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Probabilistic Somatotopy of the Spinothalamic
Pathway at the Ventroposterolateral Nucleus of
the Thalamus in the Human Brain

BACKGROUND AND PURPOSE: The STP has been regarded as the most plausible neural tract respon-
sible for pathogenesis of central poststroke pain. The VPL nucleus has been a target for neurosurgical
procedures for control of central poststroke pain. However, to our knowledge, no DTl studies have
been conducted to investigate the somatotopic location of the STP at the VPL nucleus of the thalamus.
In the current study, we attempted to investigate this location in the human brain by using a
probabilistic tractography technique of DTI.

MATERIALS AND METHODS: DTl was performed at 1.5T by using a Synergy-L SENSE head coil. STPs
for both the hand and leg were obtained by selection of fibers passing through 2 regions of interest (the
area of the spinothalamic tract in the posterolateral medulla and the postcentral gyrus) for 41 healthy
volunteers. Somatotopic mapping was obtained from the highest probabilistic location at the ACPC
level.

RESULTS: The highest probabilistic locations for the hand and leg were an average of 16.86 and 16.37
mm lateral to the ACPC line and 7.53 and 8.71 mm posterior to the midpoint of the ACPC line,
respectively. Somatotopic locations for the hand and leg were different in the anteroposterior direction
(P < .05); however, no difference was observed in the mediolateral direction (P > .05).

CONCLUSIONS: We found the somatotopic locations for hand and leg of the STP at the VPL nucleus;
these somatotopies were arranged in the anteroposterior direction.

ABBREVIATIONS: ACPC = anterior/posterior commissure; DTI = diffusion tensor imaging; DTT =
diffusion tensor tractography; FMRIB = Functional Magnetic Resonance Imaging of the Brain;
SENSE = sensitivity encoding; STP = spinothalamocortical pathway; VPL = ventroposterolateral

etailed anatomic information on the human brain is man-

datory in both basic and clinical neuroscience. Identifica-
tion and elucidation of the anatomic location of a neural tract
in the live human brain can provide useful information for
clinicians, even in cases in which detailed anatomy of the neu-
ral tract is already well-known; it can also provide information
for prediction of clinical outcomes, establishment of rehabili-
tative management strategies, or anatomic guidance for inva-
sive procedures for patients with brain lesions. Furthermore,
anatomic information according to somatotopy can provide
more useful information than for a whole neural tract.

The VPL nucleus of the thalamus is a synaptic area of the
STP and the medial lemniscothalamocortical pathway. The
STP carries information on pain and touch from the contralat-
eral limbs and body and has been regarded as the most plau-
sible neural tract responsible for the pathogenesis of central
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poststroke pain.' The VPL nucleus has been a target for neu-
rosurgical procedures for control of central poststroke pain.®’
Therefore, many studies have been conducted for elucidation
of the somatotopy at the VPL nucleus,””'? conducted by using
microelectrode brain-stimulation techniques.” '

In the past, identification and visualization of a neural tract in
the live human brain has been impossible. The recent develop-
ment of DTT, which is derived from DTI, allows anatomic study
in the live brain by visualization and localization of neural tracts at
the subcortical level in 3D.'* Moreover, DTT is now being used
for study of the somatotopic location of the corticospinal tract
and the somatosensory tract.'>'>"'” However, little is known
about the somatotopic location of the STP at the VPL nucleus of
the thalamus."? In the current study, we attempted to investigate
this location in the human brain by using DTT.

Materials and Methods

Subjects

Forty-one healthy right-handed subjects (26 men, 15 women; mean
age, 38.39 * 13.12 years; range, 20— 65 years) with no previous history
of neurologic, psychiatric, or physical illness were enrolled in this
study. Handedness was evaluated by using the Edinburgh Handed-
ness Inventory.'® All subjects understood the purpose of the study
and provided written informed consent before participation. The
study protocol was approved by the local institutional review board.

