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a b s t r a c t 

Neuromelanin (NM)-sensitive MRI using a magnetization transfer (MT)-prepared T1-weighted sequence has been suggested as a tool to visualize NM contents in the 

brain. In this study, a new NM-sensitive imaging method, sandwichNM, is proposed by utilizing the incidental MT effects of spatial saturation RF pulses in order 

to generate consistent high-quality NM images using product sequences. The spatial saturation pulses are located both superior and inferior to the imaging volume, 

increasing MT weighting while avoiding asymmetric MT effects. When the parameters of the spatial saturation were optimized, sandwichNM reported a higher NM 

contrast ratio than those of conventional NM-sensitive imaging methods with matched parameters for comparability with sandwichNM (SandwichNM: 23.6 ± 5.4%; 

MT-prepared TSE: 20.6 ± 7.4%; MT-prepared GRE: 17.4 ± 6.0%). In a multi-vendor experiment, the sandwichNM images displayed higher means and lower standard 

deviations of the NM contrast ratio across subjects in all three vendors (SandwichNM vs. MT-prepared GRE; Vendor A: 28.4 ± 1.5% vs. 24.4 ± 2.8%; Vendor B: 

27.2 ± 1.0% vs. 13.3 ± 1.3%; Vendor C: 27.3 ± 0.7% vs. 20.1 ± 0.9%). For each subject, the standard deviations of the NM contrast ratio across the vendors were 

substantially lower in SandwichNM (SandwichNM vs. MT-prepared GRE; subject 1: 1.5% vs. 8.1%, subject 2: 1.1 % vs. 5.1%, subject 3: 0.9% vs. 4.0%, subject 4: 

1.1% vs. 5.3%), demonstrating consistent contrasts across the vendors. The proposed method utilizes product sequences, requiring no alteration of a sequence and, 

therefore, may have a wide practical utility in exploring the NM imaging. 
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. Introduction 

Neuromelanin (NM) is a dark insoluble pigment found abundantly

n catecholaminergic cells of substantia nigra pars compacta (SNc) and

ocus coeruleus (LC), and the pigment is known to accumulate during

ormal aging ( Fedorow et al., 2005 ; Zecca et al., 2004 ) . NM abnormality

as long been associated with Parkinson’s disease (PD) because of the

elective death of NM containing cells in PD patients ( Greenfield and

osanquet, 1953 ), which results in a visible loss of the pigment in SNc

nd LC ( Halliday et al., 2014 ; Kastner et al., 1992 ). 

NM-sensitive MRI or NM-MRI ( Sasaki et al ., 2006 ; Chen et al.,

014 ; Cassidy et al., 2019 ) is a non-invasive proxy measure of NM in

he human brain, which may provide valuable information about PD

 Huddleston et al., 2018 , 2017 ; Ohtsuka et al., 2013 ; Sulzer et al., 2018 )

nd other neurological disorders ( Matsuura et al., 2013 ; Miyoshi et al.,

013 ; Moon et al., 2016 ; Pyatigorskaya et al., 2017 ; Shibata et al., 2008 ).

n particular, NM-MRI has displayed the ability to discriminate between

ealthy control and PD patients ( Reimão et al., 2015 ; Schwarz et al.,
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017 ), and between PD and other neurological diseases such as idio-

athic PD and Alzheimer’s disease ( Miyoshi et al., 2013 ; Moon et al.,

016 ; Pyatigorskaya et al., 2018 ). It has also shown correlation with

D progression ( Fabbri et al., 2017 ; Gaurav et al., 2021 ; Schwarz et al.,

017 , 2011 ; Xing et al., 2022 ), revealing its potential as a biomarker of

D. 

