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Purpose: To perform in vivo imaging of the cerebellum with an
in-plane resolution of 120 mm to observe its cortical
granular and molecular layers by taking advantage of the
high signal-to-noise ratio and the increased magnetic
susceptibility-related contrast available at high magnetic
field strength such as 7 T.

Materials and The study was approved by the institutional review board,
Methods: and all patients provided written consent. Three healthy
persons (two men, one woman; mean age, 30 years; age
range, 28-31 years) underwent MR imaging with a 7-T
system. Gradient-echo images (repetition time msec/echo
time msec, 1000/25) of the human cerebellum were ac-
quired with a nominal in-plane resolution of approximately
120 wm and a section thickness of 1 mm.

Results: Structures with dimensions as small as 240 wm, such as
the granular and molecular layers in the cerebellar cor-
tex, were detected in vivo. The detection of these struc-
tures was confirmed by comparing the contrast obtained
on T2*-weighted and phase images with that obtained on
images of rat cerebellum acquired at 14 T with 30 pm
in-plane resolution.

Conclusion: In vivo cerebellar imaging at near-microscopic resolution
is feasible at 7 T. Such detailed observation of an anatom-
ic area that can be affected by a number of neurologic and
psychiatric diseases, such as stroke, tumors, autism, and
schizophrenia, could potentially provide newer markers
for diagnosis and follow-up in patients with such patho-
logic conditions.

©RSNA, 2010
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he cerebellum plays a major role
not only in movement control but
also in cognitive-emotional pro-
cessing (1,2). Multiple cerebellar func-
tions are integrated in the cortical layer.
The convoluted structure of this layer is
organized in the folium and is divided
into three layers, from the inside to the
outside, as follows: granular, Purkinje,
and molecular. The cerebellar cortex
can be affected by many neurologic and
psychiatric diseases, such as stroke, tu-
mors, autism, and schizophrenia (3,4).
Also affecting this region are genetic
disorders such as ataxias (1) and ace-
ruloplasminemia (5,6), in which layer-
dependent variations in iron deposition
have been shown using histologic ex-
amination (7). Therefore, noninvasive
methods delivering precise anatomic
images of the cerebellar cortical archi-
tecture could potentially provide newer
markers for diagnosis and follow-up.
To date, anatomic magnetic reso-
nance (MR) imaging studies of the hu-
man cerebellum in vivo have helped
supply atlases of the gross anatomic fea-
tures of the cerebellum (lobules, folia,
and fissures) (8) and have been used to
describe its complex connectivity (9).
Most MR imaging studies are charac-
terized by a spatial resolution on the
order of 1 mm and are typically based

Advances in Knowledge

B By taking advantage of magnetic
susceptibility-related contrast at
high field strengths, it is possible
to visualize in vivo details of the
cerebellar folium and its granular
and molecular layers.

B The use of dedicated surface
coils allows the acquisition of
high-resolution images, on the
order of 120-wm in-plane resolu-
tion, without problematic
artifacts.

B By using the information encoded
in the phase images, it is possible
to make inferences about
increased paramagnetism of
structures such as the dentate
nucleus and the granular layer of
the human cerebellum relative to
their surrounding tissues.

on T1 contrast, such as that offered by
magnetization-prepared rapid acquisi-
tion gradient-echo imaging (10). Given
the complex and convoluted structure
of the cerebellum, such a spatial reso-
lution is inadequate to distinguish the
gray matter-white matter boundaries
in the cerebellar folia, as well as the dif-
ferent layers that constitute the cerebel-
lar cortex. To our knowledge, such cor-
tical layers have never been observed in
vivo with imaging examinations, despite
having been observed in vitro as early
as in the late 19th century (11).

It has been shown that, when imag-
ing at high field strengths, such as 7 T,
T2*-weighted and phase images show
superior contrast to that observed on
T1-weighted images. This improved
contrast is seen not only between white
matter and gray matter but also among
cortical gray matter layers (12). High-
field-strength imaging also allows ob-
servation of large heterogeneities within
white matter (12,13). This finding is
not surprising because the contrast ob-
served in conventional T2*-weighted
and phase imaging has a susceptibil-
ity origin, and T2*-weighted and phase
imaging are therefore expected to in-
crease with increasing magnetic field
strength. Furthermore, investigators in
a recent study in rats (14) observed
cerebellar cortical layers on both phase
and T2"-weighted images.

