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Purpose: To demonstrate the bias in quantitative MT (qMT) measures intro-
duced by the presence of dipolar order and on-resonance saturation (ONRS)
effects using magnetization transfer (MT) spoiled gradient-recalled (SPGR)
acquisitions, and propose changes to the acquisition and analysis strategies to
remove these biases.
Methods: The proposed framework consists of SPGR sequences prepared
with simultaneous dual-offset frequency-saturation pulses to cancel out dipo-
lar order and associated relaxation (T1D) effects in Z-spectrum acquisitions, and
a matched quantitative MT (qMT) mathematical model that includes ONRS
effects of readout pulses. Variable flip angle and MT data were fitted jointly
to simultaneously estimate qMT parameters (macromolecular proton fraction
[MPF], T2,f, T2,b, R, and free pool T1). This framework is compared with standard
qMT and investigated in terms of reproducibility, and then further developed to
follow a joint single-point qMT methodology for combined estimation of MPF
and T1.
Results: Bland–Altman analyses demonstrated a systematic underestimation
of MPF (−2.5% and −1.3%, on average, in white and gray matter, respec-
tively) and overestimation of T1 (47.1 ms and 38.6 ms, on average, in white and
gray matter, respectively) if both ONRS and dipolar order effects are ignored.
Reproducibility of the proposed framework is excellent (ΔMPF=−0.03% and
ΔT1 =−19.0 ms). The single-point methodology yielded consistent MPF and T1

values with respective maximum relative average bias of −0.15% and−3.5 ms
found in white matter.
Conclusion: The influence of acquisition strategy and matched mathematical
model with regard to ONRS and dipolar order effects in qMT-SPGR frameworks
has been investigated. The proposed framework holds promise for improved
accuracy with reproducibility.
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2 SOUSTELLE et al.

1 INTRODUCTION

Quantitative magnetization transfer (qMT) imaging aims
at quantitatively assessing the magnetization exchange
processes occurring between motion-restricted macro-
molecules and surrounding water protons. For brain
imaging, the classical qMT methodology uses a two-pool
model1–3 applied to MT-prepared spoiled gradient-recalled
(SPGR) data.4 The most relevant quantitative parameter
derived from this approach is the macromolecular proton
fraction (MPF), which presents a fair sensitivity to brain
tissue changes.5,6 In the qMT framework, an independent
measurement of T1 relaxation is required to disentan-
gle relaxation and MT effects, and provide access to an
estimation of MPF. Variable flip angle (VFA)–SPGR and
MT-SPGR data are usually combined and either used sep-
arately7–9 or jointly10 to estimate the apparent free pool T1
and other qMT parameters. The joint estimation is advan-
tageous, as it explicitly considers magnetization exchanges
between the macromolecular and the free pools in the
two-pool model for a more accurate T1 and MPF estima-
tion.11

However, two important features are typically not con-
sidered in common SPGR-based qMT methodology:

• First, on-resonance saturation effects induced by the
readout pulses on the macromolecular lineshape are
usually ignored. Of interest, Mossahebi et al.10 have
argued that on-resonance saturation effects of the SPGR
readout pulse at the macromolecular pool level may
have a nonnegligible effect on the qMT parameters’ esti-
mation. This was further demonstrated by ensuing work
in the context of magnetic resonance fingerprinting12

and VFA-T1 mapping.13,14 It is therefore worth investi-
gating whether these saturation effects (referred here-
after to as on-resonance saturation [ONRS]) may
bias the estimated values of qMT parameters if not
accounted for in the joint VFA-SPGR and MT-SPGR
data modeling.

• Second, the off-resonance RF saturation of the
semisolid pool should be treated using the Provotorov
theory,15,16 which demonstrates a coupling between
the macromolecular Zeeman and dipolar orders when
applying single-offset RF irradiation. Early studies
concluded a negligible effect from dipolar order in
the estimation of the qMT parameter values17,18 from
single-offset frequency saturation (SOFS; RF irradiation
applied at a single side with respect to the resonance
frequency) Z-spectrum data. Hence, it was argued that
the classical binary spin-bath model—which neglects
dipolar order contributions—was appropriate for the
modeling of SOFS-based qMT data. However, these
early experiments were performed either on agar gel

phantoms, which are not representative of the brain
tissue and have weak dipolar order effects,18 or on
ex vivo white matter samples at room temperature,17

which strongly limits the influence of dipolar order on
the macromolecular magnetization.19–21 Recent inves-
tigations have shown that myelinated central nervous
system tissues are associated with relatively strong
dipolar order effects as denoted by a long dipolar order
relaxation time (T1D; T1D ≈ 6–10 ms) and as identi-
fied by inhomogeneous magnetization transfer (ihMT)
imaging in studies with ex vivo (at physiological tem-
perature) and in vivo specimens from animals, such
as in mouse brains22–24 and rat spinal cord,25 and in
humans brains.26–28 Hence, and given the typical irra-
diation powers used in clinical MR scanners for pulsed
SOFS qMT experiments, the conditions for dipolar
order to contribute to the MT signal in in vivo central
nervous system tissues can be satisfied.29 Because dipo-
lar order effects manifest as a reduced RF saturation
rate of the macromolecular pool,28 which varies with
the preparation pulse’s power and frequency,21,25,30,31

biases can be expected in the estimated qMT param-
eters from SOFS-based Z-spectra analyzed with the
two-pool model. Conversely, an alternative approach
involving symmetric dual-offset frequency saturation
(DOFS; RF irradiation applied on both sides regard-
ing the resonance frequency) pulses, which effectively
decouples the dipolar orders from their associated
macromolecular Zeeman orders,32,33 would make the
two-pool model more accurate for Z-spectrum data
analyses.

In this work, qMT simulations and experiments were
performed to confirm the existence of biases in quan-
titative MPF and longitudinal relaxation derived from
SOFS-based Z-spectra analyzed with the classical two-pool
model. Additionally, we propose an alternative framework
based on DOFS pulses to cancel out dipolar order effects
and a two-pool model that accounts for ONRS effects
when deriving quantitative MT parameters from com-
bined VFA-SPGR and MT-SPGR data in the human brain.
The proposed framework was repeated for reproducibil-
ity assessment and further extended in an adapted joint
single-point qMT methodology7 for simultaneous estima-
tion of MPF and apparent free pool T1.

2 METHODS

Experiments were performed on a 3T clinical scanner
(MAGNETOM Vida, software version XA20A; Siemens
Healthineers, Erlangen, Germany) with body coil trans-
mission and a 32-channel receive head coil on 3 healthy
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SOUSTELLE et al. 3

F I G U R E 1 Magnetization transfer (MT)–prepared spoiled gradient-recalled (SPGR) sequences with a single-offset (+Δ) saturation
pulse (SOFS; RF irradiation applied at a single side with regard to the resonance frequency) (A), and with a simultaneous symmetric
dual-offset (±Δ) saturation pulse (DOFS; RF irradiation applied at both sides regarding the resonance frequency) (B). The use of a
simultaneous DOFS pulse effectively decouples the macromolecular Zeeman order from its associated dipolar order. Conversely, SOFS
couples dipolar order and Zeeman order. The classical and commonly used two-pool quantitative MT (qMT) model, which does not include a
dipolar order reservoir, is more accurately adapted to the DOFS-SPGR conditions.

volunteers (2:1 men:women; mean age: 30.2± 2.9 years).
Experiments were approved by the institutional ethics
committee on clinical investigations (CRMBM, Marseille),
and written informed consent was obtained from each
participant before the study.