To generate NM-sensitive MRI images, magnetization transfer (MT)

maging with T1-weighting is commonly used ( Cassidy et al., 2019 ;

angley et al., 2017 ; Liu et al., 2020 ; Schwarz et al., 2011 ). This com-

ination of the contrasts can be explained as follows: For T1-weighting,

M exists in the form of a paramagnetic NM-iron complex, which leads

o a shortened T1 of NM containing voxels ( Sulzer et al., 2018 ). For MT,

he NM-abundant tissues, which have relatively low macromolecular

ontent due to the large dopamine cell bodies, are surrounded by a tis-

ue with high macromolecular content (e.g., crus cerebri or CC), which

eads to a suppressed signal when MT pulses are applied. Therefore,

T imaging with T1-weighting highlights T1-shortened NM-containing

oxels while suppressing the surrounding tissues ( Cassidy et al., 2019 ;
ee) . 
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Fig. 1. (a) Illustration of sandwichNM imaging 

and (b) offset-frequency of a single spatial sat- 

uration pulse. SandwichNM imaging uses spa- 

tial saturation pulses for magnetization trans- 

fer (MT) weighting; an even number of sat- 

uration pulses are alternately applied inferior 

and superior to the imaging volume for sym- 

metric MT effects across slices. The offset- 

frequency of the saturation RF (Freq offset ) is de- 

termined as shown in the equation ( Eq. (1 )). 

In sandwichNM imaging, this position depen- 

dent offset-frequency, which leads to a posi- 

tion dependent MT effect, is compensated by 

the same RF pulse at the opposite side of the 

imaging slab, generating position independent 

MT-weighting. 
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𝑜𝑐 𝑠𝑙𝑖𝑐
shima et al., 2020 ; Trujillo et al., 2017 ). So far, several MT-

repared TSE and GRE protocols have been proposed, delineating NM

 Cassidy et al., 2019 ; Langley et al., 2017 ; Liu et al., 2020 ). 

While the option of applying an MT pulse is available in all ven-

ors, it is well-known that the MT pulse parameters such as pulse shape,

ip angle, duration, and offset frequency, which govern saturation ef-

ciency, are often fixed in product sequences and substantially differ-

nt across vendors and sequences. For example, a previous study re-

orted a difference between the Siemens and Philips off-resonance MT

ulses (e.g., flip angle of 500° and 220° for Siemens and Philips, respec-

ively) and the resulting inter-site bias between semi-quantitative MT

aps ( Leutritz et al., 2020 ). Furthermore, the mechanism of the MT sat-

ration may also differ by vendor or sequence (e.g., off-resonance vs.

n-resonance). These MT parameter differences between vendors limit

irect comparisons between images. An alternative option is to develop

 custom-designed MT sequence for all vendors, but this requires sub-

tantial efforts for programming sequences for each software version

nd upgrade, making this solution less attractive for clinical use. 

In this study, we propose a new NM imaging method, sandwichNM,

hich uses the incidental MT effects of spatial saturation pulses for MT-

eighting ( Ji et al., 2021 ). The spatial saturation pulse, which is avail-

ble in the product sequences of all vendors, is controllable because the

mount of MT effects can be modified by the number of pulses deployed

nd the offset-frequency can be changed by the location and thickness

f the pulses, giving freedom and usability with no effort for sequence

rogramming. In sandwichNM, the saturation bands are placed both in-

erior and superior to the imaging volume, like a sandwich, balancing

T weighting across slices ( Fig. 1 ). Here, we assess and optimize the

ffects of the sandwich saturation pulses on the NM contrast using com-

uter simulations and in-vivo experiments. Then, in-vivo images are com-

ared with those of conventional MT-prepared 3D GRE (MT-GRE) and

D TSE (MT-TSE) methods using a vendor-supplied MT pulse. Finally,

ulti-vendor experiments are conducted to emphasize the effectiveness

nd usability of sandwichNM imaging. 

. Theory 

.1. Position dependent MT effects of a spatial saturation pulse 

In this section, we analyze the position dependent MT effects of a spa-

ial saturation pulse. A schematic drawing of the proposed method and

𝑑 𝑴 

𝑑𝑡 
= 

⎡ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ 

− 𝑅 

𝑓 

2 − 𝐹 𝑟𝑒𝑞 𝑜𝑓 𝑓 𝑠𝑒𝑡 
(
𝐿

− 𝐹 𝑟𝑒𝑞 𝑜𝑓 𝑓 𝑠𝑒𝑡 
(
𝐿𝑜𝑐 𝑠𝑙𝑖𝑐𝑒 

)
− 𝑅 

𝑓 

2 
0 𝜔 1 ( 𝑡 ) 
0 0 
2 
he slice location-dependent offset-frequency of a spatial saturation RF

ulse are depicted in Fig. 1 . The spatial saturation pulse is applied with

 slice selection gradient. Therefore, the offset-frequency (Freq offset ) is

efined as follows: 

