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Abstract

Arterial Spin Labeling (ASL) is a valuable non-contrast perfusion MRI technique with numerous

clinical applications. Many previous ASL MRI studies have utilized either Echo-Planar Imaging

(EPI) or True Fast Imaging with Steady-State Free Precession (True FISP) readouts that are prone

to off-resonance artifacts on high field MRI scanners. We have developed a rapid ASL-FISP MRI

acquisition for high field preclinical MRI scanners providing perfusion-weighted images with little

or no artifacts in less than 2 seconds. In this initial implementation, a FAIR (Flow-Sensitive

Alternating Inversion Recovery) ASL preparation was combined with a rapid, centrically-encoded

FISP readout. Validation studies on healthy C57/BL6 mice provided consistent estimation of in

vivo mouse brain perfusion at 7 T and 9.4 T (249±38 ml/min/100g and 241±17 ml/min/100g,

respectively). The utility of this method was further demonstrated in detecting significant

perfusion deficits in a C57/BL6 mouse model of ischemic stroke. Reasonable kidney perfusion
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estimates were also obtained for a healthy C57/BL6 mouse exhibiting differential perfusion in the

renal cortex and medulla. Overall, the ASL-FISP technique provides a rapid and quantitative in

vivo assessment of tissue perfusion for high field MRI scanners with minimal image artifacts.
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INTRODUCTION

Arterial Spin Labeling (ASL) MRI is a non-contrast perfusion MRI technique that has been

shown to provide quantitative assessments of tissue perfusion in multiple clinical imaging

applications including brain (1–3), kidney (4–7), lung (8–12), and liver (13). One major

advantage of ASL over conventional Dynamic Contrast Enhanced MRI perfusion techniques

is the lack of exogenous, and potentially toxic, paramagnetic contrast agents. The use of

endogenous blood signal to obtain tissue perfusion information is especially important for

imaging patients with chronic kidney diseases, which can be a contraindication for

Gadolinium-based MRI perfusion methods (14). This attribute is also important for

longitudinal preclinical imaging applications, as multiple tail-vein injections and/or

catheterizations can cause local inflammation and necrosis resulting in reduced access to

veins.

ASL MRI techniques generate blood flow contrast between multiple images using a wide

variety of blood labeling methods (15–20). A typical ASL MRI acquisition combines an

ASL preparation phase followed by a rapid imaging readout to capture the blood flow–

weighted contrast (Figure 1). It is important to note that a large majority of the imaging

developments have focused on optimization of the preparation phase of the ASL acquisition.

As a result, a wide variety of preclinical and clinical ASL MRI techniques have been

developed. These ASL techniques can be broadly grouped into continuous (CASL,

(15,16,20)) and pulsed (PASL, (17–19)) categories. A hybrid of these two techniques,

pseudo-continuous ASL (pCASL) has also been recently developed (21–23). Each of these

specialized techniques offers advantages for specific imaging applications. At the same time,

many of these studies have utilized conventional imaging readouts including Fast Low

Angle SHot (FLASH) (24,25), Echo-Planar Imaging (EPI) (26,27), and True Fast Imaging

with Steady-State Free Precession (True FISP) (5,12,28,29). Unfortunately, these imaging

readouts exhibit significant limitations for high field MRI applications. Specifically, B0

inhomogeneities result in increased distortion / ghosting and banding artifacts from EPI and

True FISP imaging techniques, respectively on high field MRI scanners. These artifacts are

particularly problematic for body imaging applications where cardiac and respiratory motion

as well as adipose tissue can make precise shimming difficult. In addition, the increase in T1

magnetic relaxation times on high field MRI scanners can result in spoiled gradient echo

images with a lower signal-to-noise ratio (SNR) relative to these other imaging techniques.

A lower SNR is especially problematic for ASL MRI techniques as the differential blood

flow signal is typically less than 10% of the mean tissue signal (30,31). Therefore, a need

exists to develop a rapid and robust ASL MRI imaging readout that is both sensitive to

Gao et al. Page 2

NMR Biomed. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



blood flow labeling from the ASL preparation and also immune to B0 inhomogeneities and

motion artifacts on high field MRI scanners.

