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Introduction: Multi-sequence magnetic resonance imaging (MRI) has been histologically validated to noninvasively characterize and quantify atherosclerotic plaque 
features in the carotid artery.  T1-weighted (T1W) and proton density weighted (PDW) sequences have been used for the evaluation of plaque morphology [1,2].  T2W 
sequences have been traditionally used to identify the lipid-rich necrotic core (LRNC) and differentiation of a thin vs. thick fibrous cap [3,4].  T1W and time-of-flight 
(TOF) sequences have been utilized for the identification of calcification, intraplaque hemorrhage (IPH) and fibrous cap rupture [5,6].  Recently, studies have 
demonstrated that contrast-enhanced (CE) T1W imaging significantly improved the quantification [7] and reproducibility [8] of the LRNC and enabled accurate 
measurements of the fibrous cap [7].  Although the use of these multiple contrast weightings has enabled the evaluation of a spectrum of plaque features, each contrast 
weighting requires additional scan time and adds to the time required for image analysis.   
Purpose: We sought to determine the minimal number of contrast weightings necessary for comprehensive, quantitative, carotid plaque interpretation. 
Methods:  Sixty-five subjects (mean age 66.7 years, 56 males) with >50% carotid stenosis as determined by duplex ultrasound underwent carotid MRI on a 3.0 T 
whole-body scanner (Signa, GE, Medical Systems).  A standardized protocol [9] was used to obtain 5 contrast-weighted sequences (T1W, CE-T1W, PDW, T2W, and 
TOF) of the carotid artery with greater stenosis (index artery).  All scans were centered at the bifurcation of the index artery, images were acquired in the transverse 
plane, and longitudinal coverage extended for 8 slices above and below the bifurcation with a slice thickness of 2 mm.  Parameters for the imaging sequences were as 
follows: T1W and CE-T1W: quadruple inversion-recovery (QIR) [10], black-blood, 2D fast spin-echo, TR/TE 800/8.8ms; PDW and T2W: double echo, TR=3000 ms, TE 
13.1ms for PDW and 56.9 ms for T2W; and 3D TOF: TR/TE 29/2.1ms, flip angle 20°.  For CE-T1W, Gadodiamide (Omniscan, GE Healthcare, USA) was injected 

intravenously at a dose of 0.1 mmol/kg at a rate of 1 cc/sec 5 minutes prior to image acquisition.   All images were obtained with a field of view of 14 cm and a 256×

256 matrix for an in-plane acquisition resolution of 0.55x0.55 mm2. 
     For each subject, images were partitioned into three different combinations of contrast weightings (CW): 1) 2CW: T1W and CE-T1W; 2) 3CW: T1W, CE-T1W, and 
TOF; and 3) 5CW: T1W, CE-T1W, TOF, PDW, and T2W.  All sequence combinations were interpreted by two trained reviewers via consensus opinion blinded to 
clinical information.  2CW was interpreted first, followed by 3CW after an interval of one month from the completion of 2CW, followed by 5CW after an interval of 
one month from the completion of 3CW.  During each round of interpretation, the reviewers were blinded to images and results from the other rounds of review.  For 
each round of review, image analysis software (CASCADE [11], Seattle, WA, USA) was used to draw the lumen and outer wall boundaries.  Lumen area (LA), wall area 
(WA), total vessel area (TVA) and mean wall thickness (MWT) were recorded for each axial location.  In addition, the presence/absence of calcification (CA), LRNC, 
and IPH, and the status of the fibrous cap were identified.  Area measurements of calcification, LRNC, and IPH, when present, were also collected.   
     For each round of review, mean arterial values were calculated for the lumen area, wall area, total vessel area, wall thickness, area of calcification, area of LRNC, 
and area of IPH.  The intraclass correlation coefficients (ICCs) and 95% confidence intervals (CIs) were calculated to assess inter-contrast weighting combination 
agreement for morphological and component measurements. Cohen’s kappa (κ) was analyzed for identification of plaque components and surface disruption by 2CW 
and 3CW compared to 5CW. Statistical significance was defined as a value of P<0.05. 

Results: For all measures of plaque morphology, there was strong agreement between each round 
of review (Table 1).  Compared to 5CW, identification of plaque compositional features and evaluation of the fibrous 
cap was substantially better with 3CW compared to 2CW (Figure 1).  In particular, the addition of TOF to T1W and CE-
T1W improved the identification of fibrous cap rupture (Figure 2).  For features identified during all rounds of review, 
there was strong agreement in quantitative measures (Table 1). 
Discussion: Plaque morphology was effectively evaluated with 2CW.  Additional contrast weightings did not 
significantly alter arterial metrics.  However, the addition of TOF did enable the discrimination of juxtaluminal 
CA from the lumen on black-blood sequences.  Inability to identify juxtaluminal CA may have lowered 
the agreement between 2CW and 5CW compared to 3CW and 5CW for the detection of CA.  As such, 
optimal evaluation of plaque morphology, specifically lumen and wall area measurements, necessitates 
the use of TOF.  Beyond plaque morphology and CA detection, 3CW was able to effectively 
characterize all features of the carotid atherosclerosis, including fibrous cap rupture, identified by 5CW.  
In contrast, the absence of TOF in the 2CW review severely restricted plaque feature interpretation.   
Conclusions:  Our findings offer compelling evidence that comprehensive, 
quantitative carotid plaque interpretation can be performed with 
T1W, CE-T1W, and TOF sequences.  The reduction in scan time 
afforded by the elimination of PDW and T2W sequences from the 
standard carotid plaque protocol has the potential to substantially 
reduce scan time and cost.  The ability to perform comprehensive 
plaque interpretation on images acquired within a clinically 
acceptable scan time may increase the translatability of vessel wall 
imaging to clinical practice. 
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Figure 2. Comparison of three different contrast weighting combinations at the level of 
right internal carotid artery. LRNC, IPH (arrowhead), and fibrous cap rupture with 
juxtaluminal hemorrhage (arrow) can be detected on 3CW and 5CW.  

Figure 1. Agreement between different contrast weighting 
combinations for identifying plaque features. 

Table 1. Intraclass Correlation Coefficients (ICCs) for morphology and plaque components 

 N 2CW vs 5CW  3CW vs  5CW  
ICC 95% CI ICC 95% CI 

LA 65 0.97 0.95-0.98  0.99 0.98-0.99  
WA 65 0.98 0.96-0.99  0.99 0.98-0.99  
TVA 65 0.99 0.98-0.99  0.99 0.99-1.00  
MWT 65 0.96 0.93-0.97  0.97 0.96-0.98  
CA 47 0.81 0.68-0.89  0.86 0.77-0.92  
LRNC 57 0.98 0.97-0.99  0.95 0.92-0.97  
IPH 27 0.82 0.64-0.91  0.94 0.88-0.97  
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