 𝑟𝑒𝑞 𝑜𝑓 𝑓 𝑠𝑒𝑡 = 

(
𝐷 𝑖𝑠𝑡 𝑠𝑎𝑡 + 𝐿𝑜𝑐 𝑠𝑙 𝑖𝑐𝑒 

)
×

BW sat 
Thic k sat 

(1)

here Dist sat is the center-to-center distance between the saturation re-

ion and the imaging slab, Loc slice is the location of the slice of interest

ith respect to the center of the imaging slab, BW sat is the bandwidth of

he saturation RF pulse, and Thick sat is the thickness of the spatial sat-

ration. Dist sat is determined by Thick sat , the saturation gap (Gap sat ),

nd the imaging slab thickness (Thick slab ) as follows: 

𝑖𝑠𝑡 𝑠𝑎𝑡 = 0 . 5 𝑇 ℎ𝑖𝑐𝑘 𝑠𝑎𝑡 + 𝐺𝑎𝑝 𝑠𝑎𝑡 + 0 . 5 𝑇 ℎ𝑖𝑐𝑘 𝑠𝑙𝑎𝑏 (2)

Combining the two equations, the offset-frequency is proportional

o Gap sat and inversely proportional to Thick sat for fixed Thick slab and

W sat . Therefore, using a smaller Gap sat and larger Thick sat would

ncrease MT saturation. However, this would inevitably increase the

mount of direct saturation ( Graham and Henkelman, 1997 ) and de-

rease the image signal to noise ratio (SNR). 

As shown in Eq. (1 ), the offset-frequency is related to Loc slice . This

mplies that the application of single-sided spatial saturation results in

symmetric MT effects across slices. To avoid this asymmetry, we pro-

ose to apply spatial saturation pulses both inferior and superior to the

maging slab with the same distance from the imaging volume ( Fig. 1 a).

ence, an even number of flow saturation pulses (e.g., 2, 4, 6) are ap-

lied, with a pair of pulses applied superior and inferior to the imaging

olume. This application of spatial saturation is hereafter referred to as

andwich saturation. 

. Materials and methods 

.1. Simulation of MT effects of spatial saturation pulses 

To assess the effect of spatial saturation pulses on the image contrast,

he signal intensity of SNc and a reference region (CC) at the slice posi-

ion (Loc slice ) was simulated numerically by solving the Bloch equation

or free water and macromolecular populations ( Graham and Henkel-

an, 1997 ): 

𝑒 

)
0 0 

− 𝜔 1 ( 𝑡 ) 0 
−( 𝑅 

𝑓 
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Table 1 

Sequence parameters for the multi-vendor study. Both N sat = 2 with TR = 30 ms and N sat = 4 with TR = 60 ms sandwichNM images were acquired and compared 

with the images of MT-GRE of the same parameters. All sequences were the product sequences of the vendors with no modification. 

Vendor Base 

sequence 

N sat TR [ms] FA [°] TE [ms] resolution [mm 

3 ] Acq. matrix size TA Num. of 

averages 

Sandwich saturation parameters Note 

Philips 3D FFE 2 30 14 4 0.8 × 0.8 × 1.2 320 × 220 × 32 5:30 2 Thick sat = 80 mm Gap sat = 10 mm Elliptical scanning 

4 60 20 3.62 0.8 × 0.8 × 1.2 320 × 220 × 32 5:34 1 Thick sat = 80 mm Gap sat = 10 mm Elliptical scanning 

GE 3D Vasc 

TOF 

2 30 14 2 0.8 × 0.8 × 1.2 320 × 182 × 32 5:49 2 Thick sat = 80 mm Gap sat = 10 mm Slice oversampling 

Reduced FOV 

4 60 20 2 0.8 × 0.8 × 1.2 320 × 182 × 32 5:49 1 Thick sat = 80 mm Gap sat = 10 mm Slice oversampling 

Reduced FOV 

Siemens 3D GRE 2 30 14 3.62 0.8 × 0.8 × 1.2 320 × 220 × 32 5:34 2 Thick sat = 80 mm Gap sat = 10 mm Elliptical scanning 