Our group has previously reported on the development of a centrically-encoded FISP

imaging technique which can be flexibly combined with conventional diffusion and

magnetization transfer (MT) / chemical exchange saturation transfer (CEST) preparation

methods to rapidly generate quantitative imaging data (32,33). Importantly, the magnetic

field gradients for the FISP readout sequence are not completely refocused in either the slice

select or frequency encoding directions, resulting in greatly reduced off-resonance artifacts

in comparison to EPI and True FISP acquisitions. In addition, centric k-space encoding of

the FISP readout retains the image contrast generated in the diffusion and MT / CEST

preparations.

Here, we describe initial in vivo results from an ASL-FISP acquisition on 7T and 9.4T

Bruker Biospec small animal MRI scanners. For this initial study, our ASL-FISP

implementation combines a FAIR preparation scheme with our rapid centrically-encoded

FISP imaging readout to generate ASL imaging data (5,19,29,34). The reproducibility of

this new ASL-FISP technique was evaluated in brains of healthy C57/BL6 mice. In addition,

we demonstrate the effectiveness of this technique for multiple imaging applications

including mouse models of ischemic stroke and healthy mouse kidneys.

METHODS

In Vivo Comparison of Image Artifacts at 7T

Axial FISP images of a healthy C57/BL6 mouse brain were acquired on a 7 T Bruker

Biospec MRI scanner (Bruker Inc., Billerica, MA) for comparison to conventional spin echo

(TR/TE = 2000/14 ms, 1 average, total scan time = 4 min 16 s), True FISP (TR/TE = 4.0/2.0

ms, 20 averages, tip angle = 60 degrees, total scan time = 11 s), and EPI (TR/TE =

2500/30.8 ms, 4 segments, 2 averages, total scan time = 20 s) imaging readout methods to

assess image artifacts.

ASL-FISP pulse sequence design

The ASL-FISP acquisition was implemented on Bruker Biospec 7 T and 9.4 T MRI scanners

equipped with 400 mT/m gradient inserts. The ASL-FISP sequence was implemented on

both MRI scanners to demonstrate the robustness of the methodology to artifacts on high

field MRI scanners. The ASL-FISP pulse sequence was developed by combining a FAIR

preparation (slice-selective or non-selective inversion) with a centrically-encoded FISP

imaging readout to acquire all lines of k-space following each ASL preparation (Figure 1).

Note that although a FAIR scheme was implemented herein, the ASL-FISP technique is

adaptable to a variety of ASL preparations. A hermite excitation RF pulse of duration 0.5

ms, and a tip angle of 60 degrees was the selected for this implementation. The high tip

angle was selected for this FISP acquisition to provide increased SNR in comparison to low

tip angles (data not shown).

Uniformity of the inversion pulse is essential for accurate and precise quantification of tissue

perfusion. Therefore, a hyperbolic secant adiabatic inversion pulse of duration 3.0 ms was
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used for the FAIR inversion preparation. Magnetic field gradient spoilers were applied after

the inversion preparation to limit transverse magnetization prior to the FISP imaging

readout. The FISP imaging readout (including 10 dummy scans) provided in vivo images in

less than 2 seconds with relatively high SNR in comparison to conventional spoiled gradient

echo acquisitions and minimal off-resonance distortion and ghosting artifacts in comparison

to EPI (32,33). The FISP imaging readout also prevented banding artifacts typical of

balanced SSFP / True FISP acquisitions on high field MRI scanners. The FISP imaging

readout was also designed with centric encoding to retain blood flow sensitivity as well as

the T1 weighting generated from the FAIR inversion preparation.

Initial in vivo ASL-FISP perfusion assessments in mouse brains

All animal studies were conducted in accordance with approved IACUC (Institutional

Animal Care and Use Committee) protocols at Case Western Reserve University. The ASL-

FISP technique was initially evaluated by assessing brain perfusion in healthy wild-type

C57/BL6 mice (The Jackson Laboratory, Bar Harbor, Maine). Each animal was anesthetized

in 1–2% isoflurane with supplemented O2 and positioned within a mouse volume coil (inner

diameter = 35mm) in a Bruker Biospec MRI scanner (Bruker Inc., Billerica, MA). Each

animal’s body temperature was maintained at 35±1 °C with a warmed air control system.

Respiratory triggering was performed through an MR-compatible small animal gating and

control system (SA Instruments, Stony Brook, NY).

