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Abstract With the increasing development of transgenic
mouse models of neurodegenerative diseases allowing
improved understanding of the underlying mechanisms of
these disorders, robust quantitative mapping techniques are
also needed in rodents. MP2RAGE has shown great
potential for structural imaging in humans at high fields. In
the present work, MP2RAGE was successfully imple-
mented at 9.4T and 14.1T. Following fractionated injec-
tions of MnCl,, MP2RAGE images were acquired allowing
simultaneous depiction and T; mapping of structures in the
mouse brain at both fields. In addition, T; maps demon-
strated significant T, shortenings in different structures of
the mouse brain (p < 0.0008 at 9.4T, p < 0.000001 at
14.1T). T, values recovered to the levels of saline-injected
animals 1 month after the last injection except in the
pituitary gland. We believe that MP2RAGE represents an
important prospective translational tool for further struc-
tural MRI.
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Abbreviations
MP2RAGE Magnetization-prepared 2 rapid acquisition
gradient echo sequence

MEMRI Manganese-enhanced MRI

FLASH Fast-low angle shot

SNR Signal-to noise-ratio

CNR Contrast-to-noise ratio

GRE Gradient echo

FASTMAP Fast, automatic shimming technique by
mapping along projections

Introduction

In 2010, Marques et al. (2010) proposed the Magnetization-
Prepared 2 Rapid acquisition Gradient echo sequence
(MP2RAGE) allowing rapid 3D bias field free acquisition
of T,-weighted images at an increased spatial resolution.
The technique not only permits the fast elimination of
spatial inhomogeneities inherent to high fields but also
enables simple calculation of accurate T| maps using look-
up tables. To date, MP2RAGE remains a clinical MR
sequence allowing high spatial resolution (<1 mm’ in
10 min), robust T; structural brain imaging (O’Brien et al.
2014) and lesion assessment (Kober et al. 2012) due to the
high grey-to-white matter contrast offered by the human
brain at high field.

With the availability of transgenic mice models of
neurological disorders, investigation of small structures in
the mouse brain using T;-based techniques has gained
more and more interest (van de Ven et al. 2007). At higher
fields (>9.4T), although susceptibility effects are
increased, gains in SNR and T spin lattice relaxation times
(van de Ven et al. 2007) allow investigation of wider
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ranges of T, values as well as detection of specific tissue
features such as myelin (Labadie et al. 2014).

Improved visualization of brain neuro-architecture was
obtained using high-resolution T,-weighted techniques
such as manganese-enhanced MRI (MEMRI) at higher
field strengths. MEMRI represents nowadays a key
molecular MR imaging technique where the paramagnetic
properties of Mn”" allow indirect access to neuronal acti-
vation (Auffret et al. 2016) and anterograde neuronal tract
tracing (Canals et al. 2008). Accumulation of Mn?" in
brain structures provides increased signal-to-noise ratios
(SNR) and contrast-to-noise ratios (CNR) and depends on
various factors such as neuronal density, function, dose and
metal transporters that remain poorly understood. To date
one of the major limiting factors in MEMRI studies is the
toxicity of manganese at high doses [>45 mg/kg (Silva
et al. 2004)] and the poor sensitivity of MRI techniques at
low doses.

In this study, we aimed at implementing the MP2RAGE
sequence at 9.4T and 14.1T for an improved T, quantita-
tive mapping of the mouse brain architecture. In order to
compensate for the lack of contrast between grey and white
matter in the mouse brain, systemic fractionated man-
ganese injections were performed allowing quantitative
investigations of manganese-enhanced structures up to
1 month after the last injection with little toxicity. The
translational value of MP2RAGE in small rodents was
further investigated with an emphasis on CNR.

Materials and methods
Theory

The MP2RAGE sequence starts with a 180° adiabatic
inversion pulse followed by a first gradient echo block
within which a low flip angle «; is repeated nPE; times
with a repetition time TR. A second gradient echo block is
acquired with a low flip angle o;,. Two images with k-space
centres corresponding to 77, and Ty, respectively, are
acquired. The sequence is repeated nPE, times to encode
the third dimension. The time between two 180° adiabatic
pulses is 7. Hence, two 3D MR images are obtained
(Fig. 1). These images can be combined as described in
Marques et al. (2010) using Eq. (1):

GRE,;,*GREqp
|GREm |*+|GRErp|* )’

S = real (1)
where S represents the MP2RAGE signal, GREqy; repre-
sents the signal acquired for each image of the first gradient
echo block after an inversion time 77; and GRExy; * stands
for its complex conjugate. GRE, represents the signal
acquired for each image of the second gradient echo block
after an inversion time 77,.

There are several advantages to combining images with
Eq. (1): removal of signal dependence on M,, T,* and
reception sensitivity can be demonstrated by derivation of
the signal expression of Eq. (1) (see Appendix 1 in Mar-
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Fig. 1 Diagram of the MP2RAGE sequence. T1; and Ty, represent the
respective inversion time delays from the middle of the adiabatic
inversion 180° pulse to the excitation pulse (o and o, respectively) at
the centre of the k-space line. 7T is the repetition time between two
successive inversion pulses. TR is the repetition time between
successive gradient echo excitation pulses in each block. Two images
with k-space centres corresponding to 7y; and Ty,, respectively, are
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acquired. The sequence is repeated nPE, times to encode the third-
dimension. RF radio frequency pulses, GRO readout gradient, GPE,
phase encode gradient, GPE, second phase encode gradient for
encoding of the third gradient. Replacing the 180° adiabatic inversion
pulse by a 90° saturation pulse as well as the inversion times 77; and
T, by TS, and TS, respectively, the SA2RAGE sequence for B,
mapping can be obtained
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ques et al. 2010) while the dynamic range of signal
intensities is constrained between —0.5 and 0.5. The con-
trast-to-noise ratio (CNR) of the combined image can be
conserved (or enhanced) although the signal-to-noise ratio
may be reduced due to noise propagation (Marques et al.
2010). CNR per unit time was simulated for various
combinations of T, Ty, Ty, o and o, parameters (Marques
et al. 2010) at 3T and 7T using Eq. (2):

$Si-% 1
Vo3 + ¢ VMP2RAGETR’

CNR, = (2)
where S, and S, represent the respective MP2RAGE sig-
nals for tissue 1 and tissue 2. ¢y and o, represent the noise
of the MP2RAGE signal for tissue 1 and tissue 2 respec-
tively and were calculated via error propagation of Eq. 1.

