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Object. The subthalamic nucleus (STN) is currently recognized as the preferred target for deep brain stimulation

(DBS) in patients with Parkinson disease (PD). If there is agreement in the literature that DBS improves motor symp-
toms significantly, the situation is less clear with respect to the side effects of this procedure. The goal of this study was
to correlate the coordinate values of active electrode contacts with the amplitude of residual clinical symptoms and side
effects using a mathematical approach.

Methods. In this study the investigators examined a cohort of 41 patients with PD who received clinical benefits from
DBS after stimulating electrodes had been implanted bilaterally into the STN. The combined scores of residual clinical
symptoms plus side effects, including speech disturbance, postural instability, and weight gain, were fitted by using
either inverted ellipsoidal exponentials or smooth splines.

These analyses showed evidence of lower combined scores for stimulating contacts at an x coordinate approximate-
ly 12.0 to 12.3 mm lateral to the anterior commissure—posterior commissure (AC—PC) line and at a z coordinate approx-
imately 3.1 to 3.3 mm under the AC-PC line. There was insufficient evidence for a preferred y coordinate location.

Conclusions. The authors propose a “best” therapeutic ellipse area that is centered at an x, z location of 12.5
mm, —3.3 mm and characterized by an extension of 1.85 mm in the x direction and 2.22 mm in the z direction. Ther-
apeutic electrode contacts located within this area are well correlated with the lowest occurrence of residual symptoms
and the lowest occurrence of side effects independent of STN anatomical considerations. The lack of a significant result
in the y direction remains to be explored further.
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get for DBS in patients with PD. Deep brain stimula-

tion significantly improves parkinsonian symptoms
(tremor, rigidity, and akinesia) as well as the severe motor
fluctuations frequently associated with dyskinesias.!>!” The
effectiveness of STN stimulation depends on several selec-
tion criteria (patient age, motor response to levodopa thera-
py, normal cognitive functions, and normal findings on MR
images of the brain) as well as on the phenotype of PD, the
anatomical localization of active contacts, and neurological
follow-up examinations for adjustment of stimulation set-
tings. Although there is relative agreement in the literature

T HE STN is currently recognized as the preferred tar-

Abbreviations used in this paper: AC = anterior commissure;
DBS = deep brain stimulation; MR = magnetic resonance; PC = pos-
terior commissure; PD = Parkinson disease; RAT = rigidity, akine-
sia, tremor; RMS = root mean square; STN = subthalamic nucleus;
UPDRS = Unified Parkinsons Disease Rating Scale.
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that DBS improves motor symptoms (by ~ 60-75%),!!32
the situation is not so clear for side effects. Indeed, to our
knowledge, no study has been reported in the literature in
which the amount of residual symptoms and the amount of
side effects were examined concomitantly when DBS was
turned on and off.

If we consider that for a given medical center, patient se-
lection and follow-up examinations follow similar criteria,
we can hypothesize that the phenotype of PD and the topog-
raphy of electrode contacts can be used to explain to some
extent the variability of DBS effectiveness and side effects
observed among patients. Although it remains difficult at
this time to clearly determine the “best” candidate for sur-
gery on the basis of PD phenotype, it is interesting to deter-
mine the location of active contacts within and/or around the
STN that will provide the largest motor improvement while
producing the least side effects. This question has been ad-
dressed by other groups previously but remains open.>*!%2:
212 Indeed, neurophysiological and imaging techniques are
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commonly used to define the optimal site for electrode im-
plantation,'#+101219202228 hyt there is little evidence to date
regarding the optimal site for permanent stimulation. To de-
termine this optimal site, some authors have proposed cor-
relating the positions of active electrode contacts with the
dorsal boundary of the STN defined electrophysiological-
ly.>712 However, correlating electrode position with anatom-
ical landmarks such as the dorsal boundary of the STN is
difficult because the variability across individual persons
is large. This interindividual variability combined with the
relatively small size of the target makes this correlation dif-
ficult to establish. In addition, stimulation of regions sur-
rounding the STN also appears to be associated with posi-
tive effects.”

