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Abstract
Purpose: To evaluate the benefits of Fast Spin Echo (FSE) imaging over Rapid
Gradient-Echo (RAGE) for Magnetization-prepared inhomogeneous Magnetization
Transfer (ihMT) imaging.
Methods: A 3D FSE sequence was modified to include an ihMT preparation (ihMT-
FSE) with an optional CSF suppression based on an Inversion-Recovery (ihMT-FLAIR).
After numerical simulations assessing SNR benefits of FSE and the potential impact of
an additional inversion-recovery, ihMT-RAGE, ihMT-FSE and ihMT-FLAIR sequences
were compared in a group of 6 healthy volunteers, evaluating image quality, thermal
and physiological noise as well as quantification using an ihMTsat approach. A
preliminary exploration in the cervical spinal cord was also conducted in a group of 3
healthy volunteers.
Results: Several fold improvement in thermal SNR was observed with ihMT-FSE in
agreement with numerical simulations. However, we observed significantly higher
physiological noise in ihMT-FSE compared to ihMT-RAGE that was mitigated in ihMT-
FLAIR, which provided the best total SNR (+74% and 49% compared to ihMT-RAGE in
the white and gray matter, p<0.004). IhMTsat quantification was successful in all cases
with strong correlation between all sequences (r*>0.75). Early experiments showed
potential for spinal cord imaging.
Conclusions: FSE generally offers higher SNR compared to gradient-echo based
acquisitions for magnetization-prepared contrasts as illustrated here in the case of
ihMT. However, physiological noise has a significant effect, but an IR-based CSF

suppression was shown to be efficient in mitigating effects of CSF motion.



Introduction

Three-dimensional (3D) encoding has significant advantages for Magnetic Resonance
Imaging. The higher Signal-to-Noise Ratio (SNR) compared to 2D sequential encoding
combined with increased spatial coverage allows high-resolution, often isotropic,
imaging of entire organs in a single acquisition.

Short TR gradient-echo readouts (e.g. MPRAGE or SSFP) are advantageous for 3D
imaging (1) because of their speed and good image quality. However, multiple spin-
echo imaging has a fundamental advantage over spoiled gradient-echo in terms of SNR
thanks to the use of a 90-degree excitation pulse followed by higher refocusing flip-
angles. Nonetheless, multiple spin-echo based acquisitions are substantially slower
than Echo-Planar Imaging, even with Fast-Spin-Echo (FSE) imaging (2). The
development of variable flip-angle FSE (2-5) allowing long echo-train acquisition with
reduced To-blurring and power deposition (and thus SAR), combined with parallel-
imaging acceleration capabilities, offer new possibilities for faster 3D FSE imaging.
Commercial implementations (Cube, SPACE, VISTA) have become extremely popular
(6) for high-resolution anatomical imaging of the central nervous system (e.g. brain and
spinal cord). They are increasingly used in combination with various magnetization
preparations such as Arterial Spin Labeling perfusion (7) and Chemical Exchange

Saturation Transfer (CEST) imaging (8) in the brain as well as in the body.

Inhomogeneous Magnetization Transfer (ihMT) is a recent MRI technique whose

endogenous contrast (9) has shown great promise for myelin imaging in the central
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nervous system (10). This technique exploits dipolar order effects induced by single
frequency off-resonance saturation that are accentuated in tissues  with a
characteristically long dipolar order relaxation time, Tip (11,12), as is the case in
myelinated tissues (13). Detecting dipolar order effects with ihMT relies on the
difference between acquisitions following single and dual off-resonance radiofrequency
(RF) irradiation with equal power (7). As a relatively new contrast mechanism, the focus
on ihMT has included theoretical characterization of the ihMT signal (14,15),
development of analytical models (12,14), and applications in healthy (16-19) as well as
diseased (20-22) central nervous system tissues (brain and spinal cord). As often
occurs for the initial study of novel contrasts, early ihMT implementations relied on fast
and robust single-slice imaging sequences such as Echo-Planar-Imaging (EPI) (9,23)
and Single-Shot Fast-Spin-Echo (24,25). While these sequences are extremely
appropriate for early developments, troubleshooting, and pioneering applications, their
shortcomings limit wider adoption and use, especially for clinical studies. In the case of
ihMT, 3D volumetric sequences were developed and implemented for brain imaging,
relying on Gradient-Echo implementations (26—29) and recently Ultrashort Echo Time
(UTE) sequences (30).

