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Abstract

Objective: The aim of this work was to study mechanisms of
action of electrical stimulation of prelemniscal radiations
(Raprl) in the treatment of Parkinson disease, using 2-deoxy-
2-fluoro-D-glucose ('8F-FDG) Positron Emission Tomogra-
phy (PET/CT). Material and Methods: Five patients with PD
and predominant unilateral tremor, rigidity and bradykine-
sia underwent deep brain stimulation (DBS) in contralateral
Raprl that improved symptoms from 82.4 to 94.5%. '8F-FDG
PET studies were performed before electrode implantation
and after DBS therapy. Changes in metabolic activity in PET
were evaluated by the maximal standardized uptake value
(MSUV) and statistical parametric mapping (SPM) for regions
of interest (ROIs) ipsilateral and contralateral to the stimula-
tion site. ROls were derived from a preoperative probabilistic
tractography and included primary motor, supplementary
motor and orbitofrontal cortices: Raprl, ventrolateral thala-
mus, putamen and cerebellum. Results: No significant MSUV

changes occurred in ROIs contralateral to Raprl-DBS. In con-
trast, MSUV decreased ipsilateral to DBS in Raprl, the thala-
mus, and the primary and supplementary motor cortices.
SPM analysis showed metabolic changes which were signif-
icantly different after DBS therapy in all ROIs ipsilateral to
DBS compared to those in the contralateral side. Conclusion:
Raprl-DBS decreases the metabolic activity of areas anatom-
ically related to its fiber composition. Improvement of symp-
toms may result from a decrease in pathological overactivity
of circuits related to the ROls. ©2015 S. Karger AG, Basel

Introduction

Deep brain stimulation (DBS) is a well-established
therapy for patients with Parkinson disease (PD) who
have unsatisfactory control of symptoms or experience
side effects with medication. Patients with drug intoler-
ance or early complications may be referred for surgical
treatment when symptoms remain prominent only on one
side. In such patients unilateral DBS on the side contralat-
eral to the hemi-body showing the most prominent symp-
toms is indicated.
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Several targets have been effective in controlling motor
symptoms of PD, most frequently the subthalamic nucle-
us (STN), globus pallidus internus (Gpi), and nucleus ven-
tralis intermedius (Vim). While STN-DBS has become the
gold standard for surgical therapy because it ameliorates
the symptomatic triad of PD, associated cognitive or emo-
tional changes have been reported to complicate this ther-
apy [1-3]. Gpi-DBS is used mainly in rigid and bradyki-
netic patients as its effect on tremor is less consistent [4],
and Vim-DBS is only effective on tremor but does not
ameliorate rigidity or bradykinesia [5]. For these reasons,
other targets to treat PD are being evaluated.

For many years unilateral PD acral symptoms were
successfully treated with lesions [6-9] and more recently
with DBS [10-14] of the posterior subthalamic area (PSA).
While all reports attest to the efficacy of the PSA-DBS,
particularly for tremor, but also for rigidity [11] and bra-
dykinesia [10], there is controversy about the precise loca-
tion of the optimum target; in some reports DBS is di-
rected to the caudal zona incerta (Zic) [13, 14], while oth-
ers direct DBS to the prelemniscal radiations (Raprl),
which is the white matter region located anterior to the
medial lemniscus, medial to Zic, lateral to the red nucleus
(Ru) and posterior to the STN [10-12]. The rationale for
directing DBS to these fibers is the proven clinical efficacy
of such therapy, yet the fiber composition of the Raprl and
the possible mechanisms of action of its electrical stimula-
tion have remained obscure. An opportunity to study this
mechanism arose from the need to operate on a small
group of patients with prominent unilateral symptoms,
whose contralateral less affected hemisphere served as a
control for the treated side in the image studies. Studies
were directed first to demonstrate Raprl fiber composi-
tion that might explain why DBS decreased the PD symp-
tomatic triad. Thereafter, we analyzed changes in the met-
abolic activity of regions of interest (ROIs) induced by
DBS, as indirect evidence of neuronal and neuronal fiber
activity, evaluated by positron emission tomography cou-
pled with computerized tomography (PET/CT).