4 60 20 3.62 0.8 × 0.8 × 1.2 320 × 220 × 32 5:34 1 Thick sat = 80 mm Gap sat = 10 mm Elliptical scanning 
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here superscript f (or m) denotes the free water (or macromolecular)

ool, respectively, R 1 (or 2) denotes the relaxation rates, k fm (or mf) is

he exchange rate from free to macromolecular (or macromolecular

o free) pool, M x (or y or z) is the x (or y, or z) magnetization, M 0 is the

nitial magnetization, 𝜔 1 ( 𝑡 ) is the time-varying amplitude of the flow

aturation pulse, and W(t ) = 𝜋𝜔 

2 
1 ( 𝑡 ) 𝑔( Δ( 𝑑 𝑆 ) , 𝑅 

𝑚 
2 ) is the saturation rate

f the macromolecular pool. The line shape of the macromolecular

ool, 𝑔( Δ( 𝑑𝑆 ) , 𝑅 

𝑚 
2 ) , was chosen to be super-Lorentzian ( Morrison and

enkelman, 1995 ). The simulation parameters for SNc and CC were

ummarized in Supplementary Table 1, which were adapted from a

revious study ( Trujillo et al., 2019 ). M 0 
f of SNc and CC are set to be 1

nd 0.86, respectively (see Supplementary Fig. 1 for details). 

The parameters of RF pulses were matched to those in the experi-

ents using Siemens 3T MRI (Trio, Siemens, Erlangen, Germany). The

uration of the spatial saturation pulse and the excitation pulse for the

imulation were 3.84 ms and 1 ms, respectively. The flip angle (FA) of

he spatial saturation pulse was set to 90° and the time bandwidth prod-

ct was 8.33, resulting in an RF bandwidth of 2.17 kHz. There was a

 ms gap between consecutive spatial saturation pulses despite the gap

etween the last spatial saturation pulse and the excitation pulse hav-

ng been set to 1.97 ms. The imaging slab thickness was 40 mm, and

he signals of SNc and CC were simulated using 1600 spins uniformly

istributed throughout the slab. The imaging slab was divided into 16

lices; the SNc and CC signals of 100 spins located in each slice were

veraged. Finally, the contrast ratio (CR) between SNc and CC was cal-

ulated for each slice ( Sasaki et al., 2006 ): 

𝑅 ( % ) = 

(
𝐼 𝑆𝑁 

− 𝐼 𝐶𝐶 

)
𝐼 𝐶𝐶 

× 100 , (4)

here 𝐼 𝑆𝑁 

and 𝐼 𝐶𝐶 are the signals of SNc and CC, respectively. 

Several conditions and parameters were tested with the default pa-

ameters of N sat = 4, Gap sat = 10 mm, and Thick sat = 80 mm. First, the

andwich saturation scheme was compared to the single-sided satura-

ion scheme in order to assess the uniformity of the MT effects across the

maging slab. Then, the effects of Gap sat and Thick sat were assessed by

hanging Gap sat from 0 to 100 mm with a 10 mm interval, and Thick sat 

rom 20 to 110 mm with a 10 mm interval. The number of spatial sat-

rations (N sat ) was also tested for 2 and 4. For N sat of 4, TR was 60 ms

nd FA was 20 ◦ (TR and FA adapted from Liu et al. (2020) ). For N sat of

, TR and FA were adjusted to 30 ms and 14 ◦, respectively. 

.2. MRI experiments 

Three experiments, one to determine the spatial saturation parame-

ers, another to compare sandwichNM with conventional NM methods,

nd the third to evaluate multi-vendor performances, were conducted.

he study was approved by IRB and a total of eight subject, who pro-

ided written consent, were scanned (three for the first experiment, one

or the second experiment, and four for the last experiment). In the

rst two experiments, data were collected using 3T MRI from Siemens

Trio, Siemens, Erlangen, Germany), whereas in the multi-vendor ex-

eriment, scans were performed using 3T MRI systems from three dif-
3 
erent vendors (Skyra, Siemens, Erlangen, Germany; Ingenia CX, Philips,

est, Netherlands; Discovery750, GE, Milwaukee, WI) in three different

RI centers (Samsung Medical Center, Seoul, Korea; Severance Hospi-

al, Seoul, Korea; Konkuk University Hospital, Seoul, Korea). 

