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Abstract (241 words)

Purpose: To demonstrate the feasibility of integrating the MT preparations required for
inhomogeneous MT (ihMT) within an MPRAGE style acquisition. Such a sequence allows for
reduced power deposition and easy inclusion of other modules.

Methods: An ihMT MPRAGE style sequence (ihMTRAGE) was initially simulated to investigate
acquisition of the 3D ihMT data sequentially, or in an interleaved manner. The inMTRAGE
sequence was implemented on a 3T clinical scanner to acquire ihMT data from the brain and spine.
Results: Both simulations and in-vivo data provided an ihMT signal significantly greater using a
sequential ihMTRAGE acquisition, compared with an interleaved implementation. Comparison
with a steady state ihMT acquisition (defined as having one MT RF pulse between successive
acquisition modules) demonstrated how ihMTRAGE allows for a reduction in average power
deposition, or greater ihMT signal at equal average power deposition. Inclusion of a prospective
motion correction module did not significantly affect the ihMT signal obtained from regions of
interest in the brain. The ihMTRAGE acquisition allowed combination with a spatial saturation
module to reduce phase wrap artifacts in a cervical spinal cord acquisition.

Conclusions: Use of preparations necessary for ihMT experiments within an MPRAGE style
sequence provides a useful alternative for acquiring 3D ihMT data. Compared with our steady
state implementation, ihMTRAGE provided reduced power deposition whilst allowing use of the
maximum intensity from off-resonance RF pulses. 3D ihMTRAGE allowed combination of other
modules with the preparation necessary for ihMT experiments, specifically motion compensation

and spatial saturation modules.
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Introduction

The inhomogeneous magnetization transfer (ihMT) technique continues to gain traction as
a useful MRI tool. This is in part due to its simplicity; thMT is calculated from the acquisition
following two types of off-resonance RF preparations: data acquired following off-resonance RF
irradiation applied at two, equal but opposite frequencies, are subtracted from data acquired with
single offset frequency RF irradiation (1). As such, data for regular magnetization transfer (MT)
is also acquired as part of the ihMT experiment and can be used for comparison. Application in
studies of spinal cord, amyotrophic lateral sclerosis (ALS), and multiple sclerosis (MS) shows
ihMT: changes with aging and cervical level (2); decreases in ALS more significantly relative to
healthy controls in comparison with MT and diffusion measures (3); and, correlates more strongly
with MS disability compared to the MT ratio (MTR) (4), respectively. Comparison of ihMT with
other MRI techniques related to microstructure, particularly looking at white matter (WM),
demonstrates the ability to provide complementary information (5,6). The semi-quantitative ihMT
ratio (ihMTR) used as a metric also shows high intra- and inter-scanner reliability and
reproducibility (7). All but two of these studies were conducted using single-slice ihMT
acquisitions, and all prior to the revelation that a significant increase in ihMT signal is possible
with a decrease in the RF duty cycle (for the same time-averaged power) (8,9).

A 3D ihMT sequence that takes advantage of low duty cycle effects, and takes a
magnetization preparation approach that permits inclusion of other commonly utilized modules
more easily (relative to a steady state sequence), would be a functional and invaluable tool in future
MRI studies. Mchinda et al. demonstrates a low duty cycle implementation within a steady state
spoiled gradient-echo acquisition for whole brain ihMT (8). To reduce RF deposition, and thus the
specific absorption rate (SAR), they propose application of the off-resonance MT pulses only
during acquisitions relating to the center portion of k-space. Such a solution may be less ideal
when looking at high frequency (resolution) information. More recently, low duty cycle ihMT data
were acquired at 3T within clinically acceptable SAR limits using a preparatory module and a
single slice EPI acquisition (9). The MPRAGE acquisition provides a modular baseline sequence
and was introduced as a 3D acquisition (10). In theory, with no RF pulses applied, the recovery
period included as part of the MPRAGE sequence provides an alternative mechanism by which

average power deposition (and SAR) can be reduced to compensate for the high B off-resonance



RF required for increases in ihMT signal (8,9). An ihMT MPRAGE style acquisition
(iIhMTRAGE), by allowing for recovery of the longitudinal magnetization, and without on-
resonance pulses placed between off-resonance RF (as in steady state implementations) to further
attenuate the longitudinal magnetization, may provide higher signal-to-noise ratio (SNR) data prior
to processing.

In this work, we combine the magnetization preparations required for the ihMT experiment
within an MPRAGE sequence for 3D acquisitions. Off-resonance RF pulses replace the inversion
pulse and wait time in the preparatory module associated with common MPRAGE
implementations (11). The parameters of the MT preparations for ihMT were based on those that
provide the greatest ihMT signal in brain tissue for the single slice EPI acquisition (9). The
recovery period (and to a lesser extent the acquisition period) associated with the MPRAGE
sequence can be used to reduce the average SAR over the acquisition duration or allow for
increases in the power of the MT pulses employed. A radial fan beam (rfb) k-space segmentation
scheme was utilized to reduce scan time and provide a Cartesian acquisition strategy originating
in the center of k-space and proceeding outward (12). The segmented acquisition of k-space in
MPRAGE allows the type of MT preparation to be changed between the single and dual off-
resonance frequency experiments required for ihMT (1). By acquiring data in such an interleaved
manner, i.e. cycling between single and dual frequency RF irradiation prior to acquisition of a
complete 3D k-space (Fig. 1a), the two types of preparation required for ihMT are acquired closer
together in time. This interleaved approach reduces the time available for motion to affect
subtracted datasets, but any motion would be spread over the time required for acquisition of all
ihMT data. Such an interleaved acquisition is similar to the recommendation to achieve accurate
label/control subtraction in 3D gradient- and spin-echo readouts for arterial spin-labeled perfusion
MRI (13). By comparison a sequential approach, in which segments are acquired to complete 3D
k-space sequentially before a change in the preparation type, would reduce the time for motion to
affect a single 3D dataset (Fig. 1b). We study the signal resultant from both interleaved and
sequential ihMTRAGE acquisitions by simulation and application in vivo.

