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Introduction
The increased signal-to-noise ratio (SNR) provided by
ultra-high field (UHF) MR systems (7T and above) used to
enhance spatial resolution has strong potential to image
tiny structures, such as in the spinal cord (SC) [1]. In
addition, increased sensitivity to magnetic susceptibility
and modifications of tissue relaxation times at UHF could
result in an improved ability to detect small lesions [2]. As
a result, 7T MR systems bear great potential for providing
high-quality high-resolution anatomical images that
may improve pathological cervical SC characterization.
Nevertheless, SC applications have been able to benefit
from the higher sensitivity provided by UHF only within

recent years [1–5]. In addition to many challenges related
to SC imaging [6] such as partial volume effect (PVE)
contamination or physiological motion, the lack of SCdedicated 7T MR coils has greatly delayed investigations
until recently [1]. Last but not least, static and radiofrequency magnetic fields (ΔB0 and B1+) inhomogeneities
are exacerbated at UHF, resulting in additional technical
challenges for imaging [1].
On the other hand, quantitative MRI (qMRI), which is now
largely used on 1.5T and 3T MR systems to characterize
SC pathologies [6, 7], has been recognized as a valuable
tool to strengthen diagnosis and prognosis, and it usually
correlates well with clinical disabilities in a wide range

Figure 1: MAGNETOM 7T MR system in CRMBM-CEMEREM, Marseille, France
1A

1B

1C

(1A) Customized 8-channel transceiver coil-array. The coil elements are spread on a curved saddle surface cradling the subject’s neck. In
transmit mode, an identical RF waveform is delivered to each of the elements after dividing the supplied power through a power splitter.
The coil operates with pre-fixed phase polarization, and fixed tuning and matching at 297 MHz / 50 Ω. The central element (#8) is
typically centered at the C3–C4 vertebral level location. (1B) Sagittal scout localizer MR image showing typical spatial coil coverage
(from cerebellum to T1 vertebra). (1C) Picture of coil and volunteer set-up.
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MP-TFL
B1 mapping
(#543B)

SPACE
(#692)

TSE

Multi-echo
GRE

MP2RAGE
(#900B)

SS-SE-EPI
adv. diff.
(#511F)

Dimension

2D

2D

2D

3D

2D

3D

2D

Orientation

sag

sag

sag

cor

tra

cor

tra

TA (min)

1.17

1.101

2.201

6.00

15.37

9.00

7.001

TR (s)

0.2

5

4

4

0.5

5

41

TE (ms)

3.06/4.08

3.05

34

289

5.2/9.4/
13.7/17.9

2.15

55.2

32

8

Hyperechoes

T2 var

50

4/5

90

FOV (mm )

192 x 192

256 x 256

192 x 192

224 x 190

180 x 146

260 x 177

103 x 103

Matrix size

192 x 192

256 x 256

320 x 320

320 x 272

1024 x 832

368 x 250

128 x 128

Resolution
(mm)3

1x1x2

1x1x5

0.6 x 0.6 x 2.2

0.35 x 0.35
x 0.352

0.18 x 0.18 x 2

0.7 x 0.7 x 0.7

0.8 x 0.8 x 3

Number of
slices

7

7

7

384

7

192

7

GRAPPA factor

–

–

2

3

–

2

3

Partial
Fourier

–

–

–

enabled

6/8

6/8

6/8

Number of
averages

1

1

1

1

3

1

3

FA (°)
2

1

1

Table 1: Main sequence parameters used at CRMBM-CEMEREM
1
2

The sequence was triggered using a peripheral pulse-oximeter placed on the finger.
The sequence resolution was interpolated (native in-plane resolution of 0.7 mm).

