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Abstract

Objectives The T, longitudinal recovery time is regarded as a biomarker of cancer treatment efficiency. In this scope, the

Magnetization Prepared 2 RApid Gradient Echo (MP2RAGE) sequence relevantly complies with fast 3D T, mapping.

Nevertheless, with its Cartesian encoding scheme, it is very sensitive to respiratory motion. Consequently, a radial encoding

scheme was implemented for the detection and T| measurement of hepatic metastases in mice at 7T.

Methods A 3D radial encoding scheme was developed using a golden angle distribution for the k-space trajectories. As in that

case, each projection contributes to the image contrast, the signal equations had to be modified. Phantoms containing increasing

gadoteridol concentrations were used to determine the accuracy of the sequence in vitro. Healthy mice were repetitively scanned

to assess the reproducibility of the T, values. The growth of hepatic metastases was monitored. Undersampling robustness was

also evaluated.

Results The accuracy of the T; values obtained with the radial MP2RAGE sequence was >90% compared to the Inversion-

Recovery sequence. The motion robustness of this new sequence also enabled repeatable T measurements on abdominal organs.

Hepatic metastases of less than 1-mm diameter were easily detected and T; heterogeneities within the metastasis and between the

metastases within the same animal were measured. With a twofold acceleration factor using undersampling, high-quality 3D T,

abdominal maps were achieved in 9 min.

Conclusions The radial MP2RAGE sequence could be used for fast 3D T; mapping, to detect and characterize metastases in

regions subjected to respiratory motion.

Key Points

* The Cartesian encoding of the MP2RAGE sequence was modified to a radial encoding. The modified sequence enabled
accurate T; measurements on phantoms and on abdominal organs of mice.

* Hepatic metastases were easily detected due to high contrast. Heterogeneity in T; was measured within the metastases and
between each metastasis within the same animal.

* As implementation of this sequence does not require specific hardware, we expect that it could be readily available for clinical
practice in humans.
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bSSFP Balanced steady-state free precession

MP2RAGE Magnetization Prepared 2 RApid
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longitudinal quantitative approach would be an additional asset.
The T spin-lattice relaxation time has been shown to be a bio-
marker of a cancer therapy response in mice [1, 2]. In order to
accurately measure T in metastases at an early stage, when their
volumes are small, it is crucial to get 3D MR images with high
spatial resolution, especially for preclinical studies.

3D T, mapping sequences have already been developed for
rat and mouse brains at high magnetic fields [3, 4]. However,
obtaining T; maps of the abdomen of small animals is still
challenging mainly due to respiratory motion that deteriorates
the quality of 3D high-resolution images. A way of reducing
such artifacts is to synchronize the acquisition with the animal
respiration; still, respiration triggering is time-consuming and
may not be suitable for T; measurement. Contrary to Cartesian
encoding scheme, radial encoding is much less sensitive to
motion because of the repetitive k-space center acquisition in
different directions [5]. In addition, because of the low frequen-
cies over-sampling, high signal-to-noise ratio (SNR) can thus
be obtained, and images can be acquired more rapidly with only
a few projections. Motion impacted projections can also be
removed a posteriori using a self-gating algorithm.

On small animals, radial sampling encoded T| mapping
sequences based on the inversion [6] or saturation [7, 8]
recovery approaches are generally employed to obtain 2D
maps. A 3D Look-Locker sequence, using a stack-of-
spiral encoding scheme, has also been developed for
mouse heart and brain imaging [4, 9]. Yet, its application
to abdominal imaging may be challenging due to off-
resonance effects caused by the high fat content in the
abdomen [10].

Variable flip angle (VFA)-based sequences were applied in
3D on the mouse heart in vivo [11]. However, this technique
seems to measure T; with low accuracy [12].

An alternative method for T, mapping is the Cartesian
encoded Magnetization Prepared 2 RApid Gradient Echoes
(MP2RAGE) sequence [13]. It leads to the fast acquisition
of 3D Ty maps (less than 15 min for 1-mm isotropic human
brain map) with good accuracy.

