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Title of the manuscript: Visualization of Carotid Vessel Wall and Atherosclerotic Plaque: T1-
SPACE vs. Compressed Sensing T1-SPACE 
 
Article Type: Original Article 
 
 
Key Points 
1. CS-T1-SPACE allowed better visualization compared with T1-SPACE in evaluating carotid 

plaques and vessel walls with a 2.5-fold accelerated scan time with comparable image quality. 
2. CS-T1-SPACE offers a promising method for investigating carotid vessel walls due to the better 

image quality with shorter acquisition time. 
3. Physiological movements such as swallowing, arterial pulsations, and breathing induce motion 

artifacts in vessel wall imaging, and a shorter acquisition time can reduce artifacts from 
physiological movements. 
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Abstract 

Objectives 

To compare visualization of carotid plaques and vessel walls between 3D T1-fast spin echo imaging 

with conventional SPACE (T1-SPACE) and with a prototype compressed sensing T1-SPACE (CS-T1-

SPACE). 

Methods 

This retrospective study was approved by the institutional review board. Participants comprised 43 

patients (36 males, 7 females; mean age, 71 years) who underwent carotid MRI including T1-SPACE 

and CS-T1-SPACE. Quality of visualization for carotid plaques and vessel walls was evaluated using 

a 5-point scale, and signal intensity ratios (SRs) of the carotid plaques were measured and normalized 

to adjacent sternomastoid muscle. Scores for the quality of visualization were compared between T1-

SPACE and CS-T1-SPACE using the Wilcoxon signed-rank test. Statistical differences between SRs 

of plaques with T1-SPACE and CS-T1-SPACE were also evaluated using the Wilcoxon signed-rank 

test, and Spearman’s correlation coefficient was calculated to investigate correlations. 

Results 

Visualization scores were significantly higher for CS-T1-SPACE than for T1-SPACE when evaluating 

carotid plaques (P=0.0212) and vessel walls (P<0.001). The SR of plaques did not differ significantly 

between T1-SPACE and CS-T1-SPACE (P=0.5971). Spearman's correlation coefficient was 

significant (0.884; P<0.0001). 
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Conclusions 

CS-T1-SPACE allowed better visualization scores and sharpness compared with T1-SPACE in 

evaluating carotid plaques and vessel walls with a 2.5-fold accelerated scan time with comparable 

image quality. CS-T1-SPACE appears promising as a method for investigating carotid vessel walls, 

offering better image quality with a shorter acquisition time. 
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Visualization of Carotid Vessel Wall and Atherosclerotic Plaque: T1-SPACE vs. Compressed 

Sensing T1-SPACE 

 

Introduction 

Stroke is the second leading cause of death worldwide [1]. Intra-plaque hemorrhage is a critical 

factor in the growth and destabilization of atherosclerotic plaques [2], and rupture of carotid 

atherosclerotic plaque accounts for around 20% of the causes of all ischemic strokes [3]. 

Atherosclerotic change is also associated with silent infarcts and white matter disease [4]. Establishing 

methods for visualizing carotid plaque and determining whether a plaque contains substantial amounts 

of vulnerable components such as intraplaque hemorrhage is therefore important. 

The characteristics of carotid plaque provided by plaque imaging on MR can serve a surrogate 

marker for risk management of patients with atherosclerosis [5]. The characteristics of carotid plaque 

such as intraplaque hemorrhage, calcification, and lipid-rich necrotic core are evaluated by three-

dimensional (3D) T1-weighted fast spin echo (T1-FSE) in combination with T2WI, time-of-flight MR 

angiography, magnetization-prepared rapid acquisition gradient echo sequences [6]. The 3D T1-FSE 

accurately characterizes intraplaque components of the carotid artery, with excellent sensitivity and 

specificity due to the higher spatial resolution compared with 2D-T1WI, because this sequence can 

minimize partial volume effects [7]. However, the long acquisition time represents a substantial 

drawback for 3D sequences [8]. Moreover, physiological movements such as swallowing, arterial 
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pulsation, and breathing induce motion artifacts in carotid vessel wall imaging (VWI) [9]. 