Ten male C57/BL6 10 weeks of age were scanned with the ASL-FISP imaging protocol at 7

T. Five of these mice were scanned with the ASL-FISP imaging protocol at 9.4 T at least

one day prior to the 7 T scan for comparison. Rapid localizer scans were first used to

identify an appropriate and consistent axial mid-brain imaging slice for the ASL-FISP

protocol. After slice positioning, the single-slice ASL-FISP protocol consisted of three

sequential scans: 1) ASL-FISP with a slice-selective inversion, 2) ASL-FISP with non-

selective inversion, and 3) FISP with no inversion preparation as a reference (M0) scan for

blood flow calculation (19). An inversion delay time (TI) of 1420 ms was used for this

initial implementation to generate sufficient blood flow contrast between the slice-selective

and non-selective ASL-FISP images. Other than the inversion preparation, the FISP imaging

readout parameters were identical among these three acquisitions (centric encoding, TR/TE

= 2.4/1.2 ms, matrix = 128 × 128, FOV = 3 cm × 3 cm, imaging slice thickness = 1.5 mm,

tip angle = 60 degrees). These scans were repeated 60 times to determine the effects of

image quality on the perfusion calculations. Although not required, for this initial

implementation an additional delay time of ~13 seconds was incorporated between each

scan repetition to allow the magnetization to return to equilibrium (M0) between repetitions

and to limit the duty cycle on the magnetic field gradients. The total acquisition time for one

ASL-FISP repetition including the ASL preparation (1420 ms), FISP imaging readout (331

ms), and ~13-second delay was 15 seconds.

For comparison, we also implemented an ASL-GRE acquisition by combining an identical

FAIR preparation with a gradient echo (GRE) imaging readout (TR/TE = 5000/2 ms, 5

averages, tip angle = 90 degrees). For this simplified ASL-GRE acquisition, only one line of

k-space was acquired for each ASL preparation. All other imaging parameters including
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field of view (FOV) and resolution were identical to the ASL-FISP acquisitions described

above. This conventional ASL-GRE acquisition was evaluated on a separate single healthy

C57/BL6 mouse brain at 7 T for direct comparison with the ASL-FISP results.

Following the ASL-FISP scans, a FISP-based Look-Locker acquisition was then

implemented to generate voxel-wise T1 maps according to previously described techniques

(35,36). The Look-Locker acquisition consisted of a non-selective adiabatic inversion

followed by 10 continuous and sequential FISP image repetitions (linear encoding, tip angle

= 10 degrees, TR/TE = 4.0 ms / 2.0 ms, 512 ms / image). The Look-Locker acquisition was

repeated at least 40 times to ensure accurate T1 relaxation time estimation. As for the ASL-

FISP acquisitions above, a ~7-second delay was introduced after each repetition to reduce

the duty cycle on the imaging gradients and to allow the magnetization to return to

equilibrium (M0). Voxel-wise T1 relaxation maps were then calculated according to

previously described methods (35,36). The geometry of the Look-Locker acquisition was

identical to the ASL-FISP acquisitions to ensure one-to-one correspondence between the

ASL and T1 relaxation data and enable direct calculation of the quantitative ASL maps

described below.

Quantitative, voxel-wise perfusion maps were generated using previously described methods

for the FAIR ASL technique according to Equation 1 below (18,19).

[1]

where f is the tissue perfusion in ml/min/100g of tissue; NS, SS, and M0 are the signal

intensities for the non-selective, slice-selective, and reference (M0) ASL-FISP images,

respectively; T1 is the longitudinal relaxation time calculated from the Look-Locker

acquisition; TI is the inversion time set at 1420 ms; and the tissue-blood partition coefficient

(λ) was assumed to be 0.9 ml/g (37). Perfusion maps were calculated using this equation for

each ASL-FISP scan.

