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Abstract

Purpose: To demonstrate the feasibility and robustness of the Magnetic Reso-
nance Spin TomogrAphy in Time-domain (MR-STAT) framework for fast, high
SNR relaxometry at 7T.

Methods: To deploy MR-STAT on 7T-systems, we designed opti-
mized flip-angles using the BLAKJac-framework that incorporates the
SAR-constraints. Transmit RF-inhomogeneities were mitigated by including
a measured B} -map in the reconstruction. Experiments were performed on a
gel-phantom and on five volunteers to explore the robustness of the sequence
and its sensitivity to Bf inhomogeneities. The SNR-gain at 7T was explored
by comparing phantom and in vivo results to MR-STAT at 3T in terms of
SNR-efficiency.

Results: The higher SNR at 7T enabled two-fold acceleration with respect to
current 2D MR-STAT protocols at lower field strengths. The resulting scan had
whole-brain coverage, with 1x 1 x 3 mm?3 resolution (1.5 mm slice-gap) and was
acquired within 3 min including the B} -mapping. After B -correction, the esti-
mated T; and T, in a phantom showed a mean relative error of, respectively,
1.7% and 4.4%. In vivo, the estimated T; and T, in gray and white matter corre-
sponded to the range of values reported in literature with a variation over the
subjects of 1.0%-2.1% (WM-GM) for T, and 4.3%-5.3% (WM-GM) for T,. We
measured a higher SNR-efficiency at 7T (R=2) than at 3T for both T; and T,
with, respectively, a 4.1 and 2.3 times increase in SNR-efficiency.

Conclusion: We presented an accelerated version of MR-STAT tailored to
high field (7T) MRI using a low-SAR flip-angle train and showed high quality
parameter maps with an increased SNR-efficiency compared to MR-STAT at 3T.
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1 | INTRODUCTION

Quantitative MRI techniques aim to directly estimate
MR-specific tissue properties such as the relaxation rates
T; and T,, and the proton-density which can be used as
biomarkers for disease progression in, for example, mul-
tiple sclerosis, brain tumors, and Parkinson’ disease.!”
The main motivation for quantitative imaging at high field
(=7T) is the additional SNR available. This enables quan-
titative MRI techniques at higher resolutions and has been
used to probe the brain’s microstructure in terms of myeli-
nation, oxygenation, and iron content distribution.*8 In
addition, the increased SNR can be used to obtain more
precise and faster relaxometry than at lower field, where
the available SNR is the main limitation on precision and
scan time.’ 12

Conventional quantitative MRI techniques are
time-intensive as they estimate these tissue proper-
ties (T;, T,, proton-density) using multiple steady-state
sequences with different sequence parameters to sensi-
tize the sequence to a single parameter. Consequently,
fast multi-parametric quantitative MRI techniques have
been developed that simultaneously estimate multiple
parameters from a single scan. Generally, these tech-
niques use a transient-state sequence and a physics-based
reconstruction and obtain the tissue parameters by either
performing voxel-by-voxel dictionary matching on highly
undersampled images (MR fingerprinting, or MRF)’ or
by directly solving for spatially resolved parameter maps
from the time-domain signal (Magnetic Resonance Spin
TomogrAphy in Time-domain, or MR-STAT).!3

The application of fast quantitative MR techniques
at high field is challenging due to an increase in
B{-inhomogeneities and tissue heating (SAR), which both
result from the higher RF frequencies used at 7T and
beyond. Here, the Bj-inhomogeneities lead to spatially
varying biases in the parameter maps which can be mit-
igated by including the B} as an extra parameter in the
physics model. In such a model, the estimation of B] can
be obtained by acquiring a separate B} -map, by encod-
ing the B} into the experiment by using a B/ -sensitive
flip-angle train or by varying the RF-shims used during the
experiment.!4-16