T1-weighted SPACE (T1-SPACE) is a 3D FSE sequence with variable flip angle and has been 

used in VWI because of the high sampling efficiency and good blood suppression properties in clinical 

practice [8]. Recently, a compressed sensing (CS) algorithm has been introduced to MRI, including 

time-of-flight MR angiography [10; 11], MR-DSA [12] and dynamic contrast-enhanced MRI [13]. CS 

has also been applied to SPACE imaging [14; 15] to achieve shorter acquisition times, which 

reconstructed iteratively from incoherently under-sampled data using a regularization term [16]. 

A small number of studies have featured CS in the evaluation of carotid VWI [17-20], but the 

numbers of subjects in those preliminary papers were around 10 patients, and results were not 

conclusive. The purpose of this study was to compare the visualization of plaques and vessel walls of 

the internal carotid artery (ICA) between 3D T1-FSE imaging with conventional SPACE and with a 

prototype CS-SPACE in a larger number of cases. 

 

Materials and Methods 

This retrospective study was approved by the local institutional review board. The need to obtain 

informed consent was waived due to retrospective nature of the study. 

 

Subjects 

Forty-three consecutive patients (36 males, 7 females; mean age, 71 years; range, 25-86 years) 

who had undergone carotid MRI including 3D T1-FSE imaging with conventional SPACE (T1-
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SPACE) and with a prototype 3D CS-SPACE (CS-T1-SPACE) for assessing stenosis and plaque in 

the cervical ICA between June 2016 and February 2017 were evaluated in this study. The subjects 

were included if they met the following criteria: (a) patients who was suspected to have carotid 

stenosis or plaque by carotid ultrasound or clinical history such as recent cerebral infarction; (b) 

patients who underwent both T1-SPACE and CS-T1-SPACE. The subjects were excluded if they met 

the following exclusion criteria: patients who underwent either T1-SPACE or CS-T1-SPACE. 

 

Image Acquisition 

All scans were conducted using a 3-T MR system (MAGNETOM Skyra; Siemens Healthineers) 

with a 20-channel head coil. 

Pulse sequence parameters were as follows. Conventional 3D T1-weighted SPACE (T1-

SPACE): coronal acquisition; TR/TE, 727/11.0 ms; variable flip angle; echo-train length, 32; FOV, 

216 mm × 240 mm; voxel size, 0.75 mm × 0.75 mm × 0.75 mm; GRAPPA, 3×; fat suppression, 

SPAIR; and acquisition time, 7 min 9 s. Prototype 3D CS-T1-SPACE: coronal acquisition; TR/TE, 

650/11.0 ms; variable flip angle; echo-train length, 32; FOV, 240 mm × 240 mm, voxel size, 0.75 

mm × 0.75 mm × 0.75 mm, acceleration factor, 10×; fat suppression, SPAIR; and acquisition time, 2 

min 49 s. 

CS-T1-SPACE was performed with an incoherent k-space undersampling pattern [21-24] using 

a Poisson-disc variable-density pattern combined with elliptical scanning and a fully sampled k-
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space center to allow for computation of coil sensitivities for image reconstruction [14]. 

CS-T1-SPACE data was seamlessly reconstructed on a standard reconstruction system, using a 

non-linear iterative SENSE-based algorithm with a constraint to enforce sparsity by solving the 

following minimization problem with a Modified Fast Iterative Shrinkage-Thresholding Algorithm 

(mFISTA). 
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where x is the image to reconstruct, yj and Sj are the k-space data and coil sensitivity for the j-th coil 

element, N is the number of coil elements, Fu is the Fourier undersample operator, W is the Haar 

wavelet transform, and λ is the normalized regularization weighting factor. The first term is a data 

fidelity term, which ensures consistency between measured k-space data and the image estimate. The 

second term enforces sparsity and serves as a regularization term. Sparsity is promoted by 

minimizing the L1 norm in the wavelet domain, after applying the redundant Haar wavelet transform 

to the image of the current iteration. The regularization parameter λ balances between sharpness, 

smoothness, noise and aliasing artifacts and a λ of 0.001 was adopted [14]. Ten iteration times were 

adopted in this study to minimize reconstruction time while retaining adequate image quality. Total 

reconstruction was finished within 2 min 15 s. 

