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Abstract

Avrterial Spin Labeling (ASL) perfusion measurements may have many applications outside the
brain. In the abdomen, severe image-artifacts can arise from motions between acquisitions of
multiple signal averages in ASL, even with single-shot image-acquisition. Background
suppression and respiratory motion synchronization techniques can be used to ameliorate these
artifacts. Two separate in-vivo studies of renal perfusion imaging using pulsed-continuous ASL
were performed. The first study assessed various combinations of background suppression and
breathing strategies. The second investigated the retrospective sorting of images acquired during
free breathing based on respiratory position. Quantitative assessments of the test-retest
repeatability of perfusion measurements and the image quality scored by two radiologists were
made. Image quality was most significantly improved by using background suppression schemes
and controlled breathing when compared to other combinations without background suppression
or with free breathing, assessed by test-retests (5% level, F-test), and by radiologists’ scores (5%
level, Mann-Whitney U-test). Under free breathing, retrospectively sorting images based on
respiratory position showed significant improvement. Both radiologists found 100% of the images
had preferable image sharpness after sorting. High quality renal perfusion measurements with
reduced respiratory motion artifacts have been demonstrated using ASL when appropriate
background suppression and breathing strategies are applied.
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Introduction

Avrterial Spin Labeling (ASL) (1-4) is a well-established method for imaging and
quantitatively measuring tissue-perfusion in the brain (5-10). Applications of ASL in the
body to date have shown promise (11-16). However, ASL perfusion imaging in the body is
not currently widely used. ASL works by selectively magnetically labeling arterial water,
and thus, provides a technique for measuring renal blood flow with MRI without the need to
administer gadolinium-based contrast agents. This is of great potential importance when
evaluating patients with renal insufficiency for whom the risk of gadolinium-based contrast
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administration may be undesirable (17). Quantification of renal blood flow with ASL may
also be simpler than with dynamic contrast methods, for which nonlinearity of signal
intensity, vascular permeability, and the movement of contrast between cortical and
medullary compartments complicates measurement.

By selectively magnetically labeling inflowing blood, ASL can replace the signal-
enhancement of inflowing blood induced with administration of an exogenous substance.
The difference in signal between images acquired with a magnetic label applied (label) and
without (control) reveals the perfusion of the tissue. The difference in the signal for label-
and control images is typically a few percent of the tissue signal and, therefore, ASL
difference images can suffer from the influence of image noise. Typically, many repetitions
of the ASL measurement are averaged together to increase signal-to-noise ratio (SNR). This
requirement extends the time for acquisition of a perfusion image to some minutes making
the whole experiment prone to motion corruption during the acquisition time. From this
perspective, the application of ASL in the abdomen is particularly challenging.
Physiological effects such as peristalsis of the bowel and pulsations of surrounding organs
can be problematic. Furthermore, care must be taken to deal with the gross displacements of
the abdomen during the respiratory cycle.

Motion artifacts in ASL of the abdomen can be severe, but several techniques can be used to
reduce or eliminate them. Motion between the acquisitions of different k-space data points
can yield non-local artifacts on images. These artifacts can be largely eliminated by the use
of fast, single-shot imaging techniques such as echo-planar imaging or single-shot rapid
acquisition with relaxation enhancement (RARE). Such non-local artifacts may still be a
concern in volumetric imaging sequences and they may also benefit from the artifact
reduction approaches employed here, however they are not further addressed in this work.
Motion artifacts still arise in single-shot ASL imaging, however, because multiple images
must be averaged and subtracted to produce an ASL image with a favorable SNR. Even with
imaging sequences where motion is inconspicuous on anatomical images, motion artifacts
may be a few percent of the image signal and thus can be comparable to the perfusion signal
upon subtraction. Fortunately, different strategies for greatly reducing subtraction errors in
ASL are available, including background suppression and respiratory motion
synchronization techniques.

Angiographic (18,19) and ASL applications (20-22) have made use of background
suppression schemes employing multiple inversion pulses to suppress signals from
background tissues, which contribute to physiologic noise and lead to image artifacts.
Though background suppression itself is not a motion-correction technique, it helps to
reduce motion artifact that appears in the subtraction of misregistered label and control
images to a tolerable level because this subtraction error is proportional to the background
signal. Extending the concept of signal nullification in an inversion-recovery preparation,
application of multiple inversion pulses prior to imaging can effectively nullify signals from
tissues with a range of longitudinal relaxivities. Reductions of background signal greater
than 50 fold (22) can readily be achieved, with a corresponding reduction of motion-related
subtraction errors. Even a single inversion, as performed in FAIR studies of abdominal ASL
(12,13,15), can be very helpful at reducing background signal and subtraction errors.

A variety of techniques for synchronizing scanning to respiratory position have been
developed for abdominal and thoracic MR imaging. In clinical abdominal imaging, gross
respiratory mations are typically managed by either acquiring data within a breath-hold, or
by gating acquisition to some point in the respiratory cycle. Breath-held acquisitions in
healthy volunteers generally provide adequate cessation of abdominal motion allowing
acquisition of largely artifact-free images but in certain patient populations the success of
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breath-holding will be limited. Where single acquisitions are not possible and multiple
interleaves of data are acquired, images can become corrupted by motion-induced errors in
the signal due to the longer time delays between the acquisitions of neighboring parts of k-
space. Prospective triggering using respiratory bellows is a successful strategy for limiting
such errors (23,24). However, ASL techniques comprise a time-sensitive labeling and in-
flow period of several seconds prior to data acquisition. If triggering is performed at the
beginning of labeling, then motion may occur before image acquisition. If triggering is
performed for image acquisition, then the time of labeling can vary widely and severe
subtraction errors will occur if RF pulses are applied to the tissue of interest at the beginning
of labeling, as in FAIR or background suppressed studies. Other prospective techniques such
as navigator echo triggering (25,26) are also prone to the problem of irregular respiratory
motions between trigger and data acquisition during the magnetization preparation period.
Patterned breathing strategies have also been suggested (13,27) to ameliorate image
degradation from data acquired during free breathing. Previous studies of ASL in the
abdomen used a variety of breathing strategies, including breath-hold (11,13-15), free
breathing (12,15), and patterned breathing (13). Navigator techniques have previously been
used (16), and background suppression inversion pulses (14) have also been employed.

Here, we studied background suppression schemes in combination with various breathing
strategies that could lead to improved performance of quantitative abdominal ASL perfusion
imaging. Qualitative image appearance, test-retest reproducibility, and region-of-interest
noise standard deviations that include contributions from motion related noise were used as
measures of successful motion artifact reduction. Given that a clinical population may
poorly tolerate patterned breathing strategies, free-breathing acquisitions were also
considered.

