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Abstract
Purpose The aim of this study was to investigate the
predictive potential of pre-operative regional cerebral blood
flow (rCBF) in the pre-supplementary motor area (pre-SMA)
and clinical factors in Parkinson’s disease (PD) patients
treated with subthalamic nucleus (STN) stimulation.
Methods Ten patients underwent rCBF SPECT and motor
Unified Parkinson’s Disease Rating Scale (UPDRS) pre-
and post-operatively during stimulation at 5 and 42 months.
Statistical parametric mapping (SPM) was used to extract
rCBF values in the pre-SMA because it is related with
motor improvement. Post-operative outcomes included
motor response to stimulation and percent improvement in
UPDRS. Pre-operative predictors were explored by corre-
lation test, linear regression and multivariate analyses.
Results Higher pre-operative rCBF in the pre-SMA and
younger age were associated with favourable outcomes at 5

and 42 months. Pre-operative rCBF results were signifi-
cantly associated with baseline clinical factors.
Conclusion This study shows that PD patients with
younger age have higher rCBF values in the pre-SMA
and better outcome, thus giving the rationale to the
hypothesis that STN stimulation could be considered early
in the course of disease.
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Introduction

High-frequency deep brain stimulation (DBS) of the
subthalamic nucleus (STN) has gained widespread accep-
tance and is now regarded by many as the surgical
treatment of choice for patients with an advanced form of
Parkinson’s disease (PD) who meet strict criteria for
treatment of this type [1]. According to general recom-
mendations [2], these include age under 70 years at time of
surgery, a levodopa-responsive form of PD characterized by
disabling on-off phenomena and levodopa-induced dyski-
nesia, the absence of abnormal cerebral MRI findings,
dementia and psychiatric disorders. Therefore, the mean
delay before STN DBS has been shown to be currently
14 years after diagnosis [3], when medical treatment no
longer controls motor symptoms and quality of life is
already severely impaired [4].

In order to prevent psychological degradation and
maintain quality of life, especially in young patients facing
a long course of disease, it has been suggested that
neurosurgery could be performed earlier after the diagnosis
of PD [4–6]. Indeed, the majority of clinical studies have
shown that outcomes from STN DBS tend to be better in
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patients with younger age at time of surgery [4–10].
Moreover, a favourable outcome from DBS has been also
observed in patients with shorter disease duration, lower
motor Unified Parkinson’s Disease Rating Scale (UPDRS)
and motor symptoms responsive to L-dopa [7–12]. However,
there is no general consensus as yet on the use of STN
DBS in younger parkinsonian patients. Indeed, results of
two clinical studies failed to detect statistically significant
correlations between age at time of operation and post-
operative results [13, 14]. Besides, prediction of greatest
beneficial response to STN DBS in younger patients has
been observed mainly in the short term [4, 5, 7–9], and the
mechanisms underlying the influence of age on post-
operative outcome have not been fully clarified [15].

Positron emission tomography studies and covariance
analyses applied to single photon emission computed
tomography (SPECT) imaging data have opened up the
challenging opportunity to study the neural networks
underlying recovery of motor function related to STN
DBS. Results of functional imaging studies comparing the
stimulators on with the stimulators off conditions at rest
[16] or during motor tasks [17, 18] have shown that
improvement of motor performance is mainly related to
regional cerebral blood flow (rCBF) increases in the rostral
part of the pre-supplementary motor area (pre-SMA).
Similarly, several follow-up studies performed in the on
and off stimulation conditions have highlighted that this
cortical area plays a crucial role in recovery of motor
function during long-term treatment with STN DBS [19,
20]. In line with results of these studies, it has been
suggested that a careful evaluation of the correlation
between pre-operative functional parameters in strategical
regions of the brain such as the rCBF in the pre-SMA and
post-operative clinical outcome measures could provide
important information concerning a possible role of such
parameters in predicting outcomes from DBS [15, 19].
However, no studies have been made to investigate the role
of pre-operative functional imaging with respect to pre-
dictors of response to surgery [15].

The main aim of the present study was to investigate
the predictive potential of pre-operative rCBF in the pre-
SMA in PD patients treated with bilateral long-term STN
DBS in order to identify characteristics of the candidate
who may receive the greatest benefit from surgery.
Along with rCBF in the pre-SMA, the predictive role
of several pre-operative clinical factors including age at
time of surgery was also investigated. The predictive
potential was evaluated at 5 and 42 months after DBS
implants to test whether prediction of clinical improve-
ment in the short term was confirmed in the long term.
Relationships between pre- and post-operative clinical
and functional imaging data were also analysed to
provide novel insights into the mechanisms underlying

the influence of the function in the pre-SMA and age on
post-operative outcomes in this population.