To elucidate the effect of iterative reconstruction, CS-T1-SPACE images of one representative 

case were reconstructed with 1, 2, 3, 4, 5, 10, 15, 20, 25, 30, 35, 40, 45 and 50 iterations (Figure 1) to 

evaluate sharpness at the carotid artery edge for CS-T1-SPACE images with each iteration [25]. 
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Sharpness was defined as the slope at the distance between 20% and 80% of maximum signal 

intensity for the Gaussian-fitted line profile of the carotid artery wall and the carotid lumen on the 

source image reconstructed with 1, 2, 3, 4, 5, 10, 15, 20, 25, 30, 35, 40, 45 and 50 iterations, 

calculated using ImageJ software version 1.50 (http://imagej.nih.gov/ij/).  

 

Image Analysis 

The 3D image volumes of T1-SPACE and CS-T1-SPACE were registered to each other and 

reconstructed in axial images with a thickness of 0.75 mm (syngo Fusion; Siemens Healthineers). 

Bilateral plaques in the same subject were separately analyzed. The sequence name of each image 

was blinded. The quality of visualization for carotid plaques and vessel walls was evaluated using a 

5-point scale (1, non-diagnostic; 2, poor; 3, acceptable; 4, good; 5, excellent). The score of the 

visualization of plaque and vessel wall were defined in Table 1. Evaluation was conducted by two 

radiologists independently (Y.F. with 20 years of experience; S.O. with 10 years of experience) using 

RadiAnt DICOM Viewer version 3.4.2 (Medixant). 

To measure signal intensities, regions of interest (ROIs) were placed at the carotid plaques and 

adjacent sternomastoid muscle by the consensus decision of two radiologists (Y.F. and S.O.) using 

ImageJ software. When both raters graded plaque with score 2 or more, ROIs of the plaques were 

placed on the slice with maximal plaque size [7]. In case of small size of the plaque (<3 mm), 

measurement of plaque signal-intensity were not performed because the small plaque would have 

http://imagej.nih.gov/ij/
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been biased due to the small ROI and associated partial volume effect. Plaque with black signals was 

also excluded. The signal intensity ratio (SR) was calculated by dividing the mean signal value of the 

plaque by the mean signal value of the sternomastoid muscle.  

The plaque area size and plaque sharpness at the edge of the carotid plaque were also measured 

on the slice with maximal plaque using ImageJ software. Plaque size was manually measured to 

evaluate the correlation of the plaque size between T1-SPACE and CS-T1-SPACE. Sharpness of the 

plaque and vessel wall was defined as the slope between 20% and 80% of maximum signal intensity 

for the Gaussian-fitted line profile of the carotid plaque or the vessel wall and the carotid lumen. 

 

Statistical Analysis 

Agreement of independent measurements of visualization scores by two radiologists were 

evaluated using the inter-rater agreement statistic (kappa), and average scores from the two 

evaluators were used for statistical analyses. 

Scores of the quality of visualization for carotid plaques and vessel walls were compared 

between T1-SPACE and CS-T1-SPACE using Wilcoxon signed-rank test because the data 

distribution was non-normal. The sharpness of plaque and vessel wall was also compared between 

T1-SPACE and CS-T1-SPACE using Wilcoxon signed-rank test. The significance of differences in 

SR of plaques between T1-SPACE and CS-T1-SPACE was also evaluated using the Wilcoxon 

signed-rank test, and Spearman’s correlation coefficient was calculated to investigate correlations of 
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SRs for plaques between T1-SPACE and CS-T1-SPACE. Spearman’s correlation coefficient was 

also calculated to show the correlation of the plaque size between T1-SPACE and CS-T1-SPACE. 

Values of P<0.05 were considered statistically significant. Statistical analyses were conducted using 

commercially available MedCalc version 17.8.6 software. 

 

Results 

Edge sharpness of CS-T1-SPACE with 1, 2, 3, 4, 5, 10, 15, 20, 25, 30, 35, 40, 45 and 50 iterations 

and T1-SPACE is shown for a representative case (Figure 2). Edge sharpness rapidly increased from 

1 to 10 iterations and became better than that with T1-SPACE. Edge sharpness slightly fluctuated 

between 10 and 50 iterations, and 10 iteration times were adopted. Representative clinical images are 

shown in Figures 3-5. 

