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Abstract

Purpose: B, field inhomogeneity within the brain-feeding arteries is a major
issue for pseudo-continuous arterial spin labeling (PCASL) at 7T because it
reduces the labeling efficiency and leads to a loss of perfusion signal. This study
aimed to develop a vessel-specific dynamic By field shimming method for 7T
PCASL to improve the labeling efficiency by correcting off-resonance within the
arteries in the labeling region.

Methods: We implemented a PCASL sequence with dynamic B, shimming at
7T that compensates for By field offsets in the brain-feeding arteries by updating
linear shimming terms and adding a phase increment to the PCASL RF pulses.
Rapidly acquired vessel-specific B, field maps were used to calculate dynamic
B, shimming parameters. We evaluated both 2D and 3D variants of our method,
comparing their performance against the established global frequency offset and
optimal encoding scheme-based corrections. Cerebral blood flow (CBF) maps
were quantified before and after corrections, and CBF values from different
methods were compared across the whole brain, white matter, and gray matter
regions.

Results: All off-resonance correction methods significantly recovered perfusion
signals across the brain. The proposed vessel-specific dynamic B, shimming
method improved the labeling efficiency while maintaining optimal static shim-
ming in the imaging region. Perfusion-weighted images demonstrated the supe-
riority of the 3D dynamic By shimming method compared to global or 2D-based
correction approaches. CBF analysis revealed that 3D dynamic By shimming
significantly increased CBF values relative to the other methods.

Conclusion: Our proposed dynamic B, shimming method offers a significant
advancement in PCASL robustness and effectiveness, enabling full utilization of
7 T ASL high sensitivity and spatial resolution.
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1 | INTRODUCTION

Arterial spin labeling (ASL) offers a noninvasive
method for quantifying tissue perfusion by leveraging
endogenous blood water protons as a contrast agent.!?
Pseudo-continuous arterial spin labeling (PCASL) stands
out among various ASL methods due to its superior label-
ing efficiency to continuous ASL (CASL), higher SNR
than pulsed ASL (PASL), and greater compatibility with
modern clinical scanners, making it ideal for clinical
MRI applications.>* ASL typically involves two acquisi-
tions: a labeling scan, where blood water magnetization is
inverted; and a control scan, where magnetization remains
unaltered. Perfusion information is then extracted by sub-
tracting the labeled scan from the control scan. Whereas
this method effectively captures tissue perfusion, the low
blood water concentration and T; decay of the labeled
blood inherently result in a low SNR. This characteristic
presents significant challenges in achieving high-quality
perfusion measurements. Ultrahigh field (UHF) MRI has
emerged as a promising avenue to boost ASL SNR due to
several factors.? Firstly, the intrinsic SNR exhibits a the-
oretical dependence on the static magnetic field strength
(By) following a power law relationship, scaling with
Bol94£016 6 Secondly, the extended ASL tracer lifetime
(i.e., blood T;) at a higher field indirectly contributes to
increased SNR in ASL.”® However, implementing ASL
sequences at UHF presents challenges, primarily due to
specific absorption rate (SAR) limitations as well as By field
and transmit B, field (B;*) inhomogeneities, especially in
the neck. These inhomogeneities can substantially reduce
the labeling efficiency, thereby reducing the perfusion
signal. In severe cases where there are significant offsets
from the nominal By in PCASL, the perfusion signal can
shrink to zero, or the labeling and control scans may even
be completely reversed. It is crucial to recognize that By
field inhomogeneities vary considerably across different
vessels, individuals, and even repeated scans, influenced
by factors such as static shimming, subject positioning,
placement of the labeling region, and individual anatom-
ical differences.>!° This variability poses a substantial
challenge in achieving consistent cerebral blood flow
(CBF) measurements with ASL at UHF, thereby impacting
its accuracy and reproducibility.

Various compensation methods have been explored
to address this challenge. A straightforward approach
using static shimming applied to both labeling and imag-
ing regions partially alleviates the issue,'! but resid-
ual inhomogeneity remains problematic. Additionally,
spatial separation between the labeling and imaging
regions presents an additional challenge for shimming
and can lead to suboptimal shimming settings for both
regions, ultimately compromising image quality (e.g.,

