry et al 2004, Landry
and Fenster 2002), both in vitro and in vivo (Egger et al 2007, Landry et al 2004, Landry
and Fenster 2002). MRI-derived measurements from T1w images were determined using
3D Quantify software developed in our laboratory as previously described for 3DUS images
(Ainsworth et al 2005, Landry et al 2004). This visualization software has been validated for
the measurement of 3DUS carotid images and multiple observers have been trained to use the
software to segment MR carotid images. The training of observers for analysis involved first
3 h of training with the visualization software, followed by 10 h of training for the method of
manual segmentation and then finally, validation of variability. The validation of measurement
variability involved the observer performing manual segmentation of a dataset of five carotid
side images on five separate occasions with calculation of COV and ICC. Once COV and ICC
calculated for the dataset were the same as an expert radiologist observer (COV < 10%, ICC
>96%), the observer was considered a trained expert. Typically, observers are trained during a
6 week period including the variability analysis. For the measurements made in this study, eight
subject images or 16 carotid sides were measured five times each from the T1w images. For
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Figure 1. Carotid artery vessel wall and lumen manual segmentation. (A) Common carotid artery
(CCA), (B) internal carotid artery (ICA) and external carotid artery (ECA).

all carotid images, the single observer manually outlined the lumen—vessel wall boundary
(shown in red in figure 1) and the outer vessel wall—tissue boundary (shown in blue in
figure 1) from 11 MR slices segmented in 2 mm increments. The visualization software
calculated the incremental volume separately for the lumen boundary and the outer vessel
wall of the common carotid artery (figure 1(A)) and both internal and external carotid arteries
(figure 1(B)). As previously described for 3DUS images (Egger et al 2007), MRI-derived
VWV was calculated as the difference between the outer vessel wall volume and lumen
volume.

2.3.2. Signal-to-noise ratio and contrast-to-noise ratio calculations. The signal-to-noise
ratio (SNR) of the carotid artery wall and the contrast-to-noise ratio (CNR) for the tissue–
arterial wall boundary were calculated for both scan and rescan images acquired at 1.5 T and
3.0 T. As shown in figure 2, for SNR, the magnitude of the mean signal intensity (S) for a
single cubic region of interest located in the vessel wall of the left and right common carotid
artery for each subject was calculated. For the purposes of performing all signal intensity
measurements, Image J 1.37v (downloaded from http://rsb.info.nih.gov/ij/docs/index.html)
was used. The standard deviation (SD) of the background noise was measured in a single
region of interest (ROI) within the image where there was no signal or image artifact. For
this study, the background noise for tracheal air was used. The SNR was calculated by
dividing the mean signal intensity in the ROI by the standard deviation of the background

http://rsb.info.nih.gov/ij/docs/index.html
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Figure 2. Representative magnetic resonance imaging of carotid artery at 1.5 T and 3.0 T.
(A) Common carotid artery at 15 T and (B) 3.0 T, showing for both (i) right and (ii) left arteries.
Arrows point to inset box magnifications of common carotid artery wall with cubic region of
interest (ROI) from which signal was estimated.

noise signal intensity. CNR for the tissue–arterial wall boundary was also calculated as the
difference in signal intensity in a ROI of the arterial wall and ROI of adjacent muscle tissue
divided by the standard deviation of the background noise signal intensity. The SNR and
CNR were calculated for all carotid images, for all subjects, at scan and rescan at both field
strengths.
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Table 2. Baseline subject demographics: continuous variables are expressed as a mean ± standard
deviation. VWV is expressed as a mean of all carotid sides measured (16 for 8 subjects) ± standard
deviation (SD). IMT is intima-media thickness and is expressed as mean of right and left sides for
each subject.

Study subjects All evaluable subjects n = 8

Discrete variables
Male sex 4
Diabetes (n) 0
Treated hypertension (n) 5
Treated hyperlipidemia (n) 8

Continuous variables
Age ± SD (Y) 66 ± 8
Weight ± SD (kg) 79 ± 15
IMT ± SD (mm) 0.90 ±0.12
MRI VWV 3.0 T ± SD (mm3) 1050 ± 230
MRI VWV 1.5 T ± SD (mm3) 1190 ± 290

2.4. Statistical methods

Mean carotid measures were calculated for the eight subjects (16 carotid sides) evaluated at
both field strengths at scan and rescan. A two-tailed paired Student’s t-test was performed
to interrogate any significant differences between mean measurements at scan and rescan
between field strengths and between the mean of scan and rescan between field strengths.
A two-way completely repeated analysis of variance (ANOVA) was also used to determine
mean volume differences between scan and rescan and between field strengths for outer wall
volume, lumen volume and VWW. Possible interactions between timepoint and field strength
were also determined.

