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The Clinical Effects of Deep Brain Stimulation of
the Pedunculopontine Tegmental Nucleus in
Movement Disorders May Not Be Related to the
Anatomical Target, Leads Location, and Setup of

Electrical Stimulation

BACKGROUND: The pedunculopontine tegmental nucleus (PPTg) is a novel target for
deep brain stimulation (DBS) in movement disorders.

OBJECTIVE: To clarify the relationships between the individual anatomic variations of the
brainstem, the site in which the PPTg DBS is applied, and the clinical outcome in a relatively
large number of patients affected by Parkinson disease or progressive supranuclear palsy.
METHODS: Magnetic resonance images have been used to evaluate brainstem anat-
omy and the relationships between lead position and specific brainstem landmarks. All
data were matched on atlas representations of the PPTg and were correlated with
Unified Parkinson Disease Rating Scale lll (UPDRS lll), subitems 27 to 30 of UPDRS Ill and
the Hoehn and Yahr evaluations.

RESULTS: A high variance of brainstem parameters was evident, affecting the rela-
tionships between the position of the nucleus and lead contacts. According to the
contacts giving the best clinical outcome, patients could be distinguished between
those who required the use of 2 adjacent contacts and those who required stimulation
through 2 nonadjacent contacts. Furthermore, in the former group the target coor-
dinates were more lateral and deeper compared with the latter group.
CONCLUSION: Individual PPTg-DBS planning is required to overcome the incon-
sistencies linked to the high variability in the brainstem anatomy of patients. The lack of
correlations between lead position, contact setup, and clinical outcome indicate that
the benefits of PPTg DBS may not be strictly linked to the site of stimulation within the
PPTg area, and may not depend upon the neurons still surviving in this region in Par-
kinson disease or progressive supranuclear palsy.

KEY WORDS: Brainstem anatomic landmarks, Deep brain stimulation, Electrical setup, Leads location, Neu-
rological outcome, Pedunculopontine tegmental nucleus
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he pedunculopontine tegmental nucleus
(PPTg) is a pontomesencephalic structure
involved in Parkinson disease (PD) and
5 1-7 .

other neurodegenerative disorders.” ™ Recently, it

ABBREVIATIONS: DBS, deep brain stimulation;
HY, Hoehn and Yahr; ML, medial lemniscus; PD,
Parkinson disease; PH, Paxinos and Huang; PMJ,
pontomesencephalic junction; PPTg, pedunculopon-
tine tegmental nucleus; PSP, progressive supranu-
clear palsy; STN, subthalamic nucleus; UPDRS il
Unified Parkinson Disease Rating Scale III; VFL,
ventricular floor line; FFL, fastigial floor line
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has been introduced as a novel target for deep
brain stimulation (DBS) in movement disor-
ders.®” The therapeutic benefits of PPTg DBS
are not yet fully elucidated, although motor
symptoms, in particular, the freezing of gait and
axial disturbances, are positively affected.'®!?
The stereotactic implantation of electrodes for
PPTg DBS has required the development of
a new theoretical surgical approach far more
complex than the standardized method conceived
many years ago for traditional targets.””*” An
early problem was the uncertainty about the
location of the nucleus in the brainstem,

www.neurosurgery-online.com



unfamiliar to most neurosurgeons.”*”* This difficulty was
worsened by the fact that the available stereotactic atlases
derived from a single brain, and traditional landmarks, such
as the bicommissural line, may be inappropriate when applied
to a nucleus embedded in a highly variable structure such as the
human brainstem.?” Moreover, when implanting electrodes for
DBS, stochastic differences in the lead position commonly
occur, which depend not only on anatomic individual differ-
ences from patient to patient, but also on surgical planning and/
or adopted surgical techniques. Consequently, the site and
volume of tissue affected by the configuration of the electrical
field generated by the stimulation may vary.***° Such factors,
together with the heterogeneous selection of patients, stimula-
tion of different subregions of the PPTg area, nonstandardized
surgical planning, and different operative conditions that have
characterized different studies, may have contributed to incon-
sistencies in previously reported clinical results. Given the
relatively large number Of‘ paticnts Wh() hﬂVC undergonc
implantation in the PPTg from 2005 until the present in our
hospital in this article, we attempted to evaluate the correlation
between reference landmarks, variability of individual anatomy,
coordinates of the targeted point, lead position inside the
brainstemn, and clinical results. This was done to answer 4 key
questions: (1) To what extent was the individual variation of
brainstem anatomy reflected in the position of the PPTg and
stimulating lead? (2) Where were the leads with respect to the
planned anatomic target? (3) Was the electrical configuration of
active contact pairs related directly to the position of the lead or
to the trajectory angles? (4) What, if any, was the relationship
among landmarks, lead position, electrical configuration of
contacts, and clinical resules?