distortion/signal dropout for EPI) and labeling efficiency.
Unbalanced PCASL with optimized parameters has been
shown to offer improved performance for off-resonance
effects, but significant signal loss persists at larger phase
offsets, limiting its effectiveness.'> Multi-phase PCASL
(MP-PCASL) addresses off-resonance issues by acquiring
data at multiple RF phase increments instead of the con-
ventional two (0 and =).!* This enables a more precise fit
of voxel data to predicted response curves, reducing phase
mismatches and resulting in more accurate and reliable
CBF measurements. However, MP-PCASL suffers from
lower efficiency or increased scan times, which may limit
its widespread adoption in research and clinical settings. A
strategy was initially proposed to address By field inhomo-
geneity in the labeling region of PCASL scans by applying
an additional z-gradient and RF phase adjustment.” This
method uses a coronal field inhomogeneity map to identify
field offsets for arteries at various z-axis locations. Based on
these field offsets and corresponding z-axis location infor-
mation, a z-gradient term and an additional RF phase term
are calculated to compensate for z-direction By field inho-
mogeneity and residual global frequency offset, respec-
tively. Whereas this approach effectively mitigates B, field
inhomogeneity, it does not account for in-plane varia-
tions. This limitation becomes crucial when the labeled
feeding arteries have significantly different off-resonance
values. OptPCASL offers a more comprehensive solution
by addressing By field inhomogeneity, including both the
global frequency offset and the local variations between
the labeled feeding arteries.'* This approach accounts for
the global phase error, which affects all feeding arteries
uniformly and the local phase errors specific to individ-
ual feeding arteries. It achieves this by incorporating an
additional compensation RF phase term into both the
tag and control conditions of the ASL sequence, and by
applying extra in-plane gradient pulses between the RF
tagging pulses. A very similar method has been devel-
oped at 7T,"> but both methods utilize an MP-PCASL
pre-scan to measure the phase tracking errors that are
used to estimate the RF phase increment and transverse
gradients required, which extends the total scan time. An
optimized encoding scheme (OES)-based method has also
been proposed to correct for off-resonance at an arbitrary
number of vessel locations using a rapidly acquired field
map of the labeling plane.!®!® The OES is a Fourier-based
technique that calculates the optimum transverse gradient
blips and RF phases to apply to account for phase accrual
due to off-resonance. Whereas the three aforementioned
methods effectively address frequency offset arising from
in-plane By field variations across the vessels, they do not
account for through-plane B, field inhomogeneity. This
could be problematic if the field variations of arteries along
the through-plane are significant.
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In this work, we propose a novel dynamic B, shim-
ming method to improve PCASL labeling efficiency at
7T by directly addressing By field inhomogeneity. Unlike
conventional static By shimming, which maintains con-
stant shimming settings throughout the entire scan, this
method dynamically adjusts the linear (gradient) shim-
ming currents between the labeling and non-labeling peri-
ods, providing optimal B, homogeneity for both labeling
and imaging. This proposed correction method addresses
both in-plane and through-plane B, field inhomogeneities
within the labeled arteries. By targeting the B, field
inhomogeneity specifically within the feeding arteries,
rather than the entire labeling region (including static
tissue), this method achieves significantly enhanced cor-
rection effectiveness. We compared our proposed method
to existing off-resonance correction strategies for 7T
PCASL, demonstrating its effectiveness and superiority.
This study highlights the feasibility of our approach,
achieving high-quality PCASL perfusion data in the whole

Pre-saturation
(Imaging Region)

human brain at 7T. This work builds upon previously
presented research in abstract form.!”

2 | METHODS

2.1 | PCASL implementation
with dynamic By shimming

The proposed PCASL sequence diagram with dynamic B,
shimming is illustrated in Figure 1. The PCASL tagging/-
control module consists of a train of discrete slice-selective
RF pulses applied at intervals of At. To correct By inho-
mogeneity within the labeling region, the system dynam-
ically adjusts first-order shimming parameters during the
labeling period and resets them to their original values
for optimal background suppression and imaging dur-
ing the post-labeling delay and EPI readout. Because the
first-order shimming relies on modifying the linear x, y,

Global Inversion

/ Pulses

Imaging Readout

PCASL Tagging/Control
<€ >€ >
Labeling duration (T) Post labeling delay
A
p

Gz

FIGURE 1

Tagging or control scan with
dynamic Bo shimming

For tagging scan: @ = Q.

For control scan: @ = Qo +11

(Doff = Y'Gmean'AZ'Ar
+ 2"'AfGlob'AT(1 'Gmean/Gmax)

This diagram illustrates the proposed PCASL sequence with integrated dynamic B, shimming for field inhomogeneity

correction. The PCASL module consists of a series of discrete slice-selective RF pulses with interval At. For field inhomogeneity
compensation, additional gradients with constant amplitude are applied along three orthogonal axes during the PCASL pulse train and
deactivated during the post-labeling delay and EPI readout phases. The sequence also incorporates specific phase increments into the PCASL
RF pulses to correct for a residual global frequency offset (Afgiop). Note that @, includes both phase corrections for global off-resonance and
the off-isocenter of the labeling plane. PCASL, pseudo-continuous arterial spin labeling.
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and z gradients, these adjustments introduce offsets to the
gradient amplitudes (i.e., AGy, AGy, AG,) compared to the
initial values throughout the PCASL pulse train. The resid-
ual global frequency offset (Afgiop) is corrected by adding
additional phase increments to the PCASL RF pulses.
Thus, in addition to 0 and & phase, an additional @, that
includes both phase corrections for global off-resonance
and the off-isocenter of the labeling plane is added into
the RF phases for both control and tagging, which is
given by'8:

(I)off =7 - Guean - AZ - AT + 271 - AfGlob
: AT(I - Gmean/Gmax)s (1)

where Gyeqn is the mean gradient, G,y is the maximum
gradient, Az is the offset of the labeling plane, Afg,p is the
residual global frequency offset. The calculation of Afgiop,
along with the parameters AGy, AG, and AG,, are detailed
in the following subsection. Note that the (1 - Gpean/Gmax)
correction term accounts for the small shift in the labeling
plane location due to the global frequency offset.

