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NEUROSURGERY

OBJECTIVE: Statistical analysis of patients previously operated on may improve our
methods of performing subsequent surgical procedures. In this article, we introduce a
method for studying the functional properties of cerebral structures from electrophys-
iological and neuroimaging data by using the probabilistic functional atlas (PFA). The
PFA provides a spatial distribution of the clinically most effective contacts normalized
to a common space. This distribution is converted into a probability function for a
given point in space to be inside an effective contact. The PFA was used to analyze
spatial properties of the functional subthalamic nucleus (STN), defined as the spatial
volume corresponding to the distribution of effective contacts. These results may
potentially be useful in planning subthalamic implantation of electrodes.

METHODS: In all, 168 bilateral subthalamic stimulations were examined. An algo-
rithm was developed for converting these data into the PFA. The PFA for the STN (here
called “atlas”) was calculated with 0.25-mm? resolution, and several features charac-
terizing the left and right STN were studied. The analysis was performed with and
without lateral compensation against the width of the third ventricle. The key feature
introduced here used for analysis of the functional STN is a (probabilistic) functional
volume of structure (defined for a given probability as the volume of a region whose
every point has a probability equal to or greater than this given probability).

RESULTS: The analysis has been performed for two situations: with and without lateral
compensation against the width of the third ventricle. Without lateral compensation,
the differences between the mean values and standard deviations of their barycenter
coordinates for the left and right functional STNs are 0.31 and 0.18 mm, respectively.
The left STN and right STN exhibit differences in functional volume size and proba-
bility distribution. The entire functional volume is 240 mm? for the left and 229 mm’
for the right STN. A more prominent difference exists in the region of high probabilities
(0.7 or higher), called “hot STN.” The volume of the left hot STN is 5.52 mm?, whereas
that of the right is 3.92 mm”. The left hot STN is 1.41 times bigger and 20% more dense
than the right hot STN. For a given probability, the corresponding functional volume
for the left hot STN is up to 43 times larger than that for the right STN. Practically
speaking, lateral compensation does not change these results qualitatively. Quantita-
tively, differentiation between the left and right STNs is lower. For instance, for a given
probability, the corresponding functional volume for the left hot STN is only up to 11
times larger than that for the right one. In either situation (i.e., with and without lateral
compensation), the size of the hot STN in relation to the whole STN remains very small
(1-2%). In addition, statistical analysis shows that in either situation, the means of the
left and right functional STNs are significantly different.

CONCLUSION: PFA-based planning may be superior to the current practice of using
anatomic atlases that provide delineation of the target structure only, because it is more
precise and provides a unique target point in the stereotactic space. This best stereo-
tactic target is the point in the individualized atlas with the highest probability,

(continued)

VOLUME 57 | OPERATIVE NEUROSURGERY 4 | OCTOBER 2005 | ONS-319



NOWINSKI ET AL.

meaning the highest probability of having the best target on the basis of the patients previously operated on. This
best target is located in the hot STN, the size of which determines the precision of targeting. Because the size of the
hot STN in comparison to the whole STN remains very small (1-2%) independent of whether or not lateral
compensation is applied, target planning and execution have to be performed with high precision. The methodology
presented, based on the PFA and on the functional volume, is general and can be applied to other structures and
data sets. As numerous centers keep gathering large amounts of electrophysiological human and animal data, this
work may facilitate opening new avenues in exploiting these data.

KEY WORDS: Brain atlas, Electrophysiology, Probabilistic functional atlas, Statistical analysis, Stereotactic and functional neurosurgery,
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ganglia involved in motor control; it also has associative
and limbic components. It has the shape of an almond, is
located ventral to the thalamus and medial to the internal
capsule, and has reciprocal connections with numerous corti-
cal and subcortical structures, particularly the globus pallidus
(Fig. 1A). The growing interest in the STN is related to the role
it plays in the treatment of Parkinson’s disease (PD). Its stim-
ulation at high frequency (or even its ablation) improves the
symptoms of PD by suppressing its abnormally increased
output and restoring activity of the motor cortex (19). Deep
brain stimulation, preferred over therapeutic lesioning, offers
an adaptive treatment, reducing morbidity and providing a
reversible lesion-mimicking effect. Bilateral stimulation of the
STN in PD patients is a promising surgical technique (1-3, 5,
12). It produces a dramatic reversal in all cardinal motor signs
in PD patients who are off their medications and offers im-
provements in the on-medication state. The rationale for
choosing STN as a surgical target in PD is based on its abnor-
mal activity in the parkinsonian state and its unique position
to affect the neuronal activity of the globus pallidus interna
and the substantia nigra pars reticulata as depicted by the
models of basal ganglia circuitry and pathophysiology (7).
Targeting in functional neurosurgery is complicated by the
individual variations. The initial anatomic target can be iden-
tified directly on T2-weighted magnetic resonance imaging
(MRI) sections (Fig. 1B) or can be defined by use of a high-
resolution deformable brain atlas (13) (Fig. 1C-E). The ana-
tomic target must then be confirmed by intraoperative elec-
trophysiological findings, including microrecording as well as
stimulation. After identification of the target, the microelec-
trode is replaced by a permanent deep brain simulation elec-
trode bearing four cylindrical contacts (1.27 mm in diameter,
1.5 mm in height) separated by gaps of 1.5 mm (Medtronic
3387) or of 0.5 mm (Medtronic 3389) (Medtronic, Inc., Minne-
apolis, MN). Several electrodes may be inserted unilaterally or
bilaterally, providing vast information about the functional
location of cerebral structures. By collecting data from a series
of patients clinically followed up, a probabilistic atlas showing
a functional distribution of cerebral structures can be con-
structed (17) and new knowledge can be extracted from it. In

