
MPROVED knowledge of basal ganglia pathophysiology
and availability of modern imaging procedures has re-
sulted in a renewed interest in surgery for movement

disorders.32,94 Preferences for different surgical targets have
continued to evolve,6,16,61–63,86,94 and a more rational treat-

ment approach should emerge as more clinical outcome
data for the various procedures become available. In the
case of stereotactic lesioning methods, the size and config-
uration of the lesion may be as relevant to clinical outcome
as the choice of the target itself. Therefore, valid compar-
isons of clinical outcomes of different stereotactic strategies
require correlation with precise target localization. In addi-
tion, specific information about morphological changes in-
duced by the surgical procedure may be helpful in elucidat-
ing the mechanism of therapeutic effects and in improving
our understanding of brain function in healthy and patho-
logical states. Although numerous studies have provided
information on clinical results, there are few systematic re-
ports in which clinical effectiveness has been correlated
with lesion size and location.7,18,22,37,41,43,44,60,66,67,72,84,89

Detailed examination of the accuracy and precision of
stereotactic procedures is limited because, at the micro-
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Object. Renewed interest in stereotactic neurosurgery for movement disorders has led to numerous reports of clini-
cal outcomes associated with different treatment strategies. Nevertheless, there is a paucity of autopsy and imaging data
that can be used to describe the optimal size and location of lesions or the location of implantable stimulators. In this
study the authors correlated the clinical efficacy of stereotactic thalamotomy for tremor with precise anatomical local-
ization by using postoperative magnetic resonance (MR) imaging and an integrated deformable digital atlas of subcorti-
cal structures.

Methods. Thirty-one lesions were created by stereotactic thalamotomy in 25 patients with tremor-dominant Parkin-
son disease. Lesion volume and configuration were evaluated by reviewing early postoperative MR images and were
correlated with excellent, good, or fair tremor outcome categories. To allow valid comparisons of configurations of le-
sions with respect to cytoarchitectonic thalamic boundaries, the MR image obtained in each patient was nonlinearly de-
formed into a standardized MR imaging space, which included an integrated atlas of the basal ganglia and thalamus.
The volume and precise location of lesions associated with different clinical outcomes were compared using nonpara-
metric statistical methods. Probabilistic maps of lesions in each tremor outcome category were generated and compared.

Statistically significant differences in lesion location between excellent and good, and excellent and fair outcome cate-
gories were demonstrated. On average, lesions associated with excellent outcomes involved thalamic areas located more
posteriorly than sites affected by lesions in the other two outcome groups. Subtraction analysis revealed that lesions corre-
lated with excellent outcomes necessarily involved the interface of the nucleus ventralis intermedius (Vim; also known as
the ventral lateral posterior nucleus [VLp]) and the nucleus ventrocaudalis (Vc; also known as the ventral posterior [VP]
nucleus). Differences in lesion volume among outcome groups did not achieve statistical significance.

Conclusions. Anatomical evaluation of lesions within a standardized MR image–atlas integrated reference space is a
useful method for determining optimal lesion localization. The results of an analysis of probabilistic maps indicates that
optimal relief of tremor is associated with lesions involving the Vim (VLp) and the anterior Vc (VP).
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Abbreviations used in this paper: AC = anterior commissure;
CT = computerized tomography; MR = magnetic resonance; PC =
posterior commissure; PD = Parkinson disease; SD = standard de-
viation; SEM = standard error of the mean; 3D = three-dimensional.
Thalamic nuclei: CM = centromedian; Dim = dorsointermedius; Vc =
ventrocaudalis; Vcae = Vc anterior externus; Vcai = Vc anterior in-
ternus; Vce = Vc externus; Vci = Vc internus; Vim = ventralis in-
termedius; VLa = ventral lateral anterior; VLp = ventral lateral poste-
rior; Voa = ventrooralis anterior; Voi = ventrooralis internus; Vop =
ventrooralis posterior; VP = ventral posterior; VPL = ventral posterior
lateral; VPLa = anterior division of the VPL; VPM = ventral posteri-
or medial; Zc = zentrolateralis caudalis.



scopic level, anatomy cannot be examined in the living hu-
man brain. A relatively small number of autopsy series7,41,44,

47,72 have provided descriptions of the volume and position
of lesions. Although imaging studies do not currently pro-
vide the level of spatial detail available in histological stud-
ies, improved characterization of stereotactic lesions may
be obtained using CT43 or MR imaging.18,37,84,102,104 Note that
although MR images are superior in quality to CT scans,
most MR imaging systems in routine use have significant
limitations in spatial resolution and structural differentia-
tion. Detailed examination of anatomical cytoarchitectonic
boundaries of subcortical nuclei is not possible within the
current clinical imaging environment.

Digitized or computerized atlases may be used to in-
crease the degree of structural detail on clinical imaging
studies. A digitized atlas may be integrated with MR im-
ages or CT scans by selecting landmarks or boundaries vis-
ible on the image and outlined in the atlas and by using
mathematical transformations to scale the atlas to fit the
specific image. Scaled digitized atlases matched to a CT or
MR image can enhance the planning of stereotactic proce-
dures,3,58,76,83,93 and linear scaling has the advantage of rela-
tively rapid integration. Nonlinear deformation would al-
low for a better fit of the atlas, especially in the presence of
anatomical variations induced by cortical or subcortical at-
rophy. Although a more precise method, manual nonlinear
distortion of an atlas would require a time-intensive step of
point-to-point matching of multiple landmarks in the atlas
with those on the neuroimage obtained in the patient. We
have recently developed a technique for automatic atlas in-
tegration with the individual patient’s MR imaging space.93

A labor-intensive tagging process is initially required for
integration of the atlas with a model MR imaging data set.
This process must be performed only once to produce a
canonical atlas. For subsequent use, a computer-intensive
automatic nonlinear image-matching algorithm19,21 can be
used to fuse the model MR image with that of the patient,
thus allowing precise automated atlas integration. The com-
puterized atlas was initially integrated into a stereotactic
surgical planning platform.93 The platform allows visualiza-
tion of stereotactic targets and surgical probes, lesion mod-
eling, and intraoperative correlation of physiological re-
sponses with the MR imaging–atlas integrated anatomical
space of the individual patient. In the present study, we used
the integrated atlas to evaluate postoperative MR imag-
ing data. On this basis we determined the stereotactic loca-
tion and size of the thalamotomy lesion and its relationship
to the thalamic nuclei. The lesions were evaluated within
the standardized atlas space, and statistical comparisons
were used to determine the relationship between clinical
outcomes and lesion characteristics.