Materials and methods

Patient selection and surgical procedure

The clinical characteristics of PD patients have been
described previously [19]. Ten consecutive patients with
medically intractable PD who underwent DBS implantation
in 1999 at our hospital were included in the study (4
women, 6 men, mean age: 64±4 years, mean disease
duration: 15±5 years, range of disease duration: 6–
22 years). All patients were right-handed. The side
prevalence of motor symptoms was left in one patient,
bilateral in two patients and right in seven patients. Bilateral
implantation of electrodes in the STN was performed only
in the presence of clinically diagnosed idiopathic PD as
defined by the UK Parkinson’s Disease Society Brain Bank
[21], disabling motor fluctuations despite all drug therapies,
an age of <70 years, a response to levodopa greater than
30%, normal cerebral MRI findings, the absence of
significant cognitive impairment as ascertained by means
of the Mini-Mental State Examination with a cut-off value
of 24/30 (mean value ± SD=27.8±1.4), major ongoing
psychiatric illness and dopaminergic treatment-induced
psychosis in the 6-month period preceding surgery. The
exclusion criteria were neurological signs suggestive of
secondary forms of parkinsonism and the presence of other
significant medical illnesses [2]. The procedure for bilateral
implantation of STN electrodes conformed to the previously
published procedure [22, 23]. There were no serious
complications due to surgery. In all patients continuous
monopolar stimulation was applied bilaterally. Stimulator
settings remained substantially stable during the course of
the study. The mean values of voltage intensity, frequency
stimulation and the pulse width used at 5 and 42 months
after surgery were as follows: 2.8±0.4 V (range: 2.3–3.7 V)
and 2.9±0.5 V (range: 2–3.7 V); 140±12 Hz (range: 135–
185 Hz) and 144±16 Hz (range: 130–185 Hz); 85±34.5 μs
(range: 60–210 μs) and 93±44 μs (range: 60–210 μs).
Written informed consent was obtained from all subjects
according to the Declaration of Helsinki. The Ethics
Committee of our institution approved the study.

Assessment of pre- and post-operative clinical parameters

Clinical evaluation included the motor UPDRS [19].
Evaluation was performed pre-operatively within 1 week
prior to the surgical procedure and post-operatively at 5 and
42 months. Pre-operatively the patients were evaluated in a
defined “medication off state” without intake of PD
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medication for at least >12 h and “medication on state”
when the best clinical response was obtained following
their usual dose of L-dopa. At the time of surgery, the
mean UPDRS motor stimulation on score was 64±4 and
mean baseline percent improvement in UPDRS motor
score (calculated as: L-dopa responsiveness = medication
off scores – medication on scores/medication off scores ×
100) was 35±3. The mean administered dose of L-dopa
before DBS was 1.440±465 mg/day. Post-operatively all
patients were tested in the stimulation on and medication
off condition. The mean motor UPDRS at 5 and 42 months
after DBS were 48±12 and 41±9, respectively. The mean
improvements in UPDRS motor scores from the pre-
to the post-operative conditions at 5 and 42 months
(calculated as medication off scores at baseline –
medication off and stimulation on scores at optimized
follow-up/medication off scores at baseline × 100) were
26 and 36%, respectively. The mean administered dose
of L-dopa decreased at a value of 897±189 and 655±155
at 5 and 42 months, respectively.

Assessment of pre- and post-operative rCBF
in the pre-SMA

Along with clinical evaluation, PD patients underwent
rCBF three times, once pre-operatively in the off medica-
tion state and two times post-operatively, i.e. in the
stimulation on and medication off condition at 5 and
42 months, respectively [19]. In summary, SPECT images
were acquired 30 min after an intravenous dose (740 MBq
in all scanning conditions) of 99mTc-ethyl cysteinate dimer
(ECD) (bicisate, Neurolite, DuPont Merck Pharmaceutical
Co., Billerica, MA, USA) using a triple-head rotating
gamma camera (PRISM 3000, Picker International Inc.,
Cleveland, OH, USA) equipped with ultra-high-resolution
fan beam collimators.

Images were analysed for regionally specific effects
using statistical parametric mapping (SPM) developed at
the Wellcome Functional Imaging Laboratory (http://www.
fil.ion.ucl.ac.uk./spm/) implemented in MATLAB, version
5.3 (The MathWorks, Inc., Natick, MA, USA) [24]. After
conversion from Interfile into Analyze format using the
ImageJ software (http://rsb.info.nih.gov./ij/), all images
were spatially realigned to the first one of the series in
order to compensate for position changes. All brain images
were then spatially transformed into the standard stereotactic
space. The default spatial normalization procedure
employed was based on a bilinear interpolation method,
involving a 12-parameter linear affine transformation and
a non-linear three-dimensional deformation to match
each scan to a generic SPECT template. A resulting
voxel size of 2×2×2 mm was used. The normalized
images were smoothed with an isotropic 13-mm kernel.

A covariance analysis was performed to extract regions
whose increases in rCBF from the pre- to the post-operative
conditions at 5 and 42 months correlated significantly with
improvement in motor function. To assess specific effects
of this covariate on rCBF, individual UPDRS motor scores
during each scanning condition were introduced into the
design paradigm. Importantly, the effect of age on rCBF
was also taken into account by introducing this factor as
confounding covariate in the study design. After specifying
the appropriate design matrix, image intensity was normal-
ized between subjects to prevent inter-subject variability in
tracer uptake from masking regional changes. To this end,
the proportional scaling technique was performed. Global
blood flow was normalized by scaling across the entire data
set to a grand mean of 50 ml/100 ml per minute
(normalization by scaling to average whole-brain activity).
The grey matter threshold was set to the default value of
0.8. These analyses produced a t statistic for each voxel,
which constituted the statistical parametric map SPM{t}.
The SPM{t} map was then transformed to the unit normal
distribution to give a Gaussian field or SPM{Z}. The level
of significance of areas of rCBF changes was assessed by
the spatial extent (k) and peak height (u) of their foci using
estimations based on the theory of Gaussian fields. It is
noteworthy that for the sake of brevity, relative perfusion
increases or decreases as compared to the mean brain
uptake were conventionally referred to as “rCBF” without
meaning that these values really express rCBF; rather they
reflect a regional deviation from the mean brain uptake of
99mTc-ECD. Results of statistical analysis showed that a
significant relationship between individual motor UPDRS
scores and rCBF (p<0.0001, z-score = 3.68) was present in
the right pre-SMA (x=6, y=4, z=62; spatial extent of
cluster = 141 voxels) [19].

