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Abstract

7 T arterial spin labeling (ASL) faces major challenges including the increased specific absorption
rate (SAR) and increased By and B4 inhomogeneity. This work describes the design and
implementation of a dual-coil system that allows for continuous ASL (CASL) at 7 T. This system
consisted of an actively detunable eight-channel transceiver head coil, and a three-channel
transceiver labeling coil. Four experiments were performed in 5 healthy subjects: (i) to
demonstrate that active detuning during ASL labeling reduces magnetization transfer; (ii) to
measure the Bq profile at the labeling plane; (iii) to quantify B off-resonance at the labeling
plane; and (iv) to collect /n vivo CASL data. The magnetization transfer ratio in the head coil was
reduced to 0.0 £ 0.2% by active detuning during labeling. The measured B4 profiles in all 5
subjects were sufficient to satisfy the flow-driven adiabatic inversion necessary for CASL,
however the actual labeling efficiency was significantly impacted by By off-resonance at the
labeling plane. The measured CASL percent signal change in gray matter (0.94% + 0.10%)
corresponds with the low labeling efficiency predicted by the By off-resonance. This work
demonstrates progress in the technical implementation of 7 T CASL, and reinforces the need for
improved By homogeneity at the labeling plane.
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Introduction

Acrterial spin labeling (ASL) has been used for non-invasive perfusion measurements with
magnetic resonance imaging (MRI) for over two decades (Detre et al., 1992, Williams et al.,
1992, Brown et al., 2007). The two main categories of ASL are (i) continuous or pseudo-
continuous ASL (CASL and pCASL, respectively) (Detre et al., 1992, Williams et al., 1992,
Maccotta et al., 1997, Alsop and Detre 1996, Detre and Alsop 1999, Dai et al., 2008, Jung et
al., 2010, Wu et al., 2007), (ii) and pulsed ASL (PASL) (Edelman et al., 1994, Kim 1995,
Kwong et al., 1995, Schwarzbauer et al., 1996, Wong et al., 1998). The underlying principles
of these two techniques are the same: (1) a nominally diffusible endogenous tracer is
generated by magnetically labeling in-flowing protons in arterial blood, and (2) the labeled
blood flows into the tissue of interest. The resulting MR signal difference between an image
collected with this magnetic labeling and a control image, collected in the absence of
labeling, is directly proportional to the perfusion, and ultimately tissue function.

Magnetic labeling in ASL is typically achieved by inverting the equilibrium magnetization
of arterial blood, either by applying large-slab 180° inversion pulses in PASL (Edelman et
al., 1994, Kim 1995, Kwong et al., 1995, Schwarzbauer et al., 1996, Wong et al., 1998,
Jahng et al., 2003), or via flow-driven adiabatic inversion in CASL (Dixon et al., 1986, Detre
and Alsop 1999, Wu et al., 2007). Continuous flow-driven adiabatic inversion is generated in
pCASL using a series of phase-corrected excitations. The half-life of the ASL tracer is
proportional to the T recovery rate of arterial blood magnetization. As demonstrated in
animal models by Franke et al. (Franke et al., 2000) and Lu et a/. (Lu et al., 2010), higher
magnetic field will improve the overall quality of ASL perfusion measurements owing to the
increased T, relaxation time (Dobre et al., 2007, Edelstein et al., 1986, Vaughan et al., 2001,
Gonen et al., 2001), and increased MR signal (Gonen et al., 2001, Edelstein et al., 1986,
Vaughan et al., 2001). The T, of arterial blood increases from roughly 1600 ms at 3 T to
nearly 2100 ms at 7 T (Dobre et al., 2007). These complementary benefits suggest that the
ASL signal increases supralinearly with increasing magnetic field strength (Franke et al.,
2000). Expanding upon simulations by Wang et a/. (Wang et al., 2002), assuming arterial
blood T1 of 2068 ms (Dobre et al., 2007), a tissue T« of 28 ms at 7 T (Govindarajan et al.,
2015), and an expected CBF of 55 mL/100 g/min (Chen et al., 2011), the expected percent
signal difference for CASL and pCASL increases from 1.4% at 3 T to 2.4% at 7 T, for the
85% labeling efficiency expected in CASL (Figure 1a). The increased ASL signal at 7 T
potentially allows for reduced partial volume confounds such as white matter contamination
(Hall et al., 2009), or more accurately measuring blood flow in weakly perfused tissues, such
as skeletal muscle at rest (Raitakari et al., 1996) and cerebral white matter (van Gelderen et
al., 2008, Gardener and Jezzard 2015). With the increased availability of 7 T human
systems, ASL may ultimately prove to be an ideal application to benefit from ultra-high field
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(UHF). However, there are many challenges that must be addressed before these benefits can
be realized.