A region-of-interest (ROI) analysis was then used to calculate the mean perfusion over the

entire mouse brain visible within the single ASL-FISP imaging slice. Note that these ROIs

included both white matter and gray matter, while ventricles were excluded from the

analysis. A histogram analysis of the mouse brain ROI was also used to calculate a threshold

(mean ± 2 standard deviations) to limit the impact of large vessels (high perfusion values) on

the calculation of the mean brain perfusion value for each animal similar to previously

described methods (3,5). The mean brain perfusion values for each individual mouse were

then used to calculate an overall group average and standard deviation at 7 T and 9.4 T

respectively, for comparison. This ROI analysis was repeated for 20, 40, and 60 ASL-FISP

averages at 7 T and 9.4 T to perform an initial determination of the effects of noise on the

brain perfusion assessments. For all C57/BL6 mice, ASL-FISP scans were obtained with an

inversion slab thickness three times that of the FISP imaging slice thickness to ensure a

uniform inversion over the entire FISP imaging slice. This factor of three was previously

described by our group (32) and provides an effective balance between blood flow

sensitivity and inversion uniformity. One C57/BL6 mouse was scanned with an inversion
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slab thickness / imaging slice thickness ratio of 1, 3, 6, and 10 to determine the effects of the

relative inversion slab thickness on the perfusion results.

Additional in vivo ASL-FISP experiments: mouse brain ischemic stroke model and healthy
mouse kidneys

The ASL-FISP acquisition and analysis protocol described above was performed on two

additional C57/BL6 mice to evaluate: (1) brain perfusion in the context of known pathology

(ischemic stroke); (2) kidney perfusion; and (3) muscle perfusion. Except for the number of

signal averages (40), all of the imaging parameters used for these imaging studies were

identical to the brain ASL-FISP experiments described above.

An ASL-FISP study was performed on a mouse model of ischemic stroke to assess the

method’s sensitivity to a known pathophysiology. A C57/BL6 mouse (male, 8 weeks of

age), was anesthetized with isoflurane. A transient stroke was initiated by inserting a 0.22

mm diameter, silicon-coated filament (Doccol, Corp) into the right carotid artery resulting in

an occlusion of the middle cerebral artery (MCAo), while monitoring cerebral blood flow

using Laser Doppler flowmetry (38–40). The filament was removed after one hour of

occlusion to allow reperfusion as the animal recovered. At 24 hours post-ictus, the animal

was re-anesthetized for ASL-FISP scanning as described above. A diffusion weighted EPI

image (TR/TE = 5000 / 31 ms, b=500 s/mm2) was also acquired to confirm the presence of

the infarct from the MCAo. A brain perfusion map and a mean perfusion value for the whole

brain within the imaging slice were calculated for comparison with healthy C57/BL6 mice.

For the kidney and paraspinal muscle perfusion assessment, ASL-FISP was performed on a

healthy male 10-week-old C57/BL6 mouse. Respiratory triggering was performed as

described above. This study was performed as an initial demonstration of the effectiveness

for ASL-FISP for high field body imaging applications. Following the ASL-FISP

acquisitions, an ROI analysis was used to calculate the mean renal perfusion values for the

left and right kidneys of this mouse and the mean perfusion value of the paraspinal muscles.

RESULTS

Axial mouse brain images from spin echo, FISP, True FISP and EPI imaging techniques at 7

T are shown in Figure 2. Banding and ghosting / distortion artifacts are clearly visible in the

True FISP and EPI images, respectively. By comparison, the spin echo and FISP images

show a lack of image artifacts with the FISP images generated in less than 1/10th of the

acquisition time (22 seconds vs 4 minutes 16 seconds). Representative brain ASL-FISP

image sets, T1 relaxation time maps, and calculated perfusion maps are shown for a healthy

C57/BL6 mouse at 7 T (n=10) in Figure 3. Qualitatively similar images and maps were

obtained from the mice at 9.4 T (n=5, data not shown). The mean and standard deviations

for the groups of healthy mice scanned at 7 T and 9.4 T are shown in Figure 4a as a function

of the number of ASL-FISP averages used to calculate the perfusion data (20, 40, and 60

averages). A 2-tailed Student’s t-test showed no significant difference between the mean

perfusion values at the two magnetic field strengths (p > 0.2) or for 20, 40, and 60 averages

(p > 0.6). With 40 signal averages, the mean brain perfusion values for healthy C57/BL6

mice ranged from 210 – 333 ml/min/100g of tissue at 7 T and 222 – 268 ml/min/100g of
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tissue at 9.4 T, respectively. The mean ± standard deviation of the mouse brain perfusion

(excluding ventricles) at 7 T and 9.4 T were 249 ± 38 ml/min/100g of tissue and 241 ± 17

ml/min/100g of tissue, respectively.

