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Target audience: Researchers and clinicians interested in arterial spin labeling. 
Purpose: The Arterial Spin Labeling (ASL) technique has undergone substantial development over the past few years and a consensus paper has 
recently been published [1]. The current recommendation is to use pseudocontinuous labeling with 3D acquisition after background suppression. With 
the recommended long labeling time (1.8s) and post-labeling delay time (1.8s), it is generally thought that the effect of cardiac pulsation should be 
minimal. However, anecdotally, we often observe that there exist large fluctuations in the difference image (i.e. control-label) intensity from one volume 
to another. These fluctuations are spatially correlated (i.e. the entire image is bright or dark), thus must be due to sources other than random noise. We 
hypothesize that, if we can identify the source of these fluctuations and account for it in acquisition, there may be a cost-effective opportunity for 
enhancing the SNR of ASL. In this work, we show that global signal fluctuations in ASL image is largely attributed to cardiac phase differences from one 
volume to another, and that cardiac-gated pCASL can increase the SNR by 79% at a modest cost of scan time.  
Methods: Experiments were performed on 6 healthy subjects (Age 27±5, 3 male) using a 3T (Philips) scanner. In accordance with the recommended 
ASL protocol for clinical application [1], we used pCASL with background-suppression and single-shot 3D GraSE readout with the following protocol: 
labeling duration = 1800 ms, post labeling delay = 1800 ms, FOV = 180×180×104 mm3, 13 slices, voxel size = 4.5×4.5 mm2. Two scans were performed 
on each participant. One is a regular (non-triggered) pCASL and the other is a cardiac-triggered pCASL. An in vivo pulse oximeter was attached to the 
index finger of the subject and the timing of cardiac pulse was recorded with reference to the pulse sequence timing (e.g. time of the excitation RF 
pulse). This way, we can compute the cardiac phase at which the excitation RF pulse is played out for each volume. For cardiac-triggered pCASL (see 
Fig. 1 for diagram), the sequence is similar to the non-triggered version except that, after the acquisition module of the previous TR, the scanner will wait 
for the next cardiac pulse before launching the sequence components of the next TR. This triggered scheme ensures that the cardiac phase of each 
excitation (as well as start of labeling, end of labeling, etc.) is matched, when the heart rate does not change significantly within the TR. This scheme 
does increase the scan duration, ranging from 0 to one full R-R interval per TR. On average, the scan duration of the triggered scan was 20.9±4.3% 
longer than the non-triggered one. 50 pairs of control/label images were acquired in both regular and cardiac triggered pCASL.  
Data Analysis: Image subtractions were performed between the control and labeled images. For this study, absolute quantification of CBF is not 
necessary, thus kinetic modeling was not conducted. Cardiac phase at which the excitation RF pulse was played out was determined based on its 
location within the R-R interval, and was written in radians [2]. Relationship between ASL signal and cardiac phase was assessed. To assess the 
temporal SNR of the data, coefficient-of-variation (CoV) was calculated using temporal standard deviation divided by temporal mean. For the CoV 
calculation, we divided the 50 repetitions into 5 segments (with 10 repetitions in each segment, 1.5 min) and the CoV was calculated across segments.  
Results and Discussions: Fig.2 shows repetition-by-repetition data for regular and triggered pCASL. Their whole-slice-averaged signal intensities are 
also displayed. It can be seen that, with regular pCASL, the repetition-by-repetition images exhibit pronounced fluctuations across time points, especially 
in large vessels (Fig. 1, top row). On the other hand, the cardiac-triggered data shows less variation. The source of the fluctuations in the regular pCASL 
can be appreciated in Fig. 3, which plots the ASL signal versus the cardiac phase at the time of excitation. It is apparent that both control and labeled 
signals are modulated by the cardiac phase, with a similar (instead of opposite) curve shape. These modulations represent additional, physiological 
noise in the ASL data when using a regular, non-triggered acquisition scheme. 

To evaluate the performance of the cardiac-triggered pCASL, two analysis approaches were used. One is to examine the correspondence between 
the cardiac phase of the control and labeled images. We found that the phase difference between the control and labeled image pair was 0.10 ±0.04  
radians in the triggered scan, which was significantly (p<0.003) lower than the regular pCASL (0.34 ±0.13  radians). The remaining phase differences 
in the triggered scan are due to slight variations in R-R interval (i.e. heart rate) from one heartbeat to next. CoV comparisons between the regular and 
cardiac-triggered scans are shown in Fig. 4. It can be seen that the triggered scan reveals substantially lower CoV, in both parenchyma regions and 
vessel areas. This corresponds to an SNR (1/CoV) enhancement from 11.7±3.2 to 21.0±5.9, an increase by 79%. 

Finally, we would like to propose a mechanism to explain the observed ASL signal fluctuations with cardiac phase. This is illustrated in Fig. 5. Briefly, 
the presence of pulsatile flow results in varying amount of fresh, unlabeled spins to reach the imaging voxels. These fresh spins will replace the tissue 
spins, which have been background-suppressed. Thus, the overall signal is modulated by the number of fresh spins. This also explains why the control 
and labeled curves have the same, instead of opposite, shape. 
Conclusion: We showed that regular pCASL sequence results in ASL signals that are sensitive to cardiac pulsation effects, reducing the fidelity of the 
data. Cardiac-triggered pCASL was able to enhance the SNR by 79% at a modest cost of 21% longer scan time. Thus, this may represent a cost-
effective approach to improve the reliability of ASL. 
References: [1] Alsop et al., Mag. Res. Med. Early view (2014); [2] Wu et al., IEEE Trans. Med. Img. (2009). 
 
 
 
 
 
 
 

Fig. 3. Whole-
slice signal 
intensity as a 
function of 
cardiac phase at 
readout from one 
subject. Red 
curves stand for 
the fitting of 
Fourier series to 
the 2nd order. 

Fig. 4. Comparison 
of the variation in 
ASL signal 
between regular 
pCASL (Blue) and 
cardiac-triggered 
pCASL (Red).The 
error bar indicates 
SE. (N=6, * p<0.05, 
** p<0.001) 

Fig. 2. 10 repetitions of ASL images (control-label, whole-slice signal intensity overlaid on the images) and 
their corresponding averages (colored box) from a representative subject. Background noise is removed. 

Fig. 1. Scheme of cardiac-triggered 
pCASL with background suppression. 

Fig. 5. Labeled spins and pulsatile 
fresh spins are responsible for ASL 
signal and control/labeled image 
signal variation, respectively. 
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