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Abstract

Purpose—To propose and evaluate a parameter tune-up solution to expedite a three-dimensional 

(3D) variable-flip-angle turbo spin-echo (TSE) sequence for whole-brain intracranial vessel wall 

(IVW) imaging.

Materials and Methods—Elliptical k-space sampling and prolonged echo train length (ETL), 

were used to expedite a 3D variable-flip-angle TSE-based sequence. To compensate for the 

potential loss in vessel wall signal, optimal combination of prescribed T2 and ETL was 

experimentally investigated on 22 healthy volunteers at 3T. The optimized protocol (7–8 minutes) 

was then compared with a previous protocol (reference protocol, 11–12 minutes) in terms of 

signal-to-noise ratio (SNR), contrast-to-noise ratio (CNR), vessel wall sharpness, and wall 

delineation quality on a 4-point scale (0:poor; 3:excellent) in 10 healthy volunteers. A pilot study 

of 5 patients was performed and lesion delineation score was used to demonstrate the diagnostic 

quality.

Results—A protocol with ETL=52 and prescribed T2=170ms was deemed an optimized one, 

which, compared to the reference protocol, provided significantly improved wall SNR (12.0±1.3 

vs. 10.0±1.1, p=0.002), wall-lumen CNR (9.7±1.2 vs. 8.0±0.9, p=0.002), wall-CSF CNR (2.8±1.0 

vs. 1.7±1.0, p=0.026), similar vessel wall sharpness at both inner (1.59±0.18 vs 1.58±0.14, 

p=0.87) and outer (1.71±0.25 vs. 1.83±0.30, p=0.18) boundaries, and comparable vessel wall 
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delineation score for individual segments (1.95–3, p>0.06). In all patients, atherosclerotic plaques 

(10) or wall dissection (5) were identified with a delineation score of 3 or 2.

Conclusion—A parameter tune-up solution can accelerate 3D variable-flip-angle TSE 

acquisitions, particularly allowed for expedited whole-brain IVW imaging with preserved wall 

delineation quality.
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INTRODUCTION

Cerebrovascular disease, a major cause of morbidity and mortality worldwide, can arise 

from diverse intracranial vessel wall pathologies such as atherosclerosis, dissection, and 

vasculitis (1). Methods traditionally used for the diagnosis of cerebrovascular disease are 

based on lumenography imaging limited to the detection of luminal abnormalities, thus 

inadequate for differentiating various wall pathologies (2,3). Recently, there is a growing 

interest in high-resolution black-blood (BB) MRI due to its capacity to directly assess the 

intracranial vessel wall (IVW) and to potentially unravel etiology (4–7).

Three-dimensional (3D) turbo spin-echo (TSE) with variable refocusing flip angles has 

emerged as a promising BB MRI method for IVW imaging (8–12). Compared with 

previously used two-dimensional (2D) TSE methods, previous methods are more suited for 

small-sized, tortuous, and deep-seated intracranial arteries due to its 3D acquisition with 

flexible image reformatting and intrinsic advantages in resolution, signal-to-noise ratio 

(SNR), and spatial coverage. In most of previous studies (8–10,12) however, due to 

prohibitively long scan times, spatial coverage was often compromised where a thin imaging 

volume was used to achieve acceptable SNR and half-millimeter resolution while keeping a 

scan time of 6–8 minutes. As a result, lesions at distal branches might be missed.

Recently, inversion-recovery (IR) prepared SPACE (Sampling Perfection with Application-

optimized Contrast using different flip angle Evolutions), IR-SPACE, was proposed as a 3D 

TSE approach, providing remarkable suppression of cerebrospinal fluid (CSF) signals, 

enhanced T1 contrast weighting, and most importantly, whole-brain spatial coverage (13). 

Nevertheless, the technique still requires a scan time of over 11 minutes, potentially 

impeding its wide clinical application.

