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Abstract

Purpose

To determine optimal constrained tissue parameters and off-resonance sequence
parameters for single-point macromolecular proton fraction (SP-MPF) mapping based on a
comprehensive quantitative magnetization transfer (gMT) protocol in healthy and
demyelinated living mice at 7T.

Methods

Using 3D spoiled gradient echo-based sequences, a comprehensive gqMT protocol is
performed by sampling the Z-spectrum of mice brains, in vivo. Provided additional T1, B1*
and Bp maps allow for the estimation of gMT tissue parameters, among which three will be
constrained, namely the longitudinal and transverse relaxation characteristics of the free
pool (R1T2¢), the cross-relaxation rate (R) and the bound pool transverse relaxation time
(To,r). Different sets of constrained parameters are investigated to reduce the bias between
the SP-MPF and its reference based on the comprehensive protocol.

Results

Based on a whole-brain histograms analysis about the constrained parameters, the optimal
experimental parameters that minimize the global bias between reference and SP-MPF maps
consist of a 600° and 6 kHz off-resonance irradiation pulse. Following a Bland-Altman
analysis over regions of interest, optimal constrained parameters were RiT2:=0.0129,
R=26.5 s and T,,=9.1 ps, yielding an overall MPF bias of 10* (limits of agreement [-
0.0068;0.0070]) and a relative variation of 0.64+5.95% between the reference and the
optimal single-point method across all mice.

Conclusion

The necessity of estimating animal model- and field-dependent constrained parameters was
demonstrated. The single-point MPF method can be reliably applied at 7T, as part of routine
preclinical in vivo imaging protocol in mice.

Keywords: quantitative magnetization transfer; macromolecular proton fraction mapping;
preclinical; mouse; myelin; cuprizone



Introduction

Quantitative magnetization transfer (QMT) imaging yields indices describing the interactions
between free (water) and restricted (macromolecular) protons (1,2). These indices include
the macromolecular protons fraction (MPF), which demonstrated strong interests for brain
tissue characterization in healthy and pathological conditions (3-8). Sampling the Z-
spectrum to derive quantitative MT parameters is time consuming because different MT-
weighted (MTw) images must be acquired with a set of MT saturation pulses differing in
power and off-resonance frequency. Thus, few studies reported on comprehensive gMT
protocols at a whole-brain scale in living animals (9,10), 2D (11,12) and ex vivo (13-17)

explorations being preferred.

Methods to reduce the number of MTw images for 3D-MPF mapping were proposed at 1.5T
(humans only) (18), 3T (humans and rodents) (10,18-22) and 11.7T (rodents only) (9,23).
Notably, Yarnykh's single-point MPF (SP-MPF) (9,20,21,23,24) method estimates the MPF by
constraining the values of other two-pool model parameters, namely the fast cross-
relaxation rate constant (R), the T, of the restricted pool (T2,), and the product of the
relaxation quantities Risand Tyt of the free pool (R1,T2) using steady-state and MT-prepared
spoiled gradient echo sequences, hence using a single MTw image. The method is therefore

highly interesting for fast MPF mapping.

Integrating MPF mapping as part of routine multi-modal imaging protocols in preclinical
investigations would be of great value for a comprehensive insight into tissue
microstructural features. When paired with diffusion tensor imaging for instance, advanced
contrasts can be derived such as g-ratio mapping (25), critically important for brain white
matter characterization. Demyelination and remyelination processes can potentially be
assessed in longitudinal animal studies (26,27) for quantitative follow-up of therapeutic

strategies effects (28,29).

While the MPF metric is conceptualized to be independent of the static field intensity, other
parameters from the two-pool model such as Rifand T, ¢ are not, requiring their estimation
to properly tune the single-point qMT method. In this study we provide an optimized
protocol and gMT parameters constraints for robust SP-MPF mapping at 7T based on a

comprehensive 3D gMT imaging protocol in healthy and demyelinated living mice.