Essentially, apart from the field dependence of WM and
GM T, values, these simulations remain valid for our
study.

In the present work, we investigated the optimization of
MP2RAGE parameters with regard to assumed literature
T, values of the mouse brain from reference (Chuang and
Koretsky 2006; Lee et al. 2005). Thus, T, values were
chosen as 1.2/1.8/2.5 s in white, grey matter and cere-
brospinal fluid (WM, GM, CSF), respectively, assuming
that these values measured at 11.7T in mice represent a
good compromise for optimizing contrast-to-noise ratio in
the mouse brain at 9.4T and 14.1T. However, without
contrast agent to enhance visualization of architecture on
T,-weighted MR images, the normal mouse brain is
poorly contrasted (Chuang and Koretsky 2006). We used
fractionated injections of MnCl, to investigate T, differ-
ences between tissues. Based on T, values measured in
references (Chuang and Koretsky 2006; Lee et al. 2005)
and previous in-house pilot studies, T; values upon
30 mg/kg MnCl, injections were chosen as 0.5/0.8/2.8 s
(WM, GM, CSF) assuming again a good compromise
between 9.4T and 14.1T fields and displaying optimized
CNR values for MP2RAGETR/Ty,/To/0i1/0, = 4-8.25 s/
0.6-1 s/2.0-3.5 s/4-7°/4-7° according to simulations pre-
sented in Marques et al. (2010). T; mapping was obtained
using look-up tables derived from Bloch simulations of
the MP2RAGE sequence (Marques et al. 2010) and the
optimized parameters defined earlier together with the
inversion efficiency of the adiabatic inversion pulse set at
0.9 and the number of phase encoding steps. The T, value
of each pixel was obtained via linear interpolation (Mar-
ques et al. 2010).

B, mapping
The combined MP2RAGE image remains dependent on the

transmit B field (see Appendix 1 in Marques et al. 2010).
In order to evaluate the transmit B, field (B,"), the

SA2RAGE sequence was used. This sequence was
described by Eggenschwiler et al. (2012) and can be
defined in an identical way to the MP2RAGE sequence
albite starting with a 90° saturation pulse instead of the
adiabatic inversion pulse of the MP2RAGE. Parameters
were chosen as described by Eggenschwiler et al. (2012)
using T/Ty/Tiploi/on = 2.4 s/100/1800 ms/4°/11°. As for
T, evaluation, Bloch simulations of the SA2RAGE signal
were performed using the parameters defined earlier. Look-
up tables linking B; to SA2RAGE ratio were obtained
allowing B, estimates on a pixel by pixel basis by linear
interpolation.

Phantom

To validate the MP2RAGE T, measurements, a phantom
consisting of a 26G-syringe filled with demineralized water
and 10 MnCl,- doped NMR tubes (0-500 pM) was imaged
using in-house-made volume coils at 9.4T and 14.1T
(Cheng et al. 2014) using an inversion-recovery fast spin
echo sequence (IR-FSEMS: TR = 15000 ms; 20
TIs = 100-1800 ms; (Echo Spacing (ESP) = 8.30 ms;
Echo-train Length (ETL) =8; FOV =40 x 40 mmz;
Matrix = 128 x 128; four slices; Thickness
(THK) = 2 mm; Acqtime = 2 h) after manual shimming.
MP2RAGE images were acquired with the following
parameters: MP2RAGE TR = 4000 ms; TRgre/TE = 10/
2.1 ms; FOV =40 x 40 x 40 mm3; Matrix = 128 x
128 x 32; Ty = 320 ms; Ty, = 2280 ms; flip anglel = 2,
4,7, 10° flipangle2 = 2, 3, 4,5, 7, 11 or 15°. Two stacks
of 256 images were obtained in 4 min 16 s. Images were
reconstructed offline and analysed with in-house written
Matlab routines (The Mathworks, USA). T; values
obtained with IR-FSEMs and MP2RAGE were correlated.

Animals
Animal preparation

All animal experiments were approved by the Veterinary
Office of Canton de Vaud and conducted according to the
federal and local ethical guidelines, EXPANIM (Expéri-
ence sur animaux- SCAV, Service de la consommation et
des affaires vétérinaires, Switzerland). Experiments were
carried out using 30 adult C57BL6 mice weighing 30-35 g
(15 at 94T and 15 at 14.1T). An isotonic solution of MnCl,
(Sigma, Aldrich, St. Louis, MO) was prepared at a con-
centration of 15 mM MnCl, and injected into awake mice
through an intraperitoneal (IP) MnCl, injection. Control
mice received IP injections of normal saline solution.
MnCl, was administered using a fractionated scheme of
injection (Griinecker et al. 2010) to minimize toxicity
effects. 20 mice received a 30 mg/kg MnCl, and 10 mice
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received an equivalent volume of saline (NaCl 0.9 %) at
17 h for five consecutive days (5 x 30 mg/kg/24 h). Each
mouse was weighed and temperature-controlled after each
injection and subsequently on each scanning day. After
MnCl, injections, the animals were returned to their cages
and allowed free access to food and water.

Prior to imaging, each animal was anaesthetized (2-3 %
Isoflurane in air) and set into an MR-compatible cradle.
During MRI, the animals were anaesthetized by breathing
1 % isoflurane into oxygen-enriched air with a facemask.
The rectal temperature was carefully monitored and
maintained at 36 &= 1 °C. Their respiration rate was mon-
itored with a pressure captor placed underneath the mouse
body and was maintained above 80 breaths/min. MEMRI
was performed 20-24 h after the last MnCl, administration
for all T measurements. Three animals per session were
scanned. One of these animals was a saline-injected ani-
mal. The same animals were re-scanned at 48, 96 h,
1 week and 1 month after the last IP MnCl, injection.