Our hypothesis was that, at 7 T,
susceptibility-related contrast in both
magnitude and phase gradient-recalled-
echo imaging could be used to distin-
guish the subtle white matter layers
interdigitating in the cerebellar folia
and the microstructural features of the
cerebral human cortex. In addition to
the increased contrast and signal avail-
able at high field strengths, the higher
signal-to-noise ratio achievable with
surface coils allows acquisition of im-
ages with higher spatial resolution than
those achievable at lower field strengths
or with volume coils. Achieving such
high spatial resolution minimizes par-
tial volume effects that could impair the
observation of the individual layers.

The purpose of this study was to
take advantage of the high signal-to-
noise ratio and the increased magnetic

susceptibility-related contrast available
at high magnetic field strengths, such as
7 T, to perform in vivo imaging of the
cerebellum with an in-plane resolution of
120 mm to observe its cortical granular
and molecular layers.

Materials and Methods

One author (G.K.) is an employee of
Siemens Medical Solutions, Lausanne,
Switzerland, but all other authors had
control of the data. The study was ap-
proved by the institutional review board
of the Faculty of Biology and Medicine
at the University of Lausanne, Lausanne,
Switzerland, and all subjects provided
written consent.

Three healthy subjects (two men,
one woman; mean age, 30 years; age
range, 28-31 years) underwent imaging
with a 7-T 680-mm-bore unit (Magnetom
7T; Siemens Medical Solutions, Erlangen,
Germany) equipped with a head gradient
insert. A home-built quadrature surface
radiofrequency coil (13) that provided
excellent coverage of the cerebellum
and occipital cortex was used for radio-
frequency transmission and reception.

High-resolution gradient-echo images
of the human cerebellum were acquired
with a nominal in-plane resolution of ap-
proximately 120 wm, a section thickness
of 1 mm, and a field of view of 115 X
115 mm. A seven-lobe sinc-pulse was
used to generate a near-rectangular pro-
file by an MR physicist (W.v.d.Z., with
6 years of imaging experience). Sec-
tions were obliquely positioned be-
tween coronal and sagittal directions
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to minimize through-section changes
in anatomy by another MR physicist
(J.P.M., with 8 years of neuroimaging ex-
perience) and a neurologist (C.G., with 7
years of neuroimaging experience), as
shown in Fig 1. The acquisition param-
eters for the gradient-echo acquisition
were 1000/25 and an acquisition time of
30 msec per readout. Two repetitions
were acquired for each subject, resulting
in a total acquisition time of approxi-
mately 20 minutes. The nominal flip
angle was set to 65° in the region of
interest (local flip angle was calculated
by using a stimulated-echo acquisition
mode [STEAM]-based B,-mapping tech-
nique) (16). The echo time was chosen
to be approximately equal to the cer-
ebellar T2* for gray matter (approxi-
mately 25 msec) to optimize phase (12)
and T2* contrast between different cor-
tical layers of gray matter.

A two-dimensional Gaussian high-pass
filter with a kernel size of 131 voxels and
a width of 10 voxels was applied to the
complex images to remove low-frequency
phase variations (17) from the resulting
phase images (performed by J.P.M). A
freely available image processing tool (18)
was used to display the images.

The following aspects of images
were evaluated: the presence of dipole-
like shapes on the phase images and the
presence of small structures within the
gray matter and white matter of the brain
cortex, both in magnitude and phase im-
ages (J.P.M.). Regions where section-
to-section variations in the anatomic
features of the cerebellar cortex were
less than 1 pixel over three successive
sections were selected for further evalu-
ation (J.P.M. and W.v.d.Z.). The valida-
tion of the observation of layers in the
cerebellar cortex in both human brain
T2*-weighted images and phase images
was performed (J.P.M., W.v.d.Z., C.G.)
by comparing contrast on those images
with the contrast obtained at 14 T in im-
ages of a rat brain. Acquisition and eval-
uation of rat brain images are described
in detail elsewhere (14).

The high-resolution section planes (repre-
sented by the white boxes in Fig la-1c)

Figure 1

c.
Figure 1:

(a—c) MR images in 28-year-old male volunteer. Transverse low-spatial-resolution multisection

gradient-echo images (repetition time msec/echo time msec, 200/5) acquired with 0.6-mm in-plane
resolution and 1-mm section thickness were used as anatomic references and to plan the acquisition of
subsequent higher-resolution images. Dashed white lines on a and b indicate estimated main cortical
direction and are used to position image volume, represented by white rectangles. (d) Representative
full-field-of-view high-resolution magnitude gradient-echo image shows from where the anatomic details

shown in the subsequent images were highlighted.

were carefully positioned perpendicular
to the outer layers of the cerebellar cor-
tex, which were visible on axial lower-
resolution images (Fig 1). Because of
the complex cerebellar geometry, it was
not possible to orient sections so that
they were perpendicular to the cerebellar
cortex throughout the image.

