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Abstract:

Purpose: Phosphorus Magnetic Resonance Spectroscopy (*'P MRS) enables non-invasive
assessment of energy metabolism, yet its application is hindered by sensitivity limitations. To
overcome this, often high magnetic fields are used, leading to challenges such as spatial Bf
inhomogeneity and therefore the need for accurate flip angle determination in accelerated
acquisitions with short repetition times (7). In response to these challenges, we propose a
novel short T; and look-up table-based Double-Angle Method for fast 3D 3'P Bf mapping
(FDAM).

Methods: Our method incorporates 3D weighted stack of spiral gradient echo acquisitions
and a frequency-selective pulse to enable efficient B mapping based on the phosphocreatine
signal at 7T. Protocols were optimised using simulations and validated through phantom
experiments. The method was validated in phantom experiments and skeletal muscle

applications using a birdcage 'H/3'P volume coil.

Results: The results of fDAM were compared to the classical DAM (cDAM). A good correlation
(r=0.94) was obtained between the two Bf maps. A 3D *'P Bf mapping in the human calf
muscle was achieved in about 10 min using a birdcage volume coil, with a 20% extended
coverage relative to that of the cDAM (24 min). fDAM also enabled the first full brain coverage

3P 3D Bf mapping in approx. 10 min using a 1 Tx/ 32 Rx coil.

Conclusion: fDAM is an efficient method for *'P 3D B;” mapping, showing promise for future

applications in rapid 3'P MRSI.



Introduction:

Phosphorus (3'P) Magnetic Resonance Spectroscopic Imaging (MRSI) enables in vivo probing
of energy metabolism™2. Although it was demonstrated that *'P MRSI can be a useful method
to study e.g. cancer®, neuropsychiatric*®> and neurodegenerative diseases®?®, its clinical
application is constrained by long acquisition times resulting from inherently low *'P NMR
sensitivity. To partially address this issue, ultra-high magnetic fields (UHF), such as 7T, are
used'®'2. However, higher Bo results in a less homogenous transmit field (Bf)'*', and
consequentially in a higher uncertainty of the estimated flip angle (FA) distribution. The FA
distribution is critical to assess the concentration changes of different metabolites using *'P
MRSI in a reliable manner'?'5-2' For this purpose, in vivo B{-mapping, which can be quite
time-consuming, is performed. Therefore, it is of highest relevance to reduce the acquisition

time needed for this step.

Various By mapping methods for '"H MRI have previously been proposed, including the
Double-Angle Method (DAM)?>%, SA2RAGE?*, saturated DAM?°, actual flip angle method
(AF1)®, and phase-dependent methods?”?® such as Bloch Siegert (BS) shift method?®-3".
However, their direct translation to *'P or other X-nuclei B mapping is challenging due to
differences in sensitivity, relaxation properties, and deviating resonance peaks at various
chemical shifts. Initial adaptations of some of these methods have been successfully applied
in 3'P By mapping, such as DAM?®2, AFI'®, and BS*.

Nevertheless, these methods exhibit several drawbacks. DAM, from now on referred to as
classical DAM (cDAM), is often considered as the standard reference method, but is hampered
by prolonged acquisition times due to the necessity of long Ty (5T;) required for a fully relaxed
condition. Especially 3'P metabolites exhibit extended T; relaxation times, leading to prolonged
acquisition times, limited spatial resolution, or potential errors when using reduced TRs. Short
Tr DAM methods have been proposed for 'H, relying on a steady state acquisition. However,
the method of Ishimori et al. is limited to a range close to the nominal flip angle, leading to bias
in the B¢ estimation, and has not been demonstrated in vivo**. The other method from
Bouhrara et al. is challenging to apply in X-Nuclei imaging suffering from low SNR with
proposed flip angles?®. Other methods, as the recently proposed 2D dual-TR*, the AFI'®
method and a 3D BS-based method® are also operating in steady state to reduce the
acquisition time. Even though the BS method has proven to be a promising method as it is
independent of T; relaxation times, it needs a dedicated sequence, with an additional Fermi
pulse. This pulse introduces additional RF power deposition and prolonged Ty, which might
lead to sensitivity loss due to weighting in the effective transversal relaxation time. In the dual-