Clinical Material and Methods

Patient Population

The lesions were derived from a series of consecutive
patients who underwent stereotactic procedures for move-
ment disorders performed by one surgeon (A.F.S.) at the
Montreal Neurological Institute and Hospital between April
1995 and October 1998. All patients were evaluated by a
neurologist and neurosurgeon in the context of a surgical
movement disorders clinic. In this study we included only

patients who underwent thalamotomy for PD with function-
ally disabling tremor unresponsive to levodopa or anticho-
linergic agents. In an effort to keep clinical outcome criteria
as uniform as possible, patients who underwent thalamot-
omy for essential tremor or dystonia were excluded. Also,
patients who underwent pallidotomy and those who re-
ceived deep brain stimulation to the thalamus, pallidum, or
subthalamic nucleus were excluded from the present study.

Surgical Procedure 

The stereotactic surgical procedure was performed after
the patient received a local anesthetic agent. The procedur-
al steps included frame application (Olivier Bertrand Tipal
frame82; Tipal Instruments, Montreal, QC, Canada), MR
imaging, ventriculography, and, finally, physiological con-
firmation of the target prior to lesion generation. For thal-
amotomies, targets were centered on the Vim,46 which is
equivalent to the VLp of the thalamus.48 Target localization
was performed on the basis of multimodal imaging, includ-
ing stereotactic ventriculography and stereotactic MR im-
aging. During surgery, physiological stimulation was per-
formed using a retractable curved electrode, which allows
exploration of a relatively large volume of tissue via a sin-
gle trajectory (Fig. 1). The locations of motor fibers of the
internal capsule and of the sensory thalamus were con-
firmed using a single electrode pass in most cases.11 The
stimulation parameters selected were 0.5 to 1 V, 60 Hz, and
a 2-msec pulse duration. Optimal target location was fur-
ther confirmed using high-frequency stimulation, resulting
in tremor arrest that was generally apparent at the parame-
ters 1 to 2 V, 185 Hz, and a 2-msec pulse duration. 

In more recent cases, we used the atlas published by
Schaltenbrand and Wahren,91 which was deformed in a non-
linear fashion into the stereotactic MR imaging space of the
individual patient for preoperative and intraoperative plan-
ning of lesion localization, as previously described.93 The
stereotactic position of the tip of the curved electrode (Fig.
1) was modeled into the MR imaging–atlas integrated visu-
alization platform. In most cases this method yielded an
excellent correlation between responses obtained during
physiological stimulation and either the anatomical border
between the thalamus and motor fibers of the internal cap-
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FIG. 1. Left: Photographs of the leukotome loop at its maxi-
mum (7 mm, upper left) and intermediate (lower left) extensions.
Right: Photographs showing the curved stimulating electrode at its
maximum (14 mm, upper right) and intermediate (lower right) ex-
tension. 



sule, or the border between the Vim (VLp) and the sensory
thalamus Vc (VP). Tailored lesions were created in a pro-
gressive, stepwise manner by using a graded retractable
loop-shaped leukotome, with frequent intermittent clinical

examination.8,77,93 The leukotome is a curved wire loop that
can be extracted at a variable diameter (1–7 mm) and rotat-
ed over the desired target volume, resulting in physical divi-
sion of fibers and devascularization of the target (Fig. 1). In
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FIG. 2. Summary of the analysis procedure. A: Plates from the atlas of Schaltenbrand and Wahren91 (1) were previ-
ously digitized and integrated with a model MR image (MRI) that had a high signal-to-noise ratio (2). This set of steps
was performed once. B: Subsequently, an MR image obtained in each patient was resampled to match the model MR
image, based on the transformation generated by a nonlinear intensity-matching algorithm (1). Manually segmented le-
sions were then overlaid on the atlas and sorted into separate clinical outcome categories for statistical analysis (2).



this manner, a tailored lesion can be created to conform to
the desired target. Prior to step-wise lesioning, the proposed
lesions were modeled and visualized in three dimensions
on a computerized MR imaging–atlas integrated stereotac-
tic platform, as previously described.93 The average stereo-
tactic target, defined at the tip of the leukotome and corre-
sponding to the most ventral portion of the lesion, was in
the AC–PC plane, 5.13 � 0.82 mm (mean � SEM) behind
the midpoint of the AC–PC line and 13.32 � 0.93 mm
(mean � SEM) lateral to the midpoint of the midline of
the brain. The initial target was obtained from an evaluation
of both MR imaging and ventriculographic coordinates. In
general, the difference between stereotactic coordinates ob-
tained using both imaging modalities was less than 2 mm.
The final target was chosen after the evaluation of physio-
logical responses. These progressive lesions were general-
ly created in steps of 45˚ with a 4- to 7-mm extraction of
the leukotome loop, depending on the proximity of the
proposed lesion to the internal capsule or cutaneous senso-
ry thalamus. Lateral stereotactic x-ray films were obtained
during either stimulation or lesioning. Because the control
x-ray films were obtained under stereotactic conditions
identical to those used to obtain the ventriculogram, super-
imposition of the two x-ray films allowed immediate intra-
operative confirmation of the position of probes with re-
spect to the ventriculography-defined target. The control
stereotactic x-ray films were also used to determine the
proximity of the leukotome loop to the area at which the
extracted curved monopolar stimulating electrode elicited
sensory responses. Frequent clinical examination was per-
formed during leukotome extraction in the posterior quad-
rant to ensure that cutaneous sensation remained intact. In
general, lesions were made anterior to the sensory hand or
face area. In cases in which immediate tremor relief was
obtained, lesions in the posterior quadrants were generally
limited to 5-mm leukotome extensions. In cases in which
the tremor had a higher amplitude or was more resistant, the
extent of the lesion created in the posterior quadrant was 7
mm. The method allowed generation of a wide variety of
sizes and shapes of lesions conforming to the target struc-
ture and avoiding spillover into the internal capsule and cu-
taneous sensory thalamus.