The subthalamic nucleus (STN) is a nucleus of the basal
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FIGURE 1. Anatomic STN. A, three-dimensional models of the STN
(labeled as the Nucleus subthalami) along with surrounding structures:
globus pallidus interna, substantia nigra, and thalamic nuclei; B,
T2-weighted MRI coronal scan with the STN; C-E, STN contoured by
means of a brain atlas on axial (C), coronal (D), and sagittal (E)
T1-weighted MRI views along with the reference lines passing through the
AC and PC.
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this study, only one contact of each left and right electrode is
activated, the contact being connected to the negative
(cathodal) pole of the implanted stimulator, the case of which
serves as the positive (anodal) pole. The spatial distribution of
the clinically effective contacts is represented on each side by
a cluster of contacts, which is converted into a spatial proba-
bilistic distribution, representing the probability that a given
point in space could be included within a clinically effective
contact.

In this study, a probabilistic functional atlas (PFA) has been
constructed for the STN from 168 bilateral subthalamic stim-
ulations, and its statistical analysis has been performed. Sev-
eral features have been studied, including mean value (MV),
standard deviation (SD), and volume (V) for the left and right
functional STN (STNL and STNR). The analysis has been
performed in two situations: 1) compensating the value of the
electrode laterality against the width of the third ventricle and
2) without lateral compensation.

MATERIALS AND METHODS

The method contains three major steps: 1) acquisition of
electrophysiological, neuroimaging, and neurological assess-
ment data for 168 bilateral subthalamic stimulations, 2) com-
puting of the functional STN by using an algorithm for calcu-
lation of the PFA, and 3) statistical analysis of the functional
STN.

Several components of our method have already been de-
scribed in detail in our previous work. The data acquisition
and stereotactic environment have been presented in Refer-
ence 4. Several articles have addressed the surgical procedure
(1-3, 5, 12) and neurological assessment, including selection of
the clinically most effective contacts of stimulating electrodes
(6, 9-11, 20, 21). The concept of the PFA was introduced in
Reference 17. The algorithm for PFA generation is detailed in
Reference 16. In addition, a web-enabled, public domain tool
for PFA generation with data selection capabilities is pre-
sented in Reference 15.

Data Collection

To acquire the electrophysiological data, a five-channel de-
vice (“Ben-gun”; Integrated Surgical Systems, Lyon, France)
was used under stereotactic conditions. It simultaneously
guides five electrodes that are 2 mm apart from each other.
The stereotactic frame is permanently positioned at the inter-
section focus of two orthogonal teleradiological x-ray tubes
(3.5 m distance from the tubes to the x-ray films). Special care
is taken to position the patient such that the midsagittal plane
is parallel to the lateral projection plane as accurately as pos-
sible. For every patient, brain-specific and electrode-specific
data are measured with 0.2- to 0.3-mm accuracy on two lateral
and anteroposterior x-rays. Correction of the magnification
coefficients is made, knowing the fixed geometry of the instal-
lation. This is additionally checked during calculation of the
PFA (see the Discussion section).

NEUROSURGERY
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The brain-specific data contain the locations of the posterior
commissure (PC) and anterior commissure (AC), height of the
thalamus (HT), and width of the third ventricle (V3) measured
from the midline at the level of the target obtained from the
ventriculographic x-rays performed before the electrode im-
plantation session. The electrode-specific data comprise the
positions of the deep brain stimulations and their best (clini-
cally most effective) contacts obtained from the final control
x-rays taken at the end of the implantation session. After
surgery, the electrodes (in this study, all electrodes used were
DBS 3389; Medtronic) are then connected to a chronically
implanted programmable pacemaker (Kinetra; Medtronic).
The best contact, selected out of four on the basis of the
improvement of the symptoms akinesia, rigidity, and tremor
(1), is determined for each, right and left, electrode by the
neurological team after 3 months of follow-up. All outcomes
were taken without having a threshold for selection; however,
the global outcome (judged on the Unified Parkinson’s Dis-
ease Rating Scale III, which is the motor score, maximum 108)
of these patients was very good (65% improvement), and the
SD was narrow (approximately 5% on the globality of items)

©).

Atlas Construction

The atlas constructed here is the PFA for the STN. To build
this atlas, the data for each patient have to be normalized and
placed in the same (common) atlas space. Data normalization
uses linear scaling and shifting operations only. The atlas is
calculated in a Cartesian coordinate system (x, y, z), where x is
the anteroposterior axis passing through the PC and AC and
having the PC as the origin; y is the lateral axis passing
through the PC; and z is the dorsoventral axis passing through
the PC. The x axis is scaled such that the distance between the
PC and AC is 24 mm. The z axis is scaled such that the HT is
16 mm. The PFA is constructed from the best contacts only.
The positions of these contacts are reconstructed from two
orthogonal ventriculography x-rays and placed in the atlas
space by application of linear scaling. This scaling is per-
formed with respect to the available anatomic landmarks
taken from the individual MRI scan (e.g., Fig. 1, C-E) or from
the ventriculographic anteroposterior and lateral x-ray im-
ages. The “atlas function” at a given point in the stereotactic
space is computed as the number of best contacts at this point.
The probability is then calculated by linear scaling of the atlas
function.