This sequence has been used in neuroimaging for its
high T, contrasts at magnetic fields higher than 1.5T. It
has been used on humans [14—16] and on small animals at
7T in combination with the Compressed Sensing tech-
nique [17], 9.4T and 14.1T to obtain brain T; maps in
the presence of manganese [18].

Consequently, the goal of our study was to develop a 3D
radial MP2RAGE sequence and consequently to assess 3D T,
maps of the mouse abdomen at 7T. The influence of the radial
encoding scheme on motion sensitivity and T, accuracy was
evaluated. This sequence was then applied to detect and char-
acterize hepatic metastases in mice at 7T. In the aim of reduc-
ing acquisition time, the effect of undersampling was studied.

Materials and methods
MRI system
Experiments were performed on a 7T Bruker BioSpec system

equipped with a gradient coil of 660 mT m ' maximum
strength and 110 ps rise time.
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Fig. 1 Description of the 3D pseudo random radial encoded MP2RAGE
sequence. a An inversion pulse (180°) is followed by two GRadient Echo
blocks (GRE block), containing # pulses. The inversion times (TI) corre-
spond to the time between the middle of the inversion pulse (180°) and
the middle of the GRE block (n/2th pulse). MP2RAGE R corresponds to
the time between two inversion pulses. b In our case, a total of 128 echoes
were read to acquire 128 k-space diameters. These diameters were

reordered using a pseudo golden ratio (as shown for one GRE block in
dark blue). During one MP2RAGE+g, both echo blocks acquire the same
k-space diameters. At the next MP2RAGEry, another set of diameters are
acquired (shown in red); the first diameter of this set being the successor
(in the pseudo random sequence) of the 128th echo of the previous
MP2RAGE+R. ¢ Corresponding radial (red) and standard Cartesian
(blue) MP2RAGE lookup-tables are shown
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A volume resonator operating in quadrature mode was used
for excitation (75.4-mm inner diameter, 70-mm active length),
and a proton phased array (RAPID Biomedical GmbH) was
used for signal reception (4 elements of 30 mm long around an
elliptic cylinder housing: 19 x 25.5 mm).

3D pseudo random radial encoded MP2RAGE
sequence

Figure la) presents a simplified diagram of the MP2RAGE
sequence [16]. Its Cartesian k-space sampling scheme was
replaced by a radial one. After each of the 128 inversions,
two gradient echo (GRE) blocks of 128 projections each were
acquired at two inversion times (TI). The sequence was re-
peated 128 times, with a delay (MP2RAGER) between two
inversions. The whole set of projections was acquired in a
quasi-golden ratio order using the same distribution as
Koktzoglou et al [19]. Figure 1b) illustrates this encoding
scheme by displaying the Ist, 2nd, 3rd, and the 128 projec-
tions registered during a GRE block acquired during the first
two MP2RAGEqR.

Radial MP2RAGE signal equations

As in [13], two images could be reconstructed from respec-
tively all first and second GRE blocks, and combined to obtain
a “MP2RAGE” image, where the signal only depends on the
T, and sequence parameters but not on B, and T»*.

In the Cartesian case, the signal is assumed to come only from
the central echo of each GRE block (/2 in ref. [13]). This as-
sumption does not hold for a radial encoding scheme: as the
signal of the k-space center is acquired at each echo, all the n
echoes of one GRE block influence the image intensity.
Therefore, to get closer to the specificity of the radial
MP2RAGE sequence, the image signal was simulated using
the average signal of the n echoes of a GRE block. Therefore,
the signal equations were modified accordingly by replacing »n/2
by m € [1;n] (Supplementary material 1) and a new look-up table
was generated.

As shown in Fig. 1c), in the T, range of 800-2000 ms, for
the same T values, the MP2RAGE signal intensity is lower in
the radial case than in the Cartesian one.

