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a  b  s  t  r  a  c  t

The  role of the basal  ganglia-cortical  motor  loop  in  automatic  and unconscious  motor  processes  is  poorly
understood.  Here,  we  used  event-related  functional  magnetic  resonance  imaging  in  11  de  novo  Parkin-
son’s  disease  patients  as  they  performed  a visuomotor  masked  priming  task.  The stronger  subliminal
priming  effect  for the  non-dominant  side of motor  symptoms  than  for the  dominant  side  was  paralleled
by  stronger  supplementary  motor  area  proper  activity  in response  to lateralized  visual  stimuli  presented
below  the  threshold  of  awareness.  This novel  result  supports  the  prediction  that  this  area  is involved  in
eywords:
ubliminal
arkinson’s disease
riming
eaction time
euroimaging

the  automatic  activation  of  motor  plans  as  a function  of striatal  dopamine  levels.
©  2013  Elsevier  Ireland  Ltd and  the Japan  Neuroscience  Society.  All  rights  reserved.
upplementary motor area

The pathological hallmark of Parkinson’s disease (PD) is a pro-
ressive loss of neurons in the lateral ventral tiers of the substantia
igra pars compacta (Fearnley and Lees, 1991), leading to a decrease
f dopaminergic nigrostriatal terminals that is typically more pro-
ounced in the posterior aspects of the striatum in the hemisphere
ontralateral to the most clinically affected body side (Kish et al.,
988). Since the posterior putamen is the main input structure of
he motor loop in the model proposed by Alexander et al. (1990), the
oss of striatal dopaminergic terminals is expected to have remote
nfluences on other components of the motor loop during voluntary

ovements. According to this model, the major problem in motor
lowness is a deficiency in the activation of cortical areas involved
n the motor loop, notably the more posterior part of the medial pre-

otor cortex, the supplementary motor area proper (SMA), which
s considered to be a key structure of the cortico-basal ganglia motor
oop (Nachev et al., 2008; Aron et al., 2009). This prediction has been
upported by many experimental results in PD patients. A failure to
ctivate the SMA  during the execution of upper limb movements

s a consistent observation in PD patients studied in the off state
s compared with controls (Jenkins et al., 1992; Playford et al.,
992; Jahanshahi et al., 1995). Apomorphine, a non-selective D1/D2

∗ Corresponding author. Tel.: +32 4 366 54 75; fax: +32 4 366 29 46.
E-mail address: Kevin.dostilio@ulg.ac.be (K. D’Ostilio).

168-0102/$ – see front matter © 2013 Elsevier Ireland Ltd and the Japan Neuroscience S
ttp://dx.doi.org/10.1016/j.neures.2013.04.002
agonist (Albin et al., 1989; DeLong, 1990; Jenkins et al., 1992; Rascol
et al., 1992), fetal mesencephalic dopaminergic transplants into the
striatum (Piccini et al., 2000), pallidotomy (Grafton et al., 1995;
Samuel et al., 1997), pallidal and subthalamic electric stimulation
(Limousin et al., 1997), all increase the level of SMA  activity along
with resolution of akinesia (i.e. delayed movement initiation).

In healthy subjects, we and others have shown that SMA activ-
ity changes can be elicited by the presentation of visual stimuli if
these have been associated with a specific motor response regard-
less of whether (i) stimuli are presented below or above the level of
awareness and (ii) the corresponding motor response is executed
or not (Boy et al., 2010; D’Ostilio and Garraux, 2011; D’Ostilio et al.,
2012). More precisely, we provided functional magnetic resonance
imaging (fMRI) evidence suggesting that SMA activity is involved
in the processing of motor plans automatically elicited by uncon-
sciously perceived visual stimuli, even if the corresponding plan
is not executed (D’Ostilio and Garraux, 2011). In patients, a focal
lesion of the posterior part of the SMA  has been associated with a
deficit in the automatic and unconscious inhibition of movements
(Sumner et al., 2007).