2.2 | Vessel-specific dynamic By
shimming

The required gradient offset amplitudes (AGy, AGy, AGy)
and the residual global frequency offset (Afgip) for
dynamic By shimming can be estimated from the field off-
set information of the vessels within the labeling region.
This estimation is achieved by solving the following
equation:

PX, PY; PZ -1 — Afi
PX, PY, PZ, -1 AG’“ — A
14 y
~|PX; PY; PZy -1 =|-af
o 3 3 ‘ 3 AGZ f3
: 2rA )
PX, PY, Pz, —1 | 2*Neurlr _Af,
i . i (2

where [PX;, PY;, PZ;], and Af; represent the location of the
i-th vessel voxel within the 3D labeling region and the cor-
responding global frequency offset, respectively. Because
the labeling efficiency is only affected by the By homogene-
ity of the flowing blood inside the brain-feeding arteries
within the labeling region, we restrict the shimming opti-
mization area to small regions of interest (ROIs) encom-
passing only the relevant voxels. This targeted method
allows for much more efficient By shimming by focus-
ing solely on the relevant vessel voxels within the labeling
region, excluding static tissues and air that do not impact
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the labeling process. Additionally, dynamic By, shimming
can also be performed in 2D when ignoring through-plane
B, variations:

_PXl PY; -1 ] [ Afl_
PX, PY, -1 [ AG, - Af,
% PX; PY; -1 AG, |=|-as] ©
| 27 Afeion /¥ :
PX, PY, -1 — Afy

Under such conditions, the shimming gradient’s offset
along the z-direction should be set to zero. Similarly, if the
through-plane By variations are only considered and the
offset amplitudes for the transverse plane gradients (x and
y) are instead set to zero, this method essentially reduces to
the one proposed by Jahanian et al.,” as mentioned above.

Figure 2 illustrates the workflow of 7T PCASL with
dynamic By shimming. A 3D time-of-flight scan is con-
ducted to select the PCASL labeling plane location, which
is positioned at the middle of the third segment (V3) of the
vertebral arteries,'® allowing whole-brain perfusion mea-
surements. A field mapping sequence is then performed
to measure the By field offset of the labeling region, with
its imaging volume centered at the labeling plane. It is
important to note that the static By shimming volume of
the field mapping sequence should match that of the sub-
sequent PCASL scan. Vessel ROIs are manually delineated
to enable the extraction of field offsets and voxel coordi-
nates from the field map data, facilitating the calculation of
dynamic By shimming-related parameters. These param-
eters are then applied during the PCASL scan, which uti-
lizes an identical static By shimming configuration as the
field mapping sequence.

2.3 | Invivo data acquisition

Data were acquired on a Magnetom 7T Plus scanner
(Siemens Healthineers, Erlangen, Germany) equipped
with an 8-transmit/32-receive head coil. Six healthy male
volunteers (aged 23-34) were scanned under a techni-
cal development protocol with approval from local eth-
ical and institutional review boards. A 3D multi-slab
time-of-flight angiography sequence with a voxel size of
0.8 x 0.8 x 1.3mm? was conducted in the neck, enabling
the selection of an optimal labeling plane. A rapid 2D
multi-slice dual-echo gradient echo (GRE) field-mapping
sequence was performed to collect the field offset infor-
mation of the vessel voxels within the labeling region.
Flow compensation gradients were applied along the
frequency encoding and slice directions to minimize
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FIGURE 2
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MRI
Console
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1. Draw vessel ROIs 2. Get vessel

information Input:
PX;
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PZ; AGy
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Shim
offset:
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Gy AG,

3. Solve equation using PINV.

Pz, —1 26,
bz | AG
PZy —1 %

AG, ]
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Vo PZp -1

Labeling period

Workflow for using dynamic B, shimming in PCASL. (A) Step 1: Perform a TOF sequence to identify the optimal labeling

plane, positioning it at the middle of the V3 segment of the vertebral arteries. (B) Step 2: Conduct a 2D multi-slice GRE field mapping
sequence centered at the labeling plane, covering the labeling region, to map the field offset of the vessel voxels within this area. Note that the
field map’s FOV is assumed to cover the region where blood labeling occurs. (C) Step 3: Manually draw the vessel ROIs within the labeling
region using MATLAB R2023b (MathWorks, Natick, MA). Extract the field offset and corresponding coordinates of each voxel to formulate
the equation, then use MATLAB’s PINV function to calculate the required gradient offsets and global frequency offset. (D) Step 4: Input the
calculated values into the MRI console and run the PCASL with the static B, shimming volume matching that of the GRE field mapping
sequence, ultimately generating high-quality perfusion images. GRE, gradient echo; ROI, region of interest; TOF, time of flight.

flow-induced phase shifts. The main sequence parameters
were as follows: TE1=4.08ms, TE2=5.1 ms; number
of slices=5; FOV =220 x 220 mm?, TR=40ms; in plane
spatial resolution = 0.7 x 0.7 mm?; slice thickness =2 mm,
scan time=26s. To calibrate the transmit voltage for
the brain, a 3DREAM B, *-mapping sequence®® was per-
formed with the imaging volume including the whole
brain and the neck. The average voltage from the central
slice of the brain was then updated in the system. To miti-
gate the B;* drop-off at the labeling plane, the nominal flip
angle of the B;* pulse for labeling was adjusted by mul-
tiplying the target flip angle by a factor of Virain/Vvessels
where Vy,in represents the average voltage across the cen-
tral slice of the brain, and Vg represents the average
voltage across the labeled vessel voxels.

