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Abstract

Arterial Spin Labeling (ASL) perfusion MRI can suffer from artifacts and quantification errors
when the time delay between labeling and arrival of labeled blood in the tissue is uncertain. This
transit delay is particularly uncertain in broad clinical populations, where reduced or collateral
flow may occur. Measurement of transit delay by acquisition of the ASL signal at many different
time delays typically extends the imaging time and degrades the sensitivity of the resulting
perfusion images. Acquisition of transit delay maps at the same spatial resolution as perfusion
images may not be necessary, however, because transit delay maps tend to contain little high
spatial resolution information. Here, we propose the use of a reduced spatial resolution ASL
prescan for the rapid measurement of transit delay. Approaches to using the derived transit delay
information to optimize and quantify higher resolution continuous ASL perfusion images are
described. Results in normal volunteers demonstrate heterogeneity of transit delay across different
brain regions that lead to quantification errors without the transit maps and demonstrate the
feasibility of this approach to perfusion and transit delay quantification.
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INTRODUCTION

Arterial spin labeling (ASL) is an approach to the measurement and imaging of perfusion
with MRI. Due to its completely noninvasive nature, perfusion measurement using ASL has
been applied increasingly to study cerebrovascular, neurologic and psychiatric diseases (1—
3), both in experimental and clinical settings. However, wide clinical use has demonstrated
the challenges of optimizing ASL acquisitions for subjects with very different vascular and
perfusion characteristics (2,4,5).

Because the ASL signal decays with T1 after labeling, the time delay between labeling in
the feeding arteries and the arrival of labeled blood in tissue can have a large effect on the
measured ASL signal. If the ASL acquisition is not optimized for transit delay,
quantification errors, reduced tissue signal, and bright signal in feeding arteries and
arterioles may result. Strategies for minimizing such errors by control of the timing of
labeling have been proposed (6—8) and used for a number of translational studies (9,10), but
they require an estimate of the transit delay range. With these approaches, the greater the
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range of possible transit delays, the lower will be the sensitivity of the resulting perfusion
image. In addition, these strategies can fail if the tissue T1 is substantially different from the
T1 of blood. Eliminating the uncertainty in transit delay could help improve the quality,
sensitivity, and accuracy of ASL perfusion measurements.

One simple approach to minimizing uncertainty of transit delay is to minimize the delay
itself. Minimizing the distance from the labeling plane to the imaging volume can, in
principle, decrease the transit delay, however this is only successful if the imaged volume is
very thin. Volumetric imaging of the whole brain, for example, will still experience
substantial transit delays. Labeling of arteries within the imaged volume itself using velocity
selective labeling (11,12) shows promise but it is uncertain whether velocity based ASL will
be successful for labeling slowly flowing blood in clinical cases with altered blood flow.
Hence significant transit delays remain a challenge of volumetric ASL.

Transit delay and perfusion can be imaged simultaneously by acquiring a series of images
with different timing of labeling before imaging. A model of transit delay, perfusion and
potentially T1 can be fit to the dynamic signal as a function of labeling time. Dynamics of
inflow can be measured by acquiring a series of separate images with different labeling
preparation, acquired either sequentially (13—15), or by using Look-Locker techniques that
acquire a series of images after a single preparation (16,17) or potentially by Hadamard
encoding of the labeling (18,19). Multiple labeling delay imaging is an appealing method to
fully characterize the inflow of labeled signal and alternative strategies for perfusion
quantification that may be less sensitive to model assumptions have even been proposed
based on such time series (17). However, there are two key disadvantages to multiple
labeling delay imaging. One is that acquisition of so many images across an entire volume is
at the limit of the capabilities of current scanners and often sequences vulnerable to artifacts
or blurring are employed to achieve sufficient imaging speed. The second and most
fundamental limitation, however, is that the sensitivity to perfusion per unit acquisition time
of the time series is always lower than an image acquired with optimal labeling timing.
Images derived from fits of multiple data points are also more readily degraded by
imperfections in the source images that can decrease the diagnostic value of the derived
perfusion images.

This study is based on the observation that transit delay is an inherently low spatial
resolution quantity. This low resolution quality of transit delay maps arises because
neighboring voxels share common arterial supply for most of the branches leading from the
labeling location to the tissue. Low resolution mapping of transit delay can be performed
more quickly and sensitively than high spatial resolution mapping. A quick, low resolution
transit delay map can be used to guide sequence optimization for a higher resolution
acquisition and/or quantification of a qualitative map containing transit and perfusion
sensitivity. The focus of this work is primarily continuous ASL (CASL) but many of the
concepts can be readily adapted to pulsed ASL (PASL).

In the absence of strong magnetization transfer effects from the labeling, the relationship
between the CASL signal in tissue and flow is given by (6,13,20):

Sy  —maxinw—6,0)T),  — max{tw—a.00/T],
AM:2MP ,3 ‘- Tl( A f e Ty, . (e max(w r).ﬁ),uTJ,_e max{T+w r}U_llaT]_)},vI{ [1]

where AM is the CASL difference signal, fis the perfusion rate, and 77, and 77 are the

longitudinal relaxation times of blood and tissue. M is the fully relaxed equilibrium
magnetization of brain tissue, a is the efficiency of the labeling sequence, A is tissue-to-
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blood partition coefficient of water, §is the transit delay, zis the labeling duration and wis
the post-labeling delay. Suppression of vascular signals is assumed in this model. B has been
added to the kinetic model to compensate for any static tissue signal loss caused by the
vessel suppression pulses.