Here, we hypothesized that this SMA  activity pattern is

dependent on striatal dopamine levels. This was tested using a
within-subject design in 11 de novo, drug-naïve, PD patients under
the assumption that striatal dopamine deficiency is asymmetrical,
i.e. less pronounced in the motor loop concerned with the control

ociety. All rights reserved.
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f the less clinically affected hand (i.e. non-dominant side of motor
ymptoms) than that concerned with the control of the most clin-
cally affected hand (i.e. dominant side of motor symptoms). We
redicted stronger SMA  activity following the presentation of visual
timuli associated with lateralized motor responses involving the
ormer than those involving the latter. We  monitored SMA  activity
hanges using rapid event-related fMRI as PD patients performed a
ubliminal visuo-motor task, as previously reported (D’Ostilio and
arraux, 2011). Participants were asked to respond (response tri-
ls) or to not respond (no-response trials) to consciously perceived
isual stimuli that were preceded by a masked prime left- or right-
ointing arrow presented below the threshold of awareness. We
sed a short interstimulus interval (ISI) (i.e. no delay between the
ask and the target) in order to study the positive compatibility

ffect (PCE) that reflects the automatic activation of movements.
e  did not examine the negative compatibility effect (NCE) reflect-

ng an inhibition process at longer ISIs (Sumner et al., 2007). To
inimize any bias in motor performance between left and right

and responses, we restricted fMRI data analysis to trials that did
ot require any motor response.

Eleven de novo drug naïve PD patients (3 women/8 men) par-
icipated in the fMRI experiment. De novo patients were preferred
s it is known that asymmetry is more pronounced early on in the
isease (Riederer and Sian-Hülsmann, 2012). Age ranged from 59
o 80 years, with a mean ± SD of 68 ± 7 years. All were right handed
nd had normal or corrected-to-normal vision and hearing. Global
otor impairment was assessed using the motor part (part III) of

he UPDRS (Fahn et al., 1987) and the Hoehn and Yahr scale (Hoehn
nd Yahr, 1967; Goetz et al., 2004). The group mean score on these
cales was 15 ± 6 and 1.4 ± 0.5, respectively (Table 1). As expected,
omposite UPDRS III scores (sum of UPDRSIII scores from item 22:
igidity + item 23: finger taps + item 24: hand movements + item
5: pronation–supination movements of hands) showed higher

mpairment on the dominant side (median = 8) as compared with
he non-dominant side (median = 2) of motor symptoms (Wilcoxon
est: Z = 2.93, p = 0.003). All subjects provided informed written con-
ent in this study that was approved by the ethics committee of the
niversity of Liège.

The visuo-motor task during fMRI was similar to that previously
eported (D’Ostilio and Garraux, 2011) (Fig. 1). Briefly, each trial
tarted with a fixation dot displayed on the center of the screen
or a duration that was pseudo-randomly jittered between 1500
nd 3000 ms  across trials. This was followed by a blank screen, a
rime stimulus and a mask stimulus along with target stimulus

equentially displayed for 300 ms,  33 ms,  and 100 ms,  respectively.
he prime stimulus was either a double arrow pointing to the
eft or the right or a plus sign. The mask stimulus consisted in

able 1
emographic and clinical patients’ data.

Patients Age (years) Gender Global RT DS ND

1 59 M 470.75 Right 2 

2  66 M 479.09 Left 4 

3  80 F 686.75 Left 3 

4  66 M 483.43 Right 1 

5  72 F 542.50 Left 1 

6  59 M 502.29 Right 3 

7  65 M 397.88 Left 4 

8  63 M 552.03 Right 4 

9  75 M 611.72 Left 1 

10  78 F 961.87 Right 2 

11  70 M 476.30 Right 1 

S = dominant side of motor symptoms; NDS = non-dominant side of motor symptoms.
a UPDRS: minimum score = 0, maximum score = 108.
b Hoehn and Yahr scale: stage 0: no signs of disease; stage 1.0: unilateral disease; sta

mpairment of balance; stage 2.5: mild bilateral disease with recovery on pull test; sta
ndependent; stage 4.0: severe disability; still able to walk or stand unassisted; stage 5.0:
esearch 76 (2013) 173–177

30 randomly oriented lines covering the area of the prime stim-
ulus display. A new mask was  constructed on each trial. The target
stimulus appeared at the same time, on both sides of the mask. It
consisted of either two  double arrows or two “0” signs. The former
prompted participants to make a rapid button press with their left
or right index finger in accordance with the arrow direction while
the latter indicated no motor response trials. Thus, the prime-target
relationship defined 6 main experimental conditions for a total of
288 trials randomly presented within and across subjects: compat-
ible, incompatible, neutral, left primed no-response, right primed
no-response, and neutral no-response.