Further improvement in the scan efficiency of 3D variable-flip-angle TSE is clinically 

warranted. Typically, several imaging parameters in an MRI sequence can be tuned up for a 

balance between image quality and scan efficiency. Previous studies (8–10) commonly 

focused on echo train length (ETL) and repetition time (TR) to ensure acceptable SNR 

and/or desired contrast weighting, leaving little room for minimizing scan time. A few more 

imaging parameters, such as the T1 and T2 relaxation times used for calculating the 

refocusing flip angle series (14–16), are unique but have not been explored in terms of their 

potential of being utilized to reduce the scan time.
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The present work aims at expediting a widely available 3D variable-flip-angle TSE-based 

sequence for IVW imaging, with a particular focus on the recently proposed IR-SPACE 

whole-brain imaging technique.

METHODS

The study was approved by the local institutional review board with written informed 

consent obtained from all subjects. A total of 22 healthy subjects and 5 patients with stroke 

or transient ischemic attack and suspected to have intracranial vasculopathies were recruited. 

Imaging was performed on a 3.0-T MRI system (MAGNETOM Verio; Siemens, Erlangen, 

Germany) equipped with a 32-channel head coil (Siemens, Erlangen, Germany).

Considerations in Improving Scan Efficiency

The original implementation of IR-SPACE for whole-brain IVW imaging employed 3D 

rectilinear sampling in both phase-encoding and partition-encoding directions, parallel 

imaging in the phase-encoding direction, and an intermediate ETL, resulting in a scan time 

of 11–12 minutes (13). To further expedite its data acquisition or a 3D variable-flip-angle 

TSE acquisition in general, elliptical k-space sampling and prolonged ETL are two 

straightforward strategies. Elliptical sampling in the ky-kz plane is known to accelerate 

scanning, despite slight drop-off in SNR and loss in high-frequency k-space information 

(17). This strategy along with radial reordering has been successfully applied to IVW MRI 

(8). Prolonged ETL, likewise, accelerates data acquisition but could be detrimental to SNR 

due to T2-decay. However, SNR is intimately related to the applied refocusing flip angles 

that are calculated prospectively in order to achieve a desired, typically a certain steady-

state, signal evolution given a set of imaging parameters including ETL, echo spacing, T1, 

and T2 (14–16). Hence, manipulation of T1 and T2 (denoted as prescribed T1 and T2) will 

directly affect refocusing flip angles and may be utilized to effectively compensate for the 

SNR loss caused by prolonged ETL.

Experimental Optimization

Imaging Experiments—To achieve sufficient SNR, the optimal combination of 

prescribed T1/T2 and ETL was experimentally investigated in the following steps.

I) To explore the effect of prescribed T1 and T2 on SNR and contrast-to-noise ratio 
(CNR): The commercial SPACE sequence based on which IR-SPACE was developed is, by 

default, for brain imaging and prescribed T1/T2 were set for gray matter, i.e. 940/100ms at 

1.5-T (16). This setting may be suboptimal for IVW imaging at 3.0-T as the T1/T2 of both 

gray matter (1331/110ms, (16)) and arterial vessel wall (1114/55ms, (18)) are different from 

the pre-set values. Our preliminary testing (Supplementary Figure) in healthy subjects 

demonstrated that: 1) overall image SNR is affected more evidently by prescribed T2 than by 

prescribed T1; 2) setting prescribed T1/T2 based on the real relaxation times of the vessel 

wall poses degraded quality of IVW. We therefore focused on investigating the effect of 

prescribed T2 while keeping prescribed T1 fixed at 1100ms (i.e. the T1 of the arterial vessel 

wall). Specifically, all prescribed T2 values (50, 80, 110, 140, 170, and 200 ms) were tested 

in each of the 8 healthy subjects. The effect of prescribed T2 was quantified by measuring 
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wall SNR, wall-lumen CNR, wall-CSF CNR, and white matter (WM)-gray matter (GM) 

CNR (indicative of the T1 contrast weighting). To confirm whether the observed effect is 

independent of ETL, two different ETLs (36 and 60) were randomly selected in the 8 

studies. Other common imaging parameters were listed in the Supplementary Table 1.