If the transit delay is not precisely known or measured, then ASL measurements are
typically optimized to reduce transit delay dependence. As long as the T1 of tissue and
blood are similar and the post-labeling delay is longer than all transit delays, ASL perfusion
measurement has only weak dependence on transit delay (6). If the transit delay is
unexpectedly longer than the post-labeling delay, however, reduced perfusion signal will
occur. This signal reduction will be exaggerated if the labeling duration, <, is short.

Assuming the range of transit delays in the brain is accurately known from a prescan, then
the actual ASL measurement should be optimized for signal or signal-to-noise ratio (SNR).
From Eq. [1], it is apparent that the maximum ASL signal will occur when the post-labeling
delay is less than or equal to the shortest transit delay in the tissue of interest and the
labeling duration is infinite. However, increased labeling duration also increases the time
required for ASL measurement. ASL signal per unit time is a more reasonable measure for
the optimization of the labeling parameters (21):

AM

SNR pj=———

B e H lmage (21
where SNR.ris SNR efficiency, zand ware defined as Eq. [1], and £, s the time for
image acquisition. Theoretical curves for the SNR efficiency are plotted for three different
transit delays in Fig. 1 assuming the parameters Z;;0e = 200 ms, 77, =1.66 s (22), T;,=1.5
s (23) and w= 0.7 s.

Note that AM s zero if labeling duration plus post-labeling delay is less than the transit
delay (from Eq. [1]), the labeling duration plus post-labeling delay need to be designed
much longer than the longest transit delay (the lower limit) to be SNR efficient. As shown in
Fig. 1, the theoretical SNR efficiency is at or near a maximum when the labeling duration is
long compared to tissue T1. Very long labeling duration decreases SNR efficiency only
slightly for very short transit delay regions, but greatly increases signal in the longest transit
delay images. Hence using a post-labeling delay shorter than or equal to the shortest transit
delay in tissue and a labeling duration more than twice T1 plus the post-labeling delay
should be nearly optimal for a broad range of tissue transit delays.

MATERIALS AND METHODS

Overview

In this study, two separate imaging studies were performed. The first protocol was to assess
the basic hypothesis that the transit delay map contains little high-resolution information by
comparing the transit delay maps quantified with a series of quick, low resolution ASL scans
and time-consuming high-resolution ASL scans. The second study was to evaluate the
feasibility of using a series of quick, low-resolution ASL scans to measure transit delay as
part of a longer, high-resolution ASL perfusion acquisition. Two possible uses of the transit
delay map were considered; either to use the transit delay map to correct for the transit delay
in the quantification of short post-labeling delay ASL images, or to determine the optimal
post-labeling delay time prior to acquisition to assure that the delay is longer than the transit
delay to any tissue in the brain. Scans were evaluated in a series of healthy volunteers.
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Pulse Sequences

ASL Preparation—Pulsed-continuous arterial spin labeling (pCASL) was used for all
labeling (24). This technique used repeated RF and gradient pulses to achieve truly
continuous labeling but with a lower RF duty cycle compatible with the pulsed RF
amplifiers used on most human scanners. In this study, an average RF amplitude of 17 mG,
an average gradient of 0.07 G/cm, and a ratio of gradient during the RF to average gradient
(Gmax/Gave in ref. 24) of 10 were used. A repetition time for the labeling of 1.5 ms was
used. The pCASL sequence with short post-labeling delay (Fig. 2a) was repeated from 5
seconds before imaging until 700 ms before imaging, with the background suppression
pulses interleaved within the sequence (25). The labeling duration and post-labeling delay of
the sequence was controlled by turning off the RF and gradients during times when labeling
was not desired. Whether label or control was performed was controlled by setting the
amplitude and phase of the RF pulses and the amplitude of the rewinder gradient pulse (24).

Background Suppression—Background suppression (26) was achieved using spatially
selective saturation and inversion pulses. Saturation of the imaged slab was performed with
three selective 10-ms duration, 12.5-kHz bandwidth quadratic phase saturation pulses
applied 17-ms apart with crushers along alternate directions between them. The final pulse
of the three saturation pulses was applied at 5 s before imaging. Subsequently, two selective
FOCI inversion pulses (27,28) and two nonselective Silver-Hoult inversion pulses were
applied at 3560, 1730, 660, and 180 ms before imaging. The timing of the pulses was
optimized to achieve excellent suppression across a broad range of T1’s using a least square
optimization algorithm (29). The FOCI pulses were of C shape with duration 15.36 ms and
bandwidth 1.08 kHz (B = 809 s~!, . = 6.2) (30) and the selective region of the FOCI pulses
were the slab centered at the center of the imaging slab and extended to the labeling plane in
the inferior direction. The last two inversion pulses were hyperbolic secant (Silver-Hoult)
pulses (i = 4.5, B = 1242 s7!) of duration 10 ms and were nonselective to extend
background suppression to spins below the brain. Suppression of inferior spins helps to
eliminate artifacts caused by aliasing of spins just outside the volume. A selective pulse that
saturates the water protons inferior to the labeling plane was applied at 320 ms before image
acquisition to suppress inferior signals and avoid the inflow of unsuppressed and unlabeled
blood into the imaged volume.