Methods

Experiments were conducted on a 7T preclinical scanner (Bruker BioSpec 70/30, Ettlingen,
Germany), using an 86-mm volume transmitter coil and a mouse head surface receiver coil.
Male C57BL/6 mice (3 healthy vs. 3 demyelinated with a respective mean weight of 28.1+2.1
g and 23.2+0.9 g) were scanned at 16 weeks of age. Demyelination was induced by
cuprizone administration in standard chow (0.2 %) for 8 consecutive weeks prior to scanning
(30). During scans under isoflurane anesthesia (2%, 0.5 L/min O3), animal respiratory rate
and temperature were monitored and maintained at 100+10 breaths-per-minute and
37.6+£0.1°C. Animal studies were conducted in agreement with the European Council
Directive 2010/63/EU and the French Guidelines for Animal Care from the French
Department of Agriculture (Animal Rights Division) and approved by our institutional

committee on ethics in animal research (CREMEAS AL/41/48/02/13).

The protocol comprised 3D spoiled gradient-echo (SPGR) based sequences: i) Ti-mapping
using the Variable Flip-Angle method (VFA-SPGR), and ii) Z-spectra sampling using MT-
prepared SPGR (MT-SPGR) sequences. 3D Bi* mapping was also performed following the
Actual Flip Angle (31,32) method (AFI-SPGR) to correct deviations in T1 and qMT estimations,
as well as By mapping for shim calculation and further static-field inhomogeneities
compensation in qMT. Relevant parameters were: 1) VFA-SPGR: matrix size=150x140x60,
voxel size=100x100x500 um3, TR/TE=30/2 ms, readout flip angles (FA)=6/10/30/50°, receiver
bandwidth (rBW)=75 kHz (Taq=4.1 min per data point); 2) MT-SPGR: matrix
size=150x140x60, voxel size=100x100x500 um3, TR/TE=30/2 ms, FA=10°, rBW=75 kHz, 10.25-
ms gaussian saturation pulse (provided by the constructor, with an actual bandwidth of
218 Hz), saturation flip angle (0sat)=600/800/1000° (B1,peak=9.1/12.2/15.2 uT and
B1,rms=5.0/6.6/8.3 uT, respectively), offset frequency of the saturation pulse
(A)=1/2/4/6/8/20 kHz, and two additional Z-points at A=30/40 kHz and as5:=1000° (Tacq =4.1
min per data point); 3) AFI-SPGR: matrix size=70x70x60, voxel size=214x214x500 um?3,
TR1/TR2/TE=15/60/2 ms, FA=60°, rBW=59 kHz (Tacg=4.0 min); 4) Bo (dual-echo SPGR): matrix
size=100x100x60, voxel size=200x200x500 pm?3, TR/TEy/TE,=20/1.65/3.55 ms, FA=30°,
rBW=119 kHz, acquired at the protocol start; Bo frequency adjustments were performed
three times during the MT-SPGR protocol to compensate potential Bo-related drift (Tacq =2.0

min). To mitigate any Ti-related temperature effect throughout the protocol, the MT-SPGR



and VFA-SPGR sequences were interleaved and ordered randomly, conserving an identical

order for all animals.

A strong gradient spoiling was systematically included after readouts in MT/VFA-SPGR
(moment of 2317 mT/m.ms for both) and AFI-SPGR (moments of 1854 and 7414 mT/m.ms in
TR1 and TR;, respectively) to maximize the remaining transverse magnetization crushing
through diffusion effects, along with an appropriate RF spoiling increment (phase increment

of 50° for VFA-SPGR and MT-SPGR, and 129° for AFI-SPGR) (32,33).

Fields of view (FOV) were tilted so that their respective edge was parallel to the corpus
callosum along the genu-splenium line determined on a 2D T,-weighted sagittal scan, thus

mitigating potential partial volume effects (14).

All native images were denoised using BM4D (34) (exemplified in Figure S1) and rigidly
registered onto the 10-degrees volume of the T1 mapping protocol using ANTs (35). Brain
extraction was manually performed using ITK-SNAP (36). T1 maps were estimated using an
in-house implementation (Matlab R2017b, The Mathworks Inc. Natick, MA, USA), and qMT-
derived maps (T2 T2, MPF and R) were estimated using Yarnykh’s two-pool model (37)
implemented in the qMTLab toolbox (38), with R1=1/T1=Ri1,=Ri¢ (20). The slow cross-

relaxation term k defined as k=R-MPF/(1-MPF) was also computed.