A previous study has demonstrated that off-resonance
compensation strategies can substantially improve unbal-
anced PCASL performance at 7 T.?! Whereas unbalanced
PCASL is less susceptible to off-resonance effects, it
introduces mismatched eddy currents between the label
and control conditions, potentially leading to artifacts.
Moreover, it is incompatible with vessel-encoded label-
ing, a technique we plan to employ in future research.

Consequently, we chose balanced PCASL for this study.
To evaluate the performance of the proposed dynamic
By shimming method for correcting B, inhomogeneity
in PCASL, whole-brain perfusion images using balanced
PCASL with existing correction methods (global fre-
quency offset correction,> OES-based'?) and without
correction were acquired at 7 T. A PCASL sequence with
a 2D GRE EPI readout was employed, utilizing a low-SAR
optimization.?? The labeling parameters were as fol-
lows: labeling RF pulse = variable-rate selective excitation
Hann-shaped pulse, RF duration=530ps, RF separa-
tion = 1060 ps, labeling duration = 1400 ms, target RF flip
angle =9.8° (with the nominal flip angle value on the
console adjusted to compensate for the B;* drop-off in the
neck, as described above), mean gradient (Gupean) = 0.20
mT/m, maximum gradient amplitude (Gpyax) = 5.5 mT/m,
post-labeling delay =1800ms. The aim of incorporating
variable-rate selective excitation was to further reduce SAR
while maintaining labeling efficiency.?*** The background
suppression pulses we used were nonselective hyper-
bolic secant inversion pulses. The pulse parameters were:
B;*max=20 pT, duration=10.24ms, =763.99rad/s
(giving an amplitude truncation of 4%), and p=7.06. The
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p value was optimized to maximize inversion efficiency
over a Byt variation of +50% and B, variation of +500 Hz.
The pulses were timed to null spins with T; =1000 and
2000 ms, 100 ms before the first readout using the for-
mula in Giinther et al.?® The EPI readout employed
the following parameters: FOV =220 220 mm?, voxel
size=3.4x3.4x5mm3 matrix size=64x64, flip
angle=90°, phase partial Fourier factor=6/8, no
in-plane acceleration, TE/TR =13.0/5200 ms, number of
slices=24, and bandwidth =2004 Hz/pixel. The mini-
mum TR for our protocol was 4300 ms, but we always
added 900 ms of dead time to each TR. This adjustment
ensured that we stayed within first-level SAR limits for all
subjects. For the conventional tag/control mode, a total of
41 images, including the M, image and alternating control
and tagging images, were acquired, with a total acquisition
time of 3:35min. Additionally, high-resolution PCASL
images were acquired across 24 axial slices, with a voxel
size of 2.0x2.0x4.0mm?3, TE/TR=13.0/6300ms, and
an in-plane GRAPPA?® acceleration factor of 2. Twenty
tag-control image pairs were collected in 4:32 min, without
M, acquisition. To enable distortion correction of the EPI
images before analysis, field maps covering the perfusion
imaging volume were acquired with a static shimming
setting matching that of the EPI readout (voxel size:
2.0x2.0x2.0mm?3, TR: 620ms, ATE: 1.02ms, acquisi-
tion time: 2:02 min). Additionally, T;-weighted structural
images using MPRAGE were acquired with a voxel size of
0.7 X 0.7 x 0.8 mm?3 to serve as an anatomical reference.

2.4 | Invivo data processing

In vivo data were analyzed with the combined use of
MATLAB R2023b (MathWorks, Natick, MA) and FMRIB
Software Library (FSL) (Oxford, UK).?” The vessel ROIs
were manually drawn on the magnitude image from the
field mapping sequence. The field offset of the vessel
voxels was calculated by Af = ”.AZ’TE, where ATE is the
TE difference and A¢ is the phase difference between
two echoes. A¢ was computed by taking the angle of a
magnitude-weighted complex sum across channels: A¢ =
£( XS - S5;), where Sy; and Sy; are the complex signals
from channel i for the first and second echo, respec-
tively, and * denotes the complex conjugate operator.
Given a ATE of 1.02ms, which resulted in an approx-
imate dynamic range of +490Hz, and considering that
the field offset of the vessel voxels was within the range
of approximately +200Hz, phase unwrapping was not
applied during the calculation of the field map for the ves-
sel voxels. However, in more extreme cases, if the By offset
is close to the boundary then phase unwrapping may still
be necessary.
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Preprocessing of T;-weighted images from MPRAGE
was performed using FSL’s fsl_anat tool, which included
bias correction, brain extraction, and tissue-type segmen-
tation. Whole-brain B, field maps for distortion correc-
tion were generated using FSL’s fsl prepare_fieldmap
tool. All PCASL raw images were motion-corrected using
FSL’s mcflirt?® tool, with the first (calibration) volume
image as a reference. Perfusion-weighted images were
generated by computing the difference between the tag
and corresponding control images, and then averag-
ing this difference across all repetitions. The software
OXASL*»3° (https://github.com/physimals/oxasl, version
0.2.2), which performs Bayesian analysis of ASL MRI
data, was used for further CBF quantification. Field maps,
preprocessed Ti-weighted images, and motion-corrected
PCASL images were provided as input to OXASL. ROIs
for white matter (WM) and gray matter (GM) in struc-
tural space were generated using FSL_anat. OXASL subse-
quently registered these ROIs into ASL space, resulting in
the ROIs in ASL space.