In the present analysis, individual rCBF values in the
pre-SMA for each scanning condition were extracted using
exactly the irregular volume of interest (VOI) resulting
from the significant correlation cluster (Fig. 1). The mean
values of rCBF in the pre-SMA in the pre- and post-
operative conditions at 5 and 42 months were 0.168±0.03,
0.234±0.03 and 0.258±0.03, respectively. The mean
improvements in rCBF from the pre- to the post-operative
conditions at 5 and 42 months (calculated as rCBF
medication off and stimulation on values at optimized
follow-up – rCBF medication off values at baseline/rCBF
medication off values at baseline × 100) were 39 and 53%,
respectively.

Statistical analysis

Data were obtained from all ten patients for the analysis at
5 and 42 months after DBS implants. As a first step, we
examined the predictive value of pre-operative parameters.
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They included: (1) pre-operative “medication off” rCBF
in the pre-SMA, (2) age at time of surgery, (3) pre-
operative UPDRS motor “medication on” scores, (4)
disease duration and (5) baseline percent improvement in
UPDRS motor scores using each patient’s typical doses
of levodopa. The post-operative outcome measures were
considered: (1) the response to stimulation evaluated by
UPDRS motor stimulation on/medication off scores at 5
and 42 months and (2) the percent improvement in motor
UPDRS scores from the pre- to the post-operative
conditions at 5 and 42 months, respectively. All pre-
operative factors potentially influencing post-operative
outcomes at 5 and 42 months after DBS were separately
explored by univariate analysis Pearson correlation test
and linear regression analyses. Then, a multivariate
model including all significant variables at univariate
analysis and using a forward stepwise procedure was
performed to identify which pre-operative factors could
effectively predict the post-operative outcome of patients
with PD treated with STN DBS.

As a second step, we investigated the mechanisms
underlying the predictive potential of pre-operative param-
eters. For this purpose, a univariate analysis Pearson
correlation test was used to evaluate the relationship within
all pre-operative data. Then, we investigated the relation-
ship within pre- and post-operative rCBF values and
between these values and percent improvements in rCBF
from the pre- to the post-operative conditions. Finally, we
examined if percent improvements in rCBF from the pre- to
the post-operative conditions were associated with both
percent improvements in UPDRS motor scores from the
pre- to the post-operative conditions and post-operative
UPDRS motor scores. The associations between post-
operative motor UPDRS scores and percent improvements
in UPDRS motor scores were also investigated. All
continuous variables were expressed as means ± SD or as
percent. A p value of 0.05 was considered significant.
Analyses were done using SPSS version 11.5 (SPSS Inc.,
Chicago, IL, USA).

Results

Predictive factors for bilateral STN stimulation at 5 months
after DBS implants

Results of the Pearson test showed that the pre-operative
rCBF values in the pre-SMA presented a negative correla-
tion with post-operative UPDRS motor scores (p=0.0001,
r=−0.981) (Fig. 2a) and a positive correlation with percent
improvement in UPDRS motor scores from the pre- to this
post-operative condition (p=0.0001, r=0.983) (Fig. 2b).
Among clinical variables, a positive correlation with post-
operative UPDRS motor scores and a negative correlation
with percent improvement in UPDRS were observed for
age (p=0.0001, r=0.96; p=0.0001, r=−0.92) (Fig. 2c, d),
pre-operative UPDRS motor scores (p=0.0001, r=0.944;
p=0.001, r=−0.889) and disease duration (p=0.01, r=
0.742; p=0.01, r=−0.759). The baseline percent improve-
ment in motor scores showed a negative correlation with
UPDRS motor scores (p=0.015, r=−0.739) and a positive
correlation with percent improvement in UPDRS motor
scores (p=0.009, r=0.774).

