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CHAPTER 2

ABSTRACT
Purpose: The clinical feasibility of Arterial Spin Labeling (ASL) on a 1 T open bore scanner. 

Materials and Methods: First, the optimal post-labeling delay (PLD) at 1 T was determined 

(n=5), with and without vascular crushing. Secondly, the effect of different labeling approaches 

(pseudo-Continuous ASL (pCASL) versus Pulsed ASL (PASL)), background suppression (BSup) 

and read-out options (GRASE versus EPI), was investigated (n=9). Each effect was quantified 

by calculating the SNR, convergence and number of significant Grey Matter (GM) voxels in the 

ASL images. Finally, an example of an obese volunteer who could not have been scanned in a 

cylindrical scanner was presented. 

Results: The found optimal PLDs were both 1300 ms. PCASL labeling outperformed PASL labeling 

in terms of convergence, anatomical correspondence between GM and perfusion maps, and 

SNR (p<0.05). BSup appeared to have no additional value on the convergence, anatomical GM 

correspondence and SNR (p>0.05). EPI read-out yielded a slightly better convergence, whilst 

the SNR of the GRASE read-out was higher (p<0.05). 

Conclusion: ASL on 1 T is clinically feasible whereby the pCASL sequence with EPI read-out 

yielded the best performance for whole brain clinical perfusion imaging. 

Key words
Arterial spin labeling, cerebral blood flow; perfusion MRI; Open Bore;   
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INTRODUCTION
Over the last decade the interest in Arterial Spin Labeling (ASL) as a non-invasive diagnostic tool 

for the determination of cerebral blood flow (CBF), has increased substantially. By employing 

the blood as an endogenous tracer, the perfusion in the brain can be evaluated non-invasively. 

Currently, most clinical applications of ASL are performed on MRI scanners with a magnetic field 

strength of 1.5 T or higher (Wolf and Detre, 2007). Imaging at a higher magnetic field strength 

has several advantages with ASL. Besides a SNR gain due to the increase in field strength, an 

additional SNR gain is obtained due to the increase of the longitudinal relaxation time of arterial 

blood (T
1a

). This increase in T
1a

 results in a slower decay of the ASL signal as function of the Post-

Labeling Delay (PLD) and an increase in SNR. A disadvantage however, is the increase in the 

Specific Absorption Rate, which can be a limiting factor for certain ASL methods.

With the increasing obese population and the difficulty to measure children and 

claustrophobic subjects in cylindrical MRI scanners, cylindrical wide bore and non-cylindrical 

open bore scanners form an attractive alternative to accommodate these patient populations. 

While wide bore scanners have the advantage of higher field strength (up to 3 T) and an 

increased field of view (FOV), open bore scanners (up to 1 T) have a greater aperture, allowing 

for the most extreme cases of claustrophobic and obese patients to be examined without 

conceding in patient comfort (Bangard et al., 2007; Uppot et al., 2007). To facilitate scientific 

research and clinical examinations in these patient populations, it is desirable to translate 

important functional MR techniques, like ASL, to these lower field strengths (de Bucourt et al., 

2011; van de Giessen et al., 2011; van Werven et al., 2011). Therefore the purpose of this study 

was to implement and optimize the latest available ASL sequences on a 1 T open bore scanner 

for clinical ASL perfusion imaging. 

In order to accomplish clinical ASL imaging on a 1T open bore scanner, some issues have 

to be addressed. Due to the short T
1a

 at 1 T, the SNR drastically decreases as function of the 

PLD, limiting the usage of conventional (relatively long) PLDs. Reducing the PLD would address 

the decreased SNR, though at these short delay times the signal from the brain feeding 

arteries contributes significantly to the measured ASL signal, which can cause a severe CBF 

overestimation when not taken into account in the CBF quantification. Bipolar gradients can be 

used to dephase the fast flowing blood protons, effectively crushing the macrovascular signal 

contribution (vascular crushing) (Petersen et al., 2006; Ye et al., 1997). In addition, over the last 

years several methods of ASL imaging were proposed in literature to improve image quality and 

increase SNR. These methods mainly varied in labeling, background suppression (BSup) and 

read out. Inclusion of these sequence characteristics at 1 T, will lead to an optimal acquisition 

scheme for ASL imaging at this low magnetic field strength, enabling clinical usage.