PPTg DBS IN MOVEMENT DISORDERS

SUBJECTS AND METHODS

Subjects

The study was performed in 28 patients, 24 affected by PD and 4 by
progressive supranuclear palsy (PSP). Their average age was 61.2 *
13.9 years (mean = SDj range, 43-76). All but 2 patients were male. Of
the 28 parients, 2 were excluded from the correlation analysis, because
1 patient underwent microrecordings in an attempt to identify discharge
patterns of PPTg neurons and was not implanted, and 1 patient
experienced intraoperative bleeding in the right globus pallidus internus.
The duration of disease before surgery was 9.0 * 3.6 years, and the
postsurgical follow-up was 3.8 = 1.5 years. Details concerning the
duration of disease, diagnosis, and typology of implantation are given in
Table 1. Patients were recommended for surgery by neurologists on the
basis of their main clinical symptoms. The surgical procedure was
approved by the local ethics commirttee, and all patients provided
a written personal informed consent.

Methods

Preoperative Neuroradiology

TT and T2 acquisitions of axial (volumetric), sagittal, and coronal
magnetic resonance imaging (MRI) slices were performed (Philips,
Gyroscan NT, 1.0 Tesla). The axial slices of the brainstem were taken
parallel to the pontomesencephalic junction (PM]) and perpendicular to
the ventricular floor line (VFL). Slices were spaced at 0.5 mm, and the
thickness of each axial slice was set at 1 mm to obtain MRI images that
could reliably be compared with those reported in the Paxinos and Huang
(PH) atlas (Figure 1A, B).

Anatomic Measurements

Anatomic measurements were made by using preoperative MRI
according to the acquisition method described above. We adopted specific

TABLE 1. Clinical Characteristics of Patients and Stimulation Parameters”

Age 61.2 + 13.9°
Sex 2 F (7.1%)
Disease 4 PSP (14.2%)
Duration 9.8 + 41°
Total operated patients 28

Targeted PPTg
Implanted patients

34 (1 patient microrecordings only)
27 (1 adverse event in right GPi)

PPTg (n = 33) Bilateral
Chronic DBS patients 26/28
Follow-up 3.8 = 1.5” (1-6 years)
DBS Monopolar
Group 1°
Amplitude 56 = 13° V (PSP)
Pulse width 60 ps
Rate 25 Hz (6 patients)

Range 43-76 y
26 M (92.8%)
24 PD (85.7%)

Range 216 y
6 (21.4%) Unilateral 21 (78.5%) (1,left side)
0/26 Bipolar 26/26 patients
8/26 patients (30.7%) Group 27 18/26 patients (69.2%)
33 + 1.0V (PD)
60 ps

40 Hz (20 patients)

“DBS, deep brain stimulation; PD, Parkinson disease; PPTg, pedunculopontine tegmental nucleus; PSP, progressive supranuclear palsy; GPi, globus pallidus internus.

“mean = SD.
“Tight configuration, requiring stimulation through 2 adjacent contacts.
9Spaced configuration, requiring stimulation through 2 not adjacent contacts.
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PPTg DBS IN MOVEMENT DISORDERS

FIGURE 1. Anatomic and lead parameters. A, preoperative axial volumetric MRI taken at the level of the PM]. B, the section +33
of the PH atlas is overlapped with the MRI section illustrated in A. The ML and the PPTg are highlighted in yellow and blue,
respectively. C, sagittal anatomic landmarks represented on a preoperative MRI section. D, Y and Z lead parameters, and B- and
y-angles in a postoperative sagittal MRI section. E, coronal postoperative MRI section taken along the lead plane. B, the coronal
a-angle and the X parameter are reported in the same MRI section. FFL, fastigial floor line; ML, medial lemniscus; PH, Paxinos and
Huang; PM], pontomesencephalic junction; PPTg, pedunculopontine tegmental nuclens; VFL, ventricular floor line.

brainstem measures to better detail the anatomy of the stereotactic space to
target the PPTg (Figure 1).

The axial parameters were measured on axial volumetric MRI slices
(Figure 1A, B) and designated with the letter A as follows: (1) The A,
distance, ie, the diameter of the pons between its lateral borders; (2) The
Ayp distance, corresponding to half of the distance of Al, measured
along the Ay line; (3) The A; distance, between the anterior border of
the pons and the VFL; (4) The Ay, distance, ie, half of the A, distance,
drawn on a line tangent to the medial lemniscus (ML). This parameter
corresponds to the distance between the VFL and a line rangent to the
ML representation, running parallel to the VLF itself. In our practice this
is the most useful parameter to establish on MRI the Y coordinate
(Figure 1A, B); (5) The A; distance, ie, the diameter of the pons berween
its anterior and posterior borders measured along the midline; and (6)
The A4 distance, between the VFL and the posterior border of the pons.
We also considered the wvariables AA;;» (A;,zMRI-A;,,PH) and the
AAss (Ay»MRI -A,,PH), which were the differences berween the A, >
and the Ay, distance resulting from the comparison of MRI-based and
PH atlas-based individual measurements.