2.1 Sequence description

Figure 1 shows the MT-prepared SPGR pulse sequences
used in the experiments. The MT preparation includes
either a SOFS (Figure 1A) or a DOFS (Figure 1B) pulse,
both of identical duration τSAT, followed by a spoiling
gradient applied in the readout direction within a rest-
ing delay interval (RD1). The 3D-SPGR acquisition mod-
ule includes a nonselective Hann-shaped readout pulse of
duration τRO, followed by a delay to TR (RD2), encompass-
ing a gradient-echo readout and a spoiling gradient in the
same direction as in the preparation.

SOFS pulses consisted of Hann-shaped pulses applied
with off-resonance:

ASOFS(t; Δ) = A(t)e−2i𝜋Δt (1)

Where Δ is the pulse offset frequency from free water
resonance, and A(t) its normalized amplitude, defined as
follows:

A(t) = 1
2

(
1 − cos

(
2𝜋 t − 𝜏SAT

𝜏SAT

))
(2)

Simultaneous symmetric dual-offset saturation was
achieved by modulating the SOFS pulse amplitude with
a symmetric sine function, thereby guaranteeing that the
on-resonance component (i.e., water) remains unaffected:

ADOFS(t; Δ) = ASOFS(t; 0) × sin(2𝜋Δ (t − 𝜏SAT∕2)) (3)

The saturation pulse power B1,RMS
SAT is given by

B1,RMS
SAT =B1,peak

SAT√p2
SAT, where B1,peak

SAT denotes the
pulse peak B1 and p2

SAT denotes the pulse power inte-
gral.34 To apply equivalent saturation power, the B1,peak

SAT

of the DOFS pulses was increased by a
√

2 factor to com-
pensate for its halved power integral in comparison to that
of the SOFS pulse.

In the following, and as classically modeled in qMT
frameworks, we assume that RF irradiations are applied at
an exact frequency offset Δ despite originating from finite
pulses characterized by a spectral response.

2.2 Two-pool model for SPGR-based
sequences

A two-pool model was adapted into a general matrix
formalism accounting for magnetization saturation,
tilting, relaxation, and exchange events throughout the
MT-SPGR and VFA-SPGR sequences. The objective was
to isolate the longitudinal magnetization of the free pool
(Mz,f) from the magnetization vector M= [Mx,f My,f Mz,f
Mz,b]T.

 15222594, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

rm
.29678 by C

ochrane France, W
iley O

nline L
ibrary on [23/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



4 SOUSTELLE et al.

The general cross-relaxation matrix was subsequently
defined as follows:

AREX =

⎡⎢⎢⎢⎢⎣

− 1∕T2,f 0 0 0
0 −1∕T2,f 0 0
0 0 −

(
R1,f + RM0,b

)
RM0,f

0 0 RM0,b −
(

R1,b + RM0,f
)

⎤⎥⎥⎥⎥⎦
(4)

where M0,i, R1,i (=1/T1,i) and T2,i are the thermal equi-
librium, longitudinal relaxation rate and transverse
relaxation time of the free pool (i= f) and macromolec-
ular pool (i= b), and R is the exchange rate between the
two pools. The longitudinal relaxation times of both pools
are assumed equal (T1,b =T1,f =T1), and we denote the
resulting apparent relaxation time as T1 in the following.
In addition, the convention M0,f +M0,b = 1 was adopted,
and MPF—defined as the ratio of the macromolecular
magnetization over the total proton magnetization—then
reduces to MPF=M0,b.

The saturation matrix associated with the MT prepara-
tion pulse was defined as follows:

ASAT = diag
(

0, 0,−WSAT
f ,−WSAT

b

)
(5)

where Wb
SAT =πgb(Δ, T2,b) × (γB1,RMS

SAT)2 is the macro-
molecular saturation rate, using the super-Lorentzian
absorption lineshape. This lineshape includes a residual
broadening term as proposed by Pampel et al.,35 an alter-
native to the extrapolation method for on-resonance sat-
uration rate calculation.12,36 The value of Wf

SAT =πgf(Δ,
T2,f) × (γB1,RMS

SAT)2 is the free pool saturation rate
using a Lorentzian lineshape. Regarding the VFA-SPGR
sequences, the terms Wb

SAT and Wf
SAT are set to 0.

In contrast, the rotation-saturation matrix correspond-
ing to the on-resonance readout pulses was defined as
follows, assuming a rotation about the x-axis, a constant
pulse of duration τRO, and no B0-related deviation as the
pulse duration is sufficiently short:

ARO =

⎡⎢⎢⎢⎢⎢⎣

0 0 0 0
0 0 FA∕𝜏RO 0
0 −FA∕𝜏RO 0 0
0 0 0 −WRO

b

⎤⎥⎥⎥⎥⎥⎦
(6)

where Wb
RO =πgb(Δ= 0, T2,b)× (γB1,RMS

RO)2 is the macro-
molecular saturation rate induced by the readout pulse,
and FA (expressed in radians) and τRO are the readout
pulse flip angle and duration, respectively, and B1,RMS

RO is
the readout pulse B1,RMS, as B1,RMS

RO =B1,peak
RO√p2

RO.
The matrix formalism proposed by Malik et al.37

was used to compute Mz,f’s amplitude in steady-state
just before the readout pulse, assuming a perfect

spoiling condition and piecewise constant events. Each
event-related matrix Ai was rewritten as follows:

Ãi =

[
Ai C

0

]
(7)

where C= [0 0 R1,fM0,f R1,bM0,b]T and “0” is a row vector
of five “0” elements to match the matrix dimensionality.

The value of Mz,f was then calculated as the third eigen-
vector element associated with the eigenvalue equal to 1 of
the X̃ matrix, defined as follows:

X̃ = eÃREX×RD1 e(ÃSAT+ÃREX)×𝜏SAT eÃREX×RD2Φe(ÃRO+ÃREX)×𝜏RO (8)

where ϕ= diag([0,0,1,1,1]) ensures the transverse magne-
tization spoiling condition, and RD1 and RD2 refer to the
resting delays after the saturation pulse and after the read-
out pulse, respectively (Figure 1). Finally, the transverse
magnetization was computed as Mxy,f =Mz,f × sin(FA).

To eliminate the contribution of scaling factors includ-
ing T2* decay, proton density, coil sensitivity profile and
receiver gain, all signals were classically normalized by a
reference obtained without saturation (referred hereafter
to as MT0) for both simulations and experiments.