Terminological Concerns

Our digitized stereotactic atlas is based on that published
by Schaltenbrand and Wahren.91,93 In that atlas and an earli-
er one published by Schaltenbrand and Bailey,90 Hassler’s
terminology was applied to thalamic nuclear divisions.45,46

More recently, a terminology designed to provide better ho-
mology between different primate species and to take into
account recent data on chemical anatomy and connections
of the thalamus was proposed by Jones and colleagues.48,70

We apply Hassler’s terminology throughout this paper. For
clarity, homologous nuclear subdivisions suggested by
Jones and colleagues are indicated in parentheses through-
out the text.

Clinical and Imaging Evaluation 

All patients were initially examined by a neurologist and
a neurosurgeon. Patients selected for surgery underwent a
preoperative evaluation in which the Unified Parkinson’s
Disease Rating Scale28 was applied, and also were exam-

ined by a neuropsychologist. Postoperative follow-up eval-
uation by the neurologist and neurosurgeon occurred at 6 to
8 weeks and 1 year after surgery. Follow-up neuropsycho-
logical examination occurred at 3 months and 1 year after
surgery. For the purposes of this report, clinical outcomes
at 6 to 8 weeks were assigned to four different categories
similar to those used by previous authors.29,54 Tremor spe-
cific to the arm contralateral to the site of thalamotomy was
evaluated at rest, with arms extended, and during repetitive
finger-to-nose testing. Outcome categories were defined
as follows: 1) excellent indicated no significant, clinically
detectable tremor, with marked improvement in function;
2) good indicated a marked improvement in function and
tremor amplitude, although some residual, clinically de-
tectable tremor still remained; 3) fair indicated some im-
provement in tremor amplitude, but functionally significant
residual tremor; and 4) no effect indicated no detectable
change in tremor amplitude. In all cases MR imaging ex-
aminations were performed during the first 48 hours post-
operatively (most within 24 hours). The images were ac-
quired with the aid of a 1.5-tesla MR imaging system
(ACS-2; Phillips Medical Systems, N.A., Bothell, WA) by
using a 3D gradient echo sequence (TR 27 msec, TE 9
msec, flip angle 30˚, 1 � 1 � 1.5–mm resolution, and two
signal averages). The leukotome-induced lesions appeared
hypointense on these T1-weighted images with respect to
surrounding brain. The images were analyzed in the fol-
lowing manner. First, a canonical MR imaging–based inte-
grated atlas was created, as previously described.93 Briefly,
an image with a high signal-to-noise ratio was initially cre-
ated for use as a model image set by averaging 27 image
acquisitions of a single healthy human brain, which were
registered to one another to a 0.1-mm accuracy.51 The mod-
el brain had an AC–PC length of 27 mm; a thalamic height,
measured at the AC–PC midpoint, of 19 mm; and a third
ventricular width, measured in the AC–PC plane, of 4 mm.
A digitized version of the atlas of Schaltenbrand and Wah-
ren91 (Fig. 2) was created and then tagged to this model
brain by using homologous landmarks visible in both the
atlas and on the MR image.93 This entire procedure need be
performed only once. The atlas was then applied to surgical
planning and to lesion evaluation as part of the present
study. An automated nonlinear warping algorithm based on
intensity matching19 was used to generate the transforma-
tion between the MR image of each patient and the model
MR image. In preparation for surgical planning, the inverse
of the transformation was used to deform the atlas to fit the
preoperative MR image of each individual patient. This re-
sulted in atlas integration within the stereotactic space of
the patient.93

For this study, the forward transformation, generated by
the same intensity-matching algorithm, was used to resam-
ple the MR image obtained in the patient to match the mod-
el brain and, hence, the atlas. This allowed all lesions to be
objectively compared in a standard reference space. The in-
tegrated images were individually examined to determine
the goodness of fit of the digitized atlas to the MR im-
age obtained in each patient and to consider the position of
the lesion with respect to the subnuclei. Individual lesion
areas were manually segmented. Volumes of individual le-
sions were determined in the native MR imaging space. For
group analysis, all lesions were considered to be left sided.
This was achieved by matching any MR image that con-
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tained right-sided lesions to a mirror image of the model
MR image. Segmented lesions were then flipped to the left
side, as a final step before the data were subjected to statis-
tical analysis. Probabilistic maps for each clinical outcome
category were then created by averaging together the indi-
vidual segmented lesion volumes on a pixel-by-pixel basis.
The centers of mass of individual lesions were calculated in
the common reference space. Statistical comparisons were
made of the lesion location or lesion volume to determine
differences based on clinical outcome categories. The anal-
ysis procedure is summarized graphically in Fig. 2.