The sagittal parameters were measured on sagittal MR slices (Figure 1C)
and designated with the letter S as follows: (1) The S, distance, from the
plane formed by the top of the midbrain, considered at the middle point of
the posterior commissure, to the PM]; (2) The S, distance, between the
PM]J and the Obex; (3) The Sy distance, between the top of the midbrain
and the Obex, representing the length of the brainstem (long axis); (4) The
Sy distance, corresponding to the width of the pons measured along the
fastigial floor line (FFL). This line starts from the fastigial point (F) and
runs parallel to the PM]J; (5) The S5 distance, between the PM] and the
FFL; (6) The S4 distance, between the Obex and the FFL; and (7) The &
angle, formed by the VFL and the quadrigeminal plate. This angle provides
an index of the vertical extension of the midbrain, because the further it
approaches 180°, the greater the height of the midbrain (Figure 1C).

Surgical Procedure

We used the same procedure described in detail in previous
studies.”**>*" All patients were implanted with the quadripolar 3389
DBS lead (Medtronic, Minneapolis, Minnesota, Neurological Division).
In brief, the plan to target the PPT'g was based on stereotactic angio-
computed tomography (CT) scans by using the PM] as a major reference
point and also taking into account the VFL and the Obex. The 3-D
reconstruction of the cerebral vascular system, made by means of the
navigation Maranello Stereotactic System (CLS Titanium, Forli, Traly),
allowed us to exclude the possibility that any conflict could occur
between the chosen lead trajectory and the vessels.

Postoperative Neuroradiology

The correct positioning of the lead was also confirmed in 24 patients
by postsurgical MRI, and in 3 patients by CT, because the latter patiencs
had claustrophobia that made MRI impossible. Postoperative MRI,

NEUROSURGERY

acquired by using the same method of preoperative imaging, allowed us
to evaluate the spatial relationships between the lead contacts and
anatomic brainstem landmarks, such as the PM]J, VFL, and FFL, and to
calculate the coordinates Y (millimeters in front of the VFL), Z,
(millimeters below the PM]) (Figure 1D), X (millimeters from the
pontine midline) (Figure 1E, F), and the inclination of the lead
trajectory (coronal a-angle, sagittal B-angle, sagittal y-angle between
the lead trajectory and the tangent to the medial lemniscus) (Figure
1D, F). The distance of contact 0 from the Obex (Sgpe.) Was taken into
account when evaluating the difference from patient to parient in the
lead depth in the pons.‘j’l To appropriately overlap dara from MRI on
the PH atlas, we identified the axial slice in the PH atlas in which the
PM] may be recognized, ie, the +33 slice (Figure 1A, B), such that this

slice served as a reliable reference for reconstructing the brainstem.

Atlas-based 3-D Reconstruction of PPTg Anatomy

A 3-D representation of the PPTg was obtained by combining the PH
atlas slices +31, +33, and +35 (Figure 2A, B). Because the 2-D slices are
not reported at the same magnification in the PH atlas, it was necessary to
normalize them before applying for the reconstruction of the measure-
ments performed on the preoperative MRI of each patient to calculate
the variability of anatomic distances (AA;; and AA,py (Figure 3B, G;
Figure 4A, B and Figure 5). The Rhinoceros software ver.3 SR4 was used
for constructing the 3-D representations from 26 patents, and data were
included in the Medico-Cad planning navigational tool of the Maranello
Stereotactic System (CLS-Titanium, Forli, Traly). The same method was
adopted in the 3-D representation of the 3389 lead and the active contacts
in real size (Figure 2A, B).