We propose that the determination of optimal coordinates
of electrode contacts for DBS should take into account both
the amplitude of residual clinical symptoms and the most
frequent side effects in patients with PD. In this study, we
correlated the coordinates of active electrode contacts to
residual clinical symptoms while taking into account any
side effects by using a mathematical approach in a cohort of
41 patients with PD who received bilateral implantation of
electrodes in the STN without considering any correlation
to STN anatomy.

Clinical Material and Methods
Patient Population and Clinical Assessment

The study population consisted of 41 patients (24 men
and 17 women) who were considered for surgery based on
the following criteria: 1) idiopathic PD with no significant
comorbidities; 2) age younger than 70 years; 3) no cogni-
tive impairment (Mattis Score'* > 130) and no psychotic
side effects due to medication or past psychiatric history;
4) significant motor disability assessed on Part III of the
UPDRS;* 5) a satisfactory motor response to levodopa (a
decrease of = 50% on the UPDRS Part III); 6) disabling
motor fluctuations associated with “on” — “off”” periods and/
or severe dyskinesia refractory to appropriate treatments;
and 7) MR imaging findings that were within normal limits.

To determine the effectiveness of STN stimulation alone,
patients were tested 12 months after surgery under two suc-
cessive conditions: “DBS on” (after withdrawal of = 12
hours of antiparkinsonian medication[s] but during a stimu-
lation period that had already lasted = 12 hours), and “DBS
off” (after = 12 hours’ withdrawal of antiparkinsonian med-
ication[s] and after stimulation arrest for = 60 minutes).

Patients were clinically assessed using Part III of the
UPDRS.> Three subscores were extracted from this scale:
a rigidity score (Item 22; score range 0-20), an akinesia
score (Items 23-26 and 31; score range 0-36), a tremor
score (Items 20 and 21; score range 0-28), and an axial
score (Items 18 and 19, 27-30, and neck rigidity cited in
Item 22; score range 0-28). A “RAT” score (that is, the sum
of the patient’s rigidity, akinesia, and tremor scores) was
computed and reflected the effectiveness of STN stimula-
tion on the parkinsonian triad. To distinguish the therapeu-
tic effect of the right- and left-sided electrode contacts on
the patient’s contralateral symptoms, left- and right-sided
RAT scores were calculated, taking into account indepen-
dently the rigidity, akinesia, and tremor scores for each
hemibody. The axial score is not based on unilateral aspects
of neuromotor function, but we suppose that it could be
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influenced separately by the left and right electrode contacts
and is the sum of contributions from the left and right. Thus
we attribute half the axial score to the stimulator on each
side (axial score/2 = right-sided axial score/2 + left-sided
axial score/2), which is only an approximation as the con-
tributions from the left and right electrode contacts may be
unequal. The level of residual symptoms after STN stimu-
lation was calculated from the clinical scores in the DBS-
on condition (RAT + axial score/2): the lower the residual
scores, the better the motor benefit derived under STN stim-
ulation.

The most frequently reported side effects during STN
stimulation were assessed clinically.® They included speech
disturbance (dysarthria/hypophonia), postural instability,
and weight gain. The severity of speech disturbance and
that of postural instability were quantified using Items 18
and 29 of the UPDRS Part III, respectively (score range
0 [normal]-4 [severe]). To determine whether DBS was re-
sponsible for these two side effects, we calculated the differ-
ence between two postoperative scores: score in the DBS-
on condition — score in the DBS-off condition. Thus, larger
values (which may be negative) corresponded to a worsen-
ing of the symptoms related to STN stimulation. For weight
gain, the patient’s weight measured preoperatively was sub-
tracted from the weight measured 12 months after surgery,
allowing the following categories: 0, no weight change; 1, a
weight increase of less than 5 kg; 2, a weight increase of 5
to 15 kg; and 3, a weight increase of greater than 15 kg. The
combined scores were calculated by adding the residual
symptom and side-effect scores.

