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Abstract
[bookmark: OLE_LINK17][bookmark: OLE_LINK18]Purpose
[bookmark: OLE_LINK104]To develop and optimise a 3D black-blood R2* mapping sequence for imaging the carotid artery wall, using optimal blood suppression and k-space view ordering.

Methods
Two different blood suppression preparation methods were used; Delay Alternating with Nutation for Tailored Excitation (DANTE) and improved Motion Sensitive Driven Equilibrium (iMSDE) were each combined with a three-dimensional (3D) multi-echo Fast Spoiled GRadient echo (ME-FSPGR) readout. Three different k-space view-order designs: Radial Fan-beam Encoding Ordering (RFEO), Distance-Determined Encoding Ordering (DDEO) and Centric Phase Encoding Order (CPEO) were investigated. The sequences were evaluated through Bloch simulation and in a cohort of twenty volunteers. The vessel wall Signal-to-Noise Ratio (SNR), Contrast-to-Noise Ratio (CNR) and R2*, and the sternocleidomastoid muscle R2* were measured and compared. Different numbers of acquisitions-per-shot (APS) were evaluated to further optimise the effectiveness of blood suppression. 

Results
[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK5]All sequences resulted in comparable R2* measurements to a conventional, i.e. non-blood suppressed sequence in the sternocleidomastoid muscle of the volunteers. Both Bloch simulations and volunteer data showed that DANTE has a higher signal intensity and results in a higher image SNR than iMSDE. Blood suppression efficiency was not significantly different when using different k-space view orders. Smaller APS achieved better blood suppression.

Conclusion
[bookmark: OLE_LINK24][bookmark: OLE_LINK25]The use of blood-suppression preparation methods does not affect the measurement of R2*. DANTE prepared ME-FSPGR sequence with a small number of acquisitions-per-shot can provide high quality black-blood R2* measurements of the carotid vessel wall. 
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1. Introduction
The measurement of the T2* relaxation time has been used to assess iron concentration in the myocardium [1, 2], and liver [3] as well as being used to monitor the uptake of Ultra-small Superparamagnetic Particles of Iron Oxide (USPIO) in the vessel wall [4-7]. Good reproducibility has been found when using conventional multi-echo gradient-echo based T2* sequences [8]. Recently, black-blood preparation based on double-inversion-recovery (DIR) has been introduced for cardiac T2* imaging with improved myocardial-to-blood contrast, clearer myocardial borders, and less blood signal contamination [9-11]. Black-blood T2* sequences have reportedly achieved comparable T2* measurement, and superior reproducibility compared to bright-blood sequences [9-11]. 

In vessel wall imaging, the two dimensional (2D) black-blood T2* sequences using DIR or quadruple inversion-recovery (QIR) have been used to distinguish symptomatic from asymptomatic plaque [12]. Significant differences in T2* values have also been found in different plaque components [13]. Changes in T2*-weighted imaging following the administration of USPIO have been used as a surrogate biomarker for changes in plaque inflammation [14-16]. 

However, the use of blood suppression techniques such as DIR or QIR might not be sufficient for 3D imaging [17, 18]. Residual flow artefacts make the separation of the wall and lumen difficult, the partial volume in the wall pixels close to the lumen requires complex post-processing for accurate T2* mapping [19, 20]. Alternative blood suppression techniques which have been introduced in recent years, such as motion-sensitive driven equilibrium (MSDE) [21, 22] and DANTE [23], have shown superior blood suppression, especially for 3D imaging. They have been used in the majority of recent clinical studies to evaluate 3D carotid plaque morphology and function [18, 24-27]. However, there are limited studies exploring the application of these techniques for 3D T2* mapping [28, 29]. 

The aim of this study was to develop an optimised 3D black-blood T2* sequence for carotid vessel wall imaging. Different 3D black-blood preparations were compared and optimised k-space view orders were designed through Bloch simulation and evaluated in a volunteer study. The T2* relaxivity, R2* = 1/T2*, is used in this study, since it has a positive linear relationship with tissue iron concentration [3].
 
2. Materials and Methods
2.1 Sequence
The basic sequence consists of a blood suppression module, followed by a fat-suppressed 3D multi-echo fast spoiled gradient echo sequence (ME-FSPGR) followed by a delay time (Td). Fig.1A shows the sequence diagram for one shot. Two black-blood techniques, iMSDE (Fig. 1B) [22] and DANTE (Fig.1C) [23], were compared. The iMSDE module consists of a non-selective 90˚ tip-down pulse, two composite 180˚ refocusing pulses and a -90˚ tip-up pulse. Motion sensitive gradients were used between the RF pulses for blood suppression. The DANTE preparation comprises a train of low amplitude hard RF pulses interspersed with gradients applied along all three directions. 

