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Abstract 

Purpose: Magnetization transfer ratio (MTR) histograms are widely used for the assessment of diffuse 

pathological changes in the brain. For broad clinical application, MTR scans should not only be fast but 

confounding factors should be minimized for high reproducibility. To this end, a one-minute whole 

brain spiral MTR method with intrinsic B1-field correction is introduced. 

Methods: A spiral multi-slice spoiled gradient echo sequence with adaptable magnetization transfer 

(MT) saturation pulses (angle ) is proposed. After a low-resolution single-shot spiral readout and a 

dummy preparation period, high-resolution images are acquired using an interleaved spiral readout. For 

whole brain MTR imaging, fifty interleaved slices with three different MT contrasts ( = 0°, 350°, 550°) 

together with an intrinsic B1-field map are recorded in 58.5s on a clinical 3T system. From the three 

contrasts, two sets of MTR images are derived and used for subsequent B1 correction, assuming a linear 

dependency on . For validation, a binary spin bath model is used. 

Results: For the proposed B1-correction scheme, numerical simulations indicate for brain tissue a 

decrease of about a factor of ten for the B1-related bias on MTR. As a result, upon B1-correction, MTR 

differences in gray and white matter become markedly accentuated and the reproducibility of MTR 

histograms from scan-rescan experiments is improved. Furthermore, B1-corrected MTR histograms 

show a lower variability for age-matched normal appearing brain tissue. 

Conclusion: From its speed and offering intrinsic B1-correction, the proposed method shows excellent 

prospects for clinical studies that explore MT-effects based on MTR histogram analysis. 

 

 

 

 

 



 
 

Introduction 

Magnetization transfer (MT), reflecting the exchange of magnetization between mobile and bound 

protons (1), has shown potential for the diagnosis and prognosis of various neurological disorders, such 

as multiple sclerosis (for a comprehensive overview, c.f. (2)). Frequently, due to time constraints in the 

clinical workflow, MT effects are condensed into a simple measure in percent unit (pu), termed 

magnetization transfer ratio (MTR), that can be derived using only two scans performed with and 

without saturation of the bound pool protons, respectively (3). 

MTR imaging has been extensively explored to track morphological changes in brain, such as for the 

development of myelination in children (4) or within the context of aging (5), for the detection of 

microstructural damage in normal appearing white matter (3,6–9), or for the detection of a variety of 

brain disorders, such as Alzheimer’s disease (10) and predominantly multiple sclerosis (MS) (3,11–14). 

In this context, MTR histograms have proven to be highly indicative of both focal (15) and diffuse 

tissue damage (13,15–18). Moreover, they allow a distinction of different stages of MS disease (16), a 

differentiation of MS subgroups (17,18), an estimation of disease burden (19), or a correlation with 

microscopic changes in gray matter (GM) and white matter (WM) due to aging (20). 

It appears evident that a prerequisite for reliable detection of subtle changes in the MTR histogram is a 

minimization of any confounding factor, such as transmit field (B1) inhomogeneity or settings of the 

MT pulse (21). Due to safety limits for power deposition on patients, pulsed rather than continuous 

wave irradiation is used for MT contrast generation (22,23). This results in a strong but generally 

incomplete saturation of the bound proton pool. As a result, the observable amount of saturation transfer 

does thus depend on the off-resonance and the delivered irradiation power, which is locally modulated 

by B1 (24,25). 

Thus, several approaches were proposed to address B1-field related variations in MTR values. As a 

general recommendation, the body  coil should be used for transmission (21). Particularly, at high fields, 

however, object-related B1-field inhomogeneity becomes more pronounced and appropriate correction 

of excitation field nonuniformity appears mandatory for accurate estimation of MT effects. To this end, 

different approaches were suggested to account and correct for B1-field related MT miscalibrations 

(24,26–28). Especially, for proton-density weighted spoiled gradient echo (SPGR) MTR acquisitions, 

a linear correction was found to be adequate (24,27). 

