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Purpose: The recently introduced inhomogeneous magnetization transfer (ihMT) 
method has predominantly been applied for imaging the central nervous system. 
Future applications of ihMT, such as in peripheral nerves and muscles, will involve 
imaging in the vicinity of adipose tissues. This work aims to systematically investi-
gate the partial volume effect of fat on the ihMT signal and to propose an efficient 
fat-separation method that does not interfere with ihMT measurements.
Methods: First, the influence of fat on ihMT signal was studied using simulations. 
Next, the ihMT sequence was combined with a multi-echo Dixon acquisition for 
fat separation. The sequence was tested in 9 healthy volunteers using a 3T human 
scanner. The ihMT ratio (ihMTR) values were calculated in regions of interest in the 
brain and the spinal cord using standard acquisition (no fat saturation), water-only, 
in-phase, and out-of-phase reconstructions. The values obtained were compared with 
a standard fat suppression method, spectral presaturation with inversion recovery.
Results: Simulations showed variations in the ihMTR values in the presence of fat, 
depending on the TEs used. The IhMTR values in the brain and spinal cord derived 
from the water-only ihMT multi-echo Dixon images were in good agreement with 
values from the unsuppressed sequence. The ihMT–spectral presaturation with inver-
sion recovery combination resulted in 24%-35% lower ihMTR values compared with 
the standard non-fat-suppressed acquisition.
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1  |   INTRODUCTION

Inhomogeneous magnetization transfer (ihMT) provides novel 
contrast originating from the nonaveraged residual dipolar 
couplings within tissues.1-3 In contrast to traditional magneti-
zation transfer (MT) and quantitative MT methods, ihMT is at-
tributable to dipolar order from residual dipolar interactions in 
tissue. The ihMT ratio (ihMTR) has been used as a convenient 
model-free measure of the effect. Human and animal studies 
of brain1,2,4 and spinal cord5-7 have demonstrated the sensitiv-
ity of ihMT to myelin content. Experimental studies3 support 
membrane lipids, which are a major constituent of myelin, as 
the primary source of ihMT signal. Recent studies have shown 
that ihMT can be tuned to generate contrast in a range of tis-
sues with different dipolar order (from white matter [WM] to 
muscles) using pulsed ihMT preparation and adjusting the in-
terpulse delay to induce dipolar-order relaxation-time (ie, T1D) 
weighting.8,9 This opens new avenues for ihMT applications in 
the body, including quantitative imaging of peripheral nerves 
and human skeletal muscles.

The IhMT applications outside of the central nervous 
system would involve imaging in close proximity to adipose 
tissue (which is found near nerves and muscles) and may be 
further complicated by infiltration into the surrounding fat by 
different pathologies.10 The presence of fat is known to create 
chemical shift artifacts and compromise tissue characteriza-
tion.11-13 Moreover, neuroradiological studies of the head and 
neck routinely use fat-suppression methods that improve vi-
sualization of pathology.14-16 The ihMT effect is expected to 
be low in adipose tissues due to the relatively higher mobility 
of lipid molecules in fat droplets, compared with membrane 
lipids (eg, myelin). At the same time, the proximity to adi-
pose tissue can result in partial volume effects, potentially 
deteriorating image quality and ihMTR values. However, 
the incorporation of fat suppression into the ihMT acquisi-
tion and its influence on ihMTR values have so far not been 
studied. These issues need to be addressed systematically to 
expand the applications of the ihMT technique.

The main aims of this study were (a) to investigate how 
the presence of fat in a voxel affects the observed ihMT sig-
nal using simulations, and (b) to evaluate the combination 
of ihMT, applied in previously documented central nervous 
system tissues, with two different fat-suppression strategies: 
the multi-echo Dixon (mDixon) technique17 and the spec-
tral presaturation with inversion recovery (SPIR) technique. 

These methods were tested in anatomical regions with a well- 
established ihMT effect (ie, the human brain and spinal cord).