The modest signal change encountered with ihMT (<10% of the fully-relaxed
magnetization) makes high SNR 3D readouts particularly desirable. Consequently, we
explored the possibility of using 3D FSE sequences for ihMT, but early observations
showed that while the potential for increased SNR was confirmed, we could also
observe significant physiological noise contribution from CSF motion (31). Here we

report in detail the implementation of a 3D FSE sequence for ihMT imaging of the brain
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as well as an inversion-recovery based CSF-suppression variant referred to as ihMT-
FLAIR. After theoretical simulations to assess the effect of an inversion-recovery based
CSF suppression strategy on the ihMT signal, we show in-vivo results, and compare
IhMT-FSE and ihMT-FLAIR image quality and quantification to a gradient-echo based
acquisition (i.e. IhMT-RAGE), with quantification using a modified MTsat framework
(32). A particular emphasis is set on assessing different noise sources and their relative
distribution across the different 3D sequences to provide a detailed SNR assessment.
We also demonstrate the feasibility of CSF-suppressed 3D ihMT with FSE in the spinal

cord.
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Methods

e Sequence design

The magnetization preparation for ihMT experiments using an FSE readout is illustrated
in Figure 1. We employed a low duty-cycle ihMT saturation (23) because it creates a
larger ihnMT signal within a chosen RF power deposition limit compared to early, higher
duty cycle implementations. Briefly, the ihMT preparation uses, for the single-offset
saturation, a train of 5 ms Tukey shaped RF pulses with peak B it applied at an offset
frequency of either + 7kHz or -7kHz every ihMT+g for a saturation time Tinvr (With Tinur
= N-1 * ihMTtg with N the number of pulses). For dual frequency irradiation, cosine-
modulation of the 5 ms Tukey shaped RF pulses was used with peak B1 amplitude of
V2 * By inut. An optional spatially non-selective adiabatic inversion pulse positioned at an
inversion time TI optimized for nulling CSF signal at excitation time was implemented
and referred to as iIhMT-FLAIR. This inversion was achieved with a C-shaped FOCI
(33), applied with peak B; = 14 uT, pulse width = 15.36 ms and bandwidth = 10.8 kHz.

The Tl was determined by estimating the CSF signal as given by the following equation:

TI —(TRFsg—TEqst)
S(TI) = Sp. <1 —2.e TwesF ¢ T1,csF > (2)

With T cse = 4000 ms, TRese = 6 s and TEj,st = 408 ms (for an ETL of 130 and echo-
spacing of 3.1 ms). After a wait time Tait, the IhMT preparation as described above is

applied.
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Following the iIhMT preparation, a variable flip-angle (VFA) FSE readout is played out
starting with a non-selective 90 degree excitation followed by a train of VFA hard
pulses. In the current work, the default VFA scheme implemented in the product VFA
3D-FSE sequence was used (Cube, GE Healthcare), with an initial 120 degrees
refocusing FA, rapid decrease to 50 degrees at the 6th echo followed by a gradual
increase back to 120 degrees at the end of the train, as illustrated in Supporting
Information Figure S1. Four echoes were discarded at the beginning of the train for
stabilization purposes. A centric-out, radial fan-beam view ordering was used for
minimal T,-weighting leading to an effective TE=15.5 ms. Although standard for
relatively short TR imaging with Fast-Spin-Echo, the driven-equilibrium 90-degree flip-
back pulse was explicitly removed as preliminary experiments showed a detrimental
effect on motion-sensitivity. A full dummy acquisition scheme including one TR of each
saturation scheme (iIhMT preparation and FSE readout) was played out prior to data
acquisition, leading to 4*TR dummy scan.

An interleaved acquisition of different saturation schemes was implemented. Single-
positive, dual frequency, single-negative and another dual frequency saturation were
sequentially acquired with the same phase encoding of the echo train before changing
to the next phase encoding interleave to minimize motion-sensitivity. The acquisition of
two dual frequency volumes allowed calculation of a temporal standard deviation in
addition to increasing SNR. Although it was previously reported that an interleaved
saturation scheme led to lower IhMT signal for a short TR gradient-echo based
acquisition (27), this effect should be reduced for the longer TR employed for ihMT-

FLAIR. Additionally, in both ihMT-FSE and ihMT-FLAIR acquisitions, three successive
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90 degrees quadratic phase saturation pulses (10 ms width, 12.5 kHz bandwidth) were
played every 17ms after the end of the FSE readout using varying gradient direction
crushers once in each orthogonal direction, of nominal amplitude 19 mT/m and varying

RF phase.

e Numerical simulations

We used a previously described model (23,34) by modifying code available at

https://github.com/gvarma617/ihMTRAGE-optimize to simulate the effect of a

preparatory inversion on the ihMT signal. The CSF suppression was modeled as an
instantaneous and full inversion of the free pool (i.e. assuming perfect inversion
efficiency), effectively changing the initial magnetization condition in the white and gray
matter to account for T;-recovery after the inversion, assuming in grey matter (GM)
T16m = 1818 ms and in white matter (WM) Ty wm = 1087 ms (35) at 3T. We compared
the difference in longitudinal magnetizations as a measure of ihMT (ihMT,) with and
without the non-selective IR at T=0 (prior to the first excitation pulse, e.g. Tl in the case
of iIhMT-FLAIR). We also calculated ihMT after simulating a single, instantaneous
excitation pulse (iIhMT signal) of either 10 or 90 degrees corresponding to experimental
RAGE or FSE acquisitions, defined as ihMT signal = ihMTz . sin(a). A dummy segment
was simulated (including preparation, acquisition and delays) to reach a steady-state.
Furthermore, we assessed the potential effect of the non-selective inversion on the
bound pool, by varying the longitudinal magnetization of the bound pool (based on its

value at thermal equilibrium Mg p) from -Mgp to +Mg following simulated inversion and
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calculating the ihMT ratio (ihMTR) for white and gray matter. For ihMTR simulation

