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Abstract

Multi-Band Echo Planar Imaging (MB-EPI), a new approach to increase data acquisition 

efficiency and/or temporal resolution, has the potential to overcome critical limitations of standard 

acquisition strategies for obtaining high-resolution whole brain perfusion imaging using arterial 

spin labeling (ASL). However, the use of MB also introduces confounding effects, such as 

spatially varying amplified thermal noise and leakage contamination, which have not been 

evaluated to date as to their effect on cerebral blood flow (CBF) estimation. In this study, both the 

potential benefits and confounding effects of MB-EPI were systematically evaluated through both 

simulation and experimentally using a pseudo-continuous arterial spin labeling (pCASL) strategy. 

These studies revealed that the amplified noise, given by the geometry factor (g-factor), and the 

leakage contamination, assessed by the total leakage factor (TLF), have minimal impact on CBF 

estimation. Furthermore, it is demonstrated that MB-EPI greatly benefits high-resolution whole 

brain pCASL studies in terms of improved spatial and temporal signal-to-noise ratio efficiency, 

and increases compliance with the assumptions of the commonly used single blood compartment 

model, resulting in improved CBF estimates.
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1. Introduction

Arterial spin labeling (ASL) perfusion imaging makes use of arterial blood water as an 

endogenous tracer to estimate tissue perfusion and evaluate tissue viability (Detre et al., 

1992). The non-invasive and non-contrast enhanced characteristics of ASL imaging make it 

an attractive approach for both neuroscience research and clinical applications (Detre et al., 

1998, Detre and Wang, 2002). High-resolution studies are desired in order to reduce partial 

volume effects on cerebral blood flow (CBF) quantification, increase the ability to identify 

small focal lesions (Bokkers et al., 2012) and improve perfusion quantification in small sub-

cortical structures such as the hippocampus (Li et al., 2011, Li et al., 2013). However, 

obtaining high-resolution ASL based perfusion measurements is challenging due to the 

intrinsically low signal-to-noise ratio (SNR) and increased acquisition times when using 

standard acquisition strategies. Decreased perfusion SNR for high-resolution imaging is a 

consequence of multiple factors including; 1) increased in-plane resolution, 2) increased 

through-plane resolution and 3) the need for more slices to cover the same volume resulting 

in prolonged delay times between labeling and signal acquisition during which labeled spins 

experience longitudinal relaxation. The necessity of increasing the number of label/control 

image pairs for sufficient perfusion SNR greatly increases the total imaging acquisition time, 

thus limiting, if not prohibiting, the practice of acquiring high-resolution whole brain ASL 

perfusion data.

To overcome such challenges, different strategies have been previously proposed to increase 

perfusion SNR of ASL methods. Continuous arterial spin labeling (CASL) (Alsop and 

Detre, 1998), one of two major types of ASL methods, can provide better perfusion SNR 

than pulsed arterial spin labeling (PASL) (Kim and Tsekos, 1997, Wong, 2005), but requires 

a dedicated transmit/receive coil with the capability of continuous transmission of 

radiofrequency (RF) energy. More recently, an intermediate approach, pulsed- or pseudo-

continuous arterial spin labeling (pCASL), has been shown to provide higher labeling 

efficiency than CASL without the need for a dedicated transmit/receive coil (Wu et al., 

2007, Dai et al., 2008). The use of a body coil for RF transmission and a separate phased-

array coil for signal reception makes pCASL amenable for applications on current clinical 

scanners. Therefore, pCASL has become the preferred ASL approach for whole brain ASL 

perfusion imaging (Alsop et al., 2014).

To increase the SNR of whole brain ASL imaging studies, 3D imaging methods have also 

been explored (Gunther et al., 2005, Dai et al., 2013). In this approach, a 3D slab, rather than 

a single slice, is excited by the RF excitation pulse. The excited spins are continuously 

refocused by using spin echo refocusing RF pulses between phase encoded slices and 

spatially encoded in plane with rapid k-space sampling strategies such as echo-planar 

imaging (EPI) (Gunther et al., 2005) or spiral (Dai et al., 2013) trajectories. Recently, to 

overcome the adverse T2 blurring effects of 3D acquisition on perfusion imaging, alternative 

imaging acquisition strategies have been proposed and demonstrated (Gai et al., 2011, Tan 

et al., 2011, Nielsen and Hernandez-Garcia, 2013).

In contrast to 3D imaging methods, 2D EPI does not suffer T2 blurring, but requires a longer 

total imaging acquisition time to cover the same volume. The imaging slices, typically 
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acquired in an ascending slice order, experience widely varying post-labeling delay times, 

during which longitudinal relaxation of the labeled spins occurs. The total acquisition time is 

lengthened with increasing encoding matrices and slices as required in high-resolution 

whole brain studies. In such studies, the most inferior slices and superior slices are acquired 

at extremely short and long post-labeling delays, respectively. Short delay times have the 

potential problem of not allowing sufficient time for labeled spins to perfuse the target tissue 

and long delay times suffer from poor SNR. Particularly, the validity of the standard single-

blood compartment model for CBF quantification can be compromised as the range of post-

labeling delay times expands, which arises from using the T1 of the blood for the 

longitudinal relaxation decay correction of the perfusion signal (Wang et al., 2003).

Multi-band imaging, or simultaneous multi-slice imaging, provides an attractive and 

alternative solution to reduce the total acquisition time of high-resolution whole brain 

imaging with 2D EPI, especially when increased spatial or temporal resolution is desired 

(Moeller et al., 2010, Setsompop et al., 2012b). Multi-band EPI imaging (MB-EPI) uses 

multi-banded radiofrequency (RF) pulses to simultaneously excite multiple spatially 

distributed slices, where the superimposed signals acquired from the multiple slices are 

unwrapped via anti-aliasing reconstruction. The simultaneous acquisition of multiple slices 

can greatly reduce total imaging acquisition time for whole brain applications with EPI, and 

particularly has the potential to improve whole brain ASL perfusion studies where high in-

plane and through-plane resolution is desired, necessitating the use of a large number of thin 

imaging slices to achieve the desired coverage. MB-EPI has been successfully demonstrated 

in functional magnetic resonance imaging (fMRI) (Moeller et al., 2010) and resting state 

fMRI (Feinberg et al., 2010, Koopmans et al., 2012, Smith et al., 2012), showing improved 

detection of resting sate networks, as well as diffusion-weighted imaging (DWI) (Feinberg 

et al., 2010, Setsompop et al., 2012a) for dramatic reductions in imaging time. As such, MB-

EPI has become an essential data acquisition strategy for both fMRI and DWI in the Human 

Connectome Project (Van Essen et al., 2012).