Preliminary work on /n vivo CASL at 7 T showed promise of the expected benefits of ASL
at UHF (Talagala et al., 2008, Wang et al., 2008), however the temporal signal-to-noise ratio
(tSNR) measured at 7 T did not compare favorably with data from 3 T. Similarly, work by
Gardener et al. (Gardener et al., 2009), which involved PASL labeling schemes, highlighted
the limitations of both By and B inhomogeneity, and their negative impact on labeling
efficiency. Recently, Gardener et al. (Gardener and Jezzard 2015) have had success using 7 T
PASL for WM perfusion. Ghariq et al. (Ghariq et al., 2012) and Luh et a/. (Luh et al., 2013)
have reported /n vivoresults using pCASL at 7 T. These studies illustrate the sensitivity of
pCASL to off-resonance at the labeling plane and the limitations of increased specific
absorption rate (SAR) at higher fields. Another recent 7 T study by Wang et a/. focused on
combining pCASL with a turbo Fast Low Angle Shot (FLASH) (Frahm et al., 1986) readout
(Zuo et al., 2013, Wang et al., 2015), along with accelerated simultaneous multi-slice
acquisition strategies (Wang et al., 2015). While this readout technique shows promise for
reducing image distortion and allowing for more consistent post-label delay times across the
whole brain, the pCASL labeling duration is still subject to the same SAR limitations
mentioned above.

The first major hurdle for ASL at 7 T is SAR deposition, which increases with the square of
Bg (Collins and Smith 2001). This SAR restriction is particularly challenging given that the
optimal inversion bolus length also increases at higher field strengths (Lu et al., 2010). One
consequence of higher SAR is an increase in the minimum allowed repetition time (TR)
(Teeuwisse et al., 2010). However, despite the higher SAR burden with continuous ASL
methods (Wang et al., 2002), CASL approaches would be preferred over PASL techniques
for realizing the benefits of UHF (Teeuwisse et al., 2010) as CASL techniques can create an
arbitrarily long bolus (SAR notwithstanding) that is not limited by the physical coverage of
the radiofrequency (RF) coil (Teeuwisse et al., 2010).

Standard CASL has the advantage of lower SAR than pCASL owing to a lower peak By
power (Ghariq et al., 2012, Dai et al., 2008), despite the gaps between RF pulses in the
pCASL labeling train (Luh et al., 2013). Previously, amplitude modulation of the control
scheme has been introduced to mitigate magnetization transfer (MT) effects, thereby
allowing for full-brain coverage with multi-slice CASL at the expense of reducing the
overall labeling efficiency (Alsop and Detre 1998, Wang et al., 2005). The use of a separate
labeling coil system allows for active decoupling of the head coil during RF transmission
with the labeling coil (Talagala et al., 2004). Detuning of the head coil can eliminate MT
effects in the brain during labeling, thereby removing the need for any MT matching (via RF
transmission) during the unlabeled control scans (Teeuwisse et al., 2010). In addition to
providing a 50% reduction in total SAR as compared to labeling schemes with an active
control scan, excluding the control RF also allows for multi-slice CASL with equal labeling
efficiency as pCASL (Alsop and Detre 1998).