(=ihMTsignal/M, ), we also simulated the zero power longitudinal magnetization M, .

e Experiments

All experiments were performed on a 3T scanner (Discovery MR750, GE Healthcare,
Waukesha, WI) using body-coil RF transmission and a 32-channel receive-only head
array or an 8-channel Cervical Thoracic Lumbar receive array for spine applications. We
scanned a total of 9 healthy volunteers with N=6 for brain experiments (4 males, 2
females, 33 = 8 y.0) and N=3 for cervical spinal cord experiments (37 + 6yo, all males).
All volunteers provided written informed consent prior to scanning, and this study was
approved by our institutional Committee on Clinical Investigations. All experiments were
carried out in First-level operating mode for SAR and dB/dt management under FDA
guidelines (6min-averaged head SAR < 3.2 W/kg). Total imaging time was < 1 hour.
The 6min-averaged head SAR recorded by the power monitor was saved for

comparison between the different sequences.

In all scans, the same IhMT preparation (excluding inversion pulse) was used, with
ihMT+1r = 100ms, total saturation time Timvt = 900 ms (N=10 pulses) peak By jamr = 12 uT
for a single-frequency pulse. A complete saturation scheme consisted of one zero-
power reference scan as well as 4 MT acquisitions: single positive offset, dual offset,

single negative offset, and then another dual offset RF saturation.



Spatial coverage as well as nominal resolution was kept constant throughout all scans
(96x96 matrix, 64 sagittal slices, 2.4 x 2.4 x 2.8 mm? spatial resolution). Additionally,
parallel-imaging acceleration was used in all cases with autocalibrating reconstruction
(ARC, GE Healthcare) and the same acceleration factor of R=2 in both phase and slice
directions.

We acquired ihMT-FLAIR, ihMT-FSE and ihMT-RAGE data, as implemented in Varma
et al. (27) in each volunteer. Detailed parameters are provided in Table 1. While having
very different characteristics, all acquisitions were optimized to be closely matched in
terms of scan time and imaging parameters, especially key parameters affecting SNR

such as receiver bandwidth.

For both FSE and RAGE, an additional single repetition with no RF power applied in
both preparation and readout was acquired to estimate thermal noise as detailed below
with the same receive bandwidth and receiver gain for the ihMT and noise-only
volumes. All ihMT data were saved as raw k-space data.

In addition to the IhMT data, in 5 of the volunteers for brain experiments, we also
acquired MP2RAGE (36) volumes for quantitative T; imaging (1.6mm isotropic,
TRwmp2race = 4.5s, Tl / Tl = 700 / 2000 ms, a1 / a; = 4 / 5 degrees), as well as a
transmit field (B;) map using a low-resolution RF-spoiled Bloch-Siegert sequence to

support quantification as detailed later.

For spinal cord experiments, after anatomical 3D sagittal T,-weighted FSE and axial

To*-weighted multi-echo gradient-echo sequences, iIhMT-FLAIR images were acquired
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in the axial orientation, targeting the upper cervical spinal cord (centered on C3), using
the same preparation parameters except for the total saturation time Ti,ur=1400ms for
increased sensitivity because of lower expected SNR. A slab-selective excitation with
flow-compensation using first-moment gradient nulling in the frequency direction was
employed. Imaging parameters were: TI / TR / TE = 2000 / 6000 / 14 ms, 160x160
matrix, 5-mm slice thickness, nominal in-plane resolution 1.2x1.2 mm?. No cardiac
gating was used. The number of slices was adjusted based on the spine curvature to
acquire as many slices uncorrupted by partial volume effect in the slice direction. Two

repetitions of the saturation scheme were acquired in 12 minutes.

e Image reconstruction and analysis

IhMT data reconstruction

All image reconstruction was performed with custom made MATLAB scripts (R2020a,
The MathWorks, Natick, MA).

IhMT-RAGE, ihMT-FSE and ihMT-FLAIR k-space data were reconstructed by first
estimating coil-sensitivities using a direct auto-calibration (37) method followed by
parallel-imaging reconstruction. This was performed using the Berkeley Advanced
Reconstruction Toolbox (BART) (38) with the ‘caldir command, using a 242 central k-
space region.

To account for the T,-decay during the long FSE echo-train, an echo-train scaling was
performed to act as a deblurring k-space filter (39) assuming T;=1250ms and T,=80ms

(intermediate between white and gray matter). This scaling was designed to achieve a

11
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Tukey-window (with a r=0.75 cosine fraction) to balance deblurring with SNR loss and
was performed prior to the FSE reconstruction. Practically, the theoretical (e.g.
assuming perfect B;) echo amplitude evolution was simulated with an Extended Phase
Graph (EPG) algorithm (40) for the T1/T, mentioned. Then, for each echo and therefore
k-space position, a scaling factor was calculated to reach the target window as
illustrated in Supporting Information Figure S2. This filter was applied to both ihMT and

noise datasets.

