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ORIGINAL . . .
researcH | MR Imaging of Ventral Thalamic Nuclei
K. Yamada BACKGROUND AND PURPOSE: The Vim and VPL are important target regions of the thalamus for DBS.
K. Akazawa Our aim was to clarify the anatomic locations of the ventral thalamic nuclei, including the Vim and VPL,
S. Yuen on MR imaging.
M. Goto MATERIALS AND METHODS: Ten healthy adult volunteers underwent MR imaging by using a 1.5T
S. Matsushima whole-body scanner. The subjects included 5 men and 5 women, ranging in age from 23 to 38 years,
’ with a mean age of 28 years. The subjects were imaged with STIR sequences (TR/TE/TI = 3200 ms/15
A. Takahata ms/120 ms) and DTI with a single-shot echo-planar imaging technigue (TR/TE = 6000 ms/88 ms,
M. Nakagawa b-value = 2000 s/mm?). Tractography of the CTC and spinothalamic pathway was used to identify the
K. Mineura thalamic nuclei. Tractography of the PT was used as a reference, and the results were superimposed
T. Nishimura on the STIR image, FA map, and color-coded vector map.
RESULTS: The Vim, VPL, and PT were all in close contact at the level through the ventral thalamus. The
Vim was bounded laterally by the PT and medially by the IML. The VPL was bounded anteriorly by the
Vim, laterally by the internal capsule, and medially by the IML. The posterior boundary of the VPL was
defined by a band of low FA that divided the VPL from the pulvinar.
CONCLUSIONS: The ventral thalamic nuclei can be identified on MR imaging by using reference
structures such as the PT and the IML.

ABBREVIATIONS: AC = anterior commissure; C = caudate nucleus; CTC = cerebellothalamocor-
tical tract; DBS = deep brain stimulation; DTl = diffusion tensor imaging; FA = fractional anisot-
ropy; fMRI = functional MR imaging; IML = internal medullary lamina; P = putamen; PC =
posterior commissure; PT = pyramidal tract; Pulv = pulvinar; RN = red nucleus; ROl = region of
interest; ST = sensory tract; STIR = short tau inversion recovery; Th = thalamus; VPL =
ventroposterolateral nuclei; Vim = ventrointermediate nuclei

he Vim and VPL are important target regions of the thal-

amus for DBS. The Vim is the thalamic relay of the CTC; it
sends projections primarily to the motor cortex (area 4). This
pathway is important for movement control and, thus, has
been one of the targets for tremor reduction in patients with
Parkinson disease. The VPL relays nociceptive stimuli from
the spinothalamic tract to the primary sensory cortex of the
parietal lobe (areas 1-3).' Damage to this nucleus can cause
intractable neuropathic pain,” which can be treated with com-
bined DBS of the periaqueductal gray matter and the VPL.>

Localization of the Vim and the VPL for DBS electrode
placement relies mainly on atlas-based stereotactic coordi-
nates, because the direct MR imaging visualization of these
nuclei is thought to be difficult. fMRI studies have been able to
depict the activation of the VPL, but reproducibility between
studies has been limited.” Furthermore, fMRI is also clini-
cally hampered by long imaging/postprocessing times. Prob-
abilistic tractography obtained through postprocessing of DTI
data has been able to successfully segment the thalamus on the
basis of its connectivity to various regions of the cerebral cor-
tex.1%12 However, the substantial variations between subjects,
when using the probabilistic approach, seemed to be some-
what problematic when attempting to use this information
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clinically to guide the electrodes. In this study, we sought to
determine whether there is a reliable anatomic landmark that
would enable precise localization of the Vim and the VPL by
using MR imaging techniques, including the STIR sequence,
the color-coded vector map, and FA maps. We also sought to
define these structures by combining this information.

Materials and Methods

Subjects

Ten healthy volunteers, including 5 men and 5 women, ranging in age
from 23 to 38 years, with a mean age of 28 years, underwent MR
imaging. This study was approved by our institutional review board,
and all subjects gave their written informed consent.

Imaging Methods

All images were obtained by using a 1.5T whole-body scanner (Gy-
roscan Intera; Philips Medical Systems, Best, the Netherlands) with a
6-channel phased-array head coil. The AC and PC were used as the
landmarks to determine the axial plane.