A second obstacle that must be overcome before ASL can be realized at 7 T is the
optimization of labeling efficiency, which is impacted by both By (Luh et al., 2013, Wong
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2007) and B4 inhomogeneity (Teeuwisse et al., 2010). Figure 1b demonstrates the negative
impact of By off-resonance on labeling efficiency by expanding upon simulations by
Maccotta et al. (Maccotta et al., 1997). Even in the absence of By inhomogeneity, labeling
efficiency is heavily dependent on the quality of the By profile at the labeling plane
(Teeuwisse et al., 2010). Given the sub-optimal B4 profile of many 7 T head coils at the level
of the extracranial carotid and vertebral arteries (Teeuwisse et al., 2010), one way to improve
the B, at the labeling plane is to employ a separate labeling RF coil (Dixon et al., 1986,
Silva et al., 1995, Talagala et al., 2004, Zaharchuk et al., 1999, Trampel et al., 2002, Wang et
al., 2008, Hetzer et al., 2009). Unlike the 3 T labeling coil designed by Hetzer et al. (Hetzer
et al., 2009), many of these previous implementations of external labeling coils did not
include receive capabilities (Dixon et al., 1986, Silva et al., 1995, Talagala et al., 2004,
Zaharchuk et al., 1999, Trampel et al., 2002), and rather rely on signal detection with the
vendor-supplied body coil, or nearby pick-up coils. Because many 7 T systems lack a body
coil, the use of transmit-only labeling coils could preclude an accurate measurement of the
actual B at the labeling plane due to a lack of optimal receive sensitivity of the head coil.

The research presented here describes the design and implementation of dual-coil hardware
to allow CASL at 7 T. The system includes a detunable 8-channel transmit/receive (Tx/RXx)
head coil to allow for control schemes that do not require MT matching via RF deposition
with CASL, combined with a 3-channel transceiver labeling coil that also allows for
accurate measurement of the B4 profile at the labeling plane. The goal of this study was to
develop and assess the utility of dual-coil system for CASL at 7 T.

Materials and Methods

System Design

Several combinations of labeling coils were tested prior to selection of the final design.
These iterations included variations using two and three-channel labeling coils (a subset of
these experiments have been presented previously (Stafford et al., 2012), but is excluded
from the present work for brevity). During this initial design phase, our results suggested
that two-coil variants placed near the carotids lacked sufficient B, penetration to reach the
vertebral arteries, thus necessitating a third posterior coil (Stafford et al., 2012). Similarly,
smaller labeling coil elements were found to produce inhomogeneous fields at the depths
required for labeling of the carotid and/or the vertebral arteries, thus prompting the use of
surface coils with slightly larger area (Woo et al., 2012).

The final coil design consisted of two separate transceiver coil arrays: (i) an actively
detunable eight-channel head coil, and a three-channel labeling coil. The head coil channel
elements were designed with an etched-pattern printed circuit board and constructed on an
elliptical acrylic case (21 cm and 26 cm for the x-axis and y-axis, respectively). The eight-
channel head coil was mounted on the rails of an acrylic half-pipe track, allowing the coil
position to be adjusted in the superior-inferior direction. Each of the eight rectangular coils
(10 cm wide x 20 cm long) was mounted on the acrylic case with a 45° phase shift relative
to its nearest neighbors. The three channel elements of the labeling coil were printed with a
square shape (10 cm x 10 cm), and mounted on ergonomic curved surfaces: acrylic for the
posterior coil mounted under the original half-pipe track, and Lexan (SABIC Innovative
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Plastics, Riyadh, Saudi Arabia) for the remaining coils, which were mounted on an MR-
compatible neck brace (Stifneck by Laerdal Medical, Wappingers Falls, NY). The phase
separation for the three labeling coils was 120°.

The lumped-element equivalent circuit diagram of the head coil with the active detuning
circuit is shown in Fig. 2. The eight head coil elements were integrated with seven capacitors
for tuning and three capacitors for matching. The capacitance for each of the tuning and
matching components is indicated in Fig. 2. Each coil element was isolated by a capacitive
decoupling circuit; the corresponding S, value between adjacent coils was kept under —15
dB. The three labeling coil elements were tuned with three capacitors (2.7 pF-3.0 pF) and a
matching network. The distance between each of the labeling coils was sufficiently large that
additional decoupling was not needed. Each head and labeling coil was tuned to 297.2 MHz
with standard human loading.

A TTL pulse was generated by the pulse sequence to control routing of RF power to either
the labeling or head coils via an external RF switch. The same RF switch was used to control
the PIN diodes used for the direct current bias detuning circuitry in the head coil. A network
analyzer (Agilent 4395A, Agilent Technologies, Santa Clara, CA) was used for recording
the detuning while the head coil was loaded with a human head. The detuned level of the
head coil was regulated under —34dB as determined by a pickup probe

A custom interface controller box included 8-channel and 3-channel transmit/receive
controllers for head imaging and labeling, respectively. The TTL switch was responsible for
routing the power from the vendor-supplied RF amplifier to either the head or labeling coils.
The transmit power was equally divided by a 2-way divider which routed power to two
separate 4-way dividers for the 8-channel transmit/receive controller. The 3-channel
transmit/receive controller consisted of a simple 3-way divider. Divided power was then
transmitted to each channel of the head and labeling coils via transmit/receive switch
circuits, respectively.