Carotid plaques were observed bilaterally in 32 patients and unilaterally in 6 patients and the 

number of plaques with visualization score ≥ 2 were 63 for T1-SPACE, 70 for CS-T1-SPACE. The 

63 identified plaques on T1-SPACE could be identified on CS-T1-SPACE. Seven plaques with 

visualization scores of 1 on T1-SPACE were excluded because definitive placement of ROIs was 

difficult, and the corresponding 7 plaques on CS-T1-SPACE were also excluded for the analysis. Five 

patients showed no plaques. Thirty-five plaques were excluded in the analysis of signal intensity, due 

to the small size of the plaque (<3 mm). Signal-intensity measurements performed on the small plaque 

would have been biased due to the small ROI and associated partial volume effect. We also excluded 
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4 plaques with black signals. Finally, ROIs were drawn on 24 plaques on T1-SPACE and CS-T1-

SPACE (Supplementary Figure 1). 

Kappa values of inter-rater agreement for the visualization of carotid plaques and vessel walls 

were 0.958 and 0.956 in T1-SPACE, confirming excellent agreement. Kappa values for carotid plaques 

and vessel walls were 0.713 and 0.657 in CS-T1-SPACE, showing good agreement. 

Visualization scores were significantly higher in CS-T1-SPACE than in T1-SPACE for 

evaluating carotid plaques (P=0.0212) and vessel walls (P<0.001) (Figure 6).  

Sharpness was measured for plaque and vessel wall in addition to visualization score. Plaques 

with visualization score ≥ 2 were measured, namely, 63 for T1-SPACE, and corresponding 63 for 

CS-T1-SPACE and 7 patients with visualization scores of 1 on T1-SPACE were excluded. Sharpness 

of plaque was significantly better in CS-T1-SPACE (36.7: 95% CI 31.4-41.5) than in T1-SPACE 

(30.8: 95% CI 24.2-35.1) for evaluating carotid plaques (P=0.0022). Sharpness of vessel wall was 

better in CS-T1-SPACE (54.8: 95%CI 22.9-27.8) than in T1-SPACE (42.5: 95% CI 21.4-25.5), 

however, with no statistical significance (P=0.129).  

SRs of plaques between T1-SPACE and CS-T1-SPACE showed no significant difference 

(P=0.5971). Spearman's rank correlation coefficient (rho) for the SR between T1-SPACE and CS-T1-

SPACE was 0.884 (P<0.0001), which was significant (Supplementary Figure 2).  

The area of plaque was 30.5 ± 19.2 mm2 for T1-SPACE and 31.2 ± 19.7 mm2 for CS-T1-SPACE. 

Spearman's rank correlation coefficient (rho) for the plaque size between T1-SPACE and CS-T1-
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SPACE was 0.991 (P<0.0001) (Supplementary Figure 3), therefore, there may exist some 

overestimation of plaque size on CS-T1-SPACE probably due to some blurring seen in CS-T1-SPACE.  

 

Discussion 

This study reported the successful clinical application of a CS technique to T1-SPACE in carotid 

vessel wall imaging. CS-T1-SPACE offered a higher quality of visualization of the carotid plaques 

and vessel walls than T1-SPACE with statistical significance. The number of recognized plaques were 

63 for T1-SPACE, and 70 for CS-T1-SPACE, which represents 7 plaques were only identified on CS-

T1-SPACE. It was hard recognized these 7 plaques on T1-SPACE probably due to artifacts, on the 

contrary, we were able to recognize them on CS-T1-SPACE due to less artifacts. In CS-T1-SPACE, 

no cases had visualization scores of 1 and only a few cases had scores of 2 probably because less 

artifact was seen during shorter scan time compared with T1-SPACE. CS-T1-SPACE provided 

significantly better plaque sharpness compared with T1-SPACE. Images of CS-T1-SPACE looked 

slightly blurred than T1-SPACE in most of the cases, but sharpness measured in CS-T1-SPACE was 

statistically better than that in T1-SPACE. Higher plaque sharpness was seen in CS-T1-SPACE than 

T1-SPACE, which suggested that the difference of signal intensity between plaque and intravascular 

lumen was larger in CS-T1-SPACE compared with T1-SPACE. The reason of higher sharpness in CS-

T1-SPACE was probably due to the iterative reconstruction in CS which made the signal of 

intravascular lumen darker. As shown in Figure 2, sharpness of CS-T1-SPACE becomes larger 
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according to the number of iteration times between 1 and 10 times. During multiple iterative 

reconstruction process, the intravascular faint signal intensity which is often seen in T1-SPACE were 

removed. Hence, the larger difference of signal intensity between plaque and intravascular lumen in 

CS-T1-SPACE resulted in better visualization score in CS-T1-SPACE compared with T1-SPACE.  

