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List of abbreviations:

CC: corpus callosum

¢GM: Cortical Grey matter

CM: Cosine-Modulated

Af: saturation offset frequency

At: interpulse delay

Eq: total energy of saturation per repetition time
fc: center of the offset frequency

IC: internal capsule

ihMT/ihMTR: inhomogeneous Magnetization Transfer / inhomogeneous Magnetization
Transfer ratio

MT: Magnetization Transfer

Mu: Muscle

PW: Pulse Width

RARE: rapid acquisition with relaxation enhancement
Tip: Dipolar Relaxation Time

WM: White matter
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Abstract

Background and Introduction: A pulsed ihMT-prepared fast imaging sequence was
implemented at 11.75T for preclinical studies on mouse central nervous system. A strategy
based on filtering the ihMT signal originating from short dipolar relaxation time (7;p)
components is proposed. It consists in increasing the repetition time of consecutive RF pulses
of the dual saturation and allowed improving signal specificity for long 7;p myelinated
structures. Furthermore, frequency offset, power and timing saturation parameters were
adjusted to optimize the ihMT sensitivity.

Results: Optimization of the ihMT sensitivity while preserving strong specificity for the long
T;p component of myelinated tissues allowed measurements of ihMT ratios on the order of 4-
5% in white matter (WM), 2.5% in grey matter (GM) and 1-1.3% in muscle. This led to high
relative ihMT contrasts between myelinated tissues and others (~3-4 between WM and
Muscle, and 22 between GM and Muscle). Conversely, higher ihMT ratios (~6-7% in WM)
could be obtained using minimal 7;p filtering achieved with short saturation pulse repetition
time or cosine-modulated pulses for the dual frequency saturation.

Conclusion: This study represents a first stage in the process of validating ihMT as a myelin
biomarker by providing optimized ithMT preclinical sequences, directly transposable and
applicable to other preclinical magnetic fields and scanners. Finally, ihMT ratios measured in
various central nervous system areas are provided for future reference.
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Introduction

Inhomogeneous Magnetization Transfer (ihMT) is a new endogenous contrast
mechanism that has shown great promise for Central Nervous System (CNS) imaging. This
technique is based on magnetization transfer (MT), and reveals an interesting characteristic of
dipolar-broadened macromolecular lines (1). Human experiments have demonstrated strong
capacities of ihMT in discriminating myelinated tissues from others (1-3), with the hypothesis
that the lipid membranes, highly present in myelin (4), and which have an inhomogeneously
broadened spectrum (5,6), strongly contribute to the ihMT effect. However, the hypothesis of
ihMT being a myelin biomarker needs to be further explored and validated. With this
perspective, preclinical ihMT MRI applied on well-characterized and established animal
models of myelin disorders (demyelination or dysmyelination) will have an important role to
play. Potentially being similar to what qMT experiments offer with the macromolecular
proton fraction: a truly quantitative approach for myelin-sensitive imaging (7-13). A
prerequisite to this validation stage is to derive a robust, contrast-optimized and sensitive

technique for preclinical ihMT investigations; this constitutes the core of the current work.

The ihMT signal corresponds to the difference in saturation transfer between single
frequency-offset and dual frequency-offset saturation performed with the same RF power. A
theoretical model for ihMT has been proposed with the inclusion of a dipolar reservoir in the
existing two-pool model for MT, which allowed interpreting the inhomogeneous MT signal as
a dipolar order effect within motion restricted molecules (14). The name inhomogeneous MT
was intended to reflect the non-uniform saturation of the spectrum of a line when single
frequency off-resonance power is applied. This terminology has been questioned (15), since

inhomogeneous has been used in the solid-state magnetic resonance literature to indicate

http://mc.manuscriptcentral.com/nbm
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broadening of dipolar systems induced by external factors (16), particularly those permitting
hole burning in the spectrum, and separately certain quantum properties of the system under
magic angle spinning (17). In contrast, the basic underlying physical model of the ihMT
effect, which relies on dipolar order theory (14), is generally accepted (15,18). For lack of an
obviously more specific name and for consistency with the prior literature on ihMT, we retain
the name inhomogeneous MT and use the word inhomogeneous to reflect lines whose

spectrum can be non-uniformly saturated with single-offset RF.

Dipolar order may in principle be encountered in various tissue structures, providing
that averaging is slowed down by motional restriction. Dipolar order is characterized by a
dipolar relaxation time, 7;p and its associated fraction, f within the bound pool. In the
framework of ihMT, the finite lifetime of the dipolar order, i.e. T;p, indicates the duration of
the homogenization process within the line. Long 7, values associated with a large fraction
of the semi-solid pool are responsible for the highest ihMT ratio (ihMTR) obtained in
myelinated WM structures. It is however possible to reveal ihMT signals in very short 7jp
tissues when using high saturation power levels. This property has not been fully appreciated
in our previous human studies (1,3) because these were focused on areas of interest located in
the brain and relatively low power intensities were used, as imposed by regulatory energy
deposition limitations. Conversely, preliminary studies performed on mice using high power
levels have evidenced a non-negligible ihMT signal in muscle (19) and in vitro studies also
revealed non-zero ihMT signal in short 7;p components such as wood or hair (15). In this
context it is appropriate to envision ihMT as a T;p-weighted imaging modality, for which

various contrast regimes and tissue sensitivity could apply.

In this study, we introduced the concept of T;p—filtered ihMT imaging and used it to
optimize the contrast of preclinical ihMT images, obtained on mice at 11.75T using a 2D

pulsed ihMT fast imaging sequence (1,3). The dual saturation scheme was adjusted to vary

5
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the 7;p weighting in order to remove the ihMT signal contribution from a certain range of low
T;ps while maintaining signal from the longer 7;ps components. This 7;p—filtering concept
was first illustrated in vitro on phantoms and further used in vivo to attenuate the ihMT signal
of the shorter 7;p muscle components, while preserving high signal from long-7;p myelinated
structures, overall enhancing the contrast of ihMT for these particular structures. Optimization
of the ihMT sensitivity was achieved by adjustment of the saturation frequency offset and the
other RF timing and power parameters. Finally, the resulting optimized 7T;p-filtered sequence
was used to establish a reference database of ihMTR values in normal mouse CNS along with

relative ihMT contrast values between various structures.