of degenerative SC diseases [8]. In order to also benefit
from multi-parametric quantitative MR techniques for
SC studies at 7T, setting appropriate strategies to tackle
the aforementioned challenges is mandatory. In this work,
we therefore propose a multi-parametric MR investigation
of the healthy cervical SC at 7T3 that could be further
used to characterize structural impairments in various
SC pathologies.
To drastically reduce PVE and explore SC substructures
while taking advantage of the increased SNR conferred
at UHF, transverse imaging of the SC was performed using
a multiple-echo gradient echo (GRE) sequence and T2*
mapping with an ultra-high in-plane resolution as high
as (180 µm)2.
To quantitatively investigate diffuse SC tissue alterations
along the cord and allow robust T1 mapping at all
cervical levels with a 0.7 mm isotropic resolution, the
magnetization-prepared two rapid acquisition GRE
sequence (MP2RAGE) used for brain imaging [9] has
been adapted for SC imaging. This included offline
B1+-inhomogeneity correction [4] to compensate for
imperfect radiofrequency excitations encountered at UHF,
which could bias T1 estimation and was not taken into
account by the original sequence.

Diffusion tensor imaging (DTI), which is used in clinical
research to characterize the underlying microstructural
impairments in many SC diseases [7] was also adapted
for 7T SC applications [10]. The increased magnetic
susceptibility differences between vertebrae and the spinal
cord require dedicated approaches, such as the reversed
phase-encoding method [11], to correct for the increased
image distortions. In addition, the natural curvature
of the SC also makes it prone to PVE along the cord axis
when dealing with contiguous transverse slab acquisition.
Regarding this issue, the single-shot spin-echo echo-planar
imaging (SS-SE-EPI) sequence has been modified to
support multiple individual slice-group acquisitions with
different orientations. Whereas the majority of the studies
reported so far [6, 7] focused for DTI on one transverse
slab centered at a given cervical level (usually C3–C4),
this multi-slice-multi-angle (MSMA) strategy allows
measurements at all cervical levels while ensuring
minimum PVE contamination.
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	MAGNETOM 7T and higher field strengthes is ongoing research. All data shown
are acquired using a non-commercial system under institutional review board
permission. MAGNETOM 7T and higher field strengthes are still under
development and not commercially available yet. Its future availability cannot
be ensured.
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Figure 2: Gradient Echo (GRE) field (ΔB0) mapping sequence
2A

Figure 3: Magnetization-prepared turbo-FLASH B1+ mapping
sequence

2B

3A

(2A) Magnitude image of the central sagittal slice (first echo
time). The green box illustrates the region of interest selected
to perform 2nd order B0 shimming prior to imaging (3 iterations).
Additional manual B0 shimming could be performed when
needed in order to reach a full-width at half-maximum (FWHM)
of the water peak of typically 100 Hz. (2B) Overlaid color-coded
ΔB0 field map (in Hz). After compensating for magnetic field
inhomogeneities within the SC induced by spinous processes
and vertebra, the ΔB0 field map still contains residual quasiperiodic high-frequency field distortions at the level of the
intervertebral junctions. Overall, B0 shimming is a crucial
step which inherently drives subsequent imaging performance.
For further details, the reader is directed to the B0 shimming
section in [1].

Figure 4: Turbo Spin Echo (TSE) sequence
4

3B

(3A) Absolute flip angle map (in degrees) measured on the
central sagittal slice (prescribed pre-saturation flip angle: 45°).
(3B) Corresponding color-coded relative B1+ field map (in % with
respect to the nominal flip angle) superimposed to anatomical
TSE image. Coil voltage calibration was achieved targeting the
nominal flip angle between C2 and C3 levels (see white arrow).
Unlike clinical systems using transmit body coils, the voltage
calibration has to be performed manually. Just like B0 shimming,
this step is crucial to ensure subsequent imaging performance.

The protocol proposed in the following paragraph is
intended to further describe the ‘how to’ of each of the
mentioned MR sequences, reported altogether for the
first time at 7T3. The whole setup aims to provide relevant
quantitative parameters and high-resolution anatomical
images within a scan-time acceptable for clinical research
(one hour in total, including all system adjustments and
calibrations). This brief review will outline our imaging
methods and post-processing strategy, and present
initial results obtained on healthy volunteers, as well
as future outlooks.