TR and BS method, the localisation is based on a chemical shift imaging (CSI) readout, which



limits the spatial and temporal resolution. In a different work, a *'P AFI MRSI approach' was
implemented using the phosphocreatine (PCr) signal by applying a frequency-selective pulse.
However, the approximation of a much shorter Ty ; and T , compared to T; comes at costs of
SNR with a flip angle (FA) of 60°'2¢ or if Ty , is close to T; with a bias in the Bf estimation. In
all presented works, validation of the method was only performed by surface coils to overcome

the low signal-to-noise ratio (SNR), which limits the application to a small surface area.

To address these problems, we propose a short Ty and look-up table based fast DAM (fDAM)
for time-efficient *'P B; mapping. 3D weighted stack of spiral gradient echo (GRE) acquisitions
and a frequency selective pulse were incorporated to enable an efficient *'P B; -mapping
approach based on the PCr signal at 7T using a *'P/'H birdcage volume coil and a 3'P/'H head

coil array.
Methods:
Parameter optimisation

The cDAM involves the acquisition of two images, one with flip angle (FA) a; and the other

with FA a,2223, The achieved FA «, can be estimated by
S
a, = acos ( a2/25a1)' (1)

This formula can be derived for the asymptotic value of T — oo. The signal intensity S, of one

image obtained using a GRE sequence is hereby described as

Sq =

(1 — exp (—0))sin () —Tg (2)
1 — cos (a)exp (—o) exp( Ty )'

where K is a scaling factor, p is the spin density, T, the apparent relaxation time, o = Tz /Tj,
and Ty is the echo time. The normalised signal intensity ratio r between the two GRE images

can be described as

_ @152 _ a;sin (Cpraz) (1 — cos(Cpyay)exp (—o)) (3)
a3Sq1  @psin (Cpiay) (1 — cos(Cpyiaxy) exp (—0))

r

where Cg, is the unitless Bf scaling factor and can be interpreted as the scaling between the
actual and nominal flip angle. Cg; is used as metric in this work to interpretate the results. Cg,
can be transformed to B+* values, using the hard pulse equivalent of the same nominal a_1 in

radians by



where Tj, is the pulse length, y the gyromagnetic ratio and the factor 0.431 is the hard pulse
transformation factor for the Gaussian pulse used in this work. As Ty, a; and a, are known for
a given T, value, a look-up table can be generated connecting different signal ratios r to the
Bf scaling factor Cg,. The factor a; /a, in Eq. 3 normalises the look-up table to a maximum
value of 1. Figure 1b displays different signal ratios for different ¢ at different actual FAs
(a1Cg1)- The estimated FA is determined by searching the closest value of the measured signal

ratio r in the look-up table. Throughout this work, we set a,=2a,, as in the cDAM approach.

For an optimal «a,, three factors are considered in this work: 1) temporal SNR gain G, of the
GRE for a;; 2) G4, of the GRE for a, and 3) the sensitivity of the look-up table. G, is the

temporal SNR gain relative to that of a GRE at fully relaxed condition with ¢ = 5 and a; = 90°:

SNRy(0,a)  Sg(o,a) \/E ()
=

© = SNRog-(5,90%)  Soge(5,90)

The sensitivity of the look-up table is defined as

dr 6
S =a; (d_a’l> ( )
The multiplication of a; hereby scales the derivative to make s independent of a;,. As a
detected 1° change, choosing a; = 10°is a 10% change in B;", whereas it is only a 2% change
fora a; = 50°. To achieve the same sensitivity as a; = 50° the derivative when choosing a; =
10° must be 5 times larger. The values of the objective function O for the optimization are

found by a multiplication of all 3 attributes,
0=0Gq1Ggo-s (7)

and is shown in Figure 1c. The optimal «a, for a given ¢ is found by the maximum value of 0

and is indicated in Figure 1c. The overall optimal a; was found at a; ,,,; = 59° and g,,,; = 1.6.