This two-pool model was used in simulations and
experiments to estimate quantitative MT parameters
according to different methodologies: (i) without con-
sidering ONRS effects (Wb

RO = 0; model corresponds
to the classical qMT model, hereafter referred to as
qMT-noONRS) and (ii) considering ONRS effects
(Wb

RO
>0; hereafter referred to as qMT-ONRS).

2.3 Simulations

Theoretical synthetic brain signals for VFA- and MT-SPGR
sequences were generated with the same parameters used
in the experiments (see Section 2.4) and using the Provo-
torov theory of RF saturation (Figure 1A), which accounts
for the coupling between the Zeeman and dipolar orders of
the macromolecular pool, as already described in the liter-
ature.25,32 In practice, Eqs. (4)–(7) were modified to include
the dipolar order contribution to the RF saturation (T1D
and RF-induced exchange rate with the Zeeman pool; see
Appendix A) and applied for the generation of MT signals
as a function of T1D spanning from 10 μs to 20 ms (hence
mimicking an increasing contribution of dipolar order).
Representative qMT parameters of white matter (WM) and
gray matter (GM) were evaluated, with reference parame-
ters (pref ; p= {T2,f, T1, T2,b, MPF, R}) set to T2,f = 20/30 ms,
T2,b = 11/10 μs, T1 = 1100/1600 ms, MPF= 15.0/9.0%, and
R= 20/20 s−1, respectively.38 Simulations were performed
for both SOFS and DOFS conditions, and the synthetic
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SOUSTELLE et al. 5

signals were then fitted using the qMT-noONRS and
qMT-ONRS mathematical models to estimate the qMT
parameters (pest). The effects of dipolar order and ONRS on
the estimation of qMT parameters were evaluated by com-
puting the relative variation (RVp; expressed in %) between
the estimated and reference parameters

RVp =
pest − pref

pref
(9)

as well as the deviation of parameters (Δp= pest − pref;
expressed in absolute units).

2.4 MRI experiments

The imaging protocol consisted of 3D sagittal full Z-spectra
and VFA acquisitions using the described MT-SPGR
sequences (Figure 1). SOFS and DOFS-MT experiments
were performed with the following MT pulse parame-
ters: Hann-shaped pulse of duration τSAT = 12.0 ms, fre-
quency offsets Δ= 1/2/4/6/8/12/20 kHz, RF saturation
power B1,RMS

SAT = 2.66/3.73 μT, and a readout pulse flip
angle of 10◦. VFA experiments were performed using
the SOFS-SPGR sequence with the MT pulse’s offset
frequency tuned to 100 kHz (no MT effect at this fre-
quency), to maintain a constant RF duty cycle. The
sequence was run thrice with FA values of 6◦, 10◦,
and 25◦. The MT0 reference image corresponded to
the VFA image with FA= 10◦. Common MT-SPGR and
VFA-SPGR parameters were TR= 30.0 ms, RD1 = 2.1 ms,
three monopolar gradient echoes at TE= 2.1/5.2/8.3 ms
(advantageous for denoising purpose; see Section 2.5),
Hann-shaped readout pulse of duration τRO = 1.0 ms, RF
spoiling phase increment= 50◦, readout bandwidth (BW)
= 420 Hz/voxel, matrix size= 128× 128× 72 and voxel
size= 2-mm isotropic, total gradient spoiling moment in
the readout direction= 40 mT⋅ms/m after the MT pulse
and post-echo readout, respectively, 5-s dummy scans,
6/8 partial Fourier in the phase direction, and 2× 2
CAIPIRINHA acceleration (24× 24 integrated autocalibra-
tion lines); and acquisition time per volume= 1 min 23 s.
SOFS and DOFS sequences paired with regard to Δ and
B1,RMS

SAT values were run consecutively, and each pair was
randomly distributed throughout the protocol. VFA acqui-
sitions were randomly interleaved. An identical order was
conserved for all subjects.

In addition, for segmentation purposes, a sagittal 3D
T1-weighted compressed-sensing MPRAGE sequence was
acquired with the following parameters: TR/TE= 2300.0/
2.9 ms,TI= 900.0 ms, BW= 240 Hz/voxel, readout FA= 9◦,
matrix size= 256× 248× 176, and isotropic voxel size
of 1 mm; and acquisition time= 1 min 57 s. A sagittal

interleaved and multislice B1
+ mapping sequence (con-

structor presaturated turbo-FLASH) was used with
TR/TE= 26290.0/2.2 ms, BW= 490 Hz/voxel, saturation
FA= 80◦, readout FA= 8◦, in-plane matrix size= 96 × 96,
60 slices, and reconstructed voxel size= 3 × 3 × 3 mm3;
and acquisition time of 53 s.

The 3 subjects were scanned a second time after a
30-min break, using only the VFA and DOFS protocols for
reproducibility assessment.

2.5 Image processing

For each saturation protocol (i.e., SOFS and DOFS), the
51 SPGR images acquired per subject ([14 {MT-SPGR}+ 3
{VFA-SPGR}] × [3 {TEs}]) were stacked together and
denoised jointly using the Marchenko-Pastur principal
component analysis routine from the MRtrix3 pack-
age (v. RC301).39–41 Each multi-echo SPGR image was
then combined with a sum-of-squares operation to
further enhance the SNR. Finally, VFA-weighted and
MT-weighted (MTw) images were rigidly registered onto
the respective VFA-SPGR image at FA= 25◦ to com-
pensate for motion. The latter was rigidly registered
onto the MPRAGE image, and the transformation and
resampling operations were applied to all other SPGR
images.

The qMT parameter values derived from qMT analy-
ses were evaluated from regions of interest (ROIs) selected
in WM and deep gray matter (DGM). For WM, ROIs
were retrieved from the JHU probabilistic atlas42 through
label propagation of the MNI template (symmetric ICBM
2009c) onto the anatomical MPRAGE volume using
a multistage, rigid, affine, and diffeomorphic registra-
tion (SyN43; antsRegistrationSyN.sh) implemented in the
Advanced Normalization Tools (ANTs; v. 2.0.144). DGM
ROIs were automatically segmented using the FreeSurfer
(v. 6.0.0) default recon-all pipeline on the MPRAGE
image.45

2.5.1 Joint fitting of VFA and Z-spectrum
data

Three frameworks of data analysis were used to derive
the quantitative maps of MT parameters (T2,f, T2,b, T1,
MPF, and the exchange rate R), combining VFA data
with (i) SOFS Z-spectra and fitted by the qMT-noONRS
model (SOFS-noONRS; “A”), (ii) SOFS Z-spectra and fit-
ted by the qMT-ONRS model (SOFS-ONRS; “B”), and
(iii) DOFS Z-spectra and fitted by the qMT-ONRS model
(DOFS-ONRS; “C”). Hence, only the DOFS-ONRS frame-
work is conceptually consistent, because it combines
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6 SOUSTELLE et al.

a model that is adapted to the input data (no dipo-
lar order). All reconstructions included transmit-field
inhomogeneity correction of all pulse-related quantities in
Eqs. (5) and (6), as provided by the estimated and resam-
pled relative B1

+ map.
Comparison of the three frameworks was achieved by

performing linear regression and Bland–Altman analyses
on quantitative parameter values derived in WM and DGM
regions.