At univariate linear regression analysis, the pre-operative
rCBF in the pre-SMA was significantly associated with
both the post-operative UPDRS motor scores at 5 months
(R2=0.96, F=202, p=0.0001, β=−0.98) and percent motor
improvement from the pre- to the post-operative condition
(R2=0.96, F=222, p=0.0001, β=0.98). A significant
association with post-operative outcomes was also found
for age at time of surgery (R2=0.92, F=94, p=0.0001, β=
0.96; R2=0.84, F=44, p=0.0001, β=−0.92), pre-operative
UPDRS motor scores (R2=0.8, F=65, p=0.0001, β=0.94;
R2=0.8, F=30, p=0.001, β=−0.88), baseline percent
improvement in UPDRS motor scores (R2=0.546, F=9.6,
p=0.01, β=−0.739; R2=0.599, F=12, p=0.009, β=0.77)
and disease duration (R2=0.55, F=9.79, r=0.014, β=0.74;
R2=0.57, F=10, p=0.01, β=−0.75). In a multivariate
model including all the significant variables at univariate
analysis and using a forward stepwise procedure, we found

Fig. 1 rCBF increases in the right pre-SMA related to improvement
in motor function (motor UPDRS) from pre- to post-operative on-
stimulation conditions at 5 months and 4 years follow-up after the

application of VOI function in SPM, with a sphere (radius = 5 mm)
centred on peak voxel [peak z-score = 3.68 (p=0.0001 uncorrected);
location: x=6, y=4, z=62]
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that only the association of pre-operative rCBF in the pre-
SMA remained significant independently from post-
operative UPDRS motor scores and percent improvement
in UPDRS motor scores from the pre- to this post-operative
condition. If the pre-operative rCBF variable was excluded
from the model, we found that among all clinical variables
the age at time of surgery presented a significant associa-
tion with post-operative outcomes.

Predictive factors for bilateral STN stimulation
at 42 months after DBS implants

At univariate analysis Pearson test, the pre-operative rCBF
in the pre-SMA showed a negative correlation with post-
operative UPDRS motor scores at 42 months (p=0.0001,
r=−0.96) (Fig. 3a) and a positive correlation with percent
improvement in UPDRS motor scores from the pre- to the
post-operative condition at 42 months (p=0.0001, r=0.971)
(Fig. 3b). A positive correlation with post-operative
UPDRS motor score and a negative correlation with percent

improvement from the pre- to this post-operative condition
were observed for age at time of surgery (p=0.0001, r=
0.958; p=0.001, r=−0.924) (Fig. 3c, d), pre-operative
UPDRS motor scores (p=0.0001, r=0.954; p=0.0001,
r=−0.907) and disease duration (p=0.035, r=0.668; p=
0.02, r=−0.687). The baseline percent improvement in
UPDRS motor scores showed a negative correlation with
UPDRS motor scores at 42 months (p=0.0001, r=−0.965)
and a positive correlation with percent improvement in
UPDRS motor scores from the pre- to the post-operative
condition at 42 months (p=0.0001, r=0.931).

At univariate linear regression analysis, the pre-operative
rCBF in the pre-SMA was significantly associated with
UPDRS motor scores at 42 months (R2=0.92, F=97.27, p=
0.0001, β=−0.96) and percent motor improvement from
the pre- to the post-operative condition (R2=0.94, F=
132.324, p=0.0001, β=0.97). A relationship with both
post-operative outcomes was also present for age at time of
surgery (R2=0.9, F=90, p=0.0001, β=0.95; R2=0.85, F=
46.4, p=0.0001, β=−0.92), pre-operative UPDRS motor

Fig. 2 a rCBF increases in the
pre-SMA superimposed on a
normalized T1-weighted MRI
image and relationship between
rCBF values in this cortical area
for the pre-operative off drug
condition, as measured by the
VOI function in SPM, and indi-
vidual motor UPDRS scores for
the post-operative off drug/on
stimulation condition at
5 months. b Relationship
between rCBF values in the
pre-SMA for the pre-operative
off drug condition and percent
improvements in motor UPDRS
scores from the pre- to the post-
operative off drug/on stimula-
tion condition at 5 months. c
Relationship between age at
time of surgery and motor
UPDRS scores for the post-
operative off drug/on stimula-
tion condition at 5 months. d
Relationship between age at
time of surgery and percent
improvements in motor UPDRS
scores from the pre- to the post-
operative off drug/on stimula-
tion condition at 5 months.
Pre-SMA rostral part of the
supplementary motor area
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scores (R2=0.89, F=81.2, p=0.0001, β=−0.95; R2=0.82,
F=36.9, p=0.0991, β=−0.9), disease duration (R2=0.45,
F=6.46, p=0.035, β=0.67; R2=0.47, F=7.1, p=0.02,
β=−0.68) and baseline percent improvement (R2=0.642,
F=14, p=0.005, β=−0.801; R2=0.849, F=20, p=0.002,
β=0.849). In the multivariate model including all the
significant variables at univariate analysis, only the associ-
ation of pre-operative rCBF in the pre-SMA remained
significant independently from post-operative UPDRS
motor scores and percent improvement in UPDRS motor
scores from the pre- to this post-operative condition. If
the pre-operative rCBF variable was excluded from the
model, the age of patients at time of surgery and baseline
percent improvement in UPDRS motor score results were
significantly associated with post-operative outcomes.

Correlation within pre-operative variables

Results of the Pearson test showed that the pre-operative rCBF
in the pre-SMA presented a negative correlation with age at

time of surgery (p=0.0001, r=−0.937) (Fig. 4a), pre-
operative UPDRS motor scores (p=0.0001, r=−0.91)
(Fig. 4b) and disease duration (p=0.007, r=−0.787)
(Fig. 4c). A positive correlation was present between pre-
operative rCBF and baseline percent improvement in UPDRS
motor scores (p=0.008, r=0.777) (Fig. 4d). Among clinical
pre-operative variables, a significant positive correlation was
found between the age of patients at time of surgery and both
the pre-operative UPDRS motor scores (p=0.0001, r=0.988)
(Fig. 5a) and disease duration (p=0.03, r=0.683) (Fig. 5b).
A negative correlation was present between the age at time
of surgery and baseline percent improvement in UPDRS
motor scores (p=0.03, r=−0.679) (Fig. 5c).