Fat saturation was achieved using a standard chemical shift saturation pulse. Each shot comprises the blood suppression preparation, fat suppression, multiple ME-FSPGR acquisitions and Td (Fig.1D). The number of ME-FSPGR acquisitions-per-shot (APS) is user selectable. Each ME-FSPGR acquisition comprises six echoes. The delay time (Td) is applied at the end of the FSPGR acquisitions to allow the magnetisation to recover and improve the overall Signal-to-Noise Ratio (SNR). During the readout, the k-space points in the ky-kz plane were acquired per their distance from the k-space centre to achieve optimal blood suppression. 

[bookmark: OLE_LINK40]Three different k-space view orders were implemented and compared. The first method was Radial Fan-beam Encoding Ordering (RFEO) [30] (Fig.2A). In this method, the k-space points in the ky-kz plane were first sorted into different shots by their polar angle, and then within each shot, the points were sorted by their distance from the k-space centre. The second method was the Distance-Determined Encoding Ordering [31] (DDEO, Fig.2B). In this method, all the k-space points in the ky-kz plane were first sorted by their distance from the k-space centre, and then the ith × N points were allocated to the ith place in each shot (i is from 1 to the APS, N is the total number of shots).  The third method was Centric Phase Encoding Order (CPEO, Fig.2C), in which each shot consists of a single line along kz.

[bookmark: OLE_LINK116][bookmark: OLE_LINK117][bookmark: OLE_LINK118]The other fixed parameters for the acquisition were: Td = 200 ms; TE = 4.9, 10.4, 15.7, 21.1, 26.4 and 31.8 ms; TR = 36.8 ms; flip angle = 15°; receiver bandwidth = ±31.25 kHz; acquisition plane: axial; field-of-view (FOV): 140×140×80 mm3; acquisition matrix: 224×224×40. The images were interpolated to a 512×512×80 reconstructed matrix size using zero-filling. A unipolar echo acquisition was used to minimise off-resonance effects. 

2.2 Bloch simulation
Bloch equation simulations were performed to study the signal evolution of the vessel wall with the different black-blood methods and k-space view orderings, using a custom algorithm, based on the code from Brian Hargreaves at Stanford University (http://mrsrl.stanford.edu/~brian/bloch/), in Matlab (MathWorks, Natick, MA, USA). The relaxation times used in the simulation were: T1_blood = 1500 ms, T2_blood = 128 ms, T1_wall = 1000 ms  and T2_wall = 50 ms [13, 18]. Other parameters were the same as for the volunteer protocol.

2.3 Volunteer studies
Twenty volunteers (ten male, mean age 29,  range: 24-41 years) were recruited for this study. The study protocol was reviewed and approved by a local ethics committee and written informed consent was obtained from each volunteer. All scans were performed using a 1.5T system (MR450w, GE Healthcare, Waukesha, WI), using a 4-channel phased-array neck coil (PACC, MachNet, Roden, The Netherlands). 

[bookmark: OLE_LINK65][bookmark: OLE_LINK66]The volunteers were initially scanned with the ME-FSPGR sequence combined with i) DANTE, ii) iMSDE, and iii) without black-blood preparation. The readouts used the RFEO method with a fixed APS of 40. The three different view orders were evaluated using the DANTE preparation with an APS of 40 for all of the volunteers. The scanning time for the RFEO and DDEO acquisitions was 6min15s and 7minutes for CPEO. To further optimise the blood suppression, seven volunteers were scanned with the DANTE preparation and RFEO order using different APS (APS = 10, 40, 70 and 100). 