Stimulation and Clinical Postoperative Follow-up

The electrode implantation was followed over a 15-day test period in
which patients were studied in order to verify if any effect due to the mere
mechanical presence of the lead occurred. Once this possibility was
excluded, clinical evaluation was performed in both OFF DBS and ON
DBS conditions, before the definitive application of the pulse generator
(Kinetra or Soletra, Medtronic, Minneapolis, Minnesota, Neurological
Division). Thereafter, the stimulation was tested varying the electrical
configurations, ie, monopolar vs bipolar, high frequency vs low frequency,
continuous vs cyclic. The neurological examination was done by
evaluating the Unified Parkinson Disease Rating Scale III (UPDRS III)
and subitems 27 to 30°! in different conditions, ie, OFF drugs/OFF
DBS, ON drugs/OFF DBS, OFF drugs/ON DBS, and finally, ON
drugs/ON DBS. The Hoehn and Yahr (HY) disability scale was used
(Table 2) to assess the reduction in the severity of clinical aspects of the
disease.”™ Clinical examinations were repeated every 3 months. If
required, resetting of stimulation was performed. The clinical results
following 1 month of continuous DBS are reported in Table 2. Having,
to date, all 28 patients completed the first year of follow-up, we included
in the study only data concerning this period of time.

VOLUME 73 | NUMBER 5 | NOVEMBER 2013 | 897
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FIGURE 2. Different size of anatomic structures and different Z position in the PPTg area in 2 representative patients (22 and
10). The 3-D reconstructions refer to axonometric (A, D) and frontal (B, E, C, ¥) views. The PP1g (blue), the medial lemniscus
(yellow), the IV ventricle (gold), the pair of active contacts (ved positive, green negative), and the non-active contacts (gray) are
indicated. The lead (gray) is in real dimension. In C and ¥, the yellow line represents the PM] level as inferred in ihe slide +33 of
the PH atlas, whereas the black lines refer to the PH slide + 35 (upper line) and to the PH slide +31 (lower line). PH, Paxinos
and Huang: PM], pontomesencephalic junction; PPTg, pedunculopontine tegmental nucleus.

Statistical Analysis

Anatomic aspects and clinical outcomes were evaluated in relation to
lead configuration using one-way analysis of variance with stimulation
setup (pair of active contacts and polarity) as the independent variable.
Pairwise comparisons of motor and functional scores of the baseline and
follow-up evaluations were made with the nonparametric Mann-Whitney
U matched-pairs test. Correlation between anatomic parameters, clinical
outcomes, stimulation setup, and lead position was assessed by calculating
the Spearman p and the percentage of correlation (P value). Statistical
analyses were conducted using the SPSS v. 9.0 statistical package with
significance set at P = .05. All data were presented as mean * SD.

RESULTS

Surgery

No adverse events occurred during or after PPTg surgery. Two
patients died 7 years after the surgical procedure of supervening
diseases, unrelated to PPTg implantation and to their neurological
disease. Unfortunately, it was not possible to conduct autopsy
verification of their brains. Oscillopsia, trigeminal pain, and
urinary incontinence were not observed during either the post-

898 | VOLUME 73 | NUMBER 5 | NOVEMBER 2013

surgical follow-up or PPTg stimulation. The most common
consequences of PPTg DBS were paresthesias in the hemisomi
contralateral to the implanted side which were felt by patients as
PPTg DBS was initiated or in coincidence with modifications of
electrical parameters, in particular, when stimulation amplitude
was increased (Table 1). Over time, perception of paresthesias
decreased and finally disappeared.

DBS Configuration and Patient Groups

The clinical characteristics of patients and stimulation param-
eters are summarized in Table 1. All patients were stimulated with
electrodes in a bipolar configuration. Of the 26 patients
implanted for chronic DBS, 14 were stimulated with the contact
1(—) and contact 3(+) pair. The 0(—) contact was used in
combination with the contact 1(+) in 5 patients, and with
contact 3(+) in 4 patients. Three patients required stimulation
through the intermediate pair configured as 1(—) and 2(+)
(Figure 4A). Thus, it was evident that, as far as contact
configuration was concerned, patients could be distinguished
between those who required activation of a pair of adjacent

www.neurosurgery-online.com
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PMYJ, ponto mesencephalic junction; PPTg, pedunculopontine tegmental nucleus;
VEL, ventricular floor line.

contacts ([igh[ conﬁguration; group 1, 8 pa[ients), and those who
required activation of a pair of contacts spaced by at least 1 contact
(broad configuration; group 2, 18 patients) (Figure 6E). Contrary
to the 25-Hz frequency of stimulation applied in the first
6 patients, a stimulation frequency of 40 Hz was delivered in
all the other patients. Patients affected by PSP required higher-
voltage stimuli (5.6 * 1.3 V) than those required by PD subjects
(3.3 = 1.2 V). In all patients, the pulse width was 60 s (Table 1).