MPF maps for each animal were reconstructed by the single-point method for each
combination of saturation pulse frequency offset A and flip angle asat, with constrained
parameters based on whole-brain histograms of both groups. While Yarnykh’s original
method employed the median of these histograms in the human brain (presenting a 35/65%
WM/GM proportion (39)), we explored the accuracy of several constrained parameter sets
to be consistent with the WM/GM proportion in the mouse brain (10/90% (40)) by selecting
averaged values from both group of their respective 10, 20, 30%, 40t" and 50" percentiles.
The five series of reconstruction are referred hereafter to as Reconstruction #1, #2, #3, #4
and #5, respectively. Cerebro-spinal fluid was excluded from the analysis by discarding

voxels with T1 above 3000 ms (22).

The mean absolute error per voxel for each SP-MPF reconstructions was computed as (20):



N
5p = 1 Z | fret(v) = fsp (V)]
N . frcf(y)
where v is a voxel from the brain parenchyma across all mice, N the total voxels in the

analysis, and fref and fsp the MPF from the reference and single-point protocols, respectively.

Optimal A and as,t were determined for the SP-MPF reconstruction #1 to #5 as the values
minimizing &:. To evaluate the agreement between reference and SP-MPF methods within
optimal experimental conditions, mean values of MPF estimated from regions of interest
(ROI) comprising the somato-sensory cortex, the corpus callosum, the internal capsules and
the thalamus were plotted against each other. Additionally, a ROI-based Bland-Altman
analysis was performed using the same regions to estimate the bias between reference and
SP-MPF values. Relative variations of SP-MPF to the reference MPF were also reported over
the same regions of interest. ROls were drawn by one of the authors (MCA, expert in mouse
histology) on the reference MPF maps according to the Allen Mouse Brain Atlas (available
from: http://atlas.brain-map.org/). Distributions of the difference between reference and
generated SP-MPF were tested for normality using Shapiro-Wilk tests, and one-sample
Student’s t-tests were employed to determine whether these distributions were zero-

centered.

Results

Histograms of RiT2f T2r, R and MPF parameters from both mice groups are shown in
Figure 1, and region-averaged metrics across mice in each group are provided in Table 1.
Although R1¢T2¢ is rather stable between the two groups, R, T2, and MPF distributions are
modified by the global brain changes induced by cuprizone diet (30). Groupwise and
averaged Ri, Ty, T2,5, k and MPF values estimated from the selected ROIs are summed up in
Table 2. Given the estimated parameters, a sensitivity analysis about the normalized

magnetization (20) is provided in Supporting Information (Figure S2).

The minimum global deviation between reference MPF and SP-MPF was reached at A=6 kHz

and ast=600° with 6:=8.4 %, 6=7.6 %, 6=7.4 %, 6+=7.4 % and 6:=7.5 % for reconstructions #1



to #5, respectively. Figure S3 in Supporting Information reports the behavior of &; to asa: and

A across all reconstructions.

The reference MPF values and those estimated using SP-MPF for all reconstructions were
found to agree, as reported in Figure 2, with coefficients of determination R2>0.96 and non-
significant intercepts of the regression line (p>0.024). The effect of the various constrained
parameters qualitatively shifted MPF values from the SP-qMT technique towards higher
values with respect to Reconstruction #5 to #1. All distributions of the difference between
reference and SP-MPF were considered normal following Shapiro-Wilk tests (p>0.18). The
Bland-Altman analysis (Figure 2 and Table 1) revealed that Reconstruction #2 presented the
lowest bias compared to the reference, with a zero-centered (p=0.732) distribution of the
difference, and a relative variation of SP-MPF to reference MPF of 0.6415.95%. Additionally,
the distributions of the difference are provided in Figure 2 for separated and joint groups.
Finally, the SP-MPF values across the investigated ROIs of the selected optimal

reconstruction are reported in Table 2.

Figure 3 shows typical MPF maps using the comprehensive protocol and optimal
reconstruction. Image differences between reference and optimal SP-MPF present localized
patchy irregularities, presumably associated with low SNR scores (about 30 on the native
optimal MTw) using a single MTw image for MPF computation, whereas this effect abates in
the comprehensive protocol. Nonetheless, a consistent behavior can be observed with a

close-to-zero difference between reference and the optimized SP-MPF.