Material and Methods

Five patients, 4 males and 1 female aged 43-66 years, who met
the UK Parkinson’s Disease Society Brain Bank Criteria for idio-
pathic PD, were selected for the study. None had a family history
of PD, encephalitis, or exposure to toxic or neuroleptic drugs. All
of the patients presented prominent unilateral tremor, rigidity and
bradykinesia that improved over 30% in the Unified Parkinson’s
Disease Rating Scale (UPDRS) part III (motor) score by adminis-
tration of L-DOPA/CARBIDOPA 500 mg/day. They were classi-
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fied as Hoehn-Yahr stage 1.5-2.5 OFF medication; their symptoms
were prominent on the right side in 4 cases and on the left side in
1 case. They were considered for surgical treatment because initial
improvement with L-DOPA was complicated by motor fluctua-
tions (1 case) or was associated with dyskinesia (2 cases) or with
intolerance to the medication (2 cases). Patients were stereotacti-
cally implanted with tetrapolar electrodes for DBS (DBS-3387,
Medtronic Inc., Minneapolis, Minn., USA) directed to the Raprl in
the PSA contralateral to the most prominent symptoms, as de-
scribed previously [8, 10, 11, 15]. Briefly, stereotactic coordinates
for indirect targeting were 2/10 the length of the intercommis-
sural (AC-PC) line in front of the anterior border of posterior com-
missure; 2/10 below the AC-PClevel and 4.5/10 lateral to the mid-
sagittal plane. Direct targeting oriented electrodes to the white
matter adjacent to the lateral border of Ru and posterior-medial to
the internal border of STN (fig. la). Microelectrode recordings
guided the placement of DBS electrodes in the posterior subtha-
lamic region onto fibers that compose the Raprl [15]. Transopera-
tive macrostimulation confirmed the effect of DBS on tremor, ri-
gidity and bradykinesia, which in 4 cases improved with the simple
insertion of the electrode. Correct positioning of the electrodes on
the intended target was confirmed by postimplantation 1.5-tesla
MRI, performed before internalization of the neurostimulation
system (fig. 1a).

The following day bipolar stimulation was performed through
different adjacent contacts of electrodes in a free moving session
for deciding the pair of contacts that would be used for chronic
stimulation, on the basis of alower current amplitude for symptom
control and a higher threshold for adverse events. Electrical stimu-
lation was set at 130 Hz, 90-120 ps, 1.5-2.5 V, bipolar between a
pair of adjacent contacts, usually contacts 1-2 [15]. Contralateral
symptoms improved in all patients, and after DBS was optimized
(2-3 months) the UPDRS motor score decreased by 82.4-94.5%
on the contralateral side (table 1).

MRI Acquisition

Prior to the surgical procedure, patients underwent a 3-tesla
MRI scanning session (Philips Achieva TX, Best, The Netherlands)
in which diffusion-weighted images (DWI) were acquired using a
single-shot echo-planar imaging sequence with 120 unique, diffu-
sion-encoding gradient directions with b = 2,000 s/mm? (along
with 4 non-DWI, b = 0 s/mm?), with a voxel resolution of 2 x 2 x
2 mm?®. During the same imaging session high-resolution (1 x 1 x
1 mm?®) anatomical volumes were acquired with T1 and FLAIR-T?2
contrasts. Constrained-spherical deconvolution [16, 17] was per-
formed on the DWI datasets, which estimates the diffusion profile
in each voxel, indicating the relative contribution of diffusion in
different directions, even in areas of crossing fibers. Then, track-
density images (TDI) [18] were computed based on the probabi-
listic tractography of one million seeds distributed uniformly
across the whole brain. TDI dramatically improves the working
spatial resolution by an order of magnitude, namely to 0.25 X
0.25 x 0.25 mm?, and increases the visibility of subthalamic subre-
gions. The resulting TDI, along with the coregistered anatomical
images, were used for the careful manual segmentation of the PSA
by a single operator (M.G.G.-G; fig. 1b).