Correlation between pre- and post-operative rCBF values,
percent improvement in rCBF, post-operative motor
UPDRS scores and percent improvement in motor UPDRS

Concerning the analysis of data at 42 months, we found that
the pre-operative rCBF in the pre-SMA was significantly

Fig. 3 a Relationship between
rCBF values in the pre-SMA for
the pre-operative off drug con-
dition and motor UPDRS scores
for the post-operative off drug/
on stimulation condition at
42 months. b Relationship be-
tween rCBF values in the pre-
SMA for the pre-operative off
drug condition and percent
improvements in motor UPDRS
scores from the pre- to the post-
operative off drug/on stimula-
tion condition at 42 months. c
Relationship between age at
time of surgery and motor
UPDRS scores for the post-
operative off drug/on stimula-
tion condition at 42 months. d
Relationship between age at
time of surgery and percent
improvements in UPDRS scores
from the pre- to the post-
operative off drug/on stimula-
tion condition at 42 months.
Pre-SMA rostral part of the
supplementary motor area
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associated with post-operative rCBF values at 42 months
(p=0.0001, r=0.964) (Fig. 6a). The pre- and post-operative
rCBF values in the pre-SMA at 42 months presented a
significant negative relationship with percent improvement
of rCBF in the pre-SMA from the pre- to the post-operative
condition at 42 months (p=0.0001, r=−0.928; p=0.003,
r=−0.829) (Fig. 6b, c), which also presented a significant
negative correlation with percent improvement in UPDRS
motor scores from the pre- to the post-operative condition
at 42 months (p=0.001, r=−0.869) (Fig. 6d) and a positive
correlation with post-operative UPDRS motor scores at
42 months (p=0.002, r=0.853) (Fig. 6e). A significant
negative relationship was found between the post-operative
UPDRS motor scores at 42 months and percent improve-
ment of UPDRS motor scores from the pre- to the post-
operative condition at 42 months (p=0.0001, r=−0.989)
(Fig. 6f).

Similarly, we found that the pre-operative rCBF in the
pre-SMA was significantly associated with post-operative
rCBF values at 5 months (p=0.001, r=0.868). A trend was
present toward a negative association between pre-operative

rCBF values and percent improvement of rCBF at 5 months
(p=0.05, r=−0.65). The percent improvement of rCBF in
the pre-SMA from the pre- to the post-operative condition
at 5 months presented a significant negative correlation
with percent improvement in UPDRS motor scores from
the pre- to this post-operative condition (p=0.02, r=−0.687)
and a trend toward a positive relationship with UPDRS
motor scores at 5 months (p=0.06, r=0.6). A significant
relationship was found between the post-operative UPDRS
motor scores at 5 months and percent improvement of rCBF
in the pre-SMA from the pre- to the post-operative condition
at 5 months (p=0.0001, r=−0.99).

Discussion

This study was undertaken to define predictive factors for
the outcome of treatment for PD by continuous bilateral
stimulation of the STN in order to identify characteristics of
the candidate who may receive the greatest benefit from
surgery. To address this issue we evaluated the predictive

Fig. 4 a Relationship between
pre-operative rCBF values in the
pre-SMA and age at time of
surgery. b Relationship between
rCBF values in the pre-SMA
and motor UPDRS scores for
the pre-operative off drug con-
dition. c Relationship between
rCBF values in the pre-SMA
and disease duration for the pre-
operative off drug condition. d
Relationship between rCBF val-
ues in the pre-SMA and percent
improvements in motor UPDRS
scores for the pre-operative off
drug condition. Pre-SMA rostral
part of the supplementary motor
area
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value of pre-operative rCBF in the pre-SMA and clinical
parameters including age at time of surgery, pre-operative
UPDRS motor medication on scores, disease duration and
baseline percent improvement in UPDRS motor scores. The
reason to investigate the potential for the rCBF in the pre-
SMA (Fig. 1) to predict patients’ outcome was supported
by the role of this cortical area in the recovery of motor
function during STN DBS [16–20]. In this group of ten
patients, who were rigorously selected and followed after
4 years of treatment, we found that the outcome of
neurosurgery at 5 and 42 months was markedly dependent
upon the pre-operative rCBF values in the pre-SMA and,
among clinical variables, the age and L-dopa response at
time of surgery. Indeed, results of uni- and multivariate
analyses clearly showed that parkinsonian patients present-
ing higher rCBF values and younger age at time of surgery
were characterized by higher UPDRS motor scores and
percent improvement of motor performance in the short- as
well in the long-term treatment with STN DBS. Results of
this study showed that also the L-dopa responsiveness was a
reliable predictor of favourable response for the long-term
outcome of treatment by STN DBS, e.g. the higher the