Discussion

We demonstrated that MPF maps in mouse brain at 7T can be estimated efficiently using SP-
MPF and that constrained parameters and optimal A and asa: values must be experimentally
determined for robust and accurate SP-MPF mapping. To our knowledge, the present study
is the first to precisely reproduce Yarnykh’s original methodology (20) applied to living mice.
The optimal constrained parameters given our protocol, animal model and working field are

R1T2¢=0.0129, R=26.5 s and T,,=9.1 ps, with an off-resonance saturation of 600° at 6 kHz.



Similarly to Yarnykh’s original study (20), SP-MPF was assessed in healthy and pathological
conditions. The demyelination model employed in the present study is widely used to mimic
myelin diseases such as multiple sclerosis (30). The cuprizone diet, as applied in our
experimental set-up, affects both white (acute and global demyelination of the corpus
callosum observed in an 8-week diet (26)) and grey matter (41). Hence, the use of SP-MPF
requires an accurate tuning of the constrained parameters by evaluating representative
regions from WM and GM, both healthy and pathological. The choice of parameters remains
arbitrary: Yarnykh found excellent agreement by selecting median values of each parameter
from whole-brain distributions (20), whereas Naumova et al. estimated parameters at 11.7T
as averaged values from selected regions of interest in in vivo healthy rat brains (9). The
method has been previously investigated in other static fields and applications, but limited
attention was given to these specific parameters (18,42). Although presenting the advantage
of reducing the required number of images to compose MPF maps, the two-pool model
remains, nonetheless, approximated. In addition, the present study as well as Yarnykh (20)
and Naumova et al. (9) revealed that the constrained parameter values vary with static-field
intensity and tissue model. Therefore, inherent biases and parameter constraints should be
systematically identified prior to novel applications, both clinical (e.g. multiple sclerosis at
high field) and preclinical (e.g. inflammatory demyelination models such as the experimental
autoimmune encephalomyelitis (27)). Reconstructions of the SP-MPF maps using
constrained parameters employed by Yarnykh at 3T in the human brain further emphasize
this requirement (Figure S4 in Supporting Information) since a systematic MPF bias of -
0.0181 (limits of agreement of -0.0263/-0.0098) is obtained between both distributions, with
a relative variation between reference and SP-MPF of 28.3+5.7%. Nonetheless, the same
analysis led using constrained parameters from the control group only (Reconstruction #H1
to #H5, with analyses reported in Table T1 and Figure S5 and S6 in Supporting Information)
demonstrated a similar bevahior with an optimality reached for Reconstruction #H2 (i.e.,
parameters from the 20™ percentile of the joint whole-brain distribution), with an apparent
bias of 0.0004 (zero-centered; p=0.294) and slightly different limits of agreement (-
0.0068/0.0070 vs. -0.0066/0.0073 in Reconstruction #2 and #H2, respectively) and relative
variations (0.64+5.95% vs. 0.26+5.93% in Reconstruction #2 and #H2, respectively). Such
similarity can be explained by the low discrepancy about the optimal constrained and

experimental parameters (i.e. R1T2=0.0129 vs. 0.0128, R=26.5 vs. 27.1 s, T,,=9.1 vs. 8.9 us



for Reconstruction #2 vs. #H2, respectively, with common optimal a,.:=600° and A=6 kHz) and

the respective limited sensitivity of the normalized magnetization (see Figure S2).

Apart from a single MT-weighted image and its paired normalizing volume, the SP-MPF
composite mapping method requires prior knowledge about R1 and system imperfections,
namely B1* and Bo (24). Hence, any bias in the provided maps shall impact the resulting MPF.
As Bi* and Bo mapping methods are nowadays readily acquired, Ti-sensitive sequences
represent the largest bias source within SPGR-based gMT protocols. This is particularly
important as the MPF is significantly correlated with Ri1 (13,21). For instance, incomplete
magnetization spoiling will alter the predicted signals in SPGR sequences (43), deviating from
ideality. Animal temperature is another critical parameter. During anesthesia induction and
animal conditioning for MRI, mice body temperature decreased (approximately 33 to 35 °C).
Scanning was therefore performed when body temperature reached 37.6°C. Preliminary
results emphasized the temperature dependency of the comprehensive gMT protocol,
leading to incoherent results due to body temperature adjustment (not shown). Both
concerns were addressed in the present study by employing RF spoiling in pair with large
gradient spoiling, while conscientiously regulating animal temperature throughout the
protocol. We therefore encourage further preclinical gMT studies to provide this

information for sake of consistency across investigations.