Material & Methods

Animal experiments

Animal studies were conducted in agreement with the European Council Directive
2010/63/EU, 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. After isoflurane induction in an anesthetic chamber at 3%, healthy female
C57BI1/6] mice (10-20 weeks, 23+£2¢g) were maintained under anaesthesia by spontaneous
respiration of a mixture of air and isoflurane (1.5%, constant flow 300mL/min, Univentor 400
anesthesia unit, Zejtun, Malta), through a dedicated nose cone. Respiration and temperature
were controlled throughout the experiment with a MR compatible monitoring and gating
system (SA Instruments, Stony Brook, NY). A heating blanket connected to a water bath
system was placed on the mice’s back to maintain physiological temperature throughout the

whole experiments (T=37.0%0.5°C).
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MR setup

In vivo experiments were performed on a preclinical 11.75T scanner (Bruker Avance 500
MHz/89 mm wide bore vertical imager, Ettlingen, Germany) with a transmit/receive volume
birdcage coil (Bruker, Ettlingen, Germany; length L=30 mm, diameter ®¥=20 mm). Prior to
ihMT data acquisition, first and second order shimming was achieved using the Bruker
Fastmap procedure in a 11.5x11.5x11.5 mm’ 3D volume covering the entire mouse brain. By
maps were then acquired using the Bruker FieldMap procedure, based on the acquisition of a
3D double gradient echo dataset (TE;/TE,=1.5/5.5ms, matrix 96x64x64, FOV 30x20x20

mm’).
Pulsed ihMT sequence

The ihMT signal generation relies on the comparison of two different MT weighted images
(1): one using a single frequency-offset (+Af), leading to the saturated image MT", and the
other using a dual frequency-offset (+Af and —Af) using identical total energy, leading to the
saturated image MT . In order to compensate for MT asymmetry effects, two additional
single (MT") and dual (MT ") frequency-offset acquisitions are acquired so that the final

ihMT image is generated by the following combination:
ihMT = MT* + MT~ — MT* — MT™ Equation 1

At ultra-high magnetic field strength, efficient correction of MT-asymmetry signal
contributions also requires the frequency offsets Af to be applied relative to a frequency
center, fc, slightly shifted to fc=-100Hz from the free water resonance frequency (19). The
ihMT ratio is defined by ihMTR = ihMT/S,, where S, is the signal measured with RF

saturation power set to zero.
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A pulsed ihMT preparation module similar to that previously described for human studies (3)
was implemented under Bruker Paravision 5.1 software (Fig 1). The saturation was achieved
with a pulse train consisting of several frequency-shifted Hann-shaped pulses (duration PW)

repeated every At during a total saturation duration 7 (total number of pulses given by 7/Af),

and which deposited a total RF energy proportional to Ezg, with Erp = Blz,RMS(p) X T X % =

Bfrus X T (in uTes). B rus(p 1s the root mean square B calculated over a single pulse and
B rus 1s that calculated over the whole saturation period. Crusher gradients were inserted

between saturation pulses.

Single frequency-offset saturation MT" or MT images were acquired with the frequency of all
the saturation pulses applied at +A4f or —Af respectively (Fig la). Dual frequency-offset
saturation MT"" MT ! "Yimages were obtained either by using cosine-modulated (CM) Hann-

shaped pulses (Fig 1b) or by alternation of the frequency of consecutive pulses (Fig 1c).
MR imaging

A 2D single-slice single-shot fast imaging readout (RARE - rapid acquisition with relaxation
enhancement) was used following the pulsed ihMT preparation with the imaging parameters:
I mm slice thickness, 20 mm field of view (FOV) and 64x64 image matrix (pixel resolution
of 0.31x0.31 mmz), min TE and echo spacing 1.82 ms, TE.s=12.74 ms, RARE factor=38,
partial Fourier acceleration=1.7, linear phase encoding, bandwidth=400 kHz, TR=3s. The
acquisition train length was ~70 ms. Imaging was performed in the axial direction for the

studies dedicated to the investigation of the saturation parameters.

Post-processing

http://mc.manuscriptcentral.com/nbm
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Magnitude data were processed using Matlab (vR2012, The MathWorks Inc., Natick, MA)
custom routines. Mean ihMT and MT ratios (iZMTR as defined above and MTR=1-MT"/Sy)
and standard deviations of the mean ratios calculated across animals were measured in
Regions-Of-Interest (ROIs) selected in both brain hemispheres in several WM and GM areas,
including the internal capsule (IC), the corpus callosum (CC) and cortical gray matter (cGM).
A ROI was also selected in the muscle (Mu) area in order to assess the ihMT specificity for
myelinated tissues relative to a reference short-7;, unmyelinated structure. See Fig 3a for the
ROI localization. Relative iZMTR contrasts (defined as the ratios of the iAMTR values
measured in two distinct structures) and contrast-to-noise (CNR) ratios (defined as the
difference of ihMT signals between two structures divided by the noise of the ihMT image)

were also evaluated for specificity considerations.
Principle of 7T;p-filtered ihMT imaging

By comparing a single frequency-offset MT image, whose expression contains a term
related to T;p (Eq. 10 of (14)) with a dual frequency-offset MT image, whose expression is
free of any T;p contribution (Eq. 6 of (14)), the dipolar contribution is isolated from
traditional MT and is revealed in the ihMT signal combination. In other words, dipolar order
effects associated to non-trivial 7;p components (i.e. 7;p # 0) are created with single offset
RF saturation, whereas they are ideally constrained to zero with a perfect dual offset RF
saturation. Sensitivity of the ihMT signal to 7;ps can hence be adjusted by modulating the
efficiency of the dual frequency-offset saturation. This latter may be performed in two
different ways (1): 1) using a cosine-modulated envelope for the shaped MT pulses, which
corresponds to a simultaneous saturation at both frequency bands (Fig 1b); and 2) using a
frequency alternated pulsed approach for which each frequency offset is excited sequentially