The prepared magnetization of the ihMTRAGE acquisition provides motivation for this
work: The effect of changes to the ihMT preparations can be more easily separated from the effect
of on-resonance pulses associated with acquisition; The recovery period reduces the average power

deposition over the entire scan; And, the 3D ihMTRAGE sequence can be setup to include other



MRI modules associated with changing the magnetization or altering sensitivity to motion. To this
latter point, we experimented with inclusion of a spatial saturation module, as well as the

prospective motion correction (PROMO) module within the ihMTRAGE sequence (14).

Methods
Simulations
The ihMT signal model was based on the difference between the two pool model often

utilized in quantitative MT with and without inclusion of a dipolar order reservoir (15). This

equated to the difference between the longitudinal magnetizations of the free, measurable pool

following preparation by off-resonance RF irradiation applied at a single offset frequency and

preparation at dual offset frequencies centered on-resonance, or for this study ﬁhMTZ\A The signal

from WM and grey matter (GM) regions of the brain were simulated by numerical integration in
steps of 0.1 ms (ode45 function in Matlab R2018a, Mathworks, USA). Further details on the ihMT
signal model are provided in the Appendix. Parameter values for WM and GM tissues were based
on prior literature (9). Specifically, for WM/GM the following values were used: thermal
equilibrium longitudinal magnetization of the free pool, 4, Mo = 1.0/1.0, and macromolecular
pool, B, Mo? = 0.100/0.035; longitudinal relaxation rates Ri4 = 0.92/0.55 s and Ri5 1.0/1.0 s! of
pools A and B respectively; transverse relaxation rates 724 = 69/99 ms and T2z = 9.0/7.6 ps of
pools A and B respectively; exchange rate between the two pools R = 60/51 s’!; and, dipolar
relaxation time 7'1p = 6.2/5.9 ms. Multiple dipolar order reservoirs can be included in the ihMT
signal model (15,16). However, only a single dipolar order reservoir was considered to match the
model from which the aforementioned parameter values were output as a result of fits to data
acquired with similar, low-duty cycle preparations (9). Optimized parameters associated with the
ithMTRAGE preparation were based on optimization of the ihMT signal in prior literature and
hardware constraints at 3T. This included the off-resonance frequency for the MT pulses of £7
kHz (1), low duty cycle of 5% (9), and a peak B of the single frequency off-resonance RF pulses
of 15 uT.

Further optimization of the sequence was guided by simulation of] [ihMsz. Initial simulation

was carried out for long, 5 s off-resonance RF durations to examine ihMT, as a function of pulse

width, and then fhMT, was simulated for preparatory periods up to 5 s for a fixed 5 ms pulse width.

The effect of on-resonance RF, and their flip angle (FA) for acquisition, on ﬁhMTz{ was simulated
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following a 1 s preparatory period with 5 ms MT pulses every 100 ms (as later utilized in
experiments). Simulated on-resonance RF pulses (for the readout) were assumed to be
instantaneous.

Simulation by numerical integration provided a simple means to follow the progression of

ihMT, and guide acquisition, i.e. dummy scans required and expectations in comparison to a steady

state ihMT acquisition. Although the ihMT,| (based on the differences between longitudinal

magnetizations) is not strictly equivalent to the MR signal|it provides a proportional indication of

how the ihMT signal develops through each sequence. For the purposes of this study, the steady
state thMT acquisition was defined as having only one off-resonance MT RF pulse between
successive acquisition modules, and a recovery period (if present) less than the time between
adjacent MT pulses. Such a definition makes the sequence comparable (albeit with more readouts)
to previous steady state ihMT implementations (5,7), as well as a recent one that makes use of
multiband pulses to achieve simultaneous RF irradiation on- and off-resonance (17). This was in
contrast to the prepared, ihMTRAGE sequence in which multiple MT pulses were utilized within

the preparation module prior to acquisition. The progression of ihMT, during both interleaved and

sequential implementations of ihMTRAGE were also simulated (1s preparation; 400 ms imaging
module of 100 phase encodes; FA = 8°; repetition time of the preparatory, plus acquisition, plus
recovery module, TRmrraGe = 2 s). The interleaved signal was simulated by interchange of the
final longitudinal magnetization, following a single or dual frequency RF preparation, with the
initial magnetization used to simulate the next type of preparation. For comparison with a steady
state sequence, the sequential ihMTRAGE implementation was altered slightly: Sms pulses every
130ms to provide an achievable root mean square B; of 3 uT for peak B = 15uT for the steady
state sequence at 3T; 1.04s preparation; TRmrtrAGE = 2.08s (twice the preparation duration). The
steady state sequence was thus simulated with 5 ms off-resonance RF pulses for the preparation,
followed by a 40 ms imaging module of 10 phase encodes, and TRmrraGE = 130ms. The product

of (hMT, immediately following the preparation and the sine of the FA was calculated to provide
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an indication of the ihMT SNR as a function of the FA for acquisition. Matlab code for all of the
aforementioned simulations, including the underlying model used for numerical integration, has

been posted at https:/github.com/gvarma617/ihMTRAGE-optimize,

Analysis of the difference in point spread functions (PSFs) between the prepared and steady

state ihMT acquisitions was achieved using the results from simulation by numerical integration,
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combined with details of the rfb k-space view ordering: Beginning with an empty 2D matrix equal
to the extent of phase encodes used for acquisition of prepared and steady state ihMT data, the
matrix was filled in accordance with the rfb segment view ordering used in vivo. Thus, matrices
representing the prepared and steady state strategies were filled with signal values 90 and 10 points
at a time respectively. The signal values were the simulated longitudinal magnetizations multiplied
by sin(FA = 8°), following 3/10 TRmtrAGE dummy cycles with 8/1 MT pulse preparations for the
prepared/steady state acquisition. [Linear interpolation (interp2 function in Matlab R2018a,
Mathworks, USA) was used a crude method (that in itself filtered the resultant images) to
compensate for undersampling in simulated k-space (based on the parallel imaging employed in

vivo), which was then| expanded with zeros to 8 times the size prior to Fourier transform. This

representation of the PSF was convolved with the Fourier transform of a Shepp-Logan phantom,
and inverse Fourier transform of the result provided images indicative of the effect of the PSFs
from prepared and steady state acquisitions. Data representing the PSFs and their effect were
simulated for WM tissue prepared with single and dual frequency off-resonance irradiation
independently. The difference between the two was used to provide an indication of the ihMT
PSFs in WM and the resultant ihMT images.