As in many previous studies (Schlaghecken et al., 2003;
Seiss and Praamstra, 2004), the magnitude of the prime-induced
motor response facilitation was  formally assessed by comparing
behavioral performance between compatible and incompatible
conditions (i.e. response trials). Reaction time data analysis showed
a PCE for the non-dominant side of motor symptoms [PCE: 19 ms;
t(10) = 2.54, p = 0.03] but not for the dominant side [PCE = 3 ms;
t(10) = 0.14, p > 0.05]. In addition, as expected, the patients made
more errors when the no-response conditions were preceded by
an arrow prime (error rate for prime arrow no-response trials:
6.8% > neutral no-response trials: 3.6%; p = 0.045).

Functional MRI  time series were acquired on a 3 T head-only
scanner (Magnetom Allegra, Siemens Medical Solutions, Erlangen,
Germany) operated with the standard transmit-receive quadra-
ture head coil. Multislice T2*-weighted functional images were
acquired with a gradient-echo echo-planar imaging sequence using
axial slice orientation and covering most of the brain (20 slices,
FoV = 220 mm × 220 mm,  voxel size 3.4 mm × 3.4 mm × 5 mm,  25%
interslice gap, matrix size 64 × 64 × 20, TR = 1170 ms,  TE = 30 ms,
FA = 90◦). For each session, the first eight volumes acquired
before the first trial onset were discarded to allow for T1
saturation effects. Head movement was minimized by restrain-
ing the subject’s head using a vacuum cushion. Stimuli were
displayed on a screen positioned at the rear of the scan-
ner, which the subject could comfortably see through a mirror
mounted on the standard head coil. For anatomical reference, a
high-resolution T1-weighted image was  acquired for each sub-
ject (3D MDEFT, TR = 7.92 ms,  TE = 2.4 ms,  TI = 910 ms,  FA = 15◦,
FoV = 256 mm × 224 mm × 176 mm,  1 mm isotropic spatial resolu-
tion).

Data were preprocessed and analyzed using SPM8
(Wellcome Department of Imaging Neuroscience,
http://www.fil.ion.ucl.ac.uk/spm) implemented in MATLAB

7.4.0 (Mathworks Inc., Sherbom, MA). Images of each individual
subject were first corrected for slice timing and realigned (motion
corrected). The mean EPI image was spatially coregistered to the

S score DS score UPDRS part IIIa Hoehn and Yahr scaleb

8 11 1
10 23 2

9 23 2
7 10 2
3 9 1
9 19 1

12 22 2
7 16 1
3 4 1
9 17 1.5
7 15 1.5

ge 1.5: unilateral and axial involvement; stage 2.0: bilateral involvement without
ge 3.0: mild to moderate bilateral disease; some postural instability; physically

 wheelchair bound or bedridden unless aided.

http://www.fil.ion.ucl.ac.uk/spm
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Fig. 1. Subliminal masked prime task. The targets stimuli were displayed together with the mask, directly after the subliminal prime stimulus (a pointing arrow or a neutral
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timulus), and were either composed of double pointing arrows (=response trials) o

natomical MRI  image and coregistration parameters were applied
o the realigned BOLD time series. Individual anatomical MRIs
ere spatially normalized into MNI  space (Montreal Neurological

nstitute, http://www.bic.mni.mcgill.ca) and the normalization
arameters were subsequently applied to the individually coreg-

stered BOLD times series, which was then resliced to a voxel size
f 2 mm × 2 mm × 2 mm,  and smoothed using an 6 mm FWHM
aussian kernel. In first level analyses, the six experimental
onditions were modeled separately. Each event was  time-locked
o the target stimulus of each trial and convolved with a canonical
emodynamic response function and its time and dispersion
erivatives. We  used the generalized linear model to model the

ntensity level of each voxel as a linear combination, for each
ubject and event.