(Fig 1c). The first approach may be considered as a genuine dual frequency-offset saturation
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for which the dipolar order is actually decoupled from the Zeeman order (14), hence
providing the largest signal difference with the single frequency saturation experiment, and
leading to strong ihMT signal. Alternatively, the second approach, which approximates a dual
frequency-offset saturation, adds an extra degree of freedom corresponding to the time
between two consecutive pulses (At) at alternated frequency offsets. In the following, At is
referred to switching time. When the switching time increases, the ihMT signal decays (Fig 5f
of (19)) because of T;p relaxation. For the sake of illustration, in the limiting case where this
switching time increased towards infinity, the “dual-frequency” saturation scenario would
become equivalent to the single-frequency one and the ihMT signal would naturally vanish. In
a separate work, we reported a theoretical model for this decay, which combined with a
modified version of the dual saturation, based upon the insertion of several pulses at one
frequency before alternating to the opposite one, allowed in vivo estimations of 7;p values
(20). Here instead, for 7)p-filtered ihMT imaging, we used a dual saturation scheme with
single pulse at alternating frequency (Fig 1c) and adapted switching time, A¢. Increasing the
switching time, A4¢, increases the time at which the dual-offset saturation could be considered
effective. Hence, fixing A4¢ should allow T;p-weighting of the ihMT signal, by reducing the
ithMT signal of components with 7;,<A4t. Conversely, when the dual-frequency saturation is
achieved by means of cosine-modulated pulses (length PW, Fig 1b), the ihMT signal is
sensitized to shorter 7;p value components and minimal 7 p-filtering is achieved.

T;p-filtered ihMT imaging was illustrated in vitro on a phantom composed of hair conditioner
(Le petit Marseillais®) (hc) and agarose 4% (ag4%). Hair conditioners, whose major
components are suspensions of fatty alcohols, which form lamellar structures of methylene
chains (21) have shown strong ihMT effects. Whereas no conclusion regarding neuroimaging
can be derived from ihMT experiments on hair conditioners, these latter can be
advantageously used for technical set up and adjustment purposes (1). T;p values of sc and

10
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agarose 4% were estimated to 7;5=16.1£6.0ms and to 7;p=1.6+£0.3ms respectively, by fitting
experimental data to an extended ihMT normalized model as outlined in (20). A single At
value (At =1.3ms) was used for dual frequency-offset saturation performed with cosine-
modulation for which no Tp filtering is expected, and A¢ =1.3ms, 2.3ms, 3.3ms, 4.3ms,
5.3ms and 7.3ms were used for dual frequency-offset saturation performed with alternating
pulses. Other ihMT saturation parameters were: Af=+10kHz, PW=Ims, B;rys=6.7uT and

7=0.9s leading to Ezzg=40uT".s. Experiments were conducted at 25°C.

In vivo experiments

Optimizing the ihMT contrast with T,p-filtering imaging

Values of T;p in mouse tissues were estimated with the technique outlined in (20) to
T;p=6.1£0.8ms in internal capsule, 7;p=5.6£1.2ms in cortical gray matter, and
T:p=2.240.6ms in muscle. The proposed 7;p-filtering strategy was thus used to attenuate the
ihMT signal of the shorter 7;p components, represented by muscle here, while preserving
high amount of signal of long-7;, WM and GM, overall optimizing the contrast of ihMT for
these myelinated structures. /n vivo T)p filtering was performed on 3 mice with the same
parameters as those used for phantom experiments. Thirty averages (NEX=30) per tested
parameter value (acquisition time ~ 8 minutes) were acquired in order to increase the signal-

to-noise.
Optimizing the ihMT sensitivity

This experiment was performed on 3 mice and the dual-frequency offset saturation was
achieved with the frequency alternated pulsed approach (Fig Ic). The effects of all the

relevant parameters for ihMT preparation, i.e. frequency offset (4f), timing parameters (PW,

11
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At and ¢) and RF power of the ihMT saturation, were investigated. The range of tested
parameters was limited to: 6kHz < Af' < 20kHz, Ims < PW < 3ms, 1.3ms < A7 < 3.3ms and
Sul’.s < Erg < 58uT’.s. These Eqg values were achieved either by varying B, gus (2.4ul <
B rus < 7.4uT) at fixed total saturation time (7=0.%) or conversely, by varying 7 (0.25s <t
< 1.3s) at fixed Bjrys (B1rus=6.7uT). Note that for experiments performed at variable 1, a
TR of 9s (i.e. full-relaxation conditions) was used. In order to evaluate the effect of a given
parameter, it was varied independently whilst keeping the other parameters constant. All sets
of parameters examined are reported in table 1 and were acquired with 30 NEX (acquisition

time ~ 8 minutes per tested parameter value).
Reference ihM TR measurements in mouse CNS

Following the previous sensitivity and specificity characterization, reference 2D ihMT RARE
images, with alternating pulses for dual frequency-offset saturation were sequentially acquired
in coronal, axial (2 slices) and sagittal directions on 4 mice with Af=+10kHz, PW=3ms,
At=3.3ms, B pus=6.7uT, 7=0.9s and Erz=40 uT".s. ThnMT images were averaged 180 times
(NEX=180, total acquisition time ~45 minutes) to improve SNR. This experiment allowed the
establishment of a reference database of ihMTR/MTR values in trigeminal nerves (TN), brain
white matter (internal capsule — IC, fornix — Fo, corpus callosum — CC, fimbria — Fi,
cerebellum — Ce, external capsule — EC), brain gray matter (colliculi — Co, striatum — CPU,
cortex — cGM), brain mixed structure (brain stem — BS, thalamus — Tha) and spinal cord gray

and white matter (SCGM, SCWM). See Fig 6 for the ROI localization.

Results

Principle of 7T;p-filtered ihMT imaging

12
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Principle of Tp-filtered ihMT imaging is illustrated in vitro in Figure 2, which shows ihMT
images (Fig 2a) and variations in ihMTR (Fig 2b) measured in he (long 7;5"~16ms) and
ag4% (short T;p"¢**~1.6ms) for different values of Az. For short and long 7;p components, the
use of cosine-modulated pulses (i.e. simultaneous dual frequency-offset saturation) resulted in
the highest ihMTR values (Fig 2b, ihMTR™=42% and ihnMTR*¥*"*=3.4%). T;p-filtering of the
ithMT signal was evidenced in the dynamics of ihMTR with increasing A¢ when using
alternating pulses for dual frequency-offset saturation: ihMTR values of the short-7;p ag4%
reduced to ihMTR*"*=2.7% at Ar=1.3ms, were further divided by a factor greater than 2 at
At=3.3ms  (iIhMTR*™**=1.1%) and tended towards zero for longer At values
(ihMTR*$*"°<0.5% for Ar>4.3ms). Conversely, for the long-Tp he, the studied variation of At
had lower effect on the ihMTR values: ihMTR™=41% at Ar=1.3ms, ihMTR"™=38% at

At=3.3ms and ihMTR™=32% at At=6.3ms.