Human volunteer experiments

MRI was carried out in accordance with a protocol approved by our institutional review
board, and all subjects provided written informed consent. [WMTRAGE was implemented on a 3T
scanner (MR 750, GE Healthcare, USA) and data were acquired with a 32 channel receive head
coil. Data were acquired using the interleaved, sequential with PROMO, and sequential without
PROMO implementations of ihMTRAGE from brains of healthy volunteers (n = 4; age ranges =
26-53 years). Based on the results of simulations and prior literature (9), the preparatory module
consisted of Tukey (cosine fraction, » = 0.2) shaped pulses of 5 ms and peak Bis of 15uT (for
single offset frequency irradiation) every 100 ms for 1s (Fig. 1). Parameters for the rfb acquisition
were: FA =8 °; FOV =30.7 x 30.7 x 18.2 cm?; matrix = 128 x 128 x 76; TE/TR = 1.5/4.1 ms; 4x
Autocalibrating Reconstruction for Cartesian (ARC) imaging (2x in each phase encode direction);
and, 80% phase FOV. TRmrrAGE, Was initially 2 s (with 90 readouts per TRmtrAGE), but increased
to 2.5 s when the PROMO module was included. Three dummy occurrences of TRmrraGE preceded
acquisition of each 3D volume. The 500ms PROMO module consisted of 5 sets of 3 orthogonal

low FA (= 8°), single-shot spiral acquisitions as described in literature (14), and occurred prior to
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the preparatory module for brain ihMT MRI. Data for a total of five 3D volumes were collected
with different types of preparation: a zero power preparation for normalization of the ihMT signal,
S.p; a single positive offset frequency preparation, Ssng+; a single negative offset frequency
preparation (to minimize effects from MT asymmetry (18)), Ssing-; and, two dual offset frequency
preparations, Sa.a. Dual frequency RF irradiation was achieved by cosine modulation of the MT
pulses to more accurately reflect the ihMT model used for simulations (i.e. negation of dipolar
order by simultaneous application at positive and negative values of the offset frequency to give
Equation A2). Also, cosine modulated MT pulses are employed in the study that was used to guide
the preparation’s structure (Fig. 1), and from which WM/GM tissue parameters used in simulations
were obtained (9). Compared with dual frequency RF irradiation by frequency alternation of
adjacent MT pulses, cosine modulation does not filter shorter 71p components thereby providing
greater sensitivity to dipolar order (19). However, this comes at the expense of reduced specificity
to longer 71p components such as those associated with myelinated tissues (20).

The 3D ihMTRAGE acquisition (sequential without PROMO) was modified to allow
comparison with the steady state implementation of the ihMT experiments (n = 3; age ranges =
24-36 years). For these experiments the following acquisition parameters were changed: FOV =
25.6 x 25.6 x 16.8 cm?; matrix = 128 x 128 x 84; TE/TR = 1.6/4.3 ms; 1.04 s preparatory period
consisting of the 5 ms off-resonance pulses applied every 130ms; and, TRmrrAGE = 2.08 s. To
follow our prior definition, the steady state sequence was achieved by reducing: the number of off-
resonance pulses in the preparatory period to one and TRmrrace to 130ms to match the off-
resonance RF duty cycle of the ihMTRAGE preparation, and the readouts per TRmrrage from 90
to 10 (TE/TR = 2/5 ms). The FA was maintained at 8°, which based on simulations of this steady
state sequence was only 2° above the optimal FA for ihMT SNR in WM (Fig. 2f). This provided
a 78% faster acquisition of the data for the ihMT experiment (excluding dummies), allowing for
more averaging within the same scan time, albeit for a much greater average SAR (Table 1).
However, scanner average SAR limits over 6 minutes prevented acquisition with the same total
scan duration with this steady state sequence in all three volunteers, highlighting an advantage of
the ihMTRAGE implementation. A maximum average 10 s SAR matched steady state sequence,
achieved by lowering the peak Bis of the off-resonance pulses, was also compared with

ihMTRAGE acquired in a further three subjects (age ranges = 24-41 years).



Cervical spinal cord ihMT MRI was conducted to demonstrate the feasibility of placing a
spatial saturation module within the sequential ihMTRAGE acquisition. Data were acquired from
two healthy volunteers (female, ages = 23-25 years) using only the posterior elements of a 16
channel receive head-neck-spine (HNS) coil. Limitations imposed by the setup only allowed for
peak Bis of 12uT. In order to compensate for the reduction in By, simulations guided us to the use
of longer, 10 ms Tukey shaped pulses every 130 ms for 1.04s in the preparation, and TRmrrAGE =
2.04s, to achieve similar ihMT signal as from the brain. Parameters for the rfb acquisition were
maintained, apart from: FOV = 22.4 x 22.4 x 4.5-6.7 cm?®; matrix = 160 x 160 x 32-48; TE/TR =
2/6 ms; 70 readouts per TRmTrAGE; 1.5% ARC in slice phase encode direction; and, 40-60% phase
FOV. In one of the subjects, an additional 80% phase FOV ihMT dataset (acquired in a longer
scan time) was collected without spatial saturation to assess any difference made by its absence.
To compensate for the decrease in SNR from the smaller FOV, higher resolution ihMTRAGE
acquisition, data relating to Ssing and Sauas Were acquired 9 times each for averaging.

Data processing

Data were processed offline using custom scripts developed in Matlab (R2018a,
Mathworks, USA) and other tools specified. Maps of MTR and ihMTR were calculated based on
established methods: For MTR, division of data following dual offset frequency RF irradiation
divided by data acquired with a zero power preparation and subtraction of the result from unity,
ie. MTR = 1 - Sauar / Sz ; For ihMTR, subtraction of data following dual offset frequency
irradiation from that prepared with single offset frequency RF irradiation applied with the same
power, and division of the result by data acquired with a zero power preparation, i.e. ihMTR =
(Ssing+ + Ssing- = 2 X Sauat) / Szp. Although this relates to twice the difference between Ssing and Sauat,
we maintain the definition used in prior literature and established by acquisition of two separate
Siing datasets to account for MT asymmetry (1,18), Maps of MTR and ihMTR displayed in figures
were segmented using the Statistical Parametric Mapping 12 (SPM12) open-source Matlab toolbox
(21), and images were resized to twice their resolution using bicubic interpolation.