Data Acquisition
DTT data were obtained by using a Synergy-L SENSE head coil on a
1.5T Gyroscan Intera system (Philips, Best, the Netherlands)
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Fig 1. A, A seed region of interest is placed on the posterolateral medulla. Target regions of interest are shown at the postcentral gyrus posterior to the precentral knob for the hand
and the postcentral gyrus posterior to the leg somatotopy of the precentral gyrus for the leg. B, The STP of a healthy subject (a 65-year-old woman) (red is the STP for the hand; blue
is the STP for the leg). C, The highest probabilistic locations are measured laterally from the midline of the ACPC line in the mediolateral direction and posteriorly from the midpoint of
the ACPC line in the anteroposterior direction (red is the highest probabilistic location of the STP for the hand; blue is the highest probabilistic location of the STP for the leg).

equipped with single-shot echo-planar imaging. We acquired 67 con-
tiguous sections parallel to the ACPC line. Imaging parameters were
as follows: matrix = 128 X 128, FOV = 221 X 221 mm? TR/TE =
10,726/76 ms, SENSE factor = 2, echo-planar imaging factor = 49
and b = 1000 mm?s~ !, NEX = 1, and thickness = 2.3 mm, for each of
the 32 noncollinear diffusion-sensitizing gradients. Signal intensity—
to-noise SENSE was measured in non-diffusion-weighted images in
the thalamus for each subject. The mean was 26.46 * 8.34.

Fiber Tracking

Diffusion-weighted imaging data were analyzed by using the Oxford
Centre for FMRIB Software Library (www.fmrib.ox.ac.uk/fsl). Head-
motion effect and image distortion due to eddy currents were cor-
rected by affine multiscale 2D registration. Fiber tracking was per-
formed by using a probabilistic tractography method based on a
multifiber model and applied in the present study using tractography
routines implemented in FMRIB Diffusion Toolbox (5000 streamline
samples, 0.5-mm step lengths, curvature thresholds = 0.2).°2! STPs
for the hand and leg were determined by selection of fibers passing
through both regions of interest for each subject. The seed region of
interest was given at the area of the spinothalamic tract in the postero-
lateral medulla (posterior to the inferior olivary nucleus and anterior
to the inferior cerebellar peduncle) for both STPs, as described in a

brain atlas.*>%° Target regions of interest for the hand and leg were
selected according to known anatomy (region of interest for the hand
was the postcentral gyrus posterior to the precentral knob; and region
of interest for the leg was the postcentral gyrus posterior to the leg
somatotopy of the precentral gyrus) on the non-diffusion-weighted
(b0) image (Fig 1).

Measurement of STP Location
The somatotopic location of the STP at the VPL nucleus was eval-
uated as the highest probabilistic location in the 2 sections on the
non-diffusion-weighted (b0) image (the bicommissural level was
the first axial image that can be seen on both the AC and PC; the
above-bicommissural level was 2.3 mm above the bicommissural
level) for each subject. These locations for the hand and leg of the
STP were measured laterally from the midline of the ACPC line in
the mediolateral direction and posteriorly from the midpoint of
the ACPC line in the anteroposterior direction. Each location was
calculated as an individual pixel unit and converted to millimeters.
STP probabilistic maps for the hand and leg were obtained by
overlapping the location of the highest probabilistic location. The
probabilistic map was superimposed on a mean non-diffusion-
weighted image, which was created as a mean of the non-diffusion-
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Fig 2. A, The most overlapping voxel of the probabilistic map for the STP superimposed on the mean of the non-diffusion-weighted image (red is the STP for the hand; blue is the STP
for the leg). B, Probabilistic maps at the bicommissural level and above the bicommissural level. The probabilistic map shows overlapping voxels that are color-coded from 0 (black, blue)

to 5 (white, green).

weighted images of all subjects by using SPM8 software (Wellcome
Department of Cognitive Neurology, London, United Kingdom).

Statistical Analysis

The independent ¢ test was used for determination of differences in
the somatotopic locations for the hand and leg of the STP according
to side (right/left), medio-lateral direction, and anteroposterior di-
rection. The level of significance was set to P < .05.

Results

STPs for the hand and leg started with the posterolateral me-
dulla, which was selected as a seed region of interest; ascended
through the VPL nucleus of the thalamus; and then termi-
nated at the postcentral gyrus posterior to the precentral knob
and the postcentral gyrus posterior to the leg somatotopy of
the precentral gyrus, respectively.

Probabilistic maps for somatotopies of the STPs are shown
in Fig 2. In the mediolateral direction, the highest probabilistic
location for the hand was at an average of 16.86 mm lateral to
the ACPC line at the bicommissural level and 19.18 mm at the
above-bicommissural level. In contrast, the highest probabi-
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listic location for the leg was at an average of 16.37 mm at the
bicommissural level and 18.85 mm at the above-bicommis-
sural level. This location for the leg was significantly posterior
to the hand location (P < .05) (Table).

As for the anteroposterior direction, the highest probabi-
listic locations for hand and leg were posterior at an average of
7.53 mm from the midpoint of the ACPC line, 8.71 mm at the
bicommissural level, and 7.45 mm and 8.52 mm at the above-
bicommissural level, respectively. In terms of mediolateral di-
rection, no significant difference was observed between soma-
totopic locations for the hand and leg (P > .05).