A computational electromagnetic simulation was performed using a commercial finite
difference time domain (xFDTD; REMCOM, State College, PA) for simulating the expected
RF transmit (B1+) in the 3-channel labeling coil. The simulated position of the labeling coil
with the head mesh model in XFDTD is shown in Fig. 3. All the geometries were modeled
using the high-fidelity head model, which includes the shoulders with 2 x 2 x 2 mm3
resolution. Each channel of the labeling coil was driven by 3 sources with identical
amplitude and a 120° phase shift between channels. The 120° phase difference of active
voltage ports generated a uniform birdcage-like mode for the 3-channel labeling coil.

In Vivo Experiments

All procedures performed in studies involving human participants were in accordance with
the ethical standards of the University of Pennsylvania and the National Institutes of Health.
All equipment and pulse sequences were approved by the University of Pennsylvania
Internal Review Board prior to /n7 vivo use. Coil approval was based on the ASTM
International standard (International 2011). Informed written consent was obtained from all
individual participants prior to their inclusion in this study. Data were acquired from five
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healthy volunteers (3 F, median age 26 + 3.3 years) on a Siemens Magnetom 7 T scanner
(Siemens Healthcare, Erlangen, Germany).

The labeling coils were centered over the hinge of the jaw bilaterally and at the back of the
neck, while the head was centered in the head coil volume. Following localizer acquisitions,
a 10-slice axial 2D FLASH data set was acquired with the labeling coil to identify the
optimal labeling plane as having the carotid and vertebral arteries running parallel to the B
field. The FLASH acquisition parameters were: TR/TE/flip angle 6.4 ms/2.8 ms/25°
acquired with a 30-cm field-of-view (FOV), a 5-mm slice thickness and a 256 x 256
acquisition matrix.

To demonstrate the elimination of MT effects from active decoupling of the head coil during
labeling, image data were acquired using single-slice echo-planar imaging (EPI) with a
4500-ms TR, 18-ms TE, and a 45° flip angle with varying labeling conditions. The EPI slice
thickness was 3-mm, the FOV was 22-cm, and acquisition matrix was 128 x128. Ten images
were acquired (five pairs with alternating RF power on and off) with labeling gradient values
of: 0.25, 0.50, 0.75, 1.00, 1.25, 1.50, 2.00, 2.50 and 3.00 mT/m. In order to eliminate any
perfusion confounds from the experiment, the resonant frequency of the RF was tuned to a
plane distal to the imaging slice. Off-resonance pulses were applied during a 2000-ms
control RF train (consisting of 50-ms square pulses with a 99% duty cycle and 40-\olt
reference voltage) at a frequency offset corresponding to 10-cm superior to the imaging
plane, followed by 100 ms of post-control delay. The resulting images from the 9 labeling
gradient data sets were aligned using affine registration using SPM12 (Wellcome Trust
Centre for Neuroimaging, UCL, London, UK) prior to calculating the magnetization transfer
ratio (MTR) (Dousset et al., 1992). A large region-of-interest (ROI) was drawn over the
slice, excluding areas of large susceptibility artifact and cerebrospinal fluid (CSF) for
analysis (Figure 5a).

The B profile was measured using the dual-TR gradient-recalled echo (GRE) actual flip-
angle imaging (AFI) method (Yarnykh 2007). Prior to the B1-mapping acquisition, standard
vendor-supplied By phasemap high order shimming was performed on the brain volume
using the head coil Tx/Rx only, thus ensuring an accurate representation of the true By field
at the level of the labeling plane during subsequent CASL experiments. The acquisition
parameters for the 2D AFI sequence were as follows: 80-ms long TR (TRI), 20-ms short TR
(TRs), 10-ms TE, 30° flip angle, 16 slices centered around the chosen labeling plane, a 2D
acquisition matrix of 128 x 128, a 2-mm slice thickness, and a 25.6-cm FOV. B1 maps were
generated from the ratio of the images collected with the short and long TR according to
Equation 6 given by Yarnykh (Yarnykh 2007). Regions of interest were drawn over the left
and right internal carotid arteries (LICA and RICA) and the left and right vertebral arteries
(LVA and RVA) from the short-TR image for each participant; labeling efficiency was
estimated from each vessel based on simulations by Maccotta et a/. (Maccotta et al., 1997),
and using nominal mean blood flow velocities reported in MacDonald et al. (MacDonald
and Frayne 2015).