As can be judged from Fig 2, the
cerebellar cortex is approximately three
to five times thinner than the cerebral
cortex. This finding demonstrates the

importance of using very high resolu-
tion to depict information about the
cortical layer in the cerebellum. The
magnitude and phase-contrast images
from sections that cross the dentate
nucleus, which is well known to have a
high iron concentration (11), are shown
in Figure 2. As a consequence of its high
iron concentration, the dentate nucleus
has a low intensity on T2*-weighted im-
ages. In the phase images, a magnetic
dipolelike effect extending beyond the
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nucleus boundary was visible. A posi-
tive frequency shift above and below
(along the B direction) the nucleus and
a negative frequency shift surrounding
the nucleus in the plane perpendicular
to the main static magnetic field was
consistently detected. This observa-
tion is in agreement with the high iron
concentration attributed to the dentate
nucleus. Such a dipolelike pattern in
the phase images was also apparent in
the interfaces between white matter
and gray matter, in regions superior to
the gray matter folds (white arrows on
Fig 2b), with an opposite polarity from
that observed surrounding the dentate
nucleus. This finding supports the ob-
servation that a susceptibility difference
between white matter and gray matter
is partly responsible for the phase dif-
ferences (12,14). Some gray matter
structures in the brain cortex (black ar-
rows on Fig 2a, 2b) and white-matter
structures (black asterisks on Fig 2a,
2b) can be readily observed on both
the magnitude and the phase-contrast
images. Because of the particular sec-
tion orientation, which is unlike section
orientations used in most clinical stud-
ies (12,19) (ie, not perpendicular to
the magnetic field), small veins passing
through the white matter toward the
cortex exhibited a negative frequency
shift (14) and thus appear bright on the
phase-contrast image (white asterisk
on Fig 2b).

Given the complex anatomic struc-
ture of the cerebellum, maintaining
an orthogonal orientation of the sec-
tion orientation in respect to cerebellar
structures was possible only in parts of
the sections. Nonetheless, in the 18 sec-
tions in the high-resolution data, it was
possible to determine regions where
the boundaries between white matter
and gray matter remained constant in
the through-section direction and thus
where the cerebellar cortex was perpen-
dicular to the section direction. Magni-
tude and phase images of those regions
of interest (Fig 3b-3e) show white mat-
ter bundles conveying into the cerebel-
lar folium that appear dark on the mag-
nitude images and bright on the phase
image. Conversely, when compared with
the white matter, the two layers of

Figure 2:

d.
High-resolution (a, ¢) magnitude and (b, d) phase gradient-echo data from two

volunteers (31-year-old male and 30-year-old female volunteers, respectively) show sections

crossing dentate nucleus. Phase images show expected dipole shape surrounding the dentate
nucleus, which is a structure known to have a high iron concentration. Calipers = positive and
negative lobes of the dipole shape, respectively. White arrows = negative frequency shifts in regions
superior to interfaces of gray matter and white matter. Black arrows = observable cortical gray matter
structure. * = regions where white matter bundles are observable both in magnitude and phase

images.

the cerebellar cortex appear brighter on
the magnitude images and darker on the
phase images. Two layers, granular and
molecular, within the cerebellar cortex
were distinguishable, mainly because of
the phase contrast; compared with the
molecular layer, the granular layer had
a strong positive frequency shift. Both
the magnitude and the phase contrast
between those two layers in humans
was in good agreement with that ob-
served in the rat brain (Fig 4) (14). By
using the scale bars, we estimated that
the granular layer had a dimension of

approximately 240-300 wm and that of
the molecular layer varied from 240 to
500 wm, values in good agreement with
the histologic literature (20).