MPF values measured in WM and GM regions in this study are in average similar to those
reported by Ou et al. (17) (recalculated from the pool size ratio), Thiessen et al. (13) and by
our group (14) in paraformaldehyde-fixed mouse brains. Values were somewhat lower than
those estimated by Khodanovich et al. (23) in in vivo mice at 11.7T, although precise
constrained parameters were not provided. Discrepancies between values found in healthy
rats (9) and mice may lie in the difference of animal model as well as partial volume effect

due to the high anisotropy in the slice direction.

In this study, the selected constrained T, parameter (T2,=9.1 us) is seemingly lower than
that used at 3T (T2,=9.8 us) in the human brain (20) and at 11.7T (T2,=10.3 ps) in the rat
brain (10) based on comprehensive protocols. Whereas RifT>f and R are rather different
between grey and white matter (i.e. both lower in healthy WM than in GM) (9,12,13), this
particular parameter is sensitive to the orientation of WM fibers relative to Bo (20,44),

questioning the appropriate choice for constraint. However, we evidenced a low sensitivity



(< 0.8%) of the saturated M, quantity to T, in the gMT model given our working optimal
sequence parameter (A=6 kHz, asat=600°; Figure S2), hence limiting potential bias due to

inaccuracies about the constrained T, in the proposed framework.

Surprisingly and similarly to Yarnykh study (20), the product R1T2¢ was rather identically
distributed in the mouse brain between healthy and demyelinated conditions, with reported
mean values of 0.0172 in both groups. As a global tissue disease can be observed in the
course of 8-week cuprizone diet, the decrease of R; due to its sensitivity to molecular
content is hence balanced by an increase of estimated T,: The mean and median Ry T2f
values estimated in the whole brain in this study are between those estimated in the human
brain at 3T (R1,T2,=0.022) (20) and in the rat brain at 11.7T (R1T2=0.013) (9), although the
constrained value in our study (R1,T2=0.0129) at 7T is similar to that of the rat brain at
11.7T. Nonetheless, comparing this specific parameter on a whole-brain scale is complex

since depending on the working field and tissue model.

Cross-relaxation k parameter measured in the present study (reported in Table 1) was higher
in white matter than in grey matter, which is consistent with the literature
(7,9,12,13,20,45,46), and dropped following cuprizone diet (13). As discussed by Naumova et
al. (9), reported values from the literature are highly variable. Furthermore and to our
knowledge, the sole study estimating the cross-relaxation parameters in living healthy mice
was performed by Turati et al. (11), and presented rather low values in the corpus callosum

(estimated k of about 1.0 s1).

T1 values in most affected tissues did not exceed values of about 2200 ms (e.g. corpus
callosum in the cuprizone group with mean R1=0.46 s). In this study, we excluded CSF
voxels defined by T1>3000 ms in order to focus the whole-brain analysis on the brain
parenchyma. This assumption may however include voxels close to ventricles due to partial
volume effect (e.g. corpus callosum), and a 3-pool gMT model may be more appropriate to
properly segment the brain parenchyma based on relevant gMT parameters (47).
Nonetheless, the remaining number of voxels involved in the analyses was considered large
enough (about 100,000 per group) to accurately sustain the global analysis for parameter

constraints.



The original SP-MPF method requires providing both R; and Bi" information. Although
attention was given to potential insufficient spoiling in the respective VFA-SPGR and AFI-
SPGR protocols, both methods are known to be sensitive to magnetization transfer effects
(48-50), further biasing these priors. Mossahebi et al. evidenced the bias of the qMT
estimators between cases where Ryt is provided as a prior (i.e. computed while neglecting
MT effects) and integrated in the gMT two-pool model to account for MT effects in VFA-
SPGR protocols (51). Henceforth, a gMT model including a joint estimation of gMT

parameters, VFA-based R1 ¢ and AFl-based B1* is seemingly more appropriate.

The resultant conclusion from preclinical studies is that gMT tissue parameters depend on
many experimental aspects, such as animal model (17), temperature (52), static field
intensity, Bo and B1* inhomogeneities, tissue fixation conditions (13), gMT model (53) and T
mapping methods sensitive to incomplete spoiling (33,43). As such, efforts should be made
to establish consensus about optimal comprehensive qMT protocol necessary for the
quantification of gMT parameters, which remains essential for single-point MPF mapping

implementation.