Based on these considerations, three studies were performed. First, the optimal PLD for ASL 

imaging at 1 T was determined, with and without vascular crushing. Second, the performance 

of three ASL sequence characteristics (i.e. labeling method, effect of BSup and read-out) was 

evaluated.  Finally, an example of an obese volunteer not eligible for a conventional MRI scanner 

is presented to illustrate the direct clinical applicability of ASL imaging on a 1 T open bore scanner. 
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MATERIALS AND METhODS
This study was conducted in compliance with the regulations of the Local Institutional Review Board. 

14 healthy volunteers (4 Female, 10 Male, age range 19-31 years) and one obese volunteer (Female, 43 

years, 127 kg and a BMI of 40.1) were included in this study and all gave their informed consent. Image 

acquisition was performed on a 1 T Philips Panorama system (Best, The Netherlands) equipped with 

a four channel SENSE head coil and body coil transmission. For each study, the scanning session 

consisted of an ASL measurement block for perfusion imaging (as specified below for each study) 

followed by a T1w scan for anatomical reference (for acquisition parameters see table 1).

Acquisition 
Study 1: Determining the optimal PLD at 1T

Five healthy volunteers were included in this study and the goal was to determine the optimal 

PLD for ASL perfusion imaging at 1 T. A single transverse slice was imaged at the top of the 

ventricles. The perfusion signal was imaged at different PLDs by means of a multiphase pCASL 

sequence with a Look-Locker sampling scheme (table 1) (Teeuwisse et al., 2011). To assess the 

influence of the macrovascular contribution at each PLD, the multiphase pCASL measurement 

was performed with and without vascular crushing. The optimal PLD for the crushed perfusion 

signal is defined as the PLD where the signal intensity is maximal. Straightforward determination 

of the optimal PLD for the non-crushed perfusion signal is hampered by the loss of SNR at 1 T 

at long PLDs. Therefore the optimal PLD for the non-crushed perfusion signal is determined 

based on a trade-off between SNR and the absence of vascular contributions. 

Study 2: Optimize ASL acquisition scheme at 1T

The purpose of this study was to implement and investigate the performance of different 

available ASL sequences, on a 1 T open bore scanner. Nine healthy volunteers participated in 

this study and three different aspects of ASL imaging were evaluated. For a correct comparison, 

the acquisition time of each sequence was fixed at 10 minutes, thus allowing for differences in 

repetition times. First the method of labeling was investigated, whereby the PASL (PULSAR, 

based on pulsed star labeling) (Golay et al., 2005) and pCASL labeling schemes were evaluated 

(table 1). Secondly, the effect of additional BSup pulses to suppress the static tissue was 

investigated. These pulses are applied to reduce the susceptibility to motion and physiological 

noise, leading to an increased SNR and improved inter and intra subject reproducibility. BSup 

was evaluated for the pCASL sequence (table 1) (Dai et al., 2008; Wu et al., 2007; Ye et al., 2000). 

Finally, the effect of different read-out methods was investigated whereby a Multi-slice (Ms) 

Single-Shot (SSh) Echo Planar Imaging (EPI) read-out was compared with a 3D Multi-Shot (MSh) 

GRASE read-out (table 1) (Fernández-Seara et al., 2008; Günther et al., 2005). 

Study 3: Illustration of an obese volunteer at 1T

An example of an obese volunteer is presented to emphasize the clinical applicability of ASL at 

1 T (see sequence details in table 1). With a body weight of 127 kilograms and a BMI of 40.1, this 

volunteer was not eligible for an MRI exam at a conventional scanner.    
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Post-processing
After acquisition, the data was processed in MATLAB (MathWorks, Natick, MA, USA) with custom-

made software. The non-subtracted ASL images were corrected for motion by means of a 2D rigid 

body registration to the first dynamic. The anatomical data were subsequently rigidly registered 

to the first ASL dynamic, after which the brain was segmented into WM, GM and cerebral spinal 

fluid (CSF). Registration and segmentation were performed with SPM8 (Wellcome Trust Centre 

for Neuroimaging, Oxford, UK). Based on the segmentation a GM mask was created where voxels 

with a GM probability larger than 50% were included in the mask. Subsequently, the labeled 

images were subtracted from the non-labeled images and averaged over the dynamics. 