NEUROSURGERY
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Comparison of Anatomic Landmarks Between
Atlas-based and Patient-based Measurements

The value of the variable AA, /, based on the patients’ anatomy
did not significantly differ from the reference value calculated in
the PH atlas. However, in the PH atlas, no measurement could
be made concerning the A, and Aj distances, because the atlas
does not include the anterior part of the brainstem where these
parameters may be measured. The A/, value varied in the PH
atlas slices, and therefore the average value of 14.5, resulting from
the measurements of slides +31, +33, and + 35, was taken as the
atlas reference and used to calculate the variable AA,;, in the
patient’s brainstem. From the analysis of dara, it is evident that
the largest variance was in the A, distance; thus, among the axial
parameters of the human brainstem the laterolateral extension
had the greatest variability between patients.

In comparing the values of sagittal parameters between group 1
and group 2, a statistically significant difference occurred only for
the distance Sy (P = .03).

Correspondences of the PMJ Level Between PH Atlas
and MRI Slice

In the slice +33 of the PH atlas, the inferior colliculus has the
largest representation; the dorsocaudal representation of IV
ventricle begins to appear and the nucleus of the IV cranial
nerve is present; thus, this slice may be considered as a slice taken
at the PMJ level. The slices +34, +35, and + 36, which include
the [Cpfﬁsellta[ioﬂ Of‘ thf: aquf:duc[, may bC Cﬂﬂsidered as lOCath
above the PM], whereas the slices +32 and +31 may be
considered as located below the PM], the latter slice representing
the inferior border of the PPTg.

UPDRS Ilil, Subitems 27 to 30, and HY Evaluations

The UPDRS III score in the OFF drugs/OFF DBS condition
was 70.2 = 16.5 at 1 month of follow-up. In the ON drugs/OFF
DBS condition, the score was 34.9 £ 12.8, significantly lower in
comparison with the previous condition (2 = .001). A significant
reduction in the UPDRS III was also obtained in the OFF drugs/
ON DBS condition (28.9 = 11.3, 7=.001). An improvement in
UPDRS, although not significant (P = .07), was observed during
the OFF drugs/ON DBS treatment compared with the ON
drugs/OFF DBS condition (Table 2). A significant improvement
in the UPDRS score was also obtained by combining drug
therapy and DBS (23.5 * 2.3) in comparison with the OFF
drugs/OFF DBS condition (2 = .001). The differences between
drug or DBS therapy alone and combined treatment did not
reach the level of statistical significance (P = .1 for both
comparisons).

The score of subitems 27 to 30 in the OFF drugs condition was
5.2 &= 2.2, whereas in the ON DBS condition (CAPIT), it
improved o 2.9 = 1.0 (2 = .001). The difference between
preoperative and postoperative HY scores was also significant

(3.7 = 0.6 and 2.2 £ 0.8, respectively, P = .001) (Table 2).
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The percent change (A %) of both the UPDRS III and HY
scale was significantly correlated with the values of contacts X,
and X3 and of the Sgop., (Table 2).

Positions of the Leads and Angles of Trajectories:
Correlation Between Anatomic Data, Lead Location,
Clinical Outcomes, and Electrical Setup

The lead was oriented at 83.3 * 7.3° in the anteroposterior
direction with respect to the PM], according to the Sg angle
(Figure 1D). In 10 of 27 patients, the inclination was exactly 90°
with respect to the PM]. Thus, in these 10 patients, the
4 contacts shared exactly the same distance from the VLE. The
Sy-angle had a value of 21.2 % 6.2°. No statistically significant
difference was observed when comparing the variance of the
Sg-angle (53.3°) and the variance of the &-angle (54.7°). The
inclination of the lead trajectory in the coronal plane, expressed
by the Ca-angle, was 17.3 = 5.0° (Figure 1F).

900 | VOLUME 73 | NUMBER 5 | NOVEMBER 2013

The values of X, Y, and Z coordinares, and the measure of S,
were evaluated and compared with the PH representation (Figures
1D, F and 3 A-C). The Zy and Soype. parameters, which give the
depth of the lead with respect to the PM] and the Obex, respectively,
were influenced both by the height of the pons and by the anatomic
individual variability of the position of the PM]. If we consider each
single lead position and the configuration of active contacts
compared with the individual PM] position and the craniocaudal
PPTg representation, we may conclude that 3 patients had the lead
contacts Ol_ltsl'.df.' r_hc lOWC[ adaslbased GCrCSCntatiOn Of t}le DLICICUS
(Figure 4A). The lead position was not significantly correlated with
the anatomic data (7 = .05, analysis of variance), nor did statistical
analysis demonstrate any correlation between the X, Y, and Z
coordinates and the Ay, Ay, and Ayjp values, respectively.

