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Purpose: To prospectively compare the interpretation and quantifi-
cation of carotid vessel wall morphology and plaque com-
position at 1.5-T with those at 3.0-T magnetic resonance
(MR) imaging.

Materials and
Methods:

Twenty participants (mean age, 69.8 years [standard devi-
ation] � 10.5; 75% men) with 16%–79% carotid stenosis
at duplex ultrasonography were imaged with 1.5-T and
3.0-T MR imaging units with bilateral four-element
phased-array surface coils. This HIPAA-compliant study
was approved by the institutional review board, and all
participants gave written informed consent. Protocols de-
signed for similar signal-to-noise ratios across platforms
were implemented to acquire axial T1-weighted, T2-
weighted, intermediate-weighted, time-of-flight, and con-
trast material–enhanced T1-weighted images. Lumen
area, wall area, total vessel area, wall thickness, and pres-
ence or absence and area of plaque components were
documented. Continuous variables from different field
strengths were compared by using the intraclass correla-
tion coefficient (ICC) and repeated measures analysis. The
Cohen � was used to evaluate agreement between 1.5 T
and 3.0 T on compositional dichotomous variables.

Results: There was a strong level of agreement between field
strengths for all morphologic variables, with ICCs ranging
from 0.88 to 0.96. Agreement in the identification of pres-
ence or absence of plaque components was very good for
calcification (� � 0.72), lipid-rich necrotic core (� � 0.73),
and hemorrhage (� � 0.66). However, the visualization of
hemorrhage was greater at 1.5 T than at 3.0 T (14.7% vs
7.8%, P � .001). Calcifications measured significantly (P �
.03) larger at 3.0 T, while lipid-rich necrotic cores without
hemorrhage were similar between field strengths (P � .9).

Conclusion: At higher field strengths, the increased susceptibility of
calcification and paramagnetic ferric iron in hemorrhage
may alter quantification and/or detection. Nevertheless,
imaging criteria at 1.5 T for carotid vessel wall interpreta-
tion are applicable at 3.0 T.
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Because stroke is a leading cause of
long-term disability and the third
most common cause of mortality in

the United States, the primary clinical ob-
jective of carotid wall imaging is to im-
prove the identification of plaques that
pose an increased risk of future thrombo-
embolic events. Recent technologic ad-
vances have enabled substantial gains in
advancing noninvasive magnetic reso-
nance (MR) imaging toward achieving
this goal. Developments in radiofre-
quency coil (1) and pulse sequence design
(2,3) have resulted in high-spatial-resolu-
tion imaging at 1.5 T for the in vivo quan-
titative evaluation of carotid wall mor-
phology (4,5) and plaque composition (6–
11). These advances, coupled with the
high reproducibility of MR imaging data
(12,13), have permitted serial monitoring
of atherosclerotic disease evolution
(14,15) and the identification of in-
traplaque risk factors for accelerated pro-
gression (16).

To further extend the exploration of
in vivo carotid plaque morphology and
composition, improved spatial resolution
and/or signal-to-noise ratio (SNR) is nec-
essary. In a recent investigation in which
black-blood MR imaging with multiple
weighting techniques at 1.5 T and 3.0 T
were compared (17), significant increases
in carotid wall SNR and lumen/wall con-
trast-to-noise ratio (CNR) were observed
at the higher field strength. Moreover,
reductions in both the imaging time and
the in-plane acquisition resolution (from
0.63 mm at 1.5 T to 0.42 mm at 3.0 T)
were also demonstrated. However, the
previous study (17) involved a small
number of subjects and did not focus on
the compositional features of the ath-
erosclerotic plaque, which are of pri-

mary clinical interest for predicting
plaque vulnerability and assessment of
disease progression. Although the im-
provements in a carotid imaging proto-
col at 3.0 T are promising for further
clinical applications, the gain will be lim-
ited if the criteria for image interpreta-
tion at 1.5 T are not applicable at 3.0 T.
Thus, the purpose of our study was to
prospectively compare the interpreta-
tion and quantification of carotid vessel
wall morphology and plaque composi-
tion at 1.5-T with those at 3.0-T MR
imaging.

Materials and Methods

The study was supported in part by a
grant from Pfizer (Groton, Conn). All au-
thors (H.R.U., V.L.Y., T.S.H., J.W.,
N.B., C.E.H., M.O., W.Y., D.X., B.C.,
N.L.P., and C.Y.) who were not employ-
ees of the company had control of the
data and the information for publication.

