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Interpulse Phase Corrections for Unbalanced
Pseudo-Continuous Arterial Spin Labeling at

High Magnetic Field

Lydiane Hirschler,"*® Clément S. Debacker,"*® Jérome Voiron,®> Sascha Kohler,®

Jan M. Warnking

Purpose: To evaluate a prescan-based radiofrequency phase-
correction strategy for unbalanced pseudo-continuous arterial
spin labeling (pCASL) at 9.4 T in vivo and to test its robustness
toward suboptimal shim conditions.

Methods: Label and control interpulse phases were optimized
separately by means of two prescans in rats. The mean perfusion
as well as the interhemispherical symmetry were measured for
several phase combinations (optimized versus theoretical phases)
to evaluate the correction quality. Interpulse phases were also
optimized under degraded shim conditions (i.e., up to four times
the study shim values) to test the strategy’s robustness.

Results: For all tested shim conditions, the full arterial spin
labeling (ASL) signal could be restored. Without any correction,
the relative ASL signal was 1.4=*1.7%. It increased to
3.6 =1.4% with an optimized label phase and to 5.3 +1.2%
with optimized label and control phases. Moreover, asymmetry
between brain hemispheres, which could be as high as 100%
without phase optimization, was dramatically reduced to
1+ 3% when applying optimized label and control phases.
Conclusions: Pseudo-continuous ASL at high magnetic field
is very sensitive to shim conditions. Label and control radiofre-
quency phase optimization based on prescans robustly maxi-
mizes the ASL signal obtained with unbalanced pCASL and
minimizes the asymmetry between hemispheres. Magn
Reson Med 79:1314-1324, 2018. © 2017 International Soci-
ety for Magnetic Resonance in Medicine.

Key words: unbalanced pseudo-continuous arterial spin label-
ing; interpulse phase optimization; perfusion; 9.4 T; preclinical
studies

INTRODUCTION

The pseudo-continuous arterial spin labeling (pCASL)
technique imitates continuous arterial spin labeling
(CASL) by applying a train of short radiofrequency (RF)
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pulses in rapid succession (1). To match the phase evo-
lution of the flowing spins during labeling, a theoretical
interpulse phase increment (Ady, 1) is applied:

Ad)th,L =Y Gmean Az Ata [l]

where y is the gyromagnetic ratio, Gyean is the mean gra-
dient, Az is the labeling slice offset, and At is the time
interval between two pCASL RF pulses. Two different
gradient schemes have been proposed for the control
experiment (2): balanced pCASL, with similar mean
gradient for label and control conditions, and
unbalanced pCASL, with null mean gradient during
control. For standard pCASL measurements, the
unbalanced method is recommended (3,4), as it is
known to be less sensitive to off-resonance effects (2).
The theoretical interpulse phase increment during con-
trol (Adw,.c) is shifted by 180° relative to the one used in
the label condition to avoid labeling. For unbalanced
PCASL, because the mean gradient is zero, Ay, c=180°.
At higher magnetic fields, B, inhomogeneities in the
labeling plane, away from the isocenter, increase and affect
the spins’ phase. Therefore, the theoretical interpulse
phase increments A¢y;, and Adyc may not be optimal
anymore. In this condition, arterial blood magnetization
may not be fully inverted during labeling and some inver-
sion may occur during control. Altogether, this lowers the
inversion efficiency (IE) and the relative ASL signal, yields
unstable ASL signals across subjects, and leads to inter-
hemispheric asymmetry, as previously reported (5-9).
Placing the labeling plane at the isocenter is a way to
obtain high IE (4), but at the cost of image quality, as the
readout is not located at the isocenter anymore. Several
correction strategies were developed for balanced pCASL.
In multiphase pCASL (10,11), images with different
pCASL phase offsets are acquired and are fitted to a model
to retrieve the CBF. However, this method is based on a
blood velocity dependent model and yields a lower signal-
to-noise ratio per unit of time. Jahanian et al (12) presented
a field—map-based approach at 3T: The mean gradient
and RF phase are corrected based on the measurement of
the off-resonance field and gradient. However, at higher
magnetic field, it can become challenging to obtain accu-
rate By, maps in areas away from the isocenter and where
the magnetic field is heterogeneous. Luh et al (13) demon-
strated for balanced pCASL on humans at 7 T, that varying
the phase during a prescan to measure the optimal phase
increment was a robust way to improve the overall perfu-
sion signal while keeping the imaging plane close to the
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isocenter. Moreover, other studies showed that correcting
the control condition separately improves the ASL signal
(14,15). However, the latter control correction strategies
resulted in applying different frequencies for the label and
the control conditions, leading to residual magnetization-
transfer effects. Even if these residual effects may be negli-
gible for magnetic fields up to 4T, they are much more
pronounced at high magnetic fields, and may therefore
bias the ASL signal.