2  |   METHODS

2.1  |  Theory

The ihMT difference (ihMTD) is defined as

where MT+, MT−, MT+−, and MT−+ correspond to the sig-
nals obtained using a single positive, single negative, simul-
taneous dual (alternating between positive and negative), and 
simultaneous dual (alternating between negative and posi-
tive) off-resonance RF frequency saturation, respectively.18 
Typically, the normalized ihMTR is used for quantification 
of the ihMT effect as follows:

where S0 is a reference signal obtained with no saturation.
To investigate the influence of fat on the ihMT signal, we 

considered three pools: a free-water pool, a macromolecular 
bound pool with dipolar order, and a fat pool. For a voxel 
containing all three pools, the signal without saturation (S0) 
can be expressed as

where Δfwf is the frequency difference between water and 
fat, and Sw and Sf are the signal amplitudes from the water 
and fat pools, respectively. Assuming that (a) fat does not 
exchange magnetization with either the free-water or macro-
molecular bound pool,11,19,20 and (b) the RF frequency of the 
ihMT preparation module is too far off-resonance to affect 
the fat pool directly, the signal with a single off-resonance 
frequency saturation can be expressed as

where MT+

w
 corresponds to the signal obtained from the water 

pool after the single positive off-resonance RF frequency 

(1)ihMTD=MT+
+MT−

−MT+−
−MT−+,
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=
(MT+
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−MT+−
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S0
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(3)S0 =Sw+Sfe
−2�iΔfwfTE,
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w
+Sfe
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Conclusion: The presence of fat within a voxel affects the ihMTR calculations. The 
IhMT multi-echo Dixon method does not compromise the observable ihMT effect 
and can potentially be used to remove fat influence in ihMT.
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saturation. Similar expressions can be used for MT−, MT+−, and 
MT−+. Under these assumptions, the contribution of fat signal 
to the numerator of the ihMTR (Equation 2) cancels, while 
contribution to the denominator remains. However, magnitude 
images are often used for the ihMT calculation; therefore, the 
presence of adipose tissue will affect both the numerator and 
denominator of the ihMTR calculation as follows:

The modulus of the signals in this equation denotes the 
use of magnitude images in the ihMTR calculation.

2.2  |  Simulation

In simulating the system, we considered three pools: 
free-water pool, macromolecular bound pool with dipolar 
order, and adipose fat pool. The water ihMT signal was 
modeled using the single-bound-pool Morrison model.9,21 
Because the fat pool is not coupled with the other two, its 
influence was added as a separate pool in the final calcula-
tion of the acquired signal (Equation 3). The ihMTD and 
ihMTR were calculated for the TEs used in in vivo experi-
ments (TE = 1.5/2.5/3.5 ms), and for the optimal in-phase 
(TE = 2.3 ms) and out-of-phase (TE = 1.1 ms) conditions, 
as a function of increasing fat fraction, using Equation 
(5). Simulation parameters are reported in the Supporting 
Information.

2.3  |  Magnetic resonance imaging scans

All experiments were performed on a 3T Ingenia Philips 
MRI scanner (Philips Healthcare, Best, Netherlands) using 
a 32-channel receive head coil and multitransmit body coil. 
The ihMT-mDixon sequence was applied on 9 healthy 
volunteers (4 male, 5 female; age: 26  ±  2  years). Six of 
the volunteers underwent a brain scan, and the remaining 
3 volunteers underwent a cervical spinal cord scan. The 
study adhered to the local institutional review board guide-
lines, and written informed consent was obtained from all 
volunteers.

2.4  |  The ihMT-mDixon sequence

A steady-state 3D ihMT spoiled gradient-echo sequence18,22 
was combined with a multi-echo Dixon acquisition. The 
ihMT preparation parameters are reported in the Supporting 

Information. A reference image (S0) and four separate im-
ages for ihMT (frequency offsets: +7 kHz [MT+], −7 kHz 
[MT−], alternating ±7  kHz [MT+−], and alternating ∓
7 kHz [MT−+] respectively), were obtained at each TE of 
the multi-echo acquisition. The acquisition parameters used 
in the experiments are listed in Supporting Information 
Table S1.

2.5  |  Comparison of ihMT-mDixon with 
ihMT and SPIR combined sequences

To compare the effects of the mDixon technique with that of 
spectral fat suppression, data were acquired in the brains of 
2 healthy volunteers while adding (a) a SPIR module before 
the ihMT preparation (SPIR-ihMT) and (b) a SPIR mod-
ule after the ihMT preparation and before the acquisition of 
one line of k-space (ihMT-SPIR), in addition to mDixon-
ihMT. All other acquisition parameters were kept the same 
for all three suppression schemes (Supporting Information 
Table S1).