Stereotactic Coordinates of Therapeutic Contacts

Quadripolar DBS electrodes were used to deliver bilater-
al monopolar stimulation. For the first 14 patients in this
series, a cerebral computed tomography scan was obtained
3 days after electrode implantation. This scan was fused
with a preoperative MR image, and the positions of the ac-
tive contacts used in each patient was determined in relation
to the AC—PC reference system described by Cuny et al.*
For the other 27 patients, an MR image was obtained the
day after electrode implantation. On this MR image the po-
sitions of active contacts used in each patient according to
X, Vy, and z directions (corresponding to the lateral, antero-
posterior, and vertical axes, respectively) were again deter-
mined and referred to the PC in the AC-PC reference sys-
tem. Because brain sizes vary among individuals, a scaling
factor was applied to compensate for the varying lengths of
individual AC—PC lines. In addition, absolute values of the
lateral (x) coordinates were used so that the left and right
sides of the brain could be directly compared. Finally, for 28
of 41 patients in whom there were two active contacts on
one side, the position of the reported therapeutic contact
was defined as the midpoint between the two contacts.

Statistical Analysis

The therapeutic effect of bilateral STN stimulation on
clinical symptoms was evaluated using a paired Student
t-test to compare the scores obtained during the DBS-off
and DBS-on conditions 12 months after surgery (Table 1).
Mathematical Analyses

To determine the stereotactic location of the active elec-
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trode contacts allowing the best benefit with the least side
effects, we proposed to take into account both the am-
plitudes of residual motor symptoms (right- and left-sided
RAT scores, plus axial score/2 in each case) and the ampli-
tudes of the most frequently encountered side effects
(weight gain, speech disturbance, and postural instability).
To obtain a sensible and global side-effect score, we added
gains in speech disturbance and postural instability scores to
the weight gain score. Therefore larger values were worse
and smaller values were better. The mathematical models
used in this study were applied to a combined score includ-
ing residual symptoms and amplitudes of side effects relat-
ed to STN stimulation. Two types of model fitting were at-
tempted on the combined data.

Model 1. The first model is an inverted ellipsoidal expo-
nential, which corresponds to the hypothesis that symptoms
and side effects will be minimal when the stimulating con-
tact is placed at some specific point within the STN, and
that they will increase the farther away from that point the
stimulating contact is placed, but only up to some maxi-
mum amount. The “nls” (nonlinear least squares) function
in S-Plus (MathSoft) was used to fit the model parameters.
One drawback of this model is that the rate at which the
therapeutic effect of the contact diminishes with distance
from the ideal point is assumed to be dependent on the X, y,
and z axes directions, but from the point of view of the STN
these axes are arbitrary. In our first version of this model,
we also assumed that the combined score decreases to zero
at the ideal point, which it may or may not do in practice.
However, these assumptions are not so restrictive when the
high level of noise in the data is taken into account. Also,
there are already seven parameters in the model, and too
many additional parameters could result in overfitting.

In a second version of the first model, we allowed for a
nonzero optimum, but ignored the y direction, which does
not seem to provide significant information. In this version
there are six parameters.

Model 2. In the second model, the “gam” (generalized ad-
ditive model) function in S-Plus is applied, which does not
assume a functional form from the outset but instead at-
tempts to fit relatively smooth splines to the data. Details
can be found in publications by Hastie and Tibshirani® or
Venables and Ripley.” An advantage of using this approach
is that there is no a priori assumption of a point that mini-
mizes the symptoms and side effects. If such a minimum
exists it should in principle be discovered by the spline fit.

Results

A visualization of the contact locations in 3D space
and their associated scores is shown in Fig. 1. The elec-
trodes were not placed exactly in symmetrically equivalent
spots for the left and right hemispheres (Fig. 1 upper), and
the scatter of points representing contact locations appears
slightly larger than the scatter of points reported by McClel-
land and associates (see Fig. 1 in their paper on 26 pa-
tients). In Fig. 1 lower, the residual symptom score is indi-
cated by color (dark blue represents the lowest and red the
highest residual symptom scores), and the disk size repre-
sents the side effects (the larger the disk size the worse the
side effects). Therefore, a small dark blue disk is the best
result and a large red disk is the worst result. As can be seen
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TABLE 1

Twelve-month postoperative scores showing the effectiveness
of STN stimulation on motor symptoms*

DBS-Off DBS-On Improve-

Score Period Period ment (%) p Valuet
rt-sided RAT 147 £ 5.7 3.6 3.0 71.2 <0.0001
It-sided RAT 154 + 6.8 4.7 *£39 63.7 <0.0001
axial 10.8 =5 6.0 = 3.7 41.1 <0.0001

* Values are expressed as means = standard deviations. An explanation
of scores and DBS-on and DBS-off periods can be found in Clinical Mate-
rial and Methods. Probability values were determined using a paired Stu-
dent t-test.