Here, we investigated a phase-optimization prescan
approach for unbalanced pCASL on rats at 9.4 T. We ana-
lyzed the effect of separately optimizing the label and
the control interpulse phases on the relative ASL signal
and on its interhemispherical symmetry. We challenged
the robustness of this phase-correction approach by man-
ually changing the shims. In a second step, the depen-
dence of the obtained optimized phase values on the
shim settings and on the Larmor frequency at the loca-
tion of the carotids in the labeling plane was evaluated.

THEORY

The presence of an off-resonance frequency offset Af intro-
duces an additional phase accumulation of 2w Af - At in
between two successive pCASL RF pulses and shifts the
real tagging location by —27 Af/(y Gmax), Where Gpax is
the gradient applied during the RF pulse. Altogether,
when adding these modifications to Equation [1], the
expected total interpulse phase to apply is

2w Af

’y max

Ad =+ Gmean (AZ— )At—l— 2m Af At . [2]

As a consequence, the phase correction A, to add to
the theoretical phase Ay, should be

max

M =2 A (1 - Cém—) [3]

For the control condition, because Gpeqn is 0 mT/m, the
expected control-phase correction Ad,,,, ¢ is 2w Af - At.

In the following, these theoretical interpulse phases
obtained in presence of a frequency offset at the labeling
plane are compared with the experimentally measured
values.

METHODS
Animals

A total of 21 healthy rats (Sprague-Dawley male rats, 6—
8 weeks old, weight: 200-300g, Charles Rivers, France)
were used. All experiments were approved by the local
ethics committee and were performed in compliance
with the guidelines of the European community (EUVD
86/609/EEC) for the care and use of the laboratory ani-
mals. Experiments were performed under permits (No.
380945 for E.B., A3851610008 for animal facilities) from
the French Ministry of Agriculture. All procedures were
performed under isoflurane anesthesia (IsoFlo, Axience,
France, 5% for induction, 2% for maintenance). Respira-
tion rate, heart rate, oxygen saturation, and rectal tem-
perature were monitored and maintained within the
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following ranges: 40—-60 breaths/min, 400-500 beats/min,
98-100%, and 36—37°C, respectively.

Magnetic Resonance Sequences

Experiments were performed on a 9.4T horizontal scan-
ner (Avance III-HD, Bruker BioSpec, Ettlingen, Germany;
IRMaGe MRI facility, La Tronche, France) with a quadra-
ture volume transmit and a phased-array surface receive
coil configuration.

We first detail all MR sequences that were used in this
study and describe the protocols in a separate subsection
(“Experimental Protocols”).

Echo-Planar Imaging

All echo-planar imaging (EPI) based sequences (i.e., ASL
and T, maps) were acquired with the following readout
parameters: single-shot spin-echo EPI, echo time (TE)/
repetition time (TR)=22/4000 ms (unless mentioned
otherwise), in-plane resolution =234 x 234 pm?, one 1-
mm thick slice.

Labeling

Unless mentioned otherwise, unbalanced pCASL was
applied in the rat’s neck (at Az=—2cm from the isocen-
ter) during T=3 s followed by a 300-ms postlabeling delay
(w). The labeling pulse train consisted of 400-us Hanning—
window—shaped RF pulses repeated every 800us and
scaled to an average B, amplitude of 5uT during the RF
pulse train. Gpax/Gmean Were set to 45/5 mT/m.

The following sequences were used in this study, but
not all for each animal (see “Experimental Protocols”
subsection for more details):

e Anatomical T,-weighted (T,,,) images were obtained
through a spin-echo sequence (TR/TE = 3346/33 ms, res-
olution=0.137 x 0.137 x 0.8 mm®, number of aver-
ages (NA) =2, acquisition time (T,q) =3 min 34 s).

e A T, map was acquired for cerebral blood flow
(CBF) quantification (16) using a nonselective inver-
sion recovery sequence (TR/TE=10000/19 ms, 18
inversion times (TIs) between 30 and 10000 ms,
Tacq=4 min). Other EPI parameters were identical
to the aforementioned ones.