Very high magnetic field strength (>3 T)
combined with a dedicated local radiofre-
quency coil allowed acquisition of hu-
man in vivo images of the cerebellum
(120-wm in-plane spatial resolution)
that depicted cortical layers (about
240 pm thick) in the cerebellar folium.
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Figure 3

Figure 3:  (a) Magnitude gradient-echo cerebellar
image in 31-year-old male volunteer. White square
indicates area shown on (b) magnitude and (c)
phase image. (d) Magnitude and (e) phase images
of similar region in 28-year-old male volunteer.
Arrows = granular layer (7), molecular layer (2),
and white matter (3). Black scale bar on ¢ and e

is 1 mm long.

movement (such as the left and right
internal carotid arteries, the jaw, the
throat, and the nose cavity). Further
reduction in artifacts might be associ-
ated with using the surface coil to also
perform transmission; this not only al-
lowed the use of a reduced field of view
but also decreased the magnetization
that was excited in distal parts of the
brain, which could have propagated ar-
tifacts into the field of view. Although
the same resolution may be obtained in
' whole-brain data through parallel imag-
a. b. ing, the use of a transmit-receive sur-
face coil eliminates the need for parallel

Figure 4

Figure 4:  (a) In vivo magnitude and (b) phase gradient-echo images of rat cerebellum acquired at 14 T. ; ; . .
The main image and acquisition variables are as follows: 1100/16; in-plane resolution, 30 m; and section imaging and thus the risk of associated

thickness, 0.4 mm. Acquisitions were averaged over approximately 60 minutes (14). Arrows = granular artifacts (21).

layer (1), molecular layer (2), and white matter (3). To allow better comparison with images in Figure 3, these Despite the long acquisition time
images were reoriented so that the main magnetic field is pointing in the vertical direction (as in the human ~ used in the current protocol (30 msec,
data). (Adapted and reprinted, with permission, from reference 14.) which is on the order of magnitude of

cortical gray matter T2* at 7 T [22]), the
The high-resolution images were devoid cribed in part to the sensitivity of the effective resolution in the readout direc-
of notable imaging artifacts, such as surface radiofrequency coil—it was low tion will be affected by only 4% (23).
motion artifacts. This finding was as- in distal regions of increased flow or Although respiration-related artifacts
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were not clear in our data, frequency
variations of up to 7 Hz are expected at
the cerebellar region at 7 T (24). Such
fluctuations in frequency could be over-
come by real-time shimming (25) or
section dynamic shimming (26).

The high-resolution images show
two cortical layers in vivo, which were
tentatively assigned to the granular
and the molecular layers, respectively.
The same structures were more clearly
visible in the rat cerebellum because
of the longer acquisition time, higher
resolution, and even higher B, of 14
T available for the rat images. Higher
resolution would be needed to depict
the Purkinje cell layer, which is expected
to be approximately 12 pm wide (27).
We showed that the phase contrast of
the cerebellar layers, particularly the
granular layer, depended on orientation.
This finding suggests that the phase
difference of the granular layer and
neighboring tissues is largely caused
by susceptibility variations. The high
amplitude in the phase-contrast images
suggests that this layer is highly para-
magnetic compared with most brain
tissues, which might be related to the
high iron concentration observed in the
granular layer with use of Perl staining
(7). The same can be said of the dentate
nucleus, which is a known feature from
previous studies (28). To evaluate the
extent of their paramagnetism, it would
be necessary to compute susceptibility
maps (29-31). Such maps would give
information that could correlate with
iron concentration (14). Future studies
could exploit this potential as a diagnos-
tic marker of cerebellar diseases that
affect the iron regulation of the cere-
bellum (7) and to monitor therapeutic
interventions.

Isotropic resolution would be pref-
erable in applications in which a quanti-
tative susceptibility distribution is to be
calculated or if the aim were to observe
the cerebellar cortical layers throughout
the whole cerebellum. With our cur-
rent setup, the same signal-to-noise ra-
tio could theoretically be obtained with
an isotropic resolution of 0.24 mm.
Although the signal-to-noise ratio would
remain unchanged, the in-plane reso-
lution might be insufficient to allow a

clear visualization of the cortical layers.
The need to obtain three-dimensional
images would imply a greater sensitiv-
ity to physiological noise. In the future,
performing a more thorough and com-
prehensive study of the substructures
of the cerebellum will require redefin-
ing the imaging variables to enable cov-
erage of the entire cerebellum.

We conclude that high-field-strength
systems allow in vivo detection of the mi-
croanatomic features of complex struc-
tures such as the cerebellar folia because
of the high resolution and contrast
attainable on T2*-weighted and phase-
contrast images. The anatomic features
of the cerebellum can be affected by
a number of neurologic and psychiatric
diseases, such as stroke, tumors, autism,
and schizophrenia (3,4). The capability
to noninvasively image this region of the
brain could potentially provide newer
markers for diagnosis and follow-up in
patients with these conditions.
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