Because the first two background suppression pulses were applied during the labeling
period, a special strategy to preserve ASL signal was required. The strategy draws from the
observation that each inversion pulse reverses sign of the control minus label difference
signal. Switching from label to control (or visa versa) after each inversion will continue to
add to the perfusion difference image (31,32). Hence our “label” image was acquired with
labeling performed between the saturation and first inversion pulse, control performed
between the first and second inversion pulse, and label performed until 700 ms before
imaging. The “control” image was acquired with label and control switched relative to the
“label” image.

Vessel Suppression—The presence of intravascular signal in the subtraction (control
minus labeled) images causes systematic errors in CASL techniques. To derive the transit
delays from different post-labeling delays, it is necessary to eliminate the intravascular
contamination, especially for the early delays. Bipolar gradients in echo-planar imaging
have been employed to spoil the intravascular signal (33,34), however inclusion of bipolar
gradients at the beginning of our repeatedly RF refocused sequence caused substantial
motion related artifacts (data not shown). These artifacts likely resulted from motion
induced phase shifts that violated the Carr Purcell Meiboom Gill (CPMG) phase condition
(35). These artifacts were reduced with the preparation sequence. Moreover, the ability to
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use adiabatic pulses in the preparation increases the efficiency of vessel suppression
substantially. Therefore, we implemented a preparation sequence (Fig. 2b) before the
imaging sequence to eliminate the fast flowing spins in arteries. The preparation is
essentially identical to a velocity selective saturation sequence used in velocity selective
ASL (11). After an initial 90° pulse, two adiabatic inversion pulses are applied to achieve an
echo at which time a —90° is applied to return magnetization to the longitudinal direction.
Gradients are applied in the superior-to-inferior direction to provide a flow sensitive phase
shift that induces a loss of signal for flowing spins. For laminar flow in a vessel, the signal
from that vessel will be attenuated by a sinc function of maximum velocity. The strength of
the dephasing can be characterized by the maximum vessel velocity, Vc, at which the sinc
function is at its first zero. Vc is given by Eq. [4] in the reference (12).

In our implementation, the two 90° pulses were 400ps hard pulses and the two adiabatic
pulses were hyperbolic tangent pulses of 3.2 ms duration (36,37). 400 s was inserted
between the gradients and RF pulses (shown as the dashed lines) to reduce artifacts from
eddy currents that were observed with shorter gaps. The gradient amplitudes were 36 mT/m.
Each of the four gradient pulses was of 1.488 ms duration with 360ps rise and fall ramp
times. This achieved a Vc of 1 cm/s. An additional crusher gradient was applied
immediately after the last 90° pulse to remove unwanted signals from transverse
magnetization. The sequence of length 19.25 ms was applied just before the spiral
acquisition in Fig. 2a when vessel suppression was selected.

Reference Images—In addition to the ASL difference images, two additional images
were acquired for quantification. These are used to provide Myand 77, for the perfusion
quantification using Eq. [1]. These reference images were acquired with the identical
imaging sequence but with a different preparation. Instead of the ASL preparation described
above, a simple saturation and inversion preparation was used. For the first image, saturation
at 2 s before imaging was preformed. This provided a relatively proton density weighted
image. The second image was acquired with saturation at 4.3 s and a FOCI inversion pulse
applied 1.65 s before imaging. The FOCI pulse was the same as the one used in the
background suppression pulse. This timing produced an essentially cerebrospinal fluid
(CSF) suppressed image and also provided a T1 weighted image used for 7 and M,
quantification. Because of the large, unsuppressed signal from the 3D volume, the receiver
gain was automatically reduced by 30 dB relative to the perfusion acquisition to avoid
receiver saturation. The reduced gain was included in the quantification of perfusion.
Reference images were acquired with just one average because of their higher SNR.

Imaging Sequence—All perfusion and reference images were acquired with a 3D stack
of spirals RARE imaging sequence. Spiral encoding was performed in the axial plane using
gradient waveforms generated by an automatic algorithm (38). The spiral gradient waveform
was constrained to 4 ms duration and the resolution was determined by the number of spiral
interleaves selected. 8 interleaves produced an estimated spatial resolution of 3.07 mm while
1 interleave produced a resolution of 12.08 mm. Each preparation sequence was followed by
a 90° excitation pulse and then a series of 44 spin echoes encoded with the same spiral
gradient but different slice encoding phase encode gradients. 44 slices of nominally 4 mm
thickness were encoded with a centric phase encode order. The echo spacing was 9.8 ms and
the refocusing flip angle was 130° with the first refocusing pulse set to 155° to speed the
transition to a steady-state echo amplitude. The total repetition time of the ASL preparation
and imaging combination was 7 s.
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In vivo Measurements

All volunteers were imaged on a 3 Tesla EXCITE HDx (GE Healthcare, Waukesha WI)
using an 8 channel head coil receive array and the body transmit coil for transmission,
following a protocol approved by the institutional committee on clinical investigations and
after obtaining written informed consent. Two separate imaging studies were performed.
Both protocols began with a 3-plane localizer to define the anatomy of interest. Based on
this localizer, a 3D volume from the base of the cerebellum to the location above the top of
the head was prescribed for the rest of the study. The labeling plane was automatically
placed 18 mm below this volume by the pulse sequence software.