Study 1: Determining the optimal PLD at 1T

The mean perfusion weighted image intensity in the GM mask was calculated for each PLD, after 

which the mean signal intensity was plotted as a function of the PLD to evaluate the optimal PLD. 

To visualize the vascular contribution as a function of the PLD, the ratio between the non-crushed 

and crushed perfusion images was calculated and subsequently plotted as function of the PLD. 

Study 2: Optimize ASL acquisition scheme at 1T

The performance of each sequence parameter was evaluated qualitatively based on visual 

inspection (at acquisition times 2, 5 and 10 min) and quantitatively within the GM mask. The 

Table 1: MRI acquisition parameters for study 1-3.

General Anatomical T1w FFE

3D FFE, FOV: 320x320x128 mm3, 320x320 scan matrix, 56 slices, 1x1x2 mm3 resolution, acquisition 
time: 2:02 min

Study 1 Multiphase Single Shot EPI pCASL

FOV: 320x176x10 mm3 (RL/AP/FH), 80x44 scan matrix, 1 slice, 4x4x10 mm³ resolution, labeling duration: 
1300 ms, number of phases: 10, range PLDs: 75-1875 ms with 200 ms interval, TR/TE: 3500/17 ms,  NSA: 
128, Flip Angle: 25º , Venc

crush
: 5cm/s,  b-value

crush
: 0.6 s/mm², acquisition time: 15:03 min 

Study 2 General ASL parameters:

FOV: 320x176x56 mm³ (RL/AP/FH), 80x44 scan matrix, 7 slices, 4x4x8 mm³ resolution, PLD: 1300 ms, 
acquisition time: 10 min.  

Multi-slice Single Shot EPI pCASL with/without  BSup

Labeling duration: 1300 ms, TR/TE: 3034/15 ms, NSA: 99, Venc
crush

: 5 cm/s, b-value
crush

: 0.6 s/mm²,  
Partial Fourier in AP-direction: 7/10, BSup: 1540/2275 ms.

Multi-slice  Single Shot EPI PASL without  BSup

PULSAR, Labeling slab/gap: 100/30 mm, TR/TE: 2200/16 ms, NSA: 133, Venc
crush

: 5 cm/s, 
b-value

crush
: 0.6 s/mm², Partial Fourier in AP-direction: 0.7.

Multi-shot 3D GRASE pCASL with  BSup

Labeling duration: 1300 ms, TR/TE: 2847/36 ms, NSA: 51, ETL: 145 ms, Shots: 2, Partial Fourier in 
FH-direction: 5/8, slice oversampling: 1.8,  BSup: 1540/2275 ms.

Study 3 Multi-slice Single Shot EPI pCASL with  BSup

FOV: 320x176x108 mm³ (RL/AP/FH), 80x44 scan matrix, 12 slices, 4x4x9 mm³ resolution, labeling 
duration: 1300 ms, PLD: 1300 ms, TR/TE: 3306/15 ms, NSA: 54, Venc

crush
: 5 cm/s, b-value

crush
: 0.6 s/

mm², Partial Fourier in AP-direction: 7/10,  BSup: 1540/2275 ms,  acquisition time : 6:04 min.  
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individual slices in the data acquired with a multi-slice read-out were additionally corrected 

for decay of the label between the given PLD and actual slice acquisition. For each individual, 

the following parameters of the GM were assessed as function of imaging time: the mean CBF, 

CBF convergence, percentage of significant pixels and SNR. Assuming only small differences 

between the longitudinal relaxation rates of blood and static brain tissue, the mean CBF could be 

calculated as described by Wang et al. and Chalela et al. (Chalela et al., 2000; Wang et al., 2003):

[1]

[2]