An additional challenge for fast quantitative MR tech-
niques is the high RF-power required. This originates
from (i) the adiabatic inversion pulses used to improve
T, encoding and reduce sensitivity to B}, and (ii) the
variable flip-angles which features large variations in
flip-angle to ensure sufficient T; and T, encoding. The
main approaches to limit SAR are a decrease in flip-angles
or an increase in TR, which lead to a decrease in SNR
of the estimated tissue parameters and longer scan times,
respectively.
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In this work, we demonstrate that the MR-STAT frame-
work can be applied at high field (7T) by using a flip-angle
train specifically optimized for 7T and by correcting for
B/ -inhomogeneities using a short Bf -mapping scan and
a TR-FOCI adiabatic inversion pulse.!” In addition, we
compare the SNR(—efficiency) of MR-STAT at 7T with the
existing MR-STAT implementation at 3T and show that the
additional SNR at 7T can be used to shorten the MR-STAT
acquisition and obtain highly accurate mapping. This is
demonstrated by applying two-fold undersampling, which
leads to a full brain protocol with 1x1x3 mm? resolution
(1.5 mm slice-gap) of 3 min. This protocol was validated in
a gel phantom to test the accuracy and precision of the esti-
mated T; and T, values and five healthy volunteers were
scanned to demonstrate the feasibility and robustness.

2 | METHODS

MR-STAT enables the estimation of multi-parametric
quantitative MR-maps directly from time-domain data of
a single short scan. Here, the quantitative parameters are
encoded into the signal by using a combination of Carte-
sian gradient encoding and a time-varying flip-angles dur-
ing a non-balanced transient-state sequence. Quantitative
parameter maps are obtained by directly and simultane-
ously solving for spatial localization and tissue parameters
quantification in a single large-scale non-linear optimiza-
tion process.'*13

2.1 | Sequence design

A typical unaccelerated MR-STAT acquisition repeats
a linear phase-encoding pattern over a transient state
flip-angle train where spin states are different for each
phase encoding step. Spatial frequencies are sampled at
the Nyquist rate and cover the equivalent of five or six
full k-spaces (Figure 1). Acceleration can be achieved
by skipping phase-encoding steps according to arbitrary
design choices. Here, acceleration can be denoted by
a factor R, similar to undersampling in conventional
MR-acquisitions, which indicates the spatial frequencies
omitted with respect to the unaccelerated (fully-sampled)
MR-STAT sampling. The transient-state is achieved by
using a series of varying RF-excitations which are pre-
ceded by an inversion pulse and are used to capture
the time-domain signal needed to estimate T;, T,, and
proton-density. To enable alias-free reconstruction when
accelerating, we included receive coil sensitivities into the
MR-STAT signal model, which enhance spatial encoding
and can be obtained from a separate low-resolution scan.
This leads to the following signal model:
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where S, is the temporal signal from each coil and p rep-
resents the proton-density that is spatially weighed by the
receive sensitivity C,, of each receive coil. m denotes the
spatial and temporal variation of the transverse magneti-
zation during the MR-STAT experiments which depends
on the spatial encoding and the applied RF-pulses, and
MR-related parameters like Ty, T, and BI’ that are repre-
sented by 6.

The BLAKJac'® analytical framework was used to
design a flip-angle train that minimizes the noise in the
estimated Ty, T,, and proton-density (p) while taking into
account the phase-encoding pattern used alongside the
varying flip-angles. The cost function used for the BLAK-
Jac optimization contains a SAR penalty term based on
the RMS flip-angle and TR which was used to optimize
a flip-angle train specifically for low SAR by limiting the
RMS flip-angle to 35° (excluding the inversion pulse). This
value of 35° corresponded to the vendor defined low SAR
condition for a TR of 11 ms. Furthermore, the optimization
was performed for a set of eight T; and T, values which
are typical for 7T brain imaging with T; ranging between
370 and 3300 ms and T, ranging between 25 and 308 ms.
The resulting flip-angles and associated phase-encoding
pattern can be found in Figure 1.