Statistical Analysis 

Coordinates of the center of mass and volume measure-
ments of segmented lesions were used for the statistical
analysis. The coordinates of each pixel on the MR image
were represented in millimeters as distance measurements
from the origin, that is, the midpoint of the AC–PC line. In
this coordinate system, the value of x increases from the left
to the right side, the value of y increases from posterior to
anterior, and the value of z increases from inferior to supe-
rior. Differences in spatial position were evaluated by as-
sessing for statistically significant differences in the coordi-
nates of lesion centers of mass as sorted by clinical outcome
group. Because the longest distance between any group of
lesions was not necessarily in line with standard axes, we
also projected the coordinates of individual lesions along a
line connecting the coordinate of the average lesion in each
of the three outcome groups. We then determined whether
the position along the line of projected coordinates of le-
sions was significantly different when any two groups were
compared. The Kruskal–Wallis test and the Wilcoxon rank-
sum test for post hoc analysis were used in the native coor-
dinate analysis. The Wilcoxon rank-sum test, with the alpha
level corrected for multiple comparisons, was used for the
projection coordinate analysis. Differences in lesion vol-
umes were also assessed using the Kruskal–Wallis test.

Initial visual analysis indicated that lesions differed in the
degree to which they overlapped individual thalamic nuclei;
we therefore analyzed the amount of overlap of each lesion
with the Vim (VLp) and Vc (VP). Differences in overlap

volume by outcome group were assessed using the Krus-
kal–Wallis test and the Wilcoxon rank-sum test for post hoc
analysis.

Results 

Clinical Outcomes 

A total of 35 thalamotomies were performed in patients
with tremor-predominant PD.4 Cases with insufficient us-
able postoperative imaging data were excluded from the
study; thus 25 patients who underwent 31 procedures were
evaluated in this study. At the time of surgery, the ages of
the patients ranged from 47 to 76 years (median age 62.5
years). Twenty patients were men and five were women.
Fourteen lesions were located in the right hemisphere and
17 in the left hemisphere. Twenty-four lesions were created
in patients who had not undergone thalamic surgery previ-
ously, three lesions were created for thalamotomy extension
in cases in which recurrence of tremor appeared shortly af-
ter the first operation, and four thalamotomies were per-
formed in patients who had undergone previous contralat-
eral surgery.

All patients experienced excellent suppression of tremor,
which was observed at the time of the operation. Different
clinical outcomes were evident at the time of follow-up
examinations. The 31 procedures evaluated in this report
were divided according to clinical outcomes in the manner
described in Clinical Material and Methods. Twenty-four
lesions resulted in excellent clinical outcomes, four in good
outcomes, three in fair outcomes, and no lesions were cate-
gorized as having no effect. All three lesions initially as-
sociated with fair outcomes and one of the four lesions cor-
related with good outcomes were subsequently extended
within 3 months after the initial surgery, resulting in excel-
lent outcomes in all cases. Of the lesions excluded from
analysis due to insufficient usable postoperative imaging
data, one primary lesion resulted in a good outcome, an-
other primary lesion was associated with an excellent out-
come, and two lesions were extensions resulting in excel-
lent outcomes. Considering outcome as the final result of all
surgical procedures, a reduction in tremor amplitude was
achieved in all patients (89% excellent outcome and 11%
good outcome), with improvement maintained at follow-up
examinations performed at least 1 year after surgery.

Evaluation of the Lesion 

In each patient the result of MR imaging–atlas integra-
tion was examined for goodness of fit. Integration of atlas
structures with well-recognized subcortical landmarks on
MR imaging, such as the thalamic border, internal capsule,
caudate, and putamen, was considered excellent in all but
three cases. Examination of those three cases revealed a mi-
nor discrepancy (� 2 mm) in the degree of overlap in the
boundaries of these well-recognized subcortical structures.
These three volumes were obtained in patients included in
the excellent clinical outcome category. Lesions were eval-
uated with respect to their differences in volume, centers of
mass, and degree of overlap with individual thalamic nu-
clei. In addition, subtraction analysis was performed on the
basis of probabilistic maps generated for lesions in the dif-
ferent clinical outcome categories. 
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FIG. 3. Graph showing mean lesion volumes by clinical out-
come group. The differences are not statistically significant.



Comparison of Lesion Volumes. A comparison of the av-
erage volume of lesions (Fig. 3) associated with each out-
come category showed no statistically significant difference
(Kruskal–Wallis test, H = 1.8, p � 0.05), although larger
volumes were observed with lesions associated with better
clinical outcomes.

Comparison of Centers of Mass. Coordinates of lesion
centers of mass were compared in the three clinical out-
come groups. The analysis revealed no statistically signifi-
cant differences in x and z coordinates between groups. The
y coordinate was located 3.1 � 1.6 mm (mean � SD) pos-
terior to the midpoint of the AC–PC line in the excellent
outcome group, compared with 0.6 � 1.6 mm (mean �
SD) posterior to the midpoint in the suboptimal outcome
(good and fair) groups. Statistically significant differences
were noted (H = 10.2, p � 0.05) in the y coordinate when
a comparison was made between good and excellent out-
come groups or between fair and excellent outcome groups.
No significant difference was noted in the y coordinate be-
tween fair and good outcome categories. The x coordinate
of the centers of mass of lesions in the excellent outcome
group was 13.4 � 1.6 mm (mean � SD) lateral to the mid-
line, close to the x coordinate of suboptimal lesions, which
was 13.6 � 1.1 mm (mean � SD) lateral to the midline.
The z coordinate in the excellent group was 6.5 � 1.5
mm (mean � SD) above the AC–PC plane compared with
5.4 � 1.8 mm above the plane in the suboptimal outcome
groups. Note that average coordinates correspond to the
center of the lesion, thus explaining why the z coordinate
lies above the chosen target, which represents the tip of
the leukotome probe (Fig. 1). 