Two separate in-vivo studies in healthy volunteers were performed. The first assessed
various combinations of background suppression and breathing strategies. The second
investigated retrospectively sorting images acquired during free breathing based on
respiratory position. All studies were performed with written informed consent of subjects
after obtaining approval for the study from the hospital Institutional Review Board. All
experiments were performed on a 1.5-Tesla Excite-HDx imager (GE Healthcare, Waukesha,
WI1) using the product 8-channel body receiver-array for reception, the body-coil for
transmission and the product single-shot fast spin echo (SSFSE) sequence, modified with
pulsed-continuous ASL (pCASL) preparation (28), for image acquisition.

STUDY 1: Background Suppression and Breathing Strategies

In a cohort of four healthy volunteers (3 female, 1 male, mean age 38, range 19-62),
combinations of background suppression schemes and breathing strategies were tested. The
entire exam was repeated 1 week later on each subject to assess test-retest reliability. After a
scout image and standard multi-slice axial and coronal partial-Fourier SSFSE images had
been acquired for localization, the perfusion measurements were made with several different
combinations of respiratory synchronization and background suppression types. Specifics of
the respiratory and background suppression strategies are provided in subsections of the
methods below. The following combinations of respiratory synchronization and background
suppression type were evaluated in each subject: A) Breathing voluntarily timed to
synchronize with the image acquisition (timed breathing) with each of: i) heavy background
suppression, ii) moderate suppression, and iii) no suppression; B) A series of five breath-
held acquisitions comprising three reference scans (proton density and two T1 weighted
images used for flow quantification, see “Reference Image Acquisition” section below)
followed by four multiples of four ASL measurements with: i) heavy background
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suppression, and ii) moderate suppression; C) Free breathing with: i) heavy background
suppression, and ii) moderate suppression; D) Timed breathing with heavy background
suppression as in (Ai) repeated. E) A 2D phase contrast renal angiography sequence was
performed to measure total renal flow to provide an independent indication of renal
perfusion. Respiratory bellows were worn by each subject allowing confirmation of
cooperation with breathing instructions during the experiment. The same order of
experiments was followed for all subjects. Each breathing pattern was sufficiently different
from each other that systematic habituation was not considered likely. Observation of the
subjects’ breathing via the trace of respiratory bellows indicated that this was justified,
showing that all subjects followed breathing instructions well with no pattern to their
occasional “missed breaths”.

For both timed and free breathing, 16 spin-labeled label-control pairs were acquired. For the
multiple breath-hold strategy, only 8 label-control pairs were acquired due to the additional
time required between breath-held acquisitions. Timed and free breathing perfusion
measurements lasted for 3.5 minutes, while breath-held measurements lasted approximately
10 minutes in total comprising 1.9 minutes of imaging over five breath-holds with breaks
between for breathing. The whole imaging session duration was approximately one hour.

Each subject was imaged twice, a week apart, to assess repeatability of perfusion
measurements. At retest the imaging plane was carefully cross-referenced to a saved image
from the previous session. At retest, the measurements in (B) were performed before those
in (A) to prevent habituation arising from the subjects’ familiarity with the previous session.
At retest, measurements in (D) were omitted.

STUDY 2: Retrospective Respiratory Sorting

In a separate cohort of four healthy volunteers (4 female, mean age 48, range 29-57), ASL
perfusion measurement during free breathing was performed with recording of respiratory
bellows signal to optimize retrospective motion reduction strategies. Heavy background
suppression was used for all images in this part of the study. ASL measurements were
performed as follows: F) Under free breathing, a block of ASL measurements with three
reference images (also acquired while free-breathing) and 12 ASL label-control pairs was
repeated four times in close succession for a combined scan time of 10.8 minutes. This
acquisition gave a selection of perfusion label-control pairs and reference images over the
entire range of respiratory positions for evaluation of post-processing methods. G) For
comparison, the timed breathing strategy ((Ai) above) was also performed with three
reference images and 16 ASL label-control pairs. Measurements (F) and (G) were then
repeated to obtain a test-retest measurement. Finally, one extra series, (H) with three
reference scans and 16 ASL label-control pairs, was run in which the subject was asked to
breathe heavily throughout to produce large abdominal displacements during data
acquisition. The order of imaging was the same for all subjects.

Respiratory bellows position was recorded immediately prior to each image acquisition and
was used to sort images and eliminate those which were significantly out-of-position for
both the reference scans and ASL images in the measurements in (F). Four acceptance
criteria were investigated. A set of references images comprising one of each type were
selected that were: i) the first set acquired, ii) the saturation and inversion recovery reference
images closest to end-expiration, iii) the images closest to the median bellows position of all
the ASL images, and iv) the group of images with the minimum sum of squared differences
between bellows positions. For the ASL images: i) an acceptance window of £25% of all the
ASL images was placed on the position of the first reference image, ii) images with bellows
position below the median value were used, i.e. those images closest to end-expiration, iii)
images between the 25M and 75t percentiles were used, and iv) an acceptance window of
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+25% of all the ASL images was placed on the position of the mean value of the three
reference images that were closest together.

ACQUISITION PARAMETERS

Imaging Sequences—The ASL imaging slice was positioned to include a cross-section
of both kidneys. An oblique-coronal image orientation was used, centered on the midline of
the body at the level of the renal arteries. Care was taken to position the slice such that the
entireties of both kidneys were inferior to the labeling plane of the ASL magnetization
preparation (see the “Arterial Spin Labeling” section). The imaging slice was not moved
during the session ensuring exact registration between imaging locations for the within-
session repeatability measurement.

Magnetization prepared by ASL was imaged with a single-shot fast spin echo (SSFSE)
acquisition. A 90° excitation pulse was followed by a pulse train of 130° flip angle pulses.
The first two pulses, used to stabilize the echo train (29), were of flip angle 155° and 130°.

The 128%128 image matrix was acquired with 9/16 partial-Fourier acquisition in the phase-
encoded direction. A linear, near-center-outward phase ordering was used. A 40-cm field of
view was covered with 10-mm slice thickness. TR/TE were 6000/50 ms, and the receiver
bandwidth was +£19.23 kHz, with an echo spacing of 5.9 ms and total read-out time of 422
ms.

Total renal flow was measured in both renal arteries separately using an angiography
sequence (30-32) to obtain an independent measurement of perfusion to the kidney. A
spoiled gradient echo phase contrast sequence, with a flip angle of 20°, was used to acquire
oblique-sagittal 2D images, of 7-mm thickness, 16-cm field of view and image matrix of
256 x 192, zero-padded to 256 x 256, centered on and perpendicular to the renal artery. The
TR and TE were in the ranges 13-14 ms and 5-6 ms depending on pulse rate. Flow in all
directions was encoded using a velocity encoding coefficient of vene = 100 cm/s. Peripheral
cardiac gating was used to sort 20 measurements throughout the cardiac cycle. Imaging of
all phases was performed within a single breath-hold of approximately 26 seconds.