Participant Group
From August 28, 2006, to December 14,
2006, 20 asymptomatic participants (mean
age, 69.8 years � 10.5 [standard devia-
tion]; range, 50–86 years; 75% men) with
16%–79% carotid stenosis as determined
with duplex ultrasonography (US) under-
went high-spatial-resolution carotid MR im-
aging at both 1.5 T and 3.0 T. A sample size
of 20 subjects with one artery per patient
was selected on the basis of the results of a
previously published method comparison
study (18). At the initial examination, all
participants provided answers to a stan-
dardizedhealth questionnaire andhad their
height and weight recorded. Our Health In-
surance Portability and Accountability Act–
compliant study was approved by the insti-
tutional review board of the University of
Washington prior to study initiation, and all
participants gave their written informed
consent.

MR Imaging Protocol
All MR imaging examinations were
performed with 1.5-T (Signa Horizon
EchoSpeed, version 5.8; GE Health-
care, Milwaukee, Wis) and 3.0-T
(Achieva; Philips Medical Systems, Best,
the Netherlands) platforms by using bi-
lateral four-element phased-array sur-
face coils. The 1.5-T coil was manufac-
tured by a vendor (Pathway MRI, Seat-
tle, Wash), and the 3.0-T coil was
assembled with the same circuit board
and configuration of elements. Both coil
arrays were constructed to be similar
to a previously published design (1).

With both the 1.5-T and 3.0-T MR
imaging units, a standardized protocol
with multiple weighting techniques (19)
for carotid MR imaging was used to ob-
tain two-dimensional (2D) T1-weighted,
intermediate-weighted, and T2-weighted
black-blood images and to perform three-
dimensional (3D) time-of-flight (TOF)
bright-blood angiography. In addition, a
contrast material–enhanced black-blood
T1-weighted sequence was performed 5
minutes after intravenous infusion of 0.1
mmol gadodiamide (Omniscan; GE
Healthcare) per kilogram of body weight at
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Advances in Knowledge

� MR imaging criteria validated at
1.5 T for the interpretation and
quantification of carotid athero-
sclerotic disease can be applied to
3.0-T images.

� At higher field strengths, the in-
creased susceptibility of calcifica-
tion and paramagnetic ferric iron
in hemorrhage may alter quantifi-
cation and/or detection.

Implication for Patient Care

� The increased signal-to-noise ra-
tio and/or additional spatial reso-
lution afforded by imaging at 3.0
T should be utilized to further the
understanding of atherosclerotic
disease in patients.

HEAD AND NECK IMAGING: Carotid Plaque Morphology and Composition Underhill et al

Radiology: Volume 248: Number 2—August 2008 551



a rate of 2 mL/sec. All images were ac-
quired in the transverse plane and were
centered at the bifurcation of the more
diseased artery, the index artery, as iden-
tified at duplex US. The protocol for 3.0-T
imaging was constructed to provide iden-
tical spatial resolution and similar SNRs
for each sequence as the 1.5-T protocol
(Table 1). On the basis of an expected
increase in SNR at 3.0 T (17), one signal
was acquired instead of the two signals
acquired at 1.5 T. To avoid unwanted T1
weighting, intermediate-weighted and
T2-weighted images at 3.0 T were ob-
tained with a longer repetition time, an-
ticipating an up to 30% increase in T1 at
3.0 T versus that at 1.5 T (20,21). For
T1-weighted and 3D TOF images, no rep-
etition time adjustment was performed
because a possible enhancement of T1
contrast at the higher field strength was
expected to be beneficial for such images.
Owing to the feasibility of reducing the
imaging time at 3.0 T, the 3.0-T protocol
was implemented with a larger anatomic
coverage (Table 1), which also allowed us
to avoid potential data losses caused by
section misregistration. Because 1.5-T
images always corresponded to a central
portion of 3.0-T images, 1.5-T data were
fully utilized in the subsequent analysis.

In both the 1.5-T and 3.0-T proto-
cols, identical custom-programmed
blood suppression pulse sequences
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Table 2

Demographic Data in 20 Patients

Parameter Datum

Age (y)* 69.8 � 10.5
Height (cm)* 173.6 � 8.8
Weight (kg)* 81.1 � 18.1
Male sex 75 (15/20)
White race 90 (18/20)
History of

hypertension 70 (14/20)
History of diabetes 20 (4/20)
History of

hypercholesterolemia 100 (20/20)
Active smoker 50 (10/20)
Current statin therapy 90 (18/20)

Note.—Unless otherwise specified, data are percent-
ages, with numbers used to calculate the percentages
in parentheses.