2.2 | Sequence parameters

Data were acquired in a gel-phantom and in vivo on
a 7T MR-scanner (Philips, The Netherlands) using a

32-channel receive array (Nova Medical, USA) and a
two-channel transmit coil (driven in quadrature). The
imaging parameters were based on a previous clini-
cal study performed with MR-STAT at 3T,' albeit with
a longer TR/TE to limit SAR: voxel size=1x1mm?,
slice thickness =3 mm, FOV =224x224mm?, Ngjices =5
(gel-phantom) or 27 (in vivo), slice gap=1.5mm,
TR =11ms and TE = 5.5 ms. Five Cartesian k-spaces were
acquired for each slice to encode the quantitative param-
eters. For the two-fold undersampled scans (see Figure 1
for a schematic k-space sampling), this resulted in an
acquisition time of 6 per slice and 2'42” s for the whole
MR-STAT acquisition.

The B/ -inhomogeneities were estimated using a sep-
arate, 13 s long DREAM? sequence with a STEAM angle
of 40 degrees, a 3.5x3.5x3.5mm? isotropic resolution.
The resulting B] map was subsequently used in the
MR-STAT reconstruction. Receive coil sensitivity maps
were obtained using ESPIRIT from the vendor’s standard
receive coil mapping scan.?!

2.3 | Phantom experiments

Phantom experiments were performed on a phantom with
12 gel vials with varying T; and T, values (TO5, Eurospin
IT test system, Scotland). The effect of non-homogeneous
Bl on the MR-STAT reconstruction was tested by per-
forming reconstructions with and without the measured
B} -prior. In addition, a two-fold undersampled acquisition
was performed to investigate the effect of acceleration on
the reconstructed parameters.
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Ground truth values for T; and T, were obtained
by acquiring a series of inversion recovery spin-echo
acquisitions (T;) and single-echo spin echo acquisitions
(T,) at varying inversion and TEs (10 TIs between 200 and
4150 ms and 10 TEs between 20 and 520 ms).

2.4 | Invivo experiments

Five volunteers (three male, two female, age 26-62) were
scanned using the undersampled MR-STAT acquisition
to assess the in vivo repeatability and enable compari-
son with relevant literature findings. Informed consent
was given by all volunteers in accordance with the local
Institutional Review Board for all scans. To enable com-
parison with literature values, a gray-white matter segmen-
tation was performed using FSL (FAST)?>?* on synthetic
T,-weighted images which were based on the R;-maps

(1/Ty).

2.5 | Comparison to 3T
In vivo and phantom data were also acquired on
a 3T MR-scanner (Philips, The Netherlands) using a
15-channel receive array with identical imaging parame-
ters except for a shorter TR and TE of 10.4 ms and 5.2 ms,
respectively. A flip-angle train specifically optimized for
3T was used which also featured a flip-angle constraint
of 35 degrees rms. Due to SNR-constraints, the in vivo
data at 3T were acquired without undersampling while the
phantom data were acquired both fully sampled (R=1)
and two-fold undersampled (R =2). B} and coil sensitivity
maps were acquired similarly to the data at 7T to allow for
B -correction during the reconstruction.

The phantom data from 7T and 3T were used to calcu-
late SNR-efficiency for T; and T, using’:

T,NR

SNRefficiency,T" = , with n=1,2. (2)

scan

Here, T, NR is the SNR for T; or T, based on the mean
of the T;/T, divided by the SD over each vial. T, is the
scan time per slice in seconds.

2.6 | Reconstruction

The MR-STAT reconstructions were performed on a GPU
(NVIDIA, A5000) using a reconstruction algorithm writ-
ten in the Julia programming language.?* This reconstruc-
tion algorithm included an EPG-simulator to compute
the forward signal model and the partial derivatives with

respect to the tissue parameters for the spoiled gradient
sequence. For this work, the EPG simulator was adapted to
include the history of inversion pulses applied to each slice
before acquiring the data, an explanation on the necessity
of this adaption is found in the supplementary information
(Figure S1).

