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Abstract (246/250 words)

Purpose: To minimize the sensitivity of inhomogeneous Magnetization Transfer gradient-echo (ihMT-

GRE) imaging to RF transmit field (B1
+) inhomogeneities at 3 T.

Methods: The ihMT-GRE sequence was optimized by varying the concentration of the RF saturation 

energy over time, obtained by increasing the saturation pulse power while extending the sequence 

repetition time (TR). Different protocols were tested using numerical simulations and human in vivo 

experiments in the brain white matter (WM) of healthy subjects at 3 T. The sensitivity of the ihMT ratio 

(ihMTR) to B1
+ variations was investigated by comparing measurements obtained at nominal 

transmitter adjustments and following a 20-% global B1
+ drop. The resulting relative variations (δihMTR) 

were evaluated voxelwise as a function of the local B1
+ distribution. The reproducibility of the protocol 

providing minimal B1
+ bias was assessed in a test-retest experiment. 

Results: In line with simulations, ihMT-GRE experiments conducted at high concentration of the RF 

energy over time demonstrated strong reduction of the B1
+ inhomogeneity effects in the human WM. 

Under the optimal conditions of 350-ms TR and 3-µT RMS saturation power, 73% of all WM voxels 

presented δihMTR below 10%. Reproducibility analysis yielded a close-to-zero systematic bias 

(@ihMTR = -0.081%) and a high correlation (CD = 0.977) between test and retest experiments.

Conclusion: Concentrating RF saturation energy in ihMT-GRE sequences mitigates the sensitivity of the 

ihMTR to B1
+ variations and allows for clinical-ready ihMT imaging at 3 T. This feature is of particular 

interest for high and ultra-high field applications.

Running title: Reducing the sensitivity of ihMT to B1
+ inhomogeneities

Keywords: ihMT, inhomogeneous magnetization transfer, radiofrequency field 
inhomogeneities, magnetization transfer, myelin, neuroimaging 
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Introduction

Inhomogeneous Magnetization Transfer (ihMT) imaging is a recent MRI technique (1) that has 

demonstrated good sensitivity and specificity to myelination (2). This technique, extended from 

conventional magnetization transfer (MT), allows isolating the dipolar order contribution to the MT 

effects generated in semi-solid tissue components (3). Off-resonance irradiation induces significant 

dipolar order primarily in molecules where the dipolar order relaxation time, T1D, is long, as in 

myelinated white matter (WM) (4). IhMT is typically acquired by obtaining MT images with 

radiofrequency (RF) irradiation preparation both at a single frequency offset and at two symmetric 

frequency offsets. The ihMT image is generated by a linear combination of single- and dual-offset MT 

images. The normalization by a reference image acquired without off-resonance saturation allows 

deriving a semi-quantitative ihMT ratio (ihMTR) image. To date, ihMT has been used in vivo in both 

rodent and human in the context of myelin imaging applications and has shown great potential for the 

characterization of both healthy and pathological WM (2,5–11).

When performed on scanners at relatively low static magnetic field (e.g., 1.5 T) or in small fields of 

view such as in small animal imaging applications, a rather homogeneous RF transmit field (B1
+) is 

typically observed using volume emitter coils. However, since ihMT is an RF saturation-based MRI 

method with a high intrinsic sensitivity to B1
+ values, special attention must be paid to the spatial 

variations of B1
+ when applied at high field or/and when large samples are targeted, as spurious 

variations of the ihMTR may occur.

In a previous study, Mchinda et al. have reported different B1
+ dependence regimes of ihMTR as a 

function of the RF saturation characteristics using an ihMT gradient-echo (ihMT-GRE) sequence at 1.5 T 

in the human brain (12). More specifically it was shown that concentration of RF saturation energy 

over time (i.e., reduction of the RF saturation duty-cycle at constant averaged power over the 

sequence repetition time) yielded low variations of ihMTR with respect to the RMS saturation power 

above a certain value, hence holding promise for high field applications. Low RF duty-cycle conditions 

also provided remarkable enhancement of the ihMT sensitivity (2,12,13), making them strongly 

desirable for optimized ihMT imaging.

In this work, we expand upon these results and present a thorough analysis of the sensitivity of ihMTR  

to B1
+ variations. The analyses combined simulations and in vivo experiments to evaluate the response 

of ihMTR to a non-uniform B1
+ spatial distribution as well as to a 20-% global B1

+ drop. Results were 

used to guide the optimization of low RF duty-cycle ihMT-GRE sequence at 3 T for human brain 
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applications. In vivo reproducibility was also investigated using a selected set of parameters providing 

minimal sensitivity to B1
+ inhomogeneities. 

Methods

Experiments were performed on a 3T clinical scanner (Vida, software version XA20A, Siemens 

Healthineers, Erlangen, Germany) with body coil transmission and a 32-channel receive head coil on 

healthy volunteers (6:2 men:women; mean age: 31.0±4.5 years). Experiments were approved by the 

institutional ethics committee on clinical investigations (CRMBM, Marseille), and written informed 

consent was obtained from each participant before the study.

IhMT sequence 

A non-selective sagittal 3D ihMT-GRE sequence analogous to the one described in Ref. (12) was used 

in this study (Figure 1) and is available upon request. The sequence, which interleaves MT preparation 

modules with multiple gradient- and RF-spoiled GRE readout modules (NGRE GRE kernels of individual 

duration TRsub) was run for 4 different MT preparation modules, allowing the acquisition of single offset 

MT+ and MT- images and dual-offset MT+- and MT-+ images, and an additional unsaturated reference 

scan. The reference image acquired with zero MT power will be referred to as MT0 in the following, to 

differentiate this slightly T1-weighted image from M0, the equilibrium magnetization. MT+ and MT- 

images were obtained using bursts of RF saturation pulses (individual duration PW and interpulse 

repetition time @t) at positive (+@f) and negative (-@f) offset frequency, respectively. For the dual-

offset MT+- and MT-+ images, the offset frequency was alternated from +@f to -@f for each successive 

pulse, providing a T1D contrast weighted towards the long T1D of myelinated tissues (14). All RF 

saturation pulses were followed by a gradient spoiler. The MT0 image was obtained by switching off 

the off-resonance pulse amplitude while maintaining the gradient spoilers. To mitigate the specific 

absorption rate (SAR) over the whole acquisition, a 50-% partial Fourier saturation approach was used 

with k-space lines acquired in a centric-out fashion in the ky-kz plane and following a Cartesian spiral 

trajectory as previously described by Mchinda et al. (12). IhMTR images were computed as:

The time-averaged saturation RF power was characterized by the root mean square B1 calculated over 

the repetition time of the sequence (B1,RMS
TR) as:
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where Np is the number of consecutive RF pulses applied within a saturation burst every TR, PW is the 

pulse duration, and TR is the ihMT-GRE sequence repetition time. B1,RMS
pulse is the root mean square B1 

calculated over a single saturation pulse, given by:

where B1,peak is the peak amplitude of the pulse, and p2 the normalized power integra l calculated from 

its normalized shape A(t) defined over the duration Q. 