Phantom imaging

Five tubes containing physiological serum and gadoteridol
(ProHance®, Bracco imaging) at different concentrations
were prepared to obtain T, values from 800 to 2000 ms.

The T, values were determined via the gold standard
Inversion-Recovery (IR) sequence: 120 TI from 100 to
12,000 ms (100 ms increment), echo time (TE) =10 ms, rep-
etition time (TR) =15 s, field of view (FOV) 25 x 18 mm?,
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matrix = 128 x 64, resolution 195 x 281 pmz, 1 slice, thick-
ness =2 mm, scan time = 8 h.

Then, the Cartesian and radial MP2RAGE sequences were
performed: inversion pulse (180° adiabatic hyperbolic secant
pulse of 10 ms), TI;-TI,-MP2RAGEt = 1000-3300—
8250 ms (as recommended at 7T [13]), 1 ms sinc 10 lobes
pulses, a1 =2 =7°, Inter-echo repetition time (TR) 7 ms,
echo time TE =3.2 ms (Cartesian) or 2.7 ms (radial),
FOV = (25 mm)?, matrix = (128)°, resolution = (195 pum)?, re-
ception bandwidth (' BW) = 391 Hz/pixel, scan time = 18 min.
For all radial acquisitions, the same trajectories required for
the regridding process were used. The scans were averaged
ten times on a phantom filled with water to correct both eddy
current and gradient delay errors [20].

All three acquisitions (IR and both MP2RAGE sequences)
were performed five times and the MP2RAGE measurements
were compared to the IR measurements.

In vivo imaging
Animal preparation

C57/Bl6 mice (8 weeks old, Charles River) were used in this
study.

A first group (N =8) was dedicated to brain imaging.

A second group (N =3, called “healthy mice” thereafter)
was used for abdominal imaging.

A last group (N = 6) received a mesenteric injection of 2 x
10° B16F10 murine melanoma cells in 100 uL DMEM, as
previously described [21]. Briefly, a small incision was made
along the midline of the low abdomen to expose the intestines.
The mesenteric vein was used to inject the cancer cells.

A self-gated Cartesian balanced steady-state free precession
(bSSFP) experiment was used to assess the presence of metasta-
ses: TE/TR =2/4 ms, flip angle: 30° hermite pulse, rBW =
781.25 Hz/pixel. The FOV and resolution were the same as the
MP2RAGE ones, with 5 self-gating points per line, 4 images
with frequency offsets =0, 61, 122, and 183 Hz, and 4 repetitions
each resulting in a total acquisition time of 17 min 28 s. The self-
gated images were reconstructed as in [22].

All experimental procedures were approved by the Animal
Care and Use Institutional ethics committee of Bordeaux,
France (approval no. 5012032-A).

In vivo MRI

Brain and abdomen T; maps were acquired with the MP2RAGE
sequences. The mice were positioned in the coil in such a manner
that either the brain or both the kidneys and the liver were ob-
servable. The mice were anesthetized with isoflurane (1-2% in
air). The respiration was monitored using a balloon placed on the
lower abdomen (SA Instruments). The same imaging parameters
as for the in vitro experiments were used.
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Each healthy mouse was scanned three times at three dif-
ferent days. The hepatic metastases-bearing mice were
scanned at days 11, 13, 15, 18, and 22 post-injection.

Image analysis

After acquisition, T; maps were reconstructed and analyzed
using Matlab® software (Mathworks).

Regions of interest (ROI) were drawn on each phantom tube
on the T; maps obtained with the MP2RAGE sequences. Their
T, values were also measured from the IR sequence through an
exponential curve fitting. The mean T was measured as an av-
erage of the Ty values of each voxel within a ROL.