[Optimization for spatial saturation parameters] The de-

ault sequence parameters for sandwichNM were as follows:

OV = 230 × 230 × 40 mm 

3 , voxel size = 0.5 × 0.5 × 2.5 mm 

3 ,

R/TE = 60/3.86 ms, FA = 20 ◦, readout bandwidth = 170 Hz/pixel,

 sat = 4, Gap sat = 10 mm, Thick sat = 80 mm, and acquisition time = 5

in 30 s. The imaging slab was oriented perpendicular to the 4th

entricle, and the center of the imaging volume was located tangent to

he top of the pons. 

To compare the results with those of the computer simulation and

lso to determine the sequence parameters that provide the best NM

ontrast, four tests were conducted. First, to evaluate the uniformity

f the MT effects, the sandwich saturation scheme and the single-sided

aturation scheme were acquired and compared (one subject). Then, to

easure the effects of Gap sat , the sandwichNM acquisition was repeated

ith Gap sat = 0, 10, 50, and 100 mm (one subject). After that, the effects

f Thick sat were assessed by changing Thick sat (20, 50, 80, and 110 mm;

ne subject). Finally, the two different settings of N sat , one with N sat = 2,

R = 30 ms, and FA = 14°, and the other with N sat = 4, TR = 60 ms, and

A = 20°, were compared. The last experiment was conducted using the

ata of the multi-vendor experiment (see multi-vendor experiment ). 

For each experiment, regions of interest (ROIs) were manually drawn

or SNc and CC using MATLAB (Mathworks Inc., Natick, MA), and CR

etween the mean signal intensities of SNc and CC was calculated. The

NR of SNc was also calculated to account for the signal drop resulting

rom the MT effects. 

[Comparison with conventional NM imaging methods] Two

onventional NM-sensitive images, MT-GRE and MT-TSE, were ac-

uired, and the results were compared with that of the sandwichNM.

he parameters for the MT pulse were offset-frequency = 1200 Hz,

A = 500°, and RF bandwidth = 230 Hz. The 3D GRE sequence pa-

ameters were matched to the sandwichNM parameters, while 2D TSE

mages were acquired with FOV = 230 × 230 mm 

2 , slice thickness = 2.5

m, voxel size = 0.5 × 0.5 mm 

2 , TR = 910 ms, TE = 14 ms, turbo

actor = 6, concatenation = 2, number of averages = 2, readout band-

idth = 120 Hz/pixel, and acquisition time = 4 min 36 s (adapted from

yatigorskaya et al. (2020) ). The SNR and CR were calculated for all

hree methods in three slices containing the largest SNc volume. 

[Multi-vendor experiment] At each scanner, sandwichNM and

T-GRE images were acquired using product sequences with no modi-

cation. The scan protocol parameters are summarized in Table 1 . The

rotocols with N sat = 2 and 4 were both acquired for comparison. Note

hat a different FOV was used for the GE scanner because there was no

ption available for elliptical scanning or slice oversampling. 

For analysis, the sandwichNM and MT-GRE images that were ac-

uired using the Siemens and GE scanners were rigidly registered to the

andwichNM image acquired from the Philips scanner using the FMRIB’s

inear Image Registration Tool (FSL FLIRT) ( Jenkinson et al., 2012 ). The

OIs of SNc and CC were drawn on the sandwichNM images acquired
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Fig. 2. (a) Simulation results and (b) experi- 

mental results of the single-sided scheme and 

the sandwich saturation scheme. When the spa- 

tial saturation pulses are applied inferior to the 

imaging slab, CR decreases toward the superior 

end of the imaging slab (red line). On the other 

hand, the sandwich saturation scheme shows 

a flat CR across the imaging slab (blue line). In 

the experiment, the slice above the center of the 

slab (slice 12) reports a lower CR (21.9 ± 5.4%) 

in the single-sided scheme than that (25.5 ± 
5.4%) in the sandwich saturation scheme. 

Fig. 3. (a) Images with Gap sat = 0, 10, 50, and 

100 mm displayed for a representative slice. 

(b) CRs and (c) signal intensities and SNRs 

plotted over Gap sat . The simulation results are 

displayed in black dashed lines while the ex- 

perimental results are displayed in red solid 

lines. Error bars indicate standard deviations. 

Both simulated and experimental CRs decrease 

with Gap sat whereas both simulated signal in- 

tensity and experimental SNRs increase with 

Gap sat . 
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rom the Philips scanner. Then the CR between SNc and CC were calcu-

ated as defined in Eq. (4 ). 