For a fixed preparation, varying the sequence repetition time value while keeping all other parameters 

constant leads to variable B1,RMS
TR (eq. 2). Alternatively, constant B1,RMS

TR is achieved for different TRs 

by adjusting the B1,peak value of the saturation pulses (eq. 3), as illustrated in Figure 1. For short TR 

(Figure 1a), the deposition of saturation energy is rather distributed within TR (high RF duty-cycle 

conditions), while increasing TR at constant B1,RMS
TR leads to the concentration of the energy deposition 

within TR (Figure 1b; low RF duty-cycle conditions). The transition from high to low duty-cycle at 

constant B1,RMS
TR implies increasing B1,peak value, and thus the instantaneous saturation efficiency per 

pulse.

The value of B1,peak is limited by hardware constraints, especially in clinical MRI systems. Hence, 

increasing B1,RMS
TR at maximum B1,peak and constant duty-cycle can be achieved by means of pulse 

shapes providing higher p2 values (eq. 3). Tukey-shaped pulses (15), which consist of a family of cosine-

tapered windows with a variable parameter controlling the cosine fraction (r), provide a suitable 

degree of freedom to modulate the power efficiency (p2 = 1-5r/8), allowing intermediate shapes from 

a rectangular one (r = 0; p2 = 1.0) to a Hann one (r = 1; p2 = 0.375). In the present study, Tukey-shaped 

pulses with r = 0.3 were used. While the diminution of r is beneficial to increase the power integral of 

Tukey-shaped pulses, it also modifies their spectral profile (both full width at half maximum and 

relative intensity of the sidelobes), potentially resulting in saturation of the free water pool due to 

nonzero power on-resonance, also known as direct saturation effects. This is particularly important in 

the context of the investigated frequency-alternated ihMT-GRE sequence since short off-resonance 

pulses (on the order of 1 ms) are employed to generate dipolar order effects. A tradeoff is therefore 

to be made between the pulse duration, the cosine fraction and the associated power integral in order 

to maintain a desirable high B1,RMS
TR within acceptable direct saturation effects. Here, 1-ms Tukey-

shaped (r = 0.3) pulses each followed by spoiling gradients were used for all experiments. Note that 

previous preliminary work (16,17) used 0.5-ms Tukey-shaped (r = 0.3) pulses without post-pulse 

spoiling gradients. However, such implementation resulted in significant direct saturation effects in 
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poor B0-shimming conditions. Although the complete description of these effects is outside the scope 

of the present paper, more information is provided in the Discussion and Supporting Information.

IhMT simulations 

The biophysical model used for simulating ihMTR values in WM considered two macromolecular pools 

exchanging with a liquid pool. Each macromolecular pool is associated with a distinct nonzero T1D 

dipolar order reservoir bound to a Zeeman reservoir, as proposed by Carvalho et al. (14). In brief, Bloch-

Provotorov equations accounting for magnetization transfer between the liquid and semi-solid pools 

were used to describe the dynamics of the magnetization of both Zeeman and dipolar order reservoirs. 

A matrix formulation of the system of differential equations was used as described in Ref. (14). The 

solution was calculated by piece-wise integration assuming time-constant events to describe the 

different steps of the interleaved ihMT-GRE sequence (saturation pulses, relaxation and exchanges, as 

well as readout pulses). The simulation framework is similar to the one previoulsy described in detail 

in Ref. (14). The saturation pulses were assumed of constant intensity with RMS power matched to 

that of the actual Tukey-shaped pulses. Readout pulses were considered instantaneous with a constant 

flip angle (FA), attenuating the free water longitudinal magnetization (Mz,f) by cos(FA), and their 

saturation effects on the bound pools were neglected (i.e., no modulation of the longitudinal 

magnetizations of the bound pools Mz,b,1 and Mz,b,2). A perfect spoiling of the free water transverse 

magnetization was assumed throughout the sequence. The simulation provide the steady-state 

magnetization of all pools obtained right after the ihMT pulse burst (see Figure 2), that is just before 

the first readout pulse of the GRE train. A MATLAB (The Mathworks Inc., Natick, MA) implementation 

of this framework comprising codes used in the following simulations is made available at: [to be 

submitted on the Software Heritage platform (https://www.softwareheritage.org)]; the codes are 

provided as Supplementary Material.

Simulations of ihMTR expected in typical WM tissue using the ihMT-GRE sequence were performed 

with sequence parameters matched to the experimental protocols: Np = 8 Tukey-shaped off-resonance 

saturation pulses with r = 0.3, PW = 1.0 ms, @t = 1.5 ms and @f = 7 kHz. The readout segment duration 

was fixed to TRsub = 6.5 ms, and the number of readouts was increased as TR was extended to provide 

a time efficient data sampling strategy as described in Ref. (12). Finally, the WM tissue parameters 

(subscripts f and b for free and bound pools, respectively) were set to values reported in the literature 

(14,18): R1,f/R1,b = 1.0/1.0 s-1, T2,f = 22.0 ms (i.e., R1,fT2,f=0.022), T2,b = 10.0 µs, exchange rate R = 19.0 s-1, 

M0,f/M0,b = 1.0/0.16, T1D,1/T1D,2 = 10.0/0.4 ms and fD = 0.5. fD denotes the fractions of macromolecules 

associated with the long T1D value (T1D,1), and (1-fD) the fraction associated with the short component 

(T1D,2), hence splitting the thermal equilibrium magnetization of the macromolecular pool (M0,b) into 
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M0,b,1 = fDM0,b  and M0,b,2 = (1-fD)M0,b. Both macromolecular pools are described with identical R1,b, T2,b 

and R values. Note that these biophysical parameters are not intended to accurately correspond to 

detailed WM tissue characteristics, but rather represent a reasonable choice to yield realistic ihMTR 

signal predictions along the explored model dimensions.