Four healthy volunteers (two males and two female, 23—40 years old 31.25 +/-8.06) were
imaged in the first study to test the hypothesis whether the transit delay is inherently low-
resolution quantity. After the localizer, the low-resolution transit delay measurement
acquisition and 3 high-resolution transit delay measurement acquisitions were performed.
The low-resolution acquisition (12.08 mm resolution) required just one interleave and one
average per label-control pair, the total time for acquiring the 5 images was 84 sec. Each
high-resolution acquisition (3.07 mm resolution) used 8 interleaves and one average per
label-control pair, the total time for acquiring the images was 9 min 30 sec. For high-
resolution measurements, this 9 min 30 sec acquisition was repeated 3 times to increase
signal to noise ratio. By stepping through delays first and then repeating the acquisition for
averaging, the time gap between two consecutive post-labeling delays was minimized. The
three acquisitions at each delay were then averaged for subsequent analysis. Both low-
resolution and high-resolution sequences sequentially acquired pCASL difference images
with labeling duration of 2 s and post-labeling delays of 0.7 s, 1.3s, 1.9s,2.5 s, and 3.0 s to
obtain the arterial transit delay. Vessel suppression was applied in both sequences to
measure the blood transit delays from the labeling plane to small capillaries, with maximum
vessel velocity of 1 cm/s.

Five different subjects (four males and one female, 21-29 years old 25.20 +/-3.35) were
imaged in the second study to test the feasibility of using the low-resolution ASL scans to
measure transit delay as part of a longer, high resolution ASL perfusion acquisition. After
the localizer, the low-resolution transit delay measurement acquisition was performed as in
the first study. The reconstructed images from this sequence were quickly transferred to a
workstation to perform an analysis of the optimal post-labeling delay.

After the transit delay measurement sequence, a short post-labeling delay (700 ms) and long
labeling duration (4.3 s) sequence was performed with 8 interleaves and 3 averages. Vessel
suppression was applied to eliminate the labeled blood in vessels that would normally occur
at this delay. Vessel suppression was also applied before the reference images. Reference
images were automatically acquired at the same resolution as the perfusion images.

Finally, 2 acquisitions of § interleaves and 3 averages were performed with labeling started
5 s before imaging and halted at the post-labeling delay suggested by the quick analysis of
the transit delay measurement sequence, which we will refer to as the optimal post-labeling
delay in the following. One acquisition was performed with and one without vessel
suppression. Reference images were acquired both with and without vessel suppression as
well.

Image Analysis

Image Reconstruction—All the image data were reconstructed by a custom IDL
reconstruction routine using a standard regridding algorithm. The data were regridded into
forty-four 4-mm thick slices. Each slice was regridded into a 128 x 128 matrix.
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Calculation of the Transit Delay Map—In principle, arterial transit delay can be
calculated by fitting the ASL signal difference as a function of the post-labeling delay (w) to
Eq. [1]. However, nonlinear least square fits were found to lack robustness to imperfections
in the data (may produce completely unrealistic transit delay values). Instead, we calculated
the signal weighted delay:

5 5
WD(@)=[ ) wiA M6, w)l/[ ) AM(S,wy)] [4]

i=1 i=1
where w; (i =1, ...,5) is the post-labeling delay that we used in the transit delay scan, AM(S,
w;) is the pCASL difference signal with transit delay & at the post-labeling delay w;. This
simple first moment calculation proved to be very robust. Numerical comparison of the
signal weighted delay with theoretical signal curves using Eq [1] was performed for a range
of transit delays. For this comparison, the blood relaxation time, 77, was assumed to be
1.66 s (22) and a tissue relaxation time, 77, of 1.5s corresponding to gray matter (23) was
assumed. Gray matter T1 was chosen since white matter perfusion is a small contribution to
the brain CBF. The signal weighted delay, WD, was found to be a simple monotonic
function of assumed delay, Fig. 3, that could be numerically inverted to calculate transit
delay from WD. Calculated transit delays less than 0.7 s or larger than 3.0 s were truncated
to 0.7 s and 3.0 s, respectively.

The transit delay maps were calculated from both low-resolution and high-resolution
acquisitions. High-resolution transit delay maps were calculated from the perfusion
difference images averaged over three high-resolution acquisitions. In order to address
whether pixel-by-pixel signals from multiple post-labeling delays have sufficient SNR to
resolve the transit delays, Goodness of fits to the ASL kinetic model (ASL difference signal
as a function of post-labeling delay), R square maps, were calculated for both high-
resolution and low-resolution image acquisitions in the first study.

Analysis of Low-resolution and High-resolution Transit Delay Maps—For each
subject in the first study, the high-resolution perfusion difference map was normalized to the
a priori gray matter template of SPM2 (http://www.fil.ion.ucl.ac.uk/spm/) using SPM2
software. The warping parameters of each subject from the normalization were used to warp
both low-resolution and high-resolution transit delay maps from that subject to the SPM2
template space (voxel size: 2 x 2 x 2 mm?3). The transit delay maps were then smoothed,
using a Gaussian kernel of 2 mm full width half maximum, in preparation for statistical
analysis. The small Gaussian kernel was used in order to introduce the minimal smoothing
effect to high-resolution transit-delay map but allow the estimation of local smoothness in
SPM2. The smoothed high-resolution and low-resolution transit delay maps were tested for
significant differences using paired t tests of SPM2 software. Corrected cluster-level
analysis was performed to correct for multiple comparisons. Clusters displayed on statistical
parametric maps were thresholded at a corrected cluster level of P < 0.001 by using a voxel-
level threshold of p < 0.001.