In vivo optimization of the ihMT contrast with T;p-filtering
imaging

In vivo Tp-filtered ihMT imaging is highlighted in Figure 3, which shows a mouse brain 7’p
map (Fig 3a), ihMTR maps for different At values (Fig 3a) and the corresponding ihMTR
values measured in IC, cGM and Mu (Fig 3b). Similarly to in vitro experiments, higher
ithMTR values were obtained when the dual frequency-offset saturation was performed with
cosine-modulated pulses yielding to ihtMTR'“=7.5%, ihMTR“™=4.2% and ihnMTRM"=3.8%.
This corresponded to relative ihMTR contrast ratios of ~1.8 between IC and cGM, of ~2.0
between IC and Mu and of ~1.1 between cGM and Mu (Fig 3c). For the alternating dual
frequency saturation implementation, tihMTR values decreased with increasing At (Fig 3b),

but the relative ihMTR contrast between myelinated and non-myelinated structures was

13
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enhanced (Fig 3c), as a consequence of stronger T;p—weighting introduced with longer Tp
values (Fig 3a). In particular, At values >3.3ms allowed filtering of the ihMT signal in muscle
(ihMTRMu <1%, T 1DMM=2.2iO.6ms), hence reinforcing the relative IC/Mu and cGM/Mu
contrasts (Fig 3a, blue and black curves of Fig 3c). The relative contrast between IC and cGM
was relatively insensitive to At variations, as illustrated by little changes in the IC/cGM
ithMTR ratios (~ 2) with increasing At (Fig 3c, red curve). Contrast-to-noise ratios measured
between the same structures (Fig. 3d) showed moderate decrease for At<3.3ms, and a big drop
for At>3.3ms. These results suggested that when T7)p-filtering is necessary, At=3.3ms
represents a good configuration for enhancing the contrast between myelinated structures and
others. With these settings relative ihMTR contrast ratios of ~5.0 for IC/Mu and ~2.3 for
cGM/Mu were obtained with a reduced loss of sensitivity in mouse brain
(hMT'“=(5.0+0.1)%, ihMT“M=(2.3£0.2)%). If one is interested by WM/GM contrast
analysis and not concerned with muscle signal, then At of 1.3ms may be more appropriate,

offering higher CNR and higher ihMTR values.
Optimizing the ihMT sensitivity

The sensitivity of ihMT as a function of A4f, PW, At, B; rus and 7 is reported in Figs. 4-
5. Variation of ihMTR with frequency offset in myelinated tissue provided bell-shaped curves
with maximum values obtained at different Af values depending on the brain tissue (Fig 4a-c).
For a saturation power of B; gys=6.7uT, maximum ihMTR values were obtained at Af'=10kHz
for IC, at Af =10-12kHz for ¢GM, and at Af =12kHz for CC. For muscle (Fig 4d), the
maximum occurred for Af>18kHz. Interestingly, for all structures, the frequency offset
corresponding to the maximum ihMTR value tended to shift to higher values when the

saturation power increased (e.g. in IC: for B; gys=5.1uT, ihMTR™=4.5% at Af=8-10kHz, for

14
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B rus=6.7uT, ihMTR™=5.2% at Af =10kHz and for B; ras=8.4uT, ihMTR™=5.3% at Af
=12kHz). These results suggested that Af values of ~10-12kHz and saturation power B; grus
>6.7uT can maximize the ihMT signal in WM/GM structures while maintaining a low value

in muscle.

At fixed B; rus, little difference was observed in ihMTR values for increasing PW and
constant At (Fig 5a), whereas ihMTR values clearly decreased when increasing At (Fig 5b),

again confirming the role of At as a determinant of 7, filtering.

In WM and GM, ihMTR values tended to saturate for B; zys>61 T, whereas in Mu,
they kept increasing with increasing B; rys (Fig 5c). For increasing 7and fixed B, gys=6.7uT,
ithMTR values reached their maximum for 7~900ms and further slightly decreased for

>1000ms (Fig 5d).

Reference T;p-filtered ihM TR measurements in mouse CNS

Figure 6 shows typical MTR maps (left column) and ihMTR maps (right column)
(NEX=180) obtained in axial, coronal and sagittal directions with optimized parameter
settings: Af=x10kHz, PW=3ms, At=3.3ms, Bjrus=6.7uT, Er=40 ,uTZ.s and 7=0.9s. A
reference database of ihMTR and MTR values in CNS structures measured in such images
(location indicated in MT" images, Fig 6 middle column) is presented in table 2 and the

relative ihMTR contrasts calculated between all structures are reported in table 3.

Discussion

This study aimed at optimizing the contrast and the sensitivity of ihMT in the context of
preclinical investigations of the mouse CNS using 7;p-filtering strategy in combination with

adapted saturation parameters.

15
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The variations of ihMTR with changes in Af (Fig 4), B; rus (Fig 5¢) and 7 (Fig 5d) in
the different mouse brain structures are in good agreement with theoretical expectations. In
particular, both the ihMTR bell-shape curves shifting to higher Af values when increasing
B rus, the trend of ihMT signal saturation at high B; zys and the decrease of ihMTR values
for long saturation time 7, were predicted by the theoretical model (14). However,
experimental data showed that the saturation of ihMT signal started at lower B; gus values
(Bi.rus™6uT) than those predicted by the simulations (B; gys>10uT). By rus values at which
saturation occurred in experiments corresponded to root-mean-square pulse powers B; russg)
of ~7uT and higher. These results are in agreement with those previously reported on humans
with a similar ihMT sequence (Fig 6 in (3)), which showed saturation of the ihMT signal in
human WM/GM for Bjrusy) values as high as ~8uT. Further support for ihMT signal
saturation at high RF pulse power was highlighted in Fig 5a, which showed little difference in
thMTR for fixed B, zys when varying PW, and hence upon varying B; rusp). The apparent
mismatch between the current theoretical model prediction and the experimental results
strongly suggests that the instantaneous RF power deposition occurring during PW should be
taken into account to refine the ihMT model, and should lead to more accurate prediction of
the ihMT signal behavior vs. sequence parameters. Consideration of this factor should also
allow investigating new strategies of power deposition in order to further optimize the ihMT

sensitivity.