31P MRI sequence and reconstruction
Phantom and in vivo calf muscle experiments were conducted on a 7T/68 cm MR scanner

(Siemens Healthineers, Erlangen, Germany) with a 28 cm diameter *'P/'H circularly polarized



(CP) birdcage coil (Stark Contrast, Erlangen, Germany). Additionally, an in vivo brain
experiment was performed on a 7T Terra X system (Siemens Healthineers, Erlangen,
Germany) with a double tuned Tx/Rx *'P/'H birdcage coil (26 cm diameter) and a 32 channel
3'P-Rx only phased array (Rapid Biomedical, Rimpar, Germany). The 3D spiral 3*'P GRE
sequence diagram (version VB17 and XA60 available for sequence transfer via c2p
agreement) is depicted in the Figure 2. An 8 ms frequency selective Gaussian pulse with a
bandwidth of 340Hz was used to excite phosphocreatine (PCr). For the VB17A version a 21.08
ms variable-density spiral trajectory®® (Figure 2c) after a Ty = 200 ys was deployed. Due to
gradient stimulation limits the spiral trajectory had to be redesigned for the XA60 version. The
slew rate limits were reduced from 150 T/(m s)" to 100 T/(m s) . The duration of the non-
uniform spiral for the XA60 version is 18.72 ms and a Ty = 410 us (Figure 2d). The encoding
along k; was achieved by a stack of spiral with a Hamming weighted averaging scheme (Figure
2b). One 3D k-space sampling was achieved with a total of 13 k. encoded spiral readouts.
The total acquisition time was, therefore, TA= 2 -n,,, - 13 - T, with n,., the number of
repetitions of a 3D volume acquisition for SNR enhancement and the factor 2 as two GRE
images must be sampled. The matrix size of the reconstructed image space was 16 x 16 x 11
in phantom and calf muscle and 32 x 32 x 11 in human brain for a 230 x 230 x 220 mm? field
of view (FOV). The vector size of one spiral without the rewinding is L = 2061 (VB17A) and
L =1782 (XA60), respectively. The uniform spiral trajectories of both versions, with
characteristic dense sampling in the k-space centre, provided sufficient k-space coverage for
a single shot in-plane sampling, with a mean oversampling ratio of 8 for the VB17A and 1.7
for the XA60 version, respectively. All data was processed using a custom script in MATLAB
(The MathWorks, Inc., Natick, Massachusetts, USA). A 1D-FFT was applied along slice
dimension before regridding. The density compensation function (DCF) was calculated based
on the Voronoi diagram®-3°. Before regridding, the DCF was multiplied by a low-pass filter
(LP)

LP; (n) = cos? (nzn) : e_%, ®)

a combination of a half periodic Hann filter and an exponential filter to reduce the influence of
high-frequency components on the image acquired in the phantom and calf muscle. To cope

with the lower SNR in the brain, a stronger smoothing filter,

T*n
LP,(n) = cos? (W) ©)

was used and the remaining L — 900 points were zero filled. The regridding was performed
using a Kaiser-Bessel kernel*®*! to transform the data in to the Cartesian k-space. Lastly, a
2D-FFT transformed the GRE data into the image domain. The data acquired with the

1Tx/32Rx coil was processed for each channel separately and combined using adaptive



combine* in the image domain. The GRE images are then used for Cz, estimations as

described above.