Raprl segmentations were used as seed regions for the propaga-
tion of 50,000 streamlines, which were then further subdivided
based on their destinations. Regions that showed anatomical con-
nectivity with the Raprlincluded the primary motor cortex (PMC),
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Fig. 1. a Stereotactic placement of a DBS electrode in Raprl in a
postoperative axial T2 MRI of a representative case (patient 1) at
the level of the superior colliculus. The electrode (arrow) is behind
the posterior margin of the STN, lateral to the anterior pole of the
Ru, and medial to the caudal Zic. b preoperative axial T2 MRI at
the same level as in a with segmentation of different anatomic
structures identified by colors: Ru = red, STN = pink, Zic = cyan,
Raprl = yellow. ¢ Probabilistic tractography of Raprl overlapped in

supplementary motor area (SMA) and orbitofrontal cortex (OFC),
ventrolateral thalamic nuclei (Th) and cerebellum (Cer) [19]
(fig. 1b, ¢). From this connectivity pattern, these anatomical re-
gions were taken as ROIs for the present study. Since in 3 patients
the visual examination of images detected decreased metabolism
in the posterior putamen (Pu) contralateral to the most prominent
symptoms, as has been reported for idiopathic PD [20], this struc-
ture was also included as a ROIL Connectivity of the Raprl to the
pedunculopontine nucleus (PPN) and globus pallidum was also
observed, but these regions were not analyzed as they were not vis-
ible on either PET or CT.

PET/CT Imaging Acquisition

Patients had '8F-FDG PET scans 2-6 weeks prior to implanta-
tion of the DBS electrode and again 3-4 months after implanta-
tion, by which time DBS programming had reached its optimal
level. PET scans were obtained using a high-resolution lutetium
orthosilicate crystal biograph 64 PET, coupled to a 64-slice CT
scanner (Siemens Healthcare, Freiburg Germany). L-DOPA ad-
ministration was discontinued 12 h before each study. Studies
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a fractional anisotropy map. In the left image a sagittal view of
three main components can be identified: cerebellar-thalamic-cor-
tical (orange), Gpi-PPN (purple) and orbitofrontal-mesencephalic
components (blue). This pattern was found in all patients. The
right image shows an axial view of these fiber bundles and the an-
atomical segmentation of structures within the PSA; the rectangle
indicates the area enlarged in d, illustrating the convergence of
fibers as they traverse Raprl.

were performed between 8.00 and 10.00 a.m. after 8 h of fasting
and 12 h after discontinuing L-DOPA administration. Prior to the
study a peripheral vein was canalized and 370 MBeq of FDG was
administered as a 10-ml solution in saline. Patients remained
resting in a room with dimmed lights, without visual or auditory
stimuli for 30 min prior to the study. Thereafter, they were posi-
tioned in the PET/CT scanner in decubitus, with the head ori-
ented through a three-dimensional laser aligned parallel to the
canto-meatal line for axial views and to the midsagittal plane for
sagittal sections, and restrained with elastic bands to avoid mo-
tion. An anesthesiologist accompanied patients throughout the
study to detect any voluntary or involuntary head movements.
The emission scan was acquired for 8 min (128 x 128 matrix), and
PET data were reconstructed using an ordered-subsets expecta-
tion maximization algorithm (three iterations, fourteen subsets)
and a Gaussian filter. CT data were used for attenuation correc-
tion and anatomic localization. CT images were acquired using a
plain cranial protocol at 380 mA/s, 120 kilovoltage peak (kVp)
and and 1.0-second tube rotation time. Slice thicknesses were 4.0
mm for PET and 2.0 mm for CT images.
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Table 1. Demography of cases

Initials ~ Sex Age,  Years Contralateral Ipsilateral — Implanted Contralateral A contralateral UPDRS Hoehn-Yahr
years  PD symptoms  symptoms  side improvement symptoms, %  pre/post pre/post
(6 months)