For broad clinical translation, MTR scanning should be performed in a reasonable time, ideally without 

the need for the acquisition of a separate, additional, B1-field map. In contrast to Cartesian imaging, 

spiral trajectories might offer a considerable increase in the overall acquisition speed and have found 

application for rapid tissue quantification, such as MR fingerprinting (29), or for whole brain B1-field 

corrected T1 mapping within less than one minute (30). In this work, we explore the prospects of a one-

minute spiral imaging protocol for whole brain MTR imaging with intrinsic B1-correction. 



 
 

Methods 

Spiral MT sequence 

For rapid whole-brain MTR imaging, a prototype interleaved 2D multi-slice SPGR sequence with dual-

density spiral-out trajectory (31,32) at a receive bandwidth of 400 kHz was implemented. The spiral 

trajectory was calibrated in a one‐time process using the Tan‐Meyer eddy current model (33).  

For B1-correction of MTR, low resolution B1 mapping was combined with the acquisition of two MTR 

scans. The two MTR scans were derived from three repetitions of the same sequence using a non-MT-

weighted scan and two scans with different off-resonance saturation (angle: ) (Figure 1A). To mitigate 

possible slice cross-talk and excitation-related MT-effects in neighboring slices, each repetition features 

two concatenations enabling an interleaved slice excitation scheme for the prototype sequence. For each 

slice, a B1 map was derived from the acquisition of two low-resolution PD-weighted images with 

nominal flip angles of 90° (PD1 in Rep1) and 45° (PD2 in Rep2) using a single-shot spiral readout 

(Figure 1C). The single-shot contrast image in repetition three is acquired but currently not used for the 

calculations. A recovery period of about 4 s between repetitions one and two is used to allow for 

recovery of residual slice cross talk effects in the second single-shot contrast image from the acquisition 

of the second concatenation in repetition one (Figure 1B and Figure 1C). After the single-shot spiral 

acquisition, the subsequent interleaved spiral readout preceded a dummy period of about 2 s (MT-

preparation, slice excitation and gradients are played out, but no readout is performed) to mitigate 

transient effects (Figure 1C). The TR was set to 650 ms, offering space for the acquisition of 25 

interleaved slices within one concatenation (Figure 1D). For MT preparation, a Gaussian-shaped off-

resonance irradiation pulse of 7.68 ms duration was used (off-resonance ∆ = 2.2 kHz). Generally, 3-

mm slices with an in-plane resolution of 1.3 ×1.3 mm2 (field-of-view: 256 × 256 mm2) were acquired 

using a sinc-shaped RF pulse of 2 ms duration, with a time-bandwidth product of 2.7 and a nominal flip 

angle  of 35°. Single-shot and interleaved spiral imaging was performed with readout durations of 

18.24 ms and 7.88 ms, respectively.  

For MTR imaging, 20 spiral interleaves in combination with an acceleration factor R = 2 were used, 

thus effectively reducing the number of required spiral interleaves by 50%. The acquisition time for one 

concatenation was 9.1 s (including the single-shot spiral readout, the dummy preparation period, and 

the spiral interleaves). The overall acquisition time for the complete scan was 58.5 s (for three 

repetitions and the recovery).  

 

In-vivo imaging 

Imaging was performed on three healthy volunteers (a female at age 28 and two males at ages 31 and 

32) at 3T (Magnetom Prisma, Siemens Healthcare, Erlangen, Germany) using a 20-channel receive 



 
 

head coil and approved by the local ethics committee.  From a single scan, three repetitions performed 

with nominal MT-saturation flip angles of 0°, 350° and 550°. In addition, a standard T1-weighted scan 

(MPRAGE (34)) was acquired for brain segmentation. 

To test the scan-rescan repeatability and reproducibility, the MTR scan was first run 10 times without 

breaks and then 10 times with short breaks by taking the volunteer out after every single acquisition 

(repositioning), and thus forcing a new scanner adjustment. Subsequently, scan-rescan data was co-

registered and an MTR histogram analysis was performed for segmented whole-brain, WM and GM. 