Phantom validation

The previously described method was validated in a spherical phantom with a diameter of 17
cm, filled with 50 mM Pi solution (Carl Roth GmbH & Co. KG, Karlsruhe, Germany). The
longitudinal relaxation time was measured by an inversion recovery method (T; = 7.2 s). Cp,
maps were acquired for o¢=2,1.6,1,0.5 with a; =63°59°53°40° and Ty =
14.4,11.52,7.2,3.6 s respectively, to examine the FA optimisation dependent on ¢. The
acquisition time per GRE was fixed to 13:26 min including dummy scans (4, 5, 8, 16 RF pulse
repetitions respectively). The repetitions of one 3D acquisition for each ¢ were adjusted
accordingly with n.., = 4,5,8,16. The reference voltage V,.; was set to 250 V. B} maps
acquired by the cDAM (¢ = 5, a; = 65°) were used as reference images (n.e, = 2,16:30 min
acquisition time (TA)). To evaluate the difference between the Cz; maps obtained by fDAM
and cDAM, the difference maps were generated by calculating the percentage difference per
voxel in slice 6. For a,,,; = 1.6 the estimation performance was further evaluated by the Band-
Altman plot and Pearson correlations. To calculate the SNR in a voxel, the phantom was
masked, and the signal intensity of the voxel was divided by the noise. The noise is defined
as the standard deviation (STD) over all voxels inside the mask of the difference between the

first and second half of the acquired averages®.

T; effect

The accuracy of the look-up table approach depends on the knowledge of ¢ and thus T;. To
investigate the effect of wrong T; assumptions, simulations were conducted. A look-up table
for o,pr = 1.6 and a4, = 59° was calculated, with Cg,; was ranging from 0.02 to 2.6
(0.02/step). Simulated signals with Cgz, ranging from 0.1 to 2.0 (0.02/step) and a deviation of
o ranging from -50% to 50% (0.1%/step) were processed in the estimation process. The
estimation error was calculated as the percentage difference of the estimated Cy, from the
actual Cg,. Further, the simulation of T; effect was validated in the phantom results for o,,, =
1.6 by altering the assumed T; in the look-up table to 50%, 75%, 125%, 150% of the actual T;.
The error maps were calculated from the relative difference of these Cz; maps from those
obtained with the actual measured T; = 7.2 s. The T; effect is also C3; dependent according
to the simulation results. Therefore, two different Cz; values were used in the phantom

experiments by conducting experiments at two different V.., = 250V and V., = 175 V.

In vivo validation in the calf muscle



In vivo data were acquired in the calf muscle of two participants (2 female, 28 and 29 years
old), with written informed consent provided. fDAM Cz, maps were acquired, and cDAM Cg,
maps were acquired as reference. For the fDAM method the sequence parameters are set
with o, = 1.6, (Tz = 5.7 s, assuming T; of PCris 3.55s'%%), a; = 59°, &, = 118°and nyep =
6 (TA 15:45 min; including 5 dummy scans for each GRE). The cDAM (Cp; maps were acquired
with a; = 65°, ngep = 3, Tg = 18 s, with a TA of 23:25 min. For both sequences, the transmit
voltage was set to 300 V. To investigate a potential TA reduction from the fDAM with n,..,, = 6
, subsets of n,.,,, = 4 and n,,, = 2 were taken to generate the Cz; maps “Rep. 4" and “Rep.
2” respectively. The scan time of these reduced data sets resemble a TA of 10:50 min and
5:55 min respectively. Data was compared with relative difference maps, where fDAM Cg,
maps with n,..,, = 6 were taken as references. Due to the low sensitivity of the birdcage coil in
the peripheral regions, only voxels with an SNR > 3 were considered (Monte Carlo simulation
in the supplementary files: Figure S1). The acquired maps were then interpolated to
32 x 32 x 11 and masked with accordingly down sampled 'H GRE images (128 x 128 x 11,
Ty = 3.37 ms, T = 15 ms).