Analysis of relative sharpness and SNR was conducted on averaged 3D image volumes or

calculated ihMT images, where ihMT = Sing+ + Ssing- - 2 X Sauaty to circumvent the impact from

pixel value division by null or negligible values in low signal regions. A measure of sharpness was
obtained using the function of the same name found in the k-Wave open source Matlab toolbox

(22,23). [Specifically, the sharpness metric calculated was based on the Brenner gradient, which
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computes the sum of the centered finite-difference at each pixel in each Cartesian direction| Results

from the 3D volumes were normalized across the three implementations (interleaved, sequential
with PROMO, and sequential without PROMO) since they were conducted in the same MRI
session using the same hardware and sequence parameters. Thus, differences in sharpness were
expected to reflect the type of implementation as well as the contrast. The resultant ihMT data
were normalized across the three implementations separately due to the pixel values calculation

by addition and subtraction of the 3D volumes. Calculation of relative SNR from data acquired in

the same MRI session and with identical acceleration factors (24,25), for comparison between the

prepared and steady state implementations were based on regions manually drawn on the ihMT
images to encompass the corpus callosum and an area of similar size with no expected signal (i.e.
noise) superior to the head. A value of 0.8 of the mean in the noise of S., images was used to
estimate its standard deviation (26).

For region of interest (ROI) analysis in the brain, data from each type of ilMTRAGE
acquisition (interleaved and sequential, with and without PROMO) were processed using both
SPM12 and FSL (21,27). First data from a FOV matched, Ti-weighted (MPRAGE) acquisition
were segmented and normalized to MNI152 space. MT-weighted images were aligned to the S,
images using rigid registration with 6 degrees of freedom. The S, and realigned MT data from the
ihMTRAGE acquisition were registered with the Ti-weighted data using affine registration prior
to calculation of ihMTR maps. The ihMTR maps were normalized to MNI152 space by applying
the deformation field calculated for the normalization of the Ti-weighted data. We overlaid the
JHU ICBM-DTI-81 WM label atlas (28) and the maximum probability tissue labels derived from
the MICCAI 2012 Grand Challenge and Workshop on Multi-Atlas Labeling provided by
Neuromorphometrics, Inc. (29-31) onto ihM TR maps, from which mean values were extracted for
several ROIs. The different implementations of ihMTRAGE (interleaved, sequential with
PROMO, and sequential without PROMO) were compared using these mean ROI values and two-
tailed, paired Student’s #-tests.

MTR and ihMTR values calculated from spinal cord acquisitions with and without spatial
saturation were compared using manually drawn ROIs. Average values were calculated from ROIs
in the: cerebellum GM; cerebellum WM; cervical spinal cord; medulla oblongata; and, pons. The
linear relationship between ROI averages from data acquired with and without the spatial

saturation module was measured by calculation of the Pearson correlation coefficient, r.
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Results
Simulations

The results from simulations were used to guide the sequence used for in vivo acquisition
and determine the expected ihMT signal. For a constant, low duty cycle of 5%, the average
simulated ihMT as a function of pulse width following a 5 s off-resonance RF irradiation
preparation shows a peak at 7.5 and 6.2 ms for WM and GM respectively (Fig. 2a). The simulated
values of ihMT at a pulse width of 5 ms are within 5% of the maximum. The preparatory module
of the ihMTRAGE sequence requires a trade-off between acquisition within an acceptable scan
time and maximizing the ihMT signal. Concentrating on WM tissue, simulation of ihMT as a
function of the RF irradiation duration (for RF pulse widths of Sms with a 5% duty cycle) shows
after 1 s WM ihMT is within an acceptable 10% of the maximum (Fig. 2b). Modulation of the
ihMT signal during the 100 ms off-resonance RF TR is also expected based on simulations.
Simulation of the acquisition module following off-resonance RF preparation shows a more rapid

decay of [jhMT, with increasing FA and increasing acquisition time (Fig. 2¢), following an initial

peak for lower FAs due to the differing contribution from the more restricted (semi-solid) pool.
For a moderate FA of 8°, acquisition time of 0.4 s (excitation every 4 ms), and a TRmrrAGE Of 2 s,
simulations suggest at least one TRmrrAGE is required to achieve a pseudo steady state (Fig. 2d).
A recovery from negative values for the interleaved implementation resulted from the interchange
between signals relating to the single and dual off-resonance frequency preparations every
TRwmtrAGE = 2 5. The ihMT signal from the sequential implementation is expected to be greater
than that from the interleaved acquisition. Simulation of the sequential ihMTRAGE sequence
showed a decrease in ihMTR with acquisition FA (Fig. 2e). However, this decrease in ihMTR was
subtler in comparison to the steady state implementation. The product of the prepared ihMTRAGE
signal and the sine of the FA divided by the square root of the time for acquisition of 100 phase
encodes (including preparation and recovery periods, i.e. TRmTrAGE = 2.08 s) showed an increase
with FA (Fig. 2f). Simulation of the steady state implementation as a function of the FA, also for
the acquisition time of 100 phase encodes, i.e. 1.3 s, suggested a humped response, and thus
different peak or optimal FA values for WM and GM.

Human volunteer experiments

11
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The ihMTRAGE sequence provided 3D maps of ihMTR from the brain in as little as 6
mins. Both interleaved and sequential implementations provided 3D ihMTR maps with no sign of
artifacts from reformatting into other planes (Figs. 3a-c). Both sequential with PROMO and
interleaved implementations provided sharper acquired volumes relating to S-p, Ssing, and Sauar
contrasts than sequential without PROMO (Fig. 3d). Interestingly, the resultant ihMT volumes
from the interleaved implementation averaged the lowest in the sharpness metric, in comparison

to the other two sequential implementations, As expected from the results of simulations (Fig. 2d),

the ihMT signal was lower for the interleaved implementation, with lower average ihMTR values
measured across all ROIs in WM and GM (Fig. 4). By comparison, inclusion of the PROMO
module in the sequential ihMTRAGE acquisition provided lower, but not significantly different,
ihMTR values measured across all but two brain ROIs (Fig. 4). Maps of ihMTR from the sequential
ihMTRAGE acquisition with and without PROMO were visually comparable, with no strong
indication of motion artifacts observed in either (Figs. 3b-c). These results suggest the additional
time within TRmtrAGE to accommodate the PROMO module had a minimal effect on the ihMT
signal.