e Label-phase optimization prescan (T,.,=100 s).
During this scan, perfusion images were measured
with the previously described EPI readout and
pCASL-labeling parameters, except that the labeling
duration was reduced to 1.5 s and the slice thick-
ness was set to 4 mm (single slice, TR=2s). To
quickly measure the labeling efficiency and to char-
acterize interhemispheric asymmetry, relative cere-
bral perfusion weighted EPI images were acquired.
A total of 25 label-control pairs, each with a differ-
ent label interpulse phase, were obtained: the phase
was swept from 0° correction (Ady, 1 +0°) to 360°
correction (Ady, 1, + 360°) with a 15° step. The inter-
pulse phase increment of the control experiment
was set to 180° (Ady, ). From this scan, the label
interpulse phase correction Adeor was extracted
(see “Data Processing” subsection).
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¢ Control-phase optimization prescan (T,.,=100 s).
This time, the label-phase increment was fixed to the
optimized label-phase increment (Adw 1+ AdeorL)s
and the control interpulse phase increment was
swept from 0° correction (Ady, ¢+ 0°) to 360° correc-
tion (Adw, ¢+ 360°) with a 15° step. All other parame-
ters were the same as for the label-phase prescan.
From this scan, the control interpulse phase correc-
tion Adeorr,c Was extracted.

e pCASL perfusion scan (T,,q=4 min): 30 label-
control pairs of pCASL-EPI experiments were acquired
with the previously described labeling and EPI param-
eters. The label-phase and control-phase increments
were set as described in the experimental protocol.

e Magnetization-transfer-corrected CASL-EPI scans
were acquired with the previously described EPI
parameters. The labeling parameters were the same
as for the pCASL sequence except that the labeling
gradient was set to 10 mT/m. To correct for the
asymmetrical spectrum of the macromolecules, the
control frequency of the CASL experiment was opti-
mized before the CASL-EPI acquisition, as described
in (17).

e Inversion efficiency values were measured 5 mm
downstream of the labeling plane for CBF quantifica-
tion with a flow-compensated gradient-echo sequence
(TR/TE = 225/5.6 ms, resolution =0.117 x 0.117 mm?,
1-mm slice thickness, NA=2, T,q=3 min 30 s).
Sequence-specific labeling parameters were: 7= 200 ms
and o =0 ms (other labeling parameters were the same
as that of the pCASL).

e The water frequency along the carotids was
measured by means of a PRESS sequence with outer
volume suppression and without water-suppression
module: 2 x 2 x 2 mm® voxel size, TR =2500 ms,
TE=13 ms, NA =12, Ty;q=30s.

Data Processing

The MRI data were analyzed using software developed
in-house in MATLAB (The MathWorks Inc, Natick, MA).

T, maps were obtained by fitting the following equa-
tion to the signal from each pixel using a Levenberg-
Marquardt algorithm:

M, (TI) = My - (1 — 2xe”T1/Tr), [4]

where M, (TI) is the MR signal collected at each TI, M,
is the magnetization at thermal equilibrium, T, is the
longitudinal relaxation time constant of tissue, and « is
the inversion efficiency.

The IE was derived from a complex reconstruction of
the (p)CASL-FcFLASH sequence as follows:

Mo “ M), [5]

IE = ) 2M¢

where M and My, are the complex signals from the con-
trol and the label experiments, respectively. A region of
interest was manually drawn on each carotid. The IE
was obtained as the mean IE across both carotids.

Hirschler et al.

To derive the phase correction, the regions of interest
were manually drawn to delineate the left and right
brain hemispheres (Fig. 1f). The relative perfusion signal
in both hemispheres (rASLjer and rASLyg,) (in percent)
was calculated as

AM
ASL = —— %1
rAS Mc* 00, [6]

where AM is the magnitude difference between control
and label acquisitions, and M is the magnitude signal
from the control experiment. TASLjey and rASLyg,, were
plotted as a function of the label (resp. control) phase
values; Adeorr . Was determined by visual inspection to
be the center of the plateau yielding close to maximal
rASL on the label-phase optimization graph (Fig. 1b);
and Adgorrc was defined as the phase that is the furthest
away from the dip of the control-phase optimization
graph: control minimum + 180° (Fig. 1c).

To evaluate the quality of the phase optimization, the
mean (rASLeqn) and the difference in ASL signal magnitude
between hemispheres (rASLqsymmetry) Were computed as

‘I'ASLleﬁ - TASLright|

100  [7]
|LASLjet| + |FASLyigh

rA SLasymmetly =

rASLjes + rASLy;
FASLyoan = ‘ left - r1ght| )

(8]

To calculate quantitative CBF maps, we assumed a single
compartment and used the standard kinetic model devel-
oped by Buxton et al (18). Assuming that the arterial
transit time is equal to the postlabeling delay, and that
M}, the magnetization of arterial blood at thermal equi-
librium, may be approximated by M{/\, where M is the
magnetization of tissue at thermal equilibrium and A the
blood-brain partition coefficient of water (0.9 mL/g) (19),
we used the following equation pixel-by-pixel to quan-
tify CBF (mL/100 g/min) (3,16,18):

6000 - \ - AM - exp(w/TP)
2 IE -T! M} (1 - exp(—T/Tg)) ’

CBF = [9]

where AM is the signal difference between control and
label acquisitions averaged over repetitions; T} is the
apparent T, of tissue from the T, map; T? is the longitu-
dinal relaxation time of blood (2430 ms at 9.4 T) (20-22);
and M is the control image intensity of the ASL experi-
ment multiplied by [1 —exp(—~TR/T!)]™" to correct for
incomplete T, relaxation during the 4-s TR.