Peak positions were extracted from the segmented GM and WM MTR histograms using non-linear 

least-squares fitting of a simple Gaussian distribution (21). Subsequently, standard deviation and 

coefficient of variation (cv: standard deviation over mean of the peak positions) were calculated and 

boxplots were generated for the assessed peak positions, serving as indicators of repeatability for the 

scan-rescan experiment. 

 

Image reconstruction, postprocessing and simulations 

Spiral image reconstruction was performed online using a spiral version of the iterative self-consistent 

parallel imaging reconstruction method (SPIRiT) (35). An auto‐stop criterion was used, also in case the 

k‐space was fully sampled at the Nyquist rate, to implicitly derive the optimal density compensation 

function for the gridding algorithm. 

Image post-processing and simulation were performed using MATLAB R2019a (The MathWorks, Inc., 

Natick, MA). For skull stripping, WM and GM segmentation of the T1-weighted (MPRAGE) images, 

and co-registration of the derived masks to the spiral-MT image, the standard software package FSL 

(FMRIB Software Library v6.0, Oxford, UK) was used. 

From the signal intensities of the two low-resolution single-shot PD-weighted spiral scans acquired in 

repetition one and two (PD1 and PD2), B1 can be estimated using (36) 

𝐵1 = 𝜁 ⋅ (4/π) ⋅ cos−1 (
𝑃𝐷1

2 ⋅ 𝑃𝐷2
) [1] 

where 𝜁 = 1.15 takes into account the exact excitation profile and was derived using CoMoTk (37) and 

is approximately constant within the expected typical B1 range (variation is less than 1% within B1 = 

0.7 – 1.3). Only the first concatenation was used for B1 calculation. 

Two sets with different MTR contrast can be derived from the interleaved spiral images (I) acquired 

within the three repetitions with variable MT-saturation flip angles of 0 = 0°, 1 = 350° and 2 = 550° 

(c.f. Figure 1),  



 
 

𝑀𝑇𝑅1,2 =
𝐼0 − 𝐼1,2

𝐼0
 , 𝑤ℎ𝑒𝑟𝑒 𝐼0,1,2 = 𝐼(𝛽0,1,2) [2] 

Assuming a linear dependency of the observable MTR contrast for a reasonable range of flip angle 

modulations of the MT-preparation pulse, a B1-corrected MTR image (MTRc) can be derived using 

𝑀𝑇𝑅𝑐 = 𝑀𝑇𝑅𝑎𝑣𝑔 + (1 − 𝐵1) ⋅ 𝑏 ⋅ Δ𝑀𝑇𝑅 [3] 

where 𝑀𝑇𝑅𝑎𝑣𝑔 ≜ (𝑀𝑇𝑅1 + 𝑀𝑇𝑅2)/2, Δ𝑀𝑇𝑅 ≜ 𝑀𝑇𝑅2 − 𝑀𝑇𝑅1, and 𝑏 ≜ 0.5 ⋅ (𝛽1 + 𝛽2)/(𝛽2 − 𝛽1).  

The linear (first order) correction proposed in Eq. [3] also requires that the B1-related change in the 

observable MTR contrast is dominated by the variation of the saturation pulse amplitude only, i.e. 

𝜕𝐵1
𝑀𝑇𝑅(𝐵1𝛼, 𝐵1𝛽) ≈ 𝜕𝐵1

𝑀𝑇𝑅(𝛼, 𝐵1𝛽) [4] 

which appears reasonable for PD to mildly T1-weighted images (27). To this end, numerical simulations 

of the binary spin-bath model were performed with MATLAB as described in details elsewhere (38)  

assuming ideal spoiling for the free pool and using [M0,r = 0.137; T2,r = 12 μs, R1,r = 1 s-1, kf = 4.3 s-1; 

R1 = 1.17] for WM and [M0,r = 0.062; T2,r = 10μs, R1,r = 1s-1, kf = 1.8 s-1; R1 = 0.803] for GM at 3T. 