Manganese-enhanced MRI

All MRI experiments were performed either on a 9.4T/
31 cm horizontal bore magnet (Varian, Agilent, USA) or
on a 14.1T/26 cm (Varian, Agilent, USA) one. The mag-
nets were equipped with 12-cm inner-diameter actively
shielded gradient sets (Magnex Scientific, Oxford, UK)
allowing a maximum gradient of 400 mT/m in 120 ps.
Home-built quadrature T/R 14-mm surface coils were used.
Field homogeneities were adjusted using an EPI version of
FASTMAP (Tkac et al. 2004). After the preliminary
adjustments (tuning, shimming, acquisition of scout images
for accurate positioning) fast spin echo (FSEMS) images
(TR/TE = 2500/12 ms, 8 echoes, FOV = 25 x 25 mm,
matrix size = 256 x 256; axial slices, TH = 0.5 mm,
eight averages) were acquired. 3D gradient echo Ti-
weighted images (TR/TE = 25/3 ms, Flip angle = 70°,
FOV = 20 x 20 x 25 mm3, matrix size = 128 x
128 x 128, coronal slices, BW = 25 kHz, three averages)
were acquired as part of the MEMRI protocol. MP2RAGE
images were obtained after shimming with FASTMAP
over a centred voxel covering the mouse brain
8 x 8 x 8 mm>. The choice of flip angles was based on
the combination of flip angles giving the best agreement
between T;s measured with IR-FSEMS and MP2RAGE
techniques in phantoms.

Image analysis and statistics
MR images were processed and analysed using Image
processing software (Image J 1.3.1_13. NIH, USA) as well

as custom-written routines running in MATLAB
(MATLAB 14, The MathWorks, USA).
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The CNR of MP2RAGE combination of images was
calculated using Eq. (2). For in vivo experiments, CNR
was evaluated by manually drawing regions of interest
(ROI) of identical sizes in WM and GM structures of the
cerebellum and in the colliculus and CA3 structures. SNR
of the MP2RAGE combination of images was calculated as
the ratio of the signal calculated with Eq. (1) to the noise
propagation characteristics and according to equations
defined in (Marques et al. 2010).

For all other images, SNR was calculated as the ratio of
the signal to the standard deviation of the noise in regions
of interest (ROI) drawn in the cortex, cerebellum, ventri-
cles, thalamus, caudate putamen (CPu), hypothalamus,
pituitary gland and hippocampus. The average SNR across
all ROIs was also calculated. ROIs were defined bilaterally
on 3D- Gradient Echo T,-weighted images and relative to
the Paxinos and Watsons atlas (1998) and transferred to the
T, maps to ensure precise positioning. In order to avoid
overestimation of noise levels using ROIs, noise levels
were estimated from the Rician distribution of magnitude
images using the methodology proposed in Rajan et al.
2010). Estimates of SNR and CNR using the two methods
were compared. T; maps were generated for an entire 3D
volume acquired for each animal. Mean T, values were
calculated from the ROIs drawn on T; maps. Mean T,
values were compared with a one-way ANOVA corrected
for Bonferroni test. Body weights and temperatures during
the fractionated injection procedure and follow-up were
compared using an unpaired ¢ test. A p value < 0.05 was
considered significant. Data are represented as mean-
s + mean standard error (SEM) unless otherwise stated.

Results
Optimization of MP2RAGE for imaging mice

During the fractionated injection protocol, no significant
difference was found in terms of body weight between
saline-injected and Mn*T-injected animals (r test,
p > 0.05) (Fig. S1A). Moreover, no significant difference
was found between the temperature of saline-injected and
MnCl,-injected mice either during the fractionated injec-
tion procedure or after cessation of Mn®" injections
although the average temperature difference was
—0.2 £ 0.1 °C between the two groups (Fig. S1B). There
was no significant influence of time either (¢ test, p > 0.05).

Figure 2 shows examples of magnitude and phase ima-
ges at two inversion times, their combination using Eq. (1)
and their corresponding T; maps using look-up tables.
Images at 9.4T and 14.1T with differing spatial resolutions
are presented. Phase images show important distortions at
both field strengths due to remaining macroscopic By
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Fig. 2 Representative coronal slices obtained with the MP2RAGE
sequence at 94T and 14.1T and different spatial resolutions.
Magnitude and phase images at both inversion times (77; and 77,)

regional variations despite second-order FASTMAP
shimming over a large cubic area. Nonetheless, the image
combination resulted in images with good contrast and bias
field cancellation at both fields allowing computation of T,
maps at different spatial resolutions.

The influence of acquisition parameters such as 7, flip
angles and inversion times was further investigated for opti-
mization purposes. In Fig. 3a, the signal for each of the gra-
dient echo images was simulated for different parameters,
subsequently allowing to numerically simulate MP2RAGE
signal as a function of T, for different sets of parameters
(Fig. 3b) without noise contamination. These look-up
tables (LUT) can subsequently be used to estimate T, values
on a pixel-by-pixel basis. LUT show that the range of T,
values (500-3000 ms) that we expected to cover after MnCl,
injection was reached for the chosen inversion times (77,/Ty,)
and flip angles. T; estimates above 3000 ms (for flip angles
2/2° and 4/4°) and above 2500 ms (for flip angles 7/7°)
became less reliable. In addition, the contrast-to-noise ratio
(CNR) per unit time was estimated for different combinations
of parameters (Fig. 3c). Numerical simulations demonstrated
that CNR was increased as 7 and flip angles were increased
while the range of chosen Ty values was strongly linked to the
flip angles for high CNR. For flip angles (2, 2°) and (4, 4°) and
T112 = 800-1600 ms, the CNR per unit time was between 3
and 6.25 times lower than for flip angles (7, 7°). Coronal
MP2RAGE images of mice 24 h after 5 x 30 mg/kg MnCl,
IP injection are shown in Fig. 3d—f and were acquired at 9.4T
with the parameters used for simulations. Images with flip
angles (2, 2°) and (7, 7°) were acquired in the same animal and
images with flip angles (4, 4°) in another mouse. The com-
parison of the MP2RAGE combination of images allowed
evaluating the impact of noise. Visually and qualitatively, a