In addition to an analysis of the native coordinate space,
a projection coordinate analysis was also performed. Loca-
tions of centers of mass of individual lesions were project-
ed along a line connecting the two average lesion coordi-
nates in each category compared, and the Kruskal–Wallis
test and Wilcoxon rank-sum post hoc test were then ap-
plied, as described in Clinical Material and Methods. Once
again, a significant difference was found between positions
of lesions associated with good and excellent outcomes,
and between locations of lesions correlated with fair and
excellent outcomes (p � 0.05). No difference was detected
between positions of lesions linked with good and fair out-
comes. The coordinates of the centers of mass of the lesions
derived from probabilistic maps expressed relative to the
midpoint of the AC–PC line are shown in Table 1. Lesions

resulting in good outcomes, on average, were located 3.73
mm from those resulting in excellent outcomes in the ante-
roinferolateral direction. Lesions resulting in fair outcomes,
on average, were located 2.05 mm from those resulting in
excellent outcomes, in the anterosuperomedial direction. It
is clear from both analyses that lesions created in patients
in suboptimal outcome categories were located anterior to
those created in patients in the excellent outcome catego-
ry. The probabilistic maps of lesions in each category are
shown overlaid on the atlas in Fig. 4.

Degree of Overlap With Individual Thalamic Nuclei. The
probabilistic maps demonstrate that lesions in different out-
come categories varied in distribution with respect to tha-
lamic nuclei. All lesions associated with excellent out-
comes and all but one correlated with suboptimal outcomes
involved a portion of the Vim (VLp). Sixty-seven percent
of lesions associated with excellent outcomes and 30% of
those linked with good or fair outcomes involved more than
10% of the Vim (VLp) by volume. Lesions leading to sub-
optimal outcomes showed less overlap with the Vim (VLp)
than those leading to excellent outcomes. A significant
number of lesions also involved the rostral portion of the
Vc (VP), which likely corresponded to the Vcae (VPLa).
Whereas 83% of lesions resulting in excellent outcomes
involved the Vc, only 43% of lesions resulting in good or
fair outcomes involved this nucleus. Fifty percent of lesions
leading to excellent outcomes involved more than 2% of
the volume of the Vc, whereas lesions leading to other out-
comes did not display this degree of encroachment on the
nucleus. A comparison of the three outcome groups re-
vealed no significant difference in the mean volumes of le-
sion overlap of either the Vc or the Vim (Kruskal–Wallis
test). A statistically significant difference was apparent,
however, when patients in the fair and good outcome cate-
gories were grouped and compared with those in the excel-
lent outcome category. Wilcoxon rank-sum tests revealed
that lesions in patients in the excellent outcome group
showed significantly more overlap of both the Vim (p �
0.01 ) and Vc (p � 0.05), compared with lesions in patients
in both good and fair outcome groups. These results are
summarized in Table 2.

Subtraction Analysis of Probabilistic Maps. To establish
specifically which thalamic nuclei are necessary targets
for excellent outcome, we generated probabilistic maps of
lesions in each category and then performed a subtraction
analysis. Because the locations of lesions associated with
good and fair outcome categories could not be distin-
guished statistically, their volumes were averaged together
and subtracted from the volumes of lesions correlated with
the excellent outcome category. The location of this sub-
tracted lesion is illustrated in Fig. 4. The coordinates of the
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TABLE 1
Centers of mass determined from lesion probabilistic maps*

Coordinate (mm)
Outcome

Group X Y Z

excellent –13.4 –3.1 6.5
good & fair –13.6 –0.6 5.4
essential lesion –13.2 –5.1 6.7

* The locations of each of the probability density map centers of mass
are shown as distance from the midpoint of the AC–PC line in the model
MR image. See text for description of model MR image and definition of
clinical outcome groups. Coordinates of the essential lesion were deter-
mined by subtraction analysis of probabilistic maps. Essential indicates a
lesion volume that is required (but not necessarily sufficient) for excellent
tumor relief.

TABLE 2
Mean overlap of lesions with thalamic subnuclei*

Nucleus Overlapped (mm3)
Outcome

Group Vim Vc

excellent 53.2 (23.6%) 17.1 (3.2%)
good & fair 13.8 (6.1%) 2.4 (0.45%)
p value 0.0046 0.0172

* Evaluated using the Fisher exact test.



center of mass of this lesion, relative to the midpoint of the
AC–PC line, are given in Table 1. The results of the sub-
traction analysis suggest an essential lesion volume that
is required (but not necessarily sufficient) for excellent
tremor relief. This essential volume involves not only the
Vim (VLp), but also extends into the anterior and antero-
dorsal portions of the Vc or Vcae (VPLa). The latter area is
coextensive with the shell of the Vc, which includes pro-
prioceptive or kinesthetic units.10,12,42,55,56,65,79

Discussion 

Renewed interest in stereotactic neurosurgery for the

treatment of movement disorders has led to numerous re-
ports of clinical outcomes associated with diverse treatment
strategies.29,33,40,54,94 In addition to clinical data, rigorous ana-
tomical postoperative evaluation of the stereotactic place-
ment of long-term stimulating electrodes or lesions is es-
sential for a valid comparison of surgical methods. So far
little detailed anatomical information has accompanied the
results of clinical efficacy studies. The paucity of studies of
anatomical–clinical correlation may be due to a lack of sys-
tematic postoperative imaging or autopsy studies, variable
length between surgical procedures and postoperative brain
imaging, and difficulties encountered when comparing le-
sions of variable size and configuration. We have devel-
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FIG. 4. Probabilistic maps for the three outcome categories—excellent, good, and fair—shown in axial slices centered
at the coordinates of the center of mass of the essential lesion. The color bars at the right correspond to the probability
of each pixel being represented in each lesion. The essential lesion represents a positive result of the pixel-wise subtrac-
tion of lesions from the good and fair outcome categories from the lesion from the excellent outcome category. GPe = glo-
bus pallidus externus. The essential lesion is necessary, but may not be sufficient for an excellent clinical outcome.



oped a unique method for evaluating subcortical lesions in
a common reference space. This method was used system-
atically to correlate clinical outcome of thalamotomy for
tremor with lesion location, volume, and configuration. A
subcortical atlas of deep brain structures was integrated into
the standardized space of MR images, allowing a detailed
comparison. The analysis revealed statistically significant
differences in lesion location between excellent and good,
and excellent and fair outcome categories. On average, le-
sions associated with excellent outcomes were located more
posteriorly than those in the other two outcome groups.
Subtraction analysis revealed that lesions associated with
excellent outcomes necessarily involved the interface of
the Vim (VLp) and Vc (VP). We discuss the significance
of these findings with reference to clinical results, terminol-
ogy, and anatomical–physiological correlations. We also
discuss the use of our unique probabilistic method for eval-
uating subcortical lesions with reference to an MR imag-
ing–based integrated atlas.