T Statistically significant.

in Fig. 1 lower, the smallest clinical scores are not neces-
sarily located in the center of the scatter of points and the
smallest side effects are not necessarily located at the
periphery of the scatter of points.

The Ellipsoidal Exponential Model

The nls function in S-Plus was used to fit the data of the
combined score to the nonlinear (exponential ellipsoidal)
model given by the following function:

S=A(l —exp[—B{x — x,}? = C{y — yo}> = D{z — 2, }°)).

(Eq. 1)

With “reasonable” starting values of the seven parame-
ters, these values converge to the following (Table 2):

A=871,B=0.70,C=0.01, and D =0.16,
as well as

X, = 11.99 mm lateral to the AC-PC line;

Yo = 5.55 mm anterior to the PC; and

7, = —3.35 mm with respect to the AC-PC line (that is, un-
der the AC-PC line).

The last three parameters (X, y,, and z,) provide an esti-
mate of the “ideal” 3D location for the stimulating contact;
however, the fit is not particularly good because the symp-
tom scores vary quite wildly. The residual standard error of
the fit is 4.83 and the RMS of residuals is 4.62, which is not
that much smaller than the size of the combined scores
themselves, which range from —1 to 22.75 but with a mean
of 6.88.

The effect of allowing the minimum point of the fitted
function to be greater than zero was investigated by fitting
instead to the following function:

S=A — Eexp(—B[x — x,* — Cly— y,* — Dlz— z,P).

If E were equal to A, then this equation would be equiv-
alent to Equation 1, but if not, then the minimum fitted score
would be A — E, which in that case would not be zero.
However, this function did not produce a valid fit when
using the nls function in S-Plus, probably due to the influ-
ence of the y variable, which appears to have no correlation
with the scores. Thus, we applied the function again but
without the y variable by using:

S=A — Eexp(—B[x —x,]* — D[z — z]). (Eq.2)
Now the fitted parameter values (Table 3) are:
A=926,B=041,D=0.14, and E = 6.61,
as well as
103
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FiG. 1. Upper: Front, top (Above), lateral, and perspective views of the scatter of points corresponding to the 3D coor-
dinates of the contacts. In the Above, Front, and Perspective panels, the right hemisphere is on the right side. Lower: A
3D representation of the x, y, and z coordinates of contacts in the DBS-on condition in which color represents the residual
symptom scores (dark blue indicates the lowest residual symptom scores, with scores increasing through light blue, green,
yellow, and orange to red, which indicates the highest residual symptom scores) and disk size represents the side effects
(smallest disks are best and largest disks are worst).
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TABLE 2

Parameters fitted to Equation 1 using the nls function in S-Plus*
Parameter Value Standard Error t p Value

A 8.71 0.93 9.42 <0.0001

B 0.70 0.49 1.41 0.157

C 0.01 0.03 0.28 0.779

D 0.16 0.15 1.03 0.305

X 11.99 0.24 49.53 <0.0001

Yo 5.55 10.22 0.54 0.583

z, —3.35 0.76 —4.40 <0.0001

* The residual standard error is 4.833 with 75 degrees of freedom.
T Statistically significant.

X, = 12.15 mm lateral to the AC-PC line; and
7, = —3.14 mm with respect to the AC-PC line.

In this case, the residual standard error of the fit was 4.81
and the RMS of the residuals was 4.63. The comparison
with the model in which Equation 1 is used is of interest be-
cause the fit is not exceptionally strong in either case, and
thus consistency of results would strengthen our confidence
that a real trend is present. The fitted minimum in the model
in which Equation 2 is used is 9.26 — 6.61 = 2.65, and thus
the function is considerably flatter than before, despite ris-
ing to a higher maximum of 9.26. The central point has not
shifted much, however; both x, and z, are only slightly high-
er. Thus, the estimation of the “ideal point” does not appear
to be too sensitive to the form of the model.