* Data are means � standard deviations.
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were used. The long-repetition-time im-
ages (intermediate- and T2-weighted)
were acquired with a time-efficient mul-
tisection double inversion-recovery
blood suppression technique (3), with
inversion times adjusted for blood T1 at
1.5 T and 3.0 T, as described previously
(17). Pre- and postcontrast T1-
weighted black-blood images were ac-
quired by using a quadruple inversion-
recovery sequence (2) that provided
T1-insensitive blood suppression. All
black-blood images were obtained with
spectral-selective fat suppression to im-
prove delineation of the outer wall
boundary. After acquisition, all images
underwent zero-filled interpolation to
an image size of 512 � 512 pixels.

Image Review
Prior to image review, axial images of
the index artery obtained with all con-
trast weightings were matched between
platforms on the basis of distance from
the bifurcation. Subsequently, teams of
two reviewers (H.R.U., M.O., B.C., and
W.Y., all with more than 1.5 years of
experience in vascular MR imaging)

who were blinded to both field strength
and the corresponding images and re-
sults with the other platform, inter-
preted each axial location through con-
sensus opinion. Image quality was as-
sessed by using a four-point scale on
which a score of 1 indicated poor quality
(arterial wall and lumen margins not
identifiable); a score of 2, adequate
quality (arterial wall was visible, but the
compositional substructure was par-
tially obscured); a score of 3, good qual-
ity (minimal motion or flow artifacts,
vessel wall and lumen boundaries clearly
defined); and a score of 4, excellent
quality (no artifacts, wall architecture
and plaque composition depicted in de-
tail). For images with image quality
scores of 2 or greater, image analysis
software (CASCADE [22]) was used to
draw the lumen and outer wall bound-
aries. Metrics of arterial morphology
were recorded as lumen area, wall area,
total vessel area, normalized wall index
(wall area divided by total vessel area),
and mean wall thickness. In addition,
the presence or absence of calcification,
lipid-rich necrotic core, and hemor-

rhage were determined by using previ-
ously published criteria for imaging with
multiple weighting techniques (7,8,10).
Area measurements of each compo-
nent, when present, were also col-
lected.

SNR and CNR Calculations
Signal intensity data from a circular
12.5-mm2 region of interest were sam-
pled by a single reviewer (H.R.U.)
from the background noise in the cor-
ner of each image devoid of signal and
artifact. The mean signal intensity and
standard deviation of the background
noise region of interest, along with
wall and lumen mean signal intensity,
were documented for SNR and CNR
calculations. As previously detailed by
Yarnykh et al (17), SNR was determined
for all black-blood images by using the fol-
lowing equation: SNR � (Sm

2 � Nm
2)1/2/

(�/0.695), where Sm is the signal magni-
tude, Nm is the noise magnitude, � is the
measured standard deviation of the
noise, and 0.695 is the adjustment ap-
plied to � for a four-array coil design
(23). SNR was determined for both the

Figure 1

Figure 1: Matched axial cross-sectional images of left carotid bifurcation in 68-year-old man at 1.5 T (top) and 3.0 T (bottom). A lipid-rich necrotic core (column B,
arrows) is apparent because of the decrease in signal intensity on the contrast-enhanced T1-weighted image (CE-T1W) compared with that on the precontrast T1-
weighted (T1W) image and in surrounding fibrous tissue. The isointense signal on the TOF image in this region is consistent with an absence of hemorrhage at this loca-
tion. Note the similarity in size of the lipid-rich necrotic core in the absence of hemorrhage. Other features of note: Superficial calcification (arrowheads, column E ) is
present with both platforms, and a branching vessel (� in column E ), most likely the superior thyroid artery, is also present. IW � intermediate weighted, JV � jugular
vein, T2W � T2 weighted.
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arterial wall and the lumen. Black-blood
CNR was defined as the difference be-
tween wall and lumen SNRs.