Arterial Spin Labeling—Aurterial spin labeling was performed using a pulsed-continuous
labeling method (pCASL) (28,33), which permits continuous labeling (2,34) to be
implemented using the body coil with the standard pulsed RF amplifiers for excitation
instead of a separate transmit coil or amplifier. A train of short, closely spaced,
radiofrequency pulses are played in the presence of a switching slice select gradient, which
defines a labeling plane. A residual imbalance in the switching gradient imparts phase
increments to spins within the vicinity of the labeling plane. For spins moving
perpendicularly through the labeling plane, these phase increments evolve temporally
between successive radiofrequency pulses, emulating a flow-driven adiabatic inversion of
inflowing blood. Hann-shaped pulses of 0.5-ms duration, 3.56-kHz bandwidth, and
maximum magnitude 0.07 G were played 1.166-ms apart in the presence of a gradient gmax
=0.7 G/cm. For pCASL labeling, the average radiofrequency over the pulse repetition
period was Bj 5, = 0.015 G, and the average gradient over the same period was g,y = 0.1 G/
cm. These parameters define a labeling plane of approximately 1.2-cm thickness and ensure
adiabatic inversion for spins with a velocity perpendicular to the labeling plane of < 200 cm/
s. Previous simulations (28) have shown efficiency for pCASL inversion > 0.8 for laminar
flow with maximum speeds between 5 and 100 cm/s, and with similar pCASL gradient and
RF parameters; the lower limit is mediated by T2-relaxation. The labeling plane was
oriented axially at a distance of 8 cm from the center of the image field of view,
approximately perpendicular to the aorta, and at the level of the diaphragm. Thus, spins in
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blood were labeled in the descending aorta where blood flow is approximately plug-like
with maximum velocities on the order of 100 cm/s (35-37).

Balancing the switching slice-select gradient and alternating the phase of the radiofrequency
by © every successive pulse removes the phase increments accrued between pulses for
moving spins resulting in a control condition for the ASL experiment. Magnetization
transfer effects of the off-resonant radiofrequency applied at the imaging location are
identical for both label and control conditions except very close to the labeling plane.
Residual subtraction errors at the labeling plane permitted visualization of the labeling plane
on the ASL difference images.

Spin labeling was applied for 1.5 s followed by a post-labeling delay (34) of 1.5 s before
image acquisition. Label and control images were performed alternately during the multiple
image acquisition to minimize subtraction errors.

Background Suppression—Background suppression (18-20) was achieved with a
series of additional inversion and saturation pulses (Figure 1). Background signal was
suppressed in an imaging region oriented axially, centered on the center of the coronally-
orientated imaging slice, extending proximally to the labeling plane and an equal distance
distally. The entirety of both kidneys was within the suppressed region. Suppression of
signal was achieved by first selectively saturating the imaging region. The saturation pulses
eliminate recovering magnetization from the previous repetition as well as begin the
background suppression series of pulses. Four quadratic phase saturation pulses (38) were
played 4.14 seconds prior to imaging (pulses were 10-ms duration, 12.5-kHz bandwidth and
played 17 ms apart). Crusher-gradient pulses of incrementally increasing magnitude between
the radiofrequency pulses were used to prevent refocusing of transverse magnetization. A
selective “C-shape” FOCI inversion pulse (39), with duration 15.36 ms and bandwidth 1.08
kHz (B =509 s~ and n = 6.2) was then played immediately prior to labeling (3 seconds
before imaging), inverting the imaging region. After 1.5 s of labeling, a series of non-
selective adiabatic Hyperbolic-Secant inversion pulses (40) of 10-ms duration and 1.4-kHz
bandwidth (B = 970 s~ and p = 4.5) were applied. Two background suppression schemes
were explored: i) heavy and ii) moderate. Heavy suppression was achieved with four non-
selective inversion pulses applied at timings prior to image acquisition: 1491, 671, 239 and
48 ms; moderate suppression employed two inversion pulses at 1168 and 188 ms prior to
imaging. Pulse timings were chosen to minimize the signal from a range of T1s between 250
and 4200 ms (41) using proprietary minimization routines available in the IDL Development
Environment (ITT Visual Information Solutions, Boulder, CO) in a similar manner to that
described elsewhere (19). Inclusion of inversion pulses leaves unaffected the difference
between the magnetization of the label and control conditions (18). However, any
inefficiency in the inversion pulses will diminish the difference between label and control
conditions in the ASL experiment (22). Background suppression was quantified
retrospectively by comparing the average signal intensity in a region of interest in the liver
from images acquired with heavy and moderate background suppression to those with no
background suppression pulses; estimates of signal suppression were averaged across the
four subjects from images acquired in session 1 with timed breathing. Background signal
was suppressed to 1.4 + 0.1% and 11.0 + 0.4%, for heavy and moderate schemes,
respectively.

Without superior saturation, unsuppressed signal flowing into the slab after labeling
produces a bright vascular signal that can contribute to subtraction errors. Inflowing arterial
blood approaching from the superior side after the labeling period was suppressed by
application of quadratic phase saturation pulses played during the interval between labeling
and imaging, also followed by crusher-gradient pulses. For heavy background suppression,
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three saturation pulses were played 1028, 383 and 62 ms before imaging; for moderate
suppression, two saturation pulses at 1441 and 415 ms were played. The timing of the pulses
was chosen such that the saturations, combined with subsequent inversions, would assure
nullification of signals with the approximate T1 of blood at the imaging time. The saturation
pulses were slab selective, 10-cm thick, in the axial orientation with distal edges coinciding
with the labeling plane.

Reference Image Acquisition—Quantification of perfusion requires measurement of
the fully relaxed magnetization signal, Mg, and the tissue T1. To enable quantification,
perfusion acquisitions were begun with the acquisition of three reference images. These
images used identical SSFSE acquisition but employed different magnetization preparation
than the ASL. For each reference image, saturation was applied 4110 ms prior to image
acquisition. The first image was acquired without any additional pulses. The second and
third images were acquired with inversion pulses played after saturation, either 1560 or 180
ms before image acquisition. Inversion times were chosen to ensure longitudinal
magnetization from all tissues was either positive or negative at excitation leading to
smoothly varying phase in the image for partial Fourier reconstruction. Saturation consisted
of two non-selective 10-ms duration, 12.5-kHz bandwidth quadratic phase saturation pulses,
played 40-ms apart with gradient crushing of any transverse magnetization after each pulse.
The inversion pulses were non-selective 15.36-ms duration, 1.08-kHz bandwidth adiabatic
“C-shaped” FOCI pulses (39). These pulses are identical to saturation and inversion pulses
used in the background suppression of the ASL preparation, except for the absence of
gradients to impart spatial selectivity.