II) To confirm whether the effects of prolonged ETL on SNR and CNR is independent 
of prescribed T2: For TSE sequences, empirically, a longer ETL lowers image SNR. 

Whether this trend is independent of prescribed T2 was explored in 4 healthy subjects. 

Briefly, a range of ETLs, i.e. 36, 44, 52, 60, and 68, were respectively employed with 

prescribed T2 fixed at 80ms or 170ms. The same quantitative metrics as mentioned above 

were determined.

Note, in step I and II, a commercial SPACE sequence was used where a non-selective 

saturation pulse along with a fixed saturation recovery time (620ms) was applied at the 

beginning of each TR and a minimal TR was used. This ensured the obtained SNR and 

CNRs were not confounded by different sequence timings associated with various parameter 

settings.

III) To identify an appropriate combination of ETL and prescribed T2: Based on the 

findings from step I and II, a set of expedited IR-SPACE imaging protocols utilizing 

different prescribed T2s (140, 170, or 200ms) with ETL=52, prescribed T1=1100ms, 

elliptical sampling with radial reordering, and an adjusted TR from 800ms (as used in (13)) 

to 900ms to boost SNR, were compared with the reference protocol (i.e. ETL=36, prescribed 

T1/T2=940/100ms, rectilinear sampling, and TR = 800ms) in 10 additional healthy 

volunteers. In addition to SNR and CNR quantifications as mentioned above, the sharpness 

at the inner and outer vessel wall boundaries were also measured in this group. This latter 

metric was believed to exhibit an opposite trend to SNR and/or CNR as prescribed T2 

progressively deviates from the true T2 (55ms) of the vessel wall (19). The protocol with the 

best trade-off between SNR/CNR and vessel wall sharpness was deemed as the optimized 

IR-SPACE protocol. The detailed imaging parameters were summarized in the 

Supplementary Table 1.

Image Analysis—The aforementioned SNR and CNRs were measured from the internal 

carotid artery supraclinoid segment (ICA C4) and its neighboring regions. On an image 

workstation (Syngo MultiModality Workplace; Siemens Healthcare, Germany), 2D cross-

sectional images of 0.53-mm thickness were first reconstructed from individual 3D image 

sets for both the left and right ICA C4. Care was taken to ensure location match between 

different scans. On these 2D images, mean signal intensity (S) was then measured from the 

vessel wall of ICA C4, adjacent vessel lumen, CSF, WM, and GM using a region-of-interest 

(ROI) approach, and the noise, σ, was measured as the signal standard deviation from the 

sphenoid sinus cavity (artifact-free air region, ROI area > 200 mm2) near the selected ICA 

C4 segments. From each scan, S of individual tissues was measured twice on the left and 

right sides, respectively, and averaged before calculating SNR (S/σ) and CNR ([S1-S2]/σ).
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Vessel wall sharpness was also measured from the ICA C4 inner and outer wall boundaries. 

Using a previous method (20), sharpness was obtained at three dispersed locations of each 

vessel cross-section, and averaged among the locations of the left and right sides.

Statistical tests were performed in Step III only because of a relatively large sample size. 

SPSS (v.14.0, SPSS Inc., Chicago, IL, USA) was used with statistical significance defined as 

p < 0.05. A paired two-tailed Student’s t test was used for the comparison of SNR, CNR and 

sharpness between each of the proposed expedited protocols and reference protocol.

Preliminary Evaluation of the Optimized IR-SPACE Protocol

The optimized protocol determined above underwent preliminary evaluation of image 

quality in both healthy and patients. In the 10 healthy subjects recruited during optimization 

step III, in addition to signal analysis described above, vessel wall delineation was further 

graded visually by two independent blinded readers (with 10 and 8 years of experience in 

MR vessel wall imaging) at the distal basilar artery (BA), the ICA C4, the middle cerebral 

artery (MCA) M1-M3 segments, the anterior cerebral artery (ACA) A1 and proximal A2 

segments, and the posterior cerebral artery (PCA) P1 and proximal P2 segments from an 

arbitrarily selected side. The scores are given to reconstructed cross-sectional images based 

on a 4-point scale (0: ≤ 50% of the vessel wall is visible; 1: > 50% of the vessel wall is 

visible; 2: the vessel wall is delineated with adequate signal and contrast to the lumen and 

CSF; and 3: the vessel wall is delineated with excellent signal-to-noise ratio and sharp 

contrast to the lumen and CSF). The average score over the two readers was analyzed using 

a paired two-tailed Wilcoxon signed rank test for any difference between the optimized and 

reference protocols.