Three different standard deviation (SD) measurements were calculated. The population
standard deviation (pSD) of the mean carotid measures was calculated for the group of eight
evaluated subjects (16 carotid sides) as shown in table 2. The repeated analysis standard
deviation (rSD) or intra-observer standard deviation for all carotid side measurements (shown
in table 2) was calculated based on the five repeated image analyses for each carotid side.
The five repeated measurements for each individual carotid side were used to calculate the
individual carotid side standard deviation, SDi. The interscan SD (iSD) was calculated as
the SD of the differences between scan and rescan measurements for all carotid sides (Egger
et al 2007). Intra-observer COV for scan and rescan measurements were calculated using
the corresponding repeated analysis standard deviation (rSD) divided by the mean of all
measurements. The interscan SD (iSD) was divided by the corresponding mean value of scan
and rescan to provide interscan COV.

GraphPad Prism version 4.01 for Windows (GraphPad Software Inc., 2004) was used
to perform linear regressions and Bland Altman analyses (Bland and Altman 1986). SPSS
version 14.0 (SPSS Inc., 2005) was used to determine intra-class correlation coefficients (ICC)
for repeated measurements of MRI VWV. Standard deviations and COV for mean scores of
scan and rescan were compared for each field strength using the Wilcoxon ranks signed test,
a method used to analyze non-normal data, which is often the case with scores derived from
ratios. Simple regressions were compared using the Fisher’s Z transformation test (FZTT).
The square root of R2 was first transformed before performing the FZTT. The mean SNR
and mean CNR values (of 16 carotid sides) were compared using the Student’s t-test and the
Wilcoxon ranks signed test. The statistical outcome for all tests was considered significant
when the probability of making a type I error was less than 5% (p < 0.05).
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Table 3. Common carotid vessel wall signal-to-noise ratio (SNR) and contrast-to-noise ratio for
outer vessel wall–tissue boundary (CNRwt) at scan and rescan 3.0 T and 1.5 T.

Significant
difference

1.5 T 3.0 T 1.5 T–3.0 T (p) 3.0 T/1.5 T

Parameter Scan Rescan Scan Rescan Scan Rescan Scan Rescan

SNR (±SD) 17 (9) 18 (6) 32 (19) 32 (16) 0.001 0.002 1.9 (0.8) 1.8 (0.7)
CNRwt (±SD) 12 (6) 9 (6) 15 (5) 11 (6) 0.01 0.05 1.7 (0.8) 1.6 (0.9)

3. Results

3.1. Study subjects

All ten subjects who were enrolled in the study completed all imaging sessions at both
1.5 T and 3.0 T. All ten subject images at scan and rescan acquired at 3.0 T were evaluable,
but only eight of ten subject images acquired at 1.5 T were evaluable due to motion artifacts
in images for two subjects at the scan timepoint. Thus, we analyzed images for eight subjects
(16 carotid sides) who had evaluable scan and rescan images acquired at both 1.5 T and
3.0 T. Baseline demographic characteristics (reported at baseline scan) are provided in table 2
for the eight subjects (16 carotid sides) evaluated in this study. There were no reported clinical
events for any subject between imaging sessions.

3.2. Signal-to-noise ratio and contrast-to-noise ratio calculations

Figure 2 provides a graphical representation of how the SNR was calculated for this study,
while direct visual comparison of the SNR for two representative subjects is provided in
figure 3 for the common carotid artery (CCA) and for the internal carotid artery (ICA) and
external carotid artery (ECA) at scan and rescan for both field strengths. Table 3 shows the
mean SNR and CNR values for all carotid side images evaluated at both 1.5 T and 3.0 T. The
mean increase in the SNR and CNR at 3.0 T as compared to 1.5 T and the significance of
the difference between 1.5 T and 3.0 T results is also shown. As shown in table 3, the mean
increase in the SNR for images acquired at 3.0 T as compared to 1.5 T was 90% at scan (1.9 ±
0.8 (p < 0.001)) and 80% at rescan (1.8 ± 0.7 (p < 0.002)). The increase in outer wall–tissue
CNR for images acquired at 3.0 T as compared to 1.5 T was 70% at scan (1.7 ± 0.8 (p <

0.01)) and 60% at rescan (1.6 ± 0.9 (p < 0.05)).