Observable T1 tissue parameters for bulk GM (1264 ms) and bulk WM (838 ms) at 3T were taken from 

(30). For tissues, a super-Lorentzian lineshape was used. Simulations took into account the actual slice 

excitation profile and were performed with the spiral MT pulse sequence parameters (cf, “spiral MT 

sequence”) until a steady state was reached. 

 

Results 

The sequence provided artifact-free images in all volunteers. Example results are shown in Figure 2. 

As compared to the non-MT weighted images (Figure 2A), MT-weighted images show increasing MT 

contrast for tissues (and thus incomplete saturation) with increasing MT-saturation flip angles (Figures 

2B and 2C). Typically, over the whole brain, nominal MT-saturation flip angles were modulated by the 

B1 field by as much as ±30% (cf. Figure 2D). Visual comparison of the images showed a change in the 

MTR contrast similar in magnitude to the modulation of the B1 field. As the measured B1 differences 

were as large as ±30%, they corresponded to an approximate range of effective MT-saturation flip 

angles from 350° to 550°. 

The simulated sensitivity of MTR on B1 is specific for the TR and flip angle used (see ‘In-vivo imaging’ 

in the ‘Methods’ section) and is shown in Figure 3 for GM and WM. Generally, both GM and WM 

MTR show a slight non-linear dependency on B1 and increase with increasing B1. From the two-pool 

model simulation, the expected B1-related variation in MTR (for B1 = 0.7 to B1 = 1.3) is about 16 – 17 

pu (for GM and WM, respectively) and decreases to about 2 pu upon B1-correction. Overall, the simple 



 
 

linear correction scheme, as proposed in Eq. [3], is able to reduce B1-related MTR variations by almost 

a factor of ten. 

Average MTR images (MTRavg), B1-corrected MTR images (MTRc), as well as absolute difference 

images are shown in Figure 4. For regions with a B1 close to 1 no difference is observed, whereas 

uncorrected MTRavg values are overestimated for the deep parts of the brain, thus predominantly white 

matter, but underestimated for peripheral regions, such as cortical gray matter. In general, B1 

inhomogeneity leads to up to 8 pu (roughly 16 percent change) changes in MTR values at 3T.  

The overall effect of B1 correction is further analyzed using MTR histograms (Figure 5). As can be 

expected from Figure 4, B1 correction leads to a shift of the whole-brain average MTRavg histogram 

towards lower values (Figure 5A). In addition, the apparent shoulder in the MTRavg histogram becomes 

markedly accentuated in the B1-corrected MTRc histogram, indicating the presence of (at least) two 

tissue classes (presumably WM and GM; cf. Figure 4B) with different MT properties that become more 

separated. Thus, the observed average and B1-corrected whole brain MTR histograms are further 

analyzed based on the underlying, segmented, WM and GM (cf. Figures 5B and 5C). The fitting of the 

Gaussian model resulted in a MTRavg peak at 48.05 pu with a cv = 0.100, and a MTRc peak at 46.76 pu 

with a cv is 0.085 for bulk WM. Similarly, for bulk GM, the MTRavg peak was at 39.76 pu with a cv = 

0.213, whereas for MTRc the maximum was at 38.48 pu and the cv was 0.230. 

The results of the consecutive scan-rescanning are summarized in Figure 6. B1-correction of MTR did 

not result in higher peak variability (standard deviation of the WM peak location changed from 0.15 pu 

to 0.12 pu and for GM from 0.15 pu and 0.09 pu after to B1 correction), indicating a high stability for 

the B1 measurement (Figure 6). While a repositioning of the volunteer and forcing a new scanner 

adjustment prior to any new MTR scan resulted in a higher variability for the MTR peak positions 

compared to the consecutive scan-rescan scenario, a lower variability was observed after B1 correction 

(standard deviation of the WM peak location changed from 0.22 pu to 0.14 pu and for GM from 0.21 

pu to 0.09 pu after B1-correction) (Figure 7). This is in line with expectations since a different 

positioning will generally lead to slightly different B1-field distributions. As a result, this is expected to 

become especially accentuated for brain MTR histograms extracted from different volunteers.  