. Results 

The simulation results of the sandwich saturation scheme and the

ingle-sided saturation scheme are displayed in Fig. 2 a. In the single-

ided scheme, CR predominantly decreases towards the superior slices

ue to the asymmetric MT effects of the spatial saturation pulses ( Fig. 2 a:

ed line). In the sandwich saturation scheme, however, CR is almost

niform across the slices, demonstrating the advantage of the approach

 Fig. 2 a: blue line). The simulation results are partially supported by the

xperimental results shown in Fig. 2 b where CR in a relatively superior

lice (slice 12) is higher in the sandwich saturation (25.5 ± 5.4%) than in

he single-sided saturation (21.9 ± 5.4%), agreeing with the simulation

esults. 

When the CR and signal intensity of SNc are simulated for various

ap sat , CR decreases and signal intensity increases as Gap sat increases

 Fig. 3 b, c; black dashed lines). These results are in agreements with the

xperimental results of CR and SNR ( Fig. 3 b, c; red solid lines). 

When the CR and signal intensity of SNc are simulated for various

hick sat , CR increases and signal intensity decreases as Thick sat increases

 Fig. 4 b, c; black dashed lines), supporting the experimental results

 Fig. 4 b, c; red solid lines). 

The simulated CR of N sat = 2 is 22.7 %, and is comparable to that

f N sat = 4 (22.4 %). These comparable CR values are confirmed by
4 
he experiments (28.1 ± 6.7% when N sat = 2 vs. 27.2 ± 5.7% when

 sat = 4; Fig. 5 and Supplementary Table 2). Additionally, SNRs of SN

sing the two parameters are also similar (224 ± 12 when N sat = 2 vs.

49 ± 11 when N sat = 4). Because setting two saturation bands is more

onvenient during scanning, the final parameters for sandwichNM are

 sat = 2, TR = 30 ms, FA = 14 ◦, Gap sat = 10 mm, and Thick sat = 80 mm

here the last two parameters are chosen to balance between SNR and

R. 

When this sandwichNM acquisition is compared with the conven-

ional methods, the results show the highest CR in the sandwichNM

mages (23.6 ± 5.4%) followed by MT-TSE (20.6 ± 7.4%) and MT-GRE

17.4 ± 6.0%) ( Fig. 6 ). The SNR of sandwichNM (121 ± 5) is slightly

ower than that of MT-GRE (135 ± 7), but higher than that of MT-TSE

98 ± 6). The results were consistent when ROIs were drawn on the

mages from the conventional sequences (Supplementary Table 3). Fur-

hermore, the MT-GRE images suffer from flow artifacts whereas the

roposed method does not because of the saturation bands. Hence, the

verall results of sandwichNM are superior to those of the conventional

ethods. 

The results of the multi-vendor study are displayed in Fig. 7 (results

f N sat = 4 summarized in Supplementary Fig. 2). The sandwichNM im-

ges provide high and consistent contrasts across the scanners ( Fig. 7 a)

hile the MT-GRE images suffer from flow artifacts and contrast vari-

tions ( Fig. 7 b). The mean CRs of the sandwichNM images across all

ubjects are higher than those of MT-GRE images in all three vendors

 Fig. 7 c: 28.4 ± 1.5% vs. 24.4 ± 2.8%, 27.2 ± 1.0% vs. 13.3 ± 1.3%, and
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Fig. 4. (a) Images with Thick sat = 20, 50, 

80, and 110 mm displayed for a representa- 

tive slice. (b) CRs and (c) signal intensities 

and SNRs plotted over Thick sat . The simula- 

tion results are displayed in black dashed lines 

while the experimental results are displayed 

in red solid lines. Error bars indicate standard 

deviations. Both simulated and experimental 

CRs increase with Thick sat , whereas both sim- 

ulated signal intensity and experimental SNRs 

decrease with Thick sat . 

Fig. 5. Comparison between sandwichNM re- 

sults acquired using N sat = 2 with TR = 30 ms 

vs. N sat = 4 with TR = 60 ms. Both parame- 

ters report comparable CRs (28.1 ± 6.7% when 

N sat = 2 vs. 27.2 ± 5.7% when N sat = 4) and 

SNRs (224 ± 12 when N sat = 2 vs. 249 ± 11 

when N sat = 4). 