The Generalized Additive Model

We also used a generalized additive model (gam function
in S-Plus), which does not impose a functional form but al-
lows the data to determine the shape of the “effectiveness”
function, by fitting relatively smooth splines to the data
from the combined scores. When the gam function in S-Plus
is applied, some indications of a dip in combined scores
emerge, particularly in the x and z directions but not in the
y direction (Table 4). This minimum—at least a local mini-
mum—of the fitted score function occurs at approximately
the following coordinates:

X, = 12.3 mm lateral to the AC-PC line (see Fig. 2);
y, = 11.9 mm anterior to the PC (the little dip in Fig. 3); and
7, = —3.3 mm with respect to the AC-PC line (see Fig. 4).

In x, the only minimum in the fitted curve is the one ap-
proximately 12.3 mm lateral to the AC-PC line (Fig. 2).
The x direction effect is the clearest of the three direction ef-
fects.

In y, there could be a slight minimum approximately 11.9
mm anterior to the PC (Fig. 3), but it is not clear that scores
do not get even lower for y values at either extreme. How-
ever, the drop in the fitted curve at either end is due to a few
extreme points at which the symptoms were reduced to low
values, but not lower than others throughout the y range, so
not much confidence can be placed on this aspect of the fit
(Fig. 3). In fact the y contribution to the fit is not significant.

In Fig. 4, showing the spline fit in z, the drop at large val-
ues of z (z > 2.5) is due entirely to one data point. In only
one patient was a stimulating contact placed at a location at
which z was greater than 2.5 mm and only on one side (at
x =15.85 mm, y = 14.40 mm, z = 3.53 mm), and in this case
the combined score was reduced to a very low value (1.5).
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TABLE 3
Parameters fitted to Equation 2 using the nls function in S-Plus*
Parameter Value Standard Error t p Value
A 9.26 1.16 7.99 <0.00017
B 0.41 0.31 1.32 0.186
D 0.14 0.13 1.05 0.294
E 6.61 1.81 3.64 0.00027
X 12.15 0.29 4237 <0.0001+
z, —3.14 0.68 —4.60 <0.00017

* The residual standard error was 4.805 with 76 degrees of freedom.
T Statistically significant.

It would be unwise to base too much on this case, however;
in another patient harboring the stimulating contact at a very
similar position, although slightly lower in the z direction
(x=15.10 mm, y =1 4.27 mm, z = 2.43 mm), the combined
score was reduced only to 15.0, and both patients had sim-
ilar symptom scores (not including side effects, of course)
in the DBS-off condition (21.5 and 26.0, respectively). On
the other hand, the minimum at a z of —3.3 mm was based
on many data points and is therefore more reliable. Thus, it
is reasonable to conclude that there is evidence for lower
combined scores for a stimulating contact near the coordi-
nates x = 12.3 mm lateral to the AC-PC line and z = —3.3
mm with respect to the AC-PC line, but no sufficient evi-
dence for a preferred y location. The RMS of the residuals
was 3.87, and thus the location effect (essentially the depth
of the minima in the fitted curves) was still not overwhelm-
ingly large in relation to the noise; nevertheless, we can con-
clude that there is a location that improves the probability of
effective treatment.

Figure 5 shows the plot of fitted combined scores as they
depend on the two significant directions (x and z). Visually
it reveals a hollow centered on the optimal x and z values
where the result is best.

