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Abstract: The ability to differentiate noninvasively between the primary nuclear divisions of the thalamus
has immediate clinical applicability for surgical planning and guidance of functional stereotactic proce-
dures. Comparison of prior qualitative magnetic resonance imaging (MRI) studies carried out at field
strengths of 1.5 and 4 Tesla have revealed contrast within the thalamus that varies with field strength,
suggesting possible differences in the inherent T; and T, relaxation times of the constituent nuclei. We
investigate this hypothesis through acquisition of high-resolution, multi-averaged deep-brain T, and T,
maps of a healthy volunteer. Fourteen nuclei were identified using their center-of-mass coordinates (in
Talairach space) and average T, and T, values obtained from regions of interest placed within each.
Results from this analysis revealed significant differences in T, and T, between the nuclei with a T, range
from 700 to 1,400 ms and a T, range from 89 to 122 ms, allowing visual discrimination between the major
nuclei groups. Furthermore, the high-resolution images showed distinct borders of T; and T, hypointen-
sity surrounding each nucleus, revealing structure not reported previously. These results confirm our
hypothesis and demonstrate the potential high-resolution quantitative imaging for nucleus visualization
and surgical planning. Hum Brain Mapp 25:353-359, 2005.  © 2005 Wiley-Liss, Inc.
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INTRODUCTION

In addition to its diagnostic role, magnetic resonance im-
aging (MRI) has become the modality of choice for surgical
planning and image guidance for functional stereotactic
neurosurgical procedures, such as the treatment of Parkin-
son’s disease and other motor-control disorders. Patient out-
come in these procedures depends on the ability to accu-
rately locate the desired functional region within the
thalamus while concurrently avoiding the surrounding
anatomy. Although MRI provides excellent contrast be-
tween gray matter structures and the surrounding white
matter, current qualitative imaging techniques do not pro-
vide a high level of contrast within the gray matter struc-
tures themselves. This is particularly true within the thala-
mus, which although containing several functionally distinct
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regions appears almost homogeneous in most qualitative T;-
or T,-weighted images [Guridi et al., 2000].

Although the use of novel image acquisition strategies
such as gray matter nulled inversion recovery [Magnotta et
al., 2000] and multi-contrast image fusion [Fletcher et al.,
1993] have been investigated to elicit contrast within the
thalamus, direct visualization of the individual thalamic
nuclei remains a challenge. Consequently, atlases based on
anatomic landmarks such as the anterior (AC) and posterior
(PC) commissures [Spiegel and Wycis, 1947] and electro-
physiologic exploration are necessary for surgical guidance
[Finnis et al., 2003; Kirschman et al., 2000]. Unfortunately,
anatomic atlases do not fully account for the high degree of
anatomic variability between individuals [Van Buren and
Borke, 1972] and electrophysiologic exploration can greatly
lengthen surgical time. We believe the extent of exploration
could be diminished and the efficiency of surgical interven-
tion improved if the preoperative images provided sufficient
contrast to allow accurate and reliable differentiation of the
thalamic nuclei.

Based on results from prior histologic [Dekaban, 1953;
Hassler, 1959] and qualitative MRI investigations [Homes et
al., 1998; Magnotta et al., 2000], we hypothesize that struc-
tural (fiber size and density) and chemical (myelin and iron
concentration) differences between the constituent thalamic
nuclei lead to subtle variations in their characteristic longi-
tudinal (T,) and transverse (T,) relaxation times. This hy-
pothesis is supported by comparison of high-resolution,
multi-averaged T,-weighted images of the same individual
at 1.5 and 4 Tesla (T) field strengths (shown in Fig. 1), which
reveals contrast within the deep brain at 4 T that is not
apparent in the 1.5-T images, despite the lower signal-to-
noise ratio (SNR) of the 4-T data. These results suggest
inherent relaxation time differences within the thalamus that
are emphasized at higher field strengths due to the differ-
ence in T; scaling between the regions. If such differences
are indeed present, they should be readily visible on “pure”
T, and T, maps, provided such maps contain sufficient
resolution and SNR. Given the spatial complexity of the
thalamus, we believe an isotropic spatial-resolution of at
least 1 mm? is required to adequately resolve the functional
nuclei.