In comparison to the steady state ihMT sequence employed in this study, ilMTRAGE

provided greater frelative SNR| images and ihMT signal for approximately equal total scan times

and for lower average SAR values (Table 1, Figs. 5-6). Indeed, for a scanner hardware imposed
maximum peak B of 15 uT for pulses of the single frequency MT preparation, the steady state
ihMT sequence was unable to acquire data for the same total scan duration as the ihMTRAGE
sequence in one subject due to average SAR limits. With the same high power off-resonance RF
and pulse repetition time, i.e. 5 ms every 130 ms, the prepared ihMTRAGE sequence had a lower
SAR due to a TRwmrraGE twice the length of the preparation period that reduced the Birwms
(neglecting on-resonance pulses) by 29%. The ihMTRAGE sequence provided a means to reduce
the SAR, averaging 1.2 W/kg over the entire scan, through use of the recovery period. This period

also allowed recovery of the longitudinal magnetization and an increased relative SNR| from the
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sequences applied (Table 1). Smaller average MTR and ihMTR values were measured in the
corpus callosum for the steady state ihMT acquisitions. In the case of the steady state ihMT
acquisition with maximum average 10 s SAR matched to the ihMTRAGE sequence, a greater
reduction in ihMTR (38%) was measured as a result of the lower RF power, i.e. 11 pT peak Bis
of the single frequency MT pulses (Figs. 6¢-d).
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Comparison of the PSFs associated with the prepared and steady state acquisitions
suggested the latter was less susceptible to blurring. Combination of the simulated WM Sging signal
with the rfb view ordering showed a more intense central region from the ihMTRAGE acquisition
relative to the more uniform distribution predicted for the steady state (Fig. 7a). The ihMT PSF
from the prepared acquisition had a slightly wider main lobe (Fig. 7b), which contributed to greater
blurring in the resultant ihMT image relative to that from the steady state implementation (ovals
in Fig. 7¢). Indeed, certain WM structures in both MTR and ihMTR maps did appear more clearly
defined for the steady state acquisition, with a less blurred, sharper appearance of fiber bundles
(arrows in Figs. 5-6). Most noticeable though was a Gibbs ringing observed in reconstructed
images from both ihMTRAGE and steady state simulated signal phantoms (arrowheads in Fig.
7c¢). Although less prominent for the maps reconstructed using steady state acquisition data, Gibbs
ringing was also observed in maps from in vivo data (arrowheads in Figs. 5-6).

Combination of a spatial saturation module within the ihMTRAGE sequence allowed
acquisition of 1.4 mm isotropic resolution ihMT data from the cervical spine. Placement of a
spatial saturation band anterior to the ihMTRAGE acquisition volume was used to reduce the phase
FOV, and thus the scan time for a 3D volume by attenuating the signal from the jaw (Figs. 8a-c,
9a-b). Maps of ihMTR showed a strong signal from the spinal cord relative to the surrounding
tissues, including muscle (Figs. 8d-g). Lower ihMTR values were visible from the center of the
spinal cord consistent with the butterfly shape associated with GM (Fig. 8f). MTR and ihMTR
maps with and without the spatial saturation module were relatively similar (Fig. 9a-b);
Comparison of average MTR and ihMTR ROI values provided a strong linear correlation, r =
0.977 and 0.996 respectively (Fig. 9¢c). Use of the spatial saturation module allowed for a reduction
in the time for acquisition of ihMT data, Tinvr by 32% and the phase FOV, from 80 to 40%, but

resulted in noisier maps based on larger standard deviations in all ROIs considered.

Discussion

Simulation of ihMTR values provided guidance on what to expect from the ihMTRAGE
sequence and were used in consideration of its design. Beginning with a low, 5% duty cycle for
the off-resonance pulses used for MT preparation that is found to increase the ihMT signal (8,9),
simulations were used to confirm choice of a 5 ms pulse provided close to the maximum ihMTR

from WM and GM tissues (Fig. 2a). While the simulated WM ihMT, was found to reach 90% of
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the maximum after 1 s preparation duration, the simulated GM ihMT value only achieved two
thirds of its maximum (Fig. 2b). Although a difference in the ihMT signal intensity based on the
type of preparation is found to change the specificity of ihMT to myelin, it has little effect on the
sensitivity of ihMT to myelin content (20). As opposed to lengthening the preparation duration,
and thus the scan time, this simulation framework might be used to maximize the ihMT signal
from other tissues, e.g. GM for myeloarchitectonic mapping of the cerebral cortex (32).
Simulation of the ihMT signal also provided a way to estimate the PSF based on each type
of acquisition and its effect on the image data. |Although use of linear interpolation to compensate
for undersampling associated with parallel imaging results in filtering of the resultant images, its
use in simulation of hoth prepared and steady state PSFs allowed comparison between the two and

for the same phase view ordering employed in vivo| Combination of the simulated signal with the

view ordering of the rfb acquisition showed a more homogeneous distribution across the phase
encodes acquired by the steady state sequence (Fig. 7a). An expected result given the 90 readouts
per TRmrraGe employed for the prepared ihMTRAGE sequence versus 10 for the steady state.
This resulted in a wider main lobe from the PSF of the ihlMTRAGE acquisition (Fig. 7b), which
contributed to less well-defined structures in the simulated phantom relative to the steady state
acquisition (Fig. 7c). Maps of MTR and ihMTR from the steady state acquisition were also
suggestive of sharper WM structures and less blurring (arrows in Figs. 5-6), but a more rigorous
and quantitative comparison of SNR matched data is required (33). Simulations of ihMT as a
function of the FA (Fig. 2c¢), taken as an indirect indication of the signals from the two types of
preparation, suggests a difference between the PSFs relating to Ssing and Saua, and WM and GM
tissues. The combined effect from different tissues and the single and dual off-resonance
acquisitions add to the complexity of predicting the effect of the PSF. Nonetheless simulations
might be used to develop variable FA trains to reduce the effects on the PSF (34). Gibbs ringing
was observed in both phantom and in vivo reconstructions (arrowheads in Figs. 5-7). Smaller
sidelobes in the ihMTRAGE PSF (relative to the steady state acquisition) appeared to be a
consequence of the apodizing effect from greater signal decay during the rfb view ordering (Figs.
7a-b). However, more visible Gibbs ringing from ihMTRAGE data acquired in vivo (Figs. 5-6),
may be due to increased signal differences between adjacent structures, relative to the steady state