The variations of ihMTR with Af values obtained in this study (Fig 4) provided
additional support for an effect of the angular orientation of white matter relative to the main
magnetic field. This was suggested in our previous studies and illustrated by an ihMT signal
only visible in the corpus callosum (axons lying mainly perpendicular to the magnetic field) at

high frequency offset (4/=21kHz) (1,14). Here, the steeper decrease of ihMTR with Afin IC
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(axons lying mainly parallel to By) compared to that in CC resulted in similar ihMTR values
for A=20kHz, further suggesting that above this frequency offset, inversion will occur and
ithMTR values will be higher in CC. Previous MT experiments also reported a dependence of
gMT derived parameters (e.g. T»5 - T, of bound protons) with white matter anisotropy (22,23).
Hence, the results obtained here warrant further investigations in order to interpret the white
matter anisotropy effect on ihMT and evaluate to what extent it is a potential confound for

ithMT quantification.

Absolute ihMTR values in mouse brain and spinal cord WM measured in this study
were ~1.5-2 times smaller than those reported in humans at 1.5T in similar structures (2,3).
The low resolution used in this study, and consequential partial volume effects, might have
led to underestimated values, thus explaining, at least in part, these differences. Given that
identical ihMT MR sequences were used for humans and animal studies and that, slightly
higher ihMTR values would be expected at higher magnetic field strength due to longer Tls
(Fig. S1), the reasons for lower ihMTR values could be related to physiological differences
between species. The mouse WM dipolar relaxation time 7 is only slightly shorter than that
of human (7;p~6.1ms vs T;p~6.3ms) whilst the measured fraction f of the bound pool with
dipolar order is almost halved (20). This suggests differences in the composition and/or the
structure of the WM compounds to which ihMT is sensitive. The rich-lipid composition (70%
lipids, 30% proteins) (24) and unique structure (molecular lipid-bilayer membrane tightly
wrapped around axons) of myelin, which constitutes 40-50% of white matter, is thought to
favor the ihMT effect. Similarities in the composition of myelin main lipids were found
between mammalian species with a few exceptions (4). Thus, whereas both human myelin
and mouse myelin have similar cholesterol content (~27% of total myelin lipids) and
comparable galactolipids (cerebroside and sulfatide, ~27% of total lipids), differences in

phospholipid content (~45% of total lipids) were noticed. In particular, mouse myelin has 2-3
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times less sphingomyelin but more phosphoglycerides than human myelin (25-27).
Sphingomyelin and other sphingolipids (cerebrosides, sulfatides) mainly contain long-chain
(>19 carbon atoms) saturated fatty acids (28), which contribute to a closely packed, highly
stable membrane structure. In contrast, numerous mid-chain (<19 carbon atoms) unsaturated
fatty acids present in phosphoglycerides contribute to a more loosely packed, less stable
structure due to weaker binding interactions between neighboring molecules (29). Less
sphingomyelin and more phosphoglycerides may lead to higher fluidity properties of the
mouse myelin structure, which could favor the mechanisms of spectral homogenization of the
corresponding broadened lines and thus reduce ithMT effects. Another major difference
between human and mouse experiments are the use of anaesthetics, which may induce
changes in myelin structure (30), and hence affect the ithMT signal. Performing ihMT
phantom experiments on lipid components of myelin (31) and in vivo on animal models with

deficiency of myelin lipids (25,26) would help in validating/invalidating these hypotheses.

Although this study did not address the source of ihMT contrast, it confirms that most
components with non-trivial 7;p can be revealed by the ihMT technique (14,15), provided that
the saturation parameters are appropriately chosen. In the original ihMT paper (1), with an
experimental design slightly different than that of this study, we concluded that dual
saturation achieved by cosine-modulated pulses or alternated pulses approach yield similar
metrics. However the present study demonstrated that both approaches are essentially
different, addressing different tissue components, and measuring potentially different metrics.
Hence, simultaneous dual frequency-offset saturation approach by means of cosine-modulated
pulses provided significant ihMT signal in short 7;p components such as muscle (7;p
~1.6ms), suggesting that this strategy could enable in vivo studies of ihMT in tissues other
than those found in CNS. Conversely, alternating pulses for dual saturation enables 7;p-

filtered ihMT imaging, which can be exploited to enhance the contrast between tissues with
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different 7;p values. This may be seen similar to T,-weighting imaging achieved with
increase of the echo time of spin-echo based sequences and used to filter the signal of short T,
components. Here, the short-7;p muscle signal was filtered by means of increase of the
repetition time between consecutive RF pulses of the dual saturation, thereby optimizing the

contrast for longer 7;p myelinated WM and GM structures (Fig 3a).

One important finding derived from experiments using alternating pulses for dual
saturation is that, whereas absolute ihMTR values in CNS changed with saturation
parameters, the relative WM/GM ihMTR contrasts were particularly robust to them, as
illustrated by the little differences observed between the ratios of WM/GM ihMTR values
(~2) measured over the whole range of investigated saturation parameters. Of particular
interest, this relative ihMTR contrast of ~2 associated with a low sensitivity to 7;p-filtering
when increasing At (Fig 3¢, red curve), supports the close WM and GM T values estimated
in vivo (T 1D1C=6.1 +0.8ms, T IDCGM =5.6£1.2ms) (20) and is consistent with associated fractions
of bound pool, £, almost doubled in WM compared to that in GM (14). In other words, the
bound pool fraction associated to the long 7;p of brain tissue is the dominant source of ihMTR
contrast between WM and GM. These results however differ with measurement from a recent
study, which found shorter 7;p values in GM compared to WM using a Jeener-Broekaert
echoes (18) technique applied on a fixed bovine spinal cord. T;p in fixed tissue specimens
may differ from in vivo values. One should also note that unlike the Jeener-Broekaert echoes
technique, which estimates 7;p values based on the superposition of decay of all components,
the fitting technique used for in vivo measurements (20) is biased towards long values as
components with short 7}, are filtered before signal acquisition. GM Tp could be composed
of a long T;p component correctly estimated by the fitting technique, and a short 7)p
component filtered by the fitting technique. The robustness of relative ihMTR contrasts in

brain to experimental settings may be particularly advantageous as assessment of the