Estimation of the optimal post-labeling delay—After transferring the data from the
transit delay acquisition to a workstation, a semi-automated algorithm was used to determine
the longest transit in the brain. This was then used to select the post-labeling delay for the
subsequent acquisitions. The algorithm began by identifying the brain and dividing it into 8
regions.

First, the brain must be identified in the images. Since our multiple-delay prescan did not
include anatomical images, our algorithm used the perfusion signal to define a brain mask.
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To avoid errors in the algorithm due to unpredictable signals near the base of the volume,
the most inferior and superior slice number in which brain could be readily identified were
determined by the user through visual inspection of the average of the 5 delay images. These
values were then typed into the program. This was the only human intervention in the
algorithm. In each slice, the maximum signal of the average perfusion difference image
(across delays) was calculated. A binary mask was then generated for that slice with the
value 1 for all pixels with signal greater than 20% of the maximum signal and zero for all
other pixels. A clustering algorithm identified all cluster with radius less than three pixels or
with connections to the edge of the image and removed them. Subsequently any holes in the
remaining clusters were filled to generate a brain mask. In our study with normal volunteers,
the 20% masking threshold, combined with a hole-filling algorithm reliably created a brain
mask. There is a potential that this algorithm could leave out low flow lesions in some
patients. Future prescan may contain a low-resolution anatomical image to help with this
process.

After the brain was identified, it was automatically divided into eight regions. The middle
slice number was calculated from the average of the start and end slice numbers. The center
of gravity of the middle slice was selected as the center point. Three-dimensional coordinate
axes with the origin at the center point divided the brain into 8 separate regions. The transit
delay in each of these regions was then estimated identically to the pixel-by-pixel method
described above. The optimal post-labeling delay was then defined as the value of the
longest transit delay from the 8 brain regions.

Measurement of T1 Map and Proton Density Map—The signal Mpp, from the proton
density weighted image is given by the saturation recovery equation:

MPD:;LM? . (I*GKP(*fmprlr)) (5]

where MY is the fully relaxed equilibrium magnetization of brain tissue, and tsaep 18 the time
for the application of the saturation pulse in the proton density weighted sequence. The
signal M7, from the T1 weighted image is given by the inversion recovery equation:

M, =M - (1=2 - exp(~tin | T1:)+eXp(~tyr | T11)) (6]

where tg, and tj,, are the times for the application of the saturation pulse and inverse pulse

in the T1 weighted sequence. M" can be eliminated by taking the ratio of the above two
equations:

M’f: — 1-2- exp(_{im‘f{T]t)+€xp(_£sm.l'{TlF) 7
‘MPD ]_exp(_r.rarp."{Tl!) 7

The ratio of the T1 weighted image to proton density weighted image is a monotonically
decreasing function of Ty, and is therefore an invertible function of T. A tissue T1 map
(T;p) can be obtained from the ratio of T1 weighted image to proton density weighted image.

The proton density map ( M) can then be calculated from Eq. [5].

Attenuation of Static Tissue with Vessel Suppression Sequence—The vessel
suppression preparation causes some attenuation of static tissue due to T2 decay during the
time between 90° pulses. In our studies, the vessel suppression was also performed before
the two reference images so they should have a comparable attenuation. Hence the static
tissue signal loss with the vessel suppression preparation,  in Eq. [1], cancels out upon
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division by the reference image. Still, we are able to estimate the efficiency by comparing
the reference images obtained with and without the vessel suppression preparation. Results
for the efficiency in gray and white matter regions were measured.

Perfusion Quantification with Transit Delay Correction—Perfusion (/) can be
calculated based on Eq. [1] from the ASL signal difference (AM), the transit delay map (6),

the proton density map ( M), and tissue T1 map (Ty) by assuming T1 of blood (Typ,) is 1.66
s (22) and tissue-to-blood partition coefficient, A, is 0.9 ml of blood/g of tissue (39). The
labeling efficiency is reduced by the inefficiency of the background suppression inversion
pulses. The background suppression efficiency was measured to be 0.75 for four adiabatic
inversion pulses (36). The PCASL labeling efficiency was assumed to be 0.8 (24). All
perfusion images acquired were quantified using the measured transit delay map and Eq. [1].

Perfusion Quantification with the Standard Method—Perfusion is typically
quantified by assuming similar values between the T1’s of blood and brain tissue and that
the post-labeling delay is longer than the transit delays in the brain. Then the ASL signal can
be simplified from Eq. [1] by assuming the transit delay is the same as the optimal post-
labeling delay:

AM=2M? BTy f-e e (1—e ™) a (8]

The images acquired with the longer post-labeling delay, both with and without vessel
suppression, were also quantified using this standard model and ignoring the measured
transit delay map. The standard method was not used to quantify the perfusion from the
images with short post-labeling delay because the assumption of a post-labeling delay longer
than the transit delays will be violated.