MB-EPI has been recently demonstrated (Kim et al., 2013) and later compared to single-shot 

3D GRASE (Feinberg et al., 2013) for PASL perfusion imaging in the brain using flow-

sensitive alternating inversion recovery (FAIR) (Kim and Tsekos, 1997). By using a 

standard low imaging resolution, these studies found that perfusion signal differences 

between single-band (SB) and MB-EPI are minimal. While an important initial finding, 

these studies did not explore the potential of MB-EPI on ASL imaging in high-resolution 

whole brain applications where the slice dependent effects become pronounced. On the other 

hand, MB-EPI introduces confounding factors that may reduce the reliability of CBF 

estimation, including spatially varying noise amplification as characterized by geometry 

factor (g-factor) due to slice-GRAPPA (Generalized Autocalibrating Partially Parallel 

Acquisition) reconstruction (Robson et al., 2008) and leakage contamination resulting from 

imperfect anti-aliasing of simultaneously acquired multiple slices (Cauley et al., 2013, Xu et 

al., 2013). These potential confounding effects and their slice dependence were not directly 

and systematically investigated in the previous studies.
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In this study, the potential benefits and confounding factors of MB-EPI for high-resolution 

whole brain ASL perfusion imaging are explored through both systematic experiments and 

theoretical simulations.

2. Materials and methods

2.1 MR imaging

Imaging studies were performed on a 3T Siemens Trio whole-body scanner (MAGNETOM 

Trio, Siemens Healthcare, Erlangen, Germany). The body coil was used for RF 

transmission, and the Siemens 32-channel phased array head coil for signal reception. High-

resolution 3D anatomic images were acquired by using an MPRAGE (magnetization-

prepared rapid acquisition with gradient echo) sequence with 1.0 mm isotropic resolution 

after a multi-plane scout localizer. These high-resolution images were used as the reference 

to prescribe imaging slices for the following ASL studies.

2.2 MB-EPI pCASL sequence

The pCASL preparation modules used the balanced gradient approach (Wu et al., 2007, Dai 

et al., 2008) (Figure 1a). The implemented pCASL EPI imaging sequence consisted of 

labeling/control RF pulse trains, post-labeling delay (PLD) and SB- or MB-EPI readout 

(Figure 1b). MB-EPI image slices are divided into a number of groups or bands equivalent 

to the MB factor (Figure 1c). Slices within each band can be collected in an ascending, 

descending or interleaved fashion, and slices across bands are acquired simultaneously in a 

spatially interleaved fashion. The applied MB-EPI method employed a blipped-CAIPI 

approach (Setsompop et al., 2012b) and aliasing constrained slice-GRAPPA algorithm to 

reduce leakage contamination (Cauley et al., 2013). In addition, a phase-scrambling strategy 

was applied for the MB RF pulses to reduce RF pulse peak power and/or duration 

(Goelman, 1997, Wong, 2012). The MB-EPI acquisition was preceded by a calibration scan 

for training the anti-aliasing reconstruction kernel without pCASL preparation. Additional 

EPI images could be optionally collected after the pCASL series with all RF pulses turned 

off for estimating thermal noise and calculating g-factor maps. Blipped CAIPI MB-EPI used 

a field of view (FOV) shift factor of 1/3, and MB-EPI reconstruction used a GRAPPA 

kernel size 5 for all studies.

To minimize B0 off-resonance effects on pCASL labeling efficiency, EPI ghost artifacts and 

leakage contamination resulting from the EPI ghosts, Siemens’ advanced B0 shimming was 

applied in a targeted region covering both the imaging volume and the pCASL labeling 

plane (Figure 1c), in which B0 shimming was performed twice, one after the other, by using 

sequentially acquired B0 maps.

2.3 MB RF pulse manipulations and LEADS

To understand the impact of MB leakage contamination on CBF quantification, various 

studies were performed which involved manipulating components of the complex MB 

excitation RF pulse. Specifically, to estimate leakage signal contamination in a targeted 

slice, the MB RF pulse component exciting this specific slice was turned off (given zero 

amplitude) during imaging acquisition while all other simultaneously acquired slices were 
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still excited, denoted as MB-RFout. With such an RF pulse manipulation, MB reconstruction 

of the aliased slices would reveal the total signal contamination from all other 

simultaneously excited slices within the unexcited specific slice (dummy slice). This 

measured total leakage contamination was used to estimate the total leakage factor (TLF) 

described below. In a similar fashion, experimental measurement of the traditional leakage 

factor (LF) (Xu et al., 2013) can be also obtained by only exciting a single slice in the MB 

acquisition and measuring the resulting contamination within the other (MB-factor)-1 slices 

which are not excited (i.e. dummy slices). Such an RF manipulation for MB imaging is 

denoted as MB-RFin. In contrast to both MB-RFout and MB-RFin, a full MB acquisition with 

all MB RF pulse components enabled will be referred to as MB-RFall. In general, the 

method of acquiring dummy slice(s) in an MB acquisition to experimentally determine 

leakage contamination will be referred to as LEADS, denoting Leakage Evaluation via 

Acquired Dummy Slice(s).