To compare MP2RAGE T; measurements in vivo in a region
not subject to respiratory motion and obtained with the Cartesian
and the radial MP2RAGE sequences, ROIs were manually
drawn on a single slice of the T; maps in the head muscle, brain
cortex, and midbrain (Supplementary Material 3). On the abdom-
inal radial T, maps, the reproducibility of the measurements was
evaluated through ROIs drawn in the healthy liver, and on three
areas of the kidneys (cortex, inner medulla, and outer medulla)
and in the hepatic metastases (N =20). The mean T; was mea-
sured as a mean of the T, values of each voxel within a ROL

To compare the homogeneity of the Cartesian and radial T,
maps, a ROI void of main blood vessels was drawn. The
number of pixels as a function of the T, values was represent-
ed with histograms. The full width at half maximum (FWHM)
[22] was measured.

To measure the volume of a metastasis over time, segmen-
tation was performed on the T; maps using Amira® software
(TGS).

To assess the impact of undersampling on the quality of the
abdominal MP2RAGE images, T maps were reconstructed
with only half, quarter, or eighth of the dataset (corresponding
to 8192, 4096, and 2048 projections, respectively), to simulate
acquisition times of 9, 4.5, and 2.5 min. As the projections
were arranged in a pseudo random way, this truncation affect-
ed the whole image isotropically.

Then, difference images were generated by subtracting the
original T map from the three undersampled T; maps.

Statistics

Statistically significant differences between in vitro measure-
ments (5 different tubes, 5 independent experiments) were
analyzed by the one-way ANOVA test followed by the
Bonferroni post-test using Graphpad Prism 5.0® software. A
p value lower than 0.05 was considered to be statistically
significant.

After checking the normal distribution of the data (Shapiro-
Wilk test, N=5, alpha = 0.05), the TOST equivalence test was
also performed [23] to evaluate the equivalence of the T,
mapping methods (delta=0, alpha=beta=0.05). The

confidence intervals for the differences in mean values (Eq.
8 in [23]) were calculated for both sequences as well as the
maximum mean difference for each measurement (8).

Results
In vitro T; measurement accuracy

The T, value obtained from the multiple concentrations of
gadolinium were similar between the Cartesian and the radial
MP2RAGE sequences and showed no significant difference
with the IR sequence. The TOST test revealed a difference
smaller than 10% between the measurements obtained with
the Inversion-Recovery and both MP2RAGE sequences
(Supplementary material 2).

In vivo brain imaging

3D T, maps were first acquired on the brain of healthy mice
using both MP2RAGE sequences (Supplementary material 3).
The T, values of several brain structures had small standard
deviations, showing a high repeatability of both sequences. The
differences in T; measurements between the Cartesian and the
radial sequences were minor compared to the T; values (< 6%).

Robustness to respiratory motion

Figure 2a shows mouse abdominal images (TI;, TIl,, and
MP2RAGE images in addition to the T; maps) acquired with
the Cartesian and the radial MP2RAGE sequences. The back-
ground of the radial images looks slightly noisy due to the
shape of the point-spread function [5]. However, on the radial
TI, and TI, images, a better spatial homogeneity of the liver
signal is observed leading to an approximately 50% drop in
the FWHM on the T; map (Fig. 2b).

As a result, an easy detection of hepatic blood vessels on
the radial maps (arrow) was possible, as compared to the
Cartesian ones (magnified T; maps).

In vivo T, measurement reproducibility
on the healthy abdomen

As shown in Fig. 3, the T; measured in the liver and in the
kidneys with the radial sequence are similar between mice and
throughout each day of acquisition. The mean T of the liver
and the cortex, outer medulla and inner medulla of the kidney
were found to be 1133 +34 ms, 1309 =57 ms, 1740+ 62 ms,
and 2677 £162 ms, respectively. In the liver, the standard
deviations for the three mice were 34, 34, and 28 ms
respectively.
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Fig. 2 a Axial views of mouse a)
abdominal images obtained at the
first (T1;) and second (TL,) GRE
blocks, their combination
(MP2RAGE) and the corre-
sponding T; maps. The images
were acquired with the Cartesian
(first row) and radial (low row)
sequences. The arrow underlines
the improved homogeneity of the
liver on the radial images, which
enables to easily detect small he-
patic blood vessels. b Histogram
representing the number of pixels
per T; values from the region of
interest (green line) applied on
both axial T; maps

Th Tl2

Cartesian

Radial

b)

Cartesian

Metastasis detection and characterization

Hepatic metastases as small as 0.2 mm® (representing approx-
imately 25 voxels) could be detected prospectively on the
radial MP2RAGE T; map due to their T, longer than the
surrounding tissues (Fig. 4). The mean T, of all the metastases
analyzed was 1800 +200 ms. Their presence was confirmed
by a self-gated bSSFP sequence [22].