Bo mapping was also performed to determine the extent of off-resonance in the labeling
plane. The same high-order shim parameters from the head coil that were used in the B1-
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mapping acquisition were applied for the By-mapping acquisition, thus ensuring worst-case
scenario for the Bg profile at labeling plane. A coronal 2D dual-echo GRE By-mapping
sequence was acquired across the neck in each participant (Yeo et al., 2007). Sequence
parameters for the Bg-mapping acquisition were as follows: 800-ms TR, 10-ms short echo
time (TEs), 11.02-ms long echo time (TEI), 45° flip angle, 30 slices centered on the neck, a
25-cm FOV at 128 x 128, and a 5-mm slice thickness. Similar to the B1-mapping procedure,
regions of interest were drawn over the left and right internal carotid arteries and the left and
right vertebral arteries from the short-TE image for each participant. The measured off-
resonance was then incorporated into the labeling efficiency calculations for comparison.

Perfusion imaging experiments were performed using CASL acquisitions with 30 label/
control pairs (60 alternating label and control images). The CASL labeling duration was
initially set at 2000 ms (consisting of 50-ms square pulses with a 99% duty cycle and 40-
\olt reference voltage), with a 1250-ms post-label delay. The labeling gradient was 2.50
mT/m, and no RF pulses were applied during control acquisitions. These settings yielded a
SAR-minimum TR of 7300 ms.

CASL effects were measured using EPI acquired with a 220-cm FOV at 128 x 128, 16 slices
at 3-mm slice thickness and a 25% slice gap, a TE of 18 ms with a GRAPPA factor of 3.
Affine motion correction was performed using the ASL toolbox (Wang 2012, Wang et al.,
2008) with SPM12, and ASL analysis was performed using MATLAB (The MathWorks,
Natick, MA). For each subject, percent signal map time series was derived by pairwise
control-label subtraction and dividing by the mean control image. The mean percent signal
change map was derived from the time series of the percent signal maps using a two-step
procedure; (i) a structural correlation based outlier rejection (SCORE) method which
explicitly detects and discards outlier volumes iteratively (Dolui et al., 2015), followed by
(ii) a voxel-wise robust Bayesian estimation approach (Yuanxi 1991). Slice timing correction
was applied to the mean percent signal change map to account for differences in post-label
delay. Conservative binary brain segmentation was performed on the mean images for each
CASL data set in SPM12. A binary mask was created for gray matter (GM) by setting any
voxels above the 95% threshold to 1; all others were set to 0. In order to evaluate the impact
of the estimated labeling efficiency from each vessel in the labeling plane on the AM%
maps, known vascular territory ROIs were generated for the left and right middle cerebral
artery (MCA) territories and a combined ROI that encompasses the left and right posterior
cerebral arteries (PCA, Figure 5) (Luh et al., 2013). These simulated vascular territory ROIs
were drawn on the 2-mm MNI152 atlas and co-registered to the anatomical data for each
participant. Mean and standard deviation were recorded for the GM masks for each
individual.

MT Experiments

Figure 4 shows the mean result of the MT experiment across 5 subjects, plotted with
standard deviation. As shown, increasing the labeling gradient above 2 mT/m demonstrates a
MTR of 0.0% (standard deviation of + 0.2%). The slight negative trend of the MTR at
higher gradient strengths can be attributed to random noise fluctuations, and are within one
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standard deviation of zero mean. This result suggests our labeling gradient of 2.5 mT/m for
the CASL experiments is sufficient to eliminate MT, thus allowing for control schemes that
do not require MT-matching RF.