In vivo validation in the human brain

In addition to the calf muscle data, Cz; maps in the brain were acquired by fDAM from one
participant (male,43 years old, written informed consent provided). The sequence parameters
of the fDAM were adapted to the brain with Tr=5.4 s, (assuming the T; of PCr is 3.4 s%%),
ay; =59° a; =118° (g, = 6; TA 15:00 min; including 5 dummy scans for each GRE).
Reference cDAM (g, maps were acquired with a; = 65°, n.e, =3, T =18 s and a TA of
23:25 min. For both sequences the transmit voltage was set to 400 V. A potential TA reduction
from the fDAM with n.., = 6 was investigated as described for the calf muscle. The scan time
of the subsamples resemble a TA of 10:15 min for n.., = 4 and 5:35 min for n.., = 2. The
acquired maps were masked with manually created brain masks from 'H GRE images
(128 x 128 X 11, Ty = 3.37 ms, T = 15 ms).

Results
Simulation results

The effect of o < 5 using the cDAM (Equation 1) is shown in Figure 1a. As ¢ decreases, FAs
are more likely to be overestimated, identifying the need for a correction method. Figure 1b
illustrates our look-up table approach, successfully connecting the signal ratio r to an actual

FA a = Cp, - a, for agiven o. Toinvestigate the optimal parameters, values of the optimisation

8



function were plotted as a function of @, and o (Figure 1c). With the respective g, an optimal
a, was found (the grey line in Figure 1c). The highest value of the optimisation function was

found at o,,,; = 1.6 (white squared dot in Figure 1c) with a; o,,; = 59°.

Phantom Validation

The results of the phantom validation are displayed in Figure 3. Figure 3a demonstrates the
Cg1 maps of cDAM and fDAM with different o (2.0, 1.6, 1.0, 0.5 for fDAM) and the
corresponding Cp, relative difference (Diff.) [%] maps between cDAM and fDAM. The Cy,
maps are in good agreement as indicated by the difference plots which are not exceeding 10%
(Figure 3b). Note that the difference is lower in the centre of the slice where the SNR and Cg,
are increased. With the optimal a,,,; = 59° and og,,; = 1.6, fDAM was compared over all
slices with cDAM using voxel-wise Pearson correlations (Figure 3c) and the mean differences
were compared using a Bland-Altman plot (Figure 3d). The estimated Cz, obtained by both
methods were in excellent agreement with a Pearson correlation coefficient of 0.95. The
Bland-Altman plot showed that fDAM demonstrates a small mean overestimation of 0.01 and
95% limits of agreement (1.96 STD) of + 0.05.

T; effect

Figure 4a illustrates the simulation results of the influence of T; values on the Cz, estimation
error [%] using a4 opr = 59° and g, = 1.6. For Cp; > 1, the estimation error was negligible
(<10%). For Cz, < 1, Cp, is overestimated when T; is underestimated and vice versa. Overall,
the Cp, bias was within £25% with a +50% deviation in T; and within £15% with a +25%
deviation in T;.

To validate the impact of T; on Cgp; estimation, additional phantom experiments using the
optimal a; o, = 59° and g,,,,; = 1.6 were performed with two sets of reference voltages (175V
and 250V). The Cp, values were estimated using look-up tables simulated with biased T;
values of +25% and + 50%. The Cy; estimation errors relative to the cDAM with the correct T;
are shown in Figure 4b. A voxel was picked to compare the phantom results with the
simulations (Figure 4c). For the reference voltage of 250V, (3, is estimated to be 1.15. Both
results indicate that the bias does not exceed 10% in a £50% deviation range of T;. For the
reference voltage of 175V, Cj, is estimated to be 0.81 and the bias does not exceed 17% in
a #50% range and 10% in a +25% deviation range of T,. The error maps are in good
agreement with the simulation results. Note that with smaller Cz,, the estimation errors are

more sensitive to T; bias.

In vivo validation in the calf muscle



'"H GRE images, *'P GRE images with a; and «a, in a human calf muscle (left and right leg),
cDAM and fDAM (g, maps, as well as their difference maps, are shown in Figure 5. Slices 3
to 10 are shown due to missing coil sensitivity coverage in slice 1, 2 and 11. cDAM and fDAM
showed comparable results, especially in the centre slices, where the coil sensitivity is high.
fDAM demonstrated an overall higher SNR coverage (SNR >3) compared to cDAM. In most
regions, the deviation between the two methods did not exceed 15%. The regions with large
difference had lower signals, as seen in the 3'P GRE images.