Compositional Intensity
Intensity data for each plaque compo-
nent (lipid-rich necrotic core, calcifica-
tion, and intraplaque hemorrhage) and
the fibrous tissue were collected
(H.R.U., D.X.) from each matched axial
location. The ratio of the component
intensity to the intensity of fibrous tis-
sue was calculated for T1-weighted, T2-

weighted, intermediate-weighted, and
TOF sequences for comparison between
field strengths. Calculation of percentage
contrast enhancement for lipid-rich ne-
crotic core, calcification, intraplaque
hemorrhage, and fibrous tissue was per-
formed by using normalized signal inten-
sities from the T1-weighted and contrast-
enhanced T1-weighted sequences. Com-
ponent intensity, including that of fibrous
tissue, was normalized to that in the back-
ground noise region of interest at each
axial location. Percentage contrast en-

hancement (%CE) for each component
was subsequently determined by using
the following equation: %CE �
100% � (SCE-T1W � ST1W)/ST1W,
where SCE-T1W is the normalized signal
magnitude on contrast-enhanced T1-
weighted images and ST1W is the nor-
malized signal magnitude on T1-we-
ighted images.

Statistical Analysis
Repeated-measures analysis with either
generalized estimating equations or lin-

Table 3

Results of Comparison of Black-Blood Carotid MR Imaging SNRs and CNRs between 1.5-T and 3.0-T Imaging Units for 218 Matched
Locations

Parameter, Field Strength, and Value T1-weighted Imaging T2-weighted Imaging Intermediate-weighted Imaging Contrast-enhanced T1-weighted Imaging

Wall SNR
1.5 T* 15.7 � 6.9 11.1 � 5.2 20.6 � 8.9 24.3 � 10.8
3.0 T* 16.9 � 8.0 14.1 � 6.4 25.7 � 13.2 24.9 � 12.7
P value .33 .001 .013 .57
Mean difference† 1.48 (�1.48, 4.44) 3.14 (1.20, 5.07) 5.03 (1.08, 8.99) 1.33 (�3.20, 5.85)

Lumen SNR
1.5 T* 4.7 � 2.5 3.6 � 1.4 6.5 � 3.3 7.5 � 4.2
3.0 T* 4.5 � 2.7 4.1 � 2.9 8.5 � 7.1 6.8 � 4.4
P value .79 .25 .11 .55
Mean difference† �0.11 (�0.93, 0.71) 0.44 (�0.31, 1.18) 1.86 (�0.39, 4.11) �0.46 (�1.97, 1.05)

CNR
1.5 T* 11.0 � 5.2 7.5 � 3.2 14.1 � 6.5 16.7 � 7.9
3.0 T* 12.4 � 6.4 10.0 � 6.0 17.2 � 8.9 18.2 � 9.9
P value .18 �.001 .002 .29
Mean difference† 1.43 (�0.65, 3.51) 2.67 (1.42, 3.92) 3.16 (1.18, 5.13) 1.62 (�1.37, 4.16)

* Data are means � standard deviations.
† Value at 3.0 T minus that at 1.5 T. Data in parentheses are 95% confidence intervals.

Table 4

Results of Comparison of Morphologic and Compositional Metrics at Matched Locations between 1.5-T and 3.0-T Imaging Units

Metric No. of Matched Locations Value at 1.5 T* Value at 3.0 T* P Value Mean Difference† ICC

Lumen area (mm2) 218 26.4 � 8.4 26.1 � 7.9 .42 �0.32 (�1.11, 0.46) 0.96
Wall area (mm2) 218 35.7 � 8.7 36.1 � 9.9 .60 0.28 (�0.77, 1.32) 0.91
Total vessel area (mm2) 218 62.2 � 13.0 62.2 � 13.3 .90 �0.08 (�1.28, 1.12) 0.96
Normalized wall index 218 0.578 � 0.133 0.585 � 0.132 .20 0.006 (�0.003, 0.016) 0.91
Wall thickness (mm) 218 1.57 � 0.34 1.59 � 0.38 .43 0.02 (�0.03, 0.07) 0.88
Calcification (mm2) 61 5.9 � 6.2 7.9 � 7.5 .03 1.60 (0.18, 3.02) 0.79
Lipid-rich necrotic core (mm2) 50 14.9 � 9.9 12.9 � 10.8 .26 �1.39 (�3.83, 1.06) 0.83
Lipid-rich necrotic core without hemorrhage (mm2) 21 9.3 � 7.3 9.0 � 8.4 .94 0.06 (�1.73, 1.85) 0.92
Hemorrhage (mm2) 17 11.6 � 8.7 8.7 � 5.3 .17 �3.29 (�8.20, 1.61) 0.62

* Data are means � standard deviations.
† Value at 3.0 T minus that at 1.5 T. Data in parentheses are 95% confidence intervals.
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ear mixed models was used when calcu-
lating the statistical significance and
95% confidence intervals of 3-T values
minus 1.5-T values, at matched loca-
tions, compared with the null hypothe-
sis value of zero (no difference). The
repeated-measures method was used to
accommodate the potential statistical
dependence of multiple locations per ar-
tery. The generalized estimating equa-
tions method with a first-order autore-
gressive working correlation matrix was
applied to comparisons between field
strengths for SNR, CNR, image quality,
and morphologic variables. Linear mixed
models with a random intercept for the
subject were used for continuous com-
positional variables because not all com-
ponents were present in every artery.