MR imaging

A sagittal T2-weighted Turbo Spin Echo (TSE) sequence is
used as a precise localizer for positioning the transverse slices
perpendicular to the cord, in order to minimize PVE contamination. The Hyperechoes [13] option is enabled to refocus the
MR signal while reducing overall Specific Absorption Rate (SAR).
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The 7T MR system3 (Siemens Healthcare, Erlangen,
Germany) used at CRMRM-CEMEREM in Marseille (France)
is a whole-body actively-shielded research magnet
equipped with a body gradient coil (SC72, amplitude
70 mT/m, slew rate 200 T/m/s). Cervical spinal cord MRI
is performed using a customized eight-channel transceiver
coil array (Rapid Biomedical GmbH, Rimpar, Germany)
designed to cover levels from C1 to C7 (see details in
Figure 1). The MR protocol, which consisted in 2D and 3D
anatomical and quantitative sequences (syngo MR B17
3

	MAGNETOM 7T and higher field strengthes is ongoing research. All data shown
are acquired using a non-commercial system under institutional review board
permission. MAGNETOM 7T and higher field strengthes are still under
development and not commercially available yet. Its future availability cannot
be ensured.
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Figure 5: Sampling Perfection with Application optimized Contrasts using different flip angle Evolution (SPACE) sequence
5

The 3D SPACE sequence generates one T2-weighted volume. The refocusing train option chosen was T2 var. The signal from the mobile
CSF fades out during the acquisition readout, facilitating nerve root and pia matter visualization (see white arrows).

version, see details in Figures 2 to 8), was approved by the
local Ethics Committee. Informed consents were obtained
for each subject prior to the MR examination. Exclusion
criteria were chosen conservative and included: pivot
teeth’s, stents, intrauterine devices and orthopedic
implants4.
The main sequence parameters used at CRMBMCEMEREM are summarized in Table 1. Additional
information is provided along with typical images
acquired on different healthy volunteers (Figures 2 to 8).
The total acquisition time, including all system
adjustments, was about one hour. Sequences used were:
GRE ΔB0 field mapping, B1+ mapping magnetizationprepared turbo-FLASH (MP-TFL), Turbo-Spin-Echo (TSE),
MP2RAGE, multi-echo GRE, Sampling Perfection with
Application optimized Contrasts using different flip angle
Evolution (SPACE) [12] as well as DTI using SS-SE-EPI.

Data post-processing
To perform studies within reproducible ROIs free from
manual delineation bias, SC images are usually coregistered for potential motion and normalized in common
reference spaces [19, 20] using semi-automated processing
pipelines. Data registration to templates also enables
automated segmentation of SC substructures (WM/GM,
WM tracts…) and group analysis.
4

	The MRI restrictions (if any) of the metal implant must be considered prior to
patient undergoing MRI exam. MR imaging of patients with metallic implants
brings specific risks. However, certain implants are approved by the governing
regulatory bodies to be MR conditionally safe. For such implants, the previously
mentioned warning may not be applicable. Please contact the implant
manufacturer for the specific conditional information. The conditions for MR
safety are the responsibility of the implant manufacturer, not of Siemens.

For illustration (Fig. 9), affine and non-linear registrations
of FA maps to the AMU40 template [20] were performed
slice by slice using FSL FLIRT and ANTs SyN [21] respectively. Automated GM/WM segmentation was possible
after binarization of the AMU40 [20] GM/WM probabilistic
atlases (orange/blue, threshold: 0.5, i.e. ≥50% probability
to belong to the region of interest (ROI)). Three ROIs were
also selected: anterior GM horns (red), lateral WM (green)
and posterior WM (yellow), which were extracted from
the probabilistic WM tract atlas [22]. For more details,
the reader is directed to references [4] and [10].

