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INTRODUCTION: Cerebral blood flow (CBF) quantification with arterial spin labeling (ASL) is usually accomplished by modelling the 
magnetization difference (ΔM), and solving for CBF analytically. As an alternative, Petersen et al. developed the model-free QUASAR 
concept, in which ΔM and local arterial input functions (AIFs) are obtained as a function of time [1]. CBF can then be estimated by model-
free deconvolution according to ΔM(t)=CBF⋅R(t)⊗AIF(t), where R(t) is the effective residue function (i.e., combined effects of outflow and relaxation of labeled water). Petersen et al. used block-circulant singular value decomposition (cSVD) deconvolution, including the 
version with oscillation index (oSVD) [2]. These methods generally yield robust parametric CBF maps but the estimates can be biased due to 
arterial dispersion, and they also tend to violate the definition of the residue function by returning oscillating and negative values. Zanderigo 
et al. proposed a new deconvolution method called nonlinear stochastic regularization (NSR), which produced more realistic residue functions 
when applied to dynamic susceptibility contrast (DSC) MRI data [3]. We have implemented NSR in model-free ASL [4], and in the present 
study quantitative NSR results are compared with SVD-based methods. 
 

MATERIALS & METHODS: Data were obtained from ten 
volunteers in the QUASAR reproducibility study [5], and the 
following MRI protocol was applied (Philips Achieva 3T): 
TR/TE/ΔTI/TI1=4000/23/300/40 ms, 64×64 matrix, 7 slices, 
spatial resolution 3.75×3.75×6 mm3, 84 dynamics (24 averages), 
13 inversion times and 5:52 min scan time. Post-processing was 
performed similarly to Refs. [1,5]. The cSVD threshold was 
20% and the maximum oSVD oscillation index was 0.095 [2,5]. 
NSR is a nonlinear Bayesian deconvolution method which 
utilizes a parameterization of the residual function, based on a 
random exponential, enabling virtually any shape. The 
exponential ensures non-negative solutions and the 
regularization yields smoother shapes, and NSR can also correct 
for arterial dispersion. Available NSR code [4] was modified to 
model-free ASL applications. In particular, we exploited the 
repetitions of the ASL experiment to estimate the measurement 
error, used in the least square optimization. Also, since NSR 
was found to be delay sensitive, an automatic shift correction 
was implemented prior to the deconvolution. Residue functions 
were obtained by cSVD, oSVD, NSR and NSR corrected for 
dispersion (NSRcd). For each method, the mean grey matter 
(GM) CBF (CBFGM) over all subjects (method mean) was 
calculated. Also, the intra-subject CBFGM coefficient of 
variation (COV) was estimated for each method. 
 

RESULTS: Figure 1 shows an example of solutions for a 
representative GM voxel. The left graph compares residue 
functions for the different deconvolution methods, and the right 

graph displays the corresponding reconvolved tissue response functions. Figure 2 shows an example of CBF maps produced by the different 
methods. Figure 3 shows a box plot of CBFGM and the corresponding method means. The 
method means were (mean±SD) 48.2±4.4, 29.0±3.6, 42.0±4.7, 44.0±5.0 ml/100g/min for 
cSVD, oSVD, NSR and NSRcd, respectively (n=10), and the mean intra-subject COVs of 
the corresponding methods were 40%, 46%, 62% and 62%. 
 

DISCUSSION: NSR consistently produced smooth and non-negative residue functions. cSVD 
resulted in large oscillations, while oSVD successfully suppressed oscillations but still 
violated the residue function characteristics. cSVD returned spuriously homogenous CBF 
maps, although with reasonable CBFGM, while oSVD gave robust CBF maps, with obvious 
grey-to-white matter contrast but low CBFGM [6]. NSR produced robust CBF maps with 
CBFGM ranging from 33 to 50 ml/100g/min. The intra-subject CBFGM COV was generally 
higher for the NSR methods. 
 

CONCLUSION: NSR yielded realistic effective residue functions and robust perfusion maps 
but somewhat low CBFGM [6]. However, NSR is hampered by delay sensitivity and 
substantial computational cost. oSVD is fast and robust, but is likely to underestimate CBF 
due to significant singular value truncation. 
 

REFERENCES: [1] Petersen ET et al., MRM, 55:219, 2006. [2] Wu O et al., MRM, 50:164, 2003. [3] 
Zanderigo F et al., IEEE Trans Biomed Eng, 56:1287, 2009. [4] Ahlgren A et al., Proc ESMRMB Leipzig, 
#18, 2011. [5] Petersen ET et al., NeuroImage, 49:104, 2010. [6] Leenders KL et al., Brain, 113:27, 1990. 

Figure 3. Box plots of subject means for the different 
methods. Red lines are method CBF means, light red 
areas correspond to 95% confidence intervals (CI) 
and light blue areas to one standard deviation. 

Figure 1. Example of deconvolution results from a representative GM voxel in one 
subject. Left: Residue functions as obtained by cSVD (red solid), oSVD (blue dashed), 
NSR (green dash-dotted) and NSRcd (pink dotted). Right: Measured tissue response 
(circles), and reconvolved tissue response. 

 

Figure 2. CBF parameter maps as obtained by the four different deconvolution 
methods. Example from one slice in one subject. 
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