are shown as well as their combinations [in the (—0.5 0.5) signal
intensity (S) range] and the resulting T; maps

higher CNR can be appreciated on Fig. 3f where a clearer
delineation of WM/GM structures in the cerebellum can be
noticed compared to Fig. 3d. This was confirmed quantita-
tively where a fourfold increase in CNR between WM/GM in
the cerebellum was obtained while the contrast colliculus/
CA3 was increased 25-fold for MP2RAGE combination of
images acquired with flip angles (7, 7°) and Ty, , = 800/
1600 ms due to improved SNR levels and less partial volume
effects. There was little difference between CNR estimates for
MP2RAGE combinations of images with flip angles (2, 2°)
and (4, 4°). Further discrepancies in in vivo data can be
explained by the transmit field B, distortions that affect first
and second contrasts differently. B; mapping was performed
using the SA2RAGE sequence (Eggenschwiler et al. 2012) as
shown in Fig. 4, which is representative of the field maps
obtained with transmit/receive quadrature surface coils at
9.4T and 14.1T. B, values can be linked to the ratio of images
obtained at two saturation times by solving Bloch equations
and constructing a look-up table (Fig. 4a). This LUT was used
for mapping B, on a pixel by pixel basis (Fig. 4b). Longitu-
dinal and transversal B, profiles (Fig. 4c, d respectively)
showed a variation of 50 % in B, from top (near the surface
coil) to bottom of the mouse brain and 30 % from right to left.

In order to correct for transmit field inhomogeneity, the
accuracy of pulse profiles was investigated. T-weighted
MP2RAGE images were acquired at 9.4T and 14.1T with
T = 320 ms and Ty, = 2280 ms to cover the range of T,
values of the ten different MnCl,-doped vials (Fig. 4e). T,
values acquired with MP2RAGE in the phantom for vari-
ous combinations of flip angles were correlated to Ts
measured with IRFSEMS. T; values were the most accu-
rate for flip angles 2, 2° and 2, 3° at 94T and 14.1T,
respectively. However, these low flip angle values
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MP2RAGETR=6s; MP2RAGETR=4s; MP2RAGETR=6s;
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Fig. 3 Optimization of MP2RAGE Ty,,, T and o,/a, parameters.
a First gradient echo signals (blue) and 2nd gradient echo signals
(green) of the MP2RAGE sequence as a function of T; were
simulated using Bloch equations (Marques et al. 2010, Appendix1)
and different sets of parameters. b The preceding simulated signals
were combined using Eq. (1) allowing an evaluation of the
MP2RAGE signal as a function of T,. Each look-up table was
obtained using the different sets of parameters. Dashed lines were
added to indicate the linear part of the T,-MP2RAGE signal
relationship. ¢ The contrast-to-noise ratio (CNR) was simulated using
Eq. (2) and the three different sets of parameters already used. An
extra set of parameters: 7/Ty;/T, = 6000/600/2800 ms and oy = 2, 4,
7° and o, = 2, 4, 7 was also simulated. d—f In vivo data at 9.4T:

corresponded to an important drop in CNR as showed by
CNR evaluations in Fig. 3d. In the present study, we
privileged accurate T; estimates versus higher CNR and we
used these values for further measurements in mice.

MEMRI of mouse brain with MP2RAGE

Figure 5 shows coronal slices at the same position from a T;-
weighted gradient echo 3D MRI (Fig. 5a), the first block of 3D
MR gradient echo images of MP2RAGE (T/TR/TE (ms)/
oy = 6000/10/4/2°; BW = 50 kHz; FOV = 20 x 20 x
25 mm?>; Matrix = 128°; Ti; = 800 ms; Fig. 5b) and the
second block of 3D MR gradient echo images of MP2RAGE
(T, = 2800 ms/o, = 2°; Fig. 5¢) of a mouse brain acquired
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horizontal planes showing MP2RAGE combinations of images
(—0.5—0.5 signal range) for each set of parameters. Images with
ofap = 2, 2° and o/, = 7, 7° were acquired in the same animal.
CNRconicutusicas = 9 % vs CNRconicuusicas = 222 %;  CNRgwy
wm = 314 % vs CNRgvywm = 134 % in the cerebellum for
respective flip angle pairs. CNRcoicunsicas = 14 % for aj/a, = 4,
4°. (In addition, CNR was calculated for each magnitude image S,
and S, (Eq. 1) using the image noise evaluated with the Rician
distribution such that CNRColliculus/CAS = 0.99/2.43 vs CNRColliculus/
1.11 in the cerebellum for respective flip angle pairs. CNRcopicutus/
caz = 0.09/0.50 for o/o, = 4, 4°)

24 h after the last IP 30 mg/kg MnCl, fractionated injection
(5 x 30 mg/kg/24 h) at 9.4T. Compared to 3DGRE MR
images, the SNR of MP2RAGE images (1st block) was lower
(SNRyyerage = 15 = 6vs9 £ 3). Asexpected, with our choice
of parameters, the second block of MP2RAGE images was
more proton-density weighted showing less contrast. Images
acquired with the first and the second blocks were combined
using Eq. (1) yielding MP2RAGE images (Fig. 5d) and T,
maps (Fig. 5e). Although, the sensitivity of the surface coil
decreased as a function of depth and the first and second blocks
of GRE images were strongly affected by bias field effects and a
decreased SNR compared to conventional 3D GRE, the
MP2RAGE combination of images were cleared from recep-
tion field distortions and T,* effects. In MP2RAGE coronal
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Fig. 4 B; mapping using the SA2RAGE sequence. a B, as a function
of the SA2RAGE ratio obtained from Bloch simulations of the
SA2RAGE signals (Eggenschwiler et al. 2012). b This look-up
table was used to map the B, field on a pixel-by-pixel basis in the rat
brain in the three directions. The black vertical and grey horizontal
profiles served for evaluating ¢ the By vertical profile and d the B,
horizontal profile as a function of distance in the rat brain showing
that the sister sequence of MP2RAGE is useful for B; mapping and
that important B; fluctuations were generated using our quadrature
surface coils. e A phantom consisting of a 26G-syringe filled with
demineralized water and 10 MnCl, doped NMR tubes (0-500 pM)
was imaged using in-house made volume coils at 94T and 14.1T
(Cheng et al. 2014) using an inversion-recovery fast spin echo