acquisition (Fig. 2f), or a consequence of the discrete sampling of the images.
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Both simulated and experimental results showed a decrease in ihMTR using an interleaved
approach compared with the sequential ibMTRAGE acquisition (Figs. 1, 2d, 3, 4). Such a
difference was dictated by the choice of TRmrraGE, since lengthening either: the preparation
duration to reach the steady state value (Fig. 2b); or, the time between acquisition and preparation
to allow complete recovery, would result in the same ihMTR as for the first cycle of the
ihMTRAGE sequence (Fig. 2d). However, ihMTRs measured in the corpus callosum with
sequential ihlMTRAGE were comparable to those using the same preparation before an EPI
acquisition (Fig. 4d in (9)), including a higher value in the splenium compared with the genu. For
the parameters explored in these ihMT experiments, there was a significant difference in the
average IhMTR values between interleaved and sequential (without PROMO) ihMTRAGE from
most brain tissue ROIs across subjects (Fig. 4). This would require consideration against any
advantage offered by the interleaved acquisition, which allowed the two sets of signal for ihMT
(Ssing and Sauar) from the same segment of k-space to be acquired closer together, as for label/control
experiments in arterial spin-labeled perfusion MRI (13).

The measure of sharpness provided some indication of the relative quality of images from
interleaved, sequential with PROMO, and sequential without PROMO implementations. Although
the sequential implementation failed to score the highest sharpness value in any of the acquired
3D or ihMT image volumes, the ihMT sharpness being lowest for the interleaved implementation,
in comparison to the other two sequential implementations, seems counterintuitive given the
interleaved providing the highest sharpness values of the three implementations from the Sqine and

Sauar images (Fig. 3d). Possible reasons include the overall consistency and averaging of the

interleaved acquisition; Since the Ssing and Saua data are collected together, any motion is more
likely to be globally distributed along the entire acquisition (as opposed to confined to a single 3D
volume) resulting in relatively stable sharpness values. Hence, while certain structures might be
more visible in thMT images since less time elapses between acquisition of the same segment of
data (arrows in Figs. 3a-b), a more global blurring might also be present. It is worth noting that
none of the differences in sharpness measured between implementations were considered
significant, with all p values > 0.15.

Nonetheless, we were able to demonstrate inclusion of a PROMO module for application
of ihMTRAGE in the brain, and the use of a spatial saturation module for ihMT of the cervical

spine. In contrast to comparison with the interleaved acquisition, sequential ihlMTRAGE without
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and with PROMO showed no significant difference in average ihMTR values from the majority
of brain tissue ROIs (Fig. 4). In fact, p values from Student’s #-tests < 0.03 were only found for
two ROIs both in GM, from which the low ihMT signal might have contributed. None of the ROIs
presented with a significant difference in S;, from sequential ihMTRAGE with and without
PROMO. Although the on-resonance pulses associated with PROMO might have serendipitously
compensated for the additional recovery afforded by the longer TRmtrAGE Of 2.5 s, simulations
suggest an overall decrease in TRmtraGE Would increase T recovery effects and the difference
between images from thMTRAGE with and without PROMO. Demonstration of the spatial
saturation module in ihMTRAGE allowed attenuation of the signal from the anterior portion of the
jaw for ihMT of the cervical spine (Figs. 8-9). This in turn allowed the prescribed scan volume
and thus scan time to be reduced, while minimizing contamination of the spinal cord ihMT data
due to phase wrap. Use of the spatial saturation module had no noticeable effect on MTR or ihMTR
values, with average ROI values from data acquired with and without spatial saturation falling
close to the line of identity (Fig. 9¢). These two demonstrations of the feasibility to add other MRI
modules within the ihlMTRAGE sequence provide potential for further combination of contrasts
and/or optimizations with ihMT. For example, addition of a diffusion-weighting module might
help elucidate further the orientation dependence of the ihMT signal (1,5,6), and/or possible ways
to mitigate its contribution.

The recovery period that is integral to this prepared style ihMT sequence, i.e. ihMTRAGE,
allows for a reduction in the average power deposition over the scan duration in comparison to the
steady state approach (Table 1). A reduction in average power deposition allowed the maximum
peak B; to be utilized with lower SAR over the entire scan, in comparison to the steady state
acquisition with peak B, of the single frequency MT pulses of 15 uT (Table 1). The average ihMTR
value across the corpus callosum of 0.152 from this steady state acquisition was comparable to
that achieved at 1.5T by Mchinda et a/. (Fig. 6b in (8)), albeit for approximately half the root mean
square By over TR but using cosine modulated pulses to achieve dual frequency off-resonance
irradiation. Matching the SAR during acquisition of the steady state ihMT sequence to that during
the preparation of the ihMTRAGE sequence required a reduction in peak B of the single frequency
MT pulses to 11 uT. Such a reduction resulted in a decrease in MTR and ihMTR values (Table 1,
Fig. 6), as expected from prior literature on which the preparation was based (9). The FA employed

for on-resonance pulses was maintained at 8° to allow easier matching with the power deposition
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and SAR of the ihlMTRAGE acquisition. However the ihMTR values obtained from the steady
state acquisitions could be increased by reducing the FA for acquisition or the number of readouts
per TRumrracE (Figs. 2¢,e). Simulations support further optimization of both prepared and steady
state approaches. In particular, for the steady state implementation, use of the FA that corresponds

to a peak in the product of the ihMT, and the sine of the FA, which provided an indication of inMT

SNR (Fig. 2f), as for rapid gradient echo MT MRI (35). Although ihMT relative SNR| was found

to be lower in the steady state implementation than for the prepared ihMTRAGE sequence (Table
1), simulations suggest use of FA = 8° achieved 95% of the maximum ihMT steady state signal
available from WM.