LFC M 54 5 T=6 T=1 L T=0 -87.5 42/29 2.5/1.5
R=4 R=0 R=0
B=6 B=0 B=2

ELL M 66 2 T=7 T=0 L T=1 -824 37/15 2.5/1.0
R=4 R=1 R=1
B=6 B=2 B=2

FTR F 54 2 T=2 T=0 L T=0 -83.3 60/33 2.5/2.0
R=4 R=2 R= 0
B=12 B=2 B=3

RRB M 43 3 T=6 T=4 L T=0 -82.4 36/20 1.5/1.0
R=4 R=2 R=0
B=7 B=3 B=3

CPB M 43 3 T=6 T=0 R T=0 -94.5 39/8 1.5/0.5
R=4 R=2 R=1
B=8 B=0 B=0

Mean - 52 3 T=54 T=1.0 - T=02 -86.02 42.8/21  2.3/1.2
R=4.0 R=14 R=04
B=738 B=14 B=2.0

The severity of symptoms were evaluated by UPDRS Part III (motor) on a scale of 0-4 for each extremity on each side for items
20-21 (tremor; T), 23 (rigidity; R) and 24-27 (bradykinesia; B). Years PD = Years since PD was diagnosed; A% = decreased (-) or in-
creased (+) percentage from the baseline evaluation, OFF medication condition; UPDRS pre/post = global Unified Parkinson’s Disease
Rating Scale score before and after DBS treatment, OFF medication.

Semiquantitative Analysis

For comparative analysis between pre- and postoperative stud-
ies, images were realigned and normalized in a stereotactic space
using as a reference the AC-PC line. PET images were smoothed
by applying a Gaussian filter of 7 mm FWHM (full width at half
maximum) to improve the signal-to-noise ratio.

Semiquantitative analysis was performed using the maximal
standardized uptake value (MSUV) measured through the imag-
ingsoftware OsiriXMDv.1.0 (Pixmeo SARL, Geneva, Switzerland).
Since visual inspection detected a decrease in the size of meta-
bolically active areas for the ROIs on the side of Raprl-DBS (see
results and fig. 2), the metabolic areas were delineated for each
ROI in all studies on both hemispheres and their extension
measured through the same software and reported in square
centimeters.

CT studies allowed the differentiation of gray from white mat-
ter, so the number of sections analyzed for each ROI depended on
their thickness of gray matter, except for Raprl, which is white mat-
ter of about 7-mm dorsoventral thickness below the posterior third
of the AC-PC line. Therefore, consecutive PET/CT 4.0-mm-thick
sections were analyzed as follows: 4 sections for PMC starting from
the convexity down; 4 sections for SMA starting from the upper
border of the cingulate gyrus up; 3 sections of the ventral thalamus
starting from the AC-PClevel up; 2 sections for Raprl starting from
the AC-PC level down; 4 sections of the Pu from its lower margin
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up; 3 sections for the OFC from its ventral surface up, and 4 sec-
tions for the Cer.

Differences in readings for MSUV and the extension of meta-
bolic active areas for each ROI were compared in the following
conditions: (i) ipsilateral versus contralateral to Raprl-DBS in pre-
operative studies; (ii) ipsilateral versus contralateral to Raprl-DBS
in postoperative studies; (iii) ipsilateral to Raprl-DBS in pre- ver-
sus postoperative studies; (iv) contralateral to Raprl-DBS in pre-
versus postoperative studies. This last analysis provided evidence
of interstudy variability. The significance of changes was deter-
mined by the dependent paired Student t test.