The influence of SNR on Cy,; estimation was evaluated in Figure 6. When decreasing the
number of repetitions (Rep.), the overall image coverage was reduced. fDAM with n.., = 4
showed at least 20% more coverage as cDAM in just 40% of the TA of cDAM. Regions with
low signal sensitivity demonstrated a larger difference. Using just n..,, = 2 (6 min), a good
estimation of Cgz; could be achieved in most regions in the centre slices with deviation below

15% from that measured with n.., = 6.

In vivo results in the human brain

The 'H GRE images, *'P GRE images with a; and «; , the Cz;maps of f{DAM, cDAM and fDAM
with n.e, =4 and n., = 2 are shown in Figure 7. Their respective difference maps, taking
fDAM with n.., = 6 as reference, are in the line below the Cz;maps. Slices 9 to 11 are not
displayed as no sensitive tissue is covered in these slices. cDAM and fDAM show comparable
Cg, maps demonstrated in the difference maps with < 20% in most regions. n.e, =4 is in
good agreement not exceeding a difference of 20%, indicating a possible scan time reduction
to 11:15 min. With further reduction to Rep. 2 (5:35 min), differences in the Cz;maps are

increasing in number and severity, however, still doesn’t exceed 20% in most regions.

Discussion:

In this work, we demonstrated the effectiveness of fDAM, a short T, double-angle Bf mapping
approach with a look-up table to compensate for T; saturation effects. An optimised Ty = 1.6T;
and a; = 59° was found by applying an optimisation function. The fDAM was combined with
an efficient weighted stack of spiral acquisition and a frequency selective pulse for fast 3D
acquisition. The method performance was evaluated in a phantom and the results showed a
good correlation (r=0.94) with those of cDAM. For the first time, using a birdcage coil, a 3D
Cg1-map in the human calf muscle was achieved in 10:30 min, with a 20% extended coverage
relative to that of the cDAM (23:30 min). Additionally, fDAM enabled the first full brain coverage
3P 3D Cz,-map at 7T in just 10:15 min using a 1 channel Tx/ 32 channel Rx coil. The Cg;

maps showed a typical birdcage coil behavior at high fields with higher B4 values in the center
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than the peripheral. For GRE1, the mean B+*was 16 pT, 15 uT and 14 uT for participant 1
(calf muscle), participant 2 (calf muscle), and participant 3 (brain), respectively. The related
histograms are shown in the supplementary files (Figure S2). The two coils showed
differences in transmit efficiency, as the brain experiment was driven with a 33% higher
transmit voltage than the muscle experiment. This could attribute to the degraded transmit
efficiency due to the accommodation of the 32-channel receive arrays. The reported values

and performance® stayed in agreement with previous reports of a whole body coil (10.4 uT)*.

CSl is commonly used as a technique for *'P B} mapping, offering extra chemical shift
information, yet impacting the time efficiency of B; mapping. Our proposed method uses a
frequency selective pulse combined with the hamming weighted stack of spiral readout, which
results in an efficient acquisition. The resulting temporal SNR benefit allows for a higher
(relative to DAM®*, dual-TR*, BS®) or similar (to AFI'®) spatial resolution in a shorter TA
relative to existing methods. Note that previous methods have been demonstrated on surface
or quadrature coils known for their high local sensitivity, whereas fDAM is demonstrated in the
calf muscle on a less sensitive *'P/'H single-channel birdcage coil. The short acquisition time
of fDAM enables its integration in the scanning protocol to obtain a subject-specific Cz; map.
In this work, we demonstrate the method for the 3'P nucleus, while the look-up table approach
and optimal parameters can also be applied to other nuclei and GRE types of sequences with

fast readout trajectory.