Discussion
In this work, a multi-parametric quantitative MRI protocol
has been proposed for cervical SC 7T imaging. The whole
protocol required one hour to collect high-resolution
anatomical, morphological and microstructural data,
making it compatible with clinical research.
Acquisitions have been performed using a commercial
customized coil, which exhibited satisfactory coverage
and signal homogeneity within the cervical SC, but would
presumably benefit from further developments to improve
parallel imaging performances and SNR for large necks.
The B1+ distribution along the SC was similar between
subjects, with homogeneous values around the nominal
flip angle for C1–C3 levels and a linear decrease down
to 70% in average of the nominal value at C7 level. This
situation is not optimal, as B1+ could likely drop further in
subjects with large necks and hence lead to reduced SNR
level, contrast-to-noise ratio dropouts or inefficient fat
saturation. A further improved coil geometry, advanced

www.siemens.com/magnetom-world
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Figure 6: Gradient Echo (GRE) sequence
6A

6D
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(6A) Ultra high-resolution axial imaging was performed using an axial 2D T2*-weighted GRE sequence with multiple echo times (n=4),
with one slice positioned mid-vertebra at each cervical level (from C1 to C7), perpendicular to the SC axis. Flow compensation in the slice
direction, bipolar gradients and phase stabilization options were enabled. The multiple TEs (5.1, 9.4, 13.8 and 17.7 ms) were chosen as
short as possible to limit magnetic susceptibility artifacts. (6B) The GRE echoes were combined to generate high SNR contrast-enhanced
MEDIC (Multi-echo data image combination) images [14]. (6C) Mono-exponential fitting of the signal intensity TE-decay with a GaussNewton non-linear least-squares algorithm enables T2* mapping. Typical T2* values for both WM and GM were in the order of 20 ms
and 30 ms, respectively (see [4] for more details). (6D) When zooming, refined anatomical details could be visualized (nerve roots: blue,
ligaments: purple, blood vessels: red, dura mater: green and pia mater: yellow).
Remark: 3 mm slice thickness and 2 averages could also be selected as an alternative in order to reduce the acquisition time to 10 minutes.

RF pulse design, or the use of parallel transmission [23]
technology would be necessary to mitigate these
imperfections.
A crucial consideration when working at 7T is B0
shimming, especially for T2* mapping and DTI.
Based on our experience, 2nd order global automated
adjustments do not always seem sufficient to ensure
reliable DTI quality, with ghosting artifacts sometimes
observed, especially at C7 [10]. Manual shimming
refinements with physiological triggering in a reduced
volume covering approximately only the cervical canal,
appeared mandatory to obtain better results. Still,
these adjustments could be time-consuming and were
not always efficient. Slice-wise dynamic (or integrated)
shimming [24] therefore holds great potential to improve
lower cervical levels B0 shimming at 7T.

6
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T1 mapping derived from the MP2RAGE sequence was only
marginally affected by B1+, B1-, proton density and T2*
dependence, and demonstrated strong robustness and
accuracy. Based on these optimizations, WM, as well as
GM T1 values were measured in the SC. The T1 of SC GM
was observed to be lower than GM in the brain. The reader
is directed to reference [4] for further discussion on T1
mapping.
Transverse SC DTI covering from C1 to C7 has been
reported only recently at 7T [10]. DTI is indeed not
straightforward at 7T, as it directly suffers from T2
shortening, B1 and B0 inhomogeneities, and SAR increase
[25]. MSMA capabilities enabled to report DTI metrics
covering the whole cervical SC in one single acquisition,
saving a considerable amount of time as compared to
conventional strategies (stack of slices). DTI metrics were

MAGNETOM Flash (70) 1/2018
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Figure 7: Magnetization Prepared 2 Rapid Acquisition GRE (MP2RAGE) sequence
7A

7C

7B

7D

7E

7G

7F

7H

found in agreement with corresponding literature [26, 27]
obtained at 3T. The reader is directed to reference [10] for
further discussion on DTI.
As a conclusion, a high-resolution multi-parametric MRI
protocol dedicated to cervical SC investigation at 7T was
proposed. Obtained images and maps, with unmatched
resolutions compared to lower field investigations,
provided exquisite anatomical details and clear delineation of the SC substructures within an acquisition time
compatible with clinical research. Nevertheless, clinical