IhMTR was simulated for three different energy concentration schemes (TR of 38, 194 and 350 ms, 

corresponding to NGRE of 4, 28 and 52, respectively) as a function of B1,RMS
TR spanning from 0.25 µT to 

5.0 µT at a fixed readout FA of 5°; and as a function of FA spanning from 1 to 20° at fixed B1,RMS
TR = 3 µT. 

In addition, ihMTR was simulated as a function of the energy concentration (TR spanning from 18.5 to 

402 ms in steps of TRsub = 6.5 ms) for nominal B1,RMS
TR = 3 µT and FA = 5°. The response of ihMTR to B1

+ 

was investigated by performing the simulations for nominal B1
+ value and nominal B1

+ ± 10% (i.e., 

rB1
+ = 0.9, 1.0 and 1.1; rB1

+ being defined as the ratio of actual to nominal B1
+ transmit field). Note that 

the investigated rB1
+ range corresponds to B1

+ inhomogeneities experimentally found in the human 

brain WM at 3 T (see Figure 4).

MR imaging experiments

Two studies were performed:

- Study 1: Fixed B1,RMS
TR, variable TRs

IhMT-GRE images were acquired in 3 control subjects with nominal B1,RMS
TR of 3 VT, and variable TRs 

(and hence variable NGRE readouts; Table 1). All experiments were repeated with nominal B1
+ 

deliberately attenuated by 20%. This was achieved 1) with a regular, automatic, B1
+ adjustment 

corresponding to the nominal reference transmitter voltage (Vref,100%), and 2) with the transmitter 

reference voltage manually reduced by 20% (Vref,80%). 

- Study 2: Reproducibility

Based on the results of Study 1, the ihMT-GRE sequence configuration with strong energy 

concentration (B1,RMS
TR of 3 µT, TR of 350 ms) was selected for reproducibility assessment at 2-mm 

isotropic resolution in a test-retest protocol on two volunteers. Subjects were scanned once, moved 

out from the scanner for a 30-minute break and scanned a second time. 

Common saturation parameters were: bursts of Np = 8 Tukey-shaped saturation pulses (r = 0.3) with a 

gradient spoiler after each off-resonance pulse, PWH@t = 1.0/1.5 ms, @f = 7 kHz and a constant readout 

FA of 5°. 

Page 7 of 60

Magnetic Resonance in Medicine

Magnetic Resonance in Medicine

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

In addition to ihMT-GRE images, all experiments included a sagittal 3D T1-weighted anatomical 

sequence (MPRAGE: TR/TE = 2300/3 ms, inversion time = 900 ms, readout bandwidth = 240 Hz/pixel, 

flip angle = 9°, matrix size of 256x248x176 and isotropic voxel size of 1 mm) as well as a sagittal 

interleaved multi-slice rB1
+ mapping sequence (pre-saturated turbo FLASH (19): 

TR/TE = 26290.0/2.24 ms, readout bandwidth = 490 Hz/pixel, saturation flip angle = 80°, readout flip 

angle = 8°, in-plane matrix size of 96x96, 60 slices and reconstructed voxel size of 3x3x3 mm3).

Image processing and statistical analyses

MT-weighted magnitude images from all studies of each subject were combined in a stack and 

denoised using the MP-PCA routine from the MRtrix3 package (v. RC301) (20,21), corrected for Gibbs-

ringing artefacts with an isotropic 3D-cosine kernel (12), motion corrected (22) and combined to 

generate ihMTR maps according to eq. 1. An available pipeline comprising the aforementioned steps 

is available at: https://github.com/lsoustelle/ihmt_proc (hash #c9bb409). All ihMTR maps were rigidly 

co-registered onto their respective anatomical MPRAGE images using the Advanced Normalization 

Tools (ANTs; v2.0.1) (23).

Analyses focused on selected WM areas retrieved from the MNI white matter lobe atlas and WM 

regions of interest (ROI) from the JHU probabilistic atlas (24) through label propagation of the MNI 

template (symmetric ICBM 2009c) onto the anatomical MPRAGE volume using ANTs SyN (25). Deep 

grey matter (dGM) ROIs were also segmented using FreeSurfer’s (v. 6.0.0) default recon-all pipeline on 

the MPRAGE image (26). These masks were eventually projected over the composite ihMTR images 

and rB1
+ maps linearly resampled at the MPRAGE resolution.

For Study 1, mean ihMTR values in WM lobes and in whole-WM were averaged across individuals and 

reported for all TR conditions. To evaluate the ihMTR response to B1
+ variations,  the relative variations 

of ihMTR between nominal and deliberately attenuated B1
+ adjustments, �ihMTR,  were computed 

voxelwise as:

In addition, the RMS ihMTR relative variation (δihMTR-RMS) was also calculated:

Page 8 of 60

Magnetic Resonance in Medicine

Magnetic Resonance in Medicine

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

https://github.com/lsoustelle/ihmt_proc


For Peer Review

where Z is a voxel from the WM across all subjects (with a total of N voxels). This metric is indicative 

of the averaged dispersion due to the -20% B1
+ variations deliberately induced by the decrease of the 

reference transmitter voltage.

δihMTR values were extracted from voxels in the whole WM mask of each subject. In a second step all 

voxels were pooled according to their δihMTR value in six different ranges in order to quantify the 

number of voxels within arbitrary error margins, defined as follows: 0%[\δihMTR|<5%; 

5%[\δihMTR|<10%; 10%[\δihMTR|<15%; 15%[\δihMTR|<20%; 20%[\δihMTR|<30% and 

30%[\δihMTR|<100%. 

To provide insight into the association of δihMTR values with the actual distribution of rB1
+ in the WM, 

voxels were also clustered into 31 equally-spaced classes of rB1
+, spanning from the 2nd to the 98th 

percentile of its distribution for each subject, and the average δihMTR was calculated for each cluster. 

For the purpose of comparison, δihMTR was also simulated for each concentration scheme as a function 

of rB1
+ spanning from 0.90 to 1.15.

For Study 2, the reproducibility of the test-retest protocol was assessed from the mean ihMTR values 

measured in ROIs of WM and deep GM derived from the JHU atlas and FreeSurfer segmentation as 

described above. The paired ihMTR and rB1
+ maps (test: ihMTRA and rB1,A

+; retest: ihMTRB and rB1,B
+) 

were rigidly co-registered onto the MPRAGE scan of the first session. Linear regression and Bland-

Altman analyses were performed between the ihMTR values derived from the two sessions.