[3]

where f is the flow (ml/g/s), ΔM the raw ASL signal, ΔM’ the vascular crushed ASL signal, λ is 

the blood/tissue water partition coefficient (0.9 g/ml) (Herscovitch and Raichle, 1985), R
1a

 the 

longitudinal relaxation rate of arterial blood (0.94 s-1, estimated according to Wang et al. (Wang 

et al., 2002)), α the labeling efficiency (0.85 for pCASL, 0.71 for  BSup pCASL and 1.0 for PASL) 

(Garcia et al., 2005; Wu et al., 2007)which has been conventionally achieved using instantaneous 

(PASL, τ the labeling duration, δ
t
 the tissue transit time (1500 ms for pCASL (estimated from 

study 1) and 1754 ms for PASL (MacIntosh et al., 2010)), δ
a
 the arterial transit time (754 ms) 

(MacIntosh et al., 2010) , and M
0a 

the equilibrium magnetization of arterial blood. Since pCASL 

and PASL have different bolus definitions and labeling locations, the corresponding tissue 

transit times were chosen accordingly. The equilibrium magnetization is given by:

[4]

where S
csf

 is the signal intensity of the CSF, automatically determined based on the CSF 

segmentation in the anatomical images, λ
a
 is the ml of water per ml of arterial blood (0.76) 

(Herscovitch and Raichle, 1985), TR the repetition time and T
1csf

 the longitudinal relaxation time 

of CSF (4276 ms) (Rooney et al., 2007). The temporal SNR and CBF convergence in a GM pixel 

were calculated according to eq. 5-6:

[5]

[6]

where N is the dynamic scan number and std the standard deviation. The percentage of 

significant pixels was calculated as the percentage of pixels that significantly differ from zero 
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(van Osch et al., 2009). A pixel was considered significant based on the criterion of a two sided 

Student’s t-test (p<0.05).

The effect of an imaging parameter on the SNR, CBF convergence and pixel significance, 

was tested by means of a paired two sided Student’s t-test of the observed values at a 5 min 

acquisition time. The evaluation of the parameters at an acquisition time of 5 minutes was 

chosen to evaluate if the observed effects are significantly present within a clinically acceptable 

measurement time. To verify if the mean CBF quantification over the volunteers does not 

significantly differ between the sequences, a one-way ANOVA was used (p<0.05).  

Study 3: Illustration of an obese volunteer at 1T

For the obese volunteer, no additional post-processing was performed. 

RESULTS
Study 1: Determining the optimal PLD at 1T

Figure 1 displays the acquired ΔM images (with and without vascular crushing) as function of the 

PLD, for a single volunteer. For the crushed images (A), it can be seen that the signal increases 

until approximately 875 ms and starts deteriorating after 1275 ms. For the non-crushed images 

(B), a general hyper-intensity can be observed in the GM until 875 ms, after which the normal 

perfusion intensities slowly appear and starts deteriorating at approximately 1475 ms. Figure 2.A 

shows the GM perfusion signal for each volunteer (indicated by the symbols), as function of 

the PLD with (solid lines) and without (dashed lines) vascular crushing. In general, the signal 

behaviour as function of the PLD is similar over all subjects. However, a large spread in signal 

intensity between subjects is noted. Maximum intensities are generally observed at 475 ms 

(non-crushed) and between 875 to 1275 ms (crushed). Figure 2.B displays the ratio between the 

non-crushed and crushed perfusion signal as function of the PLD, for each volunteer (indicated 

by the symbols).  For reference, a horizontal line representing a ratio of 1 is displayed. In general, 

an exponential decay is observed after 275 ms whereby no substantial changes are noted after 

1275 ms. With the exception of volunteer 5, none of the subjects reach a ratio of 1 at 1875 ms. It 

can be appreciated that a large part of the spread between subjects has disappeared.    

Figure 1: Example of the crushed (A) and non-crushed (B) perfusion weighted images as function of the PLD, for 
a single volunteer.
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Study 2: Optimize ASL acquisition scheme at 1T

Figure 3 displays the acquired perfusion images for each sequence (figure 3.B-E), showing the 

odd slices for a representative volunteer, after 2, 5 and 10 minutes. For anatomical reference, 

the corresponding segmented GM slices are shown on the first row (figure 3.A). With exception 

of the PASL sequence, all perfusion sequences are nicely confined to the GM after 5 min. With 

the exception of the 3D GRASE read-out, which shows some minor image degradation near 

the basal nuclei (as depicted by the white arrow), no apparent differences between the three 

different pCASL sequences can be observed after 5 minutes. 