In the R2* calculation, the noise in the image was corrected by subtracting the background signal intensity in the power images [32]

                                           (1)

where  and  are noise corrected and uncorrected image at different TE, and  was the background noise intensity. Then the R2* fitting was using

                                                  (2)

2.4 Image analysis
[bookmark: OLE_LINK62][bookmark: OLE_LINK63][bookmark: OLE_LINK64]In all the volunteer images, the lumen and wall contours of three contiguous slices 5 mm below the bifurcation were manually drawn by an experienced reviewer in OsiriX (OsiriX 5.5.2, Pixmeo, Geneva, Switzerland). A region of noise was also drawn in an artefact-free background by the same observer. The standard deviation of the background region was used as the noise level. Vessel wall SNR and wall-lumen Contrast-to-Noise Ratio (CNR) were calculated. The SNR was calculated as:

SNR = 0.695×S/                                                          (3)

[bookmark: OLE_LINK60][bookmark: OLE_LINK61][bookmark: OLE_LINK59]where S is the signal intensity,  is the standard deviation of the noise, and the multiplier 0.695 considers four-channel used in the carotid coil [33]. The wall-lumen CNR was defined as the difference between wall SNR and lumen SNR:

CNRwall-lumen = SNRwall-SNRlumen                                              (4)

[bookmark: OLE_LINK69][bookmark: OLE_LINK67][bookmark: OLE_LINK68][bookmark: OLE_LINK70][bookmark: OLE_LINK71][bookmark: OLE_LINK8][bookmark: OLE_LINK9][bookmark: OLE_LINK10]The SNR of a single region drawn in the sternocleidomastoid muscle was also calculated for each scan. To test the inter-reviewer reproducibility, the images from DANTE prepared sequence with RFEO readout and APS value of 10 were analysed by a second reviewer, and the results were compared with the first reviewer. Both of the reviewers were blinded to the subjects’ information and made their measurements independently. The data are presented as mean ± sd (standard deviation). A paired student’s t-test was used to compare the difference. The interclass correlations (ICCs) of the vessel wall and muscle R2* values measured from two reviewers were calculated. The statistical analysis was performed using R [34] (version 3.2.2, R Development Core Team, Vienna, Austria).

[bookmark: OLE_LINK107][bookmark: OLE_LINK108]3. Results
To achieve adequate blood suppression, the iMSDE preparation was empirically optimised with a gradient amplitude of 20 mT/m, duration of 1500 ms and slew rate of 120 mT/m/ms. The DANTE parameters were set at: number of pulses 100, gradient amplitude 20 mT/m, flip angle 13˚, repetition time ~1 ms.

[bookmark: OLE_LINK12][bookmark: OLE_LINK13][bookmark: OLE_LINK14][bookmark: OLE_LINK6][bookmark: OLE_LINK7][bookmark: OLE_LINK11]Fig. 3 shows the Bloch simulation of the vessel wall longitudinal magnetisation change over time and one corresponding volunteer image using RFEO with an APS of 40. The DANTE prepared sequence achieves a higher signal compared to the iMSDE prepared version. In the volunteer scans, The quantitative measurement of vessel wall and sternocleidomastoid muscle are shown in Table 1. The vessel wall SNR and CNR are significantly higher in DANTE than iMSDE (both p < 0.01). The R2* values of the vessel wall were similar (p = 0.84). The muscle R2* values were unaffected by the blood suppression schemes (p = 0.34 for DANTE vs. no blood suppression; p = 0.28 for iMSDE vs. no blood suppression). The muscle has similar SNR in DANTE compared to no blood suppression (p = 0.92), while has significantly lower SNR in iMSDE (p < 0.01).

[bookmark: OLE_LINK48][bookmark: OLE_LINK49]Fig. 4 shows the Bloch simulation of the longitudinal magnetisation recovery of blood using the different k-space view orders. After each black-blood pulse, the blood longitudinal magnetisation recovers from zero due to T1 relaxation. Since the image contrast is mainly determined by the k-space centre, a method that allocates the low blood signal points to the k-space centre can achieve optimal blood suppression. Under this assumption, the DDEO method (centre column) should achieve the best blood suppression. 

[bookmark: OLE_LINK20][bookmark: OLE_LINK21][bookmark: OLE_LINK22][bookmark: OLE_LINK23]Fig. 5 shows a volunteer study acquired using the DANTE prepared sequence with the three different k-space orders. These T2*-weighted images are obtained using a sum-of-squares combination of the different echoes. The RFEO and DDEO orders achieved better blood suppression than the CPEO order. The results show that volunteer wall-lumen CNR of RFEO (7.0 ± 1.6) and DDEO (6.6 ± 1.8) are comparable, and higher than the CPEO method (5.8 ± 2.0). However, none of the differences was significant (p = 0.28 for RFEO vs. CPEO, p = 0.48 for DDEO vs. CPEO). 