For each subject, we performed an intra-subject registration of individual MT-weighted
volumes for motion-correction using SPM12 (Wellcome Trust Center for Neuroimaging,
London, UK). The ihMT difference volumes were computed from reconstructed images
as follows:

iIhMTitt = S+ + S. - (Squal,1+Sdual,2) (2)
With S,, S, and Sguaz , Saua2 the data acquired following single positive, single
negative, and dual frequency MT preparations.
We estimated an experimental Point-Spread-Function (PSF) wusing a blind
deconvolution method (41,42) in both phase and slice-encoding directions.
Additionally, ihMT-RAGE, ihMT-FSE and ihMT-FLAIR group averages were built using
the Advanced Normalization Toolbox (ANTs) multivariate template construction
framework (43) (BSpline-SyN transformation, cross-correlation metric, 4 outer iterations,
Laplacian sharpening), to provide a visual assessment of image quality at the group

level.

12
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Signal and noise considerations
SNR calculation is always challenging when using multi-array coils and parallel-imaging
reconstructions. We therefore used the pseudo-replica method as proposed by Robson
et al. (44) to overcome this issue. The noise-only k-space data was used to estimate a
noise covariance matrix followed by random generation of correlated noise (as
implemented in http://hansenms.github.io/sunrise/sunrise2013/).
This random correlated noise was then added to the ihMT subtracted k-space and the
process was repeated 100 times. A noise-only image (named rSD) was then generated
by calculating a pixel-wise standard deviation across the replicas. The process is

illustrated in Figure 2.

In addition, in order to measure the total of physiologic and thermal noise amplitude and
distribution, we calculated for each acquisition a pixel-wise temporal standard deviation
(tSD) of the dual frequency volumes as these are acquired twice in the ihMT-FLAIR
datasets (number of repetitions equals 1), and four times for ihMT-FSE and ihMT-RAGE
(number of repetitions equals 2).

We then calculated a signal to noise ratio due to thermal and other random sources
unrelated to the image intensity (SNRang) in both WM and GM by using whole-brain WM
and GM segmentations and dividing the mean signal in the ihMT difference image by
the random noise-only image (rSD) in the same ROI. This was done for the ihMT-
RAGE, ihMT-FLAIR and ihnMT-FSE.

We also calculated in the same ROlIs a ratio of the temporal SD to random noise (tSD /

rSD) by dividing the mean of the temporal SD of dual frequency saturation volumes by
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the mean of the random noise image. This ratio reflects the relative contribution of
physiological and thermal noise of reconstructed images.
A total SNR map (SNRy) was computed and values were calculated in the same
GM/WM ROI (SNRy) by dividing the ihMT difference image by the tSD as this includes
all sources of noise.
In both SNRy: and SNRang, as the noise image was only acquired once and because of
noise propagation through the ihMT calculation, the noise signal had to be scaled by a
factor of YN (divided by 2 in the case of RAGE/FSE because of the division used in the
ihMT calculation), N being the number of images used for ihMT calculation. This led to
scaling by a factor of V2 (=V8/2) for ihMT-RAGE and ihMT-FSE and by 2 (=V4) in ihMT-
FLAIR.
We also derived a contrast measure defined as Michelson’s Contrast:

C = [ihMTdiff(WM) - ihMTdiff(GM)]/[ihMTdiff(WM) + ihMTdiff(GM)] (3)
Pairwise comparisons of SNRand, tSD / rSD, SNR,: and C were performed using paired

t-tests assuming unequal variances, with a significance set at p<0.05.

Quantification of ihMT parameters using ihMTsat
In order to provide a quantitative ihMT metric immune to B;+ and T, that could be
compared across all three sequences, we used in 5 of the 6 volunteers a previously
proposed adaptation of MTsat quantification (32) for ihMT to estimate an ihMTsat
parameter (45). Briefly, this method quantifies the signal attenuation due to a single off-
resonance RF pulse on the free pool (referred to as MTsat, dyvr) which allows

disentangling MT from confounding factors, providing a metric independent of B1+ and
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T1, if the exchange rate is fast compared to the pulse repetition rate. In the case of
ihMT, this is performed for both single and dual frequency saturation and an ihMTsat
parameter can be calculated as:

|hMTsat = 2*6MT’dua|'6MT+_6MT- (4)

The ihMTsat parameter therefore represents the difference between the fraction of free-
pool water saturated with either a dual or single frequency saturation.

The full model is detailed in the Appendix of Munsch et al. (19) and the FLAIR
adaptation is presented in the Appendix at the end of the current study. In this study the
T, map derived from the MP2RAGE sequence was used in the quantification.

For ihMT-FLAIR, we modified the physical model from (19) to account for full and
instantaneous inversion of the free pool by the non-selective inversion (assuming
perfect inversion efficiency) and assuming zero net longitudinal magnetization at the
end of the FSE imaging readout of 400ms.

In both FSE/FLAIR cases, we also included the post-readout recovery time. Individual
saturations and zero-power volumes were smoothed using a Gaussian kernel (o =
1x1x1 voxel) prior to ihMTsat quantification to avoid aberrant values due to CSF signal
in FSE acquisitions leading to sharp intensity transitions.