The intraclass correlation coeffi-
cient (ICC) was used to describe the
agreement in both morphologic and
continuous compositional measurements
between 1.5-T and 3.0-T modes, with
the paired 1.5-T and 3.0-T values
treated as repeated observations. The
ICC considers the total variation in mea-
surements across all of the arteries and
calculates that proportion of the varia-
tion that cannot be attributed to method
differences. ICCs close to 1.0 indicate
good agreement between methods.

Visualization of lipid-rich necrotic
core, calcification, and hemorrhage was
calculated. Agreement between dichot-
omous compositional variables across
all matched locations was assessed with
the Cohen �.

Analyses were performed by using
software (SPSS for Windows, version
12.0, SPSS, Chicago, Ill; Stata, version
8.2, Stata, College Station, Tex; and the
R statistical language, version 2.5.0,
http://www.r-project.org). All data are

reported as means � standard devia-
tions calculated across all locations for
all arteries included in each analysis.
P � .05 was considered to indicate a
significant difference.

Results

Demographic data for the study group
are presented in Table 2. Mean time
between examinations at different field
strengths was 22.4 days � 20.6. From
among the 20 index arteries imaged,
there were 218 matched locations be-
tween the 1.5-T and 3.0-T imaging
units available for analysis. The mean
matched coverage per artery was 21.8
mm � 1.9.

Image Quality, SNR, and CNR
No patient was excluded from analysis
because of poor image quality. The
mean observed image quality (Fig 1)
was slightly improved at 3.0 T com-
pared with that at 1.5 T (3.5 � 0.6 vs
3.3 � 0.6, P � .08). There was signifi-
cant improvement in wall SNR and CNR
for T2-weighted (P � .001 and P �
.001, respectively) and intermediate-
weighted (P � .013 and P � .002, re-
spectively) images at 3.0 T. Wall SNR
and CNR for T1-weighted and contrast-
enhanced T1-weighted images did not
change significantly (Table 3).

Morphology and Plaque Components
There was no significant difference in all
measured morphologic variables be-
tween field strengths (Table 4). There
was very good agreement in the identifi-
cation of presence or absence of plaque
components across all matched loca-
tions (Table 5), but hemorrhage was
identified more often at 1.5 T than at

3.0 T. Of note, hemorrhage was identi-
fied at 15 more locations at 1.5 T than at
3.0 T and was never identified at 3.0 T
when it was not present at 1.5 T (Fig 2).

For matched locations (n � 61) with
the component variable present at both
field strengths (Table 4), calcification
was measured significantly (P � .03)
larger at 3.0 T (Fig 2). Although there
were trends present for a decrease in
the size of hemorrhage (n � 17, P �
.17) (Fig 3) and lipid-rich necrotic core
(n � 50, P � .26) at 3.0 T, in the subset
of lipid-rich necrotic cores without hem-
orrhage, there was no difference in ne-
crotic core size between field strengths
(n � 21, P � .9, Fig 1).

Relative intensity for each compo-
nent compared with fibrous tissue was
consistent between platforms, except
for TOF imaging, which demonstrated a
decrease at 3.0 T (Table 6). At both
field strengths, lipid-rich necrotic core,
calcification, and fibrous tissue demon-
strated positive contrast enhancement
(Table 6). The positive percentage con-
trast enhancement in hemorrhage was
significant at neither 1.5 T (P � .36) nor
3.0 T (P � .13). At both field strengths,
the lipid-rich necrotic core (Fig 1) and
hemorrhage had less contrast enhance-
ment than fibrous tissue (Table 6). Sim-
ilarly, the contrast enhancement of cal-
cification was less than that of fibrous
tissue (Table 6).

Discussion

There was strong agreement between
1.5 T and 3.0 T in quantitative measures
of carotid plaque morphology (lumen
area, wall area, total vessel area, nor-
malized wall index, and mean wall thick-
ness) and in the identification of plaque
composition. Although there were dif-
ferences in compositional area measure-
ments, the findings presented herein sup-
port the translation of the histologically
validated 1.5-T carotid MR image inter-
pretation criteria to 3.0-T multi-
sequence MR images.