Conclusion

We established optimal parameters for single-point MPF mapping for in vivo healthy and
demyelinated mice at 7T, with an optimality criterion minimizing the bias in regions of
interest between a reference MPF maps generated via a full Z-spectrum analysis and the fast
MPF maps. Estimating these animal model- and field-dependent parameters appears
essential since a large bias was found with regard to the reference MPF when using
constrained parameters optimized at 3T in the human brain. This allows for the integration
of an MPF mapping methodology in multi-modal in vivo imaging protocols by reducing the
total acquisition duration to about 20 minutes given the proposed geometry in a whole-
brain study. More sensitive signal reception systems may further allow increasing voxel
resolution within identical scan time by taking advantage of partial Fourier sampling given

the SNR boost.



Figures caption

Figure 1: Normalized histograms of Control (CTL; dark line) and Cuprizone (CPZ; grey line)
mice corresponding to the distributions of R1T2¢ (a; bin size = 0.00022), R (b; bin size = 0.5
s™1), Tar (c; bin size = 0.12 ps) and MPF (d; bin size = 0.0006).

Figure 2: Comparison of averaged MPF values from averaged ROIs across all mice between
reference (fref) and optimized SP-MPF (left column) and corresponding Bland-Altman plots
from slice-wise averaged ROIs (middle column), and respective density distributions of the
difference of each and joint groups (right column) for reconstructions #1 (a-c), #2 (d-f), #3 (g-
i), #4 (g-1) and #5 (m-0). The solid line on left-sided plots corresponds to the line of unity,
indicating the deviation of the SP-MPF reconstruction from ideality. Solid lines and dashed
lines on Bland-Altman plots depict the mean and the limits of agreement (defined as
mean+1.96 x standard deviation) of the distribution of the differences, respectively. Plotted
ROIs are represented by the somato-sensory cortex (crosses), corpus callosum (bullets),
internal capsules (diamonds) and thalamus (plus signs). Control and cuprizone mice are

depicted, if appropriate, in black and grey ticks, respectively.

Figure 3: Representative axial views of reference and SP-gMT MPF maps and corresponding
image differences of a typical mouse from the Control (upper part) and Cuprizone (lower
part) groups. Slices were selected about the bregma at 0.15 mm (left column), -0.85 mm

(middle column) and -1.85 mm (right column).



Supporting Information

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

Figure S1: Exemplification of native weighted images denoising using BM4D from the

Variable Flip Angle (VFA) and Magnetization Transfer (MTw) protocols.

Figure S2: Sensitivity analysis of normalized MT signal (mz) in the Corpus Callosum (CC; a-b),
Somato-Sensory Cortex (CTX; c-d) and affected Corpus Callosum (CCCPZ; e-f) as a function of
A (fixed asar of 600°; left column) and asat (fixed A of 6 kHz; right column) and about gMT
parameters (p): T2 (green), To¢ (blue), f (black) and R (red). Respective fixed parameters can
be found in Table 2: CC: R1=0.55 s}, f=0.087, R=24.1 s}, T24=23.1 ms and T,=10.6 us; CTX:
R1=0.48 s, f=0.058, R=32.5 s, T24=30.4 ms and T,=9.8 us; CCCPZ: R1=0.46 s!, f=0.049,
R=31.1s7, T24=32.4 ms and T,,=9.9 us. Black dashed vertical lines indicate optimal working
experimental parameters (i.e., A=6 kHz and as,t=600°). Other sequence parameters are
detailed in the Methods section. Reported S, values were computed as the average
sensitivity value over a range of p spanning over acceptable values from the whole brain
respective distributions (i.e., T>,=[7.0;14.0] us, f=[0.03;0.10], R=[5;60] s},

R1¢T2=[0.01;0.03] ms).

Similarly to Yarnykh’s original study, and within the considered experimental and optimized
protocol, the highest sensitivity in all three structures is related to f (S,>24.8%), and remain
systematically superior to that of R (5,<9.8%), Tt (Sp<4%) and T, (Sp<0.8%). These results

emphasize the feasibility of single-point MPF estimation.