L-dopa responsiveness the higher the clinical benefit from
STN DBS at 4 years. Concerning the study of mechanisms
underlying the predictive potential, we found that patients
with higher rCBF values in the pre-SMA at time of surgery
were those with younger age, higher L-dopa responsiveness
and pre-operative motor performance, and shorter disease
duration. Interestingly, we also found that patients with
higher pre-operative rCBF values in the pre-SMA presented
with higher rCBF values at 42 months and that both these
parameters were negatively associated with percent
improvement in rCBF from the pre- to the post-operative
condition at 42 months. Besides, we found that the percent
improvement in rCBF in the pre-SMA from the pre- to the
post-operative condition at 42 months was negatively
associated with percent improvement in motor performance
and UPDRS motor scores at 42 months after surgery and
that these two parameters were negatively correlated.
Similar relationships were also found at 5 months after
DBS.

The most important finding of the current study was that
rCBF in the the pre-SMA is a key predictor of good
response to STN DBS. Importantly, since age strongly

Fig. 5 a Relationship between
age at time of surgery and pre-
operative motor UPDRS scale. b
Relationship between age and
disease duration at time of sur-
gery. c Relationship between
age at time of surgery and
baseline percent improvement in
motor UPDRS scores
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affects rCBF, the rCBF data of parkinsonian patients were
corrected for age to avoid the confounding effect of this
parameter. Although no study has been performed investi-
gating the influence of the brain on outcome of PD patients
treated with STN DBS, the superior motor response
observed in patients with higher pre-operative rCBF values
in the pre-SMA is consistent with the crucial role of this
high order motor cortical area in PD and STN DBS [16–

20]. Along with rCBF, the present results showed that age
and pre-operative L-dopa responsiveness are key predictors
of favourable outcome for STN DBS. This finding is
consistent with results of previous clinical studies obtained
in a larger series showing that PD patients with younger age
and better pre-operative response to medication tend to be
highly responsive to STN DBS [7–12]. Combined rCBF
and clinical factors suggest that PD patients with younger

Fig. 6 a Relationship between
rCBF values in the pre-SMA for
the pre-operative off drug con-
dition and for the post-operative
off drug/on stimulation condi-
tion at 42 months. b Relation-
ship between rCBF values in the
pre-SMA for the pre-operative
off drug condition and percent
improvements in rCBF in the
pre-SMA from the pre- to the
post-operative off drug/on stim-
ulation condition at 42 months.
c Relationship between rCBF
values in the pre-SMA for the
post-operative off drug/on stim-
ulation condition at 42 months
and percent improvements in
rCBF in the pre-SMA from the
pre- to the post-operative off
drug/on stimulation condition at
42 months. d Relationship
between percent improvements
in rCBF in the pre-SMA from
the pre- to the post-operative off
drug/on stimulation condition at
42 months and percent
improvements in motor UPDRS
scores for the pre-operative off
drug condition at 42 months. e
Relationship between percent
improvements in rCBF in the
pre-SMA from the pre- to the
post-operative off drug/on stim-
ulation condition at 42 months
and post-operative off drug/on
stimulation condition at
42 months. f Relationship
between percent improvements
in motor UPDRS scores for the
pre-operative off drug condition
at 42 months and post-operative
off drug/on stimulation condi-
tion at 42 months. Pre-SMA
rostral part of the supplementary
motor area
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age, higher L-dopa responsiveness and rCBF in the pre-
SMA have a better outcome for STN DBS, thus giving
further support to the evidence that this surgical therapy
could be considered early in the course of the disease [4–6].

Concerning the rationale for the predictive potential of
rCBF in the pre-SMA, results of correlation within pre-
operative variables suggest that the greater benefit from
STN DBS observed in PD patients with younger age
(Fig. 4a), higher motor scores at time of surgery (Fig. 4b),
shorter disease duration (Fig. 4c) and good response to
medication (Fig. 4d) is strictly related to a more preserved
function of the pre-SMA. Accordingly, results of correla-
tion between pre- and post-operative rCBF values, percent
improvement in rCBF, post-operative motor UPDRS
scores and percent improvement in motor UPDRS show
that in younger patients with high pre-operative rCBF
values in the pre-SMA small increases in rCBF due to
DBS are sufficient to reach high post-operative rCBF
values (Fig. 6a–c), which are related to both high
improvements in motor performance and UPDRS scores
in the years after surgery (Fig. 6d–f). On the contrary, in
older patients with low pre-operative rCBF values larger
increases in rCBF due to stimulation are necessary to
reach post-operative rCBF values that are lower than those
observed in younger patients with a better functioning pre-
SMA (Fig. 6a–c) and thus related to lower post-operative
improvement in motor performance and UPDRS scores
(Fig. 6d–f). Therefore, the STN DBS is likely to produce a
greater and faster clinical effect in younger parkinsonian
patients because it works on residual cortical neurons
whose function is relatively less compromised than that
observed in older PD patients. These findings are largely
supported by our understanding of current models of the
function of the basal ganglia motor circuit [25–27], the
pathological changes and the compensatory mechanisms
that progressively occur in PD [28–30], as well as the
neural mechanisms underlying the therapeutic effect of
STN DBS [19, 31–33]. Particularly, it is noteworthy that
younger PD patients are characterized by a more isolated
dopaminergic lesion and more effective compensatory
mechanisms and that both result in a better functioning
pre-SMA at the time of surgery [32, 34, 35]. Furthermore,
it is well known that success of a brain therapy generally
tends to correlate with degree of residual function within
surviving target neurons and that a normal function
demands that neurons work at a rather high capacity
which is more easily reached by such therapy if their
function is not completely compromised [36, 37].