The surgical planning procedure (1-3, 5, 12) is based on the
robust landmarks determined from ventriculography x-ray
images: the AC, PC, HT, and V3. The spatial scaling used in
our algorithm follows the concept of the surgical planning
procedure. The coordinates of the best contacts are scaled
anteroposteriorly proportionally to the intercommissural dis-
tance AC-PC and dorsoventrally proportionally to the HT.
Lateral compensation against the width of the third ventricle
was performed by shifting the y coordinate by (V3 erage —
V34ata)/2, where V3 denotes the width of the third ventricle

VOLUME 57 | OPERATIVE NEUROSURGERY 4 | OCTOBER 2005 | ONS-321



NOWINSKI ET AL.

measured from the midline at the axial level of the target. Two
sets or results (with and without lateral compensation) were
generated.

Because the approach has to be efficient for a large number
of contacts, a fast and optimal algorithm for PFA calculation
has been developed (16) and made available over the Internet
(15, 27).

Probability Calculation

Probability is a linear function of the atlas. Probability P(x,
Yy, z) at point (x, y, z) is calculated as P(x, y, z) = a(x, y, z), where
a(x, y, z) denotes the atlas function at point (x, y, z) and C is
some constant. Probability may be useful for atlas interpreta-
tion, particularly if presented in image form. For instance,
when C is the total number of best contacts, the probability
gives the fraction of the contacts at a given location to the total
number of contacts used to study the STN. When C is the
maximum value of atlas function, the probability indicates the
fraction of best contacts at a given location to the maximum
number of best contacts overall in all locations in the STN.
These definitions do not fulfill the mathematical definition of
probability, although they may be useful practically. When C
is the integral of atlas function over the whole atlas space, then
probability is defined in a mathematical sense.

Material Selection

This study was performed for 168 bilateral cases with a
single best contact only per electrode. This facilitates compar-
ison of results for the STNL and STNR. In addition, we elim-
inated the cases the accuracy of which was outside the quality
threshold of 0.25 mm (i.e., the same value as that of the atlas
sampling step). The sources of this inaccuracy are addressed
in the Discussion. The calculated actual height of the contact
was compared with the known real one (1.5 mm), and cases
with the contact absolute difference greater than 0.25 mm
were rejected.

Computation of the Functional STN

By applying the PFA construction algorithm to the selected
bilateral data, the probabilistic functional STN was calculated
from 168 bilateral cases (336 best contacts) as an isotropic
volume with an 0.25-mm sampling step (Figs. 2 and 3). The
maximum values of the atlas function are 1) 36 for the STNL
and 30 for the STNR without lateral compensation and 2) 33
for the STNL and 31 for the STNR with lateral compensation.
Hence, when calculating probability, the constant C was set to
30, i.e., to the minimum of the highest values of the atlas.

The probabilistic functional volume of the structure, or in
brief, functional volume, is a new measure introduced here for
studying properties of the functional STN. It gives the rela-
tionship between a given probability P and the corresponding
functional volume V and is denoted by V(p). The functional
volume V(p) is defined as the volume of a region every point
of which has a probability equal to or greater than p, where p
€ (0,1). The functional volume has the following properties: 1)
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FIGURE 2. Probabilistic functional STN calculated with 0.25-mm> reso-
lution without lateral compensation against the width of the third ventri-
cle. A, axial section passing through the MV (the STNL is on the left
side) and (B) axial section passing 0.5 mm above the MV the probability
color map is shown on the right. C, three-dimensional volumetric view.
The origin of the coordinate system is at the PC. The rings (in all images)
mark the positions of the AC on the x axis, HT on the z axis, and —10-
and +10-mm distances laterally on the y axis.

the whole functional volume of the structure is obtained for
the minimal probability (i.e., that corresponding to the atlas
function value equal to 1); and 2) for p, = p,, partial volumes
Vipy), V(po) satisty V(pz) C V(py).

RESULTS

Basic features of the functional STN have been calculated
for each hemisphere, including the location (atlas coordinates)
of MV, SD, and size of functional volume (V) in cubic milli-
meters. In addition, the differences between these quantities
for the STNL and STNR have been computed. Two sets of
results have been calculated: 1) without lateral compensation

www.neurosurgery-online.com



FIGURE 3. Probabilistic functional STN calculated with 0.25-mm> reso-
lution with lateral compensation against the width of the third ventricle.
A, axial section passing through the MV (the STNL is on the left side)
and B, axial section passing 0.5 mm above the MV; the probability color
map is shown on the right. C, three-dimensional volumetric view. The ori-
gin of the coordinate system is at the PC. The rings mark the positions of
the AC on the x axis, HT on the z axis, and —10- and +10-mm distances
laterally on the y axis.

against the width of the third ventricle (Table 1) and 2) with
lateral compensation (Table 2).

The coordinates of the best targets for the STNL and STNR
are given in Table 3 (without lateral compensation) and Table 4
(with lateral compensation). For each hemisphere, these coor-
dinates are calculated at the centers of the voxels (of 0.25 X
0.25 X 0.25 mm? size) having the maximum atlas value.

We have also calculated the functional volumes for the
STNL and STNR without lateral compensation (Fig. 4). Be-
cause Figure 4 does not capture clearly any differentiation
between the STNL and STNR, we have also computed the
functional volume ratio V; (p)/Vr(p), where L (R) denotes the
left (right) hemisphere (Fig. 5). Because the relationship in

NEUROSURGERY
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Figure 5 is important, it is repeated for the laterally compen-
sated atlas in Figure 6.