Respiratory Timing—Three breathing strategies were assessed that required different
levels of cooperation from the subject. 1) Multiple breath hold. In this scheme, several
breath-held acquisitions were required to obtain sufficient images for signal averaging. Each
breath-held acquisition encompassed 3 or 4 image acquisitions lasting 18 or 24 seconds,
respectively. Between breath-holds, approximately 2 minutes was allowed for the subject to
recover normal breathing and prepare for the next acquisition. For each acquisition, the
subject held their breath at end-expiration to improve reproducibility of the anatomic
position of the kidneys during different acquisitions (42). 2) Timed breathing. This strategy
requires cooperation from the subject to follow a simple, steady breathing pattern but does
not require high respiratory capacity. The repetition time between image acquisitions was 6
seconds, which is consistent with a comfortable respiration rate. Subjects were asked to
synchronize their breathing to the repetition time of the scanner by following the sounds
produced by the switching gradients. The subject was asked to refrain from breathing at end
expiration by the time of the successive image acquisition and to begin the next breath after
completion of the data acquisition (the buzzing noise). The different noises of the image
acquisition and ASL labeling were distinctive and assisted in following the desired pattern.
Oftentimes it was observed from monitoring the trace from the respiratory bellows that
expiration occurred during labeling. This gentle motion should not disturb the orientation of
the aorta with respect to the axial labeling plane or the flow of blood along it, and therefore,
this motion should have minimal effect on the flow-driven adiabatic inversion labeling
process. 3) Free breathing. This strategy allowed the subject to breathe freely during
acquisition of ASL images. For strategies 2 and 3, the subjects were asked to hold their
breath for the acquisition of the reference images and then begin to breathe, either
synchronized, or freely.

IMAGE ANALYSIS

Image Reconstruction—SSFSE data were saved as raw signal intensities to avoid the
magnitude operation performed by the product reconstruction. Off-line reconstruction was
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performed with custom programs in the IDL programming language (ITT Visual
Information Solutions, Boulder, CO). k-Space was apodized with a circular Fermi filter with
a sharp transition at 90% of the radius in k-space. A complex phase correction was applied
to the image before half-Fourier reconstruction in k-space (43). Low spatial frequency phase
variation across the image was estimated from the central portion of k-space (%4 of the 128
phase encoded lines), apodized with a Hann function. ASL label-control pairs were
subtracted and averaged in complex k-space prior to image reconstruction. Images from each
element of the receiver array were combined using estimated coil sensitivities to prevent
signal bias of the low signal-to-noise ratio perfusion signal. Coil sensitivities were estimated
from the low resolution image from the central portion of k-space in each coil, corrected for
low spatial frequency phase variation, and normalized with the root-sum-of-squares
combination of low resolution images to remove the underlying spin density (44). Finally,
images were interpolated to an image matrix of 256x256 by zero-padding in k-space.

Perfusion Quantification—The standard model for continuous labeling was adopted
(2,34,45) for quantification of perfusion (Eq. [1]) where AM(t) is the difference in
longitudinal magnetization between label and control images, t is the time of imaging after
commencement of labeling, M is the fully relaxed magnetization, A is the blood-tissue

partition coefficient, f is the flow (or perfusion), T; is the apparent time constant for
relaxation of magnetization in the tissue (Eq. [2]), T1 is the T1 of tissue, a is the inversion
efficiency of the labeling pulses, At is the arrival time of labeled blood from the labeling
plane to the tissue, T1 pjood is the T1 of arterial blood, and 7 is the labeling time.

[1]

[2]

In our study, the labeling time T was 1.5 s. The arrival time At was assumed to be 750 ms
(11) for blood to travel 80 mm in the aorta (the approximate distance from the labeling plane
to the level of the renal arteries) before branching into the renal arteries and arriving at the
renal tissue. A post-labeling delay of 1.5 s was used so that the measurement time (t = 3 s)
occurs after the arrival of all labeled blood. The perfusion signal is thus not strongly affected
by small changes in the arrival time At. For Ty = 1 s and Tq pjoog = 1.3 S, the fractional
change in the perfusion signal is given by: JAM/AM ~ dAtx0.2sec™1 , which for 9At ~ 50
ms, is approximately 1%. A typical value of 0.9 was assumed for the blood-tissue water
partition coefficient, A, as previously measured in the brain (46), and which has also
previously been assumed for abdominal tissues, including the renal cortex (47) and skeletal
muscle (48). A value of 1.3 s was used for the T1 of blood (34,49). For an anticipated
maximum flow f ~ 500 mL / 100 g - min, and A = 0.9, the ratio f/A ~ 0.1 s™1, which is

sufficiently smaller than 1/T1 ~ 1 s71 to assume that T; ~ Ty. The efficiency of the pulsed-
continuous labeling was estimated at approximately 0.8 based on previous simulations (28).
The efficiency of the labeling is reduced further by the inefficiency of the background
suppression inversion pulses experienced by the labeled spins. Previous work (22) has
shown that a series of four (or two) adiabatic inversion pulses used for background
suppression, similar to those used here, have an estimated efficiency, in vivo, of 0.75 (or
0.87). Thus, the combined inversion efficiency, a, for the pulsed-continuous labeling with
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heavy four-pulse background suppression for our experiment was estimated to be 0.6, for
moderate 2-pulse suppression, it was 0.69, and for no background suppression, it was 0.8.

Proton density and tissue T1 values used in the quantification were measured from the
reference images acquired concurrently with the perfusion measurement. A saturation
recovery and two inversion recovery images were acquired at the start of the perfusion
imaging sequence without labeling or background suppression pulses; saturation and
inversion pulses were applied at times tg5; and T1 before imaging, respectively. T1 was
calculated by fitting the pixel values from the two inversion recovery images, each
normalized by the pixel value of the saturation recovery image, to the signal equation

Mo (TT) _ L+exp(—tsa/T1) — 2exp(=T1/T)
My 1- exp(—tsat/T]) ' [3]

The use of the reference image, Mgy, to estimate the fully relaxed blood magnetization in the
quantification also corrects signal intensity variations due to the sensitivity of the coil
elements in the receiver array and additional T2 contrast arising from the SSFSE acquisition.

To avoid creating quantitative perfusion images visually dominated by noise outside
perfused tissues, masking of regions with low T1 or proton density signal intensity was
performed. The uniform noise throughout the perfusion difference image is scaled by the
proton density and measured tissue-T1 values upon quantification of perfusion. Outside the
kidney, where signal is low in muscle and T1 is short in fat, noise in the calculated perfusion
is greater than within the kidney. To prevent the appearance of this noise from dominating
the appearance of the actual noise of quantified perfusion values within the kidney, T1
values lower than 700 ms outside the kidney (which is assumed to be lower than T1 for
cortex and medulla within the kidney) were set to this threshold for quantification.
Additionally, a mask of the body was applied throughout quantification to remove
background air.

All image reconstruction, perfusion quantification and processing was carried out off-line
using in-house programs written in the IDL Development Environment (ITT Visual
Information Solutions, Boulder, CO).