Finally, GM and WM MTR histograms are shown in Figure 8 for three volunteers of highly similar age 

(30y ± 2y). Average MTRavg histograms for segmented WM and GM are depicted in Figures 8A and 

8B. For WM, before B1 correction the peaks varied within a range of 2.5 pu (46.8 pu to 49.3 pu), which 

was reduced to 0.9 pu (46.6 pu to 47.5 pu) after correction. Similarly, for GM, before B1 correction the 

peaks varied within a range of 2.8 pu (38.7 pu to 41.5 pu), which was reduced to 2.0 pu (38.2 pu to 40.2 

pu) after correction. Generally, B1-correction of MTR values leads to a lower variability for MTR brain 

histograms, as can be expected for age-matched, normal appearing, brain tissue.  

 



 
 

Discussion 

A fast whole-brain MTR imaging method with intrinsic B1-correction was introduced. The use of spiral 

imaging together with iterative parallel image reconstruction enabled an overall acquisition time for B1-

corrected MTR imaging of less than one minute for clinically acceptable resolutions. As a result, MTR 

scanning has the potential to be performed in the clinical routine setting without any significant 

workflow or patient throughput sacrifices. 

Generally, non-uniform B1-fields lead to a local variation of the applied MT-saturation power. As a 

result, even for a homogeneous tissue, any B1-field variation will lead to a variation in the MT contrast, 

as long as an incomplete saturation can be presumed. Due to safety restrictions, however, saturation can 

never be complete, especially for in-vivo human MRI. As a result, all human MTR scans are subjected 

to B1-field miscalibrations that become increasingly severe with increasing field strength. 

A linear (first order) correction was suggested and implemented to remove the B1-field related bias in 

derived MTR values; similar to previous studies and findings (24,26,27). For the suggested protocol, 

numerical simulations indicate that B1-related MTR modulations become efficiently reduced. 

Generally, the quality of B1-compensation relies on the longitudinal relaxation times and thus on the 

TR and flip angle settings and is expected to decrease with increasing T1-weighting. In principle, it 

appears likely that this could be counterbalanced by a non-linear correction scheme, i.e. using a second 

order approach, but only at the expense of an overall prolonged scan time (using at least three MT-

weighted scans).  

In this work, we explored the limits for spiral whole brain MTR imaging in terms of resolution and 

acquisition speed. Since the proposed linear B1-correction relies on the acquisition of PD to mildly T1-

weighted images, a rather long TR is required, as preferred by a 2D multi-slice protocol. As a result, 

scanning is typically performed with high in-plane but low slice resolution. Furthermore, efficient k-

space sampling strategies, such as spiral readouts, can only accelerate imaging as long as the signal-to-

noise-ratio (SNR) is not limiting. Similarly, resolution can only be increased at the expense of SNR. In 

summary, it can be expected that with decreasing SNR (and thus with increasing resolution), the 

proposed spiral imaging approach will offer decreasing benefits in terms of acquisition speed as 

compared to traditional Cartesian sampling schemes.   

Using an integrated B1-field map acquisition with (almost) no loss of scanning efficiency, we have 

shown in a scan-rescan experiment that B1-corrected MTR values as compared to uncorrected ones are 

not subjected to a higher variability for consecutive scans but are less affected by repositioning and 

forced scanner readjustments. As a result, B1-field correction might show added value for single patient 

follow-up studies, where typically special care is taken that scan-rescans can be performed on the same 

system (c.f. recommendations from the EURO-MT study, (39)). Our measurements, however, indicate 

that especially studies based on normative group comparisons, frequently used to assess diffuse 



 
 

pathologic alterations in normal appearing brain tissue, such as for Alzheimer’s disease (10,40,41), may 

profit from the removal of any B1-field related variations. Generally, B1-corrected MTR histograms 

should reveal a lower spread and thus group comparisons should require a smaller cohort size for a 

given effect size.       