DISCUSSION

Influence of Surgical Procedure on Statistical Results

During the surgical procedure, both hemispheres were op-
erated on in the same way, excluding the positioning of the
bilateral electrodes. The mean angles of electrode insertion for
the bilateral electrodes are almost the same, because the dif-
ference between them is only 0.33 degrees (Table 1), which is
very low considering the geometry of a stimulating electrode
(the diameter of contact is 1.2 mm, contact height is 1.5 mm,
and intercontact gap is 0.5 mm). This is not surprising, because
the track of insertion was calculated on the basis of the ven-
tricular landmarks, which mean a symmetrical planned trajec-
tory for each given patient. In this series, most of the time, the
trajectory was not changed so as to avoid cortical structures
such as veins.

Data Selection

Multiple criteria can be applied to choose a suitable set of cases
for PFA generation to ensure its high quality and required prop-
erties. In an ideal case, the length of a physical electrode shall be
equal to that reconstructed from two orthogonal projections,
which condition is checked by the algorithm for PFA generation.
There are various sources of potential errors and inaccuracy,
such as low-accuracy measurement of the distances on the
x-rays, wrong electrode type assigned, or inaccurate positioning
of the patient. The more the patient’s head is mispositioned, the
more different the physical and reconstructed electrode lengths
may be. Therefore, the PFA algorithm reconstructs the height of
contact in three dimensions from its two projections. Because the
physical height of contact is known (1.5 mm), an accuracy thresh-
old can be set and only these contacts selected for which the
reconstructed size is sufficiently close to its original value. This
allows for balancing between the number of contacts used for
PFA generation and their accuracy. For this study, we have
rejected all cases for which the reconstructed contact height was
smaller than 1.25 mm and larger than 1.75 mm, after x-ray
magnification coefficient has been applied.

STN Features

The statistical analysis performed here examines standard fea-
tures, such as location of MV and SD. In addition, a new feature,
the probabilistic functional volume, has been introduced. Nu-
merous measures have been tried that could potentially capture
properties of the functional STN, and the functional volume has
proved to be robust enough across various populations of best
contacts as opposed to other measures. It gives a relationship
between probability and the corresponding functional volume
and enables us to study properties of the entire STN as well as to
compare its left and right nuclei. It should be emphasized that
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TABLE 1. Summary of findings for the functional subthalamic nucleus without lateral compensation against the width of the third ventricle?
Feature Left STN Right STN leferenc.e left Method of difference calculation
versus right

Number of best contacts, N 168 168 0 N, — Ng
Maximum value of atlas, MAX 36 30 6 MAX, — MAXg
Normalized mean angle of (62.79°, 90°—9.39°, 29.05°) (62.89°, 90°+9.71°, 29.079)  0.33° 180ﬂr6605(wLw“>
electrode insertion, o = (w,, 0, 0,) T

(the absolute values of y coordinate of the vectors

are used)
Volume Vo0 in mm? 240.17 228.92 4.68% |Vi— Vil

———100%

Vi
Volume of hot STN, V,,,,, in mm? 5.52 3.92 28.90% Vi Vil
100%
Vi

Viod Vivhole 0.023 0.017 1.34 Vit it/ Vtate i

Vot right/Veoterig
Location of mean value, u = (u,, (10.31, 11.62, —2.43)  (10.45, —11.49, —2.67) 0.31 Mt = w2 + (] = [y )? + (ut — pd)?
My, B2
Location of mean value in hot STN,  (10.34, 11.49, —2.72)  (10.57, —11.41, —2.76) 0.25 Mz = 1 + (] — [y + (h2 = K2, P = 0.77
h=(hy h, h,)
Standard deviation, o = (o, 0,, o) (1.48,1.27, 1.34) (1.38, 1.41, 1.29) 0.18 ot = o+ (0F — & + (o — o2
2 STN, subthalamic nucleus.

functional volume is not a physical volume of structure; likewise,
the PFA does not contain images of brain function.

Results without Lateral Compensation

MVs and SDs for the STNL and STNR are shown in Table 1.
The MV difference is 0.31 mm and that for the SD is 0.18 mm,
which is at the level of atlas resolution (that is, 0.25 mm). In
absolute terms, the ratio of MV difference to the distance
between MVs is 0.013. The differences between both STNs are
less than 0.4 mm for MVs and approximately 0.2 mm for SDs.
These results were further analyzed statistically by use of the
SAS package (24), and details are given in the Appendix. This
analysis indicates that the difference between the MVs of the
STNL and STNR is significant in either situation (i.e., with and
without lateral compensation).

The localization of the functional STN with respect to mid-
sagittal plane is 11.62 = 1.27 mm for the STNL and 11.49 =
1.41 mm for the STNR. For comparison, the structural STN is
located farther lateral, at 12.65 = 1.3 mm, on the basis of 35
T2-weighted MRI scans (8). This means that the MRI-based
targeting (8, 23) and PFA-based targeting for subthalamic
stimulation planning result in two different initial targets.
Because PFA is based on neuroelectrophysiology (both micro-
recording and clinical evaluation of the beneficial effects of
microstimulation), it may be superior to MRI-based targeting.