Experimental Protocols
Experiment 1

This experiment (n=8 animals) was designed to evalu-
ate the effect of correcting label and/or control interpulse
phase increments on the perfusion signal. The following
MR scans were performed with axial slice orientation
after a standard global first-order shim (called “study
shim”) (the details of each sequence are provided in the
“Magnetic Resonance Sequences” subsection):
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1. Anatomical T,,, scan;

. T; map;

3. Label and control optimization prescans, from which
the label and control interpulse phase corrections
(Adcorr,. and Adgorr ¢, respectively) were extracted;

4. Three pCASL-EPI perfusion scans: one without any
phase optimization (#0, using Ady 1 and Adwy ).
one with an optimized label-phase increment and a
theoretical control-phase increment (#1, using
Admh L+ Adgorrr. and Ady ), and one with both
optimized label and control phase increments (#2,
USing A(1)th,L +A¢COI‘I‘,L and Ad)th,C +A¢corr,C);

5. A CASL-EPI perfusion scan, acquired in a subset of
animals (n=5) to compare with the pCASL experi-
ments. This sequence was chosen because the IE of
CASL is not as sensitive to B, inhomogeneities as
that of pCASL; and

6. Inversion efficiency, which was measured for CBF
quantification both for CASL and pCASL without
optimized phases and with an optimized label
phase. The IE values with both optimized label and
control phases for pCASL were measured separately
in three animals.

N

Experiment 2

This experiment (n =5 animals) was designed to evaluate
the robustness of the phase optimization in the presence of
different magnetic field distributions, and to evaluate its
limits. Field inhomogeneity was changed in a controlled
fashion by modifying study shim values manually to intro-
duce asymmetry between carotids, to change the frequency
profile along the vessels, and to evaluate the effect of
second-order shims, which may often be necessary to opti-
mize image quality. We explored shim amplitudes up to
the maximum shim values that still allowed sufficient
image quality for the analysis (i.e., up to four times the
study shim values). The shims were changed as follows:

- The average = standard deviation (SD) shim values
across five animals were X (34 £91) Hz/cm, Y
(=312 +277) Hz/cm, Z (610 +545) Hz/cm, and
7?2 =0Hz/cm?;

The initial X (left-right direction) shim value was
multiplied by —2, 0, 2, and 4 (max=233Hz/cm,
min = —116 Hz/cm). These shim conditions were
called —2X, 0X, 2X, and 4X;

The Y (ventro—dorsal direction) shim value was
multiplied by 2, 1.5, 0.5, and 0 (max=0Hz/cm,
min = —784 Hz/cm). These shim conditions were
called 2Y, 1.5Y, 0.5Y, and 0Y;

The initial Z (head—foot direction) shim value was
multiplied by 2, 1.5, 0.5, and 0 (max=1626Hz/
cm, min =0Hz/cm). These shim conditions were
called 27, 1.5Z, 0.5Z, and 0Z; and

Four different values for the Z* shim were applied
between —300 (called —2Z2) and 300 (2Z%) Hz/cm?.
These values are in the range of values obtained after
a second-order shim on the rat brain in our system.

Shims were changed one at a time; the other values
were set to the initial study shim values. Label- and

Hirschler et al.

control-phase optimization prescans were acquired for
each shim situation. From the label-phase optimization
graph, Adgor1, and the relative perfusion value without
any phase optimization were extracted (#0). Adeorr,c and
the relative ASL signal with both optimized phases (#2)
were obtained from the control-phase optimization
graph. The relative ASL signal with the optimized label
phase only (#1) was obtained from both label- and con-
trol-optimization graphs, and the reported value is the
average of both extracted values.