Regional Analysis—For each subject, the non-vessel-suppressed perfusion map
quantified with the standard method was normalized to the a priori gray matter template of
SPM2 using SPM2 software. The warping parameters of each subject from the
normalization were used to warp all quantitative perfusion maps and the transit delay map
from that subject to the SPM2 template space. Standard MNI Automated Anatomical
Labeling (AAL) atlas (40) was used to generate regional masks for four regions of interest:
inferior frontal, superior medial frontal, occipital and basal ganglia. Each anatomical mask
was projected onto the perfusion images and the transit delay map to calculate the average
perfusion values and transit delays. In addition to these regions, manually drawn regions of
gray matter and white matter were defined on a slice just above the third ventricle. The
average perfusion values and transit delays were also calculated for the gray matter and
white matter regions.

Analysis of Low-resolution and High-resolution Transit Delay Maps

Representative high-resolution transit delay maps are compared to the low-resolution transit
delay maps, in Fig. 4a and Fig. 4b. The images are qualitatively similar but a difference
image (Fig. 4c), generated by subtracting the low-resolution transit delay maps from the
high-resolution transit delay maps, suggests longer transit delays in the choroid plexus of the
lateral ventricles and deep white matter regions. However, map of the R square, goodness of
fit calculated from the high-resolution acquisitions shows negative values in choroid plexus
and white matter regions (Fig. 4d). Negative R square values mean that the fitting of
multiple post-labeling delay signals to the kinetic model is even worse than for a horizontal
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line. This indicates that the high-resolution multiple delay images do not have sufficient
SNR to estimate transit delays on the choroid plexus and white matter regions. For low-
resolution images, the R square map (Fig. 4e) has positive values in all brain regions but
lower values in very deep white matter regions. This higher R square reflects a combination
of higher SNR and blurring in of nearby gray matter perfusion.

Cluster-level analysis using SPM revealed that compared to low-resolution transit delay
maps high-resolution transit delay maps have significant longer transit delays in part of
choroid plexus of lateral ventricle and white matter regions (not shown), where high-
resolution multiple delay acquisitions do not have enough SNR to obtain reliable transit
delay values. This indicates that the longer transit delays measured in the high-resolution
multiple delay images within the choroid plexus and the deep white matter primarily reflect
a statistical bias because they do not have sufficient SNR to estimate transit delays and the
low-resolution multiple delay images can more accurately estimate transit delays except,
perhaps, in very deep white matter regions.

Estimation of the Optimal Post-labeling Delay

In each subject, a quick estimate of the optimal post-labeling delay was obtained to guide
selection of the post-labeling delay. The average optimal post-labeling delay across the five
volunteers was 1.52 + 0.08 (from 1.41 s to 1.67 s). The transit delays estimated for the eight
automatically divided regions are listed in Table 1. The mean of the pixel-by-pixel
calculated transit delay values across the regions are also listed in Table 1 for comparison.
The regional transit delays based on the whole region and pixel average are in excellent
agreement, supporting the use of the large regions to estimate transit delay. Estimation of
transit delay using large region was also supported in the literature (41). No significant
transit delay differences between left and right were observed. Posterior regions had longer
transit delays than anterior regions. Paired t-tests showed the significance of transit delays
between anterior regions and posterior regions: p value of 0.014 for left inferior region, of
0.032 for right inferior region, of 0.003 for left superior region, and of 0.002 for right
superior region. Superior regions had longer transit delays than inferior regions. Paired t-
tests showed the significance of transit delays between superior regions and inferior regions:
two-tailed p value of 0.003 for left anterior region, of 0.031 for left posterior region, of
0.010 for right anterior region, and of 0.034 for right posterior region.

Transit Delay Maps

Representative multiple delay images and the corresponding calculated transit delay map are
shown in Fig. 5. As expected, the basal ganglia region had shorter transit delays than other
gray matter regions. Posterior regions had longer transit delays than anterior regions. The
quantitative transit delays for the regions of interest (Table 2) support these basic
observations. Paired t-tests showed two-tailed p-values less than 0.0015 between the basal
ganglia region and the other three regions, and p-values less than 0.003 between the
occipital region and the other three regions. In addition, the white matter region showed a
trend towards a longer transit delay than gray matter but did not reach statistical
significance.

Short Delay Images

Difference images acquired with short delay and vessel suppression show clear variations in
perfusion related signal intensity, Fig. 6. Bright signals are apparent in regions with short
transit delays such as the basal ganglia and anterior temporal regions. After quantification
using the transit delay map, perfusion in gray matter appeared much more uniform across
the brain. Static tissue signal loss with the vessel suppression sequence, f in Eq. [1],
although not used explicitly in the perfusion quantification, was measured for gray and
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white matter region: 77.53% + 1.95% and 77.01% + 1.87%, respectively. The percentages
of tissue signal loss are consistent with the tissue T2 decay (42) and the duration of the
vessel suppression sequence.

Optimal Post-Labeling Delay Images

Example ASL difference images and quantitative perfusion images from the optimal post-
labeling delay images are shown in Fig. 7 (without vessel suppression) and Fig. 8 (with
vessel suppression). Higher signal intensity is present in the difference images without
vessel suppression than those with vessel suppression. However, the quantified perfusion
images do not show as clear a difference. The similar appearance of the quantified perfusion
images between suppressed and unsuppressed images in the majority of the brain regions is
presumably because the vessel suppression caused the same efficiency loss in the proton
density reference images used for quantification. Even with the longer post-labeling delay,
some portion of posterior perfusion signals appears to be contributed from smaller vessels
(Ve > 1 cm/s), which can be suppressed with vessel suppression. The bright vessel signals
(pointed by arrows in Fig. 7) in the posterior region of the unsuppressed images can be seen
both in the difference image and the quantified perfusion images.