Also, there was no correlation between improvements in
UPDRS I1I and HY score and the variables AA;;» and AA,,,
and thus the anatomic variability of the patients brainstem with
respect to the atlas-based values did not influence cither the

www.neurosurgery-online.com
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FIGURE 5. Examples of anatomic variations in the brainstem of 4 patients. These variations influenced the X and Y axial
coordinates, concerning contact 0 (open circle, upper panels) and contact 3 (filled circle, lower panels). The different extent of the
patients PPTg box (dashed lines rectangle), with respect to the box dimensions represented in the PH atlas (continuous lines
rectangle). The lead position takes into account the differences between A1/2 and A2/2 (bidirectional dashed black lines) in the
patients with respect to PH values (bidirectional continuous black lines). PH, Paxinos and Huang; PM], pontomesencephalic

contacts configuration or the clinical outcome. When comparing
the anatomic variables between group 1 and group 2 patients, no
statistically significant difference was observed (Table 3).

The X and Y coordinates for each single contact, in relation to the
axial plane of the PPTg crossed by the lead, are reported in Table 4.
These values were represented on the corresponding level in the PH
axial slices where contacts appeared to be placed in a correct position
with respect to the boundaries of the nucleus (Figure 4B). The
representation of the mean values of contact location on the PH
slices did not require any graphic manipulation, and values were
reported as they were in graphical form (Figure 4B). It should be
emphasized that, in planning the surgery, the anatomic differences
from patient to patient were taken into account with respect to the
dimension of structures reported in the PH atlas, in particular, for
establishing the X and Y coordinates, as illustrated in Figure 5.

Contacts Configurations and Leads Location:
Clinical Impact

There was no difference in the clinical outcome in patients in
both groups 1 and 2; accordingly, no statistically significant

NEUROSURGERY

difference was noted in basal condition in the total score of
UPDRSIII (P = .13), in the HY scale (P = .34) and in subitems
27 to 30 of the UPDRS (P = .85). Both groups significantly
improved (P =.001) in UPDRS I1I, in 27 to 30 subitems and in
HY disability score during the postsurgical follow-up, ie,
irrespective of the configuration of the pair of active contacts
(Figure 6 A-C, upper panels). Conversely, group 1 patients
showed a significant improvement in comparison with group
2 patients when they were evaluated according to the percentage
of improvement in HY scale (Figure 6A, lower panel). According
to the measurements made on postsurgical MRI slices, in group
1 patients the lead was located more distal to the midline
(X coordinate) (P = .05) and deeper (Sope, distance) (P =.03) in
comparison with group 2 patients (Figure 6D).

DISCUSSION

The present study was based on the analysis of anatomic data
concerning the pontomesencephalic region in 28 patients affected
by PD or PSP, who underwent PPTg DBS to control gait and axial
disturbances. Measurements of landmarks done on MRI slices
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TABLE 2. Clinical Evaluation (1 Month of Continuous PPTg DBS)”

Drugs PPTg UPDRS Il Subitems 2730 HY

OFF OFF 70.2 = 16.5% 52 + 2.2° 3.7 £ 0.6°

ON OFF 349 + 1280 41 £1.2 3.1 £ 04

OFF ON 28.9 + 11.3Y 29 = 1.0 2.2 = 0.8°°

ON ON 235 £ 11.1¢ 2,504 2.0 £ 0.2
A UPDRS IlI A Subitems A HY
59.2 = 10.5 40.7 = 105 38.5 = 18.8

Anatomoclinical Correlation Analysis
A UPDRS Ill A HY

Variables Spearman p P Value Variables Spearman p P Value

X 5 .003 7 5 .009

Xz .04 .042 X3 .5 .004

Sobex 4 .039 Sobex 4 023

“ANQVA, analysis of variance; DBS, deep brain stimulation; HY, Hoehn and Yahr; PPTg, pedunculopontine tegmental nucleus; UPDRS IlI, Unified Parkinson Disease Rating Scale IIl.

o[CJ4 P=.001 vs*, ANOVA.
°¢ P= 001 vs *, ANOVA.
®e P= 007 vs *, ANOVA.

Formula for AUPDRS 11l =

OFF drugs/OFF DBS — OFF drugs/ON DBS

OFF drugs/OFF DBS ’

OFF drugs — ON DBS

Formula for Asubitems =

OFF drugs
_ OFF drugs — ON DBS
Formula for AHY = OFF dugs

showed considerable individual variability from patient to patient,
which was appropriately considered during the surgical planning
to target the PPTg. This variability is critical in establishing the
spatial representation of the PPTg and makes the identification
and representation of the PPTg obtained from the Schaltenbrand
and Wharen atlas, which is based on the anatomy of a single brain,
unreliable. In our opinion, when dealing with brainstem neuro-
surgery, the marked variability of the height of the mesencephalon
with respect to the PM] is a major factor that makes the use of
traditional landmarks such as the bicommissural line and the
posterior commissure for determining stereotactic coordinates
useless. >0