In this study, we acquired high spatial-resolution (0.34-
mm? isotropic voxels) matched T; and T, maps of the deep
brain from a healthy male volunteer. Analysis of these maps
demonstrate for the first time subtle variations in the T, and
T, relaxation times among the primary thalamic nuclei, with
high T, and T, (>1,100 and >95 ms, respectively) values
seen in the medial and posterior nuclei, and lower (~950
and 85 ms, respectively) values observed in the lateral and
anterior portions of the thalamus. In addition to these large-
scale differences, the images also reveal distinct borders of
significantly reduced T, and T, surrounding many of the
identified nuclei. Such structure has not been reported pre-
viously. These results illustrate the potential of high-resolu-
tion quantitative imaging for use in surgical planning and
image-guided surgery.

MATERIALS AND METHODS

To map T, and T, throughout the thalamus and deep
brain at high spatial resolution, a set of multi-averaged, high
spatial-resolution (0.34 mm3 isotropic voxels) T, and T,
maps were acquired from a healthy male volunteer using
the driven equilibrium single pulse observation of T, and T,
(DESPOT1 and DESPOT2, respectively) quantitative imag-
ing methods [Deoni et al., 2003]. In these methods, T, and T,
information is derived from a series of spoiled gradient-
recalled echo (SPGR) and fully balanced steady-state free
precession (SSFP) images, allowing acquisition of whole-
brain volumetric T, and T, maps in less than 20 min. In our
study, data were acquired using the following imaging pa-
rameters: DESPOTI, repetition time/echo time (TR/TE)
= 11.4/2.9 ms, a = 4 and 16 degrees, and bandwidth (BW)
= +7.81 kHz; DESPOT2, TR/TE = 4.2/2.1 ms, « = 15 and 55
degrees, and BW = £62.5 kHz. Field of view and matrix size
for both sequences were 18 cm X 18 cm X 9 cm and 256
X 256 X 128, respectively. Total imaging time was approx-
imately 12 min for the T; map and 4 min for the T, map. To
generate high SNR maps, 55 individual T, and 25 T, maps
were independently acquired from the same subject, linearly
coregistered, and averaged [Collins et al., 1994; Holmes et
al., 1998]. Only 25 T2 maps were acquired because we have
shown previously [Deoni et al., 2003] that optimum T, and
T, precision per unit scan time is achieved when exam time
is divided according to the T;:T, ratio 75:25. To align the
images, rigid-body registration was carried out using an
automated 3D approach based on multiscale cross correla-
tion [Finnis et al., 2003].

All data were acquired using a GE (General Electric Med-
ical Systems, Milwaukee, WI) CV/i 1.5-T clinical scanner
with a quadrature birdcage headcoil. Informed consent was
obtained from the volunteer before scanning and the study
was carried out with ethics approval from the Ethics Review
Board at the University of Western Ontario.

Average T, and T, values were determined for the follow-
ing primary nuclear divisions, where we use the nomencla-
ture of Morel et al. [1997]: dorsomedial (MD), center median
(CM), ventral anterior (VA), ventral lateral anterior (VLa),
ventral posterolateral (VPL), ventral posteromedial (VPM),
the dorsal and ventral divisions of the ventral lateral poste-
rior (VLP), lateral posterior (LP), lateral dorsal (LD), pulvi-
nar (Pul), medial geniculate (MG), lateral geniculate (LG),
and the subthalamic nucleus (SThN). The center-of-mass
positions (COM) of each of these regions (defined in Ta-
lairach space [Talairach et al., 1957]) were mapped onto the
T, and T, maps through appropriate matching of the AC
and PC. Mean relaxation time values were calculated from
25 voxel regions of interest (ROIs) placed around each of the
COM points. Talairach-defined COM coordinates were used
because they represent the “gold standard” locations of the
nuclei. T, and T, values were calculated from small ROIs
placed around these points to ensure the points resided
within the intended nucleus. A tradeoff was therefore made
between including more points, which may have improved
our confidence in the nucleus mean T, and T, values but
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Figure 1.
Comparison of multi-averaged T,-weighted images acquired of the same subject at |.5 T with 27
averages (a) and 4 T with 7 averages (b). Window and leveling has been adjusted in both images to
match better the gray/white matter contrast between them. Although the image in a has greater
SNR, enhanced thalamic contrast is seen in the 4-T images, suggesting inherent T, and T, differences
in this area.

increased the risk that some of these points lay outside of the
intended nucleus.