Quantitative Analysis

In the 4 subjects operated on the left hemisphere, a voxel by
voxel analysis between pre- and post-Raprl-DBS images was per-
formed using statistical parametric mapping (SPM; v. 8.0) in
MATLAB 2013_B (Mathworks, Natick, Mass., USA). Intersubject
coregistration was performed using rigid body transformation in
3 translations and 3 rotations along different axes on a reference
image. Each individual brain image was normalized on an ana-
tomical atlas to be compared within a standard space (Interna-
tional Consortium for Brain Mapping). Images were smoothed by
applying a Gaussian filter of 7 mm FWHM to improve the signal-
to-noise ratio. Since the number of subjects was small, a nonpara-
metric permutation test providing family-wise error-corrected in-
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Fig. 2. Preoperative (Pre) and postoperative (Pos) PET/CT using
FDG. a A cortical axial section showing a larger metabolically ac-
tive area of the left PMC as compared with the right PMC (vertical
arrows) in the preoperative study, and its decrease in the postop-
erative study ipsilateral to the Raprl-DBS. The metabolically active
area in the SMA is also decreased by Raprl-DBS (horizontal ar-
row). b A PET/CT section at the level of the Th (vertical arrow)
and Pu (horizontal arrow). Notice that Pu MSUV and the meta-
bolically active area are decreased on the left side in the preopera-
tive study, while both sides are similar for Th. The postoperative

ferences was performed, using an SPM extension (SnPM). A paired
t test between pre- and post-DBS images was carried out (o = 0.05).
A statistical parametric map between Raprl-DBS studies was ob-
tained (fig. 3). On this map, 10 intensity voxel values per region
(PMC, SMA, Th, Pu, OFC, Cer) were compared for ipsi- versus
contralateral Raprl-DBS hemispheres. The mean of signal inten-
sity in each region was compared with a paired t test (a = 0.05) to
its contralateral homologous region.

Results

From the analysis of probabilistic fiber tracts derived
from MRI-DWI studies, three major components of Ra-
prl were identified: cerebellar fibers from both the contra-
lateral and ipsilateral cerebellar cortex and deep cerebel-
lar nuclei traveling in the brachium conjunctivum to-
wards the ventrolateral thalamus (Th), and from there to
the PMC and SMA; a second component derives from
fibers of the ansa lenticularis that extend beyond Forel’s

Metabolic Changes Induced by DBS for
the Treatment of PD

study shows the MSUV and metabolically active area to be de-
creased in the Th on the side of Raprl-DBS (vertical arrow), while
they remain similar on the contralateral side. The Pu metaboli-
cally active area is reduced on the left in both the preoperative and
postoperative studies (horizontal arrow). ¢ A preoperative axial
section at the level of the subthalamic region shows similar uptake
on both sides (arrow), while it is decreased on the side of stimula-
tion in the postoperative study. d The MSUV and metabolically
active area are similar on both sides of the Cer and decrease bilat-
erally after left Raprl-DBS.

fields, passing above the STN towards the brain stem, at
the level of the pons in a space between the brachium con-
junctivum and medial lemniscus, most likely the PPN,
and a third bundle connects the OFC with the mesence-
phalic tegmentum (fig. 1c) [19].

In visual analysis of pre- versus postoperative PET/CT
studies, a decrease in metabolic activity in postoperative
studies over the PMC and SMA ipsilateral to Raprl-DBS
was evident, while it remained unchanged in the contra-
lateral hemisphere (fig. 2a, arrows). Thalamic metabo-
lism decreased considerably on the side of Raprl-DBS
(fig. 2b, vertical arrow), while no changes were seen on
the contralateral side. The metabolically active area and
MSUYV of Pu was decreased in the preoperative study on
the side of DBS and remained so in post-DBS studies
(fig. 2b, horizontal arrow). Metabolic activity also de-
creased in the ipsilateral subthalamic region where DBS
was applied (fig. 2c). Figure 2d shows the MSUV decrease
in both cerebellar hemispheres.
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Fig. 3. SPMs show the metabolic changes
between pre- and postoperative studies
normalized to one (1) for the area with ma-
jor change. Hot spots are indicated in red
and include: OFC (vertical arrows) and
SMA (horizontal arrow) in the coronal sec-
tion (a), OFC (vertical arrow) and Pu (hor-
izontal arrow) in the sagittal section (b),
OFC and Ce on both sides (horizontal ar-
rows) in the axial section below the AC-PC
level (c) and in the thalamus (above the
AC-PC level; arrow; d).