Results

Simulations

Simulations of ihMTR as a function of B1,RMS
TR (fixed FA) and FA (fixed B1,RMS

TR)  are provided in Figure 

2a and 2b, respectively, for different TR values (i.e. different energy concentration schemes). At short 

TR values (TR = 38 ms), ihMTR shows a monotonic increase with B1,RMS
TR (Figure 2a) within the 

simulated range. We can perceive from this figure that B1
+ inhomogeneities, which will translate into 

variations around the nominal B1,RMS
TR value, will result in a marked sensitivity of ihMTR to B1,RMS

TR as 

illustrated by the slope of the curve around the nominal value of 3 µT. Conversely, as TR is lengthened 

to 350 ms, the curve shows an inflection (for B1,RMS
TR  > 2 VT), that eventually leads to a maximum 

followed by a stable ihMTR for strong RF saturation (B1,RMS
TR > 4 µT). The moderately concentrated 

scheme (TR = 194 ms) shows similarities with the TR = 350 ms scheme, with globally higher ihMTR for 

B1,RMS
TR > 2.3 µT, and an inflexion and a saturation plateau both obtained for higher B1,RMS

TR values. 

Focusing now on panel b, a decrease of ihMTR with increasing FA is observed for all concentration 

schemes. Again, B1
+ inhomogeneities, which will also translate into variations of the actual FA, can 
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modify the ihMTR value. Hence an antagonistic effect of the B1
+-inhomogeneities can be understood 

from Figures 2a and 2b. For instance, hyperintense B1
+ areas will tend to increase ihMTR through 

B1,RMS
TR effects but also lead to a decrease of ihMTR through the FA dependency. 

The overall effects of the B1
+-inhomogeneities (0.9 < rB1

+ < 1.1), through the joint modulation of B1,RMS
TR 

and FA, are illustrated in Figure 2c as a function of TR for the nominal values of B1,RMS
TR = 3 VT and 

FA = 5°. IhMTRs increase rapidly at short TRs (< 100 ms), then peak for moderate concentration 

schemes (TR in the range of 150 to 200 ms) and slowly decay for longer TRs. Interestingly, the 

combined effects of B1,RMS
TR and FA variations around 3 VT and 5° allow creating conditions for 

robustness of ihMTR to B1
+ inhomogeneities for TR values between 350 and 402 ms, as illustrated by 

the tightly clustered values of ihMTR in this range.

Experiments

- Study 1: Variable TR at Fixed B1,RMS
TR

The shape and amplitude of the experimental curve describing ihMTR as a function of TR (Figure 3) 

were fairly close to the predicted ones for a nominal B1,RMS
TR of 3 VT (Figure 2c) with values in lobar 

WM and in whole WM peaking at TR = 142 ms. Of interest, ihMTR values measured for nominal B1
+ 

and nominal B1
+ attenuated by 20% show progressive convergence beyond a TR of 194 ms, and very 

close similarity for TR = 350 ms in the whole WM. This is further confirmed by the analysis considering 

the total number of WM voxels (Figure 4h), which shows that at TR = 350 ms, |δihMTR| lies below 10-% 

threshold for more than 73% of all WM voxels, whereas \δihMTR | is below the 20-% threshold for less 

than 15% of all WM voxels at TR = 38 ms. δihMTR-RMS scores, representing the RMS error over all WM 

voxels, emphasize the gain in performance as a monotonic decrease is observed with increasing TR, 

spanning from 28.7% (TR = 38 ms) to 9.1% (TR = 350 ms). A refined insight into the experimental 

robustness of ihMTR to B1
+ variations is provided in Figures 4a-g, showing the dependence of δihMTR on 

energy concentration (TR) for the clusters of WM voxels classified according to their actual rB1
+ 

distribution. It appears that the RF energy concentration strategy obtained by lengthening the TR is 

most effective in brain areas for which the actual B1,RMS
TR was stronger than the expected nominal value 

(i.e., rB1
+ ^ 1.0), again in line with simulations of δihMTR variations with TR (Figures 4a-g; black solid lines).

Finally, a representative overview of the RF energy concentration effects on the ihMTR images is 

provided in Figure 5. Whereas a short TR of 38 ms leads to a visually obvious bias, as evidenced by  

occipital-frontal and left-right gradients of ihMTR values matching the rB1
+ spatial profile, the ihMTR 

image obtained at TR = 350 ms demonstrates a noticeably more homogeneous signal throughout the 

whole brain.
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- Study 2: Reproducibility

Test-retest reproducibility assessment yielded a very good agreement in linear regression between 

ihMTRs from experiments A and B (Figure 6; Pearson correlation coefficient, CD = 0.977; slope of 1.038 

[p«0.001]; intercept of -0.360% [p = 0.001]). Bland-Altman plot shows a close-to-zero bias (-0.081% 

absolute ihMTR unit) and tight limits of agreement (0.535%/-0.698% absolute ihMTR unit). The 

coefficient of variation was low and amounted to CoV = 0.027±0.028 across all explored regions. 

Finally, no correlation (CD = 0.003; Pearson) was found between residual differences of ihMTR (ihMTRA-

ihMTRB) and rB1
+ (rB1,A

+-rB1,B
+), emphasizing that discrepancies in test-retest ihMTR are not related to 

any B1
+ between-sessions differences.

Discussion 

IhMTR has recently been validated as a semi-quantitative specific marker of myelination (2). In the 

context of clinical translation for application studies on various myelin-related diseases, it is of critical 

importance to minimize quantification biases that could affect the images’ interpretation. For high 

field systems (B0 ^ 3T) especially, the RF excitation field shows an inhomogeneous distribution which 

may result in undesired variations of the ihMT signal over the investigated field of view. Minimizing 

the effect of B1
+ inhomogeneities on the ihMT signal is hence essential. 

The current study aimed at evaluating the sensitivity of ihMTR measured with an ihMT-GRE sequence 

with various saturation preparation schemes to B1
+ variations occurring at 3 T in the human brain WM. 