Several measures used here indicate some differences be-
tween the STNL and STNR, particularly without lateral com-
pensation. Statistically, in either situation, the difference be-
tween the MVs for the STNL and STNR is significant (see the
Appendix). The maximum atlas value of the STNL is greater
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by 6 than that of the STNR (Table 1), which is 20% more. The
size of the functional STN volume (corresponding to the entire
range of probabilities) is 240.17 mm? for the STNL and 228.92
mm? for the STNL (Table 1). For comparison, the anatomic
STN volume approximated from the Schaltenbrand-Wahren
brain atlas (25) is 183 mm®. In addition, the images of STNL
look “hotter” than those of STNR (Fig. 2).

The functional volume ratio V| (p)/Vi(p) (Fig. 5) shows two
behaviors. For low and medium probabilities, the correspond-
ing functional volume ratio is nearly constant. However, from
a certain probability, there is an increasing difference between
the STNL and STNR. The probability that divides the func-
tional volume ratio V (p)/V(p) graph into the nearly linear
section and the approximately exponential section is taken as
that separating the functional STN into two parts. We call
them the cold STN and hot STN according to the color scale
used to map probability to color. Quantitatively, this proba-
bility is taken as the value that gives a substantial increase.
This increase, clearly observable on the functional volume
ratio graph, is 24% in our study, which corresponds to a
probability of P = 0.77.

The hot STNL is 1.41 times larger and 20% more dense that
the hot STNR. In addition, for a given probability, the corre-
sponding functional volume for the hot STNL is up to 43 times
larger than that for the hot STNR, reaching the maximum ratio
of 43 for P = 1.0 (Fig. 5).

Results with Lateral Compensation

Lateral compensation (Table 2) results in a higher lateral SD
(spread). Conversely, the differences between the STNL and

www.neurosurgery-online.com
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TABLE 2. Summary of findings for the functional subthalamic nucleus with lateral compensation against the width of the third ventricle?
Feature Left STN Right STN leferenc'e left Method of difference calculation
versus right
Number of best contacts, 168 168 0 N, — Ng
N
Maximum value of atlas, 33 31 2 MAX, — MAXg
MAX
Normalized mean angle of  (62.79°, 90°=9.39°, 29.05°)  (62.89°, 90°+9.71°, 29.07°) 0.33° BOWCCOS(U’L‘UR)
electrode insertion, o = T
(@, 0, ©,) (the absolute values of y coordinate of the vectors
' are used)

Volume Vo0 in mm?* 249.88 249.86 0.01% V- Vi

———100%

Vi

Volume of hot STN, V,,,,  3.33 3.61 8.41% Vi— Ve
) S L 800%
in mm Ve
Vol Vivhole 0.013 0.014 0.92 Viot et/ Vanole i

Vot right/ Ve g
Location of mean value, w  (10.31, 12.06, —2.43) (10.45, —11.93, —2.67) 0.31 (s = 0)® + (el = [gD? + (ub = b
= (o My 12
Location of mean value in  (10.60, 12.39, —2.61) (10.60, —11.94, —2.69) 0.46 s = 1 + (| = [B])* + (it = Y, P = 0.77
hot STN, h = (h,, h,, h,)
Standard deviation, o = (1.48, 1.44, 1.34) (1.38, 1.53, 1.29) 0.14 WoE =B+ (o — o + (of — o)
(oy 0y, 0,)
2 STN, subthalamic nucleus.

lateral compensation?

Coordinate x Coordinate y

TABLE 3. The coordinates (in mm) of best targets for the left and right subthalamic nucleus without

Coordinate z

laterality. However, in both
cases, i.e., with and without
lateral compensation, the size

Atlas value a(x,y,z)) of the hot STN in comparison

Left functional STN 10.00 11.25
10.00 11.25
10.00 11.50
10.00 11.75
Right functional STN 11.25 —=11.50
11.50 —=11.50

to the whole STN remains

—3.00 36 very small, between 1 and 2%

-2.75 36 (Fig. 7).

—2.75 36 Limitations

—9.75 36 The method presented has
several limitations that are

—2.75 30 primarily a result of data ac-

250 30 quisition and PFA genera-

tion. The data used for this

2 STN, subthalamic nucleus.

study are limited to PD pa-
tients. The invasiveness of

STNR are reduced. The relative value of the absolute differ-
ence between the whole functional volumes is only 0.01%, and
that between the hot volumes is 8.1%. Qualitatively, almost
similar findings are observed. The hot STN can be distin-
guished by analyzing the functional volume ratio graph. Sim-
ilarly, in the hot STN, for the same probability, the functional
volume of the STNL is (equal to or) greater than that of the
STNR. The higher the probability, the greater the ratio of the
functional STNL to the STNR (Fig. 6). The highest ratio is 11
versus 43 obtained for the atlas without compensation of

NEUROSURGERY

the procedure does not per-
mit performing it for normal
subjects to compare the results. Because the data are originat-
ing from the group that pioneered bilateral subthalamic stim-
ulation, there might be a bias introduced by the unicity of this
single center and by their specific practices of performing
surgical procedure, neurological assessment, and selection of
the best contacts to improve the symptoms of akinesia, rigid-
ity, and tremor.
The PFA uses a simplified modeling of a functional region
corresponding geometrically to the contact shape and ignor-
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TABLE 4. The coordinates (in mm) of best targets for the left and right subthalamic nucleus with
lateral compensation?

available in most packages for
stereotactic and functional
neurosurgery (17). These at-

. . . Atlas value lases allow only the delinea-

Coordinate x Coordinate y Coordinate z axy,2) tion of the target structure

: without specifying the target

Left functional STN 10.25 12.25 -2.75 33 point. In addition, they have
Right functional STN 11.00 ~12.30 -2.75 31 several limitations, as dis-