The subjects were imaged with a STIR sequences (TR/TE/TI =
3200 ms/15 ms/120 ms; scanning time, 3:09 minutes), with a section
thickness of 2.5 mm, matrix size of 256 X 256, and an FOV of 230
mm. DTI scanning was performed with an image-acquisition time of
approximately 10 minutes. A single-shot echo-planar imaging tech-
nique was used for DTT (TR/TE = 6000 ms/88 ms; scanning time, 3:24
minutes) with a b-value of 2000 s/mm?. This protocol was run 3 times
to perform image averaging to gain a signal intensity—to-noise ratio.
Motion-sensitizing gradients were applied in 32 different directions.
A parallel imaging technique with an acceleration factor of 3 was used
to record the 128 X 37 data points, which were reconstructed to a

AJNR Am J Neuroradiol @@ | @ 2010 | www.ajnr.org 1

Copyright 2009 by American Society of Neuroradiology.

o
=
2
=
>
=
o)
m
w
<2
=
pus)
«
T



Pyramidal tract
(PT)

Sensory tract
(ST)

ROI; CTCT

ROI; PT =7

ROI; ST 7

Fig 1. Schematic illustrations of a region-of-interest setting for the ST, PT, and CTC.

128 X 128 resolution. A total of forty-two 2.5-mm-thick sections
were obtained without intersection gaps.

Imaging Data Postprocessing

The DTI data were transferred to an off-line workstation for analysis.
PRIDE software (Philips Medical Systems, Amsterdam, the Nether-
lands) was used for motion correction and image analysis. Diffusion
tensor elements and anisotropy at each voxel were calculated, and
color maps were created.'®'* Translation of the vectors into neuronal
trajectories was achieved by using a previously described method."”
The procedure for mapping neural connections starts by designating
2 regions of interest in 3D space.

The CTC consists of the dentate projections that cross the midline
in the decussation of the superior cerebellar peduncle, which then
pass around the red nucleus and enter the Vim of the thalamus. The
CTC then projects from the Vim to the primary motor cortex (area4).
To trace the CTC, we placed the region of interest at the ipsilateral red
nucleus and white matter adjacent to the primary motor cortex (Fig
1). Tracking of spinothalamic fibers and the PT was performed by
placing the regions of interest at the levels of the pons and the primary
sensorimotor cortices.

The areas where the CTC and the sensory tracts intersected the
thalamus were considered to be the locations of the Vim and the VPL,
respectively. These regions of interest were placed by 1 operator for
anatomic consistency (K.Y). The stop criteria for the CTC and spino-
thalamic tracts were FA = 0.1 and angle = 20°-24°. The stop criteria
for the PT were FA = 0.4 and angle = 19°.

The tractographic results were superimposed on the STIR images,
color-coded vector map, and the FA map to determine whether there
was a landmark to identify these structures within the thalamus. Ob-
servations were made at the level of the ACPC plane, which represents
the ventral part of the thalamus.

Results
Tractography of the CTC and spinothalamic pathway and the
PT was successfully performed in all subjects. At the level of
the ventral thalamus, the Vim, the VPL, and the PT were all in
close contact (Fig 1). The Vim was bounded laterally by the
PT. The Vim was in direct contact with the PT in all subjects.
The medial landmark was the IML, which was visible on FA
and color-coded vector maps as a layer of relatively low anisot-
ropy. The medial border of the Vim did not have direct contact
with the IML in almost all subjects (n = 19/20).

The VPL was bounded anteriorly by the Vim, laterally by
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the internal capsule, and medially by the IML. The posterior
boundary of the VPL was defined by a layer of relatively low FA
that divided the VPL from the pulvinar. The VPL was in direct
contact with the internal capsule and the Vim in all subjects.
The medial border of the VPL reached the IML in two-thirds
of the subjects (n = 13/20). Both the Vim and the VPL were
noted to have slightly diagonal orientations within the thala-
mus, as illustrated in Figs 2 and 3.

On STIR images, the PT was identified as a small focus of
hyperintensity within the posterior limb of the internal cap-
sule. The Vim was noted as a linear area of slight hyperinten-
sity adjacent to the PT (Fig 2). The VPL was noted as an area of
slight hypointensity adjacent to the Vim. Both of these struc-
tures had diagonally oriented shapes on STIR images, similar
to the tractographic results.

Discussion

This study has shown that the Vim and the VPL of the thala-
mus can be directly identified by combining information from
FA and color-coded vector maps. On the atlas of the thalamic
nuclei, the locations of the Vim and the VPL are described
mainly in correlation with the other surrounding thalamic
nuclei. This orthodox way of illustrating the anatomy of the
thalamus may not directly help in the in vivo identification of
the Vim and the VPL on MR imaging because it is currently
not possible to directly localize any of the other thalamic nu-
clei. The PT, on the other hand, is a well-known conspicuous
landmark on MR imaging.'® If one could use this structure as
an internal reference, the locations of the Vim and the VPL
would be much easier to identify. The results of the present
study show that the Vim is in direct contact with the PT, which
is undoubtedly useful additional anatomic information for
targeting these nuclei.