19
http://mc.manuscriptcentral.com/nbm



O©oOoONOOPAWN =

NMR in Biomedicine - For Peer Review Only

quantitative pair of parameters 1 Tip, f F (which requires acquisitions at different frequency
offsets and power levels (14) and potentially dual frequency switching times) may not be
required for practical characterization of CNS tissues with ihMT. For that purpose, the use of
short At values or in the limiting case of the cosine modulated approach, would have the
advantage of providing higher ihMTR and CNR values (Figs. 3b,d). However, one should
notice that this would sensitize the ihMT images to shorter 7;p value components, thereby
potentially modifying the source of contrast as compared to 7;p-filtered conditions. Signs of
this effect can be seen with the use of CM for dual saturation. The lower relative WM/GM
contrast value (~1.8 v.s 2 for alternated pulses) seems to indicate that short 7;p components
participate more to the GM ihMT signal compared to that of WM. Overall this opens the
questions of the specificity of ihMT signal and its relationship with myelin. Further studies
will address this question by looking for correlations between relative ihMTR contrasts
(and/or ihMTR values) and gold standard myelin density measurements such as assessed by
quantitative histology. In this context, the strong similarities between the ihMTR maps
obtained in this study (Fig 6) and the bound pool fraction maps in rat brain, derived from
gMT experiments, and which has been shown to correlate with myelin density maps (13), are

very promising.

More generally, the reinforced contrast for WM structures obtained with ihMT at
11.75T are of very significant importance in the context of high-magnetic field preclinical
imaging, where more common myelin-sensitive techniques such as T1-weighted imaging or
standard-MT based imaging (32) tend to lose contrast(33—35) due to uniform increases in T1
values of brain structures (36). Contrast-enhanced strategies by injection of gadolinium or
manganese have been proposed for improving the mapping of myelin-rich WM structures
using MT MRI at high magnetic field (37,38). Quantitative maps of the bound pool fraction

extracted from multi-parametric qMT methods provide similar brain tissue contrast to that of
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ihMT, but at the cost of time-consuming experiments and/or more sophisticated post-
processing (13,39). From a practical point of view and compared to qMT experiments, the
implementation of ihMT described in this study suffers from low time efficiency, low spatial
resolution and limited volume coverage. However strategies for 3D ihMT imaging have
already been developed for humans (40,41) and can be duplicated for preclinical
investigations. The ithMT contrast is preserved at high magnetic field as its underlying
mechanisms are related to dipolar order effects within bound molecules, which do not scale
directly with By, Hence, the relationship between ihMTR and the saturation parameters is
mostly independent of field strength, even though a slight increase of absolute ihMTR values
can be observed when magnetic field increases due to 7 increase of free water protons (Fig.
S1). Since preclinical scanners typically operate in a closer range of magnetic field strengths
(7T<By<11.757), differences in absolute ihMTR related to magnetic field strengths should be
reduced, overall making the contrast/sensitivity optimization results of the current study
highly reproducible, and directly transposable and applicable to other preclinical magnetic
fields and scanners. Finally, a practical advantage of ihMT and its pronounced contrast
features could be its potential for automatic brain structure extraction. For example, with the
parameter set corresponding to Fig. 6, a 3.5-threshold of ihMTR values would mask all
structures except WM ones. Such potential may further facilitate automatic whole-brain
measurements and eliminate time-consuming manual image analysis in serial high-volume

small animal studies.

Conclusions

A 2D pulsed ihMT prepared fast imaging sequence was implemented at 11.75T for preclinical
studies on mouse CNS. A strategy based on filtering the signal of short 7, components and
achieved by proper tuning of the repetition time between consecutive RF pulses of the dual

saturation was used to optimize the ihMT contrast for long 7;p myelinated structures.
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Furthermore frequency offset, power and timing saturation parameters were adjusted to
optimize the ihMT sensitivity, providing measurements of ihMTR in mouse CNS for future
reference. Typical tihMTR values on the order of 4-5% in WM, 2.5% in GM and 1-1.3% in
muscle were obtained, thus leading to high positive relative ihMTR contrasts between
myelinated tissues and other tissues (~3-4 between WM and Mu, and 22 between GM and
Mu). Of particular importance, the relative ihMTR contrast between WM and GM (~ 2)
appeared to be relatively independent of the saturation parameters, supporting similar 7;p
values in both brain structures. Hence, for WM/GM analyses minimizing 7T;p-filtering by
using short At value (e.g. At=1.3ms) may be a good option, offering higher CNR and higher
ithMTR values. These results are of great significance and represent a first milestone in the

process of validating ihMT as a biomarker of myelin.
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Table 1. Saturation parameters varied in optimization experiments.
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Variable Parameter

Parameter Value

Af (kH?z) B rus (uT) PW/At (ms/ms) 7 (s) Erg (uT?s)
6:;8;10;12;14 ) . . .
Fig. 4 Af 1618 ; 20 5.1;67;84 3/3.3 0.9 23,40 ;60
Fig. 5a PW 10 6.7 1/3.3;2/3.3;3/3.3 0.9 40
Fig. 5b (PW, At) 10 6.7 1/1.3;2/2.3;3/3.3 0.9 40
24;33;4.7;58; 5;10;20;30
Fig. 5¢ B rs 10 6.7 7.4 3133 0.9 £40; 50
0.25; 0.5;
Coo | 11522531
Fig. 5d 1' 10 6.7 3/3.3 (171, (1.9, 4049 ; 58
;1.3
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1
2

3 Table 2. Quantitative ihM TR and MTR values in mouse CNS.

4

5 IhMTR and MTR values measured in CNS structures indicated in Figure 6. Values are
6 reported as mean+group standard deviation (N=4 animals)

7

8 (a) measured on axial images;

?0 (c) measured on coronal images;

11 (s) measured on sagittal images;

12 (a-c) mean of measurements on axial and coronal images;

13 (c-s) mean of measurements on coronal and sagittal images;

14 (a-c-s) mean of measurements on axial, coronal and sagittal images;

15

16 mean ihMTR (%) mean MTR (%)
17 + group standard deviation + group standard deviation
18 SCWM__ (5) 5.420.2 40.3£3.2
;g _ e (@) 49403 44.550.7
o1 £ | TN (a) 4.8+0.2 43.6+1.0
5o g | Fo (s) 4.1£0.4 40.9+1.3
o3 2 |Fi () 4.0+0.2 39.3+0.7
24 § CC (a-c-s) 3.9+0.2 40.9+0.4
o5 Ce (c-s) 3.420.1 43.6+1.3
26 EC (a-c) 3.30.2 42.6x1.0
27

28 T | BS (s) 5.2+0.3 43.6+1.7
29 &

30 Tha (s) 3.3+0.2 41.7+1.0
g; 5 SCGM  (s5) 4.1+0.2 39.8+3.3
gi § Co (c-s) 3.6x0.2 42.6+1.2
35 ;_r CPU (c) 3.4+0.2 41.1£1.0
g? ©leem (a) 2.4+0.2 41.4+0.4
gg Muscle  (a) 1.3+0.2 60.3+0.6
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43
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Relative ihMTR contrasts between 2 structures are defined as the ratio of ihMTR values of 2 structures. E.g. (in bold): ihMTR contrast between
IC and Mu is 3.8; 2.0 between IC and cGM; 1.9 between ¢cGM and Mu and 1.3 between SCWM and SCGM.