Table 2 summarizes the semiquantitative analysis for
each ROI as follows: (i) in preoperative studies, no signifi-
cant differences in the metabolically active area or MSUV
of ROIs were found between the side to be stimulated and
the contralateral hemisphere, except for a decreased area
and MSUV in the Pu of the hemisphere contralateral to the
more prominent symptoms (p = 0.01 for the area and
0.00008 for MSUV); (ii) compared with the nonstimulated
side, postoperative studies showed a significant decrease on
the side of Raprl-DBS of MSUV in the PMC (p =0.001) and
Raprl (p = 0.00004), and decrease of both the metabolically
active areaand MSUV in the thalamus (p = 0.00003 and p =
0.0014, respectively) and Pu (p = 0.00002 and 0.00016, re-
spectively); (iii) comparing the ROIs ipsilateral to Raprl-
DBS between pre-and postoperative studies, there was a
significant decrease in the metabolically active area in the
PMC (p = 0.0002), SMA (p = 0.005), Th (p = 0.00001) and
Raprl (p =0.05), but not in other ROIs, whilst MSUV values
remained unchanged; (iv) in contrast, there were no sig-
nificant changes in either the metabolically active area or
MSUYV in homologous ROIs in the hemisphere contralat-
eral to Raprl-DBS between pre- and postoperative studies,
except for aborderline postoperative increase in PuMUSV.

The imaging analysis with SPM did not show statisti-
cally significant differences (a = 0.05) between pre- and
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post-DBS images. However, since the parametric map-
ping showed regions with higher and lower metabolic
changes, a supplementary analysis that compared the
metabolic activity of a 10-voxel cluster focused in the cen-
ter of each ROI ipsi- and contralateral to Raprl-DBS was
performed, generating a parametric map of metabolic
changes expressed on a scale of hot (yellow to red) to cold
(black to blue) colors. The results are expressed in a scale
of values normalizing to one (1) for the area with higher
metabolic change (fig. 3). The significance of these chang-
es was evaluated by the paired Student t test. Figure 4 is a
box plot that compares median values of normalized
changes of metabolic activity for ipsi- and contralateral
Raprl-DBS for each ROI. Significant differences were
found in all ROIs (p < 0.0001).

Discussion

As reported here and previously, patients treated with
Raprl-DBS show considerable improvement in motor
symptoms of PD, including tremor, rigidity and bradyki-
nesia contralateral to DBS [10, 12], but the underlying
mechanism of improvement has remained speculative up
to the present. With emerging imaging techniques, such
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Table 2. Semiquantitative analysis for each ROI

I II 111 v
stim pre/no stim pre stim post/no stim post stim pre/stim post no stim pre/no stim post

ROI area MSUV area MSUV area MSUV area MSUV
PMC (n=20) MSUV  2.09/1.88 6.46/6.46 1.10/1.76 6.02/6.48  2.09/1.10  6.46/6.02 1.88/1.76  6.46/6.48

SD 0.8/0.5 1.0/1.1 0.6/0.7 0.6/0.6 0.8/0.6 1.0/0.6 0.5/0.7 1.0/0.6

p 0.22 0.91 0.44 0.001 0.0002 0.2 0.2 0.94
SMA (n=20) MSUV  1.29/1.30 6.28/6.33  0.81/1.04 6.36/6.39  1.29/0.81  6.28/6.36 1.30/1.04  6.33/6.39

SD 0.6/0.6 0.4/0.7 0.4/0.7 0.7/0.7 0.6/0.4 0.4/0.7 0.6/0.7 0.7/0.7

p 0.94 0.5 0.13 0.7 0.005 0.7 0.14 0.77
Th (n=15) MSUV  1.35/1.41 6.59/6.46  0.52/1.19 6.02/6.48  1.35/0.52  6.59/6.02 1.41/1.19  6.46/6.48

SD 0.4/0.4 1.0/0.6 0.2/0.3 0.6/0.7 0.4/0.2 1.0/0.6 0.4/0.3 0.6/0.7

p 0.2 0.07 0.00003 0.0014 0.00001 0.08 0.97 0.08
Raprl (n=10) MSUV  0.34/0.31  5.52/5.46  0.06/0.28 5.06/5.86  0.34/0.06  5.52/5.06 0.3/0.28 5.46/5.86