2.5 | Bloch simulation and statistical
analysis

We conducted a Bloch simulation to determine the thick-
ness of the labeling region in PCASL using low SAR param-
eters for this study. The simulation was performed using
MATLAB R2023b (MathWorks) code, which is available
at https://github.com/tomokell/bloch_sim,* with param-
eters matching those used for in vivo acquisitions. To sim-
plify the interpretation of the labeling region, we assumed
T, =T, = oo for this simulation. Regional CBF values were
calculated within the defined ROIs. Paired ¢-tests were per-
formed to compare quantitative CBF values obtained from
PCASL scans with various correction methods. A value of
D <0.05 was considered statistically significant. All data
were reported as mean + SD.

3 | RESULTS

To compare the effects of two different static By shim-
ming settings on field homogeneity during the labeling
and imaging periods of PCASL, field mapping scans at the
labeling plane and whole brain PCASL scans were per-
formed on the healthy subjects. Figure 3A illustrates two
different static By shimming setups, one with the shim-
ming optimized only for the imaging volume, whereas the
other was optimized for the entire imaging volume with
an extended bottom edge to include the labeling plane.
Field maps of the labeling plane (Figure 3B) showed a
slightly larger field offset when shimming was restricted
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Comparison of two static By shimming strategies for PCASL. (A) Spatial coverage of static shimming regions illustrated for

two approaches: Imaging volume only (upper panel) and combined imaging volume plus labeling plane (lower panel). (B) Representative B,

field maps acquired at the labeling plane under both shimming conditions. Note that substantial B, inhomogeneity remains within the

labeling plane even when this plane is included in the shimming optimization. (C) Assessment of EPI geometric distortion using MPRAGE

structural reference (yellow contour) overlaid on PCASL-EPI brain images (grayscale). The comparison demonstrates reduced geometric

distortion and improved B, homogeneity when shimming is optimized for the imaging volume alone rather than including the labeling plane.

to the imaging volume compared to the combined imag-
ing and labeling plane shimming. This indicates that
static By shimming that covers both regions is better
for the labeling process of PCASL, although considerable
off-resonance remains. Figure 3C shows a representative
slice acquired using PCASL-EPI with the two different
static shimming settings, superimposed with the outline
of a structural image obtained with MPRAGE. The EPI
images from the shimming setting that covers only the
imaging region show less distortion, indicating the typi-
cal shimming approach for PCASL at 7T that covers both
the imaging region and labeling plane is suboptimal for
the imaging readout and background suppression. Conse-
quently, the shimming setup that covers only the imaging
volume was used in subsequent PCASL experiments with
the dynamic B, shimming correction method.

In PCASL literature, labeling plane is often used inter-
changeably with labeling region, even though the labeling
region encompasses a larger volume around the plane
where the blood is labeled. To avoid confusion in this
study, we strictly define the labeling region as the area

where blood undergoes longitudinal magnetization inver-
sion, transitioning from a positive threshold value to a
negative threshold value; and the labeling plane as the
center of the defined labeling region. Note that whereas
the labeling plane has a precise position, the boundaries
of the labeling region are not explicitly defined in exist-
ing literature. Additionally, the thickness of the labeling
region is influenced by the specific labeling parameters
used. Figure 4A illustrates the spatial relationship between
the labeling region and the labeling plane of PCASL,
along with the four main brain-feeding arteries labeled
within the labeling plane (Figure 4B). Figure 4C depicts
the simulated evolution of the longitudinal magnetization
during the PCASL labeling process using our low SAR
parameters. In this study, +70% thresholds of equilibrium
magnetization were used to define the labeling region’s
boundaries, which resulted in a labeling region approx-
imately 10 mm thick. 2D and 3D dynamic By, shimming
ROIs were chosen on the vessels within the 2D region (i.e.,
one slice with 2-mm slice thickness) and 3D region (i.e.,
five slices with 2-mm slice thickness each) centered at the
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(A) Coronal TOF MIP showing the labeling region (green) where flow-driven pseudo-adiabatic inversion occurs in PCASL.

The central labeling plane (red dashed line) bisects this region. (B) Axial TOF image at the labeling plane depicting the four major
brain-feeding arteries: RICA, LICA, RVA, and LVA marked with colored circles. (C) Simulation of Mz evolution during PCASL labeling. The
labeling region boundaries (approximately 10 mm thickness) were defined using a + 70% threshold criterion. For simulation clarity, T and T,

relaxation effects were excluded. (D, E) Off-resonance frequency distributions in vessel voxels from a representative subject, comparing three

B, field conditions: Baseline, after global frequency offset correction, and following 2D and 3D dynamic B, shimming, (D) Frequency
distributions measured at the single labeling plane slice (2D region). (E) Frequency distributions across the extended labeling region (five
consecutive slices centered at the labeling plane, 3D region), demonstrating better B, homogeneity achieved with 3D dynamic shimming.