Limitations of this study must be mentioned. Further
investigations with a larger series and with instrumentation
characterized by a higher spatial resolution are needed to
confirm the predictive potential of rCBF in the pre-SMA.
Although our clinical results are in line with those reported

by the majority of studies investigating the predictive
potential of pre-operative clinical parameters in PD patients
treated with STN DBS, there are at least two studies in
which the predictive role of age was not evident [13, 14].
Besides, prediction of greatest beneficial response to STN
DBS in younger patients has been observed mainly in the
short term and further studies are needed to confirm this
effect in the long term.

In summary, the present results assessed by means of
rCBF SPECT suggest that PD patients presenting at time of
surgery at a younger age and high L-dopa responsiveness
tend to have a favourable outcome after STN DBS because
of a better preserved function in the pre-SMA. This finding
may add further support to the evidence that neurosurgery
could be also considered earlier after the diagnosis of PD in
order to prevent psychological degradation and maintain
quality of life, especially in young patients facing a long
course of the disease. Furthermore, as previously proposed
[15], our findings also suggest that, along with clinical
measurements, the activity in cortical motor areas of crucial
importance in PD should be also taken into consideration as
a valuable marker of the candidates who may receive the
greatest benefit from surgery.

References

1. Benabid AL, Chabardes S, Mitrofanis J, Pollak P. Deep brain
stimulation of the subthalamic nucleus for the treatment of
Parkinson’s disease. Lancet Neurol 2009;8(1):67–81.

2. Tir M, Devos D, Blond S, Touzet G, Reyns N, Duhamel A, et al.
Exhaustive, one-year follow-up of subthalamic nucleus deep brain
stimulation in a large, single-center cohort of parkinsonian
patients. Neurosurgery 2007;61(2):297–305.

3. Volkmann J. Deep brain stimulation for the treatment of
Parkinson’s disease. J Clin Neurophysiol 2004;21:6–17.

4. Schüpbach WMM, Maltête D, Houeto JL, Tezenas du Montcel S,
Mallet L, Welter ML, et al. Neurosurgery at an earlier stage of
Parkinson disease: a randomized, controlled trial. Neurology
2007;68:267–71.

5. Mesnage V, Houeto J-L, Welter ML, Agid Y, Pidoux B, Dormont
D, et al. Parkinson’s disease: neurosurgery at an earlier stage? J
Neurol Neurosurg Psychiatry 2002;73:778–9.

6. Derost PP, Ouchchane L, Morand D, Ulla M, Llorca PM, Barget
M, et al. Is DBS-STN appropriate to treat severe Parkinson
disease in an elderly population? Neurology 2007;68:1345–55.

7. Charles PD, Van Blercom N, Krack P, Lee SL, Xie J, Besson G, et
al. Predictors of effective bilateral subthalamic nucleus stimulation
for PD. Neurology 2002;59(6):932–4.

8. Welter ML, Houeto JL, Tezenas du Montcel S, Mesnage V,
Bonnet AM, Pillon B, et al. Clinical predictive factors of
subthalamic stimulation in Parkinson’s disease. Brain 2002;125:
575–83.

9. Jaggi JL, Umemura A, Hurtig H, Siderowf AD, Colcher A, Stern
MB, et al. Bilateral stimulation of the subthalamic nucleus in
Parkinson’s disease: surgical efficacy and prediction of outcome.
Stereotact Funct Neurosurg 2004;82:104–14.

10. Russmann H, Ghika J, Villemure JG, Robert B, Bogousslavsky J,
Burkhard PR, et al. Subthalamic nucleus deep brain stimulation in

Eur J Nucl Med Mol Imaging (2010) 37:12–22 21



Parkinson disease patients over age 70 years. Neurology
2004;63:1952–4.

11. Pahwa P, Wilkinson SB, Overman J, Lyons KE. Preoperative
clinical predictors of response to bilateral subthalamic stimulation
in patients with Parkinson’s disease. Stereotact Funct Neurosurg
2005;83:80–3.

12. Kleiner-Fisman G, Herzog J, Fisman DN, Tamma F, Lyons KE,
Pahwa R, et al. Subthalamic nucleus deep brain stimulation:
summary and meta-analysis of outcomes. Mov Disord 2006;21
(14):S290–304.

13. Kleiner-Fisman G, Fisman DN, Sime F, Saint-Cyr JA, Lozano
AM, Lang AE. Long-term follow up of bilateral deep brain
stimulation of the subthalamic nucleus in patients with advanced
Parkinson disease. J Neurosurg 2003;99:489–95.

14. Vesper J, Haak S, Ostertag C, Nikkhah G. Subthalamic nucleus
deep brain stimulation in elderly patients—analysis of outcome
and complications. BMC Neurol 2007;7:7.