Total Renal Flow — MRA—Total renal flow was measured (30-32) to identify gross
difference in the renal flow between test and retest for each subject and therefore to correct
for such a bias in the test-retest calculation. ROIs were manually drawn around the lumen of
the renal artery on the calculated velocity image for every cardiac phase point. Instantaneous
volume flow rate at each point in the cardiac cycle was the summation of pixel velocities
within the ROI, multiplied by the pixel area (3.9x1073 cm?). Total renal flow was calculated
by averaging volume flow rate over the 20 phases of the cardiac cycle. The change in
measured total renal flow between test and retest was plotted against the change in measured
perfusion and the correlation coefficient found to determine whether correction for
physiological differences in renal flow between test and retest would be beneficial. In
addition, the correlation between measured total renal flow and perfusion was calculated.

Absolute values of total renal blood flow were compared to values expected from the
literature. In addition, total renal flow was estimated from the measured average perfusion to
the Kidney. Quantitative perfusion values were averaged across the whole slice for both
kidneys in all four subjects in session 1 of Study 1 (for the measurements made with timed
breathing and heavy background suppression; (Ai) above). In addition, the average number
of pixels in the ROIs covering both kidneys was found, and, with the pixel size (0.0244 cm?)
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and slice thickness (1 cm), the average volume of renal tissue (for both kidneys) was
estimated in which perfusion was measured. Multiplying these values together gave an
estimate of the total flow to this slice of the kidney in units of L/min that could be compared
to the total renal flow to the whole kidney as measured by phase-contrast MRA.

Background Suppression and Breathing Strategies (STUDY 1)—The
improvement in image quality after applying breathing strategies and background
suppression was assessed by measuring two quantities: i) the test-retest repeatability, COVE,
of the total perfusion, and ii) the standard deviation of perfusion values within ROIs
encompassing either cortical or medullary tissues. This standard deviation includes all
sources of noise, including artifactual motion related noise, and, therefore, changes in the
latter were indicated by changes in the ROI-standard deviation. COVg was calculated from
the “whole-slice” average flow in both cortex and medulla, Fyys. Fys was measured from
pixel values within manually drawn ROIs around the borders of the whole kidney on the
quantitative perfusion image. Fyys was treated as a normally distributed quantity with a
mean that varies between subjects but whose variance, o2, is the same for all subjects.
Measurements at test and retest were considered to be independent measurements of the
same distribution. The difference between Fyys at test and retest, 6Fyys, was found for each
kidney in all subjects (8 kidneys in total). The variance of flow measurements, o2g =
var(Fs) was then estimated from the variance of differences 5Fs, averaging over
subjects, according to var(8Fws) = 2xvar(Fys). Finally, the test-retest repeatability, COVF,
was the standard deviation of the measured perfusion, Fyys, expressed as a percentage of the
average of Fyys over all kidneys, COVE = (op/mean(Fyys))%100%. COVE was calculated for
each combination of breathing strategy and background suppression. An F-test for
significant differences in the variances of the perfusion measurements was performed
between all pairs of combined strategies, based on var(dFyys) (50).

Segmentation of renal cortex and medulla was performed to facilitate the quantitative
assessment of image artifacts by measuring the standard deviation in the distribution of flow
values about the mean within an ROI encompassing the same tissue. Within the ROI of the
whole kidney used above, cortex was segmented from medulla according to the measured
T1 of tissue. T1 values less than 1150 ms were assigned to be cortex and above were
deemed to be medulla. The threshold value (1150 ms) was chosen in accordance with
literature values (51), and was adjusted to result in approximately 50/50 division between
cortex and medulla according to a reasonable proportion of the tissue types in normal
kidneys (52). Significant differences in these ROI-standard deviation values between
strategies were sought. Welch’s t-test was used to compare between strategies because each
strategy may have measurements of perfusion with distributions of unequal variance. The
statistic t and the significance p-value for a two-tailed test were calculated from the mean
values and standard deviations of the quantity ROI-standard deviation, averaging over both
kidneys of all subjects from both sessions (16 measurements in total) for measurement
strategy “A” and “B”. Comparisons were made pair-wise between strategies for cortical and
medullary tissues separately (50). To estimate the Gaussian, thermal noise contribution to
SNR we defined an ROI outside of the object, away from any gross motion related artifacts.
The standard deviation of the signal within the ROI on the perfusion difference images was
calculated. These images were complex coil-combined to reduce bias error (53). Still, the
standard deviation cannot be easily related to the noise in the kidney perfusion signal
because of differences in the coil sensitivities and their combinations at the two different
locations. Instead, this regional standard deviation serves as a relative estimate of thermal
noise in the images for comparison between different acquisition strategies. We compared
the relative SNR per square root of acquisition time, rSNRrt, calculated for the average
perfusion difference signal in the renal cortex, between the acquisition strategies. The
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statistic t and the significance p-value were found for a two-tailed test between strategies,
averaging over rSNRrt measurements in both kidneys of all subjects in one of the sessions.

In addition to quantitative assessment described above, subjective image quality was
assessed separately by two radiologists (I.P. and N.M.R.) blinded to acquisition strategy.
Perfusion difference images were assessed for i) the severity of artifacts and their propensity
to obscure high/low perfusion features in the kidney; ii) the overall image quality, including
the appearance of SNR and image blurring as well as the appearance of artifacts. Rating for
question i) was on the following scale: 1) extremely poor, artifacts obscure most parts of the
kidney; 2) poor, artifacts obscure parts of the kidney; 3) good, minor troubling artifacts; 4)
very good, the kidney is well observed. For question ii), rating was: 1) extremely poor,
would not be confident to identify regions of abnormal flow; 2) poor, expect to be able to
identify major features of abnormal flow; 3) good, would be confident to identify major
regions of abnormal flow but not confident to identify subtle features; 4) very good,
confident to identify all features of abnormal flow. For each combined strategy, the average
score over all subjects was found. Using a Mann-Whitney U-test, significant tendencies for
one strategy to score higher than another were sought. Each strategy was compared pair-
wise to every other. In addition, the correlation of scoring between the two radiologists was
tested with a Spearman rank correlation coefficient (50).

Retrospective Respiratory Sorting (STUDY 2)—Image data from this second part of
the study was examined as for the first. The (“in-session”) test-retest value, COVE, for the
whole-slice average flow, Fys, was calculated for the timed breathing scans (measurements
(G) described above) and for the free breathing data (measurements (F)) processed with each
of the retrospective sorting strategies. Then, pair-wise for all data sets, an F-test was used to
assess significant differences in measurement variance. Significant differences were sought
between the ROI-standard deviations of perfusion values for all pairs of strategies, to
indicate changes in the artifactual motion related noise, which contributes to the ROI-SD.
Regions of cortex and medulla were treated separately, segmented according to measured T1
of tissue. Estimating the contribution of thermal noise, measurements of the relative SNR,
rSNRrt, were also made, calculated on the perfusion difference images, and compared
between sorting strategies.