Regional Analysis of Perfusion Images

The quantitative perfusion values for the anatomical regions of interest and the gray and
white matter regions are listed in Table 2. Results are reported both for standard
quantification and quantification with transit delay correction. The two-tailed p-values from
the paired t tests between selected different perfusion quantifications are shown for the
anatomical regions of interest and the gray and white matter regions in Table 3.

Quantitative values derived from images acquired without vessel suppression were
consistently higher than for similar images acquired without vessel suppression, but this
difference did not reach significance except in the occipital region quantified with transit
delay correction (p = 0.042). Since vessel suppression should reduce ASL signal, the general
trend is expected. Because transit delays were measured with vessel suppression and the
quantification assumes the ASL signal decays with T1 of tissue after arrival, we focus on the
vessel suppressed images for the comparisons below.

Quantification of the optimal post-labeling delay images using the transit delay maps
produced significantly higher perfusion values than the standard quantification approach in
all regions except the superior medial frontal. The standard quantification will give
underestimation both for transit delay longer than the post-labeling delay, because of
incomplete arrival of the labeled blood, or shorter than the post-labeling delay, because the
label decays with the shorter T1 of tissue after it arrives rather than the T1 of blood assumed
by the quantification.

Comparison of quantitative values obtained using the transit delay maps applied to the short
and optimal post-labeling delay images revealed relatively few differences. Perfusion was
measured to be significantly lower in the basal ganglia and occipital regions and
significantly higher in the white matter region when using the short delay images. These
unexpected findings will be considered in the discussion.

DISCUSSION

Our quick low-resolution transit delay measurement adds little extra time to a standard ASL
scan yet can obtain a quantitative transit delay map that can be used to optimize or quantify
the subsequent ASL scan. Though our transit delay estimation algorithm was only semi-

automatic, improved image analysis methods should make automated, real-time calculation
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of the transit delay possible. We compared two approaches to using transit delay information
to improve ASL perfusion measurement. One used an estimate of the maximum transit delay
to guide the selection of the post-labeling delay and then used the transit delay
measurements to refine the already relatively transit delay insensitive standard
quantification. The other employed a very short delay and relied on the transit delay
measurements to correct for strong transit delay weighting in the raw ASL images. Both
approaches using transit delay information provided higher perfusion values in most regions
than the standard quantification approach without transit delay measurement, consistent with
the incorrect assumptions of the simpler quantification.

The assumption that transit delay varies slowly with position must ultimately be tested in a
range of pathologies. We can suggest two reasons, however, that the assumption is likely to
hold. The first is that the local transit delay due to flow in the very small vessels is much
smaller than the delay from the labeling plane. Our measured transit delays to tissue are not
much larger than transit delays within the major vessel branches performed with an ASL
angiography technique (43). ASL based measures of arterial blood volume, an indicator of
transit delay since transit delay is blood volume divided by blood flow, suggest that 80% of
the arterial blood volume vanishes when dephasing gradients that crush velocities greater
than 4 cm/s are applied (44). To the extent that transit through the microvascular arterial
blood volume does contribute to transit delay, the literature suggests microvascular transit
delays are fairly constant across tissue types. For example, MTT measurements performed
with contrast typically show similar values in gray and nearby white matter (45), as well as
in tumors (46). Certainly any differences are much smaller than the 3-5 fold greater blood
flow in gray matter relative to white matter. These arguments suggest that the contribution
of local, small vessel effects to transit delay is both small relative to large artery effects and
similar across tissue types and pathologies. Combined with the challenge of achieving
sufficient SNR to accurately measure transit delay in low flow tissues like white matter,
potential benefits of high-resolution transit time appear minimal.

The optimal post-labeling delay calculated from 8-region transit delay prescan may not be
optimal in the pixel-by-pixel sense, because the regional average is always less than the
longest pixel-wise transit delay in the region. This can be observed from the longer transit
delay in the occipital region than the estimated optimal post-labeling delay. If the purpose of
prescan is to guarantee the post-labeling delay longer than the transit delays in the entire
brain, an empirical scale factor may be added to increase the ROI estimated regional optimal
transit delay, or, alternatively, a pixel-by-pixel transit delay map may be used in the prescan
calculation if further tests proved that the pixel-by-pixel based transit time calculation is
sufficiently robust to guide the transit delay selection for the perfusion acquisition.

Unanticipated significant differences between the short delay and longer delay approaches
were detected in the basal ganglia, occipital and white matter regions. Though further study
will be required to determine the cause of the relatively small differences, several effects
neglected in the theory may play a role. First, inaccuracies in transit delay measurement may
be a major contributor to errors. The transit delay calculated from the signal weighted delay
algorithm is somewhat sensitive to the assumed T1 of tissue, as is a more standard least-
square fitting algorithm. Due to the shorter tissue T1s in basal ganglia and occipital regions
(42,47), the transit delays may be underestimated in those regions (Fig. 9). The
underestimation of transit delays will cause underestimation of perfusion values in both
approaches but more in short delay approach, which may explain the significant differences
in the basal ganglia and occipital regions. Low SNR in deep white matter biased its transit
delay towards longer value, which contributes to the overestimation of the perfusion in short
delay approach. Second, neglecting the spread, or dispersion, of transit delays in our theory
may also contribute to errors in quantification. These effects are likely greatest in regions
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with long delays, such as the occipital and white matter regions. Though convenient gold
standards for transit delay measurement are not available, continued refinement of methods
and measurements may permit more detailed assessment of the assumptions involved in the
model.