2.4 Total Leakage Factor (TLF)

In MB imaging, the resulting signals for a specific MB imaging slice mainly originate from 

the slice itself and superimposed amplified thermal nosie, but also contamination signals 

from signal leakage due to imperfect anti-aliasing of simultaneously acquired slices (Xu et 

al., 2013). To characterize the relative impact of this contamination on the signal of interest, 

the concept of the total leakage factor (TLF) is introduced,

[1]

where (STLC) is the total leakage contamination signal from all other simultaneously 

acquired slices within the targeted dummy slice from an MB-RFout acquisition, SNC is the 

signal of the targeted slice in the absence of contamination (NC, no contamination) and r 

represents spatial location. SNC can be acquired by using either an MB-RFin acquisition or a 

SB acquisition with MRI parameters matching those of the MB acquisition.

2.5 Subjects

Ten healthy volunteers were recruited for two comparison studies (please refer to sections 

2.6 and 2.7, respectively): three males with ages 44 ± 21 years and two females with ages 25 

± 4 years for comparison study 1, and three males with ages 50 ± 19 years and two females 

with ages 26 ± 6 years for comparison study 2, expressed as mean ± S.D. (standard 

deviation). There were no significant differences between these two groups in terms of 

subject gender and age. Subjects were screened to assure their safety in the magnet and 

provided written informed consent prior to being studied according to a protocol approved 

by the local Institutional Review Board. All subjects were required to keep their eyes closed 

and remain awake during imaging sessions.

2.6 Comparison study 1

In this comparison study, low-resolution pCASL imaging was performed using the same 

MRI and pCASL parameters for both SB and MB, importantly including matching PLDs. 

To match PLDs between SB and MB imaging, the SB acquisition includes only slices 
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matching the middle or middle superior slice group of whole brain MB acquisition. 

Perfusion signals between these two acquisitions were compared and the impact of the MB 

acceleration was assessed. MB pCASL imaging slice groups, as well as the slice group 

matched by those of SB are illustrated for MB imaging with MB factor 6 in Figure 1c.

The MB studies were performed with four different MB acceleration factors: 3, 4, 5, and 6. 

The previous described RF manipulations were performed using the middle group of 

imaging slices for MB 3 and 5 and the middle superior imaging slice groups for MB 4 and 6 

as the dummy slices with MB-RFout and the excited slices with MF-RFin. For MB 3, 4 and 

6, a total of 24 imaging slices were acquired, and for MB 5, a total of 25 imaging slices were 

acquired.

For this comparison study, the same EPI, RF pulse and pCASL parameters were used, 

including: TR/TE=3600/12 ms; phase encoding direction = anterior to posterior; FOV = 224 

× 224 mm2; matrix size = 64 × 64; in-plane resolution = 3.5 × 3.5 mm2; slice thickness/gap= 

5/1 mm; excitation RF pulse flip angle (FA)/duration/time bandwidth product (R)= 90 

degree/4 ms/5.2; partial Fourier = 6/8; slice acquisition order = ascending; total number of 

perfusion imaging measurements = 60; total number of noise images = 200; labeling 

duration/PLD = 1.5 s/1.6 s.

A total of five data sets were acquired from each volunteer for each MB factor including SB 

pCASL, three MB pCASL imaging scans with the three MB RF pulse configurations (MB-

RFin, MB-RFout, MB-RFall) and a second SB pCASL acquisition to evaluate perfusion 

signal variability across time due to either instrumental instability or physiological 

variations. For all but the second SB pCASL acquisition, 200 noise images were acquired 

following pCASL measurements by turning off all RF pulses within the sequence while 

keeping all other sequence parameters the same.

2.7 Comparison study 2

The second comparison study investigated the potential benefits of MB-EPI on high-

resolution whole brain perfusion measurements in terms of CBF quantification, spatial and 

temporal perfusion SNRs and SNR efficiencies. A fair comparison was achieved for this 

study by utilizing MRI and pCASL parameters optimized individually for SB- and MB-EPI 

acquisitions. For this comparison, an MB-factor of 6 was applied for MB imaging.

MRI parameters common for both SB and MB imaging methods were: phase encoding 

direction = anterior to posterior; FA = 90 degree; FOV = 220 × 220 mm2; matrix size = 88 × 

88; slice thickness/gap = 3.0/0.6 mm; partial Fourier = 6/8; the number of imaging slice = 

36; slice acquisition order = ascending; total number of perfusion imaging measurements = 

200; the number of noise images = 200; RF pulse time bandwidth product (R)= 5.2; and 

labeling duration = 1.5 s.

MRI parameters specific to SB-EPI pCASL imaging were: TR/TE = 4200/16 ms; RF pulse 

duration = 2.6 ms; PLD = 1.1 s; and imaging slice readout time = 44.5 ms. Specific MRI 

parameters for were: TR/TE = 3.4 s/18 ms; RF pulse duration = 4.0 ms; PLD = 1.6 s; and 

imaging slice readout time = 46.5 ms.
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In this study, MB-RFin and MB-RFout scans were performed separately for each of the six 

bands in the MB 6 acquisition, resulting in six pairs of imaging series. To reduce the total 

study time, the acquisition time for each imaging series was about one minute with a total of 

8 pairs of acquired label and control images.

2.8 Theoretical simulations

To theoretically evaluate the potential benefits of MB for whole brain pCASL imaging, 

numerical simulations were performed by using a single-blood compartment model (Wang 

et al., 2003) with T2* effect, using 90 and 35 ms for T2* for high and low imaging 

resolutions, respectively, estimated slice-wise g-factors, MRI parameters optimal for SB and 

MB, and previously reported longitudinal relaxation times of arterial blood: 1.66 s for T1 

(Lu et al., 2004). T2* at 3T was estimated by using reported T2* values at 1.5T (Yang et al., 

1999) and accounting for the inverse relationship between T2* and field strength and voxel 

size. Simulations were first performed with an assumed uniform GM perfusion across the 

brain, and later performed with slice-wise GM CBF as measured by high-resolution whole 

brain imaging acquisitions.