Experiment 3

To evaluate the dependence of the optimized phase
value on the resonance frequency measured at and
around the labeling plane (12), the following two experi-
ments were performed:

1. In a first group of animals (n =3), frequency profiles
were measured along each carotid, and the optimized
label and control phases were derived after a second-
order shim and in 11 additional Z-shim conditions:
First, the Z-shim component was modified to null
the observed gradient along the carotids, measured
over 4 mm (cf. simulations) around the labeling
plane. From this nulled gradient condition, —1000 to
+1000Hz/cm with a 200-Hz/cm step were added to
the Z-shim. Profiles were measured with the PRESS
sequence at 13 positions between z= —25 mm and
—10 mm. From the obtained frequency profiles, the
gradient around the labeling plane was derived (lin-
ear fit over 4 mm), and the frequency at —20 mm was
retrieved. The data from the phase-optimization
graphs were fitted to an ad hoc model, in which the
phase of the maximum signal, the duty cycle, the
transition width, and the signal amplitude were the
estimated parameters; and

2. For a second group of animals (n=5), we optimized
the label and control interpulse phases with the
prescans, and measured the frequency with the
PRESS sequence in both carotids at the labeling
plane. An IE scan was acquired using optimized
label and control phases. This entire experiment
was performed using a global first-order shim and a
local (brain) second-order shim.

Simulations

To evaluate the distance over which the inversion of
arterial blood magnetization occurs and to confirm the
label- and control-phase dependence on frequency, a
moving magnetization vector in the presence of a pCASL
sequence was simulated in MATLAB and followed while
crossing the labeling plane. Bloch equations were inte-
grated with a step size of 1pus. Parameters for the pCASL
labeling were identical to the ones used in vivo, except
for the labeling duration, which was set to 200 ms. The
blood-flow velocity was set to the average blood velocity
in the rat’s carotids (i.e., 10 cm/s) (23). The inversion dis-
tance was measured as the distance over which the mag-
netization varies from 0.5% to maximum inversion.
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Phase-optimization experiments were simulated by
repeating the inversion simulation for different RF inter-
pulse phase increments. The longitudinal magnetization
intensity after inversion was retrieved and plotted against
the applied interpulse phase increment to determine the
phase that yields the best inversion. Such simulated phase-
optimization experiments were also performed when the
resonance frequency of the spins was offset with respect to
the RF carrier.

Statistical Analysis

Paired t-tests were performed to evaluate the difference
in ASL signal between hemispheres, and to compare
quantitative CBF values obtained from the phase-
optimized pCASL with the ones from the CASL experi-
ment. A value of P<0.01 was considered significant. All
data are expressed as mean *+ SD.

RESULTS
Experiment 1

An example of a phase-optimization experiment is
shown in Figure 1: rASL is drawn as a function of the
interpulse phase-increment correction for label (Fig. 1a)
and control (Fig. 1b) experiments. For this particular rat,
the interpulse phase needed a correction of 90° for label-
ing and 160° for control. As these corrections differed
among rats, Adgor . and Adeo, c were measured for each
animal. The relative perfusion signal rASL,e.n improves
when applying the optimized phases (Fig. 1d and 1f):
Optimizing the label phase increases the ASL signal by
more than a factor of 2 (rASLean=1.4 = 1.7% without
correction and 3.6 =1.4% with an optimized label
phase). When adding an optimized control phase,
another 50% increase is gained (rASLyean=5.3*1.2%
with both optimized phases). Without any optimization,
TASLpean is lower than the SD across rats (Fig. 1d),
meaning that the perfusion measurement is very unsta-
ble. These intersubject variations are reduced when
applying the optimized label and control phases.

If no optimization is performed or only the label phase
is optimized, the ASL signal differs significantly between
hemispheres (Fig. 1e), as determined by a paired t-test
(#0 P=0.004, #1 P=0.005). This asymmetry is reduced
to 4 = 3% when both label and control phases are opti-
mized (#2 P=0.12).

We compared the quantitative CBF maps obtained
with pCASL for each labeling condition (Fig. 1f, 2—4) to
a CASL acquisition performed on the same animal dur-
ing the same MRI session (Fig. 1f, 5). When only one or
no phase is optimized, quantitative CBF maps obtained
via pCASL are significantly different from the ones
obtained with the CASL sequence (paired t-test for CASL
versus pCASL #0: P=0.001, CASL versus pCASL #1:
P=0.006). If both label and control phases are optimized
(Fig. 1f, 4), pCASL scans yield CBF maps comparable to
those from CASL (paired t-test CASL versus pCASL #2:
P=0.21). Remaining differences between CASL and
pCASL (—4 *=6% relative change) may be ascribed to
physiological fluctuations in perfusion. For the animal
shown in Figure 1f, the CASL scan was acquired 13 min
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after the pCASL scan, which can explain the observed
CBF variations. Still, the observed contrast on both
CASL and pCASL (#2) CBF maps is similar, with higher
cortical and thalamic perfusion values compared with
white-matter CBF (corpus callosum). The average brain
CBF (from #2 pCASL) was 153 * 25 mL/100g/min, which
is comparable to values from literature obtained in
Sprague-Dawley rats under isoflurane anesthesia (24-27).