2.6  |  Postprocessing and data analysis

From the ihMT-mDixon acquisition, the in-phase (IP), out-
of-phase (OP), fat-only (F), and water-only (W) images were 
reconstructed by the standard manufacturer processing using 
the seven-peak fat model.23 Equation (2) was used to calcu-
late the ihMTR values for each voxel (a) from the original 
(non-Dixon) reconstructions without fat suppression (echo 1 
[E1], echo 2 [E2], and echo 3 [E3], respectively), (b) from IP, 
OP, F, and W reconstructions, and (c) from the SPIR-ihMT 
and ihMT-SPIR acquisitions.

Regions of interest (ROIs) were manually drawn in WM 
regions for each volunteer. The mean ihMTR values were 
calculated from ROIs separately for IP, OP, and W recon-
structions, as well as the original acquisitions (E1, E2, and 
E3). Bland-Altman analysis was performed using all voxels 
from the same subject to assess the bias between W and E1 
reconstructions for each subject.

A mixed-effects model was used to estimate the vox-
el-wise mean difference and 95% confidence intervals (CIs) 
between different acquisitions and reconstruction methods. 
For brain WM, different subjects and ROIs within subjects 
served as random effects. For the comparison of different 
fat-suppression methods from the same volunteer, ROIs were 
used as random effects. All analyses were performed using 
SAS 9.4 (SAS Institute, Cary, NC).
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3  |   RESULTS

3.1  |  Simulation

Figure  1 demonstrates the dependence of ihMTD and 
ihMTR values on fat fraction from simulations. Supporting 
Information Figure  S1 shows changes in S0 as a function 
of fat fraction. More detailed analysis is provided in the 
Supporting Information. The ihMTD values observed in the 
IP condition (IP-ihMTD) decrease steadily (dark blue lines in 
Figure 1A), reflecting the decrease in water fraction. Similar 
behavior was observed for E2 (TE = 2.5 ms; green line in 
Figure 1A), which has a TE close to that of the IP condition 
(2.3  ms). The same behavior was observed for IP-ihMTR, 
following normalization by S0 (total signal without satura-
tion). Normalization by the water-only signal (Figure  1B) 
leads to a different curve behavior, as both the numerator 
and denominator decreased linearly. It is important to note 
that if the myelinated tissue remains unchanged, ihMTD and 
ihMTR should not change with changing fat fraction. Thus, 
just acquiring data at IP condition will not produce correct 
ihMT values.

The behavior under OP conditions (OP-ihMTD and OP-
ihMTR) was more complicated (orange lines in Figure  1). 
The OP-ihMTD values were observed to decrease and un-
dergo a discontinuous sign change, which is associated with 
the use of absolute values. The exact crossing point depends 
on the bound pool fraction and strengths of bound pool in-
teractions (as demonstrated by changes in T1D). When the 
simulated T1D values were increased, the zero-crossing also 
increased (see Supporting Information Figures S2 and S3). 
In addition, a singularity point is expected for OP-ihMTR 
images at a fat fraction of 50%, due to normalization by a 
zero S0 value (Figure 1B, Supporting Information Figure S1). 

More details and analytical expressions can be found in the 
Supporting Information.

3.2  |  Human studies

Figure 2 demonstrates a comparison of ihMTR maps obtained 
from the brain of a healthy volunteer using E1 (TE = 1.5 ms) 
and the W reconstruction. A very small difference (<1% 
ihMTR) was observed when the latter was subtracted from 
the ihMTR map obtained from E1. Mean ihMTR values cal-
culated from ROIs in the WM were very similar among IP, 
OP, W, and E1 conditions across all volunteers (Figures 3 
and 5), averaging 7.4% ± 0.4%. This is expected due to the 
lack of fat in brain tissue (Supporting Information Figure S4). 
Figure  4, Supporting Information Figure  S5, and Figure  5 
show a typical ihMTR map and WM ihMTR values obtained 
from the spinal cord of the volunteers. A small bias (in the 
range of SD) was observed between ihMTRs obtained from 
W and E1 reconstructions (Supporting Information Table S2, 
Figures S6 and S7). Of note, it can be seen that the application 
of the mDixon method effectively suppresses subcutaneous 
fat within the face and upper neck on the W reconstruction.