Significant systematic differences in
plaque morphologic measurements be-
tween GE and Philips MR imaging units
at 1.5 T have recently been reported
(18). Specifically, mean wall area and

Table 5

Visualization of Compositional Features and Agreement between Platforms at 218
Matched Locations

Feature 1.5 T* 3.0 T* Cohen �

Lipid-rich necrotic core 30.3 (66/218) 26.7 (58/218) 0.73
Calcification 32.1 (79/218) 36.7 (80/218) 0.72
Hemorrhage 14.7 (32/218) 7.8 (17/218) 0.66

* Data are percentages, with numbers used to calculate the percentages in parentheses.
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total vessel area were 12.4% and 4.7%
larger with the GE imaging unit, while
lumen area was 5.3% smaller with the
GE unit than with the Philips unit. The

identified difference in that study (18)
was attributable to the employment of
standard commercially available soft-
ware and hardware unique to each plat-

form type during image acquisition. For
our investigation, customized pulse se-
quences (2,3) and protocols were de-
signed to minimize these differences to

Figure 2

Figure 2: Serial matched locations of heavily calcified right carotid lesion at 1.5 T (top) and 3.0 T (bottom) in 82-year-old woman. In the common carotid artery (col-
umns A–C), a large calcification (double arrows; hypointense signal on T1-weighted [T1W] and TOF images) is present. Observe the larger appearance of the calcifica-
tion at 3.0 T, particularly on the TOF image. Additionally, note the extension of the calcification into the lumen (column B). In the internal carotid artery (column D), a small
piece of calcification (single arrow) is present. The improved SNR at 3.0 T makes this piece appear larger and easier to detect with all contrast weightings. Of note, there is
hyperintense signal (arrowhead) in column A on the T1-weighted and TOF 1.5-T images that is consistent with hemorrhage, but this signal is absent at 3.0 T. JV � jugu-
lar vein.
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adequately isolate the effect of imaging
at an increased field strength. In partic-
ular, the identical blood-suppression
techniques multisection double inver-
sion recovery and quadruple inversion
recovery were utilized in both 1.5-T and
3.0-T imaging, and their timing parame-
ters were appropriately adjusted. For
the T1-weighted single-section imaging
used for wall area measurements, the
thickness of the reinverted section in
the quadruple inversion-recovery pre-
parative sequence was identical with
both imaging units (4 mm). Subse-
quently, no systematic differences in
quantitative plaque morphology were
identified, and the ICCs were similar to
previously reported data for interscan
variability at 1.5 T for the same imaging
unit type (13,24). As such, reported
similarities and differences in plaque
composition may be ascribed to differ-
ences in field strength rather than plat-
form type.

Using the previously established cri-
teria for identification of plaque compo-
nents at 1.5 T, we found very good
agreement between field strengths in
the depiction of calcification, lipid-rich
necrotic core, and hemorrhage across

all matched locations. In addition, we
found no differences in relative signal
intensity for each component in all con-
trast weightings with the exception of
TOF, which can be attributed to the
absence of repetition time adjustment in
the 3.0-T imaging protocol. Further-
more, the reported measures of per-
centage contrast enhancement are con-
sistent with previously published data
(25) and with the established imaging
criteria for identifying the lipid-rich
necrotic core (7). Of note, the percent-
age contrast enhancement results for
calcification are most likely related to
the increased effects of noise and subtle
registration errors during data acquisi-
tion for small calcifications. We believe
these collective findings provide com-
pelling evidence that the tissue contrast
criteria developed at 1.5 T for carotid
plaque interpretation are applicable at
3.0 T. There were, however, apparent
differences in the measured size of par-
ticular components.

The difference in area measure-
ments of calcification may be attribut-
able to a combination of increased sus-
ceptibility at the higher field strength
and the improved SNR and perceived

image quality at 3.0 T compared with
those at 1.5 T during this investigation.
The former would increase the appar-
ent size of calcifications, while the latter
would make it easier to detect smaller
pieces of calcification. Comparisons of
1.5-T quantitative MR imaging results
with histologic results (8) have shown
that the size of calcification is underesti-
mated at MR imaging. Moreover, the
sensitivity for detection of calcification
is decreased when the area at histologic
examination is less than 2 mm2. The
identified effects of imaging at 3.0 T on
calcification may not only improve sen-
sitivity but may also provide a more ac-
curate representation of in vivo plaque
composition than was previously avail-
able at 1.5 T.