For low resolution, whole brain pCASL imaging (3.5 × 3.5 × 5 mm3), the same MRI 

parameters as those used in comparison study 1 were applied for the simulation except for 

the following: SB/MB TE = 12/13 ms; SB/MB RF duration = 2.6/4.0 ms; and SB/MB PLD 

= 1.36 s/1.6 s. The achievable minimal TRs were about 3.6 s and 3.2 s, and the slice 

acquisition times were about 29 ms and 30 ms for SB and MB, respectively. The use of 1.36 

s for SB-EPI pCASL imaging is necessary to avoid intravascular artifacts (Dai et al., 2013), 

a finding also confirmed in our preliminary studies (data not shown).

For high-resolution whole brain perfusion imaging (2.5 × 2.5 × 3.0 mm3), MRI parameters 

used for the simulation were the same as those applied for comparison study 2.

2.9 TLF Evaluation

The imperfection of MB slice-GRAPPA anti-aliasing reconstruction can lead to local high 

TLFs across space (Cauley et al., 2013, Xu et al., 2013) while subject motion can cause the 

fluctuation of leakage contamination in imaging slices across time, both of which can affect 

perfusion temporal SNR. To accommodate the potential effects of subject bulk motion 

across time, the temporal averages of control images,  and 

from MB-RFin and MB-RFout acquisitions, were used for TLF estimation. The voxel-wise 

TLF maps were calculated as the following and expressed in percentage:

[2]

and used to estiamte the mean TLF within grey matter. In equation [2], r and l represent the 

spatial location and the temporal index of the control image, respectively.
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2.10 Perfusion image analysis and CBF quantification

Label and control images were first pair-wise subtracted and then averaged to obtain the 

mean perfusion-weighted image (PWI) signal. Subsequently, the grey matter (GM) CBF was 

estimated by using a single-blood compartment model (Wang et al., 2003):

[3]

where λ represents blood-tissue partition coeficient (assumed to be 0.9) (Roberts et al., 

1996), ΔM mean perfusion-weighted imaging signal, α labeling efficiency (assumed to be 

0.85) (Wu et al., 2007), M0 estimated proton density signal using the mean control image 

corrected for TR, T1b longitudinal relaxation time for arterial blood water, τ labeling time, 

and ω effecive slice-wise post-labeling delay time. The post-labeling delay time, ω, is 

further defined as:

[4]

where PLD represents norminal PLD defined in the pCASL EPI sequence, indexslice the 

chronological slice acquisition order for either SB or MB, and Tslice imaging slice 

acquisition time.

CBF differences between the first SB acquisiton (CBFSB1) and other acquisitions (CBFother) 

in comparison study 1 were evaluated as the following in percentage:

[5]

where r represents spatial location. The means of estiamted CBF differences within grey 

matter were obtained for each subjects.

2.11 Perfusion SNR and MB g-factor

Thermal noise was estimated from images of noise acquired immediately after the perfusion 

image acquistion within the same scan. Noise maps were generated by calculating standard 

deviations (stddev) across the 200 noise images on a voxel-wise basis;

[6]

where Snoise represents the signal within the noise image, σ thermal noise, n the index of 

noise image, N total number of noise images (i.e. 200) and r the spatial location.

For SB, the spatial mean of the noise map within grey matter was used as the estimate of 

thermal noise since the distribution across space is uniform in the absence of parallel 

imaging.

Perfusion imaging spatial SNR maps for SB and MB were then estiamted as follows:
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[7]

[8]

where S(r)SB and S(r)MB represent SB and MB perfusion signals within grey matter, σSB and 

σ(r)MB estimated thermal noise levels for SB and MB, and Navg the number of temporal 

perfusion signal averages. To compare spatial perfusion SNRs between the first SB 

acquisition and other MB acquisitions in comparison study 1, SNR ratios (SNRMB/SNRSB1) 

were evalautred.

Temporal SNR (tSNR) of perfusion-weighted images was calculated as the ratio of the mean 

to the standard deviation of the perfusion signal S(r, n) across the ASL time series:

[9]

where n is the index of perfusion-weighted image, and N the total number of perfusion-

weighted images.

The mean of perfusion imaging SNR within grey matter was used to estimate SNR 

effieciency as the following:

[10]

where SNReff is the perfusion SNR efficiency, and TRmin represents the achievable shortest 

repetition time. The g-factor of the MB acquisition was estimated by using the ratio of the 

MB noise map to the estimate of SB thermal noise:

[11]

and the mean g-factor within grey matter was then obtained.

2.12 Data processing and analysis

Post-processing operations, such as motion correction, segmentation and co-registration, 

were performed within SPM (Functional Imaging Laboratory, University College London). 

All image analysis, such as perfsuion SNR, g-factor estimation and theoretical simulation 

were all performed using scripts implemented in Matlab 7.1 (The MathWorks, Inc., Natick, 

Massachusetts).

All analysis and comparisons were performed only for GM. The GM masks were generated 

from the segmented images of MPRAGE acquisitions by using a probability threshold of 

0.75 within SPM. White matter was not investigated because of the considerably longer 
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PLDs required as a result of longer arterial transit times and lower perfusion SNR due to 

intrinsically lower perfusion levels. Group means and standard deviations of the different 

measures (e.g. SNR, CBF, TLF) were obtained for each comparison study. For TLFs and g-

factors, the 90th percentiles were also calculated.

Paired two-tailed t-tests were performed to evaluate the existance of significant differences 

between the SB and MB pCASL imaging methods. Significance was achieved with p values 

less than or equal to 0.05.

3. Results

Results from comparison study 1 are summarized in Tables 1 and 2. Table 1 shows the CBF 

estimations and CBF differences relative to the first SB measurement (SB1). Table 2 shows 

the perfusion SNRs and the estimated g-factors and TLFs. One subject’s images from a 

pCASL study using SB (SB1, the first SB-EPI pCASL imaging measurement) and MB with 

MB factor 6 are shown in Figure 2. These data suggest that the measured perfusion signals 

are very similar and thus independent of the acquisition strategy (i.e. SB or MB with 

different reduction factors) when matched PLD and other imaging parameters are used 

(Figure 2a). With respect to the signal contamination resulting from the anti-aliasing of 

slices in MB, the spatial distribution of TLF varies both between and within slices as 

observed in Figure 2c. Figure 2d indicates that the estimated g-factors vary spatially. TLF 

and g-factor maps for other MB factors from the same subject are provided in the inline 

supplementary material, Figure A.1.