Pearson correlation coefficients as well as Bland-Altman plots were computed between
ihMTsat values from the iIhMT-RAGE, ihMT-FSE and ihMT-FLAIR. This was done in
ROIs derived from the Harvard cortical and subcortical atlases for GM and JHU atlas for

WM after spatial normalization to the MNI;s, template.
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Spinal cord data reconstruction
Spinal cord ihMT difference volumes were computed after performing a motion-
correction, achieved with the Spinal Cord Toolbox (46) with a segmentation-based

registration of all MT volumes to the first zero-power volume.

16


https://www.zotero.org/google-docs/?r98uL3

Results

e Numerical simulations
Figure 3 illustrates the results of the numerical simulations. The difference in z
magnetization just before readout, ihMTz, is slightly higher for the unsuppressed FSE
than the RAGE because of the longer TR, but the use of an inversion preparation to null
CSF reduces the ihMT-FLAIR ihMTz to below the RAGE value. This reduction factor is
greater for GM than WM because of its longer T1. However, because a much larger flip
angle is used for FSE acquisition, the ihMT signal (equal to ihMTz times the sine of the

flip angle) is higher for the two FSE acquisitions than for the RAGE.

e Multiple spin-echoes vs Gradient-echo: image quality

A representative individual dataset is displayed in Figure 4a, showing the zero-power as
well the resulting ihMT. An apparent increase in ihMT SNR can be observed in FSE and
FLAIR acquisitions compared to ihMT-RAGE, consistent with theoretical simulations.
Consistent with previous observations, we could also observe some ringing in the ihMT-
RAGE (27) especially in frontal regions.

Conversely, the use of long refocusing echo-trains in both ihMT-FSE and ihMT-FLAIR
led to increased blurring as can be appreciated in Supporting Information Figure S3
when looking at measured PSFs in both phase-encoded directions.

Also noteworthy, when calculating commonly used MTR and ihMTR, we observe
division errors in the ihMT-FSE data leading to artificially high ratios as highlighted in

Supporting Information Figure S4 because of the sharp CSF-tissue signal intensity
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transitions occurring in the My image especially close to the ventricles. Such an issue is
eliminated with ihMT-FLAIR. Also, the dark rim at CSF/brain boundaries likely reflects
the edge enhanced PSF of CSF after scaling echoes to correct for the T, decay of brain

tissue.

However, careful examination of image quality does highlight potential for increased
ghosting and in-flow artifacts in ihMT-FSE acquisitions especially close to the eyes and
in the brainstem (Figure 4b), which appear somewhat reduced or suppressed in the
ihMT-FLAIR acquisitions. This CSF artifact in FSE may also lead to more subtle blurring
especially in the cortical gray matter due to the presence of pulsating CSF in the

subarachnoid space.

The measured 6-min averaged head SAR, while within regulatory limits, was higher in
the IhMT-FSE acquisitions (2.62 + 0.2 W/kg) compared to ihMT-RAGE (1.83 = 0.14

W/kg) and ihMT-FLAIR (1.82 + 0.05 W/Kg).

e SNR comparison
Thermal and physiological noise distributions across the acquisition sequences can be
gualitatively assessed by examining Figure 5. Importantly, the tSD spatial distribution
seems predominantly dominated by CSF motion in the ihMT-FSE acquisitions, though
the effect appears to extend beyond CSF regions with amplitudes significantly higher
than in ihMT-RAGE and ihMT-FLAIR. Conversely, both ihMT-RAGE and ihMT-FLAIR

have homogeneous tSD distributions. Thermal noise distributions showed lower noise
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levels in the iIhMT-FSE dataset compared to both ihMT-RAGE and ihMT-FLAIR, with a
distribution mimicking a g-factor map because of the use of parallel-imaging
reconstruction.

Total SNR maps reflect those observations, showing the spatial dependence in ihMT-
FSE with substantial SNR loss in the gray matter compared to ihMT-FLAIR and ihMT-
RAGE. It also highlights the overall higher total SNR in ihMT-FLAIR compared to ihMT-

RAGE and ihMT-FSE.

Those qualitative observations are confirmed by the quantitative analyses as shown in
Figure 6 demonstrating a significantly higher SNRag in IhMT-FSE acquisitions
compared to both ihMT-FLAIR (p=0.005 and p=0.01 for WM and GM) and ihMT-RAGE
(p=0.006 and p=0.0002 for WM and GM). However, the SNRs,q from ihMT-FLAIR and
ihMT-RAGE were not significantly different.

The tSD/rSD ratio was found to be significantly higher in ihMT-FSE compared to both
ihMT-FLAIR (p=0.001 and p=0.003 for WM and GM) and ihMT-RAGE (p=0.003 and
p=0.004 for WM and GM). ihMT-FLAIR tSD/rSD were found to be significantly lower
than ihMT-RAGE (p=5.10° and p=0.0007 for WM and GM). The highest tSD/rSD ratio
was found in the GM with ihMT-FSE.