Discussion

In the current study, we investigated the somatotopic location
for the hand and leg of the STP at the VPL nucleus of the
thalamus in the human brain by using a probabilistic tractog-
raphy technique. At the bicommissural level, the highest prob-
abilistic locations for the hand and leg were at an average of
16.86 and 16.37 mm lateral to the ACPCline and 7.53 and 8.71
mm posterior to the midpoint of the ACPC line, respectively.
Somatotopic locations for the hand and leg were significantly



Somatotopic locations of the highest probability point of the STP at the VPL nucleus of the thalamus®

Mediolateral Direction (mm)

Anteroposterior Direction (mm)

Level Hand Leg P Value Hand Leg P Value
Bicommissural
Right 17.07 16.69 7.34 8.40
(+2.63) (+3.02) (+1.96) (*1.80)
Left 16.65 16.06 172 9.03
(+2.21) (+2.42) (+2.29) (=1.92)
Total 16.86 16.37 231 753 8.71 .000
(*£2.42) (+2.74) (*£2.13) (*=1.87)
Above-bicommissural
Right 19.24 18.90 717 8.31
(*2.48) (+2.90) (+1.96) (*1.68)
Left 19.11 18.80 7.72 8.73
(*+2.12) (+2.42) (+2.26) (*+1.97)
Total 19.18 18.85 400 7.45 8.52 .001
(+2.29) (+2.66) (£2.12) (=1.92)

@Values are means. Each location of the point was calculated as a pixel unit and converted to millimeters. Voxel size is 1.73 X 1.73 X 2.3 mm.

different in the anteroposterior direction; however, no signif-
icant difference was observed in the mediolateral direction.
Many microelectrode stimulation studies have reported the
location of STP, which is 12—-18 mm lateral to the ACPC line
and 5-8 mm posterior to the midpoint of the ACPC line at the
bicommissural level.>®'*!'"*”?® In addition, 1 postmortem
brain dissection study also reported similar results.** There-
fore, our results coincide with those of previous stud-
ies.O®10:1127-29 3y the other hand, we found that somato-
topies for the hand and leg of the STP were arranged in the
anteroposterior direction at the VPL nucleus.

Many direct brain stimulation studies have reported the
somatotopic arrangement at the VPL nucleus of the thalamus;
however, these have been controversial.”'"*® Some of these
studies reported that somatotopies for the hand and leg were
arranged in the mediolatatral direction at the VPL nu-
cleus.'®'! By contrast, other studies reported an anteroposte-
rior somatotopic arrangement similar to that of our results”’
or a variable arrangement.>*® This disagreement on results
from previous studies appears to be attributed to the high
individual variability of microelectrode stimulation studies.”

With the development of DTI, several studies have been
conducted using DTI for identification of the thalamic nuclei
and somatotopy of the somatosensory tracts.>'*?°** Some of
these studies have attempted to identify the thalamic nuclei by
using a different directionality, and other studies have at-
tempted to identify them by using their connectivity with cor-
tical areas.>'*?%"? In 2003, Behrens et al* attempted to
identify the thalamic nuclei by using a probabilistic tractogra-
phy algorithm. They reported the locations of each thalamic
nucleus, including the VPL nucleus, by using connectivity
with the functionally relevant cortices. Recently, Yamada et
al’* (2010) constructed a DTT for the pyramidal tract, STP,
and cerebellothalamocortical tract. They identified the VPL
nucleus and ventrointermediate nucleus by using the relation-
ship of the above 3 tracts. On the other hand, Yamada et al’?
(2007) also reported the somatotopic arrangement of somato-
sensory pathways at the thalamus and the mediolateral ar-
rangement at the thalamus. However, this study was con-
ducted with only 7 subjects, and the authors analyzed whole
somtosensory pathways without selection of the STP.

Conclusions

We found the somatotopic locations for the hand and leg of
the STP at the VPL nucleus, which were arranged in the an-
teroposterior direction by using a probabilistic tractography
technique. This is the first DTT study to report on the somato-
topic location for the hand and leg of the STP at the VPL
nucleus of the thalamus in the human brain. We think that the
methodology and data used in this study would be helpful in
research on the thalamus and for invasive procedures for pa-
tients with brain lesions. The limitation of this study is that we
adopted the highest probabilistic location for the STP, which
indicates that the somatotopic location does not represent the
whole somatotopy for the hand and leg, but the highest point
of each somatotopy. Therefore, this work invites further study
of the whole somatotopy and clinical correlation studies in the
near future.
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