The trend toward a smaller mea-
sured lipid-rich necrotic core at 3.0 T
was most likely an effect of hemorrhage
identification. There was an increase in
the detection frequency of hemorrhage
and a trend toward larger measured ar-
eas of hemorrhage at 1.5 T. In postmor-
tem studies of coronary atherosclerosis
(26), intraplaque hemorrhage has been
identified to occur within the necrotic
core. In carotid vessel disease, the most

Figure 3

Figure 3: Comparison of advanced lesion in left internal carotid artery in 65-year-old man at 1.5 T (left) and 3.0 T (right). Intraplaque hemorrhage (arrows) is present
in this lesion, identifiable by the hyperintense signal on T1-weighted (T1W) and TOF images at both field strengths. Of note, the image quality at 3.0 T is improved com-
pared with that in matched locations at 1.5 T. � � Lumen of internal carotid artery.

HEAD AND NECK IMAGING: Carotid Plaque Morphology and Composition Underhill et al

Radiology: Volume 248: Number 2—August 2008 557



common underlying lesion associated
with hemorrhage is a lipid-rich ather-
oma with a necrotic core (11). Hence,
boundaries for quantification of the
lipid-rich necrotic core have been
drawn to include intraplaque hemor-
rhage during previous MR imaging in-
vestigations (16,27). The increased vi-
sualization of hemorrhage at 1.5 T and
the subsequent inclusion of hemorrhage
within the identified boundary of the lip-
id-rich necrotic core most likely re-
sulted in the area difference between
field strengths. Moreover, in the ab-
sence of hemorrhage, there was no dif-
ference in the measurement of lipid-rich
necrotic core between 1.5 T and 3.0 T.

The discrepancies in the detection
and measurement of intraplaque hem-
orrhage can be attributed to inherent
biophysical properties of the hemor-
rhage itself. As known from histologic
studies (28), the hemorrhagic compo-
nent of advanced atherosclerotic lesions
contains blood degradation products of
various ages. Such blood degradation
products (eg, methemoglobin, hemosid-
erin, ferritin) contain paramagnetic fer-
ric iron, which strongly increases mag-
netic susceptibility and correspondingly
reduces MR signal. At higher field
strengths, the more pronounced sus-
ceptibility effect may result in cancella-
tion of the signal enhancement with T1-
weighted sequences, which is the major
imaging sign of an intraplaque hemor-
rhage (10). The decreased hemorrhage
signal intensity at 3.0 T on T1-weighted
and TOF images reported in our study
supports this explanation. Similarly, the
susceptibility effect of the deposited
iron on the signal from brain tissues was
shown to be more significant at 3.0 T
than at 1.5 T (29). Although this can
explain the difference in hemorrhage
detection rates and measured areas, it
also should be taken into account that
this study employed the histologically
validated imaging criteria established at
1.5 T, which have been reported to
yield a high sensitivity but a relatively
low specificity (74%) (10). An alterna-
tive explanation may assume an im-
provement in specificity at 3.0 T due to
elimination of false-positive results as a
result of overall improvement in image

Table 6

Component Signal Intensity Relative to That of Fibrous Tissue and Percentage
Contrast Enhancement for Each Component

Parameter, Imaging Type, and Value 1.5 T 3.0 T P Value* Mean Difference†

Lipid-rich necrotic core (n � 50)
T1-weighted imaging 1.24 � 0.17 1.21 � 0.17 .12 �0.03 (�0.07, 0.01)
T2-weighted imaging 1.17 � 0.17 1.16 � 0.19 .67 �0.02 (�0.10, 0.07)
Intermediate-weighted imaging 1.11 � 0.22 1.10 � 0.23 .50 �0.02 (�0.09, 0.04)
TOF imaging 1.18 � 0.43 1.04 � 0.36 �.001 �0.14 (�0.22, �0.06)
Percentage contrast enhancement 24.2 � 32.8 21.5 � 36.8 .8‡ �2.65 (�21.3, 16.0)
P value for comparison of

percentage contrast
enhancement with zero .02 .003 . . . . . .

P value for comparison of
percentage contrast
enhancement with that of
fibrous tissue �.001 �.001 . . . . . .