15. Lang AE, Houeto JL, Krack P, Kubu C, Lyons KE, Moro E, et al.
Deep brain stimulation: preoperative issues. Mov Disord 2006;21
(Suppl 14):S171–96.

16. Sestini S, Scotto di Luzio A, Ammannati F, De Cristofaro MTR,
Cristofaro A, Martini S, et al. Changes in regional cerebral blood
flow caused by deep-brain stimulation of the subthalamic nucleus
in Parkinson’s disease. J Nucl Med 2002;43:725–32.

17. Limousin P, Greene J, Pollak P, Rothwell J, Benabid AL,
Frackowiak R. Changes in cerebral activity pattern due to
subthalamic nucleus or internal pallidal stimulation in Parkinson’s
disease. Ann Neurol 1997;42:283–91.

18. Ceballos-Baumann AO, Boecker H, Bartenstein P, von Falkenhayn I,
Riescher H, Conrad B, et al. A positron emission tomographic study
of subthalamic nucleus stimulation in Parkinson’s disease: enhanced
movement-related activity of motor-association cortex and decreased
motor cortex resting activity. Arch Neurol 1999;56:997–1003.

19. Sestini S, Ramat S, Formiconi AR, Ammannati F, Sorbi S,
Pupi A. Brain networks underlying the clinical effects of long-
term subthalamic stimulation for Parkinson’s disease: a 4-year
follow-up study with rCBF SPECT. J Nucl Med 2005;46
(9):1444–54.

20. Sestini S, Pupi A, Ammannati F, Silvia R, Sorbi S, Castagnoli A.
Are there adaptive changes in the human brain of patients with
Parkinson’s disease treated with long-term deep brain stimulation
of the subthalamic nucleus? A 4-year follow-up study with
regional cerebral blood flow SPECT. Eur J Nucl Med Mol
Imaging 2007;34(10):1646–57.

21. Hughes AJ, Daniel SE, Kilford L, Lees AJ. Accuracy of clinical
diagnosis of idiopathic Parkinson’s disease: a clinico-pathological
study of 100 cases. J Neurol Neurosurg Psychiatry 1992;55:181–4.

22. Ammannati F, Bordi L, Gronchi P. Alignment correction
algorithm for transformation of stereotactic anterior commissure/
posterior commissure-based coordinates for image-guided func-
tional neurosurgery. Neurosurgery 1999;44:1366–8.

23. Taub E. Mathematical theory of stereotactic coordinate transfor-
mation: elimination of rotational targeting error by addition of a
third reference point. J Neurosurg 2000;92:884–8.

24. Friston KJ, Frith CD, Liddle PF, Frackowiak RSJ. Comparing
functional (PET) images: the assessment of significance change. J
Cereb Blood Flow Metab 1991;11:690–9.

25. Albin R, Young AB, Penny JB. The functional anatomy of basal
ganglia disorders. Trends Neurosci 1989;12:366–75.

26. Alexander GE, Crutcher MD, DeLong MR. Basal ganglia-
thalamocortical circuits: parallel substrates for motor, oculomotor,
“prefrontal” and “limbic” functions. Prog Brain Res 1990;85:119–
46.

27. DeLong MR. Primate models of movement disorders of basal
ganglia origin. Trends Neurosci 1990;13:281–5.

28. Bergman H, Wichmann T, Karmon B, DeLong MR. The primate
subthalamic nucleus. II. Neural activity in the MPTP model of
parkinsonism. J Neurophysiol 1994;72:507–20.

29. Miller WC, DeLong AR. Altered tonic activity of neurons in the
globus pallidus and subthalamic nucleus in the primate MPTP
model of parkinsonism. In: Carpenter MB, Jayaraman A, editors.
The basal ganglia II. New York: Plenum; 1987;32: 415

30. Bezard E, Gross CE, Brotchie JM. Presymptomatic compensation
in Parkinson’s disease is not dopamine-mediated. Trends Neurosci
2003;26:215–21.

31. Benazzouz A, Gross C, Féger J, Boraud T, Bioulac B. Reversal of
rigidity and improvement in motor performance by subthalamic
high-frequency stimulation in MPTP-treated monkeys. Eur J
Neurosci 1993;5:382–9.

32. Benazzouz A, Hallet M. Mechanism of action of deep brain
stimulation. Neurology 2000;55(12 Suppl 6):S13–6.

33. Lang AE, Lozano AM. Parkinson’s disease. N Engl J Med
1998;16:1130–43.

34. Quinn N, Critchley P, Marsden CD. Young onset Parkinson’s
disease. Mov Disord 1987;2:73–91.

35. Schrag A, Ben-Shlomo Y, Brown R, Marsden CD, Quinn N.
Young-onset Parkinson’s disease revisited—clinical features,
natural history, and mortality. Mov Disord 1998;13:885–94.

36. Hallett M. Plasticity. In: Mazziotta JC, Toga AW, Frackowiak
RSJ, editors. Brain mapping: the disorders. San Diego: Academic;
2000. p. 569–86.

37. Chollet F, Weiller C. Recovery of neurological function. In:
Mazziotta JC, Toga AW, Frackowiak RSJ, editors. Brain mapping:
the disorders. San Diego: Academic; 2000. p. 587–97.

22 Eur J Nucl Med Mol Imaging (2010) 37:12–22