2 STN, subthalamic nucleus.

cussed in Reference 13. PFA-
based planning may be supe-
rior to the current practice,

ing the complex interaction between the stimulating electrode
and the surrounding tissues. Moreover, patient data normal-
ization is limited to two linear scalings along the anteropos-
terior and dorsoventral axes and the lateral shift. A three-
dimensional nonlinear warping is theoretically superior, but it
would require three-dimensional neuroimage data acquisi-
tion, such as MRI, which would substantially reduce the ac-
curacy obtained with the present approach (i.e., 0.25 mm)
because of geometric distortions and limited spatial resolu-
tion. All these simplifications, however, permit hundreds of
contacts to be processed rapidly to generate the PFA, which
enables quick PFA updates.

It should be emphasized that the PFA and functional vol-
ume are new concepts and that the calculated functional STN
cannot be linked directly to a physical STN. The functional
STN considered here shows a normalized spatial distribution
of the best contacts from bilateral subthalamic stimulation
procedures selected to improve the symptoms of akinesia,
rigidity, and tremor. This work, however, does not give the
probability for the real boundaries of the STN or the location
of its known components, such as the sensorimotor part of the
STN.

Clinical Usefulness

A potential usefulness of the results obtained here is in atlas-
based planning of subthalamic stimulation procedures. The cur-
rent practice is to use electronic versions of print brain atlases
(such as Schaltenbrand-Wahren [25] or Talairach-Tournoux [26])

300

250
200 @ V(p) for left STN
150
100
50 W V(p) for right STN
0

p(x.y,2)

FIGURE 4. Volume V(p) for the STNL and STNR calculated without
lateral compensation against the width of the third ventricle. V(p) is cal-
culated for all voxels having probability P or higher.
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because it is more precise and
provides the unique target point (or points) in the stereotactic
space (Tables 3 and 4). The PFA has to be individualized first by
performing the inverse transformation to that used for its cre-
ation. Then, the best-planned target is the point in the individu-
alized atlas with the highest probability of being the best target
on the basis of the patients previously operated on. Because the
best target is in the hot STN, the size of the hot STN determines
the precision of targeting. This size in comparison to the size of
whole STN remains very small, between 1 and 2% of the whole
functional volume (Tables 1 and 2; Fig. 7), independently of
applying lateral compensation or lack thereof. Therefore, target
planning and execution have to be performed with high preci-
sion. To facilitate PFA-based planning of subthalamic stimula-
tions, the functional STN atlas was coregistered spatially with the
Schaltenbrand-Wahren atlas (14), and a dedicated application
has been developed (18) (Fig. 8).

We believe that the method presented is general enough
and applicable not only to human but also to animal studies.
Because numerous centers are currently gathering large
amounts of electrophysiological human and animal data, the
present work may potentially open new avenues in exploiting
these data. Its potential use is facilitated by the public avail-
ability of the algorithm for PFA generation (at www.cerefy-
.com). In addition, the functional volume is a useful measure
characterizing probabilistic functional distribution of the best
contacts. We hope that this work may trigger more efforts to
use the PFA and functional volume concepts. This may result
in generating the PFA for other specific structures than the
STN with the best contacts selected for various criteria and to
improve other symptoms than those studied here.

50
40 {2
30 /
20 /
10 j

L e e e

p(x,y,2)

FIGURE 5. Volume differences between the STNL and STNR calculated
without lateral compensation against the width of the third ventricle:
V. (p)/Vr(p) ratio in function of probability.
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FIGURE 6. Volume differences between the STNL and STNR calculated
with lateral compensation against the width of the third ventricle: V(p)/
Vr(p) ratio in function of probability. The scale is the same as in Figure 5
for better comparison.

CONCLUSIONS

This work provides an attempt to study the results of a
large number of bilateral subthalamic stimulations from a
probabilistic standpoint. By analyzing data for the patients
previously operated on, some conclusions about the most
probable stereotactic targets for the patients to be operated on
can be drawn and come in addition to the other efforts devel-
oped during the surgical procedure to achieve the best elec-
trode placement.

This article introduces a method for studying the functional
properties of subcortical structures from a large electrophysi-
ological and neuroimaging data set by means of the PFA. The
PFA provides a spatial distribution of the clinically most ef-
fective contacts normalized to the common atlas space. Prac-
tically, the PFA is a dynamic map of functional properties of
cerebral structures that can be recalculated rapidly in a few
seconds and updated with the new patients.

The statistical analysis of the PFA not only allows the calcula-
tion of such typical features as MV and SD but also provides the
probability distribution and, particularly, the distribution of re-

FIGURE 7. Probability distribution histogram of the STN calculated
without lateral compensation against the width of the third ventricle (the
probability color bar is the same as those in Figs. 2 and 3). The length of
each horizontal level (bar) is proportional to the atlas volume (the number
of voxels) that contain the number of best contacts equal to this level num-
ber (starting from one best contact at the bottom, two best contacts in the
second level, and so on). Note that the high-probability volume (at the
top of the histogram) is very small in comparison to the low-probability
volume (at the bottom of the histogram).
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FIGURE 8. A T2-weighted coronal MRI scan with the PFA and
Schaltenbrand-Wahren atlas overlaid on it. The PFA is shown as a gray-scale
image with the intensity inversely proportional to probability (the black denotes
probability = 1.0). The reference axes have marks at every 2 mm.

gions with the highest probability. As a result, we have identified
within the STN a region of high probability called the hot STN.
In the hot STN, for the same probability, the functional volume of
the STNL is larger than that of the STNR. The higher the prob-
ability, the greater the volume ratio of the functional STNL to the
STNR. This tendency holds independently of whether the con-
tacts are laterally compensated or not against the width of the
third ventricle, although in case of lateral compensation, this
differentiation is lower.