3.3. Measurements of the outer wall volume, lumen volume and vessel wall volume

Direct comparison of the absolute value and standard deviations of all scan and rescan
measurements, the interscan differences, as well as the corresponding COV and ICC values
for repeated measures are provided in table 4. The difference between 1.5 T and 3.0 T
measures for mean outer wall was 54 ± 138 mm3, for mean lumen was 54 ± 98 mm3 and for
mean VWV was 108 ± 105 mm3. A two-tailed paired Student’s t-test showed a significant
difference between the VWV measurements made at 1.5 T and 3.0 T. Separate two-way
completely repeated ANOVAs for timepoint (scan or rescan) and field strength was performed
for: (1) outer wall volume, which is the entire volume encompassed by the outer wall–tissue
segmented boundary, (2) lumen volume, which is the entire volume encompassed by the
lumen–wall segmented boundary and (3) vessel wall volume (VWV), the value of the lumen
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Figure 3. Scan and rescan carotid artery magnetic resonance imaging scans acquired 1.5 T and
3.0 T. (A and C) Common carotid 1.5 T, (i) scan, (ii) rescan for two representative subjects. (B and
D) common carotid 3.0 T, (i) scan, (ii) rescan for two representative subjects. (E and G) Internal
and external carotid 1.5 T, (i) scan, (ii) rescan for subjects shown in (A–D). (F and H) Internal and
external carotid 3.0 T, (i) scan, (ii) rescan for subjects shown in (A–D).
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Figure 4. Linear regression of measurement of VWV at 1.5 T and 3.0 T for scan and rescan: (A)
scan, (y = 0.77x + 1.50 and R2 = 0.88; (B) rescan, y = 1.08x − 191) and R2 = 0.95. Difference
between R2 at scan and rescan not significant.

volume subtracted from the outer wall volume. A significant main effect for field strength
was found for all measurements (outer wall volume p < 0.05, lumen volume p < 0.01, VWV
p < 0.001). There was no effect found for timepoint (scan or rescan) at either field strength.
Linear regression was also performed for the 16 VWV measurements acquired at 1.5 T and
3.0 T and the results (figure 4) show R2 values of 0.88 for scan VWV and 0.95 for rescan.
These regression (R2) values were not significantly different as determined using the Fisher’s
Z test.

3.4. Intra-observer variability

Intra-observer variability was assessed based on the blinded and randomized repeated
measurements using COV and ICC (table 4). The standard deviations (SD), COV and ICC
values showed no significant difference between field strengths.

3.5. Interscan variability

Interscan variability for the lumen volume, outer wall volume as well as VWV was assessed
using interscan (IS) COV and ICC also shown in table 4. Interscan COV for VWV at 1.5 T was
5.7% whereas at 3.0 T it was 7.8% and this difference was not significant. Linear regression
(figure 5) showed a strong correlation between scan and rescan VWV measurements for
1.5 T (R2 = 0.96) and 3.0 T (R2 = 0.87). The scan–rescan regression values at 1.5 T and
3.0 T were not significantly different as determined using the Fisher’s Z test. Bland Altman
plots (figure 6) for interscan differences at 1.5 T and 3.0 T provide visual evidence of similar
scan–rescan measurement variability for all 16 carotid images at both field strengths.

4. Discussion

4.1. Signal-to-noise and contrast-to-noise at 1.5 T and 3.0 T

Analysis of the T1w images acquired in this study showed that the SNR values at 3.0 T were
between 80% (rescan) to 90% increased (scan) as compared to images acquired at 1.5 T, which
is in good agreement with the theoretically predicted two-fold difference (Hoult and Lauterbur
1979), and previously published results (Koktzoglou et al 2006, Yarnykh et al 2006). For
T1w imaging such as analyzed in this study, the SNR gains are expected to be less than two
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Figure 5. Scan–rescan linear regressions of VWV measurement at 1.5 T and 3.0 T. (A) 1.5 T, y =
0.80x + 226 and R2 = 0.96, (B) 3.0 T, y = 1.03x − 20 and R2 = 0.88. Difference between R2 at
scan and rescan not significant.