SD 0.1/0.1 0.8/0.7 0.1/0.1 0.07/0.06  0.1/0.1 0.8/0.7 0.1/0.1 0.7/0.6

p 0.27 0.4 0.7 0.00004 0.05 0.06 0.24 0.23
Pu (n =20) MSUV  2.26/2.71  6.68/7.11  1.97/2.83 6.49/7.6 2.26/1.97  6.68/6.99 2.71/2.83  7.1/7.6

SD 1.0/1.0 0.4/0.4 0.8/0.6 0.9/0.6 1.0/0.8 0.4/0.9 1.0/0.6 0.4/0.6

p 0.01 0.00008  0.00002 0.00016 0.06 0.3 0.93 0.05
CER(n=20) MSUV  6.12/796 5.86/6.14 7.96/9.2 6.12/6.12  6.12/7.96  5.86/6.12 7.96/9.2 6.14/6.12

SD 2.8/3.3 0.7/0.8 4.1/5.4 1.2/1.4 2.8/4.1 0.7/1.2 3.3/5.4 0.8/1.4

P 0.15 0.01 0.21 0.4 0.06 0.5 0.11 0.88
OFC(n=15) MSUV  2.1/1.8 5.6/5.6 1.9/2.3 5.7/5.5 2.1/1.9 5.6/5.7 1.8/2.3 5.6/5.5

SD 1.2/1.2 0.8/0.9 0.9/1.6 1.2/1.4 1.2/0.9 0.8/1.2 1.2/1.6 0.9/1.4

p 0.08 0.8 0.3 0.4 0.5 0.4 0.7 0.9

With each ROI the number of readings included in statistical
analysis (n) is provided for each side. Readings of MSUV and meta-
bolically active area (cm?) were provided automatically by OsiriX
MD software. The following comparisons were performed for each
ROLI: 1, the side to be stimulated by DBS against the side not to be
stimulated in the preoperative study; II, the stimulated against the not

stimulated side in the postoperative study; III, pre- against poststim-
ulation value in the stimulated hemisphere; IV, pre- against post-
DBS on the nonstimulated side. Notice that changes became signifi-
cant in the stimulated hemisphere for PMC, SMA, Th and Raprl in
columns IT and ITI, but not in IV. SD = Standard deviation; p = prob-
ability value for each ROI (with significant values indicated in bold).

as super-resolution track-density imaging and con-
strained spherical deconvolution [16, 18], analysis of
short tracts and fiber composition of crossing fiber tracts
became possible. Probabilistic tracts seem to be related to
different anatomical circuits, and abnormal activity in
each fiber tract may be related to different symptoms of
PD [19].

It is evident that the major limitation of the present
study is the number of patients included in the analysis.
However, changes in PET studies are strongly supported
by semiquantitative and quantitative automated meth-
ods. Metabolic changes revealed by MSUV and exten-
sion of the metabolic active area were significant only in
the ROIs of the hemisphere where Raprl-DBS was ap-
plied, and not in the contralateral hemisphere. Quanti-
tative analysis of changes by SPM confirmed that meta-

Metabolic Changes Induced by DBS for
the Treatment of PD

bolic activity was significantly different between ROIs
ipsilateral and contralateral to DBS. Therefore, we as-
sume changes were induced by DBS. Metabolic activity
as revealed in '®F-FDG PET studies has been correlated
with the degree of neuronal activity in a given area, while
increased metabolism indicates increased neuronal ac-
tivity and decreased metabolism indicates the opposite
[21].

The results herein presented may provide insight into
the mechanism of action of Raprl-DBS in controlling PD
symptoms. We must keep in mind that the stimulated
area is composed of fibers and not of nuclei, as deter-
mined by structural MRI (fig. 1) and transoperative mi-
croelectrode recordings [22]. Assuming that regional
metabolic activity is indirect evidence of neuronal activ-
ity, Raprl-DBS would inhibit local fibers and areas ana-
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Fig. 4. Box plots of median values of normalized metabolic chang-
es for ROIs of 10-voxels each ipsilateral (i) and contralateral (c) to
Raprl-DBS. The significance threshold was set at a = 0.05; all con-
tralateral ROIs were significantly different from ipsilateral ROIs
(p < 0.0001).

tomically connected through such fibers, i.e. the ventral
Th, PMC, SMA and Cer.