3.3  |  Comparison of ihMT-mDixon with 
ihMT and SPIR combined sequences

Supporting Information Figure S8 shows ihMTR maps from a 
single brain slice of one of the volunteers, as well as box plots 
from three ROIs obtained with and without fat-suppression 
methods. The ihMTR map obtained without fat suppression 
(E1) shows comparable contrast to the W-ihMTR map calcu-
lated from ihMT-mDixon. However, combining ihMT with 

F I G U R E  1   Simulations of inhomogeneous magnetization transfer difference (ihMTD) (A) and inhomogeneous magnetization transfer ratio 
(ihMTR) (B) as a function of the fat fraction for different TE values: 2.2 ms (in-phase [IP], dark blue), 1.1 ms (out-of-phase [OP], orange), 1.5 ms 
(echo 1 [E1], purple), 2.5 ms (echo 2 [E2], green), and 3.5 ms (echo 3 [E3], light blue). The simulated ihMTR values of IP (dark blue) and E2 
(green) overlapped. The dashed lines in (A) and (B) show ihMTD value for fat fraction = 0 (upper limit)
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SPIR suppression resulted in ihMTR maps with consistently 
lower ihMTR values and larger SDs, regardless of whether 
the SPIR pulse followed or proceeded off-resonance RF ir-
radiation (ie, ihMT-SPIR or SPIR-ihMT). Statistical analysis 
on pairwise difference showed that, on average, in ihMTR 
absolute scale, ihMTR values obtained from E1 were 2.9% 
higher than those from SPIR_ihMT (CI: 2.7%, 3.1%) and 
2.0% higher than those from ihMT_SPIR (CI: 1.8%, 2.2%), 
compared with only 0.5% higher than those from W-ihMTR 
(CI: 0.3, 0.7). This corresponds to a 24%-35% fractional 

change relative to E1 and correspondingly lower ihMTR val-
ues when using SPIR compared to the case without fat sup-
pression (E1). In contrast, ihMT-mDixon resulted in only 6% 
fractional change relative to E1.

4  |   DISCUSSION

In this study, we investigated the influence of fat on the ob-
served ihMTR values and evaluated multi-echo Dixon and 

F I G U R E  2   A,B, The ihMTR maps from original (non-Dixon) E1 and water-only (W) reconstructions obtained from the brain of a healthy 
volunteer. C, Difference between these two maps

F I G U R E  3   A, Representative regions of interest (ROIs) (left [ROI1] and left [ROI2]) internal capsules, genu [ROI3] and splenium [ROI4] 
of the corpus callosum) in white matter (WM) are illustrated in the ihMTR map of the brain from one of the volunteers. B-E, Box plots showing 
normalized ihMTR values for E1, E2, and E3 acquisitions and IP and OP reconstructions normalized to W reconstructions
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SPIR fat-suppression methods in combination with the re-
cently introduced steady-state 3D ihMT sequence.18,22 In the 
presence of fat, ihMTD and ihMTR become strongly depend-
ent on the acquisition TE.

This study emphasizes the importance of using water-only 
images for proper normalization of the ihMTR values. The 
contribution of fat to the ihMT signal has not previously 
been investigated. Previous studies of MT,11,24 CEST,25 and 
quantitative MT26 imaging showed evidence of variation on 
MTR, MTRasym, and quantitative MT values, depending on 
the fat fraction in the corresponding voxel. While similar to 
ihMT, these sequences rely on different chemical or physical 

principles and use different postprocessing, thus demonstrat-
ing salient differences with respect to the influence of fat. 
Similar to the observations in the CEST study, we observed a 
linear decrease in the ihMTR for the in-phase condition. The 
linear decrease is attributed to the monotonic decrease of the 
water pool size in the IP condition,25 only if normalized by 
the total signal. However, normalization by total signal, in-
cluding fat, will lead to an erroneous result, even if complex 
postprocessing is used, which may cancel out some of the fat 
contribution.

The OP condition demonstrated more complex behav-
ior, with a singularity at equal fat and water fractions, due to 

F I G U R E  4   Reference (S0) images (top row) and ihMTR (middle and bottom row) maps obtained from IP, OP, W, and fat-only (F) 
reconstructions obtained from one slice through the C2-C3 region of the cervical spinal cord of a healthy volunteer. The ihMTR maps were 
zoomed-in to show the values within the spinal cord