For all applied MB factors, paired two-tailed t-tests indicated no significant differences 

between MB (MB-RFall or MB-RFin) and SB (SB1 or SB2) with respect to CBF estimates. 

The differences between MB and SB with respect to CBF were also comparable (Table 1). 

Perfusion SNRs for the MB methods were consistently and significantly lower than those for 

SB, and TLFs increase consistently and significantly with the increase of MB factor (Table 

2). The highest group mean and 90th percentile of TLFs for MB factor 6 were: 3.6 ± 0.2% 

and 5.8 ± 0.2%, respectively.

Figures 3 and 4 show a typical subject’s data from comparison study 2, including PWIs, g-

factor maps, mean control images from MB-RFin and MB-RFout acqusitions and TLF maps. 

CBF maps of SB and MB6 from the same subject are presented in the online supplementary 

material, Figure A.2. G-factor slice-wise means and 90th percentiles along with TLFs 

averaged across all subjects are provided in Figure 5. The group mean g-factors varied 

across slices with values less than 1.0 in the inferior and superior brain regions and larger 

than 1.0 in the middle part of the brain.

The group means of estimated 90th percentile g-factors have similar across-slice patterns but 

higher estimated values, and can be as high as about 1.6 in the middle part of the brain. 

Similar to the observations in comparison study 1, TLF varied across space with higher 

levels in the inferior middle part of the brain and lower levels in the inferior and superior 

brain regions. The group mean 90th percentile TLF was as high as 8%. Simulation results of 

normalized PWI signals and PWI signal efficiencies for both low- and high-resolution 
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studies, assuming a uniform CBF across all slices, are presented in Figure 6. Slice dependent 

values are shown for SB and MB6 with and without the inclusion of experimentally 

obtained slice dependent g-factors. The SB acquisition shows monotonically decreasing 

PWI signals and signal efficiencies with increasing slice number as expected due to 

longitudinal relaxation of the labeled blood. The simulations for MB pCASL imaging shows 

a saw-tooth patterns oscillating about a constant mean PWI value due to the fact that labeled 

blood decays only over a period 1/MB-factor times of the SB acquisition and across the 

slices of a single band not the slices across the entire head. The 9th and 13th slices of SB and 

MB6 possess the same effective PLDs for low- and high-resolution imaging studies, 

respectively, and therefore the same perfusion

SNRs with the chosen MRI parameters: nominal 1.36 s and 1.6 s PLDs with 29 ms and 30 

ms slice acquisition times for SB and MB in low-resolution imaging, and nominal 1.1 s and 

1.6 s PLDs with 44.5 ms and 46.5 ms slice acquisition times for SB and MB in high-

resolution imaging, respectively. Simulation results using the smoothed experimentally 

determined slice dependent CBF values (Figure 7a) are presented in Figure 7c. When using 

the experimentally determined slice-dependent CBF values, the results for both the SB and 

MB simulations (Figure 7c) are similar to those achieved experimentally (Figure 7d).

Slice-wise CBF estimations from SB and MB, smoothed CBF values used for theoretical 

simulation, and measured SB and MB spatial and temporal SNR efficiencies from 

comparison study 2 are presented in Figure 7. Spatial and temporal SNR efficiencies were 

normalized to the highest achieved in the MB acquisition. The perfusion SNR and temporal 

SNR efficiencies in Figures 7b and 7d are shown to greatly increase in the superior slices of 

the brain for MB.

4. Discussion

Although MB-EPI has been recently demonstrated (Kim et al., 2013) and compared to 

single-shot 3D GRASE for brain perfusion imaging using FAIR (Feinberg et al., 2013), we 

explored the potential benefit of MB-EPI in high-resolution whole brain pCASL imaging for 

the first time. We have demonstrated the impact of MB on ASL imaging both theoretically 

and experimentally, taking into account both the beneficial characteristics (improved 

imaging efficiency) and confounding effects (amplified thermal noise and leakage 

contamination).

4.1 TLF and LEADS

To characterize the signal leakage contamination resulting from imperfect slice un-aliasing 

during MB reconstruction, the leakage factor (LF), was originally proposed (Xu et al., 

2013). The LF provides an estimate of the residual aliasing from one slice into other 

simultaneously acquired slices. To determine LF, different methods have been suggested 

and demonstrated based on a single, representative SB acquisition followed by simulation 

either using a Frequency Modulation/Monte Carlo (FMMC) (Moeller et al., 2012) method or 

a Linear System Leakage Approach (LSLA) (Cauley et al., 2013). However, the LF does not 

directly reflect the impact of the total leakage contamination from all other simultaneously 

acquired imaging slices on a single slice of interest, and therefore, TLF, as a more 
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meaningful metric, was proposed to better faciliate the understanding of the impact of the 

signal contamination versus the desired signal. The TLF can be estimated using previous 

methods (Moeller et al., 2012, Cauley et al., 2013). However, calculating TLF from a single 

non-MB acquisition by summing together LF estimates is complicated by the complex 

nature of the signals as well as the absence of MB RF pulses. MB RF pulses introduce 

additional effects (e.g. MB RF side-lobe effects) that can be only realized through LEADS. 

In addition, TLF can be simply quantified through LEADS using the existing online 

reconstruction system.

In the evaluation of TLF, the reference for deriving the fractional contamination described in 

Equation 1 should ideally be SB images acquired with the same acquisition parameters as 

the MB study since SB images do not contain spatially-varying amplified thermal noise. 

However, our study indicates that the difference between TLFs calculated with MB-RFin 

and SB as the reference was quite small (much less than 1%). Therefore, images from MB-

RFin acquisition were used as the reference for TLF evaluation. In addition, to avoid 

potential influence of temporal perfusion variability on TLF evaluation, the control images, 

instead of the label images, from the pCASL imaging series were used. Furthermore, to 

accommodate the potential effects of subject bulk motion across time, the temporal mean 

control images were used in TLF evaluation (Equation 2).