Overall Results

The overall results suggested by these analyses are that
there is a slight tendency for symptoms to be reduced to
lower levels with a minimum of side effects when the stim-
ulating contact is located near an x of 12.0 to 12.3 mm lat-
eral to the AC—PC line and a z near —3.1 to —3.3 mm with
respect to the AC—PC line. Most of the data points for stim-
ulating contact locations within 1 mm of any of the afore-
mentioned estimated ideal points actually have low symp-
tom and side-effect scores (and thus, low combined scores).
Nevertheless, there were a few patients with stimulating
contact locations close to these points who had higher com-

TABLE 4

Values of the F statistic for nonparametric effects in the
generalized additive model fit*

Intercept Npar F p Value
X 6.261 0.0008
Yo 0.801 0.4979
Z, 2.931 0.03967%

* Npar = nonparametric.
T Statistically significant.
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FIG. 2. Scatterplot showing the scaled generalized additive model—the “gam” fit—with a smooth spline function in x.
The solid line shows the fitted x-dependent spline function, that is, s1(x) in fitted.score = intercept + s1(x) + s2(y) + s3(z).
The dotted lines show pointwise twice-standard-error curves. The points are residuals added to s1(x), showing how well
s1(x) can be used to explain the part of the actual score data not accounted for by s2(y), s3(z), and the intercept. More pre-
cisely, the points are located at s1(x) + residual, which is equal to (actual score) — s2(y) — s3(z) — intercept. The verti-
cal axis has score units but represents only the x-dependent contribution to the score. The intercept was 7.48.
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FIG. 3. Scatterplot showing the scaled generalized additive model—the “gam” fit—with a smooth spline function in y.

The solid line shows the fitted y-dependent spline function, that is, s2(y) in fitted.score = intercept + s1(x) + s2(y) + s3(z).
The dotted lines show pointwise twice-standard-error curves. The points are residuals added to s2(y), showing how well

s2(y) can be used to explain the part of the actual score data not accounted for by s1(x), s3(z), and the intercept. More pre-
cisely, the points are located at s2(y) + residual, which is equal to (actual score) — s1(x) — s3(z) — intercept. The verti-
cal axis has score units but represents only the y-dependent contribution to the score. The intercept was 7.48.
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The dotted lines show pointwise twice-standard-error curves. The points are residuals added to s3(z), showing how well
s3(z) can be used to explain the part of the actual score data not accounted for by s1(x), s2(y), and the intercept. More pre-
cisely, the points are located at s3(z) + residual, which is equal to (actual score) — s1(x) — s2(y) — intercept. The verti-
cal axis has score units but represents only the z-dependent contribution to the score. The intercept was 7.48.

FiG. 5. Graph demonstrating the x and z coordinates of the best site, the generalized additive model “gam” with smooth

spline functions, which reveals a hollow centered on the optimal x and z values.
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FiG. 6. Two-dimensional plot of contact locations with low com-
bined scores (< 2.25, black dots) and high combined scores (=
11.5, open dots). An ellipse that has semimajor axes of lengths 1.85
mm in the X direction and 2.22 mm in the z direction, and is cen-
tered at an x value of 12.5 mm and a z value of —3.3 mm, contains
most of the low combined scores. Sixteen of the 17 cases with low
scores had contacts that lie inside the ellipse (two dots are superim-
posed). Only two cases in which there were high scores lie inside
the ellipse.

bined scores. For example, one patient with a stimulating
contact located at the x, y, and z coordinates of 13.15, 10.11,
and —3.15 mm, respectively, had a combined score of 13.0.
Two others—one with a contact located at the x, y, and z
coordinates of 12.99, 8.88, and —3.55 mm, respectively,
and the other with a contact at 12.67, 13.76, and —3.37 mm,
respectively—had combined scores of 9.25 and 7.75, re-
spectively. All other points within 1 mm of an approximate
average “ideal x,, z, point” of 12.25, —3.2 mm were asso-
ciated with combined scores of 4.5 or lower.