Throughout the longitudinal study, the bSSFP sequence
showed an increasing heterogeneity of the signal inside the
metastases. The corresponding T maps show that this is par-
tially caused by T heterogeneities.

MP2RAGE
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For instance, at day 22, a representative metastasis shown
in Fig. 4 had areas with long T; (> 1800 ms), medium T,
(between 1400 and 1800 ms), and short T; (= 1000 ms).

Histology was also performed on this metastasis mouse model
and demonstrated that long T, within metastases could corre-
spond to the presence of edema (Supplementary Material 4).

Undersampling effect

In order to decrease acquisition time, multiple undersampling
factors were tested (Fig. 5). Using only half of the dataset
(reducing the duration to 9 min) did not significantly alter

Fig. 3 T; measurements of four 3000+
abdominal regions of healthy Wiy
mice. T; measurements on the *#
liver and the kidney (cortex (C),
outer medulla (OM), and inner 2500
medulla (IM)) have been +
performed on three mice (blue,
red, and green) on three different g
days. Global averages and < 2000+
standard deviations are displayed -
in black. The magnification of a ﬁ%
MP2RAGE T, map shows the
three kidney regions. The 1500
standard deviations of the liver T, :ﬁ: * + Mouse 1
over the three days were 34, 34, $ + Mouse 2
and 28 ms for the “blue”, “red,” %:x + Mouse 3
and “green” mice, respectively 1000

Liver T Kidney I Kidney I Kidney

(Cortex) (Outer Medulla) (Inner Medulla)
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Fig. 4 Longitudinal follow up of
a mouse hepatic metastasis
(arrows). First row: axial views of
T, maps acquired with the radial
MP2RAGE sequence at days 11,
15, 18, and 22 post-injection.
Second row: magnification of the 400
T, maps. Third row:
corresponding magnifications
from the bSSFP images. The
metastasis volume and mean T,
are indicated below

T1 map
magnification

bSSFP
magnification

Volume (mm3)

T1 (ms)

the quality of the T; map. Indeed, the difference map remained
homogeneous, particularly in the liver. Using fourth of the
dataset, some hepatic blood vessels were no longer detectable
for example (plain arrow), but a metastasis of 1-mm diameter
could be easily identified; its detection got altered only when
the undersampling factor was set to 8. In parallel, the differ-
ence maps were getting more heterogeneous in the liver re-
gion. Yet, reducing the number of projections used for the
reconstruction did not globally alter the T; measurements of
a large ROI in the liver.

Discussion

In this work, the Cartesian encoding scheme of the
MP2RAGE sequence was replaced by a radial scheme for

Fig. 5 Effect of undersampling Undef;s;r:rpling 1
on radial 3D T maps of mouse Acquisiti
abdomen. The first row shows the cq:;::;"m 18 min

axial views of Ty maps
reconstructed using
undersampling factors of 1, 2, 4,
and 8. The second row shows the
difference between the
undersampled images and the
initial T; map

Difference map

1713 £ 250

D11 D15 D18 D22

0.61 0.72 3.34 16.1
1729 + 397

1594 £ 181 1658 + 234

respiratory motion—related artifact robustness. Without respi-
ration synchronization, 3D T; maps of the mouse abdomen
were generated with an isotropic resolution of 0.2 mm within
18 min. Using an adequate look-up table, the sequence was
shown to be accurate in vitro, and repeatable in vivo. The
sequence was therefore used to detect and characterize hepatic
metastases. A great variability was observed among metasta-
ses, some being quite homogeneous, others containing regions
of very long or short T, irrespective of their sizes. This is
consistent with a previous study that performed diffusion
MRI on the same metastasis model [24]. Finally, the image
quality was preserved using only half of the projections,
resulting in 3D T, maps acquired in 9 min.