The reconstruction also included slice-profile effects
which were included by using Bloch equation simu-
lations for 35 sub-slices equally distributed along the
slice-selection direction over a range of three times the
nominal slice-thickness.?

3 | RESULTS

3.1 | Phantom experiments

Figure 2A shows a comparison between the reconstructed
T; and T, values per vial without and with Bf—correction
for the fully-sampled and accelerated MR-STAT acquisi-
tions. Here, the effect of the B‘f—correction was similar for
both acquisitions. Specifically, the reconstructed T; val-
ues did not significantly change after correcting for Bf
with a mean relative error of 2.9% (R=1) and 1.7% (R=2)
with respect to the ground truth values. The reconstructed
T, values, on the other hand, did change significantly
when correcting for B} as this caused the mean relative
error to decrease from 33.5% (R=1) and 30.2% (R=2) to
4.2% (R=1) and 4.4% (R=2). After B-correction, both
fully-sampled and undersampled data yielded similar T,
and T, estimates with a mean relative difference of 1.6%
for T; and 2.4% for T,.

Figure 2B shows the effect of the B} -inhomogeneities
on the reconstructed T;, T,, and proton-density for
the gel phantom for R=2. Here, the inclusion of the
B} -map in the reconstruction mainly affected the T, and
proton-density reconstructions (Figure 2B). The artifact
highlighted by the red arrows was caused by a large
Bp-inhomogeneity (~400Hz) at an air-water boundary,
which could not be mitigated by By-shimming. As such,
these vials were omitted from the quantitative plots in
Figure 2A.

3.2 | Invivo experiments

Figure 3(A,B) shows two representative slices for two sub-
jects at 7T (the rest of the slices and subjects can be found
in Figure S2 of the supporting information). All parameter
maps show alow noise level allowing for a clear distinction
between gray and white matter and smaller structures like
the basal ganglia (Figure 3A). Figure 3B shows a slice lower
in the brain where a bias in T, and T; values was observed
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FIGURE 2  Results for the phantom experiments at 7T. (A) comparison of the reconstructed quantitative values with (R =2) and
without (R =1) acceleration and with (red) and without (blue) B} -correction. (B) The reconstructed Ty, T,, and proton-density maps for the
accelerated MR-STAT acquisition (R = 2) showing the effect of including a measured B} -map in the reconstruction. Here, the red arrows

highlight vials that display an artifact originating from a large By-inhomogeneity.

in the cerebellum due to a combination of a bias in the B}
mapping at extremely low B} (<20% of the nominal B},
indicated by the green arrows in Figure 3B) and B, inho-
mogeneities (yellow arrows in Figure 3B) close to the ear
cavities resulting in imperfect inversion. In addition, we

observed minor pulsatility artifacts in the phase-encoding
direction originating from blood flow in large vessels (red
arrows in Figure 3A).

Figure 3C shows the distribution Ty and T, values in
the gray and white matter over the whole-brain across all
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Reconstructed Ty, T,, and proton-density (p) and the measured B} -map used during reconstruction for two representative

slices in two subjects. (A) A central slice with relatively homogeneous B; . Here, the red arrow highlights an artifact originating from blood

pulsation. (B) A slice in the lower brain with inhomogeneous B} and B,. Here, the yellow arrows point toward susceptibility artifacts caused

by By-inhomogeneities around the ears. The green arrows highlight a bias in T, values which is observed in areas of low B} (<35% of the

nominal Bf). (C) The distribution of T; and T, values in gray and white matter across the five volunteers.

subjects. The peak values for the reconstructed T; and T,
are summarized in Table 1. Here, the reconstructed T;
was found to be 1092+ 11 ms (1.0% inter-subject varia-
tion) in white matter and 1610 + 34 ms (2.1% inter-subject
variation) in the gray matter. The reconstructed T, var-
ied from 28 + 1.2 ms (4.3% inter-subject variation) in the
white matter to 36 + 1.9 ms (5.3% inter-subject variation)
in the gray matter. Both the observed T; and T, values fall
in the range of values reported previously in the relevant
literature (Table 1).26-30