Simulated B, Mapping and AFI B1 Mapping

Bg Mapping

The results of the xFDTD are shown in Figure 3. The spatial phase distribution of the
simulated B1-field is consistent with other 7 T transceiver coils (Van de Moortele et al.,
2005). The results of the AFI B;-mapping acquisitions are shown in Figure 5 for all 5
subjects. As demonstrated, the B4 profile from the three-coil system is in agreement with the
results of the xFDTD simulation. The discrepancies between the /n vivoresults and the
simulation can be attributed to variations in the placement of the labeling coils on the neck
brace, susceptibility effects in the throat and mouth areas, and physical differences between
the simulation model and subjects. The mean B achieved across the group for the LICA and
RICA was 2.95 4T (standard error, SE + 0.08 4T) and 2.76 4T (SE £ 0.08 4T), and 2.71 uT
(SE £0.15 4T) and 0.75 4T (SE £ 0.14 4T) for the LVA and RVA, respectively. Without
taking into account off-resonance in the labeling plane, and based solely on the positions of
the vessels of interest in the B maps, the group mean estimated labeling efficiency in the
LICA and RICA was 88.6% (standard error, SE + 8.5%) and 85.9% (SE * 10.1%), and
96.0% (SE + 13.5%) and 54.3% (SE + 19.9%) for the LVA and RVA, respectively. Due to
the mixing of vertebral blood in the basilar artery distal to the Circle of Willis, the estimated
labeling efficiency delivered to the bilateral PCA territories was assumed to be 78.8% (SE

+ 16.1%), based on the slightly higher expected bulk flow volume in the left vertebral artery.

The results of the By mapping experiments are shown for all 5 subjects in the bottom row in
Figure 5. The group mean estimated off-resonance in the LICA and RICA was 818 Hz (SE
+ 271 Hz) and 793 Hz (SE + 215 Hz), and 705 Hz (SE + 289 Hz) and 403 Hz (SE * 665 Hz)
for the LVA and RVA, respectively. The large standard errors of the vertebral arteries are
reflective of the limited number of voxels used in each measurement. When including the
off-resonance measurements in the labeling efficiency estimations, the group mean
estimated labeling efficiency in the left and right internal carotid arteries was 48.0% (SE
+12.1%) and 34.7% (SE + 8.8%), and 55.3% (SE + 11.9%) and 25.4% (SE + 25.9%) for the
left and right vertebral arteries, respectively. Similar to the uncorrected labeling efficiency
calculation, the expected bilateral PCA delivered efficiency was 43.0% (SE = 17.7%). As
shown in Figure 7, off-resonance has a significant negative impact on labeling efficiency.

CASL Cerebral Blood Flow Experiments

Sample perfusion-weighted AM% results from all five healthy volunteers are shown in
Figure 6. The outlier detection method rejected 3/59, 6/59, 8/59, 15/59, and 5/59
interpolated label-control pairs for subjects 1-5, respectively (Dolui et al., 2015). In all
subjects, the percent difference maps did not correspond to the uncorrected labeling
efficiency measurements. Rather, the percent change maps were more reflective of the off-
resonance corrected estimated labeling efficiency across the internal carotid arteries and the
vertebral arteries (Figures 3-5), including the noted left-right hemispheric asymmetries in
the AM% maps in Subjects 4 and 5. The acquired spatial resolution was 1.5 x 1.5 x 3.0
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mm3, which is >10 times smaller than typical ASL voxels acquired at 3 T (e.g., 3.75 x 3.75
mm? in-plane with 5.0 (Dai et al., 2008) or 6.0 (Chen et al., 2011) mm slice thickness). The
average gray matter (GM) percent signal change for all subjects was 1.01% (SE + 0.05%)
for the left MCA territory, 0.98% (SE + 0.05%) for the left MCA territory, and 0.99% (SE
+ 0.10%) for the bilateral MCA territory. These AM% values correspond with the lower-
than-expected estimated labeling efficiency for CASL.

Discussion

This study was designed to assess the feasibility of using an actively decoupled dual coil
system to perform CASL MRI at 7 T. Active decoupling of the head coil during labeling was
shown to successfully eliminate MT in the brain from labeling reducing the total label/
control SAR deposition by 50% as compared to the use of an active control labeling
approach. Despite this, TR was still SAR limited at 7.3s with a 2 sec labeling duration,
which remains below the labeling duration that would be required to maximize ASL effects
at 7 T, even though RF deposition during imaging was minimized by using EPI without
background suppression. Based on the blood T, of 2066 ms at 7 T (Dobre et al., 2007), a
labeling duration of over 5000 ms would be required for to achieve the assumed steady-state
condition for maximal labeling of brain water (Lu et al., 2010), and would result in a SAR-
minimum TR of approximately 45 sec. Future refinements in SAR modeling and monitoring
for 7 T studies may allow the SAR-minimum TR to be reduced, which would greatly benefit
the practical feasibility of 7 T ASL using dual coil CASL. As mentioned in the introduction,
previously published 7 T pCASL research either used very short labeling durations (Ghariq
et al., 2012) or data were collected on an antiquated 7 T system that may have used more
liberal SAR calculation limits (Luh et al., 2013). Thus, a consistent implementation of 7 T
pCASL with a sufficient labeling duration remains elusive (Lu et al., 2010).