Figure 4.A-D show the mean CBF (A), CBF convergence (B), SNR (C) and percentage of 

significant pixels (D) for each sequence, as function of time. In general it can be seen that all 

sequences reach stable mean CBF values after approximately 200 seconds. Mean CBF values 

range between 56-59 ml/100g/min, whereby no statistical difference was found between 

the different sequences (one-way ANOVA, p=0.90). When comparing the different labeling 

approaches, it is noted that the SNR (18 %, p=0.05), convergence rate (29 %, p=0.004) and 

percentage of significant pixels (10 %, p=0.006) are higher with pCASL labeling compared 

with PASL labeling. When comparing the effect of BSup, it is observed that both lines are 

practically undistinguishable in figures 4 B, C and D. This observation is supported by statistical 

testing, since no significant differences are found for all analysed parameters (SNR: p=0.80, 

convergence: p=0.40, percentage significant pixels: p=0.83). For the different read-out 

methods, it can be seen that the 3D GRASE read-out has a higher SNR (18 %, p=0.02) while the 

convergence rate of the Ms EPI read-out is better (57 %, p<0.001). The percentage of significant 

pixels did not significantly differ between GRASE and EPI (p=0.30).

Study 3: Illustration of an obese volunteer at 1T

Figure 5 shows the acquired perfusion images (slices 2 to 11) of an obese volunteer, not suitable for a 

MRI scan in a conventional scanner. In general, an acceptable contrast between the GM and WM is 

observed covering the whole brain, though some image degradation is observed at the outer slices.

Figure 2: A) The non-crushed perfusion signal as function of the PLD for each volunteer. B) The corresponding 
ratio between the non-crushed and crushed perfusion signals at each PLD.
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Figure 3: The segmented GM (A), Ms-PASL (B), Ms-pCASL without BSup (C), Ms-pCASL with BSup (D) and 
3D-GRASE with BSup (E), for a single volunteer (after 2, 5 and 10 min). White arrow depicts minor image 
degradation in the basal nuclei.

Figure 4: The mean CBF (A), SNR (B), convergence (C) and percentage of significant pixels (D) over all volunteers 
as function of acquisition time, for each sequence. Error bars represent the standard error of the mean as 
calculated over different subjects.
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DISCUSSION
This paper shows that ASL on a 1 T open bore MRI scanner is feasible within a clinically acceptable 

acquisition time (≈ 5 minutes). First, the optimal PLD for ASL at 1 T with and without vascular 

crushing was determined. Maximum perfusion weighted signal intensities were observed at 475 

ms (non-crushed) and between 875 to 1275 ms (crushed). These values are in agreement with 

previous multiphase pCASL studies at 3 T (Chen et al., 2012; Teeuwisse et al., 2011).Based on the 

maximum intensities in the ASL images and GM ROIs, the optimal PLD was determined at 1300 ms 

for the crushed perfusion measurement. For most volunteers, the ratio between the non-crushed 

and crushed measurements did not converge to 1, indicating that a vascular contribution is still 

present at the longest measured PLD of 1875 ms. However, no considerable ratio changes were 

observed after approximately 1275 ms, indicating that the majority of the vascular contribution 

has dissipated after 1475 ms. Given the trade-off between image quality (deterioration after 1275 

ms) and remaining vascular contribution (no considerable changes after 1275 ms), the optimal 

PLD for the non-crushed experiment was determined at 1300 ms. Furthermore, at a 475 ms PLD 

(maximum non-crushed signal), the ratio between the non-crushed and the crushed signal was 

6.5. This ratio was a factor 2 higher than found in a similar experiment at 3T (Teeuwisse et al., 

2011), reflecting the faster decay of T
1a

 at 1 T compared to the tissue compartment. 