Although this is still a method belonging to the “indirect
targeting,” PFA-based planning may be superior to the cur-
rent practice based on crude ratios of basic landmarks such as
AC-PC distance and HT, because it is more precise and pro-
vides a unique, statistically weighted target point in the ste-
reotactic space (particularly when the individualized PFA can
be displayed together with the MRI scans (for the teams
practicing the so-called direct anatomic targeting) and the
electronic anatomic atlas (18). Then, the best PFA-based ste-
reotactic target is the point in the individualized atlas with the
highest probability of being the best target for the previously
operated patients. Because the best target is in the hot STN, the
size of the hot STN determines the precision of targeting. The
methodology presented based on the PFA and functional vol-
ume is general and can be applied to study not only the STN
for PD treatment but also other structures, with the best con-
tacts selected for various criteria and symptoms.
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[Statistics] - name of used method calculating multivariate analog of the t-statistics

[Value] - value calculated by the method
[F Value]l - corresponding value F distributed

[Num DF] - numerator degrees of freedom (in our case of 3D points, so it is 3)
[Den DF] - denominator degrees of freedom (in our case it is a number of 3D points in both
groups)

<.0001 means that value of probability density of F distribution at [F value] is less than 0.0001

Comparing the left and right mean vectors with lateral compensation

Statistic Value
Wilks' Lambda 0.98622576
Pillai's Trace 0.01377424
Hotelling-Lawley Trace 0.01396662
Roy's Greatest Root 0.01396662

Comparing the left and right mean vectors without lateral compensation

Statistic Value

Wilks' Lambda 0.98547221
Pillai's Trace 0.01452779
Hotelling-Lawley Trace 0.01474196
Roy's Greatest Root 0.01474196

FIGURE 9. Definitions and statistical analysis.
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APPENDIX

Appendix: statistical analysis

The multivariate t tests (22) including Wilks” Lambda, Pil-
lai’s Trace, Hotelling-Lawley Trace, and Roy’s Greatest Root
statistics (22) were performed using SAS software (24). The
results showed that the mean vectors of the functional STNL
and STNR with and without lateral compensation were sig-
nificantly different. It also proved that the distributions pre-
sented by the functional STNL and STNR were significantly
different with or without lateral compensation.

Both cases with and without lateral compensation were
considered (see below, output from SAS). For each case, two
hypotheses, HO (the difference between the mean vectors is
not significant) and H1 (the difference between the mean
vectors is significant), were checked between two sets of three-
dimensional points (from the left and right hemispheres),
where each point (x, y, z) had a frequency that equaled the
atlas value a(x, y, z). The size of each set exceeded 68,000
points. To make the sets comparable, the second coordinate y
was substituted with its absolute value. The observed values
of the statistics in multivariate (with lateral compensation of
640.33 and without lateral compensation of 675.35) tests cor-
respond to the probability density of the statistics (F distribu-
tion) that is lower than 0.0001 (Fig. 9), which immediately
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F Value Num DF Den DF Pr > F
640.33 3 137541 <.0001
640.33 3 137541 <.0001
640.33 3 137541 <.0001
640.33 3 137541 <.0001

F Value Num DF Den DF Pr > F
675.35 3 137434 <.0001
675.35 3 137434 <.0001
675.35 3 137434 <.0001
675.35 3 137434 <.0001

rejects hypothesis HO and accepts H1 under any significance
level greater than 0.0001.
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COMMENTS

his very interesting article explores the possibility of building a

probabilistic atlas of the subthalamic nucleus (STN) region, and it
demonstrates, in a very elegant way, that subcortical neuronal struc-
tures also have a dominant side. In addition, the authors discuss the
whole philosophy of brain exploration and monitoring in the surgery
of movement disorders.

A similar effort was performed by our group and presented at the
London meeting of the European Society for Stereotactic and Func-
tional Surgery in 2000. At that time, a criticism was raised by the
audience claiming that the selection of patients had been done by use
of a simple Boolean criterion including only patients who obtained a
“good” clinical result. A similar pitfall seems to affect this article.

The expected results for this mathematical elaboration of clinical
and neurophysiological data should be the immediate and prompt
availability of the STN stereotactic coordinates, in which the proba-
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bility to hit a target allowing for achieving a good clinical result is
higher. Unfortunately, the probability of achieving a good clinical
outcome leaving the electrode at the initial target determined by the
algorithm illustrated in the article (“hot” STN of the AAs) is not easily
intelligible. In addition, this article introduces and develops the (mis-
leading?) concept that optimal clinical results may be derived by the
mathematical elaboration of neuroimaging data. Because such an
approach might lead to an easy and direct STN targeting procedure,
this yields a questionable role for microrecording in routine proce-
dures. Some more comments would have been expected about the
future of neurophysiological exploration of the region of the STN by
the group who popularized it. We think that the statistical need for a
second or third electrode track, which some groups claim is always
needed, should be made evident.