views, the hippocampus showed clear delineation of CA1, CA2
and CA3 fields as well as dentate gyrus (DG) as seen in the false
colour-coded inset. Strong uptake of Mn”" could also be seen in
the globus pallidus (GP, blue arrows). An enhanced contrast to
noise ratio compared to T;-weighted GRE images (1st block)
allowed delineation of the thalamus and hypothalamus as well
as visualization of cortical layers (Fig. S2) and layers of the
olfactory bulb (OB). Corresponding T; maps were constructed
using the LUT related to the acquisition parameter used
(Fig. 3b).

T, mapping with MP2RAGE at 9.4T and 14.1T
at 24 h post-Mn** injection

Examples of T; coronal maps of the mouse brain acquired
24 h after the last MnCl, IP injection in saline-injected
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sequence (IRFSEMS) (TR = 15000 ms; 20 T7is = 100-1800 ms;
ESP = 8.30 ms; ETL = 8; FOV = 40 x 40 mm>; Matrix = 128 x
128; four slices; THK = 2 mm; Acqtime = 2 h) after manual
shimming. f. 3D MP2RAGE images were then acquired with the
following parameters: T MP2RAGETR = 4000 ms; TRgrg/
TE = 10/2.1 ms; FOV = 40 x 40 x 40 mm>; Matrix = 128 x
128 x 32; Ty =320 ms; T = 2280 ms; flip angle one = 2°,
4°,7°, 10°; flip angle two = 2, 3, 4, 5, 11 or 15°. 3D stacks of 256
images were obtained in 4 min 16 s. g T; map for flip angles (2°, 3°)
at 14.1T. h T, values acquired with MP2RAGE in the phantom for
various combinations of flip angles were correlated to 7|s measured
with IRFSEMS. The best combination of flip angles was 2, 2° and 2,
3°, respectively, at 9.4T and 14.1T

mice (Fig. 6a) and in 5x30 mg/kg/24 h-injected mice at
9.4T and 14.1T respectively (Fig. 6b, c) are shown with
little susceptibility artefacts and no bias field effects. There
was a good contrast at 9.4T and 14.1T between CSF,
cortical, thalamic and hypothalamic tissues. At the same
dose of MnCl, (24 h post-5 x 30 mg/kg), direct visual-
ization of the increased T, length at 14.1T compared to
9.4T could be observed and were corroborated quantita-
tively in several structures of the mouse brain (Fig. 6d). At
9.4T the average brain T across five mice was 1460 £+ 220
and 1771 £ 121 ms at 14.1T in saline injected animals
(p < 0.004, ANOVA). At 24 h post 5 x 30 mg/kg injec-
tion, average brain T; across ten mice was 1041 £ 330 ms
at 9.4T and 1303 +£ 486 ms at 14.1T representing a mean
increase of 21 to 25 % respectively of T, values at 14.1T.
However, T, values in individual structures were not sig-
nificantly higher at 14.1T than at 9.4T after fractionated
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Fig. 5 a Coronal slices from a T;-weighted gradient echo 3D MRI
[first row, TR/TE (ms)/o. = 25/4/45°; BW = 23 kHz;
FOV = 20 x 20 x 25 mm>; Matrix = 128%; 9.4T]. b the first block
of 3D MR gradient echo images of MP2RAGE [T/TR/TE(ms)/
o = 6000/10/4/2°; BW = 50 kHz; FOV =20 x 20 x 25 mm’;
Matrix = 1283; Ti; = 800 ms] at the same position. ¢ The second
block of 3D MR gradient echo proton-density-weighted images of
MP2RAGE (T, = 2800 ms/a, = 2°) of a mouse brain acquired 24 h
after the last IP 30 mg/kg MnCl, fractionated injection (5 x 30 mg/
kg/24H) at 9.4T. These images were strongly affected by bias field

manganese injections (Fig. S3). Tys in Mn*'-enhanced
regions dropped significantly in most of the structures
relative to 7Tys in saline-injected mice (p < 0.01 at 9.4T;
p < 0.008 at 14.1T; Fig. 6e). Due to the presence of Mn**,
the most important T; shortening was obtained in the
pituitary gland [-60 % (p <0.0008) and —64 %
(p < 0.000001) at 9.4T and 14.1T respectively].

Evaluation of T, values during MnCl, elimination

T, values measured 24 h post -cessation of manganese
injections in several brain structures at 14.1T, were sig-
nificantly different from T, values measured in saline-in-
jected animals (p < 0.0008) (Fig. 7a). 72 h post-cessation
of manganese T; values remained significantly different in
the cerebellum, the thalamus and the pituitary gland com-
pared to T, values in saline-injected animals. 96 h post
cessation of manganese, only T, in the pituitary gland was
significantly lower than in saline-injected animals
(p < 0.001).Within 1 week after cessation of manganese
injections, cortical and ventricular T; values measured at
9.4T had returned to the level of T; values measured in
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effects (Right side, R). Average SNR values are indicated for each
series of images. d Corresponding combination of MP2RAGE images
according to Eq. (1). The hippocampus was enlarged and colour-
coded as shown in the inset for a better visualization of CA1l, CA3
and DG. Using Eq. (1), bias field effects from the receive field were
eliminated. e Corresponding T maps for each coronal slice obtained
on a pixel-by-pixel basis using a look-up table (Fig. 3b). T, values
were estimated via linear interpolation. CA1, CA3: formation of the
hippocampus, DG dentate gyrus, Thal thalamus, Pit pituitary gland,
OB olfactory bulb

saline-injected mice (p > 0.05) while cerebellum, CPu,
hypothalamus, hippocampus and pituitary gland T,
remained significantly lower (p < 0.05) than in saline-in-
jected animals. After 1 month, T values had recovered to
the levels of saline-injected mice in almost all the struc-
tures except for the hypothalamus (p < 0.05) the pituitary
gland (p < 0.02). On average, after cessation of Mn>"
injections, T values had increased by more than 33 % after
1 week and 60 % after 1 month in almost all the structures.
Interestingly, the pituitary gland T; only recovered 30 % of
its initial value after 1 month (Fig. 7c).