This study was motivated by previous results obtained at 1.5 T (12) and guided by simulations. It was 

demonstrated that ihMT preparation where RF saturation energy is strongly concentrated in time is 

an efficient and reproducible strategy to mitigate the effects of B1
+ inhomogeneities on the WM signal 

measured at 3 T at the cost of a slight loss in sensitivity. More specifically ihMT-GRE with B1,RMS
TR = 3 µT, 

FA = 5° and TR = 350 ms resulted in relative variations of ihMTR lower than 10% in more than 70% of 

the total number of WM voxels following a global B1
+ reduction of 20%. This configuration led to about 

20-% loss in sensitivity as shown by the variations of absolute ihMTR with TR (`B.5% for TR = 350 ms 

compared to a maximum value of `10.5% obtained for TR = 142 ms, Figure 3).

Optimal RF energy deposition: simulations versus experiments

We used a recently proposed biophysical ihMT model accounting for two nonzero T1D components to 

simulate the ihMTR signal behavior in the realistic conditions of the ihMT-GRE sequence. The values 

of ihMTR predicted by the model are in fair agreement with the experimental values (Figure 2c and 

Figure 3). The key to the lower sensitivity of ihMTR to B1
+ variations lies in the inflection followed by a 

saturation of the curve describing the dependence of ihMTR on B1,RMS
TR obtained at long TR values 
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(Figure 2a), that is for high RF irradiation power during the RF pulses,  leading to minimal ihMTR 

variations above a given RF power threshold. The underlying mechanisms of this specific behavior 

relates to the saturation of the RF-induced attenuation of the different magnetization pools for both 

single and dual offset experiments. Additional details are provided in Supporting Information along 

with plots of the steady state magnetization of all pools (Supporting Information Figure S1), and 

emphasize the strong impact of dipolar order on the saturation of the macromolecular pools. 

The values of �ihMTR, considered in this study as a quantitative measure of the insensitivity to B1
+, also 

show very good agreement between simulations and experiments (Figure 4). Simulations were 

performed for fixed values representative of the WM tissue and selected from the literature (14,18). 

However, accurate estimations of these parameters remain to be established in the human brain in 

vivo, and the values used in simulations only approximate the underlying biophysical processes. 

Differences in tissue parameters, which were not considered by the simulations, may thus explain the 

residual discrepancies between model predictions and experiments. 

According to the simulation results, higher insensitivity to B1
+ could be achieved by concentrating even 

more the RF energy deposition using, for example, B1,RMS
TR = 3.0 VT, FA = 5° and TR = 402 ms (Figure 2c). 

Unfortunately, such RF energy concentration would require B1,peak values incompatible with the 

hardware restrictions in the context of the proposed saturation scheme based on bursts of Np = 8 

Tukey-shaped pulses. 

An alternative strategy to increase the energy concentration would consist in increasing the number 

of pulses while shortening the interpulse delay by removing the spoiling gradient in between each 

saturation pulse. However, as attractive as this option sounds, it is not without problems because of 

increased sensitivity to direct saturation effects: the ihMTR response to the saturation offset frequency 

is greatly impacted by the absence of post-pulse gradient spoiler when using short duration pulses 

(PW < 1 ms) and correlates with local B0 inhomogeneities (see Supporting information S2 and S3). An 

accurate description of the direct saturation phenomenon in short pulse ihMT experiments has yet to 

be developed, and advanced modeling using the configuration state formalism (27,28) to 

comprehensively characterize the free pool behavior during an off-resonance irradiation and 

throughout the sequence is warranted.

Other strategies based on longer and fewer saturation pulses could reduce the demand of the spoiling 

gradients within the ihMT preparation. However, longer pulses imply longer pulse repetition times 

(@t), which reduce the sensitivity of the ihMT technique when using the frequency alternation 

approach for the dual-offset saturation (2): increases of @t result in ihMTR decreased because of 

marked signal attenuation of components with T1D < @t (T1D-filtering). In contrast, cosine-modulated 
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pulses do not filter short T1Ds components, hence enhancing the sensitivity of the technique, at the 

cost of a reduced specificity for myelinated tissues (2). Notwithstanding, this approach requires a  √�

upscaling of the peak B1 to reach identical energy deposition because of the loss of power due to the 

RF envelope modulation, which may limit its applicability. Overall, these two strategies for dual-offset 

saturation impart very different T1D-weighting (2,29), and the choice of frequency modulation should 

primarily be based on the desired contrast. 

Robustness of ihMTR to B1
+ inhomogeneity at 3 T

Ideally, the response of ihMTR to variations of B1
+ should have been assessed over the range of actual 

and local B1
+ values obtained in the human brain WM in vivo at 3 T (about ±10% around the nominal 

value; see Figure 4a-g). However, since each voxel experiences a different local B1
+ intensity, the 

number of experimental conditions required to assess all voxels over the same actual B1
+ range and for 

multiple TR conditions would be prohibitive, especially in the context of in vivo experiments. 

Additionally, investigating B1
+ variations greater than the nominal value was not practically feasible 

because the maximum B1,peak used in Study 1 (about 22.0 µT) was close to the maximum deliverable 

value. Hence, in the current study, we deliberately chose to induce a single and global B1
+ variation of 

-20% which roughly corresponds to the total amplitude of the B1
+ variations measured in the whole 

brain WM, and thus could be considered as a worst-case experimental scenario. The proposed strategy 

may be considered as a case study providing a quantitative insight into how B1
+ variations may bias the 

ihMTR metric. Although the results indicate that it is not possible to remove the bias induced by the 

global 20% drop in B1
+ in all voxels simultaneously, they clearly emphasized that configurations with 

strong RF energy concentration limit the relative ihMTR error below 10% for a global 20-% B1
+ drop, 

especially in voxels for which rB1
+ ^ 1.0. 

Finally, the test-retest study further confirms that the reproducibility is not impacted by the RF field 

profile that may differ between two MRI sessions. A low intra-ROI variability (close-to-zero bias from 

the ROI-based Bland-Altman analysis) was observed, in line with previous results obtained at 1.5 T (12). 

Although B1,RMS
TR was around 3 µT in the current study performed at 3 T (i.e. much lower than the 5.4 

µT used in our previous 1.5 T study (12)), the ihMTR measured on healthy volunteers were relatively 

high, peaking around 10%, as compared to the values measured at 1.5 T (maximum of around 16% in 

the pyramidal tract).  This was made possible by optimizing the ihMT-GRE sequence in terms of duty-

cycle (i.e. moving towards longer TR), which additionally provides robustness to B1
+ inhomogeneities 

and benefits from the SNR efficiency at 3 T, allowing for the generation of high-quality composite 

ihMTR maps. Overall, this proves the several interests of our proposed optimization for high-field 

protocols. Conversely, other groups working at 3 T have employed rather distributed ihMT-GRE 
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sequences (5,7,30), which impact both SNR and B1
+ sensitivity and hence potentially limits 

reproducibility. 