A secondary ROI analysis of the 7T mouse brain perfusion data showed differential

perfusion values in the cortex (211 ± 30 ml/min/100g) and thalamus (288 ± 48 ml/min/

100g), which is consistent with previous studies (41). A perfusion map from the ASL-GRE

method (mean cerebral perfusion = 285 ml/min/100g) is shown in Figure 3f for comparison.

The total imaging time for 5 averages was approximately 4 hours. In order to make a valid

comparison between protocols, the time under anesthesia should be consistent to ensure

similar perfusion conditions. We chose to evaluate the ASL-GRE method with 2 averages so

that the imaging time was approximately the same as ASL-FISP. The mean cerebral

perfusion value from the ASL-FISP method (40 averages) was 249 ± 38 ml/min/100g,

which is quite reasonable compared to the cerebral perfusion value of 240 ml/min/100g from

the ASL-GRE method (2 averages).

The mean brain perfusion values from a single C57/BL6 mouse using an inversion slab

thickness / imaging slice thickness ratio of 1, 3, 6, and 10 and either 5, 10, 20, 40, or 60

ASL-FISP averages are shown in Figure 4b. A large decrease in perfusion was observed as

the inversion slab thickness / imaging slice thickness ratio was increased from 1 (inversion

slab thickness = imaging slice thickness) to 3 due to both increased uniformity of the

inversion pulse over the entire imaging slice and reduced perfusion sensitivity. The mean

brain perfusion values continued to decrease at a lower rate as the inversion slab thickness /

imaging slice thickness ratio increase from 3 to 6 and 10. In addition, only minimal variation

was observed in the mean perfusion values as the number of ASL-FISP is reduced from 60

to 5 for each ratio.

Axial ASL images, T1 maps, and brain perfusion maps for the middle cerebral artery

occlusion (MCAo) model of ischemic stroke in a mouse are shown in Figure 5. The region

of infarct on the right side of the brain (left side of image) is clearly visible in the ASL-FISP

images and the corresponding perfusion map. Note that a smaller secondary infarct is visible

on the contralateral side most likely resulting from the extensive cytotoxic edema caused by

the induced ischemic stroke. Overall, the mean brain perfusion for the MCAo mouse was

measured to be 143 ml/min/100g.

Axial ASL images, T1 maps, and perfusion maps for the C57/BL6 mouse kidneys are shown

in Figure 6. As expected, the aorta and renal arteries show a very bright signal in the slice-

selective inversion ASL-FISP image (Figure 6a), while the arterial blood signal is greatly

attenuated for the non-selective ASL-FISP image (Figure 6b). The measured mean renal

perfusion values for the left and right kidneys (cortex + medulla + pelvis) were 513 and 560

ml/min/100g, respectively. In addition, the perfusion in the renal cortex was visibly

increased relative to the renal medulla as expected. Importantly, mouse kidney perfusion

was approximately twice that of the brain perfusion, consistent with previous reports

(23,27,42,43). The mean perfusion value in the paraspinal muscles was 81 ml/min/100g,

which was significantly lower than that of the kidneys as expected (23).

Gao et al. Page 7

NMR Biomed. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



DISCUSSION

In this study, initial in vivo ASL MRI results were obtained using a rapid and artifact-

resistant ASL-FISP acquisition on 7 T and 9.4 T small animal MRI scanners. The ASL-FISP

technique combines an inversion preparation (slice-selective or non-selective) followed by a

centrically-encoded FISP imaging readout to provide ASL data with minimal image artifacts

in comparison to conventional EPI and True FISP imaging readouts for ASL MRI

acquisitions.

There are several important design features of the ASL-FISP acquisition. Most importantly,

the FISP imaging readout is applied with centric k-space encoding and relatively few (i.e.,

10) dummy scans. As shown previously, this centric encoding approach minimizes the loss

of perfusion sensitivity caused by additional radiofrequency pulses and gradient lobes

encountered in linear k-space encoding (33). A FISP imaging readout was selected for this

study instead of a balanced SSFP readout primarily to limit well-known banding artifacts

that are significantly increased on high field MRI scanners. An alternative approach using

balanced SSFP would be to acquire multiple images with different RF phase variation

sequences to reconstruct banding free image (44,45). This approach may offer increased

signal-to-noise, but it may require additional image processing to remove the banding

artifacts. As a result, this alternative approach and direct comparison with ASL-FISP was

not explored for this initial study. Further studies are also needed to directly compare the

FISP and True FISP techniques as the FISP flow sensitivity may be altered due to dephasing

(46).