Secondly, the effect of different labeling schemes, additional BSup pulses and different 

read-out methods were analysed. No significant differences were found in the CBF 

quantification between different ASL methods. Mean whole brain GM CBF values were 56-59 

ml/100g/min, which are in agreement with values previously reported in literature (Floyd 

et al., 2003; Gevers et al., 2009; Wang et al., 2002). It was found that the pCASL labeling 

scheme surpasses the PASL labeling scheme in terms of convergence, image quality, SNR and 

percentage of significant pixels. Similar SNR results have been found previously at 3 T (Chen 

et al., 2011), though the increase was less evident in our study (12 % versus 21 %). BSup appears 

to have no additional value to the performance of the pCASL labeling scheme. An explanation 

could be that the relatively short longitudinal relaxation times of the static tissue at 1 T (Rooney 

et al., 2007) compared to 3 T, leads to a faster recovery of the longitudinal magnetization of 

static tissue during read-out, and therefore a less effective suppression. Alternatively, it may be 

explained by the lower contribution of physiological noise to the ASL signal at 1 T compared to 

3T, reducing the added value gained from BSup. The 3D-GRASE read-out yielded a significant 

increase in SNR compared to the Ms-EPI read-out, although the convergence rate with the 

3D-GRASE was significantly lower compared to the Ms-EPI read-out. While the cortical GM 

corresponds very well for both read-outs, the 3D-GRASE images suffered from minor image 

degradation near the basal nuclei. This image degradation can mainly be attributed to blurring 

Figure 5: The acquired ASL perfusion images in an obese volunteer. Slices are displayed in ascending order from 
slice 2 till 11.
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in the z-direction due to the 3D read-out, which is most likely to degrade the smaller structures 

in the perfusion image. 

Finally, the clinical applicability of ASL at 1 T was demonstrated by means of perfusion 

imaging in an obese volunteer, not eligible for a conventional MRI scan. The imaging resolution 

from study 2 was slightly adapted to assure image quality within a clinically acceptable scanning 

time. As can be seen in figure 5, the images resemble to a large extend with the images acquired 

in figure 3.D at 5 min acquisition time. This example illustrates that ASL at 1 T is clinically possible 

within an acceptable image quality.

However, this study has some limitations. For study 1, no point of convergence was reached 

between the crushed and non-crushed perfusion measurements. A broader range of PLD times 

could have determined the exact PLD where the macrovascular signal does not contribute to 

the perfusion anymore, though at the longest PLD SNR was already severely limited. For the 

second study, the FOV in the z-direction was limited to 56 mm. This is mainly chosen due to 

the 3D-GRASE read-out, since an increment in slices leads to longer echo train lengths, making 

the 3D-GRASE more prone to artefacts.  For an increase in slice coverage at 1 T, it is therefore 

not possible to use the current implementation of the 3D-GRASE read-out. Furthermore, due 

to technical reasons no vascular crushing could be performed with the 3D-GRASE. This could 

result in hyper-intensities due to a vascular contribution disturbing the perfusion image and 

artificially increasing SNR. For the third study, the optimized PLD of 1300 ms was used, which is 

relatively short compared to values used at 3 T (Gevers et al., 2011). A 1300 ms PLD suffices for the 

paediatric and relatively young obese population, however for the more elderly population and 

patient populations with delayed bolus arrival times, this PLD may not suffice as the label might 

not be in the microvasculature of the imaging slice at the time of imaging. For these patient 

populations it is therefore recommended to increase the PLD for adequate imaging of the CBF, 

combined with an increase in number of averages to compensate for the decrease in SNR.

To conclude, we have demonstrated that ASL on a 1 T open bore scanner is clinically feasible 

with a reasonable resolution and clinically acceptable scanning time. The optimal PLD was 1300 

ms. PCASL labeling proved to produce the most detailed images combined with an acceptable 

SNR and convergence rate. Background suppression appeared to have no significant influence on 

image quality and the analyzed CBF parameters. When interested in a whole brain coverage or the 

smaller GM structures (such as the basal nuclei), a Ms-EPI read-out is best suited for ASL imaging 

at 1 T. If the main area of interest is the cortical GM and SNR is crucial, the 3D-GRASE is best suited. 

Therefore, based on the area of interest, the most adequate read-out method should be chosen. 
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