Perfusion difference images, with and without retrospective sorting, were also assessed
separately by the two radiologists (I.P. and N.M.R.) who were asked to choose the image
that showed: i) better sharpness, and ii) better SNR. The readers were blinded to which
images were sorted and which were not. Eight pairs of images from the test and retest of the
four subjects were assessed. In each pair, the order of showing the sorted and unsorted
images was randomized. The perfusion images calculated by averaging those images
acquired closest to end-expiration were used.

STUDY 1: Background Suppression and Breathing Strategies

High quality ASL images were obtained in all subjects for some of the combinations of
background suppression and breathing strategy but not others. Quantitative assessment of
these strategies revealed test-retest repeatability, COVE, between sessions a week apart was
typically 10-20%, for all strategies (Table 1). The lowest values for the test-retest
repeatability, COVE were 7% and 8% for heavy background suppression combined with
breath-holding, and the in-session comparison of the timed breathing strategy with heavy
background suppression. The F-tests showed significant differences in the variance of these
measurement strategies. The strategy with heavy background suppression and breath-holds
was significantly better than any other strategy at the 5% level, or better. The in-session
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measurement was significantly better (10% level, or better) compared to most other
strategies, except the breath-holding strategies with background suppression. Other
significant results found were at the 5-10% level, but were not consistently significant
across all comparisons. No other significant differences were found indicating that
variability between sessions, such as repositioning the slice or physiological changes,
dominates variability due to the imaging strategy in most cases.

Comparing ROI standard deviation between combined strategies, images without any
background suppression (acquired only with timed breathing) were significantly poorer (p <
0.05) when compared to all other combinations of background suppression and breathing
strategy (Table 2), indicating an elevated level of artifactual motion related noise.
Comparisons between all other pairs of combined strategies involving one common
breathing or background suppression scheme revealed no significant differences (Table 2).
Measurements of the relative SNR, rSNRrt, revealed no significant differences between
strategies. A typical value of the relative SNR for the renal cortex in the perfusion difference
images, averaged over 16 label-control pairs, was 15 (i.e. rSNRrt x ¥32 ~ 15). Without
background suppression pulses, where the signal is expected to be slightly greater
(inefficiency of inversion pulses), the lack of change in rSNRrt is assumed to be due to a
corresponding increase in artifactual motion related noise, concomitant to the absence of
background suppression.

Average reader scores of image quality, shown in Figure 2, indicate a clear preference for
background suppression, and a slight preference for timed breathing, from both radiologists
for reducing the appearance of artifacts and improving the overall image quality. Mann-
Whitney U-tests between strategies (two-sided at the 5% level) showed some differences
between the radiologists; significant differences were found between different pairs of
strategies. Significant differences were found by both radiologists and for both questions in
favor of background suppression when comparing the strategy with no background
suppression and timed breathing to i) heavy and ii) moderate background suppression, both
with timed breathing. For all other comparisons involving the strategy without background
suppression, a significant difference in favor of using background suppression was found by
one or other of the radiologists. No other trends in the remaining significant results were
discernible. The correlations between the radiologists’ scores were significant, with a two-
sided p-value < 0.05 (Spearman rank correlation) for both questions pertaining to: i) artifact
and ii) overall quality. Although some differences in scoring were evident, no images were
scored highly by one reader and lowly by the other.

A typical, high quality perfusion difference image and a quantitative perfusion map are
shown in Figure 3 acquired with heavy background suppression and multiple breath-holds.
The images show excellent distinction between areas of high and low perfusion, which
correspond to cortex and medulla, respectively. Typical images acquired with timed and free
breathing strategies with heavy background suppression (all images are from subject 1) are
also shown in Figure 3, showing the benefit of using a breathing strategy to mitigate image-
blurring by large-scale motion during imaging due to respiration. It can be noted that the
quantitative image acquired with the timed breathing strategy shows a hyper-intense edge
artifact due to misalignment of the perfusion difference image and the reference images used
in quantification. Figure 4 shows perfusion difference images for each of the combinations
of breathing strategy and background suppression acquired; all images were acquired in
subject 2. Figure 4 also shows two additional images acquired in this one volunteer without
any background suppression inversion pulses and with the breath-hold, and free breathing
schemes indicating the severe artifacts that are greatly reduced by using background
suppression pulses.
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Quantitative flow values found from Study 1 were (range; mean = SD): Whole Kidney (231-
601; 332 = 140) mL / 100 g - min; Cortex (287-706; 410 + 150) mL / 100 g - min; Medulla
(165-346; 223 + 76) mL / 100 g - min. These values are in agreement with other recent
studies of perfusion in the kidneys employing ASL (11,12,15).

The efficiency of inversion pulses used for background suppression is known to be
imperfect (22). This has the effect of reducing the perfusion signal (difference between
labeled and unlabeled magnetization) available for imaging and consequently reducing the
perfusion difference signal and perfusion map SNR. Reduction depends on the number of
inversion pulses experienced by labeled spins. In the raw perfusion difference images
acquired with the timed breathing strategy, the average signal within the ROI of the whole
kidney was measured and averaged over left and right kidneys of all subjects. For heavy and
moderate background suppression with four and two pulses, respectively, the signal was
reduced by 23% and 16% with respect to the signal without background suppression.

TOTAL RENAL FLOW

Phase contrast measurements of the total renal flow in each kidney showed good correlation
with average perfusion measured by ASL. The slope and intercept of a scatter plot (Figure
5a) between perfusion flow and phase-contrast measurements for both kidneys in four
subjects for both test and retest were 29 + 10 (mL/100g.min)/(mL/s) and 28 + 111 (mL/
100g.min)/(mL/s). The correlation coefficient R was equal to 0.61, which was significant at
the 5% level. There was no significant correlation (R = 0.1) in the differences of
measurements at test and retest between measured perfusion and total renal flow (Figure
5b). Therefore, phase-contrast measurements were not used to apply a correction for gross
changes in total renal flow between test and retest.

A quantitative measurement of the agreement between perfusion and MRA measurements of
total renal flow was made and compared to literature values for renal blood flow. Average
total renal blood flow to both kidneys measured by phase contrast MRI was 1.3 L/min,
which is consistent with total renal flow comprising approximately 25% of cardiac output,
itself, approximately 5-6 L/min (52), and is also consistent with previous MR measurements
(31). Average perfusion to the kidney was also found to be consistent with expected total
renal blood flow. The average perfusion to a pixel was estimated to be 332 mL /100 g - min,
and the average volume of renal tissue (in both kidneys) in which perfusion was measured
was estimated to be 95 mL. This gives an estimate of the total flow into the slice, measured
by perfusion, to be 0.32 L/min. The ratio 0.32/1.3 is a reasonable figure for the fraction of
the volume of the kidneys measured by perfusion.

