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Abstract

Diffusion MRI is a useful imaging technique with many clinical applications. Many diffusion MRI
studies have utilized Echo-Planar Imaging (EPI) acquisition techniques. In this study, we have
developed a rapid Diffusion Prepared - Fast Imaging with Steady-State Free Precession (DP-FISP)
MRI acquisition for a preclinical 7T scanner providing diffusion-weighted images in less than 500
ms and DTI assessments in approximately 1 minute with minimal image artifacts in comparison to
EPI. Phantom Apparent Diffusion Coefficient (ADC) and Fractional Anisotropy (FA) assessments
obtained from the DP-FISP acquisition resulted in good agreement with EPI and spin echo
diffusion methods. The mean ADC was 2.0x10~3 mm?/s, 1.90 x10~3 mm?/s and 1.97x1073 mm?/s
for DP-FISP, DW-SE and DW-EPI, respectively. The mean FA was 0.073, 0.072, and 0.070 for
DP-FISP, DW-SE and DW-EPI, respectively. Initial /n vivo studies show reasonable ADC values
in a normal mouse brain and polycystic rat kidneys.

Keywords
diffusion; MRI; FISP; 7T

INTRODUCTION

Diffusion MRI has proven to be an extremely useful imaging technique with clinical
applications in assessments of stroke (1,2), neurodegenerative disease (3,4), cancer (5-7),
kidney disease (8,9), and liver disease (10,11). A key advantage of Diffusion MRI is its
ability to provide reliable quantitative assessments of tissues, which enables both early-stage
disease detection as well as an opportunity for longitudinal assessments of disease
progression. In addition, a variety of Diffusion MRI techniques, such as Diffusion Tensor
Imaging (DTI) and Intra-Voxel Incoherent Motion (IVIM), have been developed to study
the effects of tissue anisotropy and perfusion, respectively (12-16).

The large majority of Diffusion MRI studies have utilized Echo-Planar Imaging (EPI)
acquisition techniques in order to rapidly acquire diffusion-weighted images. However, EPI
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techniques are susceptible to off-resonance distortion artifacts (17). Importantly, these
artifacts are greatly increased on high field human and small animal MRI scanners making
EPI acquisitions extremely problematic, especially for body imaging applications. At the
same time, conventional spin echo Diffusion MRI acquisitions can require excessively long
acquisition times. Therefore, a need exists to develop a robust and rapid Diffusion MRI
protocol for high field MRI scanners.

A variety of alternative acquisition strategies to EPI have been applied to improve overall
image quality in diffusion MRI applications. Multi-echo spin echo acquisitions maintain the
acquisition speed and greatly limit the off-resonance artifacts of EPI acquisitions (18).
However, quantification errors can be generated from the effects of Magnetization Transfer
and T2 decay (19-21). Steady-state diffusion weighted imaging techniques have also been
developed that combine a conventional diffusion preparation scheme with a steady-state
imaging readout train, such as low flip angle RARE (22), FLASH (23,24), and Balanced
SSFP (25). However, in some of these methods, a significant delay (~100 ms) between the
end of the diffusion preparation and the acquisition of the central region of k-space exists
because of the approach to steady state and / or non-centric k-space trajectories. This delay
can result in loss of diffusion sensitivity and therefore significant diffusion quantification
errors. In addition, most of the techniques used non-slice selective preparation, making
multislice 2D acquisitions less time-efficient. Another rapid diffusion technique applied the
diffusion gradients directly within an SSFP acquisition (26,27). While highly time-efficient,
the diffusion sensitivity is much more complicated and is dependent on flip angle, T1, and
T2. In addition, at 7T, balanced SSFP acquisitions may exhibit banding artifacts.

Here, we describe initial /7 vitroand in vivo results from a Diffusion-Prepared Fast Imaging
with Steady-State Free Precession (DP-FISP) MRI acquisition technique implemented on a
7T small animal MRI scanner. This technique combines a conventional 904-180-90_4
diffusion preparation scheme with a single-shot, centrically-encoded FISP acquisition to
provide diffusion-weighted images in < 500 ms. In this initial report, we quantitatively
validated the DP-FISP technique against conventional EPI and spin echo acquisitions in
both phantom and /7 vivo rodent brain and kidney experiments.