Finally, the reproducibility of the DOFS-ONRS
framework was assessed in a test–retest experiment.
Bland–Altman and linear regression analyses of the esti-
mated qMT parameters were performed between the two
experiments. For each metric, the coefficients of varia-
tion (CoV= SD/mean; between both sessions) averaged
over all selected regions in WM and DGM regions were
reported.

In Bland–Altman analyses, biases and limits of agree-
ment (LOAs; defined as mean difference± 1.96 SD of the
mean difference) were reported. For each framework, the
average values of parameters in ROIs and associated RMS
error (RMSE) of the fits were calculated.

2.5.2 Joint fitting of VFA and single-point
MT data

The DOFS-ONRS framework was further extended fol-
lowing the single-point qMT approach7: VFA data and a
single optimized and MT0-normalized DOFS-MTw image
were used jointly (JSP) for the simultaneous estimation
of T1 and MPF while constraining other qMT parame-
ters. In practice, R, T2,b, and the product R1⋅T2,f were
fixed to the median values of the estimated parameter
distributions from all voxels in the brain parenchyma
over the 3 subjects, and as computed from the previ-
ous full Z-spectra DOFS-ONRS framework. Then, MPF
and T1 maps were estimated for each possible experimen-
tal Δ/B1,RMS

SAT pair. The optimized DOFS-MTw image
for JSP-qMT was selected as that yielding the minimum
deviation (δp) in MPF and T1 values estimated in the
whole-brain parenchyma relative to those obtained from
the full spectra analysis.

𝛿p =
1
N

N∑
i

|||pi
Z − pi

JSP
|||

pi
Z

(10)

where pZ
i and pJSP

i are the estimated voxel values for
p= {T1;MPF} from full Z-spectrum and JSP-qMT, respec-
tively. Linear regressions and Bland–Altman analyses
were performed between both reconstructions over MPF
and T1.

3 RESULTS

3.1 Simulations

The theoretically expected biases on the estimation of qMT
parameters caused by the dipolar order and ONRS effects
are highlighted in the simulation results (Figure 2). Focus-
ing on MPF and T1, the relative variations between the
reference and estimated values highlight systematic over-
estimation of T1 and underestimation of MPF for all values
of T1D under the combined effects of dipolar order and fits
to the qMT-noONRS model (SOFS-noONRS), with rela-
tive biases more important in WM (Figure 2A,C) compared
with GM (Figure 2B, D). Note that the bias remains fairly
constant for T1, whereas it diverges when T1D increases
for MPF, underlying the growing reduction of RF satu-
ration effects of the macromolecular magnetization with
T1D. For T1D values representative of in vivo conditions
(i.e., T1D = 6.0 ms/5.8 ms in WM/GM26), the relative vari-
ations were−11.6%/−9.0% for MPF and 5.8%/3.2% for T1,
corresponding to deviations (expressed in absolute units)
of −1.7%/−0.8% for MPF and 63.3 ms/51.4 ms for T1. Cor-
recting only for ONRS effects (SOFS-ONRS) removes the
biases for T1D < 100 μs, indicating that in this range of
T1D values and for the chosen saturation parameters,
the dipolar order effects do not affect the qMT param-
eter estimations. Conversely, for T1D > 100 μs, the abso-
lute biases increase as T1D increases for both MPF and
T1. For T1D values representative of in vivo measure-
ments, the relative variations induced by dipolar order
effects were−3.7%/−3.9% for MPF and only −0.5%/−0.3%
for T1, corresponding to deviations (expressed in abso-
lute units) of −0.6%/−0.3% for MPF and−5.0 ms/−4.7 ms
for T1. Finally, under a complete decoupling condition
of the macromolecular Zeeman and dipolar orders and
accounting for ONRS effects (DOFS-ONRS), no deviation
is expected for MPF and T1 (RV= 0%), regardless of T1D.
Details and descriptions of the simulation results for T2,f,
T2,b, and R are provided in Figure S5.

3.2 Experiments

3.2.1 Comparison of frameworks

Figure 3A shows representative Z-spectra of SOFS-MT
and DOFS-MT average signals in the anterior corona
radiata. The dual-offset frequency pulses (black curves)
yield a higher apparent saturation effect compared
with single-offset frequency pulses (red curves). For
both saturation strategies, signal attenuation increases
with B1,RMS

SAT. The difference between SOFS-MTw and
DOFS-MTw normalized data is shown in Figure 3B and
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SOUSTELLE et al. 7

F I G U R E 2 Relative variations (RVs) between fixed-reference qMT parameters for T1 (A,B) and macromolecular proton fraction (MPF)
(C,D) in white matter (WM; A,C) and gray matter (GM; B,D) and those estimated from synthetic data with dipolar order and fitted using the
qMT–without on-resonance saturation (noONRS) model (SOFS-noONRS; point-dashed lines) and qMT-ONRS model (SOFS-ONRS; dashed
lines), and from synthetic data without dipolar order and fitted with the qMT-ONRS model (DOFS-ONRS; solid lines). RVs are plotted as a
function of T1D for the following reference WM/GM qMT parameters: T2,f = 20/30 ms, T2,b = 11/10 μs, T1 = 1100/1600 ms, MPF= 15/9%, and
R= 20/20 s−1. Dashed vertical gray lines refer to T1D values estimated in WM (T1D = 6.0 ms; A,C) and GM (T1D = 5.8 ms; B,D), respectively.26

exhibits a bell-shaped curve peaking in the 1–4-kHz range,
depending on B1,RMS

SAT. The normalized signal differ-
ence corresponds to half of the ihMT ratio (ihMTR; with
ihMTR= 2 × [MTwSOFS – MTwDOFS]/MT0).46 A repre-
sentative normalized difference image for Δ= 2 kHz and
B1,RMS

SAT = 3.73 μT is provided in Figure S1.

Representative axial views of MPF and T1 maps are
shown in Figure 4. A clear increase of MPF values
can be appreciated in WM between maps derived from
the frameworks SOFS-noONRS (Figure 4A), SOFS-ONRS
(Figure 4B), and DOFS-ONRS (Figure 4C). Conversely,
changes in T1 are less evident, although a slight decrease of
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8 SOUSTELLE et al.

F I G U R E 3 (A) Representative Z-spectra of SOFS-MT (red) and DOFS-MT (black) signals from an averaged JHU region (anterior
corona radiata; blue areas on the T1-weighted axial view). (B) Difference between SOFS-normalized and DOFS-normalized MT signals,
corresponding to the inhomogeneous magnetization transfer ratio (ihMTR) signal divided by 2 (ihMTR= 2 × [MTwSOFS – MTwDOFS]/MT0

46).