GM Mixed WM
Muscle | ¢cGM CPU Co SCGM Tha Bs EC Ce CC Fi Fo TN IC SCWM
Muscle 1.9 2.6 2.8 3.2 2.6 4.0 2.5 2.6 3.0 3.1 32 3.7 3.8 4.2
+.3 +.3 +.3 +.3 +.3 +.3 +.3 +.3 +.3 +.3 +.3 +.3 +.3 +.3
cGM 1.4 1.5 1.7 1.4 2.2 1.4 1.4 1.6 1.7 1.7 2.0 2.0 2.3
+.1 +.1 +.1 +.1 +.2 +.1 +.1 +.1 +.1 +.2 +.1 +.2 +.1
CPU 1.1 1.2 1.0 1.5 1.0 1.0 1.1 1.2 1.2 1.4 1.4 1.6
= +.1 +.1 +.1 +.1 +.1 +.0 +.1 +.1 +.1 +.1 +.1 +.1
Qo Co 1.1 0.9 1.4 0.9 0.9 1.1 1.1 1.1 1.3 1.4 1.5
+.1 +.1 +.1 +.1 +.0 +.1 +.1 +.1 +.1 +.1 +.1
SCGM 0.8 1.3 0.8 0.8 1.0 1.0 1.0 1.2 1.2 1.3
+.1 +.1 +.1 +.0 +.1 +.1 +.1 +.1 +.1 +.1
= Tha 1.6 1.0 1.0 1.2 1.2 1.2 1.5 1.5 1.6
1 +.1 +.1 +.0 +.1 +.1 +.1 +.1 +.1 +.1
E Bs 0.6 0.7 0.8 0.8 0.8 0.9 0.9 1.0
+.0 +.0 +.0 +.0 +.1 +.0 +.1 +.0
EC 1.0 1.2 1.2 1.2 1.5 1.5 1.6
+.0 +.1 +.1 +.1 +.1 +.1 +.1
Ce 1.1 1.2 1.2 1.4 1.4 1.6
+.1 +.1 +.1 +.1 +.1 +.1
CC 1.0 1.1 1.2 1.3 1.4
+.1 +.1 +.1 +.1 +.1
s Fi 1.0 1.2 1.2 1.4
+.1 +.1 +.1 +.1
a Fo 1.2 1.2 1.3
+.1 +.1 +.1
TN 1.0 1.1
+.1 +.1
IC 1.1
+.1
SCWM
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Figure Legends

Fig 1. Pulsed ihMT saturation preparation. (a) Single frequency-offset (+Af) saturation,
(b) Cosine-Modulated pulses for simultaneous dual frequency-offset (+Af/-Af) saturation. (¢)
Frequency alternating pulsed approach for dual frequency-offset saturation.

Fig 2. In vitro Tip-filtered ihMT imaging. a) ihMT images (in a.u.) obtained in long-7p hc
(up) and short-T;p agarose 4% (bottom) for dual frequency-offset saturation achieved with
cosine-modulated pulses (CM, first image from the left) and for frequency alternating pulses
with increasing values of At. b) Corresponding ihMTR values measured in hc (red curve,
scale ranging from 0-50%) and agarose 4% (black curve, scale ranging from 0-5%). Error
bars correspond to in-ROI standard deviation. Other saturation parameters were PW=1.0ms,
=0.9s, B; rps=06.7uT and Af=10 kHz.

Fig 3. In vivo T;p-filtered ihMT imaging. a) M, image including location of IC, cGM and
Mu structures (up left). Typical mouse brain 7;p map (bottom left) obtained using the method
described in (20) and showing long T;p values in WM, GM structures and short 7;p values in
muscle. IhnMTR images (in %) obtained for dual frequency-offset saturation achieved with
cosine-modulated pulses (CM) and for frequency alternating pulses with increasing values of
At are shown on the right. b) Quantitative ihMTR values measured in IC (red curve), cGM
(orange curve) and Mu (green curve) and c-d) corresponding ihMTR contrasts and CNR
(between IC and Mu — blue curve, cGM and Mu — black curve and IC and cGM — red curve).
Error bars correspond to group (N=3) standard deviation. Other saturation parameters were
PW=1.0ms, 7=0.9s, B; pus=06.7uT and Af=10 kHz.

Fig 4. Sensitivity optimization (effect of frequency offset). Variation of ihMTR values (in
%) with frequency offset Af (in kHz) in IC (a), CC (b), cGM (¢) and Mu (d) for different
values of B gys. Error bars correspond to group (N=3) standard deviation. Other saturation
parameters were PW/At=3/3.3ms and 1=0.9s.
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Fig 5. Sensitivity optimization (effects of RF saturation pulses). Variations of ihMTR
values in IC (red curves), cGM (orange curves) and Mu (green curves) with PW (a), At (b),
B rus (€) and 1 (d). The frequency offset was set to 10kHz and other saturation parameters
were At=3.3ms, 1=0.9s and B;pys=6.7ul in (a), 7=0.9s and B;rus=6.7uT in (b),
PW/At=3.0/3.3ms and 7=0.9s in (¢) PW/At=3.0/3.3ms and B pys=6.7uT in (d). Error bars
correspond to group (N=3) standard deviation.