LICA, left internal carotid arteries; LVA, left vertebral arteries; MIP, maximum intensity projection; Mz, longitudinal magnetization; RICA,

right internal carotid arteries; RVA, right vertebral arteries.

labeling plane, respectively. The average number of ves-
sel voxels within the ROIs for each slice is approximately
80+ 5. Figure 4D,E show histograms depicting the field
offset distribution of the target vessel voxels within the
2D and 3D regions, respectively, before and after correc-
tion using global frequency offset, 2D, and 3D dynamic
By shimming methods. Note that the corrected field offset
values were based on simulated data, not actual mea-
surements. The histograms clearly demonstrate large field

offsets before correction. Whereas all methods successfully
reduced off-resonance, 3D dynamic B, shimming exhib-
ited a narrower distribution of field offsets centered around
0Hz (the target field offset) in the histogram, indicating
improved field homogeneity and more effective shimming.

Figure 5 compares perfusion-weighted images from
a volunteer obtained using PCASL without and with
different off-resonance correction methods. The images
were pair-wise subtracted and averaged following rigid
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FIGURE 5

Comparison of whole-brain perfusion-weighted images acquired using PCASL with different off-resonance correction

strategies: Uncorrected baseline, global frequency offset correction, OES-based correction, and 2D/3D dynamic B, shimming. Severe

perfusion signal dropout (red arrows) is observed in the posterior cerebral circulation territories in the uncorrected images. All correction

methods improve perfusion signal recovery, with varying degrees of effectiveness (yellow arrows highlight regional differences), giving
high-quality perfusion images despite the short scan time (3.5 min). OES, optimized encoding scheme.

registration, with no further masking or postprocessing
applied. In the uncorrected acquisition, significant per-
fusion signal loss (indicated by red arrows) is evident
in the posterior cerebral circulation due to off-resonance
of the feeding arteries in the labeling region. The sig-
nal loss was substantially recovered in all scans after

applying various correction methods: global frequency
offset, OES-based, and both 2D and 3D dynamic B,
shimming for off-resonance correction. However, certain
brain regions still exhibit lower signal intensity with the
global frequency offset method compared to other cor-
rection methods (highlighted by yellow arrows). Notably,
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2D Dynamic B, Shimming

FIGURE 6

Comparison of whole-brain perfusion-weighted images obtained from the same subject (previously shown in Figure 5)

using PCASL with 2D and 3D dynamic By shimming approaches in a different scan. The 3D dynamic By shimming technique yielded

improved perfusion signal in the posterior circulation territories (red arrows), demonstrating its superior performance over the 2D approach.

OES-based and 2D dynamic By shimming yielded compa-
rable signal intensity, whereas 3D dynamic By shimming
achieved the highest signal intensity across all regions in
this subject.

To highlight the improved performance of the 3D
dynamic By, shimming method over the 2D method,
Figure 6 compared perfusion-weighted images using
PCASL with both methods in a follow-up scan of
the same subject presented in Figure 5. Both methods
produced high-quality whole-brain perfusion-weighted
images. However, the 3D shimming method yielded an
improved perfusion signal in the posterior circulation,
as indicated by the red arrows. It can be inferred that
the vertebral arteries exhibit better field homogeneity
after the 3D dynamic B, shimming compared to the
2D method.

Figure 7 compares the quantitative CBF values within
the whole brain, WM, and GM regions across different cor-
rection methods in six volunteers. The results indicate that

each method produces significantly improved perfusion
values for the different brain regions. For the whole brain,
the 3D dynamic By shimming method yields the high-
est perfusion value of 33.9+3mL/100g/min, followed
by the 2D dynamic B, shimming and global offset meth-
ods, providing 31.5+3.2 and 29.9+2.6 mL/100 g/min,
respectively. The OES-based method provides the low-
est value of 29.8+3.5mL/100g/min. In GM, the 3D
and 2D dynamic By shimming methods show the
highest and second highest values of 42.9+6.7 and
40.5+7.9mL/100 g/min, respectively, whereas the global
offset and OES-based methods yield similar but lower
values of 38.2+7.1 and 38.2 + 6.5 mL/100 g/min, respec-
tively. In WM, all four methods show a consistent pattern
of 23.7+6.4mL/100g/min, 20.3+5.4mL/100g/min,
19.8+5.3mL/100g/min, and 18.4+6.8mL/100g/min.
This consistent pattern suggests that the 3D dynamic By
shimming method provides the best off-resonance cor-
rection and highest labeling efficiency, which results in
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FIGURE 7

Quantitative comparison of CBF values across different off-resonance correction methods. Region-specific CBF

measurements in six healthy volunteers comparing baseline (no correction) with four B, correction approaches: Global frequency offset,

OES-based, 2D dynamic B, shimming, and 3D dynamic B, shimming. Analysis is shown for: (A) whole brain, (B) GM, and (C) WM regions.
(p-values are indicated by stars: *p < 0.05, **p < 0.001). CBF, cerebral blood flow.

higher perfusion values compared to the global offset,
OES-based, and 2D dynamic By shimming methods.