Overall, the key advantage of the FISP imaging readout is that it provides perfusion

sensitivity with a short acquisition time (~2 seconds / image) with minimal artifacts in

comparison to EPI readouts. The ASL-FISP and ASL-GRE acquisitions generated relatively

similar perfusion maps (Figure 3) and mean brain perfusion values. However, the ASL-GRE

method required an acquisition time that was more than 50 times than that of the ASL-FISP

method. In addition, the FISP imaging readout can easily be coupled with virtually any ASL

preparation in order to meet the requirements for specific imaging applications. For this

initial implementation, a simple FAIR ASL preparation was implemented with either a slice-

selective or non-selective inversion pulse. However, more complex ASL preparations such

as pCASL could also be implemented in order to measure transit times and other important

perfusion parameters (23). The FISP imaging readout is particularly relevant for FAIR

acquisitions as the difference between the images with the slice-selective inversion and non-

selective inversion is small relative to the M0 image (typically < 10%). As a result, FAIR-

ASL studies generally require numerous signal averages to obtain a reasonable estimate of

tissue perfusion. Therefore, acquiring all k-space lines following a single ASL preparation

(with minimal artifacts) using the FISP readout results in practical imaging times to acquire

sufficient signal averages. While only single slice ASL-FISP results are presented in this

initial study, multi-slice and/or 3D ASL-FISP implementations are possible and may have

significant advantages for specific imaging applications.

Initial in vivo mouse brain perfusion studies demonstrated that the ASL-FISP technique

provides reasonable perfusion assessments on high field MRI scanners. ASL-FISP images in
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the healthy mouse brain and an induced ischemic stroke model show an expected lack of

distortion and artifacts and clearly delineated perfusion deficits in the stroke model (Figures

3 and 5, respectively). Further, the kidney ASL-FISP images and perfusion maps in Figure 6

show differential perfusion between the renal cortex and medulla as expected from prior

studies (5,47). In addition, the renal arteries are clearly visible in both the slice-selective

inversion ASL-FISP images as well as the perfusion maps demonstrating the flow sensitivity

of the ASL-FISP technique. Overall, the reliability of the ASL-FISP technique is exhibited

by the lack of differences in the perfusion results at 7 T and 9.4 T (Figure 4a). Most

importantly, the mouse kidney images shown in Figure 6 demonstrate that the ASL-FISP

technique can provide high quality ASL data for rodent brain and body imaging applications

on high field MRI scanners with no distortion and artifacts.

The ASL-FISP technique presented herein also has several important limitations. One key

observation of these initial results is that the mean perfusion values for mouse brains and

kidneys shown here are dependent on the perfusion preparation scheme and inversion pulse

design. It has already been shown in multiple studies that the relative thickness between the

slice-selective inversion and the imaging readout is directly related to the resulting tissue

perfusion estimate (2,4,28,31). For example, a smaller inversion slab thickness (ex. 1× that

of the imaging slice) will result in enhanced perfusion sensitivity and erroneously high

perfusion estimates. Conversely, a larger inversion slab thickness (ex. 6 × that of the

imaging slice) will result in reduced perfusion sensitivity. These results are reflected in

Figure 4b which shows that an inversion slab thickness / imaging slice ratio ≥ 3 is needed to

maintain reasonably consistent perfusion results. The perfusion results can also be directly

impacted by the shape of the inversion pulse and the excitation pulses of the FISP imaging

readout. However, optimization of these pulses was beyond the scope of this initial technical

development. Nevertheless, the results shown herein confirm that the ASL-FISP technique

can sensitively differentiate normal tissue perfusion from pathology (ex. ischemic stroke)

and relative tissue perfusion levels (renal cortex vs. renal medulla vs. skeletal muscle). It is

important to note that the ASL-FISP technique may also be sensitive to the effects of

pulsatility which may be an underlying cause of the bright CSF signal in the mouse brains.

Another observation of these initial ASL-FISP results is the trend towards lower perfusion

values at 9.4 T. While not statistically significant, this trend may be due in part to reduced

T2
* relaxation times at 9.4 T. For mouse brain imaging, this reduction in T2

* can reduce the

SNR of the SS, NS, and M0 images, especially in regions near the ear canals. Fortunately,

this potential limitation can be partially mitigated using shorter echo times which would

reduce the deleterious T2
* effects at all field strengths. For the FISP acquisition, the

reduction in echo time would provide an additional increase in SNR as the repetition time

would also be reduced by the same percentage providing an increase in the coherent steady-

state magnetization.