Table 4. Repeated measures of carotid outer wall volume, lumen volume and vessel wall volume
(IS = interscan).

1.5 T 3.0 T

Scan Rescan IS Scan Rescan IS

Outer wall
Volume (mm3) (± SD) 2084 (88) 2059 (74) 2071 (95) 2030 (69) 2003 (67) 2017 (100)
COV% 4.5 3.6 4.6 3.4 3.3 5.0
ICC 0.97 0.97 0.98 0.98 0.98 0.96

Lumen
Volume (mm3) (± SD) 918 (36) 901 (31) 909 (53) 984 (26) 942 (25) 963 (83)
COV% 3.9 3.4 5.8 2.6 2.7 8.6
ICC 0.98 0.98 0.98 0.99 0.99 0.95

VWV
Volume (mm3) (± SD) 1165 (91) 1157 (79) 1161 (66) 1046 (81) 1061 (68) 1053 (82)
COV% 7.8 6.8 5.7 7.7 6.4 7.8
ICC 0.88 0.87 0.96 0.88 0.92 0.94

due to the fact that T1 values for most tissues are longer at 3.0 T than at 1.5 T and because
for this study the same relaxation time (TR) was used at both field strengths. We found that
CNR values at 3.0 T were also 60% (scan) to 70% (rescan) greater than images acquired
at 1.5 T. Taken together, these results provide a foundation for comparison of intra-observer
measurement and interscan measurement variability in this study.

4.2. Carotid measurements

As previously described (Yarnykh et al 2006) we detected no significant difference in mean
volume values at scan and rescan. However, for both scan and rescan measurements, the mean
at both field strengths was significantly different as assessed using a paired two-tailed Students
t-test. Additionally, separate two-way repeated ANOVAs of all measurements acquired at scan
and rescan and at each field strength showed a significant main effect for field strength on
all volume measurements assessed. This result was not anticipated, especially in the light
of previous work by Yuan and co-workers (Yarnykh et al 2006) that showed no significant
difference between morphological values measured at 1.5 T and 3.0 T. Although the differences
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Figure 6. Bland Altman plots of VWV difference between scan and rescan VWV measurements
for the eight subjects (2 sides per subject) at scan and rescan at: (A) 1.5 T, (B) 3.0 T.

in the measurements themselves were not the focus of this study, repeated measures analysis
showed that the lumen volumes at 3.0 T were measured as larger than at 1.5 T. Hence overall
VWV was lower at 3.0 T as measured than at 1.5 T. Possible reasons for the difference include
the fact that in our study we employed repeated observer measurements of scan and rescan
images, which is statistically more powerful and increases the probability of significantly
detecting differences in the volumes examined. Moreover, repeated measurements allow
ANOVA to detect significant differences that would not be detected using independent subject
tests. In addition, we analyzed all slices in the carotid, including the common, internal and
external carotid artery. This has not been directly assessed in previously published studies
and it is possible that the differences detected in volumes between field strengths may reflect
observer interpretation of the enhanced lumen–wall and adventitia–tissue boundaries which
may have biased the interpretation of the 1.5 T and 3.0 T images. It further suggests that care
must be taken in order to maintain analysis of images from datasets acquired from the same
field strength.

4.3. Lumen volume, outer wall volume and VWV variability

In this study, we assessed both intra-observer and interscan variability based on the blinded
and randomized five repeated measurements of all subject carotid image sides at both field
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strengths (8 subjects × 2CS × 2 field strengths × 2 timepoints × 5 repeated measures =
320 measurements), for the common, internal and external carotid artery segments. The
standard deviations (SD) of the single observer repeated measurements as well as COV were
compared and showed no significant differences between scans or field strengths. This suggests
that the SNR and CNR at both field strengths were sufficient for the observer to identify and
trace the vessel and lumen boundaries precisely and therefore that neither SNR nor CNR is the
dominant factor in the variability of MR measurements like VWV extracted from T1w images.
These results suggest that despite the significant improvement in SNR, overall interscan and
intra-observer variability was not improved for images acquired at 3.0 T as compared to
those acquired at 1.5 T. Linear regressions of scan and rescan VWV measurements shown in
figure 5 for 1.5 T (R2 = 0.96) and 3.0 T (R2 = 0.87) were also not significantly different. While
this can be interpreted as suggesting no significant improvement in interscan measurement
variability at 3.0 T, there are limitations in the interpretation of R2 values. Hence the finding of
no significant field strength by timepoint interaction shown by separate two-way ANOVA for
volumes measured at scan, rescan and across the two field strengths provides further evidence
that field strength did not play a role in the scan–rescan volume measurement variability.