A previous study reported that the signal intensity of plaques on T1-weighted MR imaging could 

classify plaques according to histopathologic types [7]. In the present study, the correlation of SR of 

plaques between T1-SPACE and CS-T1-SPACE was statistically significant, but we didn’t investigate 

CS-T1-SPCE accurately characterized intraplaque components. There may exist some overestimation 

of plaque size on CS-T1-SPACE because plaque area of CS-T1-SPACE was consistently larger than 

that of T1-SPACE although the correlation of plaque area between T1-SPACE and CS-T1-SPACE 

was very strong. However, we have demonstrated that CS-T1-SPACE is very useful for examining the 

existence of plaque, which would be beneficial for patients and physicians since CS-T1-SPACE may 

offer more opportunities for therapeutic interventions to prevent cerebral infarction.  

In this study, T1-SPACE was accelerated by parallel imaging (PI). PI is now routinely used as a 

k-space undersampling method by reducing the number of phase-encoding steps. However, the 

acceleration factor for PI is usually no higher than 2 or 3 with non-contrast MRI, because a further 

reduction in phase-encoding steps will cause substantial increases in the noise associated with the 

geometry factor (g-factor) [26]. In contrast, CS is expected to achieve higher k-space undersampling 

by exploiting the underlying sparsity of the image in an appropriate transform domain [16], and some 
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studies have shown CS could achieve better image quality compared with PI [10]. The CS-T1-SPACE 

sequence reduces acquisition time from 7 min 9 s to 2 min 49 s with the same resolution, and the 

acquisition time for CS-T1-SPACE is thus approximately 2.5-times shorter than that of T1-SPACE, 

which will be beneficial for patients. Patients who have carotid plaques tend to be older and some of 

these patients have difficulty staying still for extended periods, and reducing the acquisition time 

minimizes motion artifacts. Although CS reduces acquisition time, a long time is usually required to 

reconstruct images after scanning [11]. However, in this study, total reconstruction was finished within 

2 min 15 s, and a shorter reconstruction time makes the CS-T1-SPACE more useful in clinical practice.  

A few limitations to this study need to be considered. First, this study undertook no histological 

validation of plaques, and we could not histopathologically confirm the existence or characteristics of 

plaques nor the 7 plaques which were solely identified on CS-T1-SPACE were the lesions, but the 

purpose of this study was to compare visualization between T1-SPACE and CS-T1-SPACE. Second, 

we used a prototype-accelerated technique, which was developed for general application and had not 

been fully optimized for carotid vessel walls. Further optimization of CS technique could potentially 

improve the visualization of carotid plaque in CS-T1-SPACE. In addition to CS technique, there are 

several differences of imaging parameters between T1-SPACE and CS-T1-SPACE such as TR, FOV, 

acceleration factors. These differences may also affect image quality and the point spread function due 

to the difference in k-space acquisition ordering. Third, although the name of image sequence was 

blinded, we did not evaluate visualization score separately. Fourth, the reconstructed images should 
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become constant after iterative reconstruction with regularization constraint, however, representative 

edge sharpness shown in Figure 2 showed sharpness slightly changes during iteration process even 

after 10 iteration times. This is partly because sharpness was calculated by division process and slight 

signal changes affect the results much, and another reason is CS-T1-SPACE used in this study was a 

prototype one. There may exist early stopping issue and the image quality difference between 10 and 

35 or more iterations shown in Figure 1, further exploration of adapting the number of iterations for 

patients and the optimization of image sequence are expected to improve the image quality in the future. 