The T, measured in the brain cortex at 7T was approxi-
mately 150 ms shorter than the one obtained using a 2D
Cartesian Look-Locker sequence [25], but 200 ms longer than

5 min 2 min

9 min

T1/ ms
4000

400

ATi/ms
1000

-1000
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those reported in Swiss nu/nu mice using a 3D Look-Locker
sequence [4]. Also, the T; measurements in the liver were
140 ms longer than the one obtained using a 2D Spin-Echo
Cartesian sequence. The high variability of T; measurements
within the literature is also highlighted by Lee et al [26], where
T, measured in the kidney cortex using a 2D variable TR
Turbo Spin-Echo sequence was found to vary from 1346+
175 to 1892 £209 ms depending on the slice position.

Some differences might also come from the 2D versus 3D
encodings. Indeed, 2D sequences require large slice thickness,
which can contain different structures within the same voxel
and consequently will influence the T; value measurements.
In addition, the absence of respiration triggering can affect the
T, measurements obtained with Cartesian sequences. In vivo,
because of magnetization transfer, magnetization recovery is
better described by a bi-exponential curve [27]. The hypothe-
sis of a mono-exponential magnetization recovery model
could therefore influence the T; measurements. Sequences
using curve fitting reconstruction algorithms as Look-Locker
or the MPnRAGE sequence [28] might be able to more pre-
cisely evaluate this recovery scheme in small animals. In our
case, the radial MP2RAGE sequence was considered the best
compromise between T, accuracy, acquisition time, and 3D
spatial resolution.

One limitation of the sequence, except the requirement of
trajectory measurements inherent to non-Cartesian imaging, is
the hypothesis of a constant and ideal transmit B; field.
However, simulations showed that an overestimation of 10%
of the transmit B, field could lead to T, over-estimations be-
low 2%.

In our study, the motion-affected projections were not de-
leted, as the quality of the images was high enough to detect
small metastases. Nevertheless, due to the robustness to
undersampling of the sequence, the self-gating method could
be advantageous especially for human imaging, where a large
part of the projections may be altered by respiration motion.
This technique has been demonstrated efficient in mice even
when a steady state is not reached [8].

To allow T, mapping of large cohorts of animals or to
shorten anesthesia duration, a further reduction of acquisition
duration would be needed. This could be obtained by increas-
ing the number of echoes per GRE block, probably at the
expense of some T; accuracy. Strategies like Compressed
Sensing (CS) or parallel imaging could also be used. Both
have already been combined to accelerate radial 2D acquisi-
tions [29, 30] and 3D Cartesian parametric maps [31, 32]. In
addition, parallel imaging [33] and CS [17] have been inde-
pendently combined with the Cartesian MP2RAGE sequence
enabling to obtain human and mouse brain T; maps, in less
than 6 min. Both techniques will be necessary to acquire hu-
man abdominal T; maps with reasonable spatial resolution (3—
5 mm isotropic) in less than 20 min using a standard clinical
MR system.

@ Springer

In conclusion, through the modification of its encoding
scheme, the MP2RAGE sequence is becoming relevant to
map other regions than the brain. Indeed, its motion robust-
ness is now sufficient to detect small metastasis in regions
impacted by respiratory motion. Hence, it enables the fast
acquisition of 3D T maps using a standard preclinical system
(magnet and gradients). The only prerequisite for T; accuracy
is a homogenous transmit coil. Then, T; can be used as a
diagnostic and monitoring biomarker in small animals and
could be of high potential for clinical applications. Still, fur-
ther investigations performed when applying a therapy are
needed to confirm this.
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