The definition for the steady state used here, i.e. one off-resonance MT RF pulse between
successive acquisition modules, and a recovery period (if present) less than the time between
adjacent MT pulses, also holds for other instances of simultaneous dual offset RF irradiation
(5,7,17). The ihMT acquisitions proposed by Mchinda et al. within a steady state sequence does
not fit this definition because it makes use of multiple, closely spaced, <1 ms, MT pulses of
alternating frequency for the dual frequency experiments. Although the sequence proposed by
Malik et al. constitutes a true steady state with one readout per TR (17), that implementation is
relatively SAR intensive whilst not making use of the increased ihMT signal available through a
low duty cycle implementation (8,9). Use of multiple readouts, whether in a prepared or steady
state ihMT sequence, provides a means for scan time efficiency.

Addition of the recovery time component adds to an already complex optimization problem
with respect to the ihMT experiment and the targeted signal and/or its dependency (e.g. T1
sensitivity). This might result in different ihlMTRAGE sequences or at least types of preparation
being developed to target specific applications, to the detriment of easy comparison of different
studies. Whilst this allows for further development of ihMTRAGE, simulations using the
framework provided can guide optimization of the sequence, including the effects from
combination with other MRI modules.

As well as demonstrating ihMTRAGE, to the best of our knowledge and literature searches
this work also provided the first demonstration of MT data acquired with an MPRAGE style
sequence. This, along with the low off-resonance RF duty cycle and relatively large offset
frequency employed makes a meaningful comparison of MTR values obtained in this study, with

prior literature, difficult. Both MTR and ihMTR represent semi-quantitative measurements that
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are dependent on the sequence implemented (8,36). Extraction of quantitative parameters based
on models of the MT and ihMT signals are possible with acquisition of additional data (9,37). As
for our simulations (Fig. 2d), such models might easily incorporate details of the interleaved
implementation to account for reductions in the ihMTR (Figs. 3-4). The +7kHz off-resonance RF
irradiation utilized is within the optimal range recommended for macromolecular proton fraction
mapping with a single MT measurement (38), and thus the MT data from the ihMTRAGE

acquisition might also be used for this purpose.

Conclusions

Implementation of the preparations necessary for ihMT (and MT) within an MPRAGE
acquisition, i.e. ihMTRAGE, allowed separation of the preparation, acquisition and time for
longitudinal magnetization recovery. The latter could be used to reduce overall power deposition
and thereby meet SAR limits, without resorting to a reduction in the B; of the MT pulses used for
signal preparation, specifically in comparison to a steady state ihMT acquisition. Both interleaved
and sequential acquisitions of the different preparations for ihMT were possible: An interleaved
implementation reduced the time between acquisition of the same k-space segment with different
preparations. However incomplete recovery of the signal between changes in the preparation
resulted in higher ihMTR values from the sequential implementation. The ihMTRAGE
implementation also allows for the addition of other MRI modules, with successful inclusion of
modules: to decrease motion sensitivity (with PROMO), and for spatially selective saturation of

the signal, demonstrated.

Appendix

The ihMT signal was simulated based on a two-pool MT model that considers the
interchange of (longitudinal) magnetization, M: between the free pool 4 and macromolecular pool
B. The macromolecular pool B can include a dipolar order component £ that corresponds to the
inverse spin temperature of the dipolar order (15,39,40). Inclusion of a single dipolar component
was used to describe the change in magnetization during single frequency off-resonance RF

irradiation:
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amg
o = Rua(M§ = M2) = RiaMZ = ROMIMS — MZMP)
amB
= Rig(M§ — M) = Ru (Mf — 2mA) + ROMEMZ — M{MP)  [Al]
dp 2mA 1
w0 = (57 Res (M7 — 2mAp) = =

Rig4 represents the effect of off-resonance RF irradiation on pool A and was assumed to be equal

to (01%/(2wA)?)/ T2 based on a Lorentzian lineshape, where w:? is the power of the RF pulse and A
is the frequency offset in Hz. Rz, sometimes referred to by W, was equal to nwi2g(2nA), where
g(2nA) was based on a super-Lorentzian lineshape for pool B (41). As a result D?, which represents
the local field, was taken to be 1/(15725%) (40).

Dual frequency off-resonance RF irradiation achieved by cosine modulated pulses allowed
accurate simulation using the two-pool MT system without a dipolar component. The change in
magnetization during dual frequency RF irradiation applied symmetrically around on-resonance

was described by these two coupled differential equations:

amMg
dt

amB
dt

= Ria(M§ — M7) — Rygy M7 — R(Mg M — Mg M7)
[A2]

= Ryp(M§ — M) = RugM7 + R(ME M5 — M§M7)
The effect of on-resonance RF was simulated by instantaneous reduction in the longitudinal
magnetization of pool 4 M- by multiplication with cos(FA).

Thus, ihMT, was simulated based on the resultant free pool longitudinal magnetization M,

calculated from A2 (the two differential equations relating to RF applied symmetrically around
on-resonance) subtracted from M. calculated from Al (the set of differential equations that

describe single offset frequency RF irradiation).
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Tables and figure captions

Prepared Steady state
Peak B of single frequency MT pulses [uT] 15 15 11
Maximum SAR over 10 s scan period [W/kg] 2.0 3.8 2.0
TRmtRAGE [mS] 2080 130 130
Dummy TRmTRAGES 3 10 10
Time to acquire one 3D volume, T3pyol [S] 56 30 30
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Number of Ssing / Squal volumes acquired 2/2 4/3* 6/6

Total acquisition time for ihMT, Tinvr [s] 224 210 360
Number of subjects from which data acquired 6 3 3
S.p Irelative SNR| per square root Tspyoi [s7] 9.6 = 0.3 8.0+0.7 8.0 0.1

ihMT |relative SNR| per square root Tinmr [s° 1.72 £ 0.08 1.27 £0.19 0.84 +0.02

1/2]

Corpus callosum MTR 0.293 +0.003 0.252 +0.025  0.205 £ 0.002
Corpus callosum ihMTR 0.177 £ 0.004 0.151 £0.012 0.110 £+ 0.001

Table 1 Results from comparison of prepared and steady state sequences Parameters relating
to prepared and steady state implementations of the ihMT experiments, including TRmTrAGE that
differentiates the two, SAR, and corpus callosum SNR (per square root acquisition time in zero-
power preparation and ihMT images), MTR, and ihMTR. The average values =+ standard errors
across healthy volunteers are provided. An asterisk denotes unequal acquisition of Sau.. volumes

due to average SAR limits imposed by the scanner.