Fig. 6. Comparison between sandwichNM and conventional NM methods. 

SandwichNM images display the highest CR (23.6 ± 5.4%), followed by those 

of MT-TSE (20.6 ± 7.4%) and MT-GRE (17.4 ± 6.0%). While the SNR of the 

sandwichNM images (121 ± 5) is slightly lower than that of MT-GRE (135 ± 7) 

but it is higher than that of MT-TSE (98 ± 6). 
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7.3 ± 0.7% vs. 20.1 ± 0.9% for Philips, GE, and Siemens, respectively).

hen the mean CRs are calculated for each subject across vendors, the

andwichNM images display higher means and lower standard devia-

ions compared to those of the MT-GRE images ( Fig. 7 c: 28.6 ± 1.5%

s. 20.1 ± 8.1%, 27.1 ± 1.1% vs. 19.4 ± 5.1%, 27.6 ± 0.9% vs. 18.0

 4.0%, and 27.2 ± 1.1% vs. 19.5 ± 5.3%, for subjects 1, 2, 3, and 4,
5 
espectively). These lower standard deviations suggest lower variability

cross vendors. 

. Discussion 

In this study, we proposed a new NM imaging method, sandwichNM,

hich provides consistent and high-quality images across scanners from

ifferent vendors. 

The computer simulated CR values deviated from the experimen-

al CR values (simulated CR: 22.7% vs. experimental CR: 27.3 ± 0.7

 for the default parameters using N sat = 2). This difference may be

xplained by the sensitivity of CR to the tissue parameters, particularly

he pool size ratio. In our simulation, the parameters were adopted from

rujillo et al. (2019) . When the simulation was repeated with another

arameters within one standard deviations from the mean values of the

ool size ratio, CR became 28.7%, revealing a better agreement with the

xperimental value. 

In this study, we suggested two protocols of sandwichNM imaging:

 sat = 2 with TR = 30 ms and N sat = 4 with TR = 60 ms, both of

hich demonstrated comparable CRs and SNRs ( Fig. 5 , Supplementary

able 2). Practically, applying the two saturation bands (i.e., N sat = 2)

s preferable in a clinical setting because the majority of MRI scanners

rovide options to automatically apply two parallel saturation bands su-

erior and inferior to the imaging volume. Hence, the protocol setting

uring scanning is easier and can be consistent in all subjects. The con-

istent positioning of the saturation bands is important because it influ-

nces the NM contrast ( Figs. 3 and 4 ). On the other hand, the N sat = 4

etting can acquire four to five echo data with no cost in acquisition

ime. These multi-echo data may be utilized for susceptibility-based ni-

ral hyperintensity imaging ( Kim et al., 2019 ; Nam et al., 2017 ). Alter-

atively, one may increase N sat from 4 to 6 in the case of TR = 60 ms,
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Fig. 7. Multi-vendor study results of (a) sand- 

wichNM (N sat = 2) vs. (b) MT-GRE NM, dis- 

playing images from two subjects. When aver- 

aged across all four subjects, the sandwichNM 

results report higher CR values and lower stan- 

dard deviations than those of conventional NM 

in all three vendors. Furthermore, when the 

mean CRs are calculated for each subject across 

vendors, the sandwichNM images yield higher 

means and lower standard deviations com- 

pared to those of the MT-GRE images, suggest- 

ing lower variability across vendors. 

f  

i  

o  

o  

(  

m  

i  

p  

t  

c  

m  

a  

c  

p  

s

 

e  

e  

T  

N  

s

 

n  

a  

T  

i  

e  

t  

h  

u  

w  

w  

s  

t  

t

 

t  

f  

t  

s  

t  

s

urther increasing MT weighting. But this change may decease SNR and

nduce a higher specific absorption rate (SAR), hitting the SAR limit. In

ur experiments, SandwichNM was tested for two different resolutions:

ne with a high in-plane resolution (0.5 × 0.5 mm 

2 ) and a thick slice

2.5 mm); and the other with a moderate in-plane resolution (0.8 × 0.8

m 

2 ) and a thin slice (1.2 mm). These options resulted in differences

n image quality and SNR ( Figs. 5 vs. 6 ). They may have different ap-

lications. For instance, the protocol using the high in-plane resolu-

ion may better visualize LC, which is known to have a thin cylindri-

al structure of 2-2.5 mm thickness ( Fernandes et al., 2012 ) (Supple-

entary Fig. 3). Our imaging volume is large enough to cover both SN

nd LC when it is appropriately located. In this study, however, we fo-

used on optimizing the method for the SN structure, and therefore the

erformance of sandwichNM on LC imaging is the subject of a future

tudy. 