Tissue T1 sensitivity is a potential source of error for transit delay measurement since T1 is
not as smoothly distributed as transit delay. However, simulations suggest that this
sensitivity to T1 is primarily introduced by the long, 2 s, labeling duration used for our
multiple-delay prescan (Fig. 9). The labeling duration of 0.6 s with the same 5 post-labeling
delays significantly reduces the sensitivity of transit delay measurement to tissue T1 (Fig. 9).
Further optimization of the labeling durations and delays acquired and of the transit time
quantification methods are merited to minimize T1 contributions and maximize accuracy of
the measurements.

CONCLUSIONS

We have demonstrated the speed and feasibility of a low-resolution prescan approach to
measuring transit delay for perfusion imaging with ASL. The transit delay map permits
improved quantification and optimization of the image acquisition. Use of this approach
may make ASL perfusion images and quantification more robust to the broad range of
transit delays present in clinical populations.

To improve absolute perfusion quantification, our results suggest it is desirable to acquire a
low-resolution transit delay map combined with a high-resolution perfusion images. We
presented several potential approaches to using the low-resolution transit map for acquisition
and quantification. Based on our results, choosing an intermediate post-labeling delay (1.5s)
and quantifying with the transit time map seems preferable. Our short delay image showed
signs of systematic error from fixed tissue T1 assumption and requires additional RF power
for limited gain. Our optimal post-labeling delay strategy showed promise, but any errors in
the algorithm to select the post-labeling delay could cause a poor selection of acquisition
parameters that may compromise scan quality. In addition, the optimal post-labeling delay
provides worse SNR than a fixed intermediate delay in regions whose transit delay is shorter
than the longest transit delay. Future experience in broad populations of subjects is required
before any of these approaches can be proven clearly superior.
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Figure 1.

Theoretical dependence of SNR efficiency on the labeling duration for different transit
delays. A tissue T1 of 1.5 s, a blood T1 of 1.66 s and a post-labeling delay of 0.7 s were
assumed.
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(a) A schematic of the long labeling sequence combined with background suppression. The
selective region of the 90° saturation pulse and two 180° selective pulses are the imaging
region with extension to the labeling plane. The 90° inferior saturation pulse acts on the
region below the labeling plane. The control and label block are comprised of rapidly
repeated gradient and RF pulses in PCASL; and (b) Vessel suppression sequence diagam.
The middle two 180° pulses are adiabatic pulses, which are less sensitive to BO and B1
inhomogeneities. 400 s gaps were used after the gradients (shown as the dashed lines) to
reduce the effect of eddy currents. A gap between the second and third segments of gradient
was added to satisfy the gradient echo condition. The sequence was applied just before the
spiral acquisition in (a).
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Figure 3.
Theoretical signal weighted delay as a monotonically increasing function of transit delay. A
tissue T1 of 1.5 s and a blood T1 of 1.66 s were assumed.
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Figure4.

Images obtained from high-resolution and low-resolution transit delay acquisitions: (a)
transit delay map with high-resolution acquisition, in seconds; (b) transit delay map with
low-resolution acquisition, in seconds; (c) subtraction images between high-resolution and
low-resolution images (multiplied by 3 for better visibility), in seconds; (d) R square map
from the fitting of high-resolution acquisitions; (e) R square map from the fitting of low-
resolution acquisition.
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Figure5.

The subtraction images, in arbitrary units, with constant labeling duration of 2.0 s but
different delays: (a) 0.7 s, (b)1.3 s, (¢) 1.9 s, (d) 2.3 s, (e) 3.0 s respectively, and (f) the
transit delay map, in seconds, calculated from the subtraction images of multiple different
delays.
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Figure®6.

The images from the short delay: (a) subtraction images from control and label pairs; (b) T1
map calculated from two reference images; (c) proton density map calculated from two
reference images; (d) perfusion images with transit delay correction.
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Figure7.

The images without vessel suppression obtained with the optimal delay (the post-labeling
delay calculated from multiple delay prescan): (a) subtraction images from control and label
pairs; (b) perfusion images with the standard quantification; (c) perfusion images with
transit delay correction. The bright vessel signals (pointed by arrows) can be seen both in the
difference image and the quantified perfusion images.
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Figure8.

The images with vessel suppression from the optimal delay (the postlabeling delay
calculated from multiple delay prescan): (a) subtraction images from control and label pairs;
(b) perfusion images with the standard quantification; (c) perfusion images with transit delay
correction.
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Figure9.

The effect of tissue T on the calculated transit delay (using the signal weighted delay
algorithm) when the tissue T is deviated from the assumed T; of 1.5 s: T = 1.8 s (solid
red) and T; = 1.2 s (solid blue) with labeling duration of 2 s used for our multiple-delay
prescan. With the same multiple delays but labeling duration of 0.6 s, calculated transit
delay shows the reduced tissue T sensitivity for T{; = 1.8 s (dashed red) and T{;=1.2 s
(dashed blue).
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