3.3 | Comparison to 3T

Figure 4A,B shows the SNR(—efficiency) for unaccelerated
and accelerated MR-STAT acquisitions on a phantom at
3T and 7T. Figure 4A shows that the SNR at 7T is con-
sistently higher than at 3T for an RMS flip-angle of 35
degree. In the Figure S4, this is shown to also hold when
an RMS flip-angle of 70 degrees is used at 3T. Addition-
ally, the SNR in T; at 7T was observed to not decrease for
two-fold undersampling. Overall, a higher SNR-efficiency
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TABLE 1 Reconstructed T; and T, values for the different
subjects.
Reconstructed Reconstructed
T; [ms] T, [ms]
Subject WM GM WM GM
1 1106 1611 28 34
2 1082 1565 28 36
3 1086 1600 27 35
4 1084 1620 27 36
5 1102 1658 30 39
Hxto 1092 +11 1610+34 28+1.2 36+1.9
Literature 924-1394 1451-2000 25-39 33-55
(min-max)

Note: The values were obtained from the peak of the gray and white matter
histograms. On the bottom the range of literature values for T, and T,.

was observed for the MR-STAT acquisitions at 7T with a
3.1 (R=1)and 4.1 (R=2) times increase in SNR-efficiency
for T; and a 2.2 (R=1)and 2.3 times (R = 2) increase for T,.
Importantly, the SNR-efficiency remained relatively con-
stant for unaccelerated and accelerated acquisitions at 3T
while an increased SNR-efficiency in T; was observed for
the accelerated scan at 7T.

The in vivo 3T and 7T results in Figure 4C also high-
light the increased SNR at 7T which can primarily be seen
in the T, and proton-density maps.

4 | DISCUSSION AND
CONCLUSIONS

In this work, we demonstrated an accelerated MR-STAT
acquisition at 7T that yielded high-quality quantitative
parameters maps both in-vitro and for full-brain in five
healthy volunteers. This was enabled by a flip-angle train
that was optimized for low SAR, and for the expected
T, and T, values occurring at 7T using the BLAK-
Jac framework. In addition, we showed an increase in
SNR-efficiency compared to MR-STAT at 3T and a reduc-
tion in the sensitivity to B variations by incorporating
measured B} -maps.

The phantom experiments highlighted the necessity of
B} -correction especially for estimation of the T,. Specifi-
cally, the variations in B} at 7T (between 50% and 150%
of the nominal B}) caused a mean relative error of 30.2%
in the reconstructed T, if not taken into account. After
B -correction, this error was reduced to 4.4% (R = 2) which
was primarily caused by a bias (overestimation) at higher
(>100ms) T, values. In addition to imperfect B}, the B,
fluctuation was also found to influence the reconstructed
T; and T, values, which was caused by aliasing of signals
with a larger difference in B, offset (>100 Hz).

In vivo, we observed residual influences of
B/ -inhomogeneities in the cerebellum on the recon-
structed parameters. Here, an underestimation of T; value
was still observed in areas of extremely low B (<20%
of the nominal Bf) where the adiabatic condition for
the inversion pulse was not met. Notably, these areas of
low Bf also featured a bias in T, values due to a lack
of T, encoding, which was caused by the low effective
flip-angle reached in these areas. To improve B -coverage,
a multi-transmit RF-coil could be used to provide a more
homogeneous B (RF shimming) and more importantly
to achieve high B over a larger volume.*'*?