In this study we scanned and assessed ten subjects with moderate atherosclerosis in order
to assess variability in subjects most likely to be encountered in clinical practice and clinical
research studies of carotid atherosclerosis. Although ten subjects completed the study, eight
subjects were evaluable at both field strengths and timepoints because of motion artifacts in
the images of two subjects, providing a total of 16 vessels to analyze. The requirement in MR
imaging for subject compliance with respect to motion is critical and our result is typical of
other studies at our center and other centers where images, image slices and subjects must be
removed from the analysis population because of image quality issues. While the sample size
for the current study was not large (n = 8 subjects × 2 sides × 2 scans × 2 field strengths =
64 carotid sides × 5 repeated measures = 320 measurements), the repeated measures analysis
we employed detected differences in measurements between field strengths and no difference
in variability. While the inclusion of more subjects or more rescan timepoints would have
increased the power to detect differences, increased subject recruitment and retention, which
was already very complex in the current protocol, would not have been practicable (i.e. more
scanning visits at both field strengths). For this study, we focused on a complete repeated
measures analysis of a single type of MR image (T1w), which we believe is in accordance
with the requirement for rapid volumetric analysis in multi-center clinical research studies.
Another avenue to explore in future is the analysis of other images acquired during the MR
scanning sessions in order to assess whether our results with T1w black blood images are
representative of the interscan variability observed for the analysis of other types of images
acquired (Dehnavi et al 2007, Yarnykh et al 2006).

Why does not the significant improvement in the SNR and CNR of carotid images acquired
at 3.0 T result in a lower intra-observer and interscan variability of carotid VWV? One possible
explanation is that the mean SNR of 17 ± 9 (scan) and 16 ± 6 (rescan) and the mean CNR of
12 ± 6 (scan) and 9 ± 6 (rescan) at 1.5 T are necessary and sufficient for observers to make a
judgment regarding where to manually segment the lumen–wall and outer arterial wall–tissue
boundaries. In other words, this study suggests that SNR and CNR are not the limiting factors
that drive measurement variability, and perhaps observer interpretation and reinterpretation is
the major limiting factor in the analysis of MR images of SNR greater than 15.

The improvement in SNR that is theoretically possible (Hoult and Lauterbur 1979),
experimentally shown here and elsewhere (Cury et al 2006, Koktzoglou et al 2006, Yarnykh
et al 2006)), does not provide any further aid to the observer in the task of identifying the
boundary. However, because of the improved SNR, higher field strengths such as those
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provided by 3.0 T may provide an advantage in the segmentation and volumetric analysis of
interior plaque components, as well as in the analysis of plaque surface morphology, providing
a rationale for further assessment of the influence of field strength in carotid atherosclerosis
imaging. It is also possible that with the advent of semi- or fully-automated boundary
extraction/tracing methods, the potential benefits of SNR and CNR increase with higher field
strengths may be exploited. Another potential but yet untested benefit of working at higher field
strengths would be the ability to scan subjects in almost 4-times shorter timeframes, incurring
nearly 2-times lower SNR, and perhaps still achieving the same measurement variability. This
has important indications for future clinical trial designs and costs, since a dominant factor in
imaging studies is the deletion of scans from analysis due to motion artifacts, for which scan
time is the strongest predictor.

5. Conclusions

This study compared the intra-observer and interscan variability of carotid atherosclerosis
measurements derived from images acquired at 1.5 T and 3.0 T. We attempted to simulate
conditions typically encountered in longitudinal studies of patients with carotid atherosclerosis
in order to assess both interscan and intra-observer variability. While both SNR and CNR
were significantly greater in images acquired at 3.0 T, intra-observer variability assessed
using COV and ICC of mean VWV was not significantly improved. Similarly, interscan
variability assessed at both field strengths assessed using COV, and linear regression was not
significantly different. Taken together, these results suggest that although images acquired
1.5 T MRI having lower SNR and CNR, interscan and intra-observer variability measured was
not significantly different from images acquired at 3.0 T. A two-way analysis of variance for
measurement volumes at all timepoints and field strengths also showed a small but significant
difference in the volumes calculated at 1.5 T and 3.0 T, but no difference between volumes
measured at scan or rescan.
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