F I G U R E 4 Representative MPF and
T1 axial views derived from the
SOFS-noONRS framework (SOFS-MTw data
and qMT-noONRS model) (A,D),
SOFS-ONRS framework (SOFS-MTw data
and qMT-ONRS model) (B,E), and
DOFS-ONRS framework (DOFS-MTw data
and qMT-ONRS model) (C,F).

values in WM can be observed between the SOFS-noONRS
framework (Figure 4D) and the two other frameworks
(Figure 4E,F). Mean absolute values of qMT parameters
averaged over the 3 subjects and the RMSE of the fits
are reported in Table 1. Of interest, RMSE of the fits
were significantly different (two-sampled t-test; p< 0.05)
only for average WM between frameworks DOFS-ONRS
(mean RMSE= 8.06) and SOFS-noONRS (mean RMSE=
8.65) and SOFS-ONRS (mean RMSE= 8.63), but not
in DGM (mean RMSE of 9.47, 9.43, and 9.35 for

frameworks SOFS-noONRS, SOFS-ONRS, and DOFS-
ONRS, respectively).

Comparisons between frameworks are provided with
the linear regressions and Bland–Altman plots for MPF
(Figure 5) and T1 (Figure 6). Other qMT parame-
ters (R, T2,b, and T2,f) are reported and commented in
Figures S6–S8.

The comparison between the SOFS-noONRS and
DOFS-ONRS frameworks highlights the cumulative effect
of dipolar order and ONRS contributions. Together, they
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SOUSTELLE et al. 9

T A B L E 1 Summary of qMT-derived average values for MPF and T1 in WM and DGM and RMS error of the fits for qMT-noONRS
applied to SOFS-MTw data (SOFS-noONRS framework), qMT-ONRS model applied to SOFS-MTw data (SOFS-ONRS framework), and
qMT-ONRS model applied to DOFS-MTw data (DOFS-ONRS framework).

Framework SOFS-noONRS Framework SOFS-ONRS Framework DOFS-ONRS

Structures
MPF
(%) T1 (ms)

RMSE
(×103)

MPF
(%) T1 (ms)

RMSE
(×103)

MPF
(%) T1 (ms)

RMSE
(×103)

White matter

Corpus callosum (genu) 14.4 1038.7 9.92 15.7 980.7 9.92 16.9 994.2 9.25

Corpus callosum (splenium) 14.0 1057.8 8.53 15.3 998.6 8.52 16.5 1012.4 8.12

Corpus callosum (body) 13.7 1055.0 8.29 15.0 994.9 8.29 16.3 1007.9 8.02

Cortico-spinal tracts 12.4 1290.7 11.11 13.6 1221.3 11.08 15.5 1239.8 8.44

Internal capsules 12.3 1088.9 8.45 13.4 1033.5 8.42 14.3 1044.2 7.98

Corona radiata 13.9 1034.1 7.04 15.3 970.9 7.00 16.7 983.4 6.72

Average (all WM regions) 13.0 1116.9 8.65 14.2 1056.4 8.63 15.5 1069.8 8.06

Deep gray matter

Thalamus 9.5 1374.6 9.15 10.2 1321.8 9.14 11.4 1332.6 8.95

Caudate 7.0 1545.4 8.32 7.4 1504.5 8.30 8.1 1512.5 8.70

Putamen 7.8 1422.9 8.58 8.2 1379.7 8.55 9.2 1388.7 8.03

Pallidum 9.6 1252.5 8.45 10.3 1203.1 8.42 11.6 1214.8 7.93

Hippocampus 6.4 1770.8 10.19 6.8 1725.5 10.18 7.3 1733.4 10.48

Amygdala 6.5 1765.0 10.43 6.9 1719.7 10.39 7.6 1728.6 10.12

Average (all DGM regions) 8.1 1496.9 9.47 8.7 1449.5 9.43 9.4 1458.3 9.35

Abbreviation: RMSE, RMS error.

induced an important systematic underestimation of MPF
(MPFC = 1.22 × MPFA − 0.38%; R2

adj = 0.98; Figure 5B)
and an overestimation of T1 (T1

C = 1.02 × T1
A − 66.9 ms;

R2
adj = 1.00; Figure 6B). The corresponding biases in abso-

lute value were, for MPF, −2.52% (LOA= [−1.47;−3.56]%)
in WM and−1.29% (LOA= [−0.11;−2.48]%) in DGM
(Figure 5A) and for T1, 47.1 ms (LOA= [59.1/35.1] ms)
in WM and 38.6 ms (LOA= [52.2/24.9] ms) in DGM
(Figure 6A).

The comparison between the SOFS-ONRS and
DOFS-ONRS frameworks highlights only the effect of
dipolar order contributions, as ONRS effects are accounted
for. A systematic, albeit more reduced, underestimation
of MPF was also observed (MPFC = 1.06 × MPFB + 0.31%;
R2

adj = 0.97; Figure 5D). The corresponding biases
were−1.30% (LOA [−0.17;−2.44]%) in WM and−0.72%
(LOA [0.31;−1.75]%) in DGM (Figure 5C). Estimation of T1
was only marginally affected by the contribution of dipolar
order (T1

C = 0.99 × T1
B + 22.0 ms; R2

adj = 1.00, Figure 6D).
Hence, the biases were small:−13.4 ms (LOA [−7.6/−19.2]
ms) in WM and−8.9 ms (LOA [−2.1/−15.7] ms) in DGM
(Figure 6C).

3.2.2 Reproducibility

The reproducibility of the DOFS-ONRS framework is
synthetized in the Bland–Altman and linear regres-
sion analyses performed between the test and retest
experiments reported in Table 2. The best results were
obtained for MPF (bias=−0.03%, LOA= [1.06/−1.13]%,
CoV= 0.024± 0.020) followed by T1 (bias=−19.0 ms,
LOA= [65.5/−103.5] ms, CoV= 0.022± 0.016). Represen-
tative views of MPF and T1 maps are provided in Figure S2.
Details on the reproducibility of T2,f, T2,b, and R are pro-
vided in Table S2.

3.2.3 Optimized joint single-point qMT

The minimum biases between MPF and T1 values
estimated between the full Z-spectra and single ±Δ/
B1,RMS

SAT point analyses were obtained for Δ=±4 kHz
and B1,RMS

SAT = 3.73 μT (δMPF = 1.9% and δT1 = 0.16%;
Figure S4), with R, R1⋅T2,f, and T2,b fixed to 21.1 s−1, 0.0158,
and 10.0 μs (median values of brain parenchymal voxels;
Figure S3). Note that very similar values (δMPF = 2.1%
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10 SOUSTELLE et al.