The neural correlates of the difference in the level of prime-
nduced activation of motor plans between the dominant and

on-dominant side of motor symptoms was examined using no-
esponse trials. Since we postulated that the priming effect is
symmetrically affected, we contrasted prime-induced activation

ig. 2. fMRI results. The figure illustrates stronger SMA  activity when the prime triggered
ymptoms (NDS) in comparison to the dominant side (DS) for no-response trials. Result
ctivation.
ble “0” signs (=no-response trials).

of the motor plan for the non-dominant and the dominant side
of motor symptoms (Fig. 2). Contrast images from all participants
were entered in a second-level random effect one-sample t-test
analysis. By comparing the 11 contrast images related to the non-
dominant side (right or left) to those of the dominant side of motor
symptoms (right or left), we expected a stronger bilateral activity
in the SMA. Results are reported in this region at p < 0.005, uncor-
rected with a 20 voxel extent threshold of activation. The predicted
activations in the SMA  were further tested using a spherical small-
volume correction (SVC) with a radius of 10 mm (cut-off value: 0.05,
family wise error [FWE] corrected), centered on the peak coordi-
nates from our previous subliminal priming studies (right SMA,
MNI: 8, −2, 62) (D’Ostilio and Garraux, 2011, 2012).

As expected, we  found stronger bilateral SMA  activity when
the motor plan for the non-dominant side of motor symp-
toms was subliminally activated (i.e. when the prime arrow

pointed to the same side as this hand) compared with that
for the dominant side [left SMA-proper: (−10, −6, 58), Z = 3.93,
p(unc.) = 0.00004; right SMA-proper: (14, −12, 58), Z = 3.50,

 an automatic and unconscious motor activation of the non-dominant side of motor
s are displayed at a peak threshold of p < 0.005 and a 20 voxel extent threshold of

http://www.bic.mni.mcgill.ca/
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(unc.) = 0.0002, p(FWE) = 0.04] (Fig. 1). This differential SMA  activ-
ty suggests disturbed prime-induced activation of motor plans
or the dominant side as compared with the non-dominant
ide.

Additional fMRI analyses were performed on motor response
rials: an ANOVA to test for differences in brain activity changes
ssociated with compatible and incompatible trials and a corre-
ation analysis between the magnitude of the BOLD signal and
he magnitude of the compatibility effect. The former revealed a
tronger activation of the SMA  for the compatible condition (i.e.
ompatible > incompatible and neutral) [right SMA-proper: (12, −4,
2), Z = 3.44, p(unc.) = 0.0003], while in the latter, we did not find
ny correlation between SMA  BOLD activity and the compatibility
ffect.

After the fMRI session, three patients in the experimental group
erformed a prime identification task consisting in 180 trials.
esults showed that they correctly identified the subliminal 33 ms-
timulus in only 33% of all trials. The identification performance
as very low because patients did not respond to some trials
espite clear instructions. Results obtained in a separate group of
5 PD patients confirmed that a 33 ms-prime is unlikely to be con-
ciously perceived by participants. This was formally assessed using
n identification task containing 60 trials. The task display was
xactly the same as in the fMRI experiment but participants were
sked to guess the direction of the prime arrow stimuli presented
efore the mask. The percentage of correct responses was calcu-

ated and compared to chance levels. Participants identified the
rime in 47% of all trials (i.e. at chance levels), supporting the state-
ent that the prime stimuli were not consciously perceived in our

ask.
The aim of this study was to examine SMA  activity related to the

utomatic and unconscious motor activation process in early stages
D patients while administering a subliminal visuomotor priming
ask (Eimer and Schlaghecken, 1998). fMRI data analysis revealed
tronger activations in the posterior part of the SMA, bilaterally,
hen the prime stimulus triggered a motor response with the
on-dominant side as compared with the dominant side of motor
ymptoms. This result is not confounded by difference in motor
erformance between the former and the latter since the fMRI data
nalysis was restricted to trials in which no motor response was
equired. This extends previous findings on impaired-movement
elated SMA  activity in PD to unconscious and automatic motor
rocesses. This result corroborates previous findings suggesting
hat this region participates in automatic activation of motor plans
nconsciously elicited by visual stimuli (Grezes and Decety, 2002;
’Ostilio and Garraux, 2011). Our data do not allow us to investigate

he relative contribution of other components of the cortico-basal-
ortical motor loop. Since the medial frontal cortex hypoactivation
ay  account for the patients’ difficulties in initiating movements

Jenkins et al., 1992; Playford et al., 1992) and because sensorimo-
or integration at the level of the motor preparation is impaired
n PD patients (Abbruzzese and Berardelli, 2003), we  propose that
ateralized motor deficits of automatic and unconscious motor acti-
ation might partially explain the early motor symptoms of the
isease such as the slowness in selecting the appropriate motor
esponse.
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