Additionally, the optimized IVW imaging protocol was assessed at pre- and post-contrast 

states in 5 patients. In 3 of them, the reference protocol was also performed before contrast 

injection for direct comparison with the optimized protocol. Due to contrast wash-out over 

time, comparison between reference and optimized protocols after contrast injection was not 

performed to avoid bias. All IVW image sets were rated by a neuroradiologist blinded to 

imaging protocols for the delineation quality of vessel wall lesions using a 4-point scale (0: 

poor; 3: excellent).

RESULTS

MR images were successfully acquired in all 22 healthy subjects (11 females, mean age 38 

years). Progressively increasing prescribed T2 from 50 up to 140ms could boost wall SNR, 

CSF SNR, wall-lumen CNR, wall-CSF CNR, and WM-GM CNR, when ETL was 36 (Fig. 

1a) or 60 (Fig. 1b). This trend slowed down when T2 reached 170ms. As expected, wall 

SNR, CSF SNR, and wall-lumen CNR decreased as ETL progressively increased from 36 up 

to 68, whereas wall-CSF CNR and WM-GM CNR were not markedly affected; these effects 

were observed at both a short (Fig. 1c) and long prescribed T2 (Fig. 1d). Given the opposite 

effects from the two parameters, we simplified the optimization process by fixing ETL to 52, 

which permits a scan time of 7–8 min, and attempting to identify the best prescribed T2 from 

a narrowed range, i.e. 140, 170, and 200ms.
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The three expedited IR-SPACE imaging protocols all provided higher wall SNR, CSF SNR, 

wall-lumen CNR, wall-CSF CNR, and WM-GM CNR than the reference protocol did, as 

illustrated in Fig. 2a. Except for CSF SNR, significance in improvement was reached at a 

prescribed T2 of 170 (12.0±1.3 vs. 10.0±1.1, p=0.002; 9.7±1.2 vs. 8.0±0.9, p=0.002; 2.8±1.0 

vs. 1.7±1.0, p=0.026; 5.8±1.4 vs. 4.5±0.9, p=0.004 respectively) or 200ms (p=0.001, 0.001, 

0.002, and 0.002, respectively). A higher prescribed T2 generally led to higher wall SNR and 

CNRs. On the other hand, the three protocols generally led to similar or lightly lower 

(p>0.09 in all) vessel wall sharpness (e.g. for prescribed T2 of 170: inner boundary 

1.59±0.18 vs 1.58±0.14, p=0.87; outer boundary 1.71±0.25 vs. 1.83±0.30, p=0.18) (Fig. 2b). 

There was a trend that a higher prescribed T2 resulted in a lower sharpness at the outer wall 

boundary. Thus, as a trade-off between SNR/CNR and wall sharpness, the combination of 

ETL of 52 and prescribed T2 of 170ms was chosen as the optimized imaging protocol.

Despite the above differences between the optimized and reference protocols, they provided 

comparable vessel wall delineation quality for individual segments, as demonstrated in Fig. 

3 and summarized in Supplementary Table 2.

Imaging was successfully performed in all 5 patients (2 females, age 41–64). Wall lesion 

delineation scores on pre- and post-contrast optimized VWI images were the same, i.e. 3 in 

4 patients and 2 in 1 patient. The delineation quality of vessel wall lesions on the optimized 

IVW images was scored 3 in 4 patients and 2 in 1 patient. A total of 15 lesions were 

identified in 5 patients. Three cases (10 lesions) showed a focal lesion with eccentric wall 

thickening and contrast enhancement at the MCA, indicating intracranial atherosclerosis. 