MATERIALS AND METHODS
DP-FISP Pulse Sequence Design

All acquisitions were implemented on a Bruker Biospec 7T MRI scanner (Billerica, MA)
equipped with a 400 mT/m gradient insert. The DP-FISP pulse sequence was developed by
combining a slice-selective diffusion preparation (904-180,-90_) with a single-shot,
centrically-encoded FISP imaging readout (Fig. 1). The diffusion preparation was designed
with bipolar diffusion gradients to limit cardiac and respiratory motion artifacts. A slice-
selective diffusion preparation was used to enable eventual interleaved, multislice DP-FISP
acquisitions (Hermite excitation pulses, t.f = 1 ms). The slice thickness of the diffusion
preparation was set to 3 times that of the FISP imaging readout as in this initial study to
ensure accurate diffusion preparation in the imaging slice. The accuracy of this slice
thickness ratio was validated with B, calibration assessments (data not shown) and was
shown previously to aid in T2 relaxation assessments(28). Gradient spoilers were applied
after the diffusion preparation to avoid spurious echoes. The FISP imaging readout was
described previously and provides /n vivo images in <500 ms with relatively high SNR and
minimal off-resonance distortion and ghosting artifacts in comparison to EPI (29). The FISP
imaging readout was designed with centric encoding to retain maximal diffusion weighted
contrast from the diffusion preparation. The FISP imaging readout was also utilized to
prevent banding artifacts typical of balanced SSFP acquisitions on high field MRI scanners.
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Quantitative Phantom Validation of DP-FISP Diffusion Assessments

To quantitatively verify the DP-FISP technique, DTI images (six directions (b = 450 s/mm?)
+null (b =0s/mm?), A =12 ms, & = 6 ms) of a cylindrical water phantom were obtained to
compare with a conventional diffusion weighted spin echo (DW-SE) and DW-EPI
acquisitions. The DP-FISP acquisition parameters were TR/ TE =2.6 ms/ 1.3 ms, a = 60°,
matrix = 128x128, resolution = 0.31x0.31 mm, imaging slice thickness = 2 mm. The overall
duration for the diffusion preparation was 36 ms. A scan delay of 8 seconds was applied
between scans and two b = 0 s/mm? scans were incorporated to limit the effects of T1
relaxation. ldentical diffusion parameters and acquisition geometry were used for both the
DW-SE and DW-EPI acquisitions. For the DW-SE method, the TR / TE were set to 8,000
ms / 20 ms, to limit the effects of T1 and T2 relaxation. The single-shot DW-EPI acquisition
used an echo time of 100 ms and the same scan repetition time as the DP-FISP acquisition (8
seconds). The phantom images were acquired with 16 averages for both DP-FISP and DW-
EPI methods (total acquisition time = 17 min each), while 1 average for DW-SE method
(total acquisition time = 120 min).

All images were exported and processed off-line using in-house Matlab software (The
Mathworks, Natick, MA). ADC and FA maps were calculated on a pixel by pixel basis
using established methods (30,31). Mean ADC and FA were calculated for each phantom
image using an ROI analysis. All imaging acquisitions were repeated 5 times and a two-
tailed student’s t-test was then used to compare the mean ADC and FA from each
acquisition.

Initial In vivo DP-FISP Evaluation

The DP-FISP technique was further evaluated by obtaining diffusion weighted images and
associated ADC map of a mouse brain (C57BL6/J, Jackson Labs) and rat kidneys (PCK rat
model of Autosomal Recessive Polycystic Kidney Disease,(32)). All animal studies were
conducted in accordance with established protocols approved by the Institutional Animal
Care and Use Committee of Case Western Reserve University. Animals were initially
anesthetized with 2% isoflurane in O, and then mounted in an appropriate transmit/receive
volume coil for imaging (mouse = 35mm ID, rat = 72mm ID). Animals were maintained at
34+1°C and 30-60 breaths / minute using warm air and adjustable isoflurane levels,
respectively.

The DP-FISP acquisition (TR/TE = 2.6 / 1.3 ms, a=60°, matrix = 128x128, resolution =
0.31x0.31 mm, imaging slice thickness = 2 mm, diffusion preparation slice thickness = 6
mm, 6 diffusion directions + null, b = 0 and 450 s/ mm?2, A/6 = 8.5/ 4 ms) was used to
obtain DTI measurements of a normal mouse brain (4-month old, C57B6/J mouse). The total
duration of the diffusion preparation was 28 ms. A delay of eight seconds was again applied
to minimize T1 relaxation effects between consecutive scans. One axial slice with four
averages was acquired for the C57BL6/J mouse. The total data acquisition time was
approximately 4 minutes with prospective respiration gating. For comparison, the DW-SE
method (TR / TE = 2,000 ms / 20 ms) was also used to acquire DTI data on the same animal
and imaging slice with a total scan time of 40 min for one average with respiratory gating.

In vivo DTI measurements were also obtained on the kidneys of a 2-month-old PCK rat.
DTI data were acquired using the DP-FISP method similar to the mouse brain DTI study
above (TR/TE = 3.3/1.65 ms, a=60°, matrix = 256x128, resolution = 0.55 x 0.55 mm,
imaging slice thickness = 2 mm, diffusion preparation slice thickness = 6 mm, null + 6
diffusion directions, b = 0 and 340 s/ mm2, A/& = 7.5/ 3 ms). The total duration of the
diffusion preparation was 22 ms. These /7 vivo kidney DTI results were obtained with one
signal average requiring approximately one minute with respiratory gating. Note that DW-
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SE imaging data were not acquired for this renal imaging application due to excessive
respiratory motion artifacts.