F I G U R E  5   Mean ihMTR values (in percentage) and their SDs within manually drawn ROIs from the brain (A) and spinal cord (B) WM from 
each healthy volunteer. The reported values reflect the mean ihMTR values obtained from all voxels within all four ROIs and their SDs per subject. 
The ihMTR values are displayed separately for the original acquisition at E1 and the multi-echo Dixon (mDixon) IP, OP, and W reconstructions
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normalization with zero values. The distinguishing aspect in 
our study is focused on ihMTD (Equation 1) and the observa-
tion that fat influences its behavior, and not only the normal-
ization factor (denominator, Equation 2). This is because in 
our study (as well as in most common ihMT postprocessing), 
magnitude images were used. Thus, the influence of fat may 
lead to erroneous ihMTD and ihMTR values (Equation 5). 
The use of complex images could eliminate the fat contri-
bution, but normalization by pure water signal would be re-
quired to get exact ihMTR values. The proper normalization 
will become exceedingly important with the further develop-
ment of quantification methods. Thus, mDixon can provide a 
convenient way of eliminating the influence of fat and obtain-
ing accurate ihMTR values near adipose tissues.

The ihMTR values obtained from the WM brain regions 
were consistent with those obtained from similar regions in a 
previous study.18 Bland-Altman results showed a small bias 
(within the range of SD) between ihMTR values obtained 
with mDixon and original acquisitions, with W-ihMTR 
slightly lower than E1-ihMTR. This bias could be attributed 
to an error propagation during the model fitting used for 
mDixon, as well as during the ihMTR calculation. Another 
possible explanation for the small bias is the transverse re-
laxation of myelin water. Although the water compartment, 
which gives rise to the ihMT signal, has not yet been fully 
investigated, MT between the macromolecular pool and my-
elin water pool has already been shown27 and is expected to 
contribute to the resulting ihMT effect. The T∗

2
 relaxation of 

myelin water during the multi-echo acquisition might, there-
fore, add a small bias to the calculated ihMTR. Inclusion of 
T∗

2
 decay of both myelin water and intra/extracellular water in 

the Dixon model may help correct for this small bias.
Our results further demonstrate that mDixon performs 

better than SPIR when combined with the ihMT sequence. 
Combining ihMT with SPIR resulted in lower ihMT ratios, 
which may be indicative of direct water saturation or satura-
tion of broad macromolecular lines while using SPIR.

It is important to note that this represents one of the first 
reported applications of a 3D steady-state ihMT acquisition 
in the spinal cord,28,29 with previous ihMT studies using a 
prolonged saturation train followed by the 2D spin-echo 
acquisition of a single slice.5-7 The spinal cord ihMTR val-
ues obtained in this study were 40%-60% higher than those 
reported in previous studies using prolonged saturation.5-7 
The higher ihMT values obtained in our study are in line 
with increases in ihMT signal by manipulation of the duty 
cycle,22,30,31 although our sequence had some slight differ-
ences in pulse width, interpulse TR, number of pulses, and 
B1rms compared with the sequence used in these studies. 
Higher SDs for ihMT observed in the spinal cord compared 
with the brain WM indicate that the sequence should be fur-
ther optimized for a more robust application in the spinal 
cord. Additional strategies such as using a spinal cord coil, 

more averaging, and synchronization with pulsation could 
help to reduce the SD in future studies.5

We chose to image the brain and spinal cord to demon-
strate the feasibility of the ihMT-mDixon method. The in 
vivo applications in this study did not focus on muscles or 
nerves, because we wished to demonstrate that the ihMT-
mDixon technique did not adversely affect the ihMT signal 
calculated relative to ihMT combined with fat suppression 
by SPIR. We acknowledge that application of ihMT in pe-
ripheral structures outside of the central nervous system have 
additional challenges due to physiological motion, low SNR, 
B0 and B1 inhomogeneities, and complexities involved with 
tailoring the sequence for targeted T1D values (eg, the rel-
atively short T1D of muscles8,31). Additionally, the simula-
tions in this study assumed a simple fat-water model with a 
single fat peak at −3.4 ppm from the water peak. Advanced 
Dixon reconstruction models include multiple fat peaks23 and 
could be tailored for a specific fat composition. Such mod-
els may improve the accuracy of the results. Future studies 
are necessary to optimize ihMT for applications in muscles 
and nerves, and therefore further develop the proposed ihMT-
mDixon method. Future directions will involve using ihMT-
mDixon for truncated FOV applications in spinal cord, and 
further optimization and combination with motion correction 
methods to demonstrate ihMT-mDixon in structures adjacent 
to fat (eg, nerves).