Some of the volunteer images showed insufficient blood suppression with the use of APS = 40. Thus, the effectiveness of changing the APS on blood suppression was further investigated in the volunteers. One example of a volunteer study with different APS is shown in Fig.6. The results show that the SNR and R2* value measured from vessel wall and the sternocleidomastoid muscle were similar with different APS, while the CNR of the vessel wall decreases with increasing APS, indicating the blood suppression efficiency decreases with increasing APS. The results from two reviewers correlated very well. The ICC for the vessel wall and muscle R2*  were 0.87 and 0.90, respectively.

[bookmark: OLE_LINK109][bookmark: OLE_LINK110]4. Discussion
[bookmark: OLE_LINK111][bookmark: OLE_LINK112]Vessel wall multi-echo T2* imaging could be used for plaque component classification [13, 35], USPIO uptake quantification [6, 14, 36] and potentially also for susceptibility weighted imaging (SWI) [37, 38] and quantitative susceptibility mapping (QSM) [39]. Unlike 3D FSE based T2 mapping sequences [40, 41], in which the readout has an intrinsic blood suppression effect, the blood suppression for GRE-based T2* mapping is challenging. So far only limited studies have explored black-blood T2* mapping. This study, for the first time, shows the feasibility of implementing black-blood techniques into a 3D T2*/R2* mapping sequence. 

The iMSDE preparation demonstrated a lower SNR compared to DANTE in this study, which is in agreement with a previous study [18]. The T2 decay during the iMSDE preparation leads to lower image SNR, which may limit the application in some low-signal regions [29]. When applied to high field MRI (e.g., 7T), DANTE may also be more suitable due to the specific absorption rate (SAR) restrictions [18]. 

Three different k-space filling orders were implemented and compared. There was no difference between the RFEO and DDEO orders, in that they both showed better blood suppression than CPEO. Both RFEO and DDEO fill the k-space centre immediately after the blood suppression pulse. Therefore, the reconstructed images have the most effective blood suppression. The results showed non-significant differences between these three methods, indicating that the choice of view-ordering does not a major influence on image quality. The choice of the APS, on the other hand, is more important for blood suppression. Larger APS values allow longer blood T1 recovery between the blood suppression pulses, which will result in insufficient blood suppression. The RFEO and DDEO provide flexible APS during the scan while the CPEO has limited options for APS (APS must be fractions of slice number, e.g., 1, 1/2, 1/3 et al of slice number). The DDEO method may be more suitable when the APS is very short; in this case, the RFEO method may not be optimal as the outer k-space regions cannot be reached even with a small polar angle. The large jumps in the k-space ordering utilised in the DDEO method may increase eddy current effects, as, has been previously reported albeit using balanced steady-state free precession (SSFP) sequence [42]. However, no such eddy current artefact was observed in this study.

[bookmark: OLE_LINK26]It should be noted that cardiac gating was not used in this study, which is one of the limitations of this study. The effect of trigger delay is not examined. However, the addition of ECG gating would result in variable Td values and hence variable magnetisation recovery between different the shots. Furthermore, a previous study showed that comparable vessel wall morphological measurement can be achieved with a ungated 3D sequence [43].Another limitation is that no patient image is available in this study. This study aims to optimise the black-blood R2* mapping sequences in the volunteer. The result from this study is worth trying in the patient studies.

5. Conclusion
[bookmark: OLE_LINK15][bookmark: OLE_LINK16]This study has developed and optimised a 3D black-blood R2* mapping sequence through Bloch simulation and volunteer imaging. The results show that the DANTE preparation is better than iMSDE in terms of image SNR. In addition, the RFEO and DDEO k-space ordering methods have similar blood suppression efficiency, and no significant CNR differences were observed between them and CPEO method. The RFEO and DDEO method provide more flexibility with different APS values. Smaller APS could achieve better blood suppression effect.
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Table 1. Quantitative measurement from vessel wall and sternocleidomastoid muscle in no blood suppression, DANTE and iMSDE prepared ME-FSPGR sequences. Due to the partial volume effect of the lumen signal, the vessel wall SNR, CNR and R2* values without blood suppression is not reported.
	Blood suppression
	Vessel wall SNR
	Vessel wall CNR
	Vessel wall R2*
	sternocleidomastoid muscle SNR
	sternocleidomastoid muscle R2*