Two case showed hyper-intense intramural hematoma at the internal carotid artery or 

vertebral artery, indicating dissection. Example images were shown in Fig. 4. There was no 

difference in score (all scored 3) between the optimized and reference protocols in the 3 

patients who had both protocols performed, as illustrated in Fig. 5.

DISCUSSION

IVW MRI based on 3D variable-flip-angle TSE has demonstrated clinical promises in recent 

studies. The high demands for spatial resolution, SNR, and spatial coverage can pose 

prohibitively long scan times and hinder a wide adoption of this method. The present work 

proposed a parameter tune-up solution to accelerate the 3D acquisition while preserving 

image SNR and CNR. The solution was integrated into IR-SPACE based whole-brain IVW 

imaging and demonstrated reduction of scan time by over 30%, improvement in image SNR/

CNR, and non-significantly impaired vessel wall sharpness as compared to the original IR-

SPACE protocol. A 7-minute IVW scan using the optimized protocol could potentially 

improve subject tolerance and examination success rate.

Prescribed T1 and T2, as important parameters in the 3D variable-flip-angle TSE sequence, 

were commonly employed with vendor pre-set values. Theoretically, the real relaxation 

times of the vessel wall should be used in IVW imaging to calculate the flip angles that 

would give rise to a pseudo steady-state wall signal evolution and thus a potentially sharp 

wall delineation (17). This strategy has proven useful in a recent SPACE-based IVW 

imaging study at 7.0-T (19). However, at 3.0-T, poor wall SNR appears to markedly impair 
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IVW visualization (shown in Supplementary Figure), which could be exacerbated when 

elliptical sampling and prolonged ETL are both used to shorten scan time. We therefore 

focused the present work on enhancing SNR by identifying the optimized prescribed T1 and 

T2.

In this work, we demonstrated the effectiveness of prescribed T2 in modulating overall 

image SNR. Within the interrogated range of prescribed T2, a higher value generally led to 

higher wall SNR and CNRs of interest. However, since a prescribed T2 that differs from true 

vessel wall T2 can disturb the pseudo-steady state of the vessel wall and thus potentially 

cause vessel wall blurring, a trade-off between SNR/CNR and wall sharpness was necessary 

to determine the optimized prescribed T2. This consideration is expected to be applicable for 

any application based on a 3D variable-flip-angle TSE sequence, although the optimal 

combination of prescribed T2, ETL, and TR would be application dependent. Additionally, 

although demonstrated in a sequence with a variable radial k-space sampling pattern, the 

concept of using prescribed T2 to modulate overall image SNR in 3D TSE imaging should 

hold true for other trajectories as this parameter is intimately related to flip angle series and 

resultant signal evolution.

The optimized protocol yielded significantly improved wall SNR and wall-CSF CNR while 

maintaining the desired T1 contrast weighting, compared to the reference protocol. The 

SNRs of the vessel wall and CSF showed similar trend as prescribed T2 or ETL changes. 

While the finalized optimal combination of prescribed T2 and ETL favors the SNR of both 

the vessel wall and CSF, the benefit on the former outweighed that on the latter, leading to a 

significantly increased wall-CSF CNR. This is of importance for wall visualization given 

that poor contrast between the vessel wall and CSF has been one of major obstacles in 

intracranial vessel wall imaging. In addition, the overall WM-GM CNR, indicative of T1 

contrast weighting, was not only preserved but also significantly increased in the optimized 

protocol compared to the reference protocol. Thus, the optimized protocol is likewise highly 

suited for the detection of T1-mediated high signal wall abnormality caused by intraplaque 

hemorrhage or lipid substances.

Vessel wall sharpness was not significantly reduced when using the optimized IR-SPACE 

protocol. Wall blurring can result from the prolonged, disturbed pseudo-steady state of the 

wall signal evolution and the elliptical sampling trajectory. However, these effects may be 

negligible compared to that of vessel pulsation-induced motion (21). Furthermore, the 

optimized protocol employs elliptical sampling in a radial fashion that is expected to 

maximally preserve the T1 contrast weighting (22). Therefore, the contrast between vessel 

wall and its surrounding CSF at the ICA C4 can be enhanced, which may positively 

contribute to vessel wall sharpness.