The Vim was especially conspicuous on FA maps and was
characterized by high anisotropy adjacent to the PT. Although
both the Vim and PT have high anisotropy on FA maps, they
can be divided into 2 portions on the basis of the location
because the PT lies within the posterior limb of the internal
capsule and the Vim lies within the thalamus. The high anisot-
ropy of the Vim presumably reflects the highly myelinated
nature of this fiber tract, because it plays an important role in
controlling movements.

Because the PT can be recognized as a small spot of hyper-
intensity through the posterior limb of the internal capsule on
long TE sequences (eg, STIR), this would become an impor-
tant landmark when diffusion tensor data are not available.
The Vim and the VPL were also depicted on STIR images as
stripes of slight hyper- and hypointensities (Fig 2). While it is
still unclear why the Vim and the VPL have different signals on
STIR, such speculations are beyond the scope of the present
study.

The single most important clinical implication of our find-
ings will be in providing anatomic landmarks for precise tar-
geting of DBS electrodes. There are 2 different ways of intro-
ducing DBS electrodes: image-based coordinate targeting
(direct method) and atlas-based targeting (indirect meth-
od)."”""? Significant differences have been reported between
these 2 techniques, with apparently better results by using the
direct targeting method.*

When using the indirect method, one must register the
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Fig 3. Schematic drawing of the ventral thalamic nuclei and the PT at the level of the ACPC
plane. The long axis of the VPL is noted to point toward to the PC, which can be another
anatomic landmark to identify this structure within the thalamus.

atlas to the anatomic brain MR images; this is critical because
it defines the accuracy. Various warping techniques have been
developed, but the “black box” nature of some of these meth-
ods limits their practical use in the clinical setting.”' Another
important issue that defines the accuracy of the indirect

Fig 2. A representative section through the ventral thalamic nuclei is
shown. The PT (purple), Vim (yellow), and VPL (green) of the left
hemisphere are superimposed on the FA map (A), the color-coded
vector map (B), and the STIR image (C). The IML is seen as an area
of low FA dividing the medial group of thalamic nuclei from the
ventral group. The IML is best appreciated on the color-coded vector
map as a dark layer of low anisotropy between the medial nuclei in
green (representing the anteroposterior direction) and the ventral
groups in purple (representing the superolateral direction). Note that
the Vim and VPL can be also identified on the STIR image as an area
with diagonally oriented stripes of slight hyper- and hypointensities.

method is the error due to inaccurate localization of the AC
and PC. This error has been estimated to be =5 mm, which is
unacceptable considering the small size of the targets.”> Thus,
a direct approach would be a more reliable way of performing
electrode placement. Our in vivo localization technique now
allows direct targeting of the Vim and the VPL, which is pref-
erable for DBS electrode insertion. Direct targeting becomes
especially important for gamma knife thalamotomy, a tech-
nique also used as a treatment option for movement disor-
ders.” Direct image guidance is preferable for gamma knife
therapy, because unlike electrode placement, intraoperative
electrophysiologic testing of the target location cannot be
performed.

The present study has several limitations. First, this is a
study of healthy volunteers, so there is no direct clinicoradio-
logic correlation. Correlation with the results of DBS would be
an important step to confirm that the image guidance is truly
helpful in accurate electrode placement. Second, only the spi-
nothalamic tracts (the body part of the somatosensory fibers)
were depicted by using our tractographic technique, but not
the fibers of the trigeminothalamic tract (face/tongue somato-
sensory fibers). Thus, we were able to depict the VPL but not
the ventroposteromedial nucleus, which is known to lie me-
dial to the VPL. This is probably the reason why the VPL did
not quite reach the IML in one-third of our subjects. The de-
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piction of these face/tongue fibers was not possible owing to
the crossing-fiber problem. Tractography is sensitive to large
fiber pathways that create more anisotropy. A few previous
reports have shown that this problem can be overcome by
using advanced techniques.***” Finally, the image distortion
of DTI will not be negligible when considering DBS electrode
placement. Thus, it would be preferable to use the STIR images
instead of DT data for guidance. Because the contrast of STIR
can be adjusted by altering the TI,*® a future study may be able
to define the optimum imaging parameter to better depict
these nuclei.

Conclusions

The locations of the Vim and the VPL of the thalamus can be
identified by using FA and color-coded vector maps. Our
method may provide more accurate targeting for DBS and
gamma knife thalamotomy.
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