STUDY 2: Retrospective Respiratory Sorting

The within-session test-retest values, COVE, for each of the retrospective sorting schemes
employed were distributed in the range 1.7% to 6.8% (Table 3) around the value obtained
from the timed breathing of 6.6% (standard deviation of the whole-slice perfusion value,
expressed as a percentage of the whole-slice average flow.) The lowest value of COVE
(1.7%) was found for the sorting strategy taking image-averages closest to end expiration.
The F-tests revealed a significantly lower measurement variance (at the 1% and 5% levels,
respectively) for the images that included sorting based on selecting the image-averages
closest to end-expiration, or closest together in bellows position, compared to all other
strategies (except at the 10% level when compared to each other). No significant differences
in the ROI-standard deviation of perfusion values were found between the timed breathing
strategy and any scheme of retrospective sorting of free-breathing data (Table 4). Significant
differences were not found between any pair of retrospective sorting schemes.
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Measurements of the relative SNR, rSNRrt, also showed no significant differences between
any two strategies.

Images reconstructed with one portion of the free breathing data replaced with data acquired
when the subject was asked to take deep breaths during imaging showed the extent to which
final perfusion images may be corrupted by occasional erratic breathing during a free-
breathing experiment. Implementing the retrospective sorting scheme that accepts reference
images and ASL images with bellows positions closest to end-expiration (the best test-retest
repeatability, COVE) demonstrates an appreciable improvement in image quality.
Boundaries between regions of high and low perfusion, corresponding to cortical and
medullary tissue, are much sharper after retrospective image sorting, as shown in Figure 6.
Image assessment by the radiologists of these images before and after sorting confirmed this
finding. Both readers found 100% of the images with sorting were preferable for image
sharpness. For SNR, one radiologist preferred 100% of the images without any sorting,
while the other found 88% of the images without sorting preferable and 12% (one image)
with sorting preferable.

Discussion

Findings from quantitative measures of the images and from assessments by the radiologists
are generally in agreement. There is a clear preference for background suppression, with
little significant discrimination between other combinations of background suppression and
breathing strategies. We surmise that the quantitative measurements of the mean and
standard deviation of flow values within ROIs are unsuitable for detecting artifactual
corruption of the image. Edge artifacts from misaligned label-control pairs or repetitions, or
image ripples and other corruptions from k-space errors arising from unsuppressed
physiologic noise tend to average toward the true value that would be obtained by that
strategy if it were suffering no respiratory motion artifacts. The importance of background
suppression is made apparent, qualitatively, by the low measurement variance and high
reader-rating found for images acquired during free breathing when background suppression
was used.

Physiologic variation of renal flow may have contributed to the test-retest variability of the
results. The timing and content of recent meals, especially protein content (54), can have a
substantial effect on renal blood flow. No control for eating prior to imaging was used for
this initial study. Variability in measured total flow may also have arisen from placement of
the imaging slice through the kidneys leading to variable volumes of perfused parenchyma
being included. Additionally, variability in measured total flow between test and retest may
have been introduced through variable inversion efficiency as a function of changing blood
flow speed or pulsatility in the aorta, or from off-resonance effects from residual field
inhomogeneity differing due to patient positioning and/or shimming. Such sources of
variability may have overshadowed variability due to the background suppression and
breathing strategy acquisition schemes.

In our experience, when a subject follows a multiple breath-hold, or timed breathing scheme
well, as monitored by the respiratory bellows position, the resulting images are most often of
superior quality. However, no statistical preference for breathing strategies was found. Each
breathing strategy has advantages and disadvantages, which may have compensated for one
another under statistical analysis. Observation of breathing in our subjects indicates that
multiple breath-hold acquisitions most often result in a consistent end-expiration position,
which is favorable for restricting respiratory motion between repetitions. However, the
breath-hold procedure requires additional time between acquisitions resulting in fewer
averages being acquired in the same time compared to the timed and free breathing
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strategies, even accounting for image rejection. In addition, breath-holding may be
impossible with some patients. The timed breathing strategy, when followed effectively,
produces images of comparable quality to breath-held acquisition with additional benefit of
a higher signal-to-noise ratio per imaging time. However, even with cooperative volunteers
we found that the breathing scheme was not maintained well throughout all scans. When
asked to breathe freely, subjects most often fall into a gentle shallow breathing pattern
resulting in only small displacements between repeated acquisitions. In comparison, when
conscious of following a breathing pattern (timed breathing) subjects are prone to taking
sharper deep breaths. For a patient population where breath-held acquisition is not likely and
timed breathing is unlikely to be followed well, our experience from clinical populations
(not reported here) has indicated a suitable compromise: repeated, shallow, 6-s breath-holds
for reference scans at the beginning of the scan followed by shallow free breathing. This is
most likely to produce robust calculation of the T1 and Mg maps required for perfusion
quantification and produce minimal disruption to the ASL difference image. Any periods of
erratic breathing that induce large abdominal displacements are effectively dealt with using
retrospective respiratory sorting. However, it is also useful to include additional reference
image acquisitions during the remainder of the scan.

Retrospective sorting of image acquisitions based on respiratory position enables images
without gross motion related artifact to be obtained with free breathing at the expense of
lower signal-to-noise ratio resulting from image rejection. Typically, accepting half of the
acquired images is offset by the possibility of acquiring data twice as long. The ease of
preparation for imaging without breath-holding or timing breathing enables more time to be
spent acquiring data. The acceptance criterion may be adjusted to trade off loss in signal-to-
noise ratio for reduced image degradation due to motion. It is useful to reconstruct images
both with sorting and using all available image acquisitions for comparison. Our initial study
of retrospective sorting has used the respiratory bellows position to indicate the position of
the kidneys. However, other techniques, including navigators, may prove more accurately
correlated indicators of position (55). More sophisticated motion-monitoring schemes may
also prove useful. For example, each raw label and control image, or additional structural
images, could be used in registration algorithms, although issues of image SNR, and
acquisition time become important, as well as the possibility of non-rigid body motions.

Perfusion difference images were most often of high quality. The additional image-
processing required to compute quantitative perfusion maps occasionally degraded image
quality due to miss-registration between the perfusion difference image and the reference
images used to calculate tissue-T1 and estimate relaxed blood magnetization in the
quantification.

Whilst this study was carried out at 1.5 T, renal perfusion measurements at 3 T, where
perfusion studies benefit from intrinsically higher SNR and longer T1 values, will also
benefit from the respiratory motion artifact-reduction strategies described here. Background
suppression pulse timings can be easily recalculated for different T1-relaxation rates, and
their power deposition, despite being adiabatic in nature, is not a great concern over the
course of the labeling and imaging cycle. pCASL labeling itself may be more problematic in
the abdomen at increased field strength, where B1-inhomogeneity may cause inefficiencies
in the labeling. Main-field inhomogeneity may also pose similar problems; however, studies
in the brain have proven successful (28).