To demonstrate the benefits of the improved SNR from
7T UHF-PCASL, higher spatial resolution images were
also acquired. Figure 8 demonstrates the ability of PCASL
with the 3D dynamic B, shimming method at 7T to
acquire high-resolution perfusion maps. Data from a rep-
resentative subject is shown. The high-resolution maps
provide finer anatomic details with a voxel size of 2.0
x 2.0 x4mm?3 but at the cost of lower SNR compared to
the low-resolution reference maps with a voxel size of 3.4
x 3.4 x 5mm3. This comparison highlights the potential
of PCASL at 7T for a more detailed investigation of CBF
patterns in less than 5 min of scan time.

4 | DISCUSSION

PCASL is recognized as the most preferred noninvasive
perfusion technique among ASL variants at 3T.32735 It
employs a series of repeated low tip-angle RF pulses
for tagging, which are feasible to implement on modern
clinical MRI scanners, unlike the continuous RF pulses
required for CASL, while also significantly mitigating

magnetization transfer effects.*3¢37 Compared to 3T,
PCASL at 7T can provide an increase in SNR but in prac-
tice often exhibits a significant loss of perfusion signal due
to off-resonance issues within the labeling region posi-
tioned far from the isocenter. To address this challenge, our
study introduces a novel dynamic By shimming method
aimed at enhancing B, field homogeneity, thereby improv-
ing the efficiency of arterial blood labeling.

Dynamic By shimming is also known as temporal
control of the By shim fields or real-time By, shimming,
which was initially developed to improve 2D multi-slice
MRI by customizing optimal shim settings for individual
slices instead of settling for a global compromise.3*3° This
method was further used for addressing time-varying By
fluctuations caused by physiological processes such as res-
piration,*~#? where the shim fields need to be updated
in sync with the respiratory cycle. However, the proposed
dynamic By shimming in this study only requires switch-
ing the shim settings between the labeling and nonlabeling
periods in the PCASL sequence. Because standard gradi-
ent coils in MRI systems serve dual roles in imaging and
shimming, linear dynamic By shimming can be achieved
by directly adjusting the gradient amplitudes, creating
effects equivalent to modifying shim settings. However,
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FIGURE 8

this gradient-based shimming approach is limited to cor-
recting only the linear components of field inhomogeneity
through gradient offset adjustments. After linear shim-
ming, two types of field imperfections typically remain:
a global frequency offset and nonlinear field inhomo-
geneities. To compensate for the global frequency offset,
we added an additional phase term to the PCASL RF
pulses, addressing the additional off-resonance-induced
phase buildup between successive pulses. Whereas we
found this approach to be effective in the experiments
performed for this study, it does not account for the
actual labeling plane being shifted by -2xAf /(yGax). For
instance, with a 200 Hz offset (Af) and a maximum gra-
dient (Gpax) of 5.5 mT/m in the low SAR protocol, the
labeling plane would shift by approximately 5mm. An
ideal approach to compensate for the global frequency
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Demonstration of the capability of PCASL with 3D dynamic B, shimming at 7 T to achieve high spatial resolution

(2.0 2.0 X 4.0 mm?) relative CBF maps, compared with low spatial resolution (3.4 x 3.4 x 5.0 mm?) maps from a representative subject. The
enhanced resolution enables improved visualization of fine-scale CBF patterns. (The perfusion measurements are shown as relative values
without units due to the absence of M, calibration).

offset involves adjusting the central frequency (also known
as the zero-order shimming parameter) during the labeling
period by directly adding the Af value to the central fre-
quency. This targeted central frequency adjustment would
eliminate the need to modify the RF pulse phase and avoid
the undesired labeling plane shift.

In this study, the labeling plane was chosen in the neck,
where the four main brain-feeding arteries are located.
Within this region, the arteries are relatively straight, and
their geometry is simple. In such cases, the field inhomo-
geneity within the vessels can be well corrected by the
linear terms using our targeted approach, with negligi-
ble contributions from nonlinear terms. However, PCASL
and vessel-encoded PCASL* sometimes require placing
the labeling plane above the circle of Willis, a region
rich in intricate vascular structures.** Unfortunately, this
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proximity to the air-filled sinuses in the anterior of the
brain significantly worsens field inhomogeneity. This, cou-
pled with the need to label more vessels in this area, exac-
erbates the higher-order field inhomogeneity within the
target region, posing a substantial challenge for B, shim-
ming when only linear terms are used. Consequently, the
proposed dynamic B, shimming using the linear gradient
would be unlikely to effectively address field inhomo-
geneity with significant nonlinear components. To address
this, higher-order spherical harmonic shimming coils may
be employed.*> However, dynamic shimming with these
coils requires careful monitoring and compensation for the
eddy currents induced by shim coil switching, a process
not typically performed for second-order or higher-order
shim coils on modern clinical scanners.*® Meanwhile, an
integrated RF/shim coil array, which shapes the By field
by independently adjusting the direct current, can also
be employed for dynamic B, shimming in PCASL.4"4
These arrays can be used separately or in combination with
regular shimming coils.