At the level of Raprl, electrical stimulation decreased
mainly MSUV, which indicates that high-frequency stim-
ulation (HES) of fibers inhibits the activity of fiber bundles.
This contrasts with the hypothesis that HFS has a dual ef-
fect: on the neuronal body it is inhibitory, while on axons
it is excitatory [23, 24], and it is different from what has
been reported for STN-DBS [25]. Inhibition is transmitted
downstream to the Th, where both the metabolically active
area and MSUV is decreased relative to the contralateral
postoperative Th (see table 2, “Th’ columns II and III). In-
hibition continues downstream to the PMC where the
metabolically active area is decreased compared to the pre-
operative ipsilateral PMC (see table 2, column III). This
effect raises a question about the pathophysiological role
of thalamic inhibition in the development of motor symp-
toms of PD and the role of DBS-induced Gpi inhibition in
releasing thalamic-cortical activity [26, 27]. A decrease in
PMC activity by Raprl-DBS resembles what has been re-
ported in PET scans when treating generalized tardive dys-
tonia by Gpi-DBS, where generalized pathological cortical
overactivity is decreased and reset to normal levels corre-
lating with improvement of dystonic movements [28]. Re-
duced PMC overactivity has also been identified by
85-FDG PET after administration of L-DOPA, correlating
with a decrease in tremor amplitude in PD patients [29].
In our cases, a decrease in the PMC metabolically active
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area may be related to the decrease in pathological activity
responsible for tremor. Studies evaluating the effect of
DBS of the STN (STN-DBS) on metabolic activity and re-
gional cerebral blood flow (rCBF) by PET scans have re-
ported decreases in both metabolic activity and rCBF in
the PMC associated with STN-DBS [30-33].

At the level of the SMA the metabolically active area
ipsilateral to Raprl-DBS was significantly decreased rela-
tive to the preoperative value. Reductions in metabolic
activity and rCBF in the SMA as seen in PET have also
been reported for STN-DBS and correlated with an im-
provement of rigidity [34], although in some studies no
significant changes occurred [35], and in others activity
was even increased [36]. In our cases, the reduction in the
metabolically active area of SMA may have a similar im-
pact on rigidity as that in the PMC has on tremor.

In contrast, low preoperative metabolic activity (area
and MSUV) in the Pu contralateral to the most prominent
symptoms decreased even more after Raprl-DBS when
compared to the nonstimulated side. To determine if this
indicates that Raprl-DBS does not act by restoring normal
striatal activity in PD patients will require future studies us-
ing specific radiotracers linked to dopamine metabolism.

Cerebellar and orbitofrontal MSUV did not present
significant changes in the semiquantitative analysis; how-
ever, SPM analysis indicated that there were significant
bilateral changes in both structures. In the OFC, contrary
to all other ROIs, the change is greater contralateral to
Raprl-DBS.

PPN and Gpi were not analyzed due to the difficulty in
locating these structures in PET/CT studies. With addi-
tional information on the location of endings of fiber tracts
conforming Raprl, derived from MRI-DTTI studies of more
PD patients and controls, a profile of these ROIs is being
delineated for future PET studies coupled with MRI.

Conclusion

Highly effective control of acral symptoms in PD pa-
tients by Raprl-DBS is associated with decreased meta-
bolic activity of fibers conforming Raprl, which may in-
dicate decreasing fiber electrophysiological activity. This
inhibition extends downstream towards anatomically re-
lated Th and cortical areas, as well as the Cer. Observa-
tions suggest that HES of fiber tracts caused the same in-
hibitory effect as HFS in neuronal soma and that the im-
provement of symptoms is related to the suppression of
pathological hyperactivity in anatomically connected
structures.

Velasco et al.
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