“Sharpness” was used in this study, however, image contrast between the lumen and plaque or vessel 

wall were alternate terms. The other limitation was Kappa values for carotid plaques and vessel walls 

showed good agreement in CS-T1-SPACE, but worse than T1-SPACE. It is presumed that image 

blurring affected scoring in CS-T1-SPACE. Nevertheless, better sharpness proved better visualization 

in CS-T1-SPACE. 

In conclusion, CS-T1-SPACE revealed better visualization scores and sharpness in less than 2.5-

times the scan time compared with T1-SPACE in the evaluation of carotid plaques and vessel walls in 

the ICA. CS-T1-SPACE offers a promising method for investigating carotid vessel walls due to the 

better image quality with shorter acquisition time. 
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Figure Legends 

Figure 1 

A 75-year-old man with left ICA plaque. Sagittally reconstructed images of CS-T1-SPACE with 

variable iterations (1, 2, 3, 4, 5, 10, 15, 20, 25, 30, 35, 40, 45 and 50). High-intensity plaques are shown 

at the left ICA, and appear better demarcated according to the number of iterations (arrows). Multiple 

aliasing artifacts are shown in figures with fewer iterations, but these become invisible with more 

iterations (arrowheads). Note that the number shown in the left lower corner of each image represents 

the number of iterations. T1-SPACE image is also shown (*). 

 

Figure 2 

Edge sharpness at the edge of the carotid artery for CS-T1-SPACE images with each iteration of Figure 

1. Sharpness was measured on 4 proximal and distal part of bilateral ICAs. Sharpness is defined as the 

slope between 20% and 80% of maximum signal intensity for the Gaussian-fitted line profile of the 

carotid artery wall and the carotid lumen as well as the neighboring structure on the source image. 

Sharpness rapidly increases from 1 to 10 iterations, then slightly fluctuated between 10 and 50 

iterations. Sharpness of T1-SPACE was also shown at the iteration time of “0”. Sharpness of CS-T1-

SPACE with 10 iteration times are larger than that of T1-SPACE 

 

Figure 3 
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An 84-year-old man with right ICA plaque imaged using T1-SPACE (a, oblique coronal plane; c, 

axial plane) and CS-T1-SPACE (b, oblique coronal plane; d, axial plane). White arrows indicate 

common carotid artery and ICA. Arrowheads indicate carotid plaque. Scores for visualization of the 

carotid plaque and vessel wall on T1-SPACE and CS-T1-SPACE are all 5. The plaque and vessel 

wall are equally well visualized on CS-T1-SPACE and T1-SPACE.  

 

Figure 4. 

An 83-year-old man without carotid plaque (a, T1-SPACE; b, CS-T1-SPACE). White arrows 

indicate common carotid artery and ICA. Scores for visualization of the vessel wall on T1-SPACE 

and CS-T1-SPACE are all 5. The vessel walls are equally well visualized on CS-T1-SPACE and T1-

SPACE. Note that CS technique and several differences of imaging parameters between CS-T1-

SPACE and T1-SPACE may cause slightly different appearance of vessel wall between them. 

 

Figure 5. 

An 83-year-old man with left ICA plaque (a, left carotid artery on T1-SPACE; b, left carotid artery 

on CS-T1-SPACE; c, right carotid artery on T1-SPACE; d, right carotid artery CS-T1-SPACE). 

White arrows indicate common carotid artery and ICA. Motion artifacts associated swallowing is 

seen. Arrowheads indicate carotid plaque. Scores for the plaque and vessel on T1-SPACE are both 1, 

and scores on CS-T1-SPACE are both 3. T1-SPACE images are affected by motion artifacts. 
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Figure 6. 

Scores for quality of visualization for carotid plaque (a) and vessel wall (b). Scores are significantly 

higher for CS-T1-SPACE than for T1-SPACE. 

 

Supplementary Figure 1 

Inclusion and exclusion criteria of plaques are shown. 

 

Supplementary Figure 2 

Scatter plots of SR in plaque between T1-SPACE and CS-T1-SPACE. The correlation is significant. 

 

Supplementary Figure 3 

Scatter plots of plaque area size between T1-SPACE and CS-T1-SPACE. 

 

Supplementary Figure 4 

Bland-Altman plot of the plaque size on T1-SPACE and CS-T1-SPACE showed most of plots are 

shown between +/- 1.96 SDs. 
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