Despite the fact that the Schaltenbrand and Wharen atlas™ is
the only neurosurgical atlas illustrating the brainstem (albeit in
part), we preferred the PH brainstem atlas® to represent and
illustrate our pre- and postsurgical data. This choice was
motivated by the detailed description of brainstem structure in
PH atlas slices.” A crucial aspect of our method was the
identification of the PMJ level on the +33 slice of the PH atlas.””
This slice represented a reliable reference to exactly translate
measurements done on MRI in graphical form, thus allowing us
to evaluate correlation between anatomic, electrical, and clinical
data. This reconstruction, which required the use of complex
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informatics and mathematical procedures, provided the basis first
for a 2-D and then a 3-D representation of brainstem structures.
The 3-D spatial representations also provided a valuable tool to
understand where stimulation was applied in the brainstem and
to investigate whether any correlation occurred between anatomic
dara and clinical outcome.

The lack of a statistically significant correlation between the
landmarks used for the surgical planning could be explained by the
fact that the planning was based on the individual anatomic
parameters of each patient rather than on absolute values.

The statistical analysis revealed thart the electrical setup was not
correlated with the clinical scores. However, in some patients, the
best clinical outcome was obtained with the lead positioned in
a more lateral and deeper position than in other patients and with
2 adjacent contacts as the active pair for stimulation delivery. This
finding suggests the existence within the PPTg area of a region
whose stimulation may give a better clinical result. Surprisingly,
however, a good clinical effect was also observed when stimulation
was applied in a site close to the spatial representation of the PPTg
(Figure 2A, B). Thus, there could be no specific area within or
adjacent to the PPTg in which stimulation consistently provides
the best clinical result. Assuming that stochastic variations of lead
position could have occurred,”’ these would not have influenced
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FIGURE 6. Correlations between electrical setup, clinical outcome, and lead coordinates.

A, effects of PPTg DBS on the HY scale

score with respect to the basal condition. The white and gray bars (upper part) represent group 1 and group 2 patients, respectively,
in preoperative and postoperative conditions. The bar graphs (lower part) represent the différence in the percenrage of
improvement (A%) of the HY score, between the 2 groups. B, comparison of UPDRS III score between basal and follow-up
conditions in the 2 groups (upper part), and A % (lower part). C, comparison of subitems 27 to 30 between basal and follow-up
conditions in the 2 groups (upper part) and A % (lower part). D, the bar graph represents the coordinates (mean + SD) of all
leadls compared across the 2 groups of patients. Statistical analysis was performed by the nonparametric Mann-Whitney U
matched-pairs test. The significance refers to one-way analysis of variance (ANOVA). E, representation of group 1 = 8 patients
(white bars) and group 2 = 18 patients (gray bars). The numbers above the contact setup indicate the number of patients for each
configuration. DBS, deep brain stimulation; HY, Hoebn and Yahr; PPTg, pedunculopontine tegmental nucleus; UPDRS 111,

Unified Parkinson Disease Rating Seale I11.

the clinical results, as also commonly conceived for DBS of the
subthalamic nucleus (STN). These observations raise the possibility
that the effectiveness of the PPTg DBS might not be mediated by
an action directly exerted on those neurons not yet degenerated in
the PPTg in PD and PSP.' 63637

The pontotegmental region located posterior to the ML
includes the PPTg and is known to be primarily involved in
the control of gait and posture.”® However, there is no proof

NEUROSURGERY

of a somatotopic organization of this region in the human
brain; thus, the results of the PPTg DBS can not be site-
specific when the simulation is applied within this region in
which, in addition to poorly deﬂned neuronal populations,
descending axonal bundles also run.’” In such circumstances,
the PPTg would be considered as a functional point within
a region that is strategic for DBS application in movement
disorders.
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TABLE 3. Correlation Analysis Between Anatomic Parameters, Pathology and Lead Configuration
Anatomic Parameters Pathology
A2 PD (22/26) PSP (4/26) P Value
Variables Spearman p P Value Variables Mean = SD (Range) Mean + SD (Range)
Sw .042 021 Xo 6.9 = 1.4 (5-10) 42 *+ 2.8 (0-6) .007
Ss —.621 .001 X3 8.9 * 1.1 (7-11) 7.0 = 3.3 (2-9) .035
S4 552 .005 (3 6.5 = 3.7 (12-23) 22,0 = 8.6 (12-30) .043
Lead setup
A A2/2 Group 1 (8/26) Group 2 (18/26)
Variables Spearman p P Value Variables Mean *= SD (range) Mean * SD (range) P Value
Sw 455 .020 Xo 7.8 £ 1.4 (6-10) 58 * 1.7 (0-8) .01
Ss —.611 .001 X3 0.7 £ 0.8 (9-11) 81 18 (2-11) .010
Sy 533 .003 G- 36.4 = 3.3 (30-40) 31.8 = 5.4 (18-41) .039