Representation phantom diffusion weighted images (b = 0 and b = 450 s/mm?) and
quantitative ADC and FA maps from DP-FISP, DW-SE, and DW-EPI techniques are shown
in Fig. 2. Similar images and ADC / FA maps were obtained between the three different
methods. Mean values of each diffusion parameter from five repeated measurements for
each acquisition scheme are shown in Table 1. Importantly, the mean ADC and FA from the
DP-FISP acquisition (17 min. acg. time) were consistent with both conventional DW-SE
(120 min. acq. time) and DW-EPI (17 min. acg. time) acquisitions. No statistical difference
in ADC was observed between the DP-FISP and DW-EPI acquisitions (2.00 + 0.06 mm?/s
vs. 1.97 + 0.04 mm?/s, respectively, p = 0.2). The mean ADC values for the DP-FISP and
DW-EPI acquisitions were ~5% higher than for the DW-SE acquisition (1.90 ADC + 0.06
mm?/s) and were significantly different (p < 0.05). No statistic difference in FA values was
observed all three methods (p > 0.3).

Figure 3 shows representative diffusion weighted images and corresponding ADC maps of a
normal mouse brain acquired with a DP-FISP acquisition (4 min. acq. time, 4 averages) and
a DW-SE acquisition (40 min. acg. time, 1 average). Despite the different image contrast
obtained with the FISP and SE imaging readouts, the ADC maps (color overlay) were
remarkably consistent between the two methods. The mean ADC values were calculated in
two different regions: CSF and gray/white matter. For the CSF ROIs, the mean ADC for the
DP-FISP and DW-SE acquisitions were 1.57+0.25x1073 mm#/s and 1.51+0.40x10~3 mm?/s,
respectively. The mean ADC for the gray/white matter for DP-FISP and DW-SE
acquisitions were 0.87+0.12x1073 mm?2/s and 0.82+0.13x1073 mm?/s, respectively. Note
that these results were obtained with a 10-fold reduction in overall acquisition time.

In order to assess the sensitivity of the DP-FISP technique to known pathology, diffusion
weighted images and an overlaid ADC map of polycystic rat kidneys are shown in Fig. 4.
These images and corresponding ADC maps were obtained with a single signal average
(total acquisition time ~1 min with prospective respiratory gating). The mean ADC for left
and right kidneys was 2.55x10~3 mm?/s and 2.31x10~3 mm?/s, respectively. The DP-FISP
images (Fig. 4) clearly demonstrate the distinctly brighter appearance of the
corticomedullary cysts (hyperintense regions). These cysts also exhibit increased ADC
values (yellow regions) due to reduced diffusion restrictions as shown in previous reports
(33).

DISCUSSION

In this study, initial /n vitroand /n vivo diffusion MRI results were obtained using a rapid
and quantitatively accurate DP-FISP acquisition on a 7T small animal MRI scanner. The
DP-FISP technique combines a slice-selective diffusion preparation followed by a
centrically-encoded FISP imaging readout to provide diffusion MRI data with minimal
image artifacts in comparison to conventional EPI acquisitions and very short acquisition
time in comparison to diffusion weighted spin echo acquisitions.

There are several important design features of the DP-FISP acquisition. Most importantly,
the FISP imaging readout is applied with centric k-space encoding. This approach minimizes
the time delay between the end of the diffusion preparation and the acquisition of the central
region of k-space. In this way, the loss of diffusion sensitivity caused by T1 relaxation
recovery is also minimized. A FISP imaging readout was selected for this study instead of a
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balanced SSFP readout primarily to limit well-known banding artifacts which are 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 images (34). However, this approach would require multiple acquisitions in order to
correct banding artifacts.

Phantom diffusion MRI studies were conducted to quantitatively validate the DP-FISP
method with conventional DW-EPI and DW-SE techniques. The DP-FISP acquisition
exhibited nearly identical mean phantom ADC and FA values in comparison to a
conventional DW-EPI acquisition. The mean phantom ADC values for the both DP-FISP
and DW-EPI acquisitions were both ~5% higher than for the DW-SE acquisition.
Interestingly, this small difference in ADC values was also observed in the initial /n vivo
mouse brain results measuring the ADC of both CSF and normal mouse brain tissue (see
discussion of /n vivo results below). This difference is most likely due to slight
underestimation of the effective b-value for the DP-FISP acquisition by not accounting for
the gradient pulses and relaxation effects during the 5 “dummy’ scans and in the initial
central k-space lines. Despite these small differences in ADC, these results do suggest that
the DP-FISP acquisition may provide accurate diffusion assessments similar to conventional
DW-SE with a ~10 fold reduction in acquisition time.