As brain PCr concentration is by a factor 8 lower than in the calf muscle® '8, the sensitivity is
much lower, making B map measurement even more challenging. In this work, we took use
of two countermeasures: 1) a 1 Tx/ 32 Rx coil to increase the sensitivity and 2) an LP with a
lower cut off-frequency (LP,). Note that such LP comes with additional smoothing, which
reduces the actual resolution. However, B field changes smoothly across space, rarely giving

the necessity for high resolution Cz; measurements.

GRE sequences are known to be sensitive to B, inhomogeneities*’, and are subject to signal
loss in areas with strong susceptibility gradients such as the tissue air surface close to the
sinuses. The use of an ultra-short T as in the current implementation will ameliorate this
effect. A frequency selective pulse is further increasing the sensitivity due to By offset. Areas
with large resonance offset may lead to inaccurate Cy, estimation due to partial excitation of
PCr or signal bleeding from other metabolites. Future work could target this issue by

incorporating Bo maps to correct the €z, estimations.

The proposed method shares a similar limitation as other methods (DAM?®2, dual-TR®®,

AF1'32%) being sensitive to T, values. In this study, a uniform T, value was used based on

11



values reported in the literature. Prior knowledge of tissue-specific T; values could enhance
Cg1 mapping accuracy; however, such information is often unavailable. We therefore
investigated the impact of T; on Cp, accuracy using simulations and phantom results. In a
rather rare and worst case (Cz; = 0.1), the bias of Cy, estimation was below 15% for a £ 25%
difference in T;. In a more likely scenario, phantom and simulation studies indicated that the
Cp, estimation bias was below 10% in a + 25% range of T; (Cg; = 0.81). When (g, increases,
estimation bias was less sensitive to Ty, e.g., below 10% in a £ 50% range of T; for Cz; = 1.15.
This limitation can be further alleviated by increasing the Cy; (i.e., using a higher transmit
voltage), as the bias introduced by T; is much lower for higher Cz; values (>1.25) as shown
in Figure 4a. With the 8 ms Gaussian pulse used in this implementation, in vivo SAR limitations
were far from being reached (2-3%), which allows the use of a higher transmit voltage. In
studies with strong variation of T; (> 50%), a T, insensitive method such as BS-based
methods?°3033 might be more favourable. The current fast readout sequence could be further

adapted by including a Femi pulse for this purpose.

fDAM operates within SAR and peripheral nerve stimulation limits on a clinically approved
UHF scanner. With the SAR limits far from being exceeded, the method could be considered
even for nuclei with a lower gyromagnetic ratio. The strength of this method is the easy-to-
implement look-up table approach. In combination with the fact that GRE sequences (or Spin
Echo sequences) are widely available as standard sequences, fDAM is easy to use for other
researchers or clinicians. To make the application more accessible, our sequence is available
for Siemens XA60 and VB17A via c2p. The gradient readout can be easily changed using an
external text file, and the sequence can be adapted to other body parts, nuclei, or readout
trajectories. The reconstruction pipeline with the look-up table estimation is freely available on
GitHub (https://github.com/MaSteWi/fDAM-B1-mapping.git). We expect that the proposed
strategy along with recent advances in MR fingerprinting'?, novel RF coils*® and denoising
techniques*®*, will contribute to significant reductions in total acquisition times making 3'P

MRSI more suitable for clinical settings.
Conclusion

A fast short-T double angle B;f mapping method including a weighted stack of spiral trajectory
and a frequency selective pulse was successfully implemented and demonstrated for 3'P B
mapping in the human calf muscle and the brain. The novel method allows single subject 3'P
Cg, Mapping in both human calf muscle and brain in 10 min, with a spatial resolution of

14 x 14 x 20 mm3and 7 x 7 x 20 mm? respectively, showing promise for future applications
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in rapid X-nuclei imaging. This method can be applied to other fast imaging techniques

available with the proposed look-up table approach.
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Figure Captions