This leads to total SNR observations, showing that the IhMT-FLAIR SNRy; was
significantly higher relative to both ihMT-RAGE (p=0.0006 and p=0.004 for WM and
GM, +74% and +49%) and ihMT-FSE (p=0.0001 and p=7.10"° for WM and GM, +187%

and +292%). When calculating contrast C, it was found to be higher in ihMT-FLAIR

19



(0.32 £ 0.03) compared to iIhMT-FSE (0.27 + 0.01, p=0.007) but not significantly

different from ihMT-RAGE (0.30 £ 0.02, p=0.43).

e i[hMTsat quantification from different acquisitions

Group-averaged ihMT differences and ihMTsat maps derived from ihMT-RAGE, ihMT-
FSE and ihMT-FLAIR are presented in Figure 7. An apparent increase in WM/GM
contrast can be seen in the IhMT-FLAIR difference image in agreement with the
simulations that predicted a greater reduction in ihMT difference in gray matter than
white matter for ihMT-FLAIR because of its longer T1. With regards to ihMTsat,
Although a consistent distribution can be seen through the brain, it is worth noting a

substantially higher influence of partial-volume in the ihMTsat derived from ihMT-FLAIR.

The comparison between ihMTsat calculated from ihMT-FSE, ihMT-FLAIR and ihMT-
RAGE in Figure 8 shows that while there is a strong correlation in all cases, there was a
systematic under-estimation of ihMTsat with FSE acquisitions compared to ihMT-RAGE
highlighted in the Bland-Altman plots. In addition, while it was similar for both WM and
GM with ihMT-FSE (1.07 vs 1.08), we observed a different slope between WM and GM
when comparing ihMT-FLAIR to ihMT-RAGE (0.91 vs 1.13). The highest correlations
were found between ihMT-FSE and ihMT-RAGE, with r? of 0.86 and 0.93 for GM and
WM respectively, while the lowest was found in the GM between ihMT-RAGE and ihMT-
FLAIR (r?=0.73). It is worth noting that the ihMTsat spread, especially in WM ROls,

reflects mostly partial voluming between different brain tissues (WM, GM and CSF).
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This overall suggests that ihMTsat is overestimated in the GM and underestimated in
the WM in ihMT-FLAIR compared to the iIhMT-RAGE likely due to My estimation issues

because of CSF/tissue partial-volume as well as added T; contrast in ihMT-FLAIR.

e Spinal cord preliminary application
Preliminary spinal cord scans showed the feasibility of using ihMT-FLAIR for cervical
cord imaging as illustrated in Figure 9. The three datasets collected showed good ihMT
signal with some signal decrease in the lower cervical spine consistent with the

measured B;" drop (>20% loss below C5).
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Discussion

We have successfully implemented an FSE-based sequence for 3D ihMT imaging,
which includes an optional dedicated CSF suppression strategy to minimize the impact
of physiological noise. Through numerical simulations and in vivo qualitative and
guantitative comparison, we demonstrated the benefits of FSE over gradient-echo in
terms of SNR and overall image quality, while maintaining capabilities for IhMT
guantification as illustrated with the modified ihMTsat approach. In addition, we have
also highlighted the efficacy of the CSF suppression for reducing physiological noise in

3D FSE for ihMT and explored the feasibility of spinal cord imaging using this approach.

On top of apparent image quality improvement observed at the individual but also group
level, the use of long refocusing echo-trains in FSE provided a significant improvement
in SNR (defined as the signal over random noise) compared to our gradient-echo based
acquisition, even after correcting for T,-decay related blurring. However, FSE using
variably reduced flip-angles (down to a minimum of 50 degrees in our case) comes with
an increased sensitivity to physiological motion such as CSF pulsation or eye motion as
observed when studying the contribution and relative ratio of physiological and thermal
noise. This materializes mainly as phase-ghosting but can also have a subtler global
impact on the image and associated quantification as was noted when calculating total
SNR. One solution to this problem is the proposed inversion-recovery based CSF

suppression strategy (i.e. iIhMT-FLAIR) which was shown to be highly efficient in
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reducing physiological noise contributions and resulting image degradation, as
highlighted through SNR measurements. This came at the cost of reduced temporal
efficiency because of long recovery periods. This also led to an increased apparent
WM/GM contrast in the iIhMT-FLAIR difference images, resulting from a mixed T, and
IhMT contrast that is predicted by our simulations. But the modified ihMTsat method
allowed disentangling this as demonstrated by the good agreement in both white and
gray matter regions between ihMTsat calculated with ihMT-RAGE and ihMT-FLAIR.
More generally, this study shows that the ihMTsat framework allows quantitative ihMT
with various imaging sequences.

In addition, while gradient-echo has been successfully used for spinal cord IhMT
acquisitions (27,29,47), preliminary results have shown the feasibility of ihMT-FLAIR for
spinal cord imaging combining centric-out k-space view-ordering and interleaved
saturation schemes. As for brain acquisitions, optimizing VFA design, k-space sampling
and reconstruction could certainly address potential contrast degradation due to T,-
blurring. The impact of cardiac cycle related CSF motion should also be investigated
(25) as well as potential Bo/B; issues that could have led to reduced ihMT signal in the
lower spinal cord and variable background signal.

It is worth mentioning that while the estimated SAR in the ihMT-FSE acquisitions was
higher than the IhMT-RAGE with a similar ihMT preparation (+43%), the power
deposition remained within regulatory limits. ihMT-FLAIR was not associated with a
substantial higher power deposition because of the use of a long TR for sufficient signal

recovery.
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Some limitations of our study have to be considered. Indeed, while we assumed a
perfect inversion for CSF suppression, partial loss of efficiency or partial saturation of
the bound pool may lead to quantification inaccuracies. However, C-shaped FOCI
pulses are known for extremely high inversion efficiency (>99%) most likely minimizing
the potential effect of efficiency (33).