F I G U R E 5 Bland–Altman and linear regression plots between MPF values estimated from the three frameworks. (A,B) comparison
between the SOFS-noONRS and DOFS-ONRS frameworks. (C,D) Comparison between the SOFS-ONRS and DOFS-ONRS frameworks.
Mean bias and limits of agreements (LOAs) in Bland–Altman (A,C) plots are indicated in dashed and solid lines, respectively; values of WM
and deep gray matter (DGM) are reported independently. Slopes and intercepts of the linear regression plots (B,D) were calculated from the
joint distribution of WM and DGM values of the 3 subjects. Unity and regression lines are represented in full and dashed lines, respectively.
Each subject is indicated by a different symbol (circle, diamond, and square). (A) SOFS-noONRS. (B) SOFS-ONRS. (C) DOFS-ONRS.

and δT1 = 0.16%) were obtained at Δ=±4 kHz and
B1,RMS

SAT = 2.66 μT. The corresponding MPF and T1 maps
are shown in Figure 7, demonstrating a visually excel-
lent consistency. Bland–Altman and linear regression
analyses are shown in Figure 8. Excellent agreement
was obtained for MPF (Figure 8A,B) with low biases
of −0.15% (LOA= [0.85/−1.15]%) in WM and 0.10%

(LOA= [1.05/−0.85]%) in DGM, and a strong linear rela-
tionship (slope [intercept]= 1.01 [−0.09%]; R2

adj = 0.98).
Similarly, T1 was very consistent (Figure 8C,D), with biases
of −3.5 ms (LOA= [6.5/−13.5] ms) in WM and−1.6 ms
(LOA= [11.3/−14.5] ms) in DGM, and an excellent
linear regression with slope [intercept]= 1.00 [8.1 ms]
(R2

adj = 1.00).
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SOUSTELLE et al. 11

F I G U R E 6 Bland–Altman and linear regression plots between T1 values estimated from the three frameworks. (A,B) Comparison
between the SOFS-noONRS and DOFS-ONRS frameworks. (C,D) Comparison between the SOFS-ONRS and DOFS-ONRS frameworks.
Mean bias and LOAs in Bland–Altman (A,C) plots are indicated in dashed and solid lines, respectively; values of WM and DGM are reported
independently. Slopes and intercepts of the linear regression plots (B,D) were calculated from the joint distribution of WM and DGM values
of the 3 subjects. Unity and regression lines are represented in full and dashed lines, respectively. Each subject is indicated by a different
symbol (circle, diamond, and square). (A) SOFS-noONRS. (B) SOFS-ONRS. (C) DOFS-ONRS.

4 DISCUSSION

In this study, we demonstrated both theoretically and
experimentally that dipolar order effects and MT effects
induced by readout pulses in SPGR-based acquisitions can
lead to biases in the MPF and T1 values estimated with the

standard two-pool qMT model. As a potential solution, we
proposed a framework that uses DOFS pulses (canceling
out dipolar order effects) combined with a two-pool qMT
model that considers the ONRS of the readout pulses. This
framework shows good performance in terms of repro-
ducibility and is suitable for fast single-point qMT imaging.
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12 SOUSTELLE et al.

T A B L E 2 Summary of qMT parameters of the reproducibility experiment estimated by the DOFS-ONRS framework and evaluated
by Bland–Altman and linear regression analyses. The coefficient of variation between test and retest experiments are provided.

Bland–Altman Linear Regression

Parameter Bias LOAs Slope Intercept R2
adj

Coefficient of
Variation

MPF −0.03% 1.05/−1.13% 0.98 0.31% 0.97 0.024± 0.020

T1 −19.0 ms 65.5/−103.5 ms 1.00 18.3 ms 0.97 0.022± 0.016

F I G U R E 7 Representative axial views of MPF (A,B) and T1

(C,D) maps from the DOFS data and qMT-ONRS model
(DOFS-ONRS framework) using the full Z-spectrum data analysis
(A,C) and the joint single-point MTw analysis (B,D), generated with
Δ= 4 kHz and B1,RMS

SAT = 3.73 μT.

4.1 Understanding and reducing biases
in standard qMT-SPGR frameworks

The combined effects of dipolar order and ONRS lead to
an underestimation of MPF and an overestimation of T1
when the standard qMT model and SOFS-based acquisi-
tions are used. The amplitude of the theoretically expected
biases estimated from simulated data were in line with
experiments, with larger effects in WM in comparison to
GM (Figures 2, 5 and 6, and Table 1). The overestima-
tion of T1 was predominantly a consequence of ONRS
effects, given the low difference in bias values between the
SOFS-ONRS and DOFS-ONRS frameworks, which differ
by the effect of dipolar order. Overall, this is consistent
with already-established observations in ihMT studies, in
which higher dipolar order effects are known to occur
preferentially in WM compared with GM,22,23,32,46–48 and
further supported by the resulting mean RMSE signifi-
cantly decreasing in WM from the SOFS-noONRS and

SOFS-ONRS frameworks to the DOFS-ONRS framework
(Table 1). Overall, accounting for ONRS effects almost can-
cels T1-related biases, whereas dipolar order effects need to
be removed to minimize MPF-related biases, hence mak-
ing the binary spin-bath model appropriate to process the
data.

In most qMT-SPGR frameworks, MT effects occur-
ring in VFA experiments are not modeled (i.e., ONRS are
not considered) and dipolar order effects are neglected,
despite the use of SOFS pulses.5,7,49–55 As a result, the esti-
mated qMT parameter values remain dependent on the
experimental conditions (Δ, B1,RMS

SAT, readout flip angles,
and sequence delays); hence, different protocols prevent
consistent reporting and cross-platform reproducibility.
More specifically, variations related to Δ and B1,RMS

SAT

parameters—and intrinsically to the saturation pulse
shape—strongly influence the resulting T1D-weighting
effects when relying on SOFS data,29 and hence the appar-
ent MT weighting.

The proposed DOFS-ONRS framework was designed
to remove dipolar order effects and therefore to make
the two-pool model suitable. It has demonstrated a
good intrasession reproducibility, thereby representing a
promising solution for cross-scanner investigations. Stud-
ies on animals with preclinical scanners are likely to
be affected by similar biases, hence calling for similar
sequence implementations and analyses. This is even
more important for translational purposes, as the MPF
or its equivalents (e.g., pool size ratio) can be used to
synthetize biomarkers such as the g-ratio.56–58

4.2 Fast MPF and T1 mapping

We demonstrated the feasibility of fast joint MPF and
T1 mapping using the derived JSP-qMT method, and
within the optimized and accurate DOFS-ONRS frame-
work (Figures 7 and 8) with a good agreement between
full Z-spectrum and JSP-qMT outputs, resulting in a total
acquisition time of 6 min 25 s for a 2-mm isotropic resolu-
tion. The method, as proposed, requires a minimum of five
images: a pair of MTw and MT0 SPGR images, unsaturated
proton density–weighted and T1-weighted SPGR-images,
and a B1

+ map. Of interest, the constrained values for R
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SOUSTELLE et al. 13

F I G U R E 8 Bland–Altman and linear regression plots of MPF (A,B) and T1 (C,D) estimated from full DOFS Z-spectra analysis (Z) and
joint single-point (JSP) DOFS data analysis. Bias and LOAs are indicated in dashed and solid lines, respectively, in Bland–Altman plots.
Regression and unity lines are depicted as dashed and solid lines, respectively, in regression plots. Biases and LOAs in WM and DGM are
reported independently, whereas the reported slopes and intercepts of the linear regression were calculated from the joint distributions. Each
subject is depicted by a different symbol (circle, diamond, and square).