Fig 6. Optimized ihMT mouse CNS images. MT', MTR and ihMTR images obtained with
PW/At=3.0/3.3ms, Af=10kHz, B;rus=6.7uT and 7=0.9s in axial, coronal and sagittal
directions. Brain CNS structures where ihMTR and MTR values were measured are indicated
in the MT" images.
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Supplementary Material

Fig. S1. Effect of Magnetic field strength on ihMT signal. (a) My and ihMT images
obtained at 1.5T (up) and 11.75T (bottom) in the same conditions of temperature (25°C) and
saturation parameters on a phantom composed of 2 different hair conditioner samples (4c/,
hc2) and gadolinium-doped (2mM) water (H,O*). The 2D ihMT RARE sequence described
in the Material and Methods section was used at 11.75T, and the sequence optimized for
human and described in (3), was used at 1.5T. (b-e) Variations of ihMTR in hcl, hc2 and
H,0* at 1.5T (plain marks) and 11.75T (open marks) and as a function of Af (b), B; rus(c), 7
(d) and At (e). Other saturation parameters were PW/At=1.0/2.0ms, t=1s and B; gpps=35.5uT in
(b), PW/At=1.0/2.0ms, t=1s and Af=10 kHz in (c), PW/At=1.0/2.0ms and Af=10 kHz in (d),
PW=1.0ms, Bjrys=3.5uT, 7=1s and Af=10 kHz in (e). As expected, doped-water did not
show any ihMT signal at both field strengths. For all configurations (except hcl, 4kHz data
point in b), attributed to noise variance), absolute ihMTR values were systematically slightly
higher at 11.75T compared to that at 1.5T. However, the dynamics of ihMTR was mostly
independent of the magnetic field as demonstrated by the similar variations of ihMTR with
the saturation parameters values.
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Fig 2: In vitro T1D-filtered ihMT imaging. a) ihMT images (in a.u.) obtained in long-T1D hc (up) and
short-T1D agarose 4% (bottom) for dual frequency-offset saturation achieved with cosine-modulated pulses
(CM, first image from the left) and for frequency alternating pulses with increasing values of At. b)
Corresponding ihMTR values measured in hc (red curve, scale ranging from 0-50%) and agarose 4% (black
curve, scale ranging from 0-5%). Error bars correspond to in-ROI standard deviation. Other saturation
parameters were PW=1.0ms, 7=0.9s, B1,RMS=6.7uT and Af=10 kHz.
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Fig 3. In vivo T1D-filtered ihMT imaging. a) MO image including location of IC, cGM and Mu structures
(up left). Typical mouse brain T1D map (bottom left) obtained using the method described in (20) and

35 showing long T1D values in WM, GM structures and short T1D values in muscle. IhMTR images (in %)

36 obtained for dual frequency-offset saturation achieved with cosine-modulated pulses (CM) and for frequency

37 alternating pulses with increasing values of At are shown on the right. b) Quantitative ihMTR values

38 measured in IC (red curve), cGM (orange curve) and Mu (green curve) and c-d) corresponding ihMTR

39 contrasts and CNR (between IC and Mu - blue curve, cGM and Mu - black curve and IC and cGM - red

40 curve). Error bars correspond to group (N=3) standard deviation. Other saturation parameters were

41 PW=1.0ms, 7=0.9s, B1,RMS=6.7uT and Af=10 kHz.
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Figure 4: Sensitivity optimization (effect of frequency offset). Variation of ihMTR values (in %) with
frequency offset Af (in kHz) in IC (a), CC (b), cGM (c) and Mu (d) for different values of B rms. Error bars
correspond to group (N=3) standard deviation. Other saturation parameters were PW/At=3/3.3ms and

7=0.9s.
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Figure 5: Sensitivity optimization (effects of RF saturation pulses). Variations of ihMTR values in IC
(red curves), cGM (orange curves) and Mu (green curves) with PW (a), At (b), Bi,rvs (c) and T (d). The
frequency offset was set to 10kHz and other saturation parameters were At=3.3ms, 7=0.9s and
Bi,rms=6.7uT in (@), T=0.9s and B1,rvs=6.7uT in (b), PW/At=3.0/3.3ms and 1=0.9s in (c) PW/At=3.0/3.3ms
and B1,rms=6.7uT in (d). Error bars correspond to group (N=3) standard deviation
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Figure 6: Optimized ihMT mouse CNS images. MT*, MTR and ihMTR images obtained with
PW/At=3.0/3.3ms, Af=10kHz, B1,rus=6.7uT and 17=0.9s in axial, coronal and sagittal directions. Brain CNS
structures where ihMTR and MTR values were measured are indicated in the MT" images.
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11.75T 1.5T

e)

Fig S1. Effect of Magnetic field on ihMT. (a) M, and ihMT images obtained at 1.5T
(up) and 11.75T (bottom) in the same conditions of temperature (25°C) and saturation
parameters on a phantom composed of 2 different hair conditioner samples (4cl, hc2)
and gadolinium-doped (2mM) water (H,O*). The 2D ihMT RARE sequence
described in the Material and Methods section was used at 11.75T, and the sequence
optimized for human and described in [3], was used at 1.5T. (b-e) Variations of
ithMTR in Acl, hc2 and H,0* at 1.5T (plain marks) and 11.75T (open marks) and as a
function of Af (b), Birus (¢), T (d) and At (e). Other saturation parameters were
PW/At=1.0/2.0ms, t=1s and B gys=5.5uT in (b), PW/At=1.0/2.0ms, t=1s and Af=10
kHz in (¢), PW/At=1.0/2.0ms and Af=10 kHz in (d), PW=1.0ms, B rps=35.5uT, 1=1s
and Af=10 kHz in (e). As expected, doped-water did not show any ihMT signal at
both field strengths. For all configurations (except hcl, 4kHz data point in b),
attributed to noise variance), absolute ihMTR values were systematically slightly
higher at 11.75T compared to that at 1.5T. However, the dynamics of ihMTR was
mostly independent of the magnetic field as demonstrated by the similar variations of
ithMTR with the saturation parameters values.
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A strategy based on filtering the signal of short T e
T;p components was used to optimize the ihMT ﬂ ekl
contrast for long 7;p myelinated structures in : Bl i +
mouse. Typical ihMTR values on the order of 4- ‘ :

5% in WM, 2.5% in GM and 1-1.3% in muscle

were obtained, thus leading to high positive
relative ihMTR contrasts between myelinated ; 0

X R K At=3.3ms CM13 33 53 73
tissues and other tissues. Of particular Interpulse delay At (ms)
importance, the relative ihMTR contrast between WM and GM (~ 2) appeared to be
relatively independent of the saturation parameters.
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for preclinical studies using dipolar relaxation time (7;p) filtering
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