Discussion

In the present study, the MP2RAGE sequence was used for
the first time in mice at 9.4T and 14.1T. Whilst the mouse
brain has inherently less contrast than the human brain, we
used Mn2+, known to enhance delineation of neuro-archi-
tecture, in order to demonstrate the translational value of
the MP2RAGE technique. Mice models are particularly
suited for MRI investigations at higher field strengths as
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Fig. 6 T, mapping in mouse brain with MP2RAGE. a T, false
colour-coded coronal maps in saline-injected animals and 24 h post
last fractionated Mn?" injection at 9.4T and 14.1T. b Comparison of
T, values at 9.4T and 14.1T in different structures of the mouse brain
in saline-injected animals (n =5 per field strength) showing

their smaller brain structures require increased SNR levels.
In addition, the longer T values may be advantageous for
discriminating between tissues [Myelin for example
(Thiessen et al. 2013)]. Unfortunately, the gain in SNR
expected at higher field strengths is often counteracted by
uncorrected By and B distortions while time consuming T,
measurements impose limited brain coverage.

At high magnetic fields (>7T), MP2RAGE provided
proton density-, T>* contrast- and B; inhomogeneity -
corrected 3D T,-weighted images of the human brain with
increased T, contrast. Moreover, T; mapping could be
performed with no need for additional acquisitions pro-
viding simultaneous quantitative investigation of various
interesting human brain structures (Marques and Gruetter
2013; Strotmann et al. 2014; Gizewski et al. 2014). Here
the potential of MP2RAGE for imaging the mouse brain
with regards to SNR, CNR and T, accuracy are discussed.

Efficiency of MP2RAGE for the mouse brain

In rodents, MEMRI has shown enormous potential for
investigating neuronal tract tracing, neuronal activation
(Auffret et al. 2016; Just and Gruetter 2011a, Just et al.
2011b) or for visualizing neuro-architecture (Bock et al.

significant increase of T; values at 14.1T in all the structures (*
p < 0.004, Anova + Bonferroni). ¢ A significant shortening of T; in
Mn>"-injected animals was found at 9.4T (*p < 0.01; **p < 0.0008,
Anova + Bonferroni)

2008; Silva et al. 2008) in combination with 3D T;-
weighted gradient echo, inversion-recovery or spin-echo
techniques (Chuang and Koretsky 2006; Allemang-Grand
et al. 2015 ; Bertrand et al. 2013). To compensate for the
low WM/GM/CSF T, contrast in the normal mouse brain,
paramagnetic contrast with Mn>" was used. To limit
manganese toxicity issues, fractionated MnCl, (15 mM)
intraperitoneal doses (30 mg/kg/24 h) were given across
5 days prior to the MRI sessions. No significant effects on
body weight and temperature were found in accordance
with previous studies (Griinecker et al. 2010; Sepulveda
et al. 2012).

As explained in the seminal paper of Marques et al.
(2010), the combination of gradient echo images acquired
in an interleaved manner at two different inversion times
(T112) with Eq. (1) reduces the SNR due to noise propa-
gation but not necessarily the CNR as a consequence of the
removal of T,* effects and B; field reception inhomo-
geneity. Moreover, the CNR can be optimized with regards
to the desired WM/GMY/CSF contrast. Here, we assumed T
values for WM/GM/CSF reported by (Chuang and Koret-
sky 2006) and Lee et al. (2005) at 11.7T with and without
MnCl,. We assumed a dose of 30 mg/kg of MnCl, and
corresponding Ts although five doses at 30 mg/kg/24 h
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Fig. 7 T, mapping at 94T and 14.1T in the mouse brain with
MP2RAGE at 24, 72,96 h, 1 week and 1 month post—Mn2+ cessation
a comparison of T; values at 14.1T in different regions of interest in
the mouse brain up to 96 h post cessation of Mn>' injection.
Significant changes were found relative to saline-injected animals
(p < 0.0008). T; remained significantly lower relative to T, values in
the same ROIs in saline-injected animals 24 h post cessation of Mn>"
injections in all the structures. 72 h post Mn>" cessation significant
differences remained in the cerebellum, the thalamus and the pituitary
gland in which T, remained significantly lower compared to saline-
injected animals up to 96 h post last Mn2" injection. b MP2RAGE
horizontal T; maps acquired at 9.4T 24 h, 1 week and 1 month post-

were injected. Our choice can be justified since fraction-
ated manganese-enhanced MRI studies demonstrated that
after 6 x 30 mg/kg IP injections in rats, T values ranged
between 1000 and 1500 ms in various brain structures
(Bock et al. 2008) and an identical range of T values was
found in mice followed over 3 weeks and receiving 30 mg/
kg/24 h MnCl, with a subcutaneously implanted osmotic
pump (Sepulveda et al. 2012). Moreover, Griinecker et al.
(2013) relative intensity assessments after daily 30 mg/kg
IP injections in mice up to 8 days also showed little
changes. Simulations for 77,/T1, = 800/2800 ms showed
that the relationship between MP2RAGE signal [Eq. (1)]
and T; spanned the desired range between 500 and
3000 ms with an almost linear relationship for flip angles 2,
2° and 4, 4° and MP2RAGETR = 4-6 s. This “linear”
range was restricted to 800-2500 ms for flip angles 7, 7°.
Optimizations of CNR were based on previous simulations