This experiment shows that optimizing both label and
control phases dramatically improves relative perfusion
signal obtained with unbalanced pCASL, corrects asym-
metry arising when labeling far from the isocenter at
high field, and preserves high image quality at the same
time.

Experiment 2

This experiment investigated the robustness of the phase
optimization to different magnetic field inhomogeneities.
Figure 2a shows the difference between the measured
left and right optimized label-phase values for all shim
conditions. As expected, when increasing the frequency
difference between carotids (i.e., changing the X-shim),
asymmetry arises in Ad.q 1, as well. However, for all sit-
uations, optimizing both label and control phases leads
to maximum and stable ASL signal (Fig. 2b), with mini-
mal signal loss at degraded x-shims, whereas without
any optimization or only an optimized label phase, the
ASL signal is lower and wunstable. The asymmetry
observed in absence of optimized phases was reduced to
1+ 3% when performing both optimizations in all shim
conditions (Fig. 2c) (i.e., up to four times the observed
study shim values).

Experiment 3

We evaluated the relation between the frequency profile
around the labeling plane and the optimized phase val-
ues. According to our simulations, inversion occurs over
a distance of 3.8 mm (represented as a gray band on
Figs. 3a—3c). Varying the Z-shim changes the gradient
around the labeling plane, the frequency at the labeling
plane, and the label and control phase optimization
graphs (Fig. 3). Figures 4a and 4b show that the phase-
correction values are strongly correlated to the fre-
quency measured at the center of the labeling plane. A
small difference can be observed between the expected
and measured phase values, leading to a slope of the
linear fit approximately 11% smaller than expected.
Figure 4c and 4d show that this phase difference (noted
“residual Adgo,,”) does not depend on the gradient
around the labeling plane. This gradient, however,
slightly affects the duty cycle of the label-phase optimi-
zation graph (Figs. 4e and 4f). This duty cycle is inde-
pendent of the frequency at the labeling plane (data not
shown). Figures 4g and 4h show that the rASL signal
amplitude becomes less dependent on the gradient
around the labeling plane when both corrections are
performed.

To further explore the dependence of optimized phase
increments on the resonance frequency at the labeling
plane under standard imaging conditions, Figure 5
shows data obtained using first- and second-order shims
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try across hemispheres without phase correction (#0), with label-
phase correction only (#1), and with both label- and control-phase
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optimized for imaging. Whether a first or a second-order
shim is performed, the optimized phases Adgornp and
A@corrc are strongly linearly correlated to the frequency f
at the labeling plane (Fig. 5) as predicted by Equation
[3]: The slope of the linear relation between Adeq 1, and
the resonance frequency is now 0.26°/Hz (i.e., (1 —
Gmean/Gmax)At - 360, as expected); for control, Adeorc is
linearly related to f with a slope of 0.29°/Hz (=At- 360).

Hirschler et al.

The simulated phase-optimization experiments confirmed
these results (data not shown).

Unexpected offsets of the curves, however, are
observed in vivo: At 0 Hz (no off-resonance effect), one
would expect no need for phase correction; instead, a
correction of 58° is required for labeling (offset;) and 122°
for control (offsetg). These offsets are stable across ani-
mals: The results shown in Figure 5 originate from five
animals and match those observed in Experiment 3a.

For all five animals, after both label and control phase
optimizations, IE was at 89+ 2% and remained stable
whether a second-order shim was performed or not; the
IE difference between first- versus second-order shim
was 0+ 3%.

DISCUSSION

In this study, we described and evaluated a method to
obtain stable pCASL perfusion maps in rats at 9.4T
using unbalanced pCASL. Optimizing both label and
control phases of unbalanced pCASL by means of pre-
scans yields robust ASL signal, and the obtained quanti-
tative CBF maps are comparable to those from CASL, a
method less sensitive to B, inhomogeneities. Optimized
phase values vary across animals and depend on shim
parameters; therefore, it appears necessary to measure
Adeorr, and Adeor ¢ for each animal. Applying a separate
control phase correction (i.e., applying not necessarily
the same Adgorrc @S Adeorr,r) further improves the ASL
signal and yields stable results across large shim and fre-
quency ranges (i.e., up to 1000 Hz). Perfusion asymmetry
between hemispheres, which could be as high as 100%
without phase optimization, could be corrected with the
proposed workflow, down to 1+ 3% (mean * SD value
for Experiments 1 and 2).

Each proposed prescan acquisition lasts 100 s. Data
processing involves extracting the brain-average ASL sig-
nal as a function of RF phase increment, and determining
the optimized phases, which is easily performed using
simple offline tools. In total, the proposed optimization
adds approximately 5 min to ASL protocols, which is
acceptable in most preclinical animal studies.