Despite these criticisms, we think that this article is really interest-
ing for the neurosurgical community and that it will play an impor-
tant role in the discussion about the possibility of reducing the clinical
need for exploration and to optimize the initial target. The purely
rationalistic galenian and newtonian approach to medical problems
that dominated 19th- and 20-century medicine will probably be re-
placed in the future by a more comprehensive statistical and stochastic
approach. Also, in the field of movement disorders as well as in the
field of epilepsy (in which epileptologists are using the concept of
networks to explain the genesis of the seizures and surgeons are
adopting a disconnective attitude), the concept of a complex and
interactive network is becoming more and more popular. The “hot”
STN should perhaps be considered the node of the network involved
in Parkinson’s disease the manipulation of which is easiest and brings
the best results.

Angelo Franzini
Giovanni Broggi
Milan, Italy

Individual anatomic variability has confounded stereotactic localiza-
tion methods since the beginnings of human functional stereotactic
surgery. Subcortical target structures have no constant relationship to
radiologically determined landmarks, notably the commissures and
the midline of the third ventricle. Some anatomic stereotactic atlases,
such as that of Andrew and Watkins, for example, have used proba-
bility plots derived from data on multiple anatomic specimens to
indicate where any specific anatomic structure has the greatest prob-
ability of being found within a stereotactic coordinate system on the
basis of ventricular system landmarks. In this article, the authors
attempt to do a similar thing with electrophysiological data: the
clinical results produced by stimulation of a specific deep brain stim-
ulation (DBS) electrode and its stereotactic location within a radiolog-
ically defined coordinate system. As I understand it, from these data,
a map (atlas) is derived to indicate the probability of any specific
coordinate point having a satisfactory clinical result. This information
may help surgeons select the initial target for microelectrode record-
ing corroboration and reduce the number of microelectrode passes
required to confirm the anatomic target before placing the DBS elec-
trode. However, I do not believe that a “probabilistic” atlas will render
electrophysiological corroboration of subcortical targets unnecessary.

Patrick J. Kelly
New York, New York

his article carefully documents the locations of the most clinically
effective electrode contacts for DBS in the region of the STN.
Coming from the originators of STN DBS and drawn from a large
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series of 168 leads, these data provide a rational, outcomes-driven
formula for selecting the anatomic target for STN DBS.

The optimal contact for maximum clinical improvement was selected
3 months after implantation. These “best contacts” are plotted in a
common space with the origin at the posterior commissure. Individual
brains are normalized in the anteroposterior dimension with respect to
anterior commissure-posterior commissure line length and in the vertical
dimension with respect to thalamic height. Contact localization is derived
from intraoperative ventriculography, performed in an operating suite
that was specially designed for obtaining consistent x-ray projection
angles to optimize ventriculographic measurements.

Most readers will find the key information in Table 1 in the article,
second line from the bottom. Here, the authors report mean coordi-
nates for the cluster of active contacts. The data are plotted separately
for left versus right contacts, although the mean coordinates are very
similar for the two sides. These coordinates presumably reflect opti-
mized clinical outcomes, because the choice of which contact to acti-
vate was based on neurological assessment of the effect of stimulation
through each of the four available contacts. Most other published
targeting strategies are derived from localizing the STN anatomically
on brain atlases or on individual patients’ brain magnetic resonance
imaging scans or from post hoc analysis of the locations of microelec-
trode penetrations on which the motor territory of the STN was
physiologically identified.

Comparison of the last row in Tables 1 and 2 shows that the
standard deviation of the mean contact coordinates did not decrease
with mathematical compensation for width of the third ventricle
(normalizing all lateral coordinates to mean third ventricular width).
This suggests that adjustment of the lateral target coordinate for third
ventricle width, often performed when targeting the thalamus or
globus pallidus, may not be necessary for the STN. Furthermore, in
anterior commissure-posterior commissure-based coordinates, the
volume of the space with the most dense concentration of contacts
(which these authors call “hot STN") is quite small. This suggests that
anatomic variability in the optimal target point for STN DBS is fairly
small. This contrasts with the globus pallidus, in which anatomic
variability of a physiologically defined point is significant (1, 2).

The authors make the assumption a priori that the cluster of active
contacts is within the STN. Others have argued that the optimal
contact may be dorsal to the STN (3). It is thus an important result of
this article that the coordinates of the most dense cluster of active
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contacts would in fact correspond to the STN itself rather than the
region dorsal to it if plotted on standard human brain atlases or on
most patients’ brain magnetic resonance imaging scans.

The authors argue that there is a difference in the properties of the
probabilistic atlas for left versus right brains. I was more impressed by
the bilateral symmetry of the atlas than by its asymmetry. I do not think
that these data prove a real difference in functional anatomy between the
left and right STN, although the suggestion is an interesting one.

Philip A. Starr
San Francisco, California
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Dr. Nowinski and colleagues have compiled a very large number
of data points documenting the optimal target associated with
clinical benefit in patients with Parkinson’s disease undergoing bilat-
eral STN stimulation. This work by the pioneering group in DBS
surgery in the STN provides a useful compilation using a large data
set outlining the location in the brain in relation to the commissures
that is best correlated with a good clinical outcome. In this way, they
have provided an important service to the neurosurgical community.
This type of analysis can of course be expanded and performed with
other targets, such as the globus pallidus and the thalamus for move-
ment disorders and for other cortical and noncortical sites for the
treatment of various disorders, including epilepsy, pain, and psychi-
atric illnesses. This approach may prove to be useful across many
procedures in functional neurosurgery.

Andres M. Lozano
Toronto, Ontario, Canada
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