Figure S3: Mean errors on &: averaged across all mice using Reconstruction #1 (a),
Reconstruction #2 (b), Reconstruction #3 (c), Reconstruction #4 (d) and Reconstruction #5 (e)

along asst and A.

Figure S4: Comparison of averaged MPF values from averaged ROlIs across all mice between
reference (fref) and SP-MPF (fs00°/a knz) Using optimized 3T constrained parameters in the
human brain from (R=19.0 s, RyT2=0.022 and T>,=9.7 us; A=4 kHz and 0s2:=600°), yielding
an overestimation of SP-MPF values (a). Distribution of the difference between both
estimated MPF in the various regions (crosses: somato-sensory cortex; bullets: corpus

callosum; diamonds: internal capsules; plus signs: thalamus) from both groups (black:



control; grey: cuprizone) yielded an MPF bias of -0.0181 (limits of agreement=-0.0263/-
0.0098) following a Bland-Altman analysis (b). Density of the distributions of the difference
are also reported (c). The relative variation between reference MPF and SP-MPF over the

ROIs used in the Bland-Altman analysis amounted to 28.3+5.7%.

Table T1: Summary of constrained parameters R1 (T2, R and T, from the whole-brain
histogram analysis on the healthy mice group, and used in SP-MPF reconstruction #H1 to
#H5. Biases and limits of agreement (defined as mean+1.96 x standard deviation) over joint
groups from the Bland-Altman analysis and statistics of the relative variation between
reference MPF and SP-MPF are also presented, as well as one sample t-test testing whether
the MPF distributions between reference and SP-gMT (all presenting a normal behavior;
p>0.14) from the corresponding reconstruction were zero-centered. Estimated Pearson
correlations between reference and single-point MPF were systematically significantly high

(R%>0.96; p<0.001), with non-significant intercept of the regression line (p>0.01).

Figure S5: Mean errors on &¢ averaged across all mice using Reconstruction #H1 (a),
Reconstruction #H2 (b), Reconstruction #H3 (c), Reconstruction #H4 (d) and Reconstruction
#H5 (e) along asst and A. Parameters of the different reconstruction schemes are reported in
Table T1. Similarly to the main analysis, optimal experimental parameters yielding the lowest

Of values are systematically reached at a,:=600° and A=6 kHz.

Figure S6: Comparison of averaged MPF values from averaged ROls across all mice between
reference (fref) and optimized SP-MPF (left column) and corresponding Bland-Altman plots
from slice-wise averaged ROIs (middle column), and respective normalized density
distributions of the difference of each and joint groups (right column) for reconstructions
#H1 (a-c), #H2 (d-f), #H3 (g-i), #H4 (g-1) and #H5 (m-0). Optimized parameters from SP-MPF
estimations were taken from the control group only (see values in Table T1). The solid line
on left-sided plots corresponds to the line of unity, indicating the deviation of the SP-MPF
reconstruction from ideality. Solid lines and dashed lines on Bland-Altman plots depict the
mean and the limits of agreement (defined as mean+1.96 x standard deviation) of the
distribution of the differences, respectively. Plotted ROls are represented by the somato-
sensory cortex (crosses), corpus callosum (bullets), internal capsules (diamonds) and
thalamus (plus signs). Control and cuprizone mice are depicted, if appropriate, in black and

grey ticks, respectively.



Table 1: Summary of constrained parameters R14T,, R and T, from the whole-brain histogram analysis, and used in reconstruction #1 to #5 (represented as Averaged (Control/Cuprizone)).
Biases and limits of agreement (defined as mean+1.96 x standard deviation) from the Bland-Altman analysis and statistics of the relative variation between reference MPF and SP-MPF are also

presented, as well as one sample t-test testing whether the MPF distributions between reference and SP-gMT from the corresponding reconstruction were zero-centered.