Accounting for the loss in the inversion efficiency
when quantifying the CBF values should yield constant
CBF, in theory. However, we observed global CBF to be
66 + 68 mL/100g/min in our group of animals (n=38)
without correction, 105 +40mL/100g/min with a label
correction only, and 153 = 25mL/100g/min with both
corrections. According to common practice, IE is calcu-
lated using Equation [5], leading to an always positive
value, even when the ASL signal, and hence the actual
IE, is negative. In case of negative IE in one or both caro-
tids, the actual mean IE is overestimated, leading to an
underestimation of global CBF. Moreover, the contribu-
tion of each carotid to the perfusion is not necessarily
equal in each brain region. Reliable CBF quantification
may therefore only be obtained when the actual IE is
positive and similar in both carotids (i.e., when both
phases are optimized).

Varying the shim settings in Experiment 2 changed the
labeling and image slice positions and thicknesses (less
than 5% for labeling and 20% for imaging) and distorted
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FIG. 3. Examples of frequency profiles along the left carotid for three shim conditions in one animal. From the situation with a compen-
sated gradient around the labeling plane (b), additional Z-shims were added. Here we show two out of the 11 additional Z-shims: with
an additional shim of —1000Hz/cm (a) and 400Hz/cm (c). Note that the actual additional gradient as measured with the PRESS
sequence does not correspond to the nominal shim setting, suggesting an error in the shim unit conversion on our system. The labeling
plane position is indicated by the black dashed lines, and the transition width, derived from the simulations, by the gray boxes. The
label (d—f) and control (g-l) phase optimization graphs change depending on the shim condition. The full lines in (d-l) represent an ad

hoc model fit to the data.

the images. This may have biased the ASL signal estima-
tion and could have contributed to the variations of
mean rASL values across shim settings (Fig. 2b). How-
ever, these variations were only moderate. The mean
rASLean for #2 across shim settings was 6.6 =0.5%, a
SD comparable to that obtained between animals for one
shim setting. These residual variations in rASL between
shims could also be caused by changes in perfusion, as
the physiological status of the animal may have evolved
during the experiment. Despite these variations, the fully
optimized rASL signal (i.e., #2) is always higher than the
nonoptimized ones (#0 and #1).

The measured phase corrections (Adgorr1, and Adeorr.c)
are strongly (R? > 0.99) correlated with the resonance fre-
quency in the carotids at the labeling plane measured
with the PRESS sequence. In Experiment 3a, under man-
ually degraded shim conditions, both slopes differ from
the expected ones (Eq. [3]). This is no longer true in
Experiment 3b when shims optimized for imaging are
used. This suggests that the slope difference observed in
Experiment 3a may arise from shifts and/or distortions of
the labeling and/or imaging planes. Note that the fre-
quency ranges in both experiments are similar.

Figure 4 shows that the gradient around the labeling
plane does not affect the optimized phase values, but

has a small effect on the duty cycle of the label-phase
optimization graph. The blood velocity may also influ-
ence the shape of the phase optimization graph (28).

To further understand why a phase correction was
needed in the absence of frequency offset at the labeling
plane (Figs. 4a and 4b and Fig. 5), we evaluated the
effect of different pCASL parameters on offset;, and off-
setc by repeating Experiment 3b for different pulse spac-
ing durations, maximum and mean gradients, and
labeling slice positions. For all explored parameters, the
curve’s slope strictly followed Equation [3] (data not
shown). The measured offset;, and offsets, however, var-
ied when changing the sequence parameters. This may
stem either from sequence or from hardware issues, as
the offsets stayed stable across animals for a given
pCASL parameter set. To investigate the offsets’ origin,
PCASL gradient waveforms were measured on a water
tube: By calculating the derivative of the MR signal
phase difference between two slices over time while the
pCASL gradients are played out, the effective gradient
waveform can be obtained (29). These in situ gradient
measurements confirmed that the effective average gradi-
ent seen by the spins is indeed following the pulse pro-
gram’s instructions. The phase shift resulting from
imperfections in the gradient waveform was estimated to
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FIG. 4. Label (a) and control (b) phase corrections as a function of the resonance frequency measured at the labeling plane for all 12
shim conditions of Experiment 3a. Each data point corresponds to the optimized phase correction measured in one hemisphere and the fre-
quency measured in the corresponding carotid, in one shim condition. The black line corresponds to the linear fit to the data, and the red
line to the expected values. The slope of the red line was calculated according to Equation [3] and the offset was derived from Experiment
3b (cf. Fig. 5). ¢, d: Residual phase correction (i.e., the difference between the data points in (a) and (b) and the expected values). e, f:
Dependence of the duty cycle of the label- and control-phase optimization graphs on the gradient around the labeling plane. The duty cycle
was obtained as the proportion of the high-signal plateau (full-width half maximum) in the full phase cycle. g, h: Amplitude of the high-signal
plateau, measured from the label- and control-phase optimization graphs, as a function of the gradient around the labeling plane. Note that,
in one animal, the initial gradient around the labeling plane was much higher (~200 Hz/mm) than those observed in other animals.