Calcification (n � 61)
T1-weighted imaging 0.75 � 0.22 0.72 � 0.24 .60 �0.02 (�0.11, 0.06)
T2-weighted imaging 0.74 � 0.21 0.72 � 0.22 .90 �0.01 (�0.09, 0.08)
Intermediate-weighted imaging 0.65 � 0.22 0.65 � 0.25 .83 �0.01 (�0.11, 0.09)
TOF imaging 0.60 � 0.21 0.51 � 0.18 .012 �0.08 (�0.15, �0.02)
Percentage contrast enhancement 31.6 � 52.8 32.8 � 43.7 .9 1.10 (�16.5, 18.7)
P value for comparison of

percentage contrast
enhancement with zero �.001 �.001 . . . . . .

P value for comparison of
percentage contrast
enhancement with that of
fibrous tissue .3§ .02 . . . . . .

Hemorrhage (n � 17)
T1-weighted imaging 1.34 � 0.23 1.08 � 0.40 .02 �0.27 (�0.49, �0.04)
T2-weighted imaging 1.14 � 0.23 0.99 � 0.52 .38 �0.22 (�0.74, 0.30)
Intermediate-weighted imaging 0.98 � 0.24 0.87 � 0.38 .24 �0.15 (�0.41, 0.11)
TOF imaging 1.81 � 0.57 1.46 � 0.44 .003 �0.36 (�0.57, �0.14)
Percentage contrast enhancement 13.0 � 26.9 20.5 � 47.0 .9 3.31 (�47.1, 53.7)
P value for comparison of

percentage contrast
enhancement with zero .4 .13 . . . . . .

P value for comparison of
percentage contrast
enhancement with that of
fibrous tissue �.001 .007 . . . . . .

Fibrous tissue (n � 218)
Percentage contrast enhancement 41.7 � 39.4 43.8 � 37.1 .8 1.65 (�13.9, 17.2)
P value for comparison of

percentage contrast
enhancement with zero �.001 �.001 . . . . . .

Note.—Unless otherwise specified, data are means � standard deviations.

* For comparison of value at 1.5 T with that at 3.0 T.
† Value at 3.0 T minus that at 1.5 T. Data in parentheses are 95% confidence intervals.
‡ P � 0.2 without an outlier.
§ P � .009 without an outlier.
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quality. More research comparing MR
imaging findings with a histologic refer-
ence standard is necessary to assess the
accuracy of hemorrhage identification
at 3.0 T. Possible improvement of hem-
orrhage detection at both field strengths
may also be achieved with heavily T1-
weighted sequences like those proposed
by Moody et al (9).

Although the protocols used in our
study were designed to provide similar
SNRs, there was a slight improvement
in SNR at 3.0 T. This is consistent with
theoretic expectations, which predict
an improvement in SNR due to the in-
creased field strength, despite fewer ex-
citations during image acquisition. An
increase in SNR at 3.0 T in our study
favorably compares with previous re-
sults (17), in which the factors of SNR
increase for identical imaging protocols
were in a range 1.5–1.8 for different
contrast weightings. Our data are con-
sistent with these factors scaled by the
value of �2 as a result of acquiring one
signal at 3.0 T instead of averaging two
signals at 1.5 T.

There were several limitations to
this study. First, the MR imaging units
utilized in this investigation were from
different manufacturers. Although the
acquisition protocols were optimized to
minimize differences between the imag-
ing units, postprocessing features spe-
cific to each unit were not disabled. Sec-
ond, there was a relatively low preva-
lence of hemorrhage within the evaluated
population. Future investigations should
not only include more hemorrhagic le-
sions but should also have histologic re-
sults available as the reference stan-
dard. Finally, the interval between exami-
nations may have allowed the hemorrhage
signal to change. Although previous in-
vestigations have demonstrated a con-
sistent hemorrhage signal in carotid
plaques even after an interval of 18
months (16), serial studies that directly
evaluate the time course of intraplaque
hemorrhage signal evolution are neces-
sary at both field strengths.

We believe our study provides evi-
dence for several conclusions. First, im-
aging criteria validated at 1.5 T for the
interpretation and quantification of ca-
rotid atherosclerotic disease can be ap-

plied to 3.0-T imaging. Second, patients
enrolled in serial prospective investiga-
tions should be imaged at the same field
strength at all time points to minimize
bias and interstudy error during compo-
sitional analysis. Finally, the increased
SNR and/or additional spatial resolution
afforded by imaging at 3.0 T should be
exploited to further the understanding
of in vivo atherosclerotic disease.
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