Figure 1 Illustration of ihMTRAGE sequence configured for: a) interleaved acquisition of data
following single and then dual frequency irradiation, or b) sequential acquisition of complete 3D
volume with one type of preparation before moving on to the next. Parameter values relate to the

sequences used to acquire tihMT data from the brain of healthy human volunteers.

Figure 2 Plots of ihMT,, the difference between independently simulated signals (using numerical

integration) with single and dual frequency MT preparations, for parameters relating to WM (in

blue) and GM (in orange) tissues. a) Simulated ihMT,| as a function of pulse width represent the

average value following 4.5 to 5 s of RF irradiation to account for the modulation observed as a

result of the low 5% duty cycle. b) [hMT) increases to a plateau with duration of the 5 ms off-

resonance RF pulses simulated every 100 ms for the preparatory module of ihMTRAGE. ¢)

Simulated fhMT; decreases with increasing: acquisition time for the imaging module; and, FA of

on-resonance RF applied every 4 ms for readout. The imaging module is simulated following two
cycles of 2 s TRmTrAGES that include a 1 s preparation from (b), i.e. 5 s of ihMTRAGE. d)
Simulation of ihMTR during five cycles of the ihMTRAGE sequence shows a difference between

the sequential (solid line) and interleaved (dashed line) implementation. The interleaved signal
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becomes negative every TRmrracE as interchange of the signals results in Sauar > Sying. Plots of: e)
the ihMTR; and, f) a proxy for ihMT SNR per square root acquisition time (of 100 phase encodes
including preparation and recovery periods), following simulation of 5.2 s of prepared ihMTRAGE

and steady state sequences, as a function of the on-resonance FA.

Figure 3 Representative maps of ihMTR from a healthy volunteer calculated from data collected
with a) interleaved, and sequential implementations of ihMTRAGE, b) without and c¢) with the
PROMO module. The column on the left shows the ihMTR maps from data as acquired in the
sagittal orientation. Center and rightmost columns are maps of ihMTR reformatted in the coronal
and axial planes respectively. Arrows highlight structures that appear more clearly defined in the
interleaved and sequential with PROMO acquisitions that can be considered more motion
insensitive. d) Bar plot of the normalized measure of sharpness from averaged 3D acquisitions and

ihMT image data, averaged over all healthy volunteers (error bars of standard error).

Figure 4 Bar plots of average ihMTR over all healthy volunteers (error bars of standard error), as
measured in ROIs within the brain, comparing the interleaved implementation (blue) with the
sequential acquisition without (orange) and with the PROMO module (gray). P-values following
two-tailed, paired Student’s #-tests are provided for: a) p > 0.01 in comparison between the
interleaved and sequential implementations (blue) since a difference is expected; and b) p < 0.05
in comparison between the sequential acquisitions with and without the PROMO module (gray)

since its addition should not affect ihMTRs, based on simulations.

Figure 5 Comparison of ilMTRAGE with the steady state sequence using the same peak Bis of
MT pulses. Maps of a-b) MTR, calculated using Sau., and c-d) ihMTR, from data acquired with:
a, ¢) the hMTRAGE sequence in which the MT contrast is prepared before acquisition; and, b, d)
a sequence that achieved a steady state with readouts between MT pulses, applied in the same
subject. Arrows highlight a less blurred, sharper appearance of fiber bundles in maps from the

steady state sequence.

Figure 6 Comparison of the two types of sequence acquired with the same maximum average 10

s SAR values measured by the scanner, but different peak Bis of MT pulses. Maps from one subject
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of a-b) MTR, calculated using Sua, and c-d) thMTR, from data acquired with: a, c) the
ihMTRAGE sequence in which the MT contrast is prepared before acquisition; and, b, d) a
sequence that achieved a steady state with readouts between MT pulses. Arrows highlight a less

blurred, sharper appearance of fiber bundles in maps from the steady state sequence.

Figure 7 Simulations to illustrate the effect of the PSFs from prepared (left) and steady state (right)
implementations. a) The Fourier transform of the PSF is formed by simulation of the transverse
signal in WM following single frequency MT for each type of sequence mapped onto the
acquisition matrix in the order dictated by the rfb segmentation. b) Plot of the simulated PSF
through its center shows a wider main lobe and less prominent sidebands from the prepared,
ihMTRAGE sequence. c¢) Reconstruction of the simulated Shepp-Logan phantom following
convolution with the PSF shows its effect on the WM ihMT signal. Arrowheads highlight Gibb’s

ringing artifacts in all reconstructed images of the phantom.

Figure 8 a) Sagittal T>-weighted image used for planning of ihMTRAGE acquisition (yellow box)
and placement of spatial saturation band (red shaded box). Zero power prepared images (Sz) from
ihMTRAGE acquisition b) with, and c) without application of the spatial saturation band.
Arrowheads illustrate regions from which signal was attenuated when covered with spatial
saturation band, including signal folded over in phase-encode direction. Maps of ihMTR from data
combined for an effective thickness of 5.6 mm, d) as acquired in the sagittal orientation, and e-g)
reformatted in the axial plane. Sample axial cuts at the levels illustrated in (b) show dominant
ihMT signal from e) the cerebellum, and e-g) the spinal cord. Arrows in f-g) highlight the GM

contrast visible towards the center of the cord.

Figure 9 Comparison of cervical spinal cord acquisition with (left) and without (right) use of a
spatial saturation module. The phase FOV increased from 40 to 80% upon removal of spatial
saturation to minimize fold-over artifacts in maps of a) MTR and b) ihMTR, from data combined
for an effective thickness of 5.6 mm. An increased phase FOV resulted in longer acquisition times
for ihMT data, Tinmr. c) Plot of average MTR and ihMTR from cerebellum WM/GM, cervical
spinal cord, medulla oblongata, and pons ROIs (error bars of standard deviation) compares values

from data acquired with and without spatial saturation, with dashed identity line for reference.
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