RESULTS

From the acquired maps, representative coronal and sag-
ittal slices through the mid-thalamus are shown in Figure 2.
SNR within the T; and T, maps (calculated as the mean
value of an ROI placed within frontal white matter divided
by the standard deviation of the measurements within the
ROI) was 33 and 18.7, respectively. Average T,/T, values
calculated for white matter (608/54 ms), putamen (1,014/77
ms), caudate nucleus (1,064/89 ms), and globus pallidus
(726/55 ms) agree well with published values [Breger et al.,
1989], with an average absolute difference of less than 6%.
This agreement attests to the accuracy of the DESPOT1 and

DESPOT2 methods and the validity of the measurements
obtained from the individual nuclear regions.

To obtain T; and T, values for each nucleus, ROIs were
placed surrounding their 3D Talairach COM coordinates.
Average T, and T, values calculated from these ROIs are
illustrated in Figure 3 using a 2D T, versus T, “feature-
space” plot in which the origin of each ellipse represents the
mean T, and T, values obtained from the ROI placed within
each nuclei and the major and minor axes represent the
standard deviations of the ROI measurements with respect
to the T, and T, measurements, respectively. Results of this
analysis demonstrate measurable differences in the inherent
T, and T, relaxation times between the nuclear divisions,
with a gradual decrease in both T; and T, moving from the
posterior to anterior and medial to lateral aspects of the
thalamus. These results agree well with those observed by

Figure 2.
Representative coronal and sagittal slices through the 3D T, map (a) and T, map (b) volumes.
Average SNRs in the maps were 33 and 19, respectively.

¢ 355 ¢



¢ Deoni et al. ¢

140

120
110
100

a0

4¥

SThN

T, Relaxation Time (ms)

70

Figure 3.
Two-dimensional T, vs. T, “feature-space” represen-
tation of the average T, and T, values calculated for
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Magnotta et al. [2000] and are consistent with those reported
by Holmes et al. [1998].

In addition to these large-scale T, and T, differences, thin
regions of hypointense T; and T, are noticeable throughout
the thalamus, as shown in Figure 4a—e. These regions are
emphasized by a manually drawn outline shown in Figure
4f-j. Comparing slices through the T, map to representative
atlas images (Fig. 5), these seem to outline some of the
known nuclear structures and are reminiscent of similar
internuclear borders seen on histologic sections stained for
cell bodies [Jones, 1985], suggesting these regions may be
thin myelin layers or sheaths separating the bodies of the
individual nuclei.

DISCUSSION

Prior qualitative imaging studies of the thalamus [Holmes
et al., 1998; Lee et al.,, 1995; Magnotta et al., 2000] have
suggested variations in the inherent T, and T, relaxation
times throughout the thalamus, as illustrated in Figure 1. To
date, confirmation of such differences has not been carried
out, principally due to the long study times associated with
quantitative imaging. Underlying reasons for these antici-
pated relaxation time variations may be deduced by consid-
ering the relationships between tissue microstructure and
the characteristic T; and T,. Although water content plays a
dominant role in determining T,, lipid content also has a
strong influence through molecular interactions with the
water protons, as well as through the low T, of the lipid
protons compared to the water protons. Furthermore, the
anatomic arrangement of the fibers within each nucleus may
also influence T, by reducing the number of free water
protons [Paus et al., 2003]. Variations in fiber size, density,
and myelination are thus expected to yield differences in T,
between the nuclei. In addition, variations in T, may also be
anticipated on account of differing densities of oligodendro-
cytes, the primary iron-containing cell in the brain. As oli-
godendrocytes play an integral role in myelination, it is
reasonable to assume that thalamic regions with increased

1400 each nucleus. The origin of each ellipse represents
the mean T, and T, value of the nucleus and the axes

represent the standard deviations.

1500

myelin will have an associated increase in oligodendrocyte
density [Connor and Menzies, 1996], and therefore a de-
creased T,.

We have produced for the first time a set of high spatial-
resolution (0.34 mm® isotropic voxels) matched T, and T,
maps of the thalamus. Using these data, we have shown
measurable differences in both T; and T, throughout the
thalamus on a nuclei-specific basis that agree well with prior
observations of signal intensity variations of qualitative T;-
weighted images. In addition to these large-scale differ-
ences, we have also demonstrated thin (approximately
0.7-mm wide) regions of reduced T, and T, that seem to
surround and separate many of the known nuclear divi-
sions. To our knowledge, such observations on in vivo MR
images have not been reported previously, although this is
likely due to the lower spatial-resolution (greater than 1
mm?®) of conventional qualitative images. Although the pos-
sibility exists that these regions are the result of registration
error, i.e., through slight misregistration of the multiple data
leading to regions of artificially reduced values, the ability to
appreciate them in all three dimensions, their consistency
between the right and left hemispheres, and their apparent
agreement with histologic boundaries suggest that they are
anatomically based. Furthermore, these features are reminis-
cent of similar regions observed on histologic sections
stained for cell bodies [Jones, 1985], suggesting that they
may be comprised of myelin, which is consistent with their
reduced T, and T,. Further investigation, including in vitro
specimen scanning with follow-up histology, is required to
determine the structural or chemical mechanism responsible
for the reduced T, and T, in these areas.