Methods for the Study of Lesion Characteristics 

Postmortem histological studies of lesion location7,41 or
deep brain stimulator lead placement17 allows the most di-
rect analysis of optimal targets. Histological comparisons
of postmortem anatomy and clinical outcomes7,22,44,47,72 have
contributed to the choice of the Vim (VLp) as the main
surgical target used for relief of tremor associated with PD.
This approach is limited by a possible postmortem artifact,
sparse databases, and variable age of the lesions at the time
of examination. Intended targets have also been correlated
with patient outcomes,27,43,59 and the results have contributed
significantly to modern surgical procedures. The latter ap-
proach is limited by a possible mismatch between the in-
tended and actual lesions with respect to location, size, and
configuration. Furthermore, focusing on the coordinates of
the center of the intended lesion underestimates the signifi-
cance of involvement of structures at the lesion’s periphery.
As a refinement of this approach, attempts have been made
to predict volumes of radiofrequency-induced lesions based
on formula-modeling heat deposition in tissue.23,49 Electro-
physiological information obtained at surgery from mi-
croelectrode recordings has also been used to define the
placement of stereotactic lesions within the known func-
tional anatomy of the human thalamus more precisely.55,57,

66,99 Nevertheless, this approach is also limited by a lack of
correlation between clinical outcome and final lesion vol-
ume and configuration.

More recently, modern imaging procedures have been
used to examine the postoperative location, shape, and vol-
ume of the lesion. Clinically, x-ray films or ventriculo-
graphic images of intraoperative instrument placement
have been used to estimate the location of the lesion97 and
to correlate this with clinical outcome.27 Postoperative im-
age evaluation performed using CT or MR imaging is the
current method of choice for confirming target location, but
this approach is limited by the spatial resolution and con-
trast-to-noise ratio of available imaging methods. Recently,
postoperative MR imaging has been used to assess the posi-
tion of the lesion with respect to the AC–PC line84 and to
measure lesion volumes generated using gamma knife or
radiofrequency techniques.30,101 Although there are no sys-
tematic studies of MR imaging–based localization of thal-

amotomy lesions, the characteristics of pallidotomy have
been examined.18,36,37 In these studies targets were localized
relative to the midpoint of the AC–PC line, and linear im-
age registration and scaling principles were implemented.
Using this method, authors of a recent analysis of a series
of patients who underwent pallidotomy demonstrated a re-
lationship between lesion location and clinical outcomes.37

Even with optimal resolution, current imaging does not
allow identification of anatomical boundaries within the
thalamus. To this end, standardized atlases of subcortical
anatomy may be combined with neuroimaging to increase
subcortical detail on postoperative images.2,15,35,58,76,93 The
most common application of this technique involves de-
termining the distance between the AC and the PC on post-
operative images, and then scaling atlas slices to matching
imaging planes.2,58 Computerized tomography scanning–
based atlas integration has been used in this manner to
examine thalamotomy characteristics.104 A similar linear
scaling method can also be applied in three dimensions af-
ter interpolating atlas slices into a 3D volume.34,83 Although
these modern studies, in which researchers implement im-
age-based lesion evaluation with linear scaling of atlases,
represent significant advances, errors in interpretation may
still result because the researchers do not account for non-
linear variations in the structure of individual brains.

Image Analysis Technique 

We have used a novel, automated, nonlinear fitting algo-
rithm to plan surgical procedures, for intraoperative guid-
ance,93 and to evaluate the location of a lesion or a deep
brain stimulator. The technique is easy to apply, increases
the accuracy of localization, and is useful for evaluating in-
dividual patients and performing group analyses. The rela-
tively large number of patients who were studied allowed
us to demonstrate a difference in the position of the lesion
by tremor outcome group, which has not been clearly dem-
onstrated in previous studies.43 Our study is also unique be-
cause of our use of nonlinear registration for the study of
surgical lesions in a standardized space 3D MR imaging–
based atlas integration for statistical evaluation of lesion lo-
cation within the thalamic nuclei, and correlation between
both the size and configuration of thalamic lesions observed
on MR images and clinical outcomes.

Imaging-based methods have a number of limitations.
Physical properties of the patient or the imaging unit can in-
troduce distortions into the spatial characteristics of the MR
image,96 which may affect accuracy. Unlike histological
methods, which can be used to define the reference struc-
ture, our algorithm relies on detection of relative differenc-
es in signal intensities on MR images for nonlinear trans-
formation of images of the individual patient’s brain into
images of a reference brain.19 Theoretically, individual var-
iations in brain anatomy that lie below the resolution of
MR imaging may introduce error during registration. Fur-
thermore, although the automated algorithm that generates
the nonlinear transformation has been extensively tested in
healthy brains,19 the quality of registration may be influ-
enced by factors such as a movement artifact or intracranial
air. For this reason, a careful review of each atlas integra-
tion is necessary when using automatic algorithms. Despite
these limitations, automated nonlinear image-matching al-
gorithms represent an advance over simple linear transfor-
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mations.19–21 These algorithms make no a priori assumption
about deformation in subcortical structure based on a lim-
ited number of points (for example, the AC or the PC).
Furthermore, automated algorithms allow for rapid integra-
tion of MR imaging data sets, avoiding laborious point-to-
point matching by the user. In comparison with linear scal-
ing, nonlinear matching may be especially important when
dealing with MR imaging data sets that have been altered
by pathological conditions, such as cortical and subcortical
atrophy associated with aging. Our technique may there-
fore be especially suited to the creation of disease-based
atlases designed for use during therapeutic interventions.
Automated nonlinear image registration and atlas integra-
tion is also applicable to evaluation of other subcortical ste-
reotactic procedures, determination of the position of patho-
logical lesions,19,20 and characterization of the anatomical
significance of functional imaging data sets. Finally, we are
currently using similar automated atlas integration meth-
ods to create a functional database of electrophysiologi-
cal responses obtained during stereotactic functional neuro-
surgery.