4.2 Confounding effects of MB-EPI

As demonstrated in the current study, particularly in comparison study 1 (Table 2), MB 

introduces confounding effects, which can have a negative impact on perfusion imaging 

quality. First, MB suffers from amplified thermal noise due to coil-sensitivity-based slice-

GRAPPA reconstruction, as reflected by the spatially varying g-factor maps. This effect was 

found to increase with MB factor, and could result in lower perfusion SNR. Second, MB-

EPI introduces leakage contamination resulting from the imperfect anti-aliasing 

reconstruction, as evaluated by TLF, which also increases with MB factor.

The spatially varying g-factors shown in Figure 3c highlight the fact that the amplified 

thermal noise is also spatially varying throughout the volume. At first, even within a single 

imaging slice, there exist areas with g-factors less than 1.0, indicating increased perfusion 

SNR, and areas with g-factors larger than 1.0, suggesting decreased perfusion SNR. Across 

imaging slices from the inferior to superior brain regions, the mean g-factors were non-

uniform as well, giving g-factors less than 1.0 in the inferior and superior imaging slices. 

The observed g-factors less than 1.0 in the inferior and superior brain regions is mainly due 

to the calculation of the weighting factors for fitting missing lines in k-space on a least-

squares basis in MB reconstruction (Robson et al., 2008). Therefore, with SB as the 

reference, MB can provide either an increase or decrease in perfusion SNR. Importantly, as 

observed in comparison study 1 (Table 1), the comparable CBF measurements between MB-

RFin and SB suggest that the MB reconstruction itself has little effect on CBF estimations.

Similar to g-factor, the estimated TLFs are also spatially varying (Figures 2c and 4b). 

Particularly, as indicated by the right TLF image on the second row in Figure 4b, due to the 

imperfection of MB anti-aliasing reconstruction, high total leakage contamination can occur 

in local brain regions. Excessive subject motion can induce the fluctuation of leakage signal 
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within these areas, reducing perfusion temporal SNR. To avoid such an adverse effect, the 

control of subject motion will become more important for perfusion imaging using MB-EPI. 

However, such effects were found statistically insignificant with respect to CBF estimates. 

Although MB-RFall CBF measurements were consistently higher than SB across all MB 

factors, no significant differences were found between SB and MB, and CBF differences 

between MB-RFall and SB scan 1 were all less than 1% (Table 1). Furthermore, CBF 

differences between MB-RFall and SB scan 1 were very comparable to those between SB 

scan 1 and SB scan 2 (Table 1). Therefore, results indicate that with similar pCASL 

acquisition parameters (i.e. matched PLDs in comparison study 1), there is no statistical 

difference between MB and SB perfusion measurements.

One result of comparison study 1 worth noting is that CBF differences between MB and SB 

were much smaller than estimated TLFs (Tables 1 and 2); CBF differences between MB-

RFall and SB scan 1 were all less than 1%, while TLF were above 1%. This may be because 

the leakage contamination contains a significant amount of signals from the skull and 

subcutaneous fat as a result of EPI ghosting and the hyperintense cerebrospinal fluid (CSF). 

The paired subtraction nature of ASL calculation tends to remove these contaminating non-

perfusion signals. The analysis of mean perfusion-weighted images acquired using MB-RFin 

with 30 averages further confirmed that the leakage contamination in the difference images 

was negligible (data not shown). Using imaging acquisition methods better immune to the 

ghost artifacts (Wang et al., 2013) for acquiring the MB calibration scans may improve MB 

reconstruction by reducing leakage contamination resulting from EPI ghosts. Applying 

background suppression techniques (Ye et al., 2000, Garcia et al., 2005) will also help to 

reduce leakage contamination originating from hyperintense CSF signals. On the other hand, 

these results suggest that even assuming the artificial perfusion signal originating from 

leakage contamination has the same level as measured TLFs (the worst case scenario), the 

contributions of leakage contamination will be less than 6% of total measured perfusion 

signals.

4.3 PLD for MB-EPI

In contrast to the ascending slice acquisition order used for SB, the spatially interleaved slice 

acquisition characteristics of MB requires a proper selection of PLD to avoid potential 

intravascular artifacts in brain regions where long arterial transit times exist. Recently, 

whole brain ASL imaging studies with normal healthy volunteers have demonstrated that 

arterial transit times do not monotonically increase from the inferior to superior brain 

regions and that the visual cortex has the longest arterial transit time (Gunther et al., 2005, 

Dai et al., 2013). Such results provided a basis for proper selection of PLD for the whole 

brain ASL studies with either 3D methods or MB-EPI. In the current studies, conservatively 

long PLDs equal to 1.1 s and 1.6 s were used for the high-resolution whole brain SB and 

MB pCASL acquisitions, respectively. These PLDs were chosen based on the consideration 

of slice acquisition times and orders, and successfully avoided intravascular artifacts as 

confirmed by study results (Figures 2a and 3a). For SB, 1.1 s was used for PLD to avoid 

intravascular artifacts observed in the inferior middle brain regions (data not shown). It is 

worth noting that these selected PLDs can only be appropriate for pCASL imaging with 
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healthy volunteers, and properly selected longer PLDs should be used for the applications 

with patient populations (Alsop et al., 2014).

Due to the interleaved slice acquisition order of MB, there exist obvious perfusion signal 

oscillations across the slice groups (Figure 3b). Such perfusion signal oscillations are also 

reflected in slice-wise perfusion SNR efficiencies from both theoretical simulation and 

experimental results (Figures 6 and 7b–7d), but not observed in measured slice-wise CBF 

values (Figure 7a). The resolved oscillations of the perfusion signal in the CBF estimates 

indicate that the longitudinal decay of labeled blood can be properly corrected by the single-

blood compartment model for the range of delay times experienced within each band (i.e. 

1.6–1.9 s) and thus do not affect CBF quantification.