Reconstruction

. MPF
1 M.PF. Blas Relative One sample Intercept
RifTos R (s} Tar (us) (Limits of .
variation t-test fref Vs. fe00°/6 khz
agreement) (meanzstd)
0.0119 22.9 8.8 -0.0013 H=1 -0.0069
+ 0,
#l (0.0118/0.0120) | (22.7/23.1) | (8.6/9.0) | (-0.0079/0.0054) 2.79%6.07% (p<0.001) (p=0.030)
# 0.0129 26.5 9.1 0.0001 0.64+5.95% H=0 -0.0071
(0.0128/0.0130) | (27.1/25.9) | (8.9/9.4) | (-0.0068/0.0070) (p=0.732) (p=0.028)
#3 0.0136 28.7 9.4 0.0009 -0.53+5.89% H=1 -0.0072
(0.0136/0.0136) | (29.7/27.6) | (9.1/9.6) | (-0.0062/0.0080) (p=0.015) (p=0.026)
44 0.0142 30.4 9.6 0.0014 -1.34+5.85% H=1 -0.0073
(0.0142/0.0142) | (31.7/29.1) | (9.3/9.8) | (-0.0058/0.0086) (p<0.001) (p=0.025)
45 0.0148 319 9.8 0.0018 -1.98+5.81% H=1 -0.0075
(0.0148/0.0148) | (33.5/30.4) | (9.5/10.0) | (-0.0055/0.0091) (p<0.001) (p=0.024)




Table 2: Summary of the relaxation, cross-relaxation and MPF parameters of selected regions in the healthy (CTL) and

pathological (CPZ) mouse brain at 7T in the Corpus Callosum (CC), Internal Capsules (IC), Somato-sensory Cortex (SSC) and
Thalamus (Th). Means and standard deviations were computed from the joint voxel distributions of the respective ROIls of
each mice group. MPF from the optimized single-point reconstruction #2 is reported (SP-MPF).

Region R1(s?) k (s) T2¢(ms) Tar (us) MPF SP-MPF
CC 0.55+0.03 | 23+03 | 23.1+3.,5 | 10.6+0.8 | 0.087 £0.010 | 0.084 +£0.010
CTL IC 0.58+0.03 | 25+03 | 246+4.7 | 11.9+1.1 | 0.092 £0.011 | 0.089 £ 0.010
SSC 0.48+£0.01 | 2.0+0.1 | 304+3.6 9.8+£0.5 | 0.058+0.003 | 0.058 £0.003
Th 0.53+£0.03 | 23+£0.2 | 27.5+25 | 10.3+£0.8 | 0.070+0.006 | 0.071 £ 0.006
CC 046+0.03 | 1.6£0.3 | 324+6.6 9.9+0.9 | 0.049+£0.006 | 0.050 £0.007
cpz IC 0.55+0.05 | 2.1+03 | 289+4.6 | 11.5+£1.0 | 0.069 +£0.010 | 0.069 £ 0.009
SSC 046+0.03 | 1.8+£0.2 | 29.7+3.1 9.3+0.6 | 0.049+£0.004 | 0.052 £0.006
Th 0.49+0.03 | 19+£0.3 | 30.3x2.1 9.6+0.8 | 0.054+£0.004 | 0.055+0.006
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Figure 1: Normalized histograms of Control (CTL; dark line) and Cuprizone (CPZ; grey line) mice corresponding to the distributions of R1 T, (a; bin size = 0.00022), R (b; bin size = 0.5 s7%), Ty (c;
bin size = 0.12 us) and MPF (d; bin size = 0.0006).



Figure 2: Comparison of averaged MPF values from averaged ROIs across all mice between reference (frf) and optimized SP-
MPF (left column) and corresponding Bland-Altman plots from slice-wise averaged ROIs (middle column), and respective
density distributions of the difference of each and joint groups (right column) for reconstructions #1 (a-c), #2 (d-f), #3 (g-i),
#4 (g-1) and #5 (m-o). The solid line on left-sided plots corresponds to the line of unity, indicating the deviation of the SP-MPF
reconstruction from ideality. Solid lines and dashed lines on Bland-Altman plots depict the mean and the limits of agreement
(defined as mean+1.96 x standard deviation) of the distribution of the differences, respectively. Plotted ROIs are represented
by the somato-sensory cortex (crosses), corpus callosum (bullets), internal capsules (diamonds) and thalamus (plus signs).
Control and cuprizone mice are depicted, if appropriate, in black and grey ticks, respectively.
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Figure 3: Representative axial views of reference and SP-qMT MPF maps and corresponding image differences of a typical
mouse from the Control (upper part) and Cuprizone (lower part) groups. Slices were selected about the bregma at 0.15 mm
(left column), -0.85 mm (middle column) and -1.85 mm (right column).
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