There are some limitations in the study. First, computer simulations, typically useful for 

parameter optimization, were not performed. The k-space trajectory employed in 

commercial 3D variable-flip-angle TSE sequences is now implemented as a variable radial 

pattern (17,22). Varying ETL and prescribed T2 will change both reordering scheme and 

signal evolution. Such variable signal distribution in k-space makes the quantification of 

signal intensity and sharpness of the vessel wall inaccurate when using computer simulation. 
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Second, in the pilot patient study, direct comparison between the optimized and reference 

protocols were conducted in 3 subjects only due to time constraints in the clinic. However, 

the good to excellent lesion delineation scores were obtained from all 5 cases. Third, the 

shortened scan time may also be traded for higher spatial resolution to provide more detailed 

assessment of small lesions, but, due to the limited sample size, this was not investigated in 

this work.

In conclusion, a parameter tune-up solution can accelerate the 3D variable-flip-angle TSE 

acquisitions, particularly allowed for expedited whole-brain IVW imaging with preserved 

wall delineation quality. Its potential in facilitating assessment of various cerebrovascular 

disease and wider clinical adoption of IVW MRI will require large-scale patient studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Effects of prescribed T2 (a & b.) and echo train length (ETL) (c & d.) on wall signal-to-noise 

ratio (SNR), CSF SNR, wall-lumen contrast-to-noise ratio (CNR), wall-CSF CNR, and 

white-gray matter CNR in selected scenarios.
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Figure 2. 
Comparison of three expedited whole-brain IR-SPACE protocols (echo train length [ETL] = 

52) to the reference protocol (i.e. previously proposed long-duration protocol whereby ETL 

= 36). For SNR/CNR comparisons (a), the expedited protocol with a prescribed T2 of 170 or 

200 ms provided significant (marked with *) improvements. For wall sharpness comparisons 

(b), a general trend of decrease in vessel wall sharpness was observed as prescribed T2 

increased, especially at the outer wall boundary. However, deterioration was not statistically 

significant with any of the expedited protocols.

Yang et al. Page 11

J Magn Reson Imaging. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Comparison between the reference protocol (i.e. previously proposed protocol whereby echo 

train length [ETL] = 36, prescribed T2 = 100 ms) and the optimized protocol (i.e. ETL = 52, 

prescribed T2 = 170ms) in one healthy volunteer. Example images of the basilar (BA), 

internal carotid artery (ICA) C4, middle cerebral artery (MCA) at M1, M2, M3 segments, 

anterior cerebral artery (ACA) at A1, proximal A2 segments, and posterior cerebral artery 

(PCA) at P1, proximal P2 segments. Comparable image quality is observed between the two 

imaging protocols.
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Figure 4. 
Example patient images with curved multi-planar reconstruction. a) In a 58-year-old male 

patient, intracranial vessel wall (IVW) imaging reveals a focal lesion at the left middle 

cerebral artery M1 segment. It is characterized by eccentric wall thickening (arrows), 

suggestive of a plaque, on pre-contrast images and strong enhancement (arrows) at the 

plaque-lumen interface instead of in the entire thickened wall (arrowheads in the zoomed-in 

cross-sectional images) on post-contrast images. b) In a 51-year-old male patient, dissection 

at the left internal carotid artery, IVW imaging reveals a lesion (arrows) at the left internal 

carotid artery with hyper-intense, crescent-shaped intramural hematoma and longitudinally 

diffuse involvement.

Yang et al. Page 13

J Magn Reson Imaging. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Comparison between the optimized protocol (a) and the reference protocol (b) in a 28-year-

old female patient with dissection at the left vertebral artery. Longitudinally diffuse hyper-

intense intramural hematoma was depicted comparably by both protocols.
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