4.4 CBF quantification model and MB-EPI

By using the single-blood compartment model for CBF quantification, the estimated CBF 

values by MB were comparable to those by SB in the inferior brain region, but higher than 

those by SB in the middle and superior brain regions. This observed discrepancy in CBF 

quantification most likely is a result of the imperfect single-blood compartment model and 

not a result of leakage contamination or intravascular artifacts.

The single-blood compartment model assumes that the perfusion signals decay at the 

longitudinal relaxation rate of arterial blood, and that most of the labeled blood water spins 

remain in the vascular space before perfusion signal acquisition. However, due to the greatly 

prolonged imaging acquisition times required for SB in the high-resolution studies, labeled 

blood spins have more chance to exchange extravascularly into the brain parenchyma, thus 

their signals will decay at the shorter longitudinal relaxation rate of brain tissue. With 

increasing signal decay occurring in the brain tissue, poorer perfusion SNR results while the 

correction assuming a single longitudinal relaxation time becomes less reliable. The end 

result is increasingly underestimated brain perfusion in late acquired imaging slices, which 

are those located most superiorly. On the contrary, compared to SB, although longer initial 

PLD of 1.6 s was used, the effective PLDs for the superior imaging slices are greatly 

reduced due to dramatically shortened total imaging acquisition time for MB (about 280 ms 

for MB versus about 1.6 s for SB). For MB, fewer spins exit the vasculature during the 

effective PLDs, resulting in a decrease in perfusion signal decay and an increase in the 

resulting CBF estimation. Therefore, it is reasonable to postulate that MB can better satisfy 

the assumption of the single-blood compartment model, and should provide more reliable 

CBF quantification in high-resolution whole brain imaging. While further validation may be 

required, support for this statement can be found in the results presented in this study

As indicated by the results of comparison study 1, SB and MB provided very comparable 

CBF estimations within matched imaging slices when using the same MRI acquisition 

parameters (Table 1). In additional studies, these results were confirmed to hold for the 

high-resolution acquisitions (data not shown). The higher CBF estimations for superior 

imaging slices in MB is not a result of intravascular signals as a PLD of 1.6 s was used, 

which avoided such artifacts as demonstrated in the presented PWI maps (Figure 3a). It is 

also clear that the distribution of measured TLFs across slices (Figure 5b) is not consistent 

with the observed CBF differences between SB and MB (Figure 7a). Furthermore, the 
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observed increases of perfusion SNR efficiency for MB-EPI pCASL imaging by both 

theoretical simulation and experimental results are not correlated with the measured TLFs 

across slices. These results further support the claim that leakage contamination is not the 

reason for the observed discrepancy between SB and MB CBF quantification.

4.5 Benefits of MB-EPI for pCASL imaging

The major obstacle to obtaining high-resolution whole brain ASL imaging is insufficient 

perfusion SNR. In addition, perfusion SNR efficiency has been presented as an ideal metric 

to evaluate different ASL imaging techniques and imaging readouts (Wong et al., 1998). 

Therefore, the benefit of MB-EPI for pCASL imaging was evaluated based on a comparison 

of perfusion SNR efficiency with SB. This comparison was ensured to be meaningful by 

using MRI parameters optimal for each imaging approach in comparison study 2.

To explore the potential benefits of MB for high-resolution whole brain ASL imaging, 

theoretical simulations were performed with an assumed uniform perfusion across the brain 

(Figure 6). Based on the argument that MB ASL may better support the single-blood 

compartment model (see the section CBF quantification model and MB-EPI), the theoretical 

simulations were also performed with smoothed, slice-wise, CBF estimations from the MB6 

studies in comparison study 2 (Figure 7c).

Simulation results indicated that MB can greatly benefit high-resolution but not typically 

acquired low-resolution whole brain pCASL imaging in terms of perfusion SNR efficiency, 

especially in the middle part of the brain where thermal noise level was elevated (Figure 6). 

The reduction of total imaging time for low-resolution is only about 400 ms, resulting in a 

5.6% efficiency gain for MB relative to SB, while for high-resolution imaging, total imaging 

time of MB is about 800 ms shorter than that of SB, giving an 11.1% efficiency gain. In 

addition, the prolonged effective PLD in SB due to increased slice acquisition times in high-

resolution imaging causes larger perfusion signal decay than in low-resolution imaging. This 

loss in signal is most pronounced in the superior slices. The combination of these effects, 

increased efficiency in slice acquisition and more consistent signal decay due to narrower 

range of effective PLDs across the brain, enables MB to achieve perfusion SNR efficiency 

comparable to SB in the middle part of the brain for high-resolution studies. Due to the 

reduction of g-factors (less than 1.0), together with an increase in imaging efficiency, MB 

was able to provide similar SNR efficiency in the inferior brain regions. In the most superior 

regions of the brain, however, MB provides much higher perfusion SNR efficiency for both 

low-resolution and high-resolution imaging.

Such a benefit of MB for high-resolution whole brain perfusion imaging was corroborated 

by the results of the comparison study 2 (Figures 7b and 7d). The measured spatial perfusion 

SNR efficiency agrees with those from theoretical simulation using smoothed, slice-wise 

CBF estimations by MB (Figure 7c). Without considering time efficiency, measured 

perfusion SNRs of MB were lower than, comparable to and higher than those of SB in the 

inferior, middle and superior brain regions, respectively (data not shown), which were 

similar to those from theoretical simulation.
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Although the distribution of g-factor within imaging slices is not uniform and there exist 

subject-dependent variation for estimated slice-wise g-factors, such a simulation can provide 

valuable insights into how MB can benefit high-resolution whole brain pCASL imaging in 

terms of perfusion SNR efficiency. For the resolution (2.5 × 2.5 × 3.0 mm3) and the number 

of imaging slices (36 slices) used for the current high-resolution whole brain study, the 

reduction in imaging acquisition time by applying higher MB factor (e.g. 7 or 8) will be 

quite small. For example, when using MB 7 for 35 slices or MB 8 for 40 slices (the number 

of imaging slices has to be integer times of MB factor for MB imaging), the imaging 

acquisition time will be only about 46.5 ms shorter than that of current study using MB 6 for 

36 slices. This indicates that the increases of spatial and temporal SNR efficiencies due to 

reduced imaging acquisition time by applying higher MB factors for the current imaging 

resolution will be small even when the level of thermal noise is assumed the same as that of 

MB 6. The benefits of MB-EPI for whole brain perfusion imaging with higher in-plane 

resolution, thinner imaging slices and larger MB factors can be expected, but should be 

further validated by experiments since both thermal noise amplification and TLF depend on 

imaging resolution and MB factor.