Another confirmation of the reality of the minimum of
the fitted score function comes from considering all the cas-
es for which the combined scores were less than 2.25 (17 of
82 cases). In all but one of these cases the site of the contact
lay within an ellipse with semimajor axes of length 1.85
mm in the X direction and 2.22 mm in the z direction, and
whose center is at an x of 12.5 mm and a z of —3.3 mm
(Fig. 6). This broadly matches the results of the curve-fitting
exercises and could, in fact, be said to account for them. The
y values for these cases ranged between 7.75 and 12.84 mm,
which is a range centered at 10.3 mm with a half-width of
2.55 mm, wider than those for x or z, but in any case we do
not have a significant y effect. The one exception for cases
with combined scores lower than 2.25 was a patient (Case
38) already mentioned, in whom on one side the stimulat-
ing contact had the x, y, and z coordinates of 15.85, 14.40,
and 3.53 mm, respectively (an extreme location), but in
whom the combined score was 1.5. Furthermore, many
other points within the specified elliptical area did not have
such successful results, but in the most successful cases
(score < 2.25) the contact sites were almost invariably lo-
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cated in this area. In fact, although in 16 (94%) of 17 cases
with combined scores lower than 2.25 the contacts lay with-
in this ellipse, in only 21 (32%) of 65 cases with combined
scores of 2.25 or greater did the contacts lie within this
ellipse, and in only one (9%) of the 11 cases with combined
scores greater than 13 did they lie within the ellipse. Figure
6 shows the ellipse, the sites of contacts associated with
combined scores lower than 2.25, and the sites of contacts
associated with combined scores of 11.5 or greater. Thus,
placing the stimulating contact in this region is by no means
a guarantee of good results, but it does increase the proba-
bility of good results.

Discussion

The optimum site for therapeutic DBS is the subject of an
ongoing debate. In this study, the fitting of a nonlinear mod-
el (the ellipsoidal exponential) or generalized additive mod-
el (smooth splines) to the combined scores based on re-
sidual motor symptoms and side effects provided precise
coordinate values of the therapeutic area to target during
STN surgery for PD. This model suggests that there is evi-
dence for lower symptom and side-effect scores when a
stimulating contact is located near the x coordinate of 12.0
to 12.3 mm lateral to the AC—PC line and the z coordinate
between 3.1 and 3.3 mm under the AC-PC line. Most of the
data points for stimulating contact locations within approx-
imately 2 mm of this estimated ideal point were associated
with combined low symptom and side-effect scores. How-
ever, the model was not able to identify an optimum value
for the y coordinate.

The location of the STN is generally identified in relation
to the AC—PC line (whose reported length is 25.8 mm on
average). The size of the STN, according to Voges and as-
sociates,* is approximately 3 X 8 X 12 mm (coronal [x] X
sagittal [y] X axial [z] axes) in humans. As indicated by
Richter et al.,'® the size and position of the STN are highly
variable and differ systematically on MR images and on
plates in atlases. These authors found the size of the STN to
be 3.7, 5.9, and 5 mm for the x, y, and z coordinates, re-
spectively. Surprisingly, in a different study, McClelland et
al.’ presented a 3D plot (similar to our Fig. 1 upper but with
a smaller scatter of points) and compared the actual elec-
trode locations to the intended electrode locations in the
STN, which had been determined using electrophysiologi-
cal studies and postoperative MR imaging for 26 individ-
uals. All their contacts were within less than 2 mm of the
intended target in all axes. This is surprising given the vari-
ability in the y and z directions across studies.

In the present study a region with less side effects and
less residual symptoms can be located precisely using our
model and, since stimulation inside the STN is associated
with beneficial effects, the question arises: are we stimulat-
ing the STN, the border of the STN, or just outside of it?
The values derived from MR imaging for the positions of
the borders of the STN vary up to several millimeters.'®
Therefore it is currently impossible to answer this question.

Neurophysiological and imaging techniques are com-
monly used to define the optimal site for electrode implan-
tation. Some authors have proposed to correlate the position
of active electrode contacts with the dorsal or dorsolater-
al boundary of the STN defined electrophysiologically.”*!?
Zonenshayn and colleagues® have suggested that the opti-
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mum region for stimulation is found in the anterior dor-
solateral region. Hamel et al.” reported that nearly 70% of
active electrode contacts were located near or within the
dorsal border of the STN. The relation between the STN
boundary and electrode location varies for two reasons: 1)
there is some variability in the clinical evaluation of patients
and in the precise localization of the electrode contact on the
MR image; and 2) localization of the STN on the MR image
is difficult. The average coordinates of the active contact
found by Hamel and coworkers were 12.8 = 1.0 mm in the
x direction, 1.9 = 1.4 mm in the y direction, and 1.6 = 2.1
mm in the z direction in relation to the midcommisural
point. Lanotte et al.'> gave a mean position of the central
point of the most effective electrode contact with respect to
the midpoint of the AC—PC line as 12.3 = 0.9 mm in the x
direction, 1.7 £ 0.9 mm in the y direction, and 1.7 = 1.5
mm in the z direction. Authors of other studies have report-
ed similar results.'” These two teams concluded that the
most effective electrode contacts are located in the upper
portion of the STN recording area or just above it. We sug-
gest, however, that the conclusion reached by Lanotte et al.
must confront the issue of variability mentioned earlier (for
example, variability in measurement methods, across indi-
viduals, and of reference systems, particularly the validity
of scaling of the AC-PC line).