and T2,b are rather close to that estimated by Yarnkykh7

at 3 T (R= 21.1 s−1 vs. 19.0 s−1 and T2,b = 10.0 μs vs. 9.7 μs),
while the product R1⋅T2,f is reduced (R1⋅T2,f = 0.016 vs.
0.022). Applicability of this methodology to pathologies
(e.g., multiple sclerosis) and animal models (e.g., cupri-
zone59 and experimental autoimmune encephalomyeli-
tis60) nonetheless requires a dedicated validation on
respective subjects, although previous works revealed very
close values of the constrained qMT parameters between
healthy and nonhealthy groups.7,55

4.3 Future biophysical
and mathematical modeling

In this work, we expanded on the classical two-pool model
methodology3,61 that has raised interest over the last two
decades because of its simplicity, practicability, and repro-
ducibility.52 More advanced models may help provide
better understanding of the MT signal behavior in brain
tissues, the most common application of qMT.53 This is
highlighted here by the discrepancies in the exchange rate
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14 SOUSTELLE et al.

when fitting SOFS and DOFS data (Figure S6), which com-
plements the difference in values between classical qMT
frameworks (R≈ 20 s−1)7,50,54,55 and that found in quan-
titative ihMT frameworks (R spanning from 20 to 70 s−1,
depending on the compartmental model).32 As a perspec-
tive, more detailed models could lead to a better descrip-
tion of myelinated brain tissues. For instance, the four-pool
model—recently documented quite comprehensively by
Manning et al.62—considers two exchanging myelin and
nonmyelin water pools, respectively exchanging with
the myelin and nonmyelin macromolecular matrices. In
addition, evidence was found that multiple dipolar order
reservoirs exist in myelinated tissues25 and in synthetized
lipid samples representative of myelin,63 and their intrin-
sic association to macromolecular Zeeman reservoirs
(with respective and distinct MT parameters) has yet to be
investigated. Of note, the proposed DOFS-MTw acquisi-
tions effectively remove the need to consider the dipolar
order magnetization reservoirs, and the qMT-ONRS model
remains valid as long as the respective exchange rate and
macromolecular T2,b parameters are considered equal,
contrary to the fitting of SOFS-based acquisitions for
which the impact of dipolar order reservoir on the satura-
tion attenuation is less predictable. Note also that equality
between the two pools’ relaxation times (T1,f =T1,b) was
assumed. Although this is a common hypothesis in stan-
dard qMT analyses,7,10,36,64,65 some studies have reported
shorter values for the estimated T1,b in healthy human
brain WM.66,67 Upgrading the current models to allow for
the discrimination of multiple free and bound Zeeman
reservoirs would necessitate accumulation of a high num-
ber of images with varying sequence parameters, and for
which classical Z-spectra acquisitions (i.e., varying Δ and
B1,RMS

SAT) may not be sufficient to yield an adequate sensi-
tivity to the parameters. Further investigation is therefore
warranted.

Perfect transverse-magnetization spoiling (i.e., com-
plete extinction of Mxy

f just before the readout pulse in
this case) is a pervasive assumption made in VFA and qMT
mathematical models—here numerically achieved with
the “ϕ” matrix in Eq. (8). However, slight deviations of the
experimental signal from Eq. (8) may occur and depend
primarily on the apparent tissue parameters (e.g., T1,
T2, diffusion coefficients, and MT parameters) and local
B1

+.12,68,69 Gradient spoiling–induced transverse magne-
tization attenuation through diffusion effects, in addition
to the RF spoiling, helps in mitigating such effects but
remains mildly efficient with standard clinical systems,
and depends on hardware capacities and resolutions.69–71

This calls for deepened modeling of the signal behavior
using the configuration states formalism, to account for
these effects,12,72 at the cost of a substantial computa-
tional burden with regard to the voxelwise inverse problem

solving. Further investigation is therefore warranted on
the contributions of imperfect spoiling effects about the
estimated qMT parameters.

The longitudinal magnetization attenuation of the free
pool during the application of an off-resonance RF pulse
is classically calculated using a Lorentzian lineshape for
the calculation of the absorption rate (Wf

SAT), assuming a
constant RF saturation pulse applied at an exact frequency
Δ. Recent work showed the effect of the off-resonance
pulse shape and duration, which yielded complex effects
straightforwardly related to an on-resonance spectral leak-
age, affecting the free pool magnetization34 (also referred
to as direct saturation effects). These results emphasize
the modeling limitation of Wf

SAT when using finite RF
pulse whose spectral response depends on the pulse shape,
duration and power, and remain important for the esti-
mation of T2,f, as the parameter’s sensitivity is localized at
low offset frequencies.7,55

In this work, we used a super-Lorentzian absorption
lineshape, including a residual broadening35 term (mostly
affecting the on-resonance part of the line), for the cal-
culation of the macromolecular absorption rates (Wb

SAT

and Wb
RO), as it represents a more legitimate alternative to

the extrapolation method for on-resonance saturation.12,36

However, bandwidth effects of the finite readout pulse
are not considered in the calculation of Wb

RO, and its
subsequent effect on the parameters’ estimation may still
depend on the readout pulse power, shape and duration,
as the absorption lineshape varies rapidly around the reso-
nance. As such, we chose a rather spectrally concentrated
and spatially nonselective Hann-shaped pulse for readout
with a reasonable duration (τRO = 1 ms) instead of seem-
ingly often used short rectangular pulses that may exhibit
a large spectral response with nonnegligible sinc ripples.

In the proposed DOFS-ONRS framework, VFA data
provided the necessary sensitivity to longitudinal relax-
ation. Although SPGR sequences are attractive for their
simplicity, acquiring high-resolution images requires
an important acquisition time increase, for which
advanced acceleration methods such as compressed sens-
ing73 should be beneficial. Alternatively, as an efficient
high-resolution solution, the widely used MP2RAGE
sequence74—which also has been shown to be sensitive
to MT effects75—may substitute the VFA-SPGR protocol
to provide the desired T1 sensitization, and by adapting
the DOFS-ONRS framework to encompass an advanced
MP2RAGE signal model.