Our focus in this study was more on reducing subtraction error due to motion of the
background than on eliminating motion related degradation of the perfusion signal. In the
absence of background subtraction error, the averaging of multiple images at slightly
different positions is likely to cause blurring of the perfusion signal. If multi-shot imaging
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sequences are used, as might be desirable for 3-D imaging, then motion could also cause
more complex artifacts linked to the phase acquisition order.

The successful application of abdominal ASL has merit in providing an alternative to
gadolinium based contrast media for characterizing masses (56-58), assessing organ
perfusion (59,60), and assessing tumor response to certain therapies, particularly those that
are anti-angiogenic (61,62). The techniques described herein, offer abdominal ASL studies
of a quality to be considered reasonable for clinical use.

Conclusion

High quality quantitative renal perfusion imaging has been demonstrated using Arterial Spin
Labeling. Average perfusion was measured to be 332, 410, and 223 mL / 100 g - min in the
whole kidney, cortex, and medulla, respectively. Within-session repeatability was measured
to be 8%, which was significantly lower than typical between-session repeatability, found to
be in the range 10-20%. Image quality was most significantly improved by using
background suppression schemes employing multiple inversion pulses. This was
demonstrated with statistical significance both from measurement variance and assessment
by radiologists. Background suppression, without compensating exactly for motion, reduces
subtraction artifacts in the background signal to a tolerable level, small compared to the
perfusion signal, making the ASL measurement robust to both physiological motions and
bulk motion due to respiration during free breathing acquisitions resulting in acceptable
image quality. Image quality was observed to be improved by controlling respiratory motion
with the timed breathing strategy when assessed qualitatively by radiologists, although a
significant difference in the quantitative measurements of test-retest repeatability was not
found. SNR efficiency may be optimized by employing a patterned, timed breathing
approach. In a clinical setting, the ability to implement retrospective image sorting will
improve the image quality of ASL in the abdomen acquired during free breathing.
Significant reduction in measurement variance, compared to other sorting schemes or a
timed breathing scheme, was found by accepting only images acquired closest to end-
expiration. Using the position of the respiratory bellows has proven successful in this study.
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Figure 1.

The Pulse sequence diagram for ASL measurements. One 6-sec TR interval is shown, with
time-before-imaging indicated: a) showing pulses for initial saturation of the imaging region
(axially-orientated slab), pulsed-continuous labeling, the post-labeling delay, and a SSFSE
image acquisition; b) the same with background suppression inversion pulses added (slab-
selective FOCI pulse before labeling and the non-selective adiabatic inversion pulses after
labeling); c) the same with pulses added for saturation of superior inflowing arterial blood.
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Figure 2.

Summary of image assessment by radiologists. Average scores over all subjects are shown
for each combined background suppression and breathing strategy (pair of bars), and for
assessment of questions “Q1” pertaining to the appearance of artifacts, and “Q2” pertaining
to overall image quality; scores are averages of both radiologists’ scores. (BH, F, and T refer
to breathing strategy; ‘heavy’, ‘mod’, and ‘none’ refer to background suppression.) The
most marked difference in scores is the low average scores for the scheme without any
background suppression; a slight preference for timed breathing is also shown in its higher
average scores.
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Figure 3.

Typical image quality in perfusion difference images and quantitative perfusion maps: a) the
set of four images produced by the ASL experiment. Top left and right are the calculated T1
map and Mg-image from the reference images. Bottom-left and right are the perfusion
difference image (dM) and the quantitative perfusion map (f). Regions of higher and lower
perfusion correspond to the cortical and medullary tissue structures in the kidney as also
identified in the reference images. The dot-dash white line in the dM image is the axially-
oriented imaging region, which is saturated prior to labeling as part of background
suppression. The labeling plane, located at the superior edge of the imaging region, and
orientated axially, is identified by the hatched section. All images were acquired with heavy
background suppression. Breathing strategies were: in a) multiple breath-hold; in b) timed;
and in c) free breathing. Good image quality is achieved in all images however (c) illustrates
a case where bulk motion during free breathing introduces additional blurring.
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Figure 4.

Typical image quality in perfusion difference images for all imaging strategies. In the same
volunteer, perfusion difference images are shown for each combination of background
suppression and breathing strategy. Background suppression significantly improves image
quality, removing artifacts from subtraction errors. In this volunteer, additional images
without background suppression were acquired that were not repeated in all subjects for
statistical analysis.
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a) Correlation between measured perfusion and measured total renal flow in both kidneys of
four subjects at test and retest. There is a significant correlation (5% level), with correlation
coefficient R = 0.61, slope 29 £+ 10 (mL/100g.min)/(mL/s) and intercept 28 + 111 (mL/
100g.min)/(mL/s). b) Correlation between changes in flow measurements at test and retest;
flow measured by perfusion and phase-contrast angiography. No significant correlation of

changes is observed with R = 0.11 for 8 samples.
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Unsorted

Figure 6.

Results from retrospective image sorting. In two subjects, perfusion difference images
acquired during free breathing are shown (left), reconstructed from all 48 label-control pairs,
and (right), after retrospectively sorting the images based on respiratory bellows position.
During one quarter of the acquisition time, the subject was breathing deeply. The sorting
strategy accepted the 50% of images closest to end-expiration. These images were acquired
using the ‘heavy’ background suppression scheme.
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Table 1

Test-retest repeatability, COVE (standard deviation of perfusion measurement as a percentage of mean flow),
for each combination of breathing and background suppression strategies

Between Session Repeatability

Breath-Hold  Timed Breathing  Free Breathing

Heavy Bckgrd Supp 705 T 23% 20 %
Moderate Beckgrd Supp 12 % 15 % 19 %
None 18 %

In-Session Repeatability

Heavy Bckgrd Supp 8%

COVE is significantly lower:
*
(10% level, or better, for the F-test) compared to all other measurements except those for Breath-Hold,

t .
5% level, or better, compared to all other between-session measurements.
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Table 3

Test-retest repeatability, COVE, of perfusion calculations including retrospective sorting of ASL images based

on respiratory position. Various sorting schemes are shown as well as a reference scheme which includes all
acquired images.

Reference Retrospective Sorting Scheme Criterion

Timed Breathing  First Set End-Expiration  Median Position  Closest Together

6.6 % 54 % 1.7% 6.8 % 250 T

Significantly lower measurement variance when compared to all other schemes:
*
1% level for the F-test,

TS% level
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Significance of perfusion measurement standard deviation (SD) differences in kidney regions of interest (ROI)
with different retrospective sorting schemes. The p-value of a t-test between ROI-SD values for each sorting

scheme compared to the reference scheme including all acquired images is tabulated.

Timed Breathing Reference vs
Retrospective Sorting Schemes

Cortex Medulla
First Set 0.33 0.81
End-Expiration 0.85 0.48
Median Position 0.78 0.80
Closest Together 0.85 0.68
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