Our results also failed to realize the full SNR gain predicted by theory. While simulations
showed a range of increase between 1.9 with the implemented ihMT-FLAIR to 6.5-fold
with iIhMT-FSE, a more modest yet significant SNRang (Which corresponds to the ihMT
signal simulated) increase was measured. Considering transverse relaxation in the
simulations could explain at least a fraction of this mismatch. Moreover, simulations did
not consider physiological noise which has been shown to be the most significant
contributor in this study. Additionally, the different acquisition order (interleaved vs.
sequential) could have potentially impacted the retrospective motion-correction strategy.
When considering quantification, commonly used ihMTR calculation can be problematic
close to CSF regions (e.g. close to the ventricles or cortical gray matter) because of the
partial volume effects or nulled CSF signal which would require correction strategies.

As seen when comparing the ihMTsat data from the different acquisitions, although in
generally good agreement, there was a systematic bias in the ihMT-FSE and ihMT-
FLAIR derived ihMTsat maps compared to ihMT-RAGE, more pronounced in the ihMT-
FLAIR warranting further investigation. The systematic underestimation of ihMTsat with
ihMT-FSE compared to ihMT-RAGE could also be explained by the different saturation
ordering scheme (interleaved vs sequential) as described previously by Varma et al

(27). It is also worth noting that the MP2RAGE derived T; maps are not perfectly
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immune to the effect of transmit (B;") inhomogeneities, potentially leading to additional

uncertainties in the ihMTsat quantification.

Several improvements to the FSE acquisition sequence could further increase its
appeal. First, the sequence may be further accelerated using pseudo random
undersampling of k-space combined with Compressed Sensing reconstruction. Also,
further optimization of the variable flip-angle echo train could provide a better balance
between T,-blurring, motion-sensitivity and power deposition (39). To overcome the time
penalty imposed by the long recovery required for ihMT-FLAIR, alternative strategies for
CSF suppression could be envisioned such as a T,-FLAIR preparation (48). Finally,
potential strategies for deriving My using a homogenous reference for example could be
explored (49) to tackle the issue arising from sharp intensity transitions at the edges

between brain tissue and CSF coming from the FSE point-spread function.

Finally, this work, complementary to previous literature on CEST (8) or ASL (7,50),
further confirms the potential of 3D FSE for magnetization-prepared contrasts. It also
shows that targeted signal suppression strategies can be implemented when needed
and accounted for in quantification as highlighted by our use of ihMTsat. While the
historically long acquisition times, lower temporal efficiency and high power deposition
of FSE sequence have led to favoring gradient-echo based sequences for 3D
magnetization-prepared contrasts, this growing body of work shows that 3D FSE can be
a robust and sensitive sequence not only for qualitative anatomical imaging but also

guantitative microstructural and functional imaging.
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Conclusions

In conclusion, we have proposed the use of 3D multiple spin echoes for acquisition of
magnetization prepared ihMT imaging. We highlighted the benefits but also the
challenges of FSE imaging for this purpose and showed the potential benefits of a
dedicated CSF-suppression strategy to tackle FSE issues. Altogether, we have
demonstrated the potential for high quality and quantitative brain imaging using 3D FSE
readout. This work contributes to a growing literature showing 3D FSE can be a high
SNR acquisition approach with reasonable scan times for magnetization prepared
contrasts that can compete with more time-efficient but lower SNR gradient-echo based

sequences.
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Appendix: model equations for MTsat quantification of FSE data

Similar to the Appendix of Munsch et al, where the equations for MTsat quantification of
MPRAGE data are described, we modeled the effect of each MT pulse as an
attenuation of free pool magnetization by a factor of (1 - &), where 8 is the MTsat factor
for that pulse. Our FSE acquisition differs from the MPRAGE in two ways. One is that
the larger refocusing pulses, combined with a post-acquisition saturation, eliminate
longitudinal magnetization after the acquisition. The other is the inclusion of an optional
inversion recovery pulse for CSF suppression. The calculation was performed by
stepping across multiple time periods: the wait between the (optional) non-selective
inversion and the MT preparation (Twai), the preparation time (Tinwmr=n*ihMT+g), the
delay before acquisition (wg), and the recovery after acquisition + post-readout

saturation time (T eaq)-

Preparation wait, T, Preparation Time, T,,,,r w, | Readout, T4 Recovery time, TResg-Tread

M]. M2 Ms M4 Ms Ms

_Twait

_Twait
M, = +Me T +M0<1—e T )

_Tinmr
_Tinmr _IhMTTR (1 _ (1 _ 6)ne Ty )
M;=M,(1-6)"e T+ +My(l—e T i

1-(1-68e T )