The high spatial resolution employed in this study is
particularly important for visualizing these hypointense
bordering regions. In the images presented here, the regions
are approximately 1 pixel (or 0.7 mm) wide and may thus be
obscured in parts of the thalamus due to partial volume
effects. To reduce this effect and to enhance the visual ap-
pearance of these regions, isotropic voxel volumes of less
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Figure 4.
Axial (a), coronal (b), and sagittal (c—e) slices through the T, map volume showing the thin
inter-nuclei regions of reduced T, (similar observations are made on the T, map). To emphasize
these thin border regions, f~j show the same images as a—e with these borders manually outlined.

than 0.13 mm? (0.5-mm voxel dimensions) would be desir-
able. To acquire such high spatial-resolution images without
sacrificing SNR it would be necessary to move to higher field
strength (i.e., 3 T) and employ dedicated, multichannel head
coils. Although SNR is anticipated to increase as a result of
these measures, a number of challenges are also expected.
For both DESPOT1 and DESPOT?2, increased inhomogeneity
in the excitation RF (B,) field associated with higher main
field strengths will lead to deviations in the flip angle from
the expected value, resulting in inaccuracies in the estimated

T, and T, values. Rapid B; mapping will permit correction
of these effects.

We have focused on the use of quantitative T, and T, data
to visually identify the thalamic nuclei. Alternative ap-
proaches for nuclei delineation presented recently by
Wiegell et al. [2003] and Behrens et al. [2003] have made use
of fiber orientation data derived from diffusion tensor MRI
(DT-MRI). The primary limitation of these approaches is the
relatively poor spatial resolution possible with present DT-
MRI protocols (1.8 mm X 1.8 mm in-plane with 3-mm thick
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Figure 5.
Comparison of sagittal (a) and coronal slices (b) through the T, map with visualized matched slices
through the Morel et al. [1997] anatomic atlas. Colored dots are used to identify consistent nuclei.
The thin regions of reduced T, seem to surround many nuclei and correspond well with the

anatomic images.

slices in the case of Wiegell et al. [1003]). This effectively
limits these methods from delineating the smaller functional
regions of the thalamus. Furthermore, the low anisotropy
observed in the thalamus leads to poor estimation of fiber
orientations, decreasing the precision of these approaches.
At present, our data consist of 55 T; map averages and 25
T, maps, representing a clinically unrealistic 13 hr of scan-
ning. The use of dedicated multichannel headcoils accom-
panied by a move to greater field strength (3 T), is expected
to reduce greatly the number of averages and therefore the
scan time required. (The use of 3 T coupled with an eight-
channel headcoil can be expected to provide a theoretical
SNR increase of three to four times in the center of the brain,
allowing scan time to be reduced by a factor of 9-16.)
Furthermore, as the study represents the first attempt at
high-resolution, in vivo quantitative imaging of the deep
brain and thalamus, further optimization of the acquisition
parameters (i.e., flip angles used) based on the results ob-
tained here is expected to permit further decreases in scan

time, possibly allowing the study to be carried out in a
clinical timeframe.

CONCLUSIONS

The ability to visualize noninvasively individual thalamic
nuclei has significant clinical potential in surgical planning
and image guidance in functional stereotactic neurosurgery.
We used high spatial-resolution multi-averaged quantitative
T, and T, imaging to investigate our hypothesis that the
structural and chemical differences between the constituent
nuclei lead to subtle but measurable differences in their
characteristic T, and T, values. The results presented sup-
port this hypothesis and show large-scale differences in both
T, and T,. In addition, we have demonstrated the results
have distinct and visible regions of hypointense T, and T,
surrounding many of the nuclei, which have not been re-
ported or demonstrated previously. These results demon-
strate the potential and reveal the significant advantages of
high-resolution quantitative imaging in identifying and de-
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lineating the thalamic nuclei and its future use in surgical
planning of minimally invasive surgical procedures in the
deep brain.
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