	no
	-
	-
	-
	40.2 ± 14.0
	36.0 ± 5.6

	DANTE
	12.2 ± 4.5
	7.2 ± 2.6
	32.6 ± 6.7
	39.9 ± 16.9
	34.8 ± 4.8

	iMSDE
	8.5 ± 1.5
	5.0 ± 1.2
	33.4 ± 7.6
	21.6 ± 13.1
	37.6 ± 6.8





Figure legends
Figure 1. Overview of the black-blood ME-FSPGR sequence in one shot. (A) A shot consists of blood suppression preparation pulse, a standard chemical saturation pulse, and multiple acquisitions. The number of acquisition is defined as acquisitions-per-shot (APS). A delay time (Td) is used at the end of each shot. Two different blood suppressions, iMSDE (B) and DANTE (C) were used. Τ is the time interval between the 90˚ and 180˚ pulse in iMSDE.  is the flip angle in DANTE. tD is the repetition time of DANTE pulse. (D) The ME-FSPGR acquisition contains six echoes.

Figure 2. Example of three different k-space orderings using matrix of 32×32. The color bar shows the acquisition order within each of the shot: from the 1st point to the APSth point; APS = 32 is used in this example.

Figure 3. Upper row: Bloch simulation of the ME-FSPGR sequence, and with DANTE or iMSDE preparation. Vessel wall material properties of T1 = 1000 ms and T2 = 50 ms are used in the simulation. Centre row: corresponding volunteer images with six echoes acquired. Bottom row: corresponding R2* maps of the vessel wall.

Figure 4. Blood T1 recovery in k-space using three different k-space view orderings. Upper row shows an example of 32×32 k-space using APS equals to 32. Centre row shows the example of 224×40 k-space using APS equals to 40. Bottom row shows the one line of k-space (ky = 0) in 224×40 matrix example.

Figure 5. An example of volunteer image using three different k-space view ordering. The sum-of-squares of echoes is presented.

Figure 6. Comparison of different APS using DANTE prepared acquisition. (A): A volunteer image showing different APS. The six different echoes and R2* map are presented. Large APS results in insufficient blood suppression. (B-D): Measurement of SNR, CNR and R2* of vessel wall and sternocleidomastoid muscle. 


[image: F:\Cambridge Office\Jianmin\MRI\Projects\Optimize_3D_BB_T2star\Document\MRI\Figure 1.jpg]

[bookmark: OLE_LINK30][bookmark: OLE_LINK31]Figure 1


[image: F:\Cambridge Office\Jianmin\MRI\Projects\Optimize_3D_BB_T2star\Document\MRI\Figure 2.jpg]
Figure 2


[image: F:\Cambridge Office\Jianmin\MRI\Projects\Optimize_3D_BB_T2star\Document\MRI\Figure 3.jpg]
Figure 3



[image: F:\Cambridge Office\Jianmin\MRI\Projects\Optimize_3D_BB_T2star\Document\MRI\Figure 4.jpg]
Figure 4
[image: F:\Cambridge Office\Jianmin\MRI\Projects\Optimize_3D_BB_T2star\Document\MRI\Figure 5.jpg]
Figure 5




[bookmark: _GoBack]
[image: F:\Cambridge Office\Jianmin\MRI\Projects\Optimize_3D_BB_T2star\Document\MRI\Figure 6.jpg]
Figure 6

17

image1.jpeg
A. Sequence overview

Blood fat Time delay
suppression || suppression ESEGR (ESPGRe -e: ‘@ |FSPCR (Td)
!
1 APS 1
Shot
B.iMSDE
90°, 180°, 180°, 90", D. ME-FSPGR acquisition
[ «
le—! le——!
RF T 2t ot
oo = A
Gradient XYZ \‘/ U Spoiler W)
Slice
Phase % E
C.DANTE |, ¢, ,
1 ; —f
3 1 S Ty F Tl
RF
N
AN eee NNN Signal
Gradient XYZ

Spoiler

No. of pulses ———





image2.jpeg
(B) DDEO

(C) CPEO

Shot 1 Shot 5 Shot 9 Shot13  Shot17  ShotN





image3.jpeg
ME-FSPGR DANTE ME-FSPGR iMSDE ME-FSPGR





image4.jpeg
224x40
k-space

0.7




image5.jpeg
F




image6.jpeg
100
APS 10

APS 40

APS 70

APS 100

SNR

TE, TE, TEs TE, TEs ) TEs Ry* map
50 ¢ 10 D
Af Muscle —#— Vessel wall 60 47} Muscle
40 #— Vessel wall 9 *— Vessel wall
30 x 8 " 40
5 D
20 = _ 7 o
7 SR S =1 20
107 — - 6
0 5 0
10 40 70 100 10 40 70 100 10 40 70 100

APS APS APS