During development of this system, the performance of the active detuning was confirmed
both in a phantom and in vivo. To accomplish this, the head and labeling coils were
configured as transceivers to evaluate their performance and possible interactions between
the coils during RF transmission with the labeling coil via TTL RF switch control. As shown
in Figure 2, the RF switch was not configured to provide detuning to the labeling coils
during RF excitation with the head coil. This is not a limitation of the experimental design,
given that the SAR-minimum TR was >7000 ms, and any unexpected coupled excitation of
arterial blood during RF application in the head coil will have fully recovered prior to the
next label/control acquisition. Due to the configuration of the three labeling coils, the
resulting shape of the B4-field (Figure 3c) has the potential for reduced B; amplitude in the
right vertebral artery. This is demonstrated in both our estimated labeling efficiencies and
the CASL AM% maps, particularly in Subject 4. Coil placements should be considered in
future coil designs to reduce this limitation.

One limitation of the experimental design is that the actual blood flow velocities in the
internal carotid arteries and vertebral arteries were not measured for each subject (Aslan et
al., 2010), and instead literature values used for the efficiency calculations (MacDonald and
Frayne 2015). Similarly, the vascular territories were derived using an a priori atlas-based
approach, rather than performing any advanced vessel-encoded ASL strategies (Wong 2007).
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As reported, the percent signal change observed in GM is well below the expected AM% of
approximately 2.4% (Figure 1a). As demonstrated in our results accounting for the B4
profile and By inhomogeneity in the labeling plane, our labeling efficiency is well below the
expected 85% for CASL. The heterogeneities observed in the B, field measured in the
regions of interest shown in Figures 5 and 7 do not account for the observed reduction in
labeling efficiency apparent in the CASL data in Figure 6. The large off-resonance measured
in the labeling plane is clearly the most significant culprit for the reduction in labeling
efficiency, as explained by the simulation in Figure 1b. One consequence of the circuit
design of the coil system presented in Figure 2c is that the RF power from the vendor-
supplied RF amplifier is exclusively routed to either the head coil or the labeling coil by the
TTL switch. Thus, simultaneous transmission, and there-by simultaneous high-order
shimming of the volumes in both coils is not available. Given the detrimental impact of By
inhomogeneity in the labeling plane demonstrated here, future work should focus on system
designs that allow for simultaneous shimming of the labeling and head coil volumes, or
advanced dynamic shimming approaches that allow for reduced off-resonance in the labeling
plane.

The experimental results also reveal the challenges of generating a uniform By field in the
presence of multi-coil potential phase cancellation. In several subjects, B1-mapping was able
to identify the source of failure of the CASL labeling efficiency, due to poor B1-profile. As
shown in Figure 3a, this also highlights the second major limitation discussed previously:
labeling efficiency is still heavily dependent on By homogeneity across the vessels of
interest. One method for improving the consistency of this B4 profile is the addition of
parallel transmit (Adriany et al., 2005), however an accurate SAR model is paramount for
such an endeavor /n vivo (Eichfelder and Gebhardt 2011). These findings illustrate the
complexity of achieving efficient CASL at 7 T, and the necessity for labeling coils to include
receive capabilities.

Based on the measured Bg-corrected labeling efficiency, the achieved GM AM% is
comparable to the level expected from PASL at 7 T (Zuo et al., 2013), though this assumes
that PASL inversion efficiency is not also compromised by B, inhomogeneity in the labeling
slab, and that the bolus length is not limited by coil coverage in the superior-inferior
direction. Further improvements to the labeling coil designs could possibly yield GM AM%
that is much higher than can be achieved with PASL. Alternatively, a coil system with longer
superior-inferior coverage might be used in future work using PASL, thereby generating a
larger inversion bolus than is available currently.