_Ya _Wa
M4=M39 T +M0(1_e Tl)
M5 == O

_TRFSE_Tread
M6 = MO 1 — e T
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My, = Mg
Where Teaq IS the sum of the readout and post-readout saturation duration times. For
reasonable parameters, the ratio of the MT image to the zero-power reference image is
a monotonic function of d. These can readily be solved for each pixel of the volume by a
robust bisection method.
In addition, the zero-power reference image was scaled to estimate true My accounting
for signal attenuation because of TR/TI by the following:

_ﬂ _(TRFSE_Tread)
S=1-2e i +e Ty
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Tables

35

ihMT-RAGE ihMT-FSE ihMT-FLAIR
Image orientation Sagittal Sagittal Sagittal
Number of slices 64 64 64
Resolution (mm?) 24x2.4x2.8 24x24x28 24x24x2.8
Binvr (UT) 12 12 12
ihMT+r (mMs) 100 100 100
Tinmr (MS) 900 900 900
TR (ms) 2000 4000 6000
TE (ms) 1.3 15.5 15.5
Tl (ms) N/A N/A 2000
Flip-angle (deg) 10 90 - VFA 90 - VFA
Receiver bandwidth (kHz) 35.6 31.25 31.25
Number of averages 2 2 1
Views per segment / ETL 90 130 130
Echo spacing 3.6 3.1 3.1



View-ordering Radial fan-beam Radial fan-

beam
Post-readout saturation No Yes
Saturation ordering Sequential Interleaved
Acquisition time (min) 7 min 20 10 min

Radial fan-
beam

Yes

Interleaved

7 min 30

36

Table 1 - Imaging parameters
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Figure 3 - Results of numerical simulations showing the difference in longitudinal
magnetization between single (M;singe) and dual-frequency saturation (Mzgua)) (IhMT),
ihMT signal after initial excitation (ihMT signal), zero power longitudinal magnetization

M,o, IhMTR.
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Zero power (M) volume ihMT difference

(a) (b)  ihMT-FSE

ihMT-RAGE

ihMT-FSE

ihMT-FLAIR

Figure 4 - (a) Mp and ihMT difference images acquired with ihMT-RAGE, ihMT-FSE and
ihMT-FLAIR in a representative subject. Edge enhancement in the My FSE image, and
potentially apparent blurring of CSF boundaries in My FLAIR images reflects the
different point spread function of long T, CSF compared to gray and white matter. For
illustration purposes, the ihMT difference images were scaled by normalizing each by
their mean value. (b) illustration of CSF-motion related artifacts in ihMT-FSE compared
to ihMT-FLAIR. Red arrows/circle show areas with increased ghosting artifacts in the

FSE compared to FLAIR
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Figure 5 - ihMT difference image, random noise-only image (rSD), temporal standard-
deviation (tSD) image reflecting physiological and thermal noise and total SNR (SNRyq)
maps in two volunteers. IhMT differences, rSD and tSD were normalized by their
respective My image (after smoothing) to provide a comparable scale and windowed to

highlight their spatial distribution
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Figure 6 — thermal SNR (SNRang), ratio of total/random noise (tSD/rSD) and total SNR

(SNRyt) bar charts
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Figure 7 - N=5 group-averaged ihMT difference and ihMTsat maps for ihMT-RAGE

(top), ihMT-FSE (middle) and ihMT-FLAIR (bottom)
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guantification between different acquisitions. In all scatter plots, a linear fit for the GM

(orange) and WM (blue) was performed and the equation and determination coefficient

are displayed.
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Figure 9 - Preliminary spinal cord ihMT-FLAIR difference volumes in three healthy

volunteers as well as T,*-weighted multi-echo GRE for anatomical comparison
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Supporting Information
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Supporting Information Figure S1: Top — variable flip-angle echo train, Bottom left — k-

space time-sampling and Bottom right — segmented FSE scheme
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Supporting Information Figure S2 - lllustration of the echo train scaling procedure
showing the simulated (dashed black line) echo amplitude across the echo-train for
intermediate T1/T2 = 1250/80ms between white and gray matter, the target Tukey
window (full black line) and the echo scaling factor (secondary axis, red) and k-space

filter
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Supporting Information Figure S3: Measured Point-Spread Function using a blind

deconvolution method in both phase and slice-encoding directions for all three

sequences
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Supporting Information Figure S4 - illustration of single-subject MTRgua= (Mo-MT gua)/Mo
and ihMTR (ihMT/Mp). Images have been masked and spline-interpolated for

visualization purposes
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Supporting Information Figure S5 — axial cuts of IhMT-RAGE (left), ihMT-FSE (center)

and ihMT-FLAIR (right) differences group averages
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Parameter Gray Matter | White Matter
Free-pool longitudinal relaxation rate Ria (s™) 0.72 1.23
Exchange rate R (s™) 51 60
Bound pool longitudinal relaxation rate Ry, (s 1 1
N
Dipolar longitudinal relaxation time Tip (S) 5.90E-03 6.20E-03
Free-pool transverse relaxation time T, (S) 9.90E-02 6.90E-02
Bound pool transverse relaxation time Ty, (S) 7.60E-06 9.00E-06
Free-pool magnetization Moa 1 1
Bound pool fully relaxed magnetization Mo, 0.035 0.1

Supporting Information Table S1 — Tissue properties used in numerical simulations

49