At 7T, similar T; and T, values were found across
the five human subjects with a SD between 1% and 2%
(WM-GM) for T; and 5%-6% (WM-GM) for T, and fit
within the range of values reported previously in litera-
ture. Here, the largest variability between subjects possi-
bly originated from variations in head sizes affecting the
coil loading, which resulted in different B]-profiles and
slightly different RF-power used for scans. In literature,
the RF-power has been identified as one of the main
confounders for variability in quantitative parameter map-
ping,*3-3¢ as changes in RF-power will exacerbate magneti-
zation transfer effects and change the effectively measured
T; and T,. These effects could potentially be incorporated
into the MR-STAT signal model albeit at the cost of extra
computational complexity and scan time.

The accuracy of the B} -map is the main limitation of
the approach presented in this work. Especially at very
low B} (<30%), the accuracy of the DREAM sequence is
limited leading to a bias in T, values in the cerebellum.
This could be improved by using a multi-transmit setup
with larger B -coverage. Alternatively, direct estimation
of the B} could also be considered with the MR-STAT
framework by using a B/ -sensitive flip-angle train.!*!>37
However, this could potentially increase scan time as more
time might be needed to ensure sufficient encoding of B}
along with T; and T5.

Compared to MR-STAT at 3T, the phantom results
showed an expected increase in SNR-efficiency when
going to 7T for both T; and T,. In addition, an increase
in SNR-efficiency for T; was observed when accelerat-
ing MR-STAT at 7T. The in vivo accelerated parameter
maps at 7T showed a higher SNR when compared to
fully-sampled MR-STAT at 3T. Given these results, we
hypothesize that further increases in SNR-efficiency
could be achieved by combining MR-STAT with a
simultaneous multi-slice (SMS) approach®*# or by
extending MR-STAT to 3D to yield a higher through-plane
resolution while allowing for higher acceleration
factors.*!

In conclusion, we presented an extension of the
MR-STAT to high field (7T) and showed that whole-brain
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FIGURE 4  Results for the comparison between MR-STAT at 3T vs 7T. The measured SNR (A) and SNR-efficiency (B) for T; and T, in

phantom experiments which show higher SNR(—efficiency) at 7T for both R=1 and R=2. (C) In vivo MR-STAT reconstructions at 3T (R=1)
and 7T (R = 2) which show the increased SNR when going to 7T. The other slices of the volumes can be found in Figure S3 of the supporting

information.

coverage is possible within 3 min. The resulting quantita-
tive parameter maps showed a low noise level and should
therefore be suitable for studying disease progression and
microstructure in the brain at 7T.
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Additional supporting information may be found in the
online version of the article at the publisher’s website.

Figure S1. (A) The simulated effect of the inver-
sion pulse on the signal evolution of white matter
(T1/T>=1090/29 ms), gray matter (T;/T,=1700/40ms)
and CSF (T;/T,=3000/200ms) when using the single
inversion pulse model and the multi inversion pulse
model. The time between slices was ~6.2s which is the
same as was used in all the measurements in this work.
Note here that the largest deviation in signal evolution is
observed for tissues with a long >1500 ms T;. (B) the effect
of the multi inversion pulse model on in vivo data for a slice
to which already six inversion pulses have been applied.
The largest effect is seen in the CSF where the recon-
structed T is increased by at least 500 ms, while a smaller
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effect is seen in gray matter with T; values increasing
between 50 and 100 ms.

Figure S2. Complete volumes for all subjects based
on Figure 3 showing the reconstructed T;, T, and
proton-density (p) and the measured B;f — map used dur-
ing reconstruction.

Figure S3. Complete volumes for all subjects based on
Figure 4 showing the in vivo MR-STAT reconstructions at
3T(R=1) and 7T (R =2) which show the increased SNR
when going to 7 T.

Figure S4. Results for the comparison between MR-STAT
at 3T vs 7T. The measured SNR (Left) and SNR-efficiency
(Right) for T; and T, in phantom experiments which show
higher SNR(-efficiency) at 7T for both R=1 and R=2.
Here, we also see that allowing a higher root-mean-square
flip-angle at 3T of 70 degrees only results in a small ~20%
increase in the SNR in T, /T>.
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