Conclusion

Using an actively decoupled dual transceiver system, it was possible to decouple neck
labeling and brain imaging coils such that magnetization transfer effects of labeling were
eliminated and CASL perfusion MRI could be performed without the need for control
labeling. Despite this, SAR limitations on labeling B precluded achieving the full benefit of
continuous ASL at 7 T within acceptable repetition times, and the resulting labeling
efficiency ultimately remained comparable to pulsed labeling. Furthermore, Bg
inhomogeneities at the labeling location contributes to further reductions in labeling
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efficiency that are variable across subjects and arteries. Thus, while ASL effects are
increased at 7 T versus 3 T and can be potentially translated to improved sensitivity and
resolution, further technical developments will be required to realize the potential benefits of
7 T ASL for basic and clinical neuroscience applications.
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Figurel.
a) Simulated percent signal change in gray matter (GM) as a function of By, assuming at an

echo time (TE) of 18 ms, based on the simulations by Wang et a/. (Wang et al., 2002). As
shown in the diagram, with CASL labeling efficiency of 85%, the expected AM% at 7 T is
around 2.4% for an expected blood flow of 55 mL/100 g/min (Chen et al., 2011). Other
parameters for the simulation include arterial blood T, of 2068 ms (Dobre et al., 2007), a
tissue T," of 28 ms at 7 T (Govindarajan et al., 2015), and tissue T4 of 2133 ms (Rooney et
al., 2007). b) Simulation showing the impact of 1 kHz of off-resonance in the labeling plane
based on simulations by Maccotta et a/. (Maccotta et al., 1997).
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Figure 2.
Circuit diagram of the dual-coil 7 T ASL coil system. Diagram (a) represents a lumped-

element equivalent circuit diagram of the head coil elements and with the active detuning
circuitry indicated by the PIN diode. A circuit diagram for one of the labeling coil elements
is shown on the right. The elliptical acrylic shell of the head coil is shown in image (b),
along with the labeling coil. Diagram (c) is a schematic of the RF power routing and direct
current (DC) detuning signal controlled by the TTL switch. When RF power is routed to the
labeling coil, the DC detuning signal is sent to the head coil for decoupling.
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Figure 3.
Diagram of the B1-mapping. Images (a) and (b) represent screenshots from the xFDTD

simulation for the labeling coil. The line in (a) indicates the chosen labeling plane for the
simulation shown in (c). The red ROI in image (c) represents the calibration point to achieve
a 90° tip with 3-ms rectangular pulse. The unit scale for image (c) is given in 4T.
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Figure 4.

Mgagnetization transfer (MT) experiment results obtained from five label/control pairs for 9
different labeling gradient values. RF power was not applied during labeling, only during
control. Image (a) represents a sample single-slice EPI image from one of the five healthy
volunteers. The ROI was drawn to exclude areas of high susceptibility distortion and CSF.
Similar ROIs were drawn for all five subjects. The plot in (b) shows the mean magnetization
transfer ratio (MTR) vs. labeling gradient strength in mT/m, plotted with standard deviation.
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Figureb.
Top) Results from the AFI experiment from the five participants (from left to right). The unit

scale for these images is given in 4T. The desired flip angle for AFlI mapping was 30°, with a
3-ms pulse and a reference voltage of 200 V. The red ROIs in the top row and the blue ROIs
in the bottom row indicate the positions of the left and right internal carotid arteries and left
and right vertebral arteries, as determined from the corresponding anatomical references.
Bottom) results of the Bg-mapping experiment from each of the participants. The unit scale
for the By maps are kHz.
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Figure 6.
Percent signal change maps from all five healthy volunteers (Subject 1 to 5 from top to

bottom). These CASL data sets were acquired with 2000 ms of labeling, followed by 1250
ms of post-label delay using 30 label-control pairs.
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Figure7.
a) Known cerebral perfusion vascular territory maps overlaid on the 2-mm MNI152 atlas. b)

Vascular territory AM% measurements from all 5 participants, plotted vs. estimated labeling
efficiency calculated without correction for Bg-inhomogeneity in the labeling plane. The
estimated labeling efficiency values are well below the expected AM% values within
physiologically relevant perfusion of 55 + 20 mL/100 g/min indicated in red. ¢) The
corresponding plot from b) with By-inhomogeneity corrected labeling efficiency estimates.
These plots demonstrate that Byp-inhomogeneity is the main culprit in reduced labeling
efficiency in our measurements.
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