The sandwichNM CR values reported in our parameter optimization

xperiments were somewhat different from those in the multi-vendor

xperiments (e.g., 23.6% in Fig. 6 vs. 28.1% in subject 3 of Fig. 7 c).

his difference may be explained by the well-known age effects of the

M contrast (age of 24 for the subject in Fig. 6 vs. age of 30 for the

ubject 3 in Fig. 7 c) ( Xing et al., 2018 ). 
6 
SandwichNM displayed relatively consistent contrasts across scan-

ers. However, we must note that TE was different from one vendor to

nother (4, 2, and 3.62 ms for Philips, GE, and Siemens, respectively).

his difference may have influenced the NM contrasts because the iron

n SN may induce different T 2 
∗ decays for different TEs although the

ffects can be limited due to the short TEs. Additionally, the satura-

ion pulse type or shape applied in each vendor or each software or

ardware version of scanners was not considered. For example, the sat-

ration pulse parameters of Siemens had duration = 3.84 ms and band-

idth = 2.18 kHz while those of GE had duration = 4 ms and band-

idth = 1.23 kHz. Despite these differences, our multi-vendor study re-

ults suggest that sandwichNM reports much more consistent outcomes

han those of the conventional NM results, suggesting the advantage of

he method. 

Despite the correlation between NM concentration and MRI NM con-

rast ( Cassidy et al., 2019 ), the later is expected to have contributions

rom other factors (e.g., myelin concentration in surrounding white mat-

er). Furthremore, the portion of NM and non-NM factors is not well

tudied and may vary among acquisition methods. Therefore, one has

o be cautious in interpreting the contrast and also exploration for NM

pecificity is necessary. 
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The scan time and voxel size of the conventional NM-MRI meth-

ds were matched to those of sandwichNM for fair comparison between

ethods. Therefore, the sequence parameters such as voxel size or num-

er of averages are different from previously published methods. For

xample, in a study by Pyatigorskaya et al. (2020) , TSE was acquired

ith the voxel size of 0.4 × 0.4 × 3 mm 

3 and three averages. This would

esult in a higher SNR at the cost of a longer scan time. Another study

roposed to use a 2D MT-GRE seqeunce with a customized MT pulse

 Wengler et al., 2020 ), showing high quality SN images. But the ap-

roach was not compared with our method because it requires a cus-

omized sequence. 

Manually drawn ROIs were utilized for CR and SNR calculation in

his study. Using automated methods such as deep-learning based seg-

entation ( Kang et al., 2021 ; Tessema et al., 2022 ) or atlas-based ROIs

 Pauli et al., 2018 ) may enhance anatomical targeting. 

The large deviations of the MT-GRE results may originate from the

T pulse differences across vendors. The Philips MT-GRE images, which

tilized an on-resonance MT pulse, reported larger CRs (24.4 ± 2.8%)

han those from GE and Siemens, which utilized off-resonance MT pulses

13.3 ± 1.3% for GE and 20.1 ± 0.9% for Siemens). Furthermore, al-

hough vendor-supplied MT pulses from Siemens and GE both applied

ff-resonance pulses, parameters such as pulse shape, duration, FA, and

ffset frequency were substantially different (Siemens: Gaussian pulse,

0 ms, 500 ◦, 1.2 kHz; GE: Fermi pulse, 8 ms, subject dependent variable,

.4 kHz), resulting in significantly different MT effects. 

. Conclusion 

The newly-proposed sandwichNM method provides a higher con-

rast between NM-containing tissue and surrounding area than the con-

entional NM methods. Moreover, the method produces a consistent

ontrast across multiple vendor scanners, facilitating the use of sand-

ichNM for multi-site studies. Because the method is based on product

equences, requiring no effort for sequence programming, we believe it

as a wide applicability when exploring NM imaging. 
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