It is valuable to compare our proposed dynamic By
shimming method with others. Statistical analysis of the
perfusion data in this study revealed that our 3D shim-
ming method yielded a significantly higher perfusion sig-
nal than all the other evaluated methods. The 2D shim-
ming method produces higher CBF than the OES-based
and global frequency correction methods, although this
difference is not statistically significant. In terms of
sequence implementation, our proposed method preserves
the sequence structure, making it simpler to integrate.
The principles of 2D dynamic By, shimming are the-
oretically similar to existing 2D methods, such as the
OES-based!® method and OptPCASL,'* which apply gra-
dient blips between PCASL RF pulses to correct the linear
component of in-plane field inhomogeneity. However, our
dynamic B, shimming also incorporates gradients along
the z-axis, allowing it to address through-plane B, varia-
tions, a feature unavailable in most other methods. Instead
of relying on a simple shimming approach that extends the
static shimming region to the edge of the labeling area,
a different strategy could be applied to shim the labeling
and imaging regions separately. This method represents
another type of dynamic B, shimming. However, it targets
the entire labeling region, which includes static tissues,
rather than focusing solely on the vessel voxels within,
imposing greater constraints on the optimization process.

It is important to mention that B;* inhomogeneity is
another significant challenge for 7T PCASL because it
greatly affects labeling efficiency. B;* varies with head
size and positioning, exhibiting a rapid drop into the neck
when using a head transmit coil at 7T, along with dif-
ferent B;* distributions at the feeding arteries for each
subject.* In our study, we attempted to mitigate the B;*

drop by increasing the RF flip angle by a certain fac-
tor. However, this approach did not address the in-plane
B;* inhomogeneity across the labeled feeding arteries and
may lead to variations in the labeling efficiency. Future
studies could improve B;* amplitude and its field homo-
geneity in the labeling plane by employing RF shimming
with parallel transmission techniques or utilizing a ded-
icated labeling RF coil to enhance labeling efficiency at
7T.50-53 1t is also worth noting that the GRE EPI read-
out used in this study may not be well optimized for 7 T
imaging because distortions and signal dropouts can be
observed in the EPI images. To improve image quality,
dynamic By shimming with optimal shimming parame-
ters for each slice can be employed during the readout
period. Additionally, non-EPI readout methods such as
turbo-FLASH!! can be utilized to improve image qual-
ity. Because the proposed dynamic By shimming method
applies the gradient exclusively during the labeling period,
it affects the labeling efficiency independently of the sub-
sequent image readout. This generalized approach can be
applied across any available readout methods and PCASL
variants, including standard PCASL (both unbalanced and
balanced) and vessel-encoded PCASL. Whereas dynamic
By shimming may have a smaller impact in PCASL set-
tings that are less sensitive to B, inhomogeneities, it still
plays a significant role in reducing intersubject variabil-
ity. Parameters that are less sensitive to By can only par-
tially mitigate By inhomogeneities and may lose effec-
tiveness when the field offset becomes large.21 Moreover,
more By-robust settings often involve tradeoffs, such as
increased SAR and reduced SNR efficiency. Notably, a
pulsed gradient approach, which applies gradient blips
between RF pulses, can serve as an alternative to constant
gradients in dynamic By shimming to mitigate off-resonant
phase accrual. However, this method does not address
the off-resonance effects that occur during the PCASL RF
pulses themselves.

The manual steps required in the current implemen-
tation of PCASL with dynamic B, shimming limit its
clinical feasibility. The workflow relies heavily on oper-
ator intervention, from aligning By, shimming regions
between field mapping and PCASL scans to selecting ROIs
for feeding arteries and calculating shimming parame-
ters offline. These manual processes not only increase the
potential for errors but also extend scan duration, making
the technique impractical for standard clinical protocols.
To address these limitations, the field mapping sequence
can be directly integrated into the PCASL scan as an auto-
mated pre-scan step. Additionally, an automated process
for selecting the labeling plane, defining vessel ROIs such
as using artificial intelligence-based methods, and cal-
culating dynamic By shimming automatically should be
developed and deployed directly on the scanner console.
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These integrated features would substantially streamline
the PCASL workflow with dynamic B, shimming, enhanc-
ing operational efficiency and user accessibility, thereby
facilitating broader clinical adoption. In this study, we
evaluated our method on healthy young volunteers. How-
ever, in clinical scenarios involving pathology or aging
populations, vessel narrowing may reduce the available
voxel count within the vessels. This reduction can make
the calculation of the linear shimming term more sus-
ceptible to noise and flow-related artifacts, potentially
compromising accuracy. To address challenges associated
with limited vessel voxels, we propose expanding the ROIs
to encompass both the vessel and surrounding static tis-
sue, leveraging the inherently smooth characteristics of
field maps. Future studies will systematically evaluate the
efficacy of this approach.

5 | CONCLUSION

Our study presents a novel dynamic By, shimming
approach that significantly enhances PCASL performance
at 7 T. This method effectively addresses both in-plane and
through-plane B, variations within the labeling region.
Importantly, our approach specifically targets By homo-
geneity within the vessels of interest within the labeling
region, rather than the entire labeling area, allowing for
more precise optimization compared to conventional
whole-region dynamic shimming approaches. Overall,
this rapid and focused B, shimming strategy significantly
improves the robustness and effectiveness of PCASL,
unlocking the inherent advantages of 7T ASL high sen-
sitivity and spatial resolution for enhanced perfusion
imaging.
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