@ Springer

Cou Hvoothalamus

T 1

Hipbocampus total

Pituitarv

cessation of fractionated Mn>* injections and saline in mice and
showing progressive increase of T; values as a function of time.
¢ Comparison of T; values measured at 9.4T in different regions of
interest in the mouse brain up to 1 month post cessation of Mn*"
injection showing significant differences in all ROIs 24 h after the last
Mn?* injection compared to saline-injected animals. 1 week post
Mn>" cessation, Ty, remained significantly different from saline-
injected animals in the cerebellum, hypothalamus, thalamus, caudate
putamen and pituitary gland (p < 0.05). This last structure had still a
significantly lower T, value compared to saline 1 month after
cessation of Mn>* (p < 0.02)

using Eq. (2) performed by Marques et al. (2010).
Although at different field strengths, these simulations
were performed for a similar range of values to ours. Our
simulations using Eq. (2) showed that CNR was enhanced
for 6 s, oy/o, = 7/7° and T1/T1, = 800-1600 ms. In-vivo
measurements corroborated these findings although noise
levels remained important. In addition, our findings were in
agreement with simulations and measurements performed
at 7T in a human scanner showing increased CNR for an
identical set of parameters (Marques and Gruetter 2013).
Moreover, these measurements proved that MP2RAGE
was useful for an enhanced delineation of specific grey
matter structures over a restricted range of T, values. In
mice, structures of the cerebellum were also better delin-
eated for T = 6 s, o /o, = 7/7° and Ty,/T, = 800-1600 -
ms at 94T (Fig. 3f). However, our measurements were
performed with quadrature surface coils at 9.4T and 14.1T
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after FASTMAP shimming over a large voxel of interest.
Although we expected a higher sensitivity with surface
coils and although the shapes and transmit powers of these
coils were optimized to limit B; transmit field inhomo-
geneity inherent to these coils, SA2RAGE measurements
showed that B, transmit field distortions remained impor-
tant over the lower part of the mouse brain at both fields.
These effects are detrimental to the precise estimate of T.
In order to reduce these B, distortions, the pulse profiles of
the MP2RAGE sequence were calibrated in MnCl,-doped
phantoms. Accurate T, values were obtained for flip angles
2,2° at 9.4T and 2, 3° at 14.1T. We used these values for
further investigations in mice at both fields although they
imply a CNR reduction. To tackle this issue, (Marques and
Gruetter 2013) proposed a methodology using both T, and
B, look-up tables and showed good results for further
reducing residual transmit field distortions in MP2RAGE
images. Current developments are ongoing to apply this
methodology to our measurements. This is important,
especially at higher field strength where distortions were
more important (Fig. 2) and more difficult to correct.
Besides, increased spatial resolutions are desirable but
imply increasing the number of flip angles in the phase
encoding direction and, therefore, increasing transmit field
inhomogeneity (Marques and Gruetter 2013). Finally,
although the lower SNR levels did not have a strong impact
on the quality of MR images in human scanners, poor SNR
levels coupled to B; inhomogeneity have strong effects on
mouse MP2RAGE images: with an increased spatial res-
olution [78 x 78 x 130 um3, (Fig. 2)], noise levels were
too important for clear depiction of small structures whe-
ther at 9.4T or at 14.1T. It is essential to appropriately
measure noise levels to assess the quality of MR data.
Here, we also used Rician distributions to calculate noise
levels. We think these calculations were more appropriate
than ROI estimates of standard deviations avoiding SNR
and CNR overestimates (Fig. 5). Recently, solutions were
provided for noise reduction in T;-weighted MP2RAGE
images (O’Brien et al. 2014; Eggenschwiler et al. 2012)
which could be easily implemented for mouse MP2RAGE.
Nonetheless, the use of transmit volume coils in combi-
nation with surface receive coils should already improve
the quality of MP2RAGE images, while improved hard-
ware such as cryoprobes that become more and more
available for mouse MR imaging should make the differ-
ence notwithstanding new possibilities such as parallel
imaging for rodents that should at the same time decrease
significantly acquisition times (Piedzia et al. 2014; Liu
et al. 2011).

We were able to depict cerebellar, hippocampal, corti-
cal, hypothalamic and olfactory bulb enhancements as in
studies where MnCl, was infused through the tail vein and
at higher Mn>" doses (up to 175 mg/kg) (Lee et al. 2005).

Cerebellar, cortical and olfactory bulb layers were less
clearly resolved as the spatial resolution was 156 pm?
isotropic instead of 100 pm® in Lee et al. (2005).
Nonetheless, small structures such as the globus pallidus
(GP), inferior colliculus, anterior pretectal nucleus, anterior
olfactory area and nucleus acumbens could be detected on
MP2RAGE coronal images [Fig S4B-C)]. All these struc-
tures are of high interest for studying subthalamic alter-
ations in neurodegenerative studies (Callahan and
Abercrombie 2015) as well as information processing and
functional metabolism (Chen et al. 2015; Just et al. 2011b).
The latter is interesting in the present case as specific
access to targeted nuclei of the mouse brain is given using
MP2RAGE measurements in combination with surface
coils, thus potentially enabling MR spectroscopic studies of
deep brain structures (Just et al. 2011b) as well investiga-
tions of Ca®" signalling mechanisms.