Alternative B1
+ correction methods

Recent studies have investigated alternative ways to tackle the B1
+ inhomogeneity effects on ihMT at 

3 T with the use of the inverse ihMT ratio (30,31) or ihMTsat (32,33), two metrics that aim to remove 

biases from T1 and B1
+ effects and which are extensions of a strategy initially proposed for MT imaging 

(34). The calculation of ihMTsat makes use of a modeling of the MT effects and readout exclusively 

considered at the free pool magnetization level. This strategy requires a model of the sequence events 

to describe the ihMT signal as a function of T1 and B1
+. In addition, the B1

+ correction of ihMTsat 

requires to measure or simulate the actual dependence to B1
+ for given experimental conditions. In 

comparison, the ihMTR is model free and has the advantage of being simpler to derive. 

On the B1,RMS
TR limitation due to SAR regulations and transmitter coil capabilities

As most saturation-based methods, the SAR is a feature that limits the use of high energy pulses with 

regards to the ihMT technique. In this study, the maximum investigated B1,RMS
TR (3.1 µT) corresponded 

to about 80% of the SAR regulatory limitation among the three subjects (with body weights spanning 

from 60 to 80 kg) and close to the maximum deliverable B1 peak amplitude. However, previous 

experiments on another 3T system (Verio, software version VB17, Siemens Healthineers, Erlangen, 

Germany) presented close-to-maximum SAR values for B1,RMS
TR of only 2.7 µT among similar subjects. 

Explorable energy concentration schemes for a targeted population are therefore subject to a 

compromise between SAR regulations and available maximum B1 peak amplitude which both depend 

on the transmitter coil and the actual load of tissues within the coil. Local brain transmit coils may help 

improving the compromise that was reached in this study using a body coil transmission. Notably, the 

partial Fourier saturation method did help increasing the effective B1,RMS
TR by reducing the energy 

deposition in the k-space periphery (12). With our available average power, we showed the possibility 

of concentrating RF energy enough such that a reasonable immunity to B1
+ variations can be obtained 

in a clinical setting. Overall, the capacity to work at high B1,RMS
TR would offer additional flexibility to 

achieve sufficient RF energy concentration in order to reach robust regimes of ihMTR to B1
+ 

inhomogeneities. 

Limitations

Apart from the reproducibility experiments, this study was performed on only six different subjects 

divided into two experimental groups. Individuals naturally present different anatomy and physiology, 
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and hence, potential differences in WM content, impacting ihMTR absolute values and response to B1
+ 

variations, as observed in Figure 4. In addition, the B1
+ cluster analysis may be slightly inaccurate due 

to head movement throughout the protocol, yielding inaccuracies when relating ihMTR and B1
+ maps, 

such as voxels shifting from classes to classes of rB1
+. However, considering these movements as low 

and assuming a B1
+ profile slowly varying across space, such effect should have minor impact in 

analyses given the large number of voxels involved in this investigation (more than 246,000 per subject 

in average), and did not preclude to observe experimentally the trends predicted by simulations.

Conclusion

This study has provided a thorough analysis of the sensitivity of ihMTR to B1
+ variations typically 

observed in the human WM at 3 T. A strategy was proposed to minimize the bias induced by B1
+ 

inhomogeneities within the imposed hardware and SAR regulatory constraints. Although the most 

robust settings to B1
+ variations lead to a loss in sensitivity, the proposed protocol provided confidence 

that ihMTR measured over the whole WM suffers from minimal bias so that the observed variations 

would reflect biophysical mechanisms. The most robust setting was assessed in a reproducibility study 

and showed excellent accuracy compatible with clinical studies.
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Figure and Table captions

Table 1: Experimental parameters of the ihMT-GRE sequences. Common saturation parameters were: 

bursts of Np=8 Tukey-shaped saturation pulses (r=0.3) with a gradient spoiler after each off-resonance 

pulse, PWH@tA1.0H1.5 ms, @fA7 kHz and a constant readout flip angle of 5°.

Figure 1: ihMT-GRE pulse sequence with different RF energy deposition schemes (corresponding to 

different RF saturation duty-cycles). Bursts of Np off-resonance saturation pulses are followed by GRE 

readout segment(s). The use of a short TR (a) results in a rather distributed RF energy deposition over 

the repetition time, whereas a long TR (b) results in a more concentrated RF energy deposition. 

Multiple readout segments (NGRE) were used with increased TR to improve the data sampling efficiency 

and reduce the total acquisition time.

Figure 2: Simulations of ihMTR dependence on B1,RMS
TR (a) and readout flip angles (b) for varying energy 

concentration schemes corresponding to distributed (TR=38 ms), intermediate (TR=194 ms) and 

concentrated (TR=350 ms) RF energy deposition. IhMTR as a function of TR (c), performed for nominal 

B1,RMS
TR=3 µT and readout flip angle of 5°, are plotted for rB1

+ of 0.9 (blue), 1.0 (black) and 1.1 (red). 

Dashed grey lines indicate the working nominal power as used in experiments (3 µT) or readout flip 

angle (5°). TRsub was maintained constant (6.5 ms) for all simulations.

Figure 3: Mean values of ihMTR evaluated in WM lobes and in whole WM as a function of the RF energy 

concentration (increasing TR) averaged across all subjects. Filled and open markers correspond to 

ihMTR measured at nominal B1
+ and nominal B1

+ attenuated by 20%, respectively.

Figure 4: Mean measured δihMTR values in WM voxels clustered according to their rB1
+ distribution for 

each subject and different energy concentration schemes (TR; a-g). The individual markers’ sizes are 

proportional to the number of voxels in a cluster to provide an indication of the global rB1
+ distribution 

in the WM. Panel g: Fraction of the total voxels in WM pooled according to |δihMTR| thresholds (0, 5, 

10, 15, 20, 30 and 100%) across all subjects and along the investigated energy concentration schemes 

(TR); δihMTR-RMS values are reported (top). Dashed horizontal lines in panels a-g indicate |δihMTR| 

thresholds with the same color code as that of panel g. 