be below 10°. Therefore, errors in gradient execution
leading to large phase accumulation offsets may be
excluded. The way the RF pulses are generated and
played out from the pulse program may be another

possible explanation for the presence of the phase off-
sets. Indeed, depending on the way off-resonance RF
pulses are produced, additional phase shifts appear (30).
However, this could not be tested on our system with
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under a first- and a second-order shim. All phase corrections were measured with a phase-optimization prescan. The equation corre-

sponds to the linear fit to the data.

the current software. Such phase offsets could also be
present on other MRI scanners developed by other
companies.

Several improvements may be discussed. Combining the
label and control phase optimization scans in one single
acquisition is possible and would accelerate this adjust-
ment step. Prediction of optimal phases from the frequency
at the labeling plane is also an option. In the presence of
additional hardware offsets as observed on our system, off-
sety, and offsetc have to be measured once for a particular
set of pCASL parameters (e.g., labeling gradients, slice
position, interpulse delay), and these values can then be
combined with the frequency at the labeling plane mea-
sured in each animal to derive the required phase correc-
tions. A phase correction based on the frequency
measurement is particularly interesting for measuring per-
fusion in animals with low CBF: If the signal-to-noise ratio
in the prescans becomes low, the optimal values of Adgop 1,
and Adgorr,c may no longer be accurately detected.

If the difference between optimal label phases for the
left and the right carotids is too large, a case not encoun-
tered in the present study despite strong shim changes,
the proposed approach will no longer yield optimal
pCASL labeling in both carotids. In these conditions, a
dual-shim approach (i.e., application of different shim
settings during labeling and during imaging) could be
helpful in restoring a more homogeneous magnetic field
at the labeling plane. Although dual shim alone did not
seem sufficient to optimize pCASL in humans (9), com-
bining this approach with the phase-optimization step
should yield an optimal phase-correction value for both
vessels, based on our results.

The phase optimization graphs in unbalanced pCASL
differ between the label and control conditions, as a
result of the difference in the pCASL gradient. This
would not be observed in the case of balanced pCASL,
for which the control optimization graph is a simple
180° shift in the label optimization graph. As the
control-phase optimization graph has a high signal pla-
teau larger than 180°, there always exists a joint opti-
mized control phase for both carotids. This makes
unbalanced pCASL more robust to B, inhomogeneities
than balanced pCASL.

This study focused on the labeling of the blood flow-
ing in the carotid arteries. When using the optimized
label and control phases, the mean IE in the vertebral
arteries across six animals was 74 + 7%, values smaller
than those measured in the carotids for these animals
(90 = 1%, data not shown). To properly optimize the
label and control phases specifically for the vertebral
arteries, better knowledge of the vascular territories per-
fused by the vertebrals in rodents would be necessary.
However, given the observed IE, and because vertebrals
in rodents preferentially perfuse the cerebellum and
much less the cerebral hemispheres (31), the proposed
approach should provide near-optimal signal for most
preclinical ASL studies.

In humans, carotid and vertebral arteries are separated
by a greater distance and may therefore be subject to
greater frequency differences. In this case, finding a com-
promise phase-correction value for all four arteries could
be more difficult. A dual-shim approach could be help-
ful to restore a more homogeneous field at the labeling
plane, permitting optimal phase-correction values for all
vessels.

CONCLUSIONS

This study shows that performing both label- and control-
phase corrections improves relative perfusion signal, cor-
rects asymmetry arising when labeling far from isocenter at
high field, and preserves high image quality at the same
time. This correction approach yields stable results, also
when the shim in the animal’s neck is degraded, or if
strong off-resonance effects are present. The phase-
correction values are strongly correlated to the measured
frequency in the carotids. The prediction of the phase cor-
rection from the frequency measurement in the carotids is
therefore possible if offset;, and offset; are known. Finally,
in addition to the measurements presented in this work
performed at 9.4 T, we successfully applied the label- and
control-phase correction approach at ultrahigh field
(17.2 T) (32) as well as on different scanners and animals
(Pharmascan 7 T (33), BioSpec 11.7 T (34)). This approach
is also expected to be beneficial for human studies
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performed at high magnetic field, for which unbalanced
pCASL is recommended (3).
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