In light of these data, the location of active contacts in our
study in the lateral direction (x = 12-12.3 mm) is similar to
the most effective contacts reported by these groups. On the
other hand, the position of our active contacts in the vertical
direction (z = —3.1 to —3.3) appears more ventral than that
cited in previous studies. Interestingly our values are simi-
lar to those reported by Benabid and colleagues? and Starr?!
in larger series of patients in which different procedures
were used. The location of the contact leading to the best
clinical result was based either on ventriculography mea-
sures’ or on findings of MR imaging.?! The coordinates
were as follows: 12.1 mm in the x direction and —3.16 mm
in the z direction for the study by Benabid and colleagues,
and 11.8 mm in the x direction and —3.9 mm in the z direc-
tion for the study by Starr. Nevertheless, it is very difficult
to determine if the best contact lies in the STN or just above
it. To answer this question it would be necessary to quanti-
fy the interindividual variability of the anatomical location
of the STN, which has not yet been quantified precisely.

One remaining question lies in the fact that the model
could not be used to identify an optimum value for y. This
may mean that the range of electrode contact locations in
the anteroposterior direction used in practice is not large
enough to observe a clear drop in effectiveness. Thus we
were unable to locate the anteroposterior boundary of the
region where the location of the electrode contact provided
the best clinical results. Interestingly, authors of studies in
which an electrophysiological approach was used to target
the STN have not reported values for the anteroposterior
axis (y), probably because of the dorsoventral orientation of
the electrode track used during the implantation procedure.
The absence of a preferred y location appears to be a new
result. In previous studies, Zonenshayn et al.,”” Saint-Cyr et
al.,” and Weinert et al.» found the mean location of clini-
cally effective contacts for the y coordinate to be 1.62, 0.5,
and 2.3 mm posterior to the midcomissural point, respec-
tively. This inconsistency may suggest that the stimulated
area is isotropic with regard to clinical effects as opposed to
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side effects along the anteroposterior axis and is anisotrop-
ic along the x and z directions.

The location of our ellipse defined in the x and z direc-
tions was determined independently of anatomical, imag-
ing, or stereotactic considerations of the STN. Does this
imply that it would be possible to realize preoperative tar-
geting without any STN visualization or stereotactic deter-
mination? This question cannot be answered within the
scope of this study, but will be the focus of further investi-
gations because targeting the STN is a difficult aspect of
intracerebral stimulation in PD. Nevertheless, this ellipse
may in fact represent a part of the STN. This is supported
by the fact that this ellipse is somewhat superimposed on a
3D STN representation that is centered at values proposed
by Herzog et al.’ and relies on the volumes proposed by
Richter et al.'® and Voges et al.>* One limitation of the pres-
ent study is that the right and left STN were treated togeth-
er by using absolute values in the x direction. By doing so
we might have cancelled out some asymmetries if they ex-
ist, as suggested in a recent study.'* However, given the lim-
ited number of participants in this study (41 patients), we
opted for not separating the two STNGs.

Conclusions

In summary, independently of any anatomical and stereo-
tactic considerations, it is possible to reconstruct mathemat-
ically, in two of three dimensions, the most effective region
in which electrodes must be inserted to provide optimal
clinical results while causing the least amount of side ef-
fects. The mathematical model we used could be refined by
increasing the number of patients, decreasing the sources of
variability, and exploring possible nonlinearities in side ef-
fects. This approach may provide a way for us to aim at an
optimal target without having to deal with the difficulty of
localizing the STN boundary using MR imaging.
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