5  |   CONCLUSIONS

The presence of fat within a voxel affects the ihMTR calcula-
tions and leads to a dependence on the TE. Combining the 3D 
steady-state ihMT sequence with the multi-echo Dixon ac-
quisition (ihMT-mDixon) provides effective fat suppression 
without increasing the scan time or specific absorption rate, 
and without compromising the observable ihMT effect. We 
expect this method to be beneficial in future applications of 
ihMT for imaging peripheral nerves and muscles, which are 
situated within the proximity of high adipose tissue content.
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SUPPORTING INFORMATION
Additional supporting information may be found online in 
the Supporting Information section.

TABLE S1 Acquisition parameters for in vivo scans. Scan 
time includes acquisition of all five data sets (MT+, MT−, 
MT+−, MT−+, and S0 image without the saturation, for calcula-
tion of inhomogeneous magnetization transfer rate [ihMTR])
TABLE S2 Mean difference (bias) and 95% confidence in-
tervals obtained from the Bland-Altman plots obtained from 
the comparison of multi-echo Dixon water-only and origi-
nal acquisitions. E1, echo 1; mDixon, multi-echo Dixon; W, 
water only
FIGURE S1 Simulations of signal without saturation (S0) 
as a function of the fat fraction for different TE values: 
2.2  ms (IP, dark blue), 1.1  ms (OP, orange), 1.5  ms (E1, 
purple), 2.5  ms (E2, green), and 3.5  ms (E3, light blue). 
Abbreviations: E1, echo 1; E2, echo 2; E3, echo 3; IP, in-
phase; OP, out-of-phase
FIGURE S2 Simulations of inhomogeneous magnetization 
transfer difference (ihMTD; top) and inhomogeneous magne-
tization transfer ratio (ihMTR; bottom) as a function of the fat 
fraction for different TE values: 2.2 ms (IP, dark blue), 1.1 ms 
(OP, orange), 1.5 ms (E1, yellow), 2.5 ms (E2, purple), and 
3.5 ms (E3, green) for different T1D values. The simulated 
ihMTR values of IP (dark blue) and E2 (purple) overlap. The 
water-pool fraction (M0A) and bound-pool fraction (M0B) 
are 1.00 and 0.01, respectively. The dashed lines show the 
ihMTD value for fat fraction = 0 (upper limit)

 FIGURE S3 Simulations of ihMTD (top) and ihMTR (bot-
tom) as a function of the fat fraction for different TE values: 
2.2 ms (IP, dark blue), 1.1 ms (OP, orange), 1.5 ms (E1, yel-
low), 2.5 ms (E2, purple), and 3.5 ms (E3, green) for different 
T1D values. The simulated ihMTR values of IP (dark blue) 
and E2 (purple) overlapped. The water-pool fraction (M0A) 
and bound-pool fraction (M0B) are 1.000 and 0.139, respec-
tively. The dashed lines show the ihMTD value for fat frac-
tion = 0 (upper limit)
 FIGURE S4 Fat fraction map of one slice from the brain of a 
healthy volunteer. Brain tissue displays 0% fat fraction
FIGURE S5 Reference (S0) images (top row) and ihMTR 
(middle and bottom row) maps obtained from IP, OP, wa-
ter-only (W), and fat-only (F) reconstructions obtained from 
one slice through the C2-C3 region of the cervical spinal cord 
of a healthy volunteer
FIGURE S6 Bland-Altman plots comparing brain white-mat-
ter ihMTR from mDixon W and E1 acquisitions in 6 healthy 
volunteers
FIGURE S7 Bland-Altman plots comparing spinal cord 
white-matter ihMTR from mDixon W and E1 acquisitions in 
3 healthy volunteers
FIGURE S8 A, The ihMTR maps obtained from one slice 
of the brain of a healthy volunteer using three-point mDixon 
and spectral presaturation with inversion recovery (SPIR) 
fat-suppression methods. The inhomogeneous magnetization 
transfer (ihMT)-SPIR acquisition used spectral fat suppres-
sion after the ihMT preparation module, whereas SPIR-ihMT 
involved spectral fat suppression before the ihMT prepara-
tion. B, Box plots from three regions of interest obtained with 
and without fat-suppression methods. The values shown were 
obtained using Dixon IP, OP, and W reconstructions and ac-
quisitions at different TEs (E1, E2, E3). Consistent underval-
uing is seen with the use of spectral fat suppression 
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