Initial /n vivo diffusion studies demonstrated that the DP-FISP technique provides
quantitatively similar results with conventional DW-SE in a mouse brain (Fig. 3). The
mouse brain ADC maps and mean values of CSF / normal brain tissue were consistent
between these two methods and were also consistent with previous studies (35,36). The DP-
FISP imaging data were obtained with 4 signal averages resulting in an acquisition time of
only 4 minutes with a long scan repetition time (~8 seconds) to limit T1 relaxation effects.
DP-FISP diffusion data were also obtained from the PCK rat kidneys (Fig. 4). The measured
ADC values for the non-cystic regions of the PCK rat kidneys (red regions) were consistent
with previous kidney diffusion MRI studies (8,37). In addition, the ADC map delineates the
corticomedullary cysts (arrows) demonstrating the sensitivity of the DP-FISP technique to
known pathophysiologic structures(33). While these initial /7 vivo DP-FISP images were
acquired with modest b-values, higher b-value acquisition (ex. 1000 s/fmm?2) can be obtained
by simply increasing the duration of the diffusion preparation.

Overall, the advantages of the DP-FISP technique are its short acquisition time and minimal
image artifacts in comparison to EPI, especially for high field MRI scanners where EPI off-
resonance distortion and ghosting artifacts are extremely problematic. Therefore, specialized
shimming, segmented acquisitions, and/or image reconstructions are not required by DP-
FISP to obtain useful and quantitative diffusion data. Due to its short acquisition time, the
DP-FISP technique can be used to obtain diffusion weighted images within a single
respiratory cycle for rodents which can reduce respiratory motion artifacts in comparison to
DW-SE or segmented DW-EPI acquisitions.

The DP-FISP technique, as presented here, also has several important limitations. First, the
diffusion preparation schema requires the thickness of the diffusion preparation slab to be
three times larger than the imaging readout. This initial design would extend the time to
acquire multislice 2D diffusion data as adjacent slices would have to be acquired in a
separate DP-FISP scan. One simple approach to overcome this limitation would be to
optimize the excitation profile of the diffusion preparation pulses which could reduce the
diffusion slab to imaging slice thickness ratio closer to 1. An alternative approach would be
to investigate the utility of a centric 3D FISP readout. An additional limitation of the FISP
imaging readout is the typically decreased SNR relative to conventional spin echo
acquisitions. Fortunately, the SNR/time of the FISP acquisition is higher than for a spin echo
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acquisition which results in a ~10-fold reduction in acquisition time while still obtaining
nearly identical ADC and FA results. In addition, we have shown here that useful /n vivo
diffusion MRI results can be obtained from a single signal average despite the overall
decrease in SNR (Figure 4).

In conclusion, this study reports a rapid and quantitatively accurate diffusion MRI
technique, DP-FISP, for high field MRI scanners. It combines a diffusion preparation with a
rapid FISP imaging readout to provide diffusion-weighted images in less than 500 ms, and
DTI data in approximately 1 minute with minimal image artifacts in comparison to DW-EPI.
DP-FISP was quantitatively validated against conventional DW-EPI and DW-SE
acquisitions in both phantom and /7 vivo studies of normal and diseased organs. This new
technique provides an alternative method for many diffusion imaging applications on high
field MRI scanners where off-resonance artifacts can severely limit the use of EPI
acquisitions.
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Figure 1.

Schematic of the DP-FISP pulse sequence demonstrating a single diffusion preparation with
a single-shot, centrically-encoded FISP imaging readout. The diffusion weighting gradients

are shaded.
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Figure 2.

Representative axial phantom diffusion weighted images, ADC, and FA maps for DP-FISP,
DW-SE and DW-EPI methods (b=0 and b=450 s/mm?, six directions). Mean values of these
diffusion parameters from five repeated measurements are shown in Table 1.
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Figure 3.

Comparison of axial diffusion weighted images and corresponding ADC map (color
overlay) of a mouse brain acquired using DP-FISP (4 min. acg. time) and DW-SE (40 min.
acq. time). Note the good agreement of DP-FISP ADC map with the DW-SE gold standard.
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Figure 4.

Representative DP-FISP image (one average) and ADC map of a PCK rat kidney. Known
renal cysts (in yellow) exhibit increased ADC values in comparison to non-cystic renal
parenchyma (in red).

Magn Reson Med. Author manuscript; available in PMC 2013 September 01.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Luetal.

Table 1
Summary of phantom diffusion results for DP-FISP, DW-SE, and DW-EPI techniques.

ADC (x1073 mm?fs) FA
DP-FISP 2.00£0.06 0.073+0.012
DW-SE 1.900.03 0.072+0.006
DW-EPI 1.9740.04 0.070+0.007
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