Figure 5: Representative rB1
+ (top row) and ihMTR views obtained with distributed (TR=38 ms, middle 

row) and concentrated (TR=350 ms, bottom row) energy concentration (nominal B1,RMS
TR=3 VT). White 

arrows indicate remarkable areas where a drop or an increase in rB1
+ resulted in a drop or an increase 

in ihMTR values for TR=38 ms. Conversely, ihMTR maps at TR=350 ms exhibit greatly reduced 

sensitivity to rB1
+ variations.
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Figure 6: Reproducibility of ihMT-GRE at TR=350 ms and B1,RMS
TR=3 µT. (a) Linear regression (line of 

unity: solid; regression line: dashed) and (b) Bland-Altman (LOA: limits of agreement; CoV: coefficient 

of variation) plots of ihMTR values in WM regions (black) and deep GM (grey) derived from the test-

retest (A-B) experiments. (c) Representative orthogonal views of a 2-mm isotropic ihMTR map.

Supporting Information

Additional Supporting Information may be found in the online version of this article.

Figure S1: Simulations of normalized longitudinal magnetizations in steady-state of the free pool (left 

column) and bound pools (long T1D: middle column; short T1D: right column) in the single MT (top row) 

and dual MT (bottom row) experiments as a function of B1,RMS
TR and for TR of 38, 194 and 350 ms. 

Dashed grey lines indicate the targeted nominal power as used in experiments (3 µT). Simulated tissue 

parameters: R1,f/R1,b = 1.0/1.0 s-1, T2,f = 22.0 ms, T2,b = 10.0 µs, R = 19.0 s-1, M0,f/M0,b = 1.0/0.16, T1D,1/T1D,2 

= 10.0/0.4 ms and fD = 0.5.

Figure S2: ihMTR maps as a function of the preparation pulses offset frequency, generated with 

PWH@tA1.0H1.5 ms (Np=8) with post-pulse spoiling gradients (top) and PWH@tA0.5H0.75 ms (Np=16) with 

a single post-burst spoiling gradient (bottom; note the changes in image dynamic), and corresponding 

@f0 map. Common ihMT sequence parameters: B1,peak=22.0 VT, B1,RMS
TR=3.0 VT, TR=350 ms, TRsub=6.5 

ms, number of GRE segments = 52, readout flip angle = 5°.

Figure S3: Equivalent on-resonance flip angle of a single off-resonance Tukey-shaped (r=0.3, 

B1,peak=22.0 µT) pulse as a function of its frequency offset for PW=1.0 ms (red) and PW=0.5 ms (black). 

Curves were generated by simulations of the Bloch equations, and calculated from the longitudinal 

magnetization at the end of the pulse application as cos-1(Mz/M0) (starting from an equilibrium state 

Mz=M0, and neglecting relaxation and MT effects). Dashed gray lines indicate experimental off-

resonance frequencies (Fig. S2).
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Table 1: Experimental parameters of the ihMT-GRE sequences. Common saturation parameters were: bursts of Np=8 Tukey-shaped saturation pulses (r=0.3) with a gradient spoiler after each 
off-resonance pulse, 4567t.#*26#*8 ms, 7!.9 kHz and a constant readout flip angle of 5°. 

Experiments B1,RMS
TR 

(µT) TR (ms)
Saturation 

pulse B1 
peak (µT)

Number of 
readout 

segments 
per TR

TRsub/TE 
(ms)

Readout 
bandwidth 
(Hz/voxel)

Resolution 
(mm) Matrix size Acquisition 

time

Study 1:
Variable TR

Fixed B1,RMS
TR

3.0

38
90

142
194
246
298
350

7.3
11.1
14.0
16.4
18.4
20.3
22.0

4
12
20
28
36
44
52

6.5/3.0 200 2.5 iso. 96x96x72

6’14’’
5’04’’
4’52’’
4’44’’
4’43’’
4’38’’
4’36’’

Study 2:
Reproducibility 3.0 350 22.0 52 6.5/2.9 210 2.0 iso. 128x128x88 9’35’’
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Figure 1: ihMT-GRE pulse sequence with different RF energy deposition schemes (corresponding to different 
RF saturation duty-cycles). Bursts of Np off-resonance saturation pulses are followed by GRE readout 

segment(s). The use of a short TR (a) results in a rather distributed RF energy deposition over the repetition 
time, whereas a long TR (b) results in a more concentrated RF energy deposition. Multiple readout segments 
(NGRE) were used with increased TR to improve the data sampling efficiency and reduce the total acquisition 

time. 
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Figure 2: Simulations of ihMTR dependence on B1,RMS
TR (a) and readout flip angles (b) for varying energy 

concentration schemes corresponding to distributed (TR=38 ms), intermediate (TR=194 ms) and 
concentrated (TR=350 ms) RF energy deposition. IhMTR as a function of TR (c), performed for nominal 
B1,RMS

TR=3 µT and readout flip angle of 5°, are plotted for rB1
+ of 0.9 (blue), 1.0 (black) and 1.1 (red). 

Dashed grey lines indicate the working nominal power as used in experiments (3 µT) or readout flip angle 
(5°). TRsub was maintained constant (6.5 ms) for all simulations. 
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Figure 3: Mean values of ihMTR evaluated in WM lobes and in whole WM as a function of the RF energy 
concentration (increasing TR) averaged across all subjects. Filled and open markers correspond to ihMTR 

measured at nominal B1
+ and nominal B1

+ attenuated by 20%, respectively. 
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Figure 4: Mean measured δihMTR values in WM voxels clustered according to their rB1
+ distribution for each 

subject and different energy concentration schemes (TR; a-g). The individual markers’ sizes are proportional 
to the number of voxels in a cluster to provide an indication of the global rB1

+ distribution in the WM. Panel 
g: Fraction of the total voxels in WM pooled according to |δihMTR| thresholds (0, 5, 10, 15, 20, 30 and 

100%) across all subjects and along the investigated energy concentration schemes (TR); δihMTR-RMS values 
are reported (top). Dashed horizontal lines in panels a-g indicate |δihMTR| thresholds with the same color 

code as that of panel g. 
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Figure 5: Representative rB1
+ (top row) and ihMTR views obtained with distributed (TR=38 ms, middle row) 

and concentrated (TR=350 ms, bottom row) energy concentration (nominal B1,RMS
TR=3 (T). White arrows 

indicate remarkable areas where a drop or an increase in rB1
+ resulted in a drop or an increase in ihMTR 

values for TR=38 ms. Conversely, ihMTR maps at TR=350 ms exhibit greatly reduced sensitivity to rB1
+ 

variations. 
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Figure 6: Reproducibility of ihMT-GRE at TR=350 ms and B1,RMS
TR=3 µT. (a) Linear regression (line of unity: 

solid; regression line: dashed) and (b) Bland-Altman (LOA: limits of agreement; CoV: coefficient of 
variation) plots of ihMTR values in WM regions (black) and deep GM (grey) derived from the test-retest (A-