The 3D MP2RAGE sequence generates two
volumes, acquired at two different inversion
times: (7A) TI1 (0.7 s) and (7B) TI2 (2.4 s).
These weightings allow a fine visualization
of the nerve roots (7C) and (7D), here at
C5–C6 levels. The two volumes can be
combined to obtain (7E) a volume with
uniform T1 contrast (UNI) and devoid of T2*,
proton density and B1- influences. Sequence
parameters were chosen to maximize the
SC GM/WM T1 contrast. (7F) Using the
UNI signal intensities and the integration
of Bloch equations, a 3D T1 map can be
generated [9]. Incorrect estimation of T1
values due to B1+ inhomogeneities are
corrected offline with a look-up table [4]
built in MATLAB (R2015b, The Mathworks,
Natick, MA, USA). WM and GM along the
whole cervical SC can be clearly depicted
on both T1-weighted image (7G) and
quantitative T1 map (7H), here at C3 level.
Typical T1 values for both WM and GM
were in the order of 1180 ms and 1330 ms,
respectively (see [4] for more details). T1
map denoising was performed with the
BM4D function [15].

applications of SC UHF imaging are still at an early stage
[1]. By relying on the assets of 7T imaging, such high
resolution multi-parametric quantitative SC investigations
could legitimately go further than purely descriptive
clinical reports based on anatomical imaging by studying
specific sub-regions impairments, such as grey matter horn
atrophy or anterior white matter tract degeneration, hence
paving the way for new understandings of pathological
processes.

www.siemens.com/magnetom-world
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Figure 8: Diffusion-weighted single-shot spin-echo echo-planar-imaging (SS-SE-EPI) sequence5
M0

8A

FA

(8A) Transverse DTI was performed with one slice
positioned mid-vertebra at each cervical level,
perpendicular to the SC axis. Slice positioning and B0
adjustment volumes (green box) are depicted on TSE
image. Acquisitions were synchronized with finger
pulse-oximeter signal so as to acquire data during the
CSF quiescent phase (prospective gating, no trigger
delay, no navigator echo, acquisition window of
approximately 400 ms, slice repartition of 2 maximum
per cycle, over 4 cycles). Fat suppression was
achieved by spectral saturation. Acquisitions were
performed using two b-values (0 and 800 s/mm2)
and 20 independent diffusion-encoding directions. All
series were acquired with right-to-left phase-encoding
direction to enable parallel imaging acceleration
compatible with the coil geometry. An additional
acquisition with identical parameters but opposite
left-to-right phase-encoding direction and b = 0 s/mm2
was also performed (acquisition time of less than
1 minute). Reverse phase-encoding-based distortion
corrections were performed with FSL Topup (FSL v5.0,
FMRIB, Oxford, UK) [11, 15]. Artifacts generated by Eddy
currents produced during diffusion-encoding gradient
applications were corrected with FSL Eddy [16]. Gibbs
artifacts were removed using the local subvoxel-shifts
(LSS) method [17]. Data denoising was performed
using the overcomplete local principal component
analysis (LPCA) method [18]. Diffusion metrics were
computed with FSL DTIFIT. (8B) EPI images with
b-value = 0 s/mm2 (M0) and corresponding grayscale
Fractional Anisotropy (FA) maps, for the 7 cervical
levels are provided. Visual depiction of the GM
butterfly is possible on all FA maps. Typical values
for both WM and GM FA were in the order of 0.75
and 0.5, respectively (see [10] for more details).

8B
C1

TSE
C2

C3

C4

C5

C6

5

C7

	WIP, the product is currently under development and is not
for sale in the US and in other countries. Its future availability
cannot be ensured.

Figure 9: Example of data registration to template
9

C4 FA

Registered
FA

GM / WM

GM / WM
ROIs

AMU40
reciprocal

Registrations of FA maps to the reciprocal (i.e. Inverted contrast) AMU40 template. Automated, robust and reproducible substructure
segmentation and group studies are further enabled. GM binarization mask is shown in orange, while WM mask is in blue. The three
additional considered ROIs are: anterior GM horns (red), lateral ‘motor’ WM (green) and posterior ‘sensory’ WM (yellow).
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