Figure 1: (a) The function between the actual FA and the estimated FA by cDAM is plotted
for different o values. When using a small o, cDAM develops an increasing bias in the FA
estimation. The signal ratio r can be used to generate look up tables connecting it to a
specific FA. In (b) look up tables for different o values are shown for fDAM. Values of the
objective function 0 over a range of @; and ¢ is shown in (c). The optimal a, for a given o
and vice-versa is indicated by the grey line. At the maximum value of the optimisation
function, indicated by the white square, the optimal parameters a; ,,; and o, are found.
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Figure 2: (a) Schematics of the *'P spiral GRE sequence. (b) The hamming weighted
acquisition results with different numbers of averages per k; plain, (c) the spiral readout
trajectory for the human calf muscle (VB17A: 21.08 ms, 10 ys sampling rate) and (d) brain
(XAB0: 18.72 ms, 10 us sampling rate) experiment.
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Figure 3: Comparison of Cz; maps acquired by cDAM and fDAM in phantom experiments.
(a) Cg1 maps of the centre slice from cDAM and fDAM of different o and (b) the difference
maps with cDAM as a reference. (c) Correlation plot and (d) BA plot to compare Cz; maps of
fDAM with ¢,,,:=1.6 and cDAM over voxels of all slices. In (c) and (d), the colour bar shows

the SNR of each voxel.
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Figure 4: Evaluation of the introduced bias in Cy; estimation due to T; deviation using the
optimised a4 4,; and g,,:. (@) The simulation results and (b) the phantom results for two
different transmit voltages (175V and 250V) and the estimation error [%] when using
deviated T+ values (from -50% to 50%) in the look-up table. (c) Comparison of the phantom
results for a voxel in the centre marked in orange (175V: C5,=0.81) and blue (250V: Cp; =
1.15) with the corresponding simulation results.
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Figure 5: In vivo calf muscle images of participant 1 (a) and 2 (b), including the '"H GRE
images, the 3'P GRE1 images (for a; ), the *'P GRE2 images (for ), the Cz; maps of cDAM
and fDAM, as well as the difference maps (fDAM-cDAM)100/fDAM. Note that for the Cz, and
difference maps only voxels with SNR>3 are displayed.
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Figure 6: Comparison of Cz,; maps acquired by fDAM (n.¢, = 6; 16 min) with those
measured with fewer repetitions (n.., = 4; 11 min and n.., = 4; 6min) and their respective

difference maps (participant 1 (a) and 2 (b)). The 3 and 5™ rows show the percentage
difference maps of (Rep. 4 - Rep. 6)100/ Rep. 6 and (Rep. 2 - Rep. 6)100/ Rep. 6,
respectively.
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Figure 7: Comparison of Cz,; maps acquired by fDAM (n.¢, = 6; 14:30 min) with those
measured with less repetitions (n.., = 4; 10:15 min and n., = 2; 5:30 min) and their
respective difference maps. The reference 'H GRE images, the 3'P GRE1 and GRE2
images with n.., = 6 were shown on the top. The 6" row shows the percentage difference
maps of (fDAM-cDAM)100/fDAM and the 8" and 10" rows show the percentage difference
maps of (Rep. 4-Rep. 6)100/Rep. 6 and (Rep. 2-Rep. 6)100/Rep. 6, respectively.
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Supplementary Files
Figure S1:

Monte Carlo simulations were conducted for a fDAM setup assuming T1=3.4 s, Tr=5.4 s and
a1=59°. 61 GRE signal pairs were simulated (Eqg. 2) and ranging for a Cg value from 0.7 to
1.3. Each signal pair was manifolded by 1000 and random Gaussian noise was added
before Cg+ estimation. The process was repeated for 20 signal-to-noise ratios (SNRs)
ranging from 1 to 20. The standard deviation and mean error over all Cg values and noise
manifolds were displayed. The mean error deviates above 10% for SNR<3. Therefore,
SNR>3 was chosen as a threshold.
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Figure S2:

B1*-histograms in [uT] for all 3 experiments: (a) Participant 1 calf muscle, (b)
Participant 2 calf muscle, (c) Participant 3 brain.
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