Compared to SB, MB provided comparable temporal perfusion SNR efficiency in the 

inferior brain region and higher in the middle and superior parts of the brain for high-

resolution whole brain pCASL imaging (Figure 7b). It is expected that temporal SNR 

efficiency can be further increased for MB when background suppression methods are 

applied (Ye et al., 2000, Garcia et al., 2005). It is worth noting that with the tremendous 

reduction in total imaging slice acquisition time, MB becomes much more amenable to 

background suppression techniques, and therefore is superior to SB-EPI in this respect. The 

benefits and impact of MB to the application of background suppression and increasing 

spatial resolutions in pCASL studies of the brain are under investigation.

5. Conclusions

Compared to SB-EPI, MB-EPI can improve high-resolution whole brain pCASL perfusion 

imaging by providing improved spatial and temporal perfusion SNR efficiencies for late 

acquired imaging slices, and provide data which is more amenable to the assumptions 

implicit in the single-blood compartment model for CBF quantification.
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Abbreviations

ASL Arterial Spin Labeling

CBF Cerebral Blood Flow

EPI Echo Planar Imaging

FA Flip Angle

FAIR Flow-sensitive Alternating Inversion Recovery

FOV Field Of View

GRAPPA GeneRalized Autocalibrating Partially Parallel Acquisitions

GRE Gradient Recalled Echo

LEADS Lead Evaluation via Acquired Dummy Slices

MB Multi-Band

MPRAGE Magnetization Prepared Rapid Acquisition Gradient Echo

MR Magnetic Resonance

MRI Magnetic Resonance Imaging

PASL Pulsed Arterial Spin Labeling

pCASL Pseduo-Continuous Arterial Spin Labeling

ROI Region Of Interest

SB Single-Band

S.D. Standard Deviation

TE Echo Time

TLF Total Leakage Factor

TR Repetition Time
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Highlights

• MB leakage contamination has minimal impact on CBF quantification in 

pCASL imaging

• MB improves SNR efficiency for high-resolution pCASL imaging using 2D EPI

• MB-EPI better supports the single-blood compartment model for CBF 

quantitation
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Figure 1. 
Implemented pCASL labeling/control preparation modules (a), single-/multi-band EPI 

pCASL sequence diagram (b), and illustration of imaging slice groups, shimming volume 

and labeling plane positions (c). Slice groups of MB-EPI with an acceleration factor 6 
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(MB6) are overlaid with the slice group matched by SB-EPI (in blue) in the comparison 

study 1. The time interval for Hanning-windowed hard pulses and RF pulse duration are 920 

and 500 us, respectively. The maximal magnitude of slice-selective gradient is 0.6 G/cm, 

and the mean gradient amplitude for control preparation is 0.1 G/cm.
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Figure 2. 
Images from a representative subject in comparison study 1 using SB- and MB-EPI with an 

acceleration factor 6: (a) normalized perfusion-weighed images (PWI) in the middle superior 

brain region by SB-EPI (top), MB-RFin (middle) and MB-RFall (bottom); (b) control images 

acquired in the MB-RFall acquisition; (c) total leakage factor (TLF) map, and (d) g-factor 

map. MB-RFin refers to acquisition when only turning on the RF pulse component exciting 

slices which match the SB-EPI acquisition, and MB-RFall refers to standard without turning 
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off any MB-EPI excitation RF pulse components. The presented PWIs were normalized 

PWIs by using mean control images as the reference.
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Figure 3. 
Images of a representative subject from comparison study 2 where SB- and MB-EPI with an 

acceleration factor 6 were evaluated for high-resolution whole brain pCASL imaging: 

normalized perfusion-weighted images (PWIs) for (a) SB and (b) MB, and (c) g-factor maps 

for MB6. Results are presented for 33 out of total 36 imaging slices. The 33 PWIs for MB6 

shown in (b) are divided into 6 slice groups representing the MB slice bands by using 

overlaid vertical green lines. The presented PWIs were normalized PWIs by using mean 
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control images as the reference. Under each PWI in (a) and (b), the effective PLD (in 

second) is displayed.
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Figure 4. 
One subject’s imaging results of leakage evaluation studies using LEADS method from 

comparison study 2: (a) mean control images of the pCASL acquisition and (b) total leakage 

factor (TLF) maps for MB6.
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Figure 5. 
Slice-wise analysis results of g-factor (a) and total leakage factor (TLF) for high-resolution 

whole brain pCASL imaging using MB-EPI with MB acceleration factor 6 from five healthy 

volunteers. Error bars represent standard errors.
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Figure 6. 
Theoretical simulation results for perfusion-weighted image (PWI) signals and signal 

efficiencies for (a, b) low- and (c, d) high-resolution whole brain perfusion imaging using 

pCASL. Simulations were performed with assumed uniform CBF across all slices. SB and 

MB6 represent SB and MB with MB factor 6, respectively. The simulation results of MB6 

including g-factor penalty reflect perfusion SNRs and SNR efficiencies by MB relative to 

those of SB.
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Figure 7. 
Slice-wise analysis results for high-resolution whole brain pCASL imaging using SB- and 

MB-EPI with MB acceleration factor 6 from five healthy subjects: a) CBF measurements 

using SB- and MB-EPI, and smoothed CBF values used for theoretical simulation; b) 

estimated temporal perfusion SNR efficiencies; c) spatial perfusion SNR efficiencies from 

theoretical simulation; and d) measured spatial perfusion SNR efficiencies. Error bars 

represent standard errors.
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