Efficacy of Thalamotomy for Tremor: Correlation With the
Site of the Lesion 

Thalamotomy is a well-established, effective treatment
strategy for relief of tremor.40 In cases of PD, lesions cen-
tered on the Vim (VLp) are most effective for relief of trem-
or, whereas more anterior lesions involving the Vop (VLa)
result in relief of rigidity.29,40,81 The reported effectiveness
of unilateral thalamotomy for tremor varies between 45 and
92%, with 7 to 15% of patients requiring additional proce-
dures to achieve optimal results.29,33,54,73,100 In our series, all
patients initially experienced relief of tremor during sur-
gery. Evaluations performed in 31 patients 4 to 6 weeks af-
ter thalamotomy revealed excellent (77% of patients), good
(13% of patients), or fair (10% of patients) relief of tremor.
Fifty-seven percent of patients in the good or fair outcome
categories underwent lesion extension within 3 months af-
ter the initial surgery, resulting in conversion of their cases
to the excellent outcome category. A lasting reduction in
tremor amplitude (evaluated at least 1 year after surgery)
was achieved in all patients in the series, with 89% of cases
in the excellent outcome category and 11% in the good out-
come category.

Our technique involves creating tailored lesions centered
on the Vim.14,93 The lateral limit of the lesions is determined
by mapping the motor fibers of the internal capsule by
using a retractable monopolar stimulating electrode. The
intent is to include most of the lateral portion of the Vim
(VLp) in the lesion, but to avoid the internal capsule. The
posterior limit of the lesion is delineated by mapping the
cutaneous sensory thalamus, which is also accomplished
using the curved monopolar electrode.13 Here the goal is to
extend the Vim (VLp) lesion immediately rostral to the sen-
sory cutaneous thalamus, including the Vcae (VPLa) and
the Vcai (rostral VPM) (the kinesthetic thalamic territory),
but avoiding numbness. The size of tailored lesions is de-
termined, in part, by the degree of reduction in tremor ob-
served during intraoperative clinical examination.

All lesions involved motor areas located anterior to the
Vim (VLp), which were targeted in this PD patient popu-
lation to reduce rigidity29,47 and, possibly, dyskinesias.75 We

demonstrated the precise location, volume, and configura-
tion of individual lesions, and our imaging environment al-
lowed a statistical comparison of groups of lesions associ-
ated with distinct clinical outcomes. The most effective
lesions were located significantly more posteriorly within
the thalamus, compared with less effective lesions. With at-
las integration, we were also able to describe the extent to
which lesions involved the Vim (VLp), Vc (VP), and sur-
rounding areas. Ninety-seven percent of the lesions in our
study involved the Vim (VLp). The analysis also showed
that lesions in suboptimal outcome groups involved a
smaller volume of Vim (VLp) than lesions associated with
an excellent outcome (Table 2). A significant number of
lesions also involved the rostral portion of the Vc (VP),
likely corresponding to the Vcae (VPLa). Table 2 dem-
onstrates that lesions in cases comprising the excellent
outcome category involved a significantly greater percent-
age of the Vc than lesions in cases forming the other two
groups. These data support the notion that extension of the
lesion into the anterior portion of the Vc is important to
achieve an excellent outcome. This is further supported by
the results of the subtraction analysis, which demonstrate
that lesions associated with excellent outcomes have an es-
sential volume, which includes the posterior portion of the
Vim (VLp) and the anterior portion of the Vc (VPLa). Al-
though a lesion of this essential area is necessary to achieve
an excellent outcome, it may not be sufficient. Lesions lo-
cated in the more rostral portion of the Vim may also be re-
quired for adequate relief of tremor and may be associated
with an additional salutary effect on rigidity.22,50,74

A comparison of the total volume of lesions in each out-
come category revealed no statistically significant differ-
ence. Our data indicate that lesion location, independent of
lesion size, determines the degree of tremor suppression, al-
though it is possible that this conclusion is limited by re-
duced statistical power due to the small number of lesions
in suboptimal outcome categories. The average lesion vol-
ume in the present series is larger than those of other reports
identifying the minimum effective volume of thalamotomy
lesions for tremor.43,49,66 It is important, however, to note that
our tailored lesion technique involves use of a leukotome,
whereas most reports on lesion volume cover radiofrequen-
cy-generated lesions. The physiological effect of heat-in-
duced lesions may extend beyond that of induced necro-
sis,23,103 thus underestimating the effective lesion volume.
Furthermore, in the present study we report lesion volumes
measured on MR images, which may be significantly larg-
er than those reported in previous studies in which they
were measured on CT scans.25,69,102 Finally, lesions may re-
tract significantly with time, possibly accounting for the
fact that lesions detected on images obtained during the ear-
ly postoperative period are larger than those measured on
images obtained at later time points25,69,102 or at autopsy. Ear-
ly postoperative imaging may also identify edema and local
reaction as a component of the MR imaging signal at the
lesion site. These time-dependent effects have been clear-
ly documented in cases in which the lesions were induced
by radiofrequency.25,102 Edema is not likely to be an impor-
tant component in the leukotome-induced lesions presented
here, because imaging was performed within 24 hours after
surgery in most cases.25 The relatively large size of the le-
sions in our patients with PD also reflects the desire to in-
clude the VLa for the control of rigidity,22,50,74 in addition to
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more posterior areas of the ventral thalamus targeted for
control of tremor. The results of our study indicate that tai-
loring lesions to target structures of interest is more impor-
tant than lesion volume in predicting clinical outcome. Fur-
thermore, the tailored lesioning technique, accompanied
by physiological stimulation and 3D lesion planning, al-
lows for avoidance of critical neighboring structures such
as the internal capsule and cutaneous sensory thalamus,
thus reducing the incidence of potential complications such
as numbness, dysarthria, or motor weakness.