Given that that the Medtronic 3389 electrode we used spans
d distaﬂce Df8 min from [he deepest to most Superﬁcia_l contacrt
and that the length of the PPTg is approximately 1 ¢cm, we can
not exclude the possibility that stimulation involved structures
close to the PPTg, such as the cuneiform nucleus,?® at least in
those patients in whom the deepest contact was located at the
level of the PM]J. Thus, according to our results, we have to
assume that there may be substantial differences between STN
DBS and PPTg DBS. Although the effects of STN DBS may
depend on the STN neuronal population spared in PD, the
effects of PPTG DBS may not be strictly linked to neurons
still surviving in the PPTg region in both PD and PSP.
Activation of fibers passing close or within the stimulated
region may contribute to the positive effects of PPTg DBS
on those symptoms that are not influenced by dopaminergic
mechanisms or responsive to STN DBS, such as postural
instability and gait disorders.'*'?3"2%4! n this regard, it is
also worth nothing that the chronaxie of fibers is lower than that
of cells, so that stimuli in the 50- to 100-ps range preferentially
activate fibers.”**?

TABLE 4. X and Y Axial Coordinates (Mean + SD) of Lead Contacts
Crossing the PH Atlas Slices”
Lead 3389 Contact0 Contact1 Contact2 Contact3
Slice
+ 31 6.5 = 0.7 7.7 =03 7.7 = 1.1 6.0+ 14
X +33(PMJ)) 78+18 75*+07 82+03 8628
+ 35 — 82 +14 82+03 90=*00
+ 31 60+14 72+03 65+21 8.0 + 1.1
Y +33(PMJ) 6804 6510 75=*07 70 =22
+ 35 — 72+04 72+10 80+*14

“PH, Paxinos and Huang; PMJ, pontomesencephalic junction.
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The clinical outcome in our patients deserves particular attention
in comparison with the small cohorts of patients reported in the
literature™ #1177 and with the large body of clinical results
arising from DBS of the STN.*>** The different results for PPTg
DBS reported by other authors”'*'*'®'7 may be due to several
factors. In general, patients in our selection were younger than
[hDSE lmplanted by Ot}lef ElthhOrS; thl_ls, nﬁuroﬂﬂ.l degﬁneration
could have affected patients at different degrees. Furthermore, the
several implantations we have performed allowed us to refine and
standardize the targeting and the stimulation procedures as the
number of patients increased, and the final position of an active
contacts pair could have played a crucial role in determining
differences in the clinical outcome,'®2!2>36:4546

CONCLUSION

The innovative methodology and data reported in the present
article offer the basis for a rational neurosurgical approach to
PPTg, and help us to understand the relationships between the
lead position, as commonly verified by MRI, and the anatomy of
the brainstem reported in human atlases. Moreover, the data
provide new aspects that may contribute to explaining the
functioning of DBS in the pons.
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COMMENT

he authors provide an interesting analysis of the anatomy of the pe-
dunculopontine tegmental nucleus (PPTg) as it relates to targeting

deep brain stimulation (DBS) in this region to treat Parkinson disease
(PD) and progressive supranuclear palsy (PSP) and responses to DBS. The
topic is timely and relevant, PPTg has been proposed as a target for DBS to
treat PD and PSP symptoms that do not respond to DBS of current
standard targets (subthalamic nucleus and globus pallidus), but existing
publications of PPTg DBS provide conflicting results regarding efficacy. A
potential source of discrepancies between reported outcomes of PPTg

VOLUME 73 | NUMBER 5 | NOVEMBER 2013 | 905



MAZZONE ET AL

DBS is that PPTg is an ill-defined structure and there is a lack of clarity
aboutwhich spcciﬁc portion of the [’P’l‘g, if any, serves as the “ideal” target
for DBS. The authors provide a detailed evaluation of brainstem anat-
omy with respect to PPTg, DBS lead locations, stimulation parameters,
and clinical outcomes in a sizeable series of patients who underwent
PPTg DBS. They conclude that variability of brainstem anatomy war-
rants individualized PPTg DBS rargeting, but they report also a lack of
correlation between lead position and outcomes, observing that benefits

of PPTg DBS may not be linked directly to the site of stimulation. This
report provides further evidence in support of the utility of PPTg DBS
for treatment of symptoms related to PD and PSP, but will likcl_‘,r stir
further discussion about whether there is or is not a specific region within
PPTg that is the preferred target for DBS.

Kenneth A. Follett
Omaha, Nebraska
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