B) experiments. (c) Representative orthogonal views of a 2-mm isotropic ihMTR map. 
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Figure S1: Simulations of normalized longitudinal magnetizations in steady-state of the free pool (left column) and bound pools (long T1D: middle column; 
short T1D: right column) in the single MT (top row) and dual MT (bottom row) experiments as a function of B1,RMS

TR and for TR of 38, 194 and 350 ms. Dashed 
grey lines indicate the working nominal power as used in experiments (3 µT). Simulated tissue parameters: R1,f/R1,b = 1.0/1.0 s-1, T2,f = 22.0 ms, T2,b = 10.0 µs, R 
= 19.0 s-1, M0,f/M0,b = 1.0/0.16, T1D,1/T1D,2 = 10.0/0.4 ms and fD = 0.5.
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Description of Figure S1: Following the Provotorov theory of RF absorption in solids, it is now well understood that the dipolar order acts against the 
saturation of the Zeeman order (the so-called magnetization of the macromolecular pool; i.e. Mz,,b), and that strong RF saturation performed at a single 
frequency offset promotes conversion of Zeeman order into dipolar order, hence hindering efficient saturation. Conversely when the RF saturation is 
performed with a dual-frequency offset (symmetric with respect to the center of the macromolecular lineshape), there is no creation of dipolar order, 
and the RF saturation is more efficient (although still limited by conventional T1 relaxation effects). Moreover, short T1Ds make dipolar order vanishingly 
small for values below the millisecond range and RF saturation power achievable with typical clinical systems, hence promoting a long T1D weighting in 
clinical ihMT imaging. These effects are altogether demonstrated in the following simulations of the steady state magnetization of the free water (left 
column) and the two macromolecular pools (middle column: long T1D ; right column : short T1D) as a function of B1,RMS

TR for both the single (upper row) and 
the dual RF saturation conditions (lower row). 

Inspecting the curves from right to left: the Zeeman magnetization corresponding to the short T1D component (Mz,b,2) shows a rather strong attenuation 
for high B1,RMS

TR values for both the single and dual RF saturation. This is expected for short T1Ds  for which a very low amount of dipolar order is generated. 
It appears from the three simulated curves that a concentrated RF energy deposition (solid line) attenuates more efficiently the bound pool magnetization 
than a rather distributed RF energy (dashed line), eventually leading to an almost complete saturation (ideally obtained for Mz,b = 0) for B1,RMS

TR > 3-4 µT. 
Obviously, the longitudinal relaxation prevents a perfect saturation of the bound pool, and it is expected that Mz,b stabilizes to a non-zero value for high 
B1,RMS

TR, as observed. 

The Zeeman magnetization corresponding to the long T1D component (Mz,b,1) show the same behavior for the dual frequency saturation: the magnetization 
is almost perfectly saturated for high B1,RMS

TR and concentrated energy deposition (solid line). Once again this is indeed expected because almost no dipolar 
order is generated in this case (no dipolar order would be created for a simultaneous dual frequency saturation, but a small amount is expected to remain 
for the frequency alternated scheme). However, for the single frequency saturation, Mz,b,1 is significantly higher (i.e. less attenuated) in comparison to the 
dual frequency case because its dipolar order acts against the saturation of the Zeeman order. Of interest, the case of high energy concentration (solid 
line) deviates the most from the single frequency case because the high RF irradiation power used during the MT pulses generates more dipolar order 
than the lower RF irradiation used in the distributed case, eventually leading to a crossing of the curves, and a “saturation” of the RF absorption of the 
macromolecular pool at high B1,RMS

TR for the concentrated energy deposition. Looking at these curves it appears clear that the dipolar order can be a much 
stronger opponent to the full saturation of the macromolecular magnetization than usual T1 relaxation effects. 

Finally, the Zeeman magnetization of the liquid pool (Mz,f) reflects the mechanisms that we have just described at the macromolecular pool levels thanks 
to the magnetization transfer effects. The attenuation of the magnetization reaches a plateau (i.e. “saturates”) only in the case of distributed energy 
deposition, and this is ultimately what is observed when looking at the ihMT signal (or ihMTR) in our experiments.
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Figure S2: ihMTR maps as a function of the preparation pulses offset frequency, generated with PA/Bt=1.0/1.5 ms (Np=8) with post-pulse spoiling gradients 
(top) and PA/Bt=0.5/0.D5 ms (Np=16) with a single post-burst spoiling gradient (bottom; note the changes in image dynamic), and corresponding Bf0 map. 
Common ihMT sequence parameters: B1,peak=22.0 ET, B1,RMS

TR=3.0 ET, TR=350 ms, TRsub=6.5 ms, number of GRE segments = 52, readout flip angle = 5°.
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Figure S3: Equivalent on-resonance flip angle of a single off-resonance Tukey-shaped (r=0.3, B1,peak=22.0 µT) pulse as a function of its frequency offset for 
PW=1.0 ms (red) and PW=0.5 ms (black). Curves were generated by simulations of the Bloch equations, and calculated from the longitudinal magnetization 
at the end of the pulse application as cos-1(Mz/M0) (starting from an equilibrium state Mz=M0, and neglecting relaxation and MT effects). Dashed gray lines 
indicate experimental off-resonance frequencies (Fig. S2).

Descriptions of Figures S2 and S3: Figure S2 presents experimental ihMTR maps obtained with different preparation schemes (PA/Bt=1.0/1.5 ms (Np=8) with 
post-pulse spoiling gradients (top) and PA/Bt=0.5/0.D5 ms (Np=16) with a single post-burst spoiling gradient) at different offset frequencies. Strong artifacts 
appear in the scheme without post-pulse spoiling gradient. The effects also correlate with the apparent on-resonance flip angle reflecting the direct saturation 
effects (calculated over a single off-resonance pulse; Figure S3, black curve). As such, it appears that the post-pulse spoiling gradient is mandatory to guarantee 
high image quality for short pulses (Figure S2; top row), although low frequency offsets may still yield a deteriorated image quality (Figure S2; top row for Bf 
= 5 kHz) due to direct saturation effects (Figure S3, red curve).
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