Pathophysiological Significance of the Effective Target for
Relief of Tremor 

The anatomical data obtained in this study contribute to
our understanding of the functional anatomy of tremor. The
ventral thalamus may be divided into anterior, intermedi-
ate, and posterior parts.4,5,52,53 With respect to the motor
thalamus, homological studies in nonhuman primates have
broadly demonstrated segregated pallidal and cerebellar re-
cipient sectors.87,88,95 Afferents from the internal pallidal seg-
ment distribute to the Voa and Vop (VLa), and the CM. The
thalamic territory that receives afferents from the deep cere-
bellar nuclei includes the Voi, Vim, Zim and Dim (VLp),
and the CM. The pallidal recipient areas of the ventral thal-
amus send efferents primarily to premotor and supplemen-
tary motor areas, whereas the cerebellar recipient sectors
project mainly to the primary motor cortex.87,88,95 In nonhu-
man primates, the primary sensory thalamus—Vc (mainly
VPL and VPM)—may be subdivided electrophysiological-
ly into an anterodorsal shell containing neurons with pro-
prioceptive or kinesthetic properties56,71 (the Vcae or VPLa),
and a posterior and ventral core containing cutaneous re-
sponsive units.56,85 A similar electrophysiological organiza-
tion appears to exist in humans, including proprioceptive
or kinesthetic units dispersed over an anterior and dorsal
shell,39,55,64,65,81 and a cutaneous responsive core.92 The ma-
jority of kinesthetic responsive units appear to be within the
Vcae and the Zc (the VPLa), a thin shell that is approxi-
mately 2 mm thick.1,55,64,65,81,90

Data from physiological unit recording studies of PD in
humans reveal cells in the ventral thalamus that are charac-
terized by rhythmic burst activity. Some of these bursting
units are synchronous with peripheral tremor.1,26,38,55 Other
rhythmic cells, burst firing at 3 to 6 Hz, are located more
rostrally compared with cells that are time locked with the
contralateral peripheral limb tremor.42,55 These cells do not
fire as regularly as their more caudal, tremor-locked coun-
terparts and are likely to be located in the Vim (VLp), Vop
(VLa), and, possibly, the Voa (VLa).55 In many cases, units
demonstrating rhythmic burst spike activity also respond to
passive or active joint movement, presumably related to ac-
tivation of muscle spindles. These neurons do not respond
to light touch and, rather, may receive sensory inputs either
indirectly via spinocerebellothalamic pathways or more di-
rectly via the dorsal column–lemniscal system.64,68 Kines-
thetic cells78,80 are largely coextensive with time-locked
tremor cells and are located mainly in the lateral Vim (VLp)
and in the most rostral portion of the Vc (VPLa).10,12,42,55,65

Although thalamic kinesthetic response cells and tremor
cells are consistently located rostral to the tactile responsive
zone, the extent to which tremor-evoked kinesthetic cells
occupy the Vim (VLp) or the Vc (VP) in the human thala-
mus remains controversial.9,24,31,38,55,79,98

In the present anatomical study we localized effective le-
sions mainly to the Vim (VLp) and the most rostral portion
of the Vc (VPLa). Interestingly, all lesions also involved
thalamic territories anterior to the Vim (VLp), areas com-
prising the Vop (VLa) and even the Voa (VLa). These areas
correspond to the pallidal recipient sector and also contain
rhythmic bursting cells, although they are usually not trem-
or locked.14,65 Lesions in this more rostral area correlate with
relief of rigidity,29,81 emphasizing the importance of palli-
dothalamic efferents in the pathogenesis of this symptom of
PD. Subtraction analysis revealed that lesions that were
most effective for relief of tremor involved the posterior
portion of the Vim (VLp) and the most rostral portion of the
Vc (VPLa). In fact, a significantly greater proportion of le-
sions associated with excellent outcome involved the Vcae,
corresponding to an area containing a high proportion of
proprioceptive units. Ultimately, a collection of tremor cells
distributed within thalamic areas anterior to the cutaneous
responsive tactile sector is likely to be important for ade-
quate relief of tremor.

Conclusions 

Analysis of thalamotomy lesions placed stereotactically
for relief of parkinsonian tremor revealed that optimal le-
sions associated with excellent outcomes are located more
posteriorly than lesions correlated with suboptimal out-
comes, independent of the size of the lesion. Atlas integra-
tion with the lesion evaluation, which is performed using a
probabilistic approach, demonstrated that inclusion of the
interface of the Vim (VLp) with the anterior Vc (VPLa) is
necessary for an excellent outcome. This finding empha-
sizes the importance of the proprioceptive thalamus in the
pathophysiology of parkinsonian tremor. In view of the
variety of procedures currently applicable to movement dis-
orders, precise anatomical characterization of the lesion or
stimulator placement within the thalamus or basal ganglia
will be helpful in evaluating the clinical indications for each
treatment strategy. Use of the automated nonlinear image-
matching algorithm for atlas integration has wide applica-
bility beyond functional neurosurgery, including analysis of
pathological lesions and generation of functional activation
databases.
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presented here.
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