T; mapping of the mouse brain with MP2RAGE

One of the main advantages of the MP2RAGE technique
over many others is that it rapidly and easily provides high-
resolution T; maps from T;-weighted and proton-density-
weighted 3D GRE images. No subsequent T; mapping
technique is needed. In the present study, two blocks of 3D
MR images with a 156 pm isotropic spatial resolution were
obtained in 31 min whereas conventional 3D GRE were
measured in 19 min only without allowing quantitative T,
estimates. In general, T; maps of the mouse brain were
spatially well-resolved and allowed estimates of T; in
different structures of the mouse brain although SNR was
low. As mentioned above, the sensitivity of MP2RAGE
depends on the choice of 7js and T, range. As expected, T,
estimates in various structures of the mouse brain were
significantly longer at 14.1T than at 9.4T with and without
manganese-enhancement. Although further adjustments of
image acquisition parameters will be necessary at 14.1T,
especially for higher spatial resolutions, results were con-
sistent with literature (van de Ven et al. 2007) and directly
comparable at 9.4T. In saline-injected animals, T, values
were only slightly shorter than those measured by Lee et al.
(2005) in the same regions at 11.7T with a spin-echo
inversion recovery sequence. However, T; values mea-
sured at 94T with spin-echo saturation recovery by
(Sepulveda et al. 2012) and van de Ven et al. (2007) were
1.34-fold higher. As discussed earlier, our T, values may
have been misestimated due to our choice of parameters
and hence LUT that did not include the effects of noise. We
also assumed identical 77, values at 9.4T and 14.1T
introducing deliberately a bias at 14.1T. Improved
assumptions based on in vivo measurements at this field
strength will need to be performed as known values are still
lacking. Previous T; measurements in WM and GM areas
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of the rat brain obtained at 14.1T after MnCl, intravenous
injection at a dose of 25 mg/kg were in the range
1800-2200 ms (Maddage et al. 2014) meaning that our T,
estimates at 14.1T should probably be longer. Despite these
T; underestimates, 24 h post-fractionated injections of
MnCl,, T, values were significantly shortened in several
structures compared to saline-injected mice at 9.4T and
14.1T in agreement with previous studies (Chuang and
Koretsky 2006; Lee et al. 2005). Compared to T; values
measured at 11.7T in the same structures by Lee et al.
(2005), our T values 24 h post-MnCl, were between § and
13 % higher at 9.4T and between 18 and 24 % higher at
14.1T except for the pituitary gland (T; = 231 £ 23.4 ms
inLee etal.’s vs T; = 478 + 2 ms at 9.4T) suggesting that
in our case the dose of MnCl, in the mouse brain was lower
than 9 mg/kg. Small structures were still enhanced and
detectable. Bock et al. (2008), on the other hand, measured
T, values in rats at 7T after giving six 30 mg/kg frac-
tionated intravenous injections of MnCl,. 48 h post-ces-
sation of MnCl, injections, T, in various structures ranged
between 1100 and 1500 ms. At 24 h post-cessation of
MnCl, injections, our T; values ranged between 860 and
1200 ms at 9.4T in similar regions with five injections
only. As described previously, our post-Mn>* T, values
may still be slightly underestimated and it would be diffi-
cult to draw conclusions given the differences between the
protocols. However, the average change in T; between
control and Mn”*-injected animals yielded around 30 % in
both studies.

Low Mn>*doses in the mouse brain estimated
with MP2RAGE T; mapping

To date, quantitative T; estimations of Mn?*-enhanced
structures in the mouse brain remain sparse and compara-
tive studies remain difficult due to differing protocols
(doses, injection routes, field strength...) as well as time-
consuming T; mapping techniques. As manganese
becomes an interesting compound for cancer research
(Patrick et al. 2015), studies on T} relaxivity for estimating
Mn*" concentrations are of paramount importance in
addition to the possibility of performing translational
clinical studies for which neurotoxicity of manganese
needs to be minimal (Botsikas et al. 2012). Moreover,
identification of Mn?" concentrations could serve as a
means to follow Ca’" pathways and rates during brain
activation (Sepulveda et al. 2012), while the possibility to
measure low Mn>" concentrations could help differentiat-
ing cell densities as well as release/uptake rates (Chuang
and Koretsky 2006). We examined the effects of Mn>"
clearance on the T, of several brain structures of the mouse
brain. 1 month after cessation of manganese, almost all the
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mouse brain structures had recovered to the T, levels of
saline-injected mice except for the pituitary gland for
which T; values were not significantly different from T,
1 week and 24 h-post cessation of manganese. Our results
confirm previous findings (Griinecker et al. 2013; Sepul-
veda et al. 2012). Griinecker et al. (2013) investigated
regional accumulation and clearance in the mouse brain
using fractionated manganese injections using semi-quan-
titative methods. Their study showed that clearance of
Mn?" happened between 5 and 7 days (half-lives) in sig-
nificant contrast to previous studies in other species.
However, T; mapping techniques show increased robust-
ness and stronger potential for differentiating smaller
regions of interest. For example, (Sepulveda et al. 2012)
were able to estimate T, differences between structures of
the cerebellum and of the hippocampus during Mn>"
accumulation and during clearance. A priori, infusion of
Mn*" through mini-osmotic pumps at a dose of 30 mg/kg
and fractionated injections at the same dose appear to lead
to similar regional T; values. Further, (Chuang and
Koretsky 2006) showed that the pituitary gland T,
decreased significantly at a dose of 9 mg/kg MnCl, but
decreased much more slowly at high doses up to 175 mg/
kg. This was attributed to a limited ability of the pituitary
gland to transport Mn*". Patients affected with manganese
encephalopathy presented high T;-weighted signal inten-
sities of the pituitary gland (Dolgan et al. 2015) while other
studies demonstrated that pituitary hormone secretion was
modified in Parkinsonian patients (Schaefer et al. 2008).
Thus, investigations of the pituitary gland in rats and mice
with MP2RAGE upon chronic exposure to manganese
could be of particular interest as manganism causes neu-
rological effects similar to Parkinson’s disease and could
give new insights into the underlying mechanisms of this
neurodegenerative disease (Sepulveda et al. 2012).

Conclusion

Previous studies at high field in humans showed the huge
potential of MP2RAGE for structural MR imaging.
Although adjustments in terms of SNR and CNR will be
necessary for further use at high fields in rodents, we
demonstrated that MP2RAGE can be an interesting quan-
titative technique in combination with Manganese-En-
hanced Magnetic Resonance Imaging. MP2RAGE T,
mapping represents an interesting tool for further investi-
gation of transgenic mouse models and, therefore, an
interesting instrument for further translational studies.
Future studies with MP2RAGE in mice will focus on CNR
optimization, noise reduction and improvements of the
spatial resolution.
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