In conclusion, this study reports a rapid and quantitative ASL-FISP MRI technique for high

field MRI scanners. For this initial study, the ASL-FISP technique combines a FAIR ASL

preparation with a rapid, centrically-encoded FISP imaging readout to provide perfusion-

weighted images in less than 2 seconds with minimal image distortion, ghosting, and

banding artifacts in comparison to EPI and balanced SSFP readouts. Initial in vivo ASL-
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FISP perfusion results in mouse brains were obtained for healthy and ischemic stroke

C57/BL6 mouse brains at 7 T and healthy mouse brains at 9.4 T. As a demonstration of the

invulnerability of the ASL-FISP technique to off-resonance artifacts, initial in vivo kidney

ASL results were also obtained for C57/BL6 mouse at 7 T. This new technique provides an

alternative method for many perfusion imaging applications on high field MRI scanners

where off-resonance artifacts can severely limit the use of EPI and balanced SSFP

acquisitions.
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FAIR flow-sensitive alternating inversion recovery

CASL continuous arterial spin labeling
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MT magnetization transfer

CEST chemical exchange saturation transfer
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ROI region of interest

MCAo middle cerebral artery occlusion
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Figure 1.
Schematic of ASL-FISP acquisition. A FAIR ASL preparation is combined with a

centrically-encoded FISP acquisition. This acquisition is repeated for both a slice-selective

inversion (with shaded gradient) and a non-selective inversion (without the shaded gradient)

to generate the perfusion contrast. Note that all lines of k-space are acquired following a

single ASL preparation.
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Figure 2.
Representative axial mouse brain images at 7 T using (a) spin echo, (b) FISP, (c) True FISP,

and (d) EPI acquisitions. Note the similar lack of artifacts in the spin echo and FISP images

in comparison to the True FISP (banding) and EPI (ghosting / distortion) images.
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Figure 3.
Representative ASL-FISP images of a healthy C57/BL6 mouse brain at 7 T. (a) Slice-

selective (bright-blood); (b) non-selective (dark blood) ASL-FISP images (40 averages); (c)

M0 image (no inversion); (d) Brain T1 map from Look-Locker acquisition; perfusion map

from (e) ASL-FISP and (f) ASL-GRE in ml/min/100g of tissue. Note that the ASL-FISP and

ASL-GRE perfusion maps are from different mice.
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Figure 4.
(a) Mean C57/BL6 mouse brain perfusion from the ASL-FISP method at 7 T (gray) and 9.4

T (white), respectively. Results are plotted as a function of the number of ASL-FISP

averages. No significant differences in mean perfusion were observed for different number

of averages (p > 0.6) or field strength (p > 0.2). (b) Mean brain perfusion from a single

C57/BL6 mouse at 7 T as a function of the slice thickness ratio (inversion slab thickness /

imaging slice thickness) and the number of ASL-FISP averages. Note the large decrease in

mean brain perfusion as the slice thickness ratio is increased from 1 to 3. The mean

perfusion also appears to be more sensitive to the inversion slab thickness than the number

of ASL-FISP averages.
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Figure 5.
ASL-FISP images of an MCAo mouse model of stroke at 7 T. (a) Slice-selective (bright-

blood) and (b) non-selective (dark blood) ASL-FISP images; (c) M0 FISP image (no

inversion); (d) diffusion-weighted image (b=500 s/mm2) showing right brain infarct; (e)

Look-Locker T1 map; and (f) perfusion map. The primary infarct is visible in the right brain

in all images. A potential contralateral perfusion deficit is also observed in the perfusion

map, but less evident in T1 and diffusion weighted images.
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Figure 6.
Kidney ASL-FISP images from a healthy C57/BL6 mouse at 7 T. (a) Slice-selective (bright-

blood) and (b) non-selective (dark blood) ASL-FISP images; (c) M0 FISP image (no

inversion); (d) Look-Locker T1 map; and (e) perfusion map. Renal arteries (high perfusion)

and renal medulla (low perfusion) are clearly visible in the perfusion map.
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