5 CONCLUSIONS

SOFS-prepared SPGR acquisitions are inconsistent with
the classical binary spin-bath model, which does not
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account for dipolar order and associated relaxation (T1D)
effects. In this study, we have documented how this model
inconsistency biases the estimated qMT parameters. In
addition, we also showed that MT effects arising from
the on-resonance saturation and exchanges during a VFA
experiment can lead to biases on apparent T1 and MPF
estimations. The present work demonstrated the impor-
tance of sequence design and signal modeling in quan-
titative MT imaging. For the sake of reproducibility and
accuracy, we therefore encourage investigators to system-
atically consider all MT effects in models. The use of
DOFS pulses in MT-prepared SPGR experiments elimi-
nates dipolar order–related errors in qMT and is therefore
recommended for future studies.
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SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

Figure S1. Representative axial views of the dif-
ference between single-offset frequency saturation
(SOFS)–normalized and dual-offset frequency saturation
(DOFS)–normalized magnetization transfer (MT) images
(Δ= 2 kHz and B1,RMS

SAT = 3.73 μT) corresponding to
inhomogeneous magnetization transfer ratio (ihMTR;
calculated as ihMTR= 2 × [MTwSOFS − MTwDOFS]/MT0).
Figure S2. Exemplary axial views of test (A,C) and retest
(B,D) of macromolecular proton fraction (MPF) (A, B) and
T1 (C,D) maps from the DOFS–on-resonance saturation
(ONRS) framework (DOFS–MT-weighted [MTw] data and
quantitative MT [qMT]–ONRS model).
Figure S3. Normalized histograms of voxels across the
brain parenchyma of R (bin size= 0.5 s−1) (A), R1,T2,f (bin
size= 0.0005) (B), T2,b (bin size= 0.1 μs) (C), and MPF (bin
size= 0.25%) (D). The median values of each distribution
are provided.
Figure S4. Deviations (δ) as a function of Δ and B1,RMS

SAT

of T1 (A) and MPF (B) between values estimated in the
whole-brain parenchyma from qMT-ONRS analyses per-
formed on the DOFS full Z-spectra (DOFS-ONRS frame-
work) and values estimated from single pairs {Δ/B1,RMS

sat}
of DOFS MTw-normalized images with R, R1,⋅T2,f, and
T2,b fixed to 21.1 s−1, 0.0158 and 10.0 μs, respectively
(Figure S3).
Figure S5. Relative variations (RVp) between refer-
ence qMT parameters (p= {R,T2,f,T2,b}) in white mat-
ter (WM; A) and gray matter (GM; B) and those esti-
mated from synthetic data with dipolar order coupling
and fitted using the qMT without considering ONRS
effects (noONRS) model (SOFS-noONRS) and qMT-ONRS
model (SOFS-ONRS), and from synthetic data without
dipolar order coupling and fitted with the qMT-ONRS
model (DOFS-ONRS). RVps are plotted as a function of
T1D for the following reference WM/GM qMT param-
eters: T2,f = 20/30 ms, T2,b = 11/10 μs, T1 = 1100/1600 ms,
MPF= 15/9%, and R= 20/20 s−1. Dashed vertical gray lines
refer to T1D values estimated in WM (T1D = 6.0 ms; A) and
GM (T1D = 5.8 ms; B), respectively.32

Figure S6. Bland–Altman and linear regression plots of R
comparing SOFS-noONRS and DOFS-ONRS frameworks
(A,B) and SOFS-ONRS and DOFS-ONRS frameworks
(C,D). Bias and limits of agreements (LOAs) are indicated
in dashed and solid lines, respectively, in Bland–Altman
plots. Biases and LOAs of WM and DGM are reported inde-
pendently, whereas the reported slopes and intercepts of
the linear regression are calculated from the joint distri-
butions (unity and regression lines are represented in full

and dashed lines, respectively). Each subject is depicted
by a different symbol (circle, diamond, and square). (A)
SOFS-noONRS. (B) SOFS-ONRS. (C) DOFS-ONRS.
Figure S7. Bland–Altman and linear regression plots of
T2,f comparing SOFS-noONRS and DOFS-ONRS frame-
works (A,B), and SOFS-ONRS and DOFS-ONRS frame-
works (C,D). Bias and LOAs are indicated in dashed and
solid lines, respectively, in Bland–Altman plots. Biases and
LOAs of WM and deep gray matter (DGM) are reported
independently, whereas the reported slopes and intercepts
of the linear regression are calculated from the joint distri-
butions (unity and regression lines are represented in full
and dashed lines, respectively). Each subject is depicted
by a different symbol (circle, diamond, and square). (A)
SOFS-noONRS. (B) SOFS-ONRS. (C) DOFS-ONRS.
Figure S8. Bland–Altman and linear regression plots of
T2,b comparing SOFS-noONRS and DOFS-ONRS frame-
works (A,B) and SOFS-ONRS and DOFS-ONRS frame-
works (C,D). Bias and LOAs are indicated in dashed and
solid lines, respectively, in Bland–Altman plots. Biases
and LOAs of WM and DGM are reported independently,
whereas the reported slopes and intercepts of the lin-
ear regression are calculated from the joint distributions
(unity and regression lines are represented in full and
dashed lines, respectively). Each subject is depicted by
a different symbol (circle, diamond, and square). (A)
SOFS-noONRS. (B) SOFS-ONRS. (C) DOFS-ONRS.
Table S1. Summary of qMT-derived average values for R,
T2,f, and T2,b in WM and DGM of the fits for qMT-noONRS
applied to SOFS-MTw data (SOFS-noONRS), qMT-ONRS
model applied to SOFS-MTw data (SOFS-ONRS), and
the qMT-ONRS model applied to DOFS-MTw data
(DOFS-ONRS).
Table S2. Summary of qMT parameters of the repro-
ducibility experiment estimated by the DOFS-ONRS
framework and evaluated by Bland–Altman and linear
regression analyses. The coefficient of variation between
test and retest experiments is provided.
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APPENDIX A

A.1 Equations with dipolar order
The objective is to isolate the longitudinal magnetiza-
tion of the free pool (Mz,f) from the magnetization vec-
tor M′ = [Mx,f My,f Mz,f Mz,b β]T, where β is related to
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the dipolar order (characterized by T1D) coupled with the
macromolecular Zeeman order.

The general cross-relaxation matrix (A′
REX) derived

from Eq. (4) becomes

A′
REX =

⎡⎢⎢⎢⎢⎢⎣

− 1∕T2,f 0 0 0 0
0 −1∕T2,f 0 0 0
0 0 −

(
R1,f + RM0,b

)
RM0,f 0

0 0 RM0,b −
(

R1,b + RM0,f
)

0
0 0 0 0 −1∕T1D

⎤⎥⎥⎥⎥⎥⎦
(A1)

The saturation matrix (A′
SAT) associated with the MT

preparation pulse is now defined as

A′
SAT =

⎡⎢⎢⎢⎢⎢⎢⎣

0 0 0 0 0
0 0 0 0 0
0 0 −W SAT

f 0 0
0 0 0 −W SAT

b W SAT
b 2𝜋Δ

0 0 0 W SAT
b 2𝜋Δ∕D2 −W SAT

b (2𝜋Δ∕D)2

⎤⎥⎥⎥⎥⎥⎥⎦
(A2)

where D is the local dipolar field expressed in angular
frequency unit, which may be calculated from the second
moment of gb(Δ, T2,b) or alternatively as 1/(T2,b

√
15) for

the super-Lorentzian lineshape model.
ARO is simply augmented into A′

RO to match dimen-
sionality, because no dipolar order is generated for
on-resonance saturation:

A′
RO =

[
ARO

0

]
(A3)

Ãi matrices (Eq. [7]) are rewritten by substituting Ai
with A′

i, C with C′ = [0 0 R1,fM0,f R1,bM0,b 0]T, and
matching the dimensionality of the “0” lower row vector.
Finally, Eq. (8) is used to calculate the steady-state vector
of interest.
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