 

Conclusion 

In conclusion, we have introduced a one-minute whole brain MTR mapping method, offering intrinsic 

B1-field correction. Generally, B1-field corrected MTR values show a lower variability in scan-rescan 

experiments as compared to uncorrected ones and might thus be especially beneficial within the context 

of follow-up studies or for the investigation of diffuse pathological changes based on large patient 

cohorts. Due to its speed, the proposed method thus not only shows excellent prospects for broad clinical 

translation but also for application in a variety of clinical studies that explore MT-effects based on a 

simple MTR analysis. 
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Figure Captions 

 

Figure 1: Scheme of the prototype 2D interleaved multi-slice spiral MTR imaging approach. (A) three 

repetitions are acquired with different MT-weightings (: MT-saturation flip angle). (B) Each repetition 

features two concatenations with 25 slices each (50 slices in total). Between repetition one and two an 

additional delay of six TR (about 4 s) allows for full recovery of the concatenations. (C) Each 

concatenation starts with a single-shot spiral TR, yielding low-resolution PD-weighted images, 

followed by a dummy period of three TR (about 2 s) without readout (RO), and being terminated by the 

acquisition of high-resolution PD to mildly T1-weighted images using a series of N spiral interleaves 

(N=20). (D) Building block illustrated for one spiral interleave within the 1st concatenation of repetition 

2 of the 2D interleaved multi-slice acquisition. The TR is built from 25 interleaved MT-prepared (∆: 

off-resonance) slice excitations (flip angle α). (E) legend. 



 
 

Figure 2: Illustrative axial, sagittal and coronal views of: non-MT-weighted images (A), MT-weighted 

images acquired with an MT-saturation flip angle of 350° (B), MT-weighted images acquired with an 

MT-saturation flip angle of 550° (C), and a corresponding B1-map (D), derived from PD1 and PD2 (c.f. 

Figure 1).  

 



 
 

 

Figure 3: Two-pool model simulations of the B1-dependency of MTR for (A) GM and (B) WM before 

(MTRavg: dashed blue line) and after correction (MTRc: solid red line) using Eq [3] (for simulation 

parameters, see ‘Methods’ section). 



 
 

Figure 4: Example views in axial, sagittal and coronal orientation of average MTRavg (A) and B1-

corrected MTRc (B) together with the corresponding absolute difference map (C). 

 

 

 



 
 

 

Figure 5: (A) Whole brain histograms for average (black solid line) and B1-corrected (red solid line) 

MTR values of an exemplary subject (B) Average MTRavg histogram (black solid line) segmented into 

WM (black dashed line) and GM (black dotted line). (C) B1-corrected MTRc histogram (black solid 

line) segmented into WM (black dashed line) and GM (black dotted line). 

 

 



 
 

 

Figure 6: Repeatability assessment from scan-rescan experiments (without repositioning) using an 

MTR histogram peak analysis as shown in Figure 5. (A) Average MTRavg peak values for segmented 

GM (orange) and WM (blue). (B) Corresponding boxplots, showing median, lower and upper quartiles, 

as well as the maximum and minimum values. (C) B1-corrected MTRc peak values for segmented GM 

(orange) and WM (blue). (D) Corresponding boxplots, showing median, lower and upper quartiles, as 

well as the maximum and minimum values.  



 
 

 

Figure 7: Reproducibility assessment from scan-rescan experiments (with repositioning) using an MTR 

histogram peak analysis as shown in Figure 5. (A) Average MTRavg peak values for segmented GM 

(orange) and WM (blue). (B) Corresponding boxplots, showing median, lower and upper quartiles, as 

well as the maximum and minimum values. (C) B1-corrected MTRc peak values for segmented GM 

(orange) and WM (blue). (D) Corresponding boxplots, showing median, lower and upper quartiles, as 

well as the maximum and minimum values.  

 



 
 

 

Figure 8: Average MTRavg histograms for three age-matched healthy volunteers for segmented WM 

(A) and GM (B). Corresponding B1-corrected MTRc histograms for segmented WM (C) and GM (D). 


