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Abstract: In Parkinson’s disease (PD), levodopa and subthalamic
nucleus (STN) stimulation lead to major improvement in motor
symptoms. Effects of both treatments on cognition and affective
status are less well understood. Motor, cognitive, and affective
symptoms may relate to the dysfunctioning of parallel cortico–
striatal loops. The aim of this study was to assess cognition,
behavior, and mood, with and without both treatments in the same
group of PD patients. A group of 22 nondemented PD patients was
included in this study. Patients were tested twice before surgery
(off and on levodopa) and twice 3 months after surgery (OFF and
ON STN stimulation, off levodopa). Cognitive and affective ef-
fects of STN stimulation and levodopa had some common, but
also different, effects. STN stimulation improved performance on

the planning test, associated with the dorsolateral prefrontal cortex.
However, the treatments had opposite effects on tests associated
with the orbitofrontal cortex; specifically, levodopa impaired
while STN stimulation improved performance on the extinction
phase of a reversal/extinction task. Acutely, both treatments im-
proved motivation and decreased fatigue and anxiety. On chronic
treatment (3 months after surgery), depression improved, whereas
apathy worsened 3 months after surgery. To conclude, there were
significant but contrasting effects of levodopa and STN stimula-
tion on cognition and affective functions. © 2006 Movement
Disorder Society

Key words: levodopa; subthalamic nucleus stimulation; basal
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Chronic bilateral subthalamic nucleus (STN) stimula-
tion may be used to treat patients with idiopathic Par-
kinson’s disease (PD) in whom long-term pharmacolog-
ical treatment has failed. This surgery has been shown to
improve motor symptoms of PD,1,2 but the effects on
cognitive functions and mood are not well characterized,
with contradictory results in the literature.3

Usually, studies have shown no global cognitive de-
terioration after STN stimulation in the short term4–6 or
in the long term,2,7 except for small groups of elderly
patients where cognitive deficits are more frequent.8

Comparisons between preoperative and postoperative

evaluations have shown minor improvements in execu-
tive function.4,9 On the other hand, mild cognitive im-
pairments have also been reported, such as diminished
verbal fluency,4,5,7,9 delayed free recall,6 and working
memory (with high memory load).10 An alternative way
to study the effects of STN stimulation more specifically
is to compare the patients’ performances with their stim-
ulators turned ON and OFF. Studies using this method-
ology have shown that stimulation improves executive
functioning.5,11 By contrast, with stimulators turned ON,
visual conditional learning was impaired,11 and patients
also made a greater number of errors on the interference
condition of the Stroop test.11,12

Concerning behavior, an assessment of acute subjec-
tive psychic effects of STN stimulation has shown an
increased feeling of well-being when stimulators are
turned ON.13 Hilarity has been described following in-
creases in stimulation parameters14 and mania can occur
with chronic STN stimulation.15,16 On the other hand,
cases of depression have also been reported17,18 and
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apathy has been described following chronic STN
stimulation.8,19,20

How could we explain these nonmotor effects of STN
stimulation? Parallel basal ganglia–thalamo–cortical cir-
cuits have been described with different functions that
may be relevant to the motor, cognitive, and affective
dimensions of PD.21 These so-called nonmotor loops
include dorsolateral prefrontal cortex (PFC), orbitofron-
tal, and anterior cingulate circuits. Many studies suggest
that executive functions, such as planning and working
memory, depend on the dorsolateral PFC loop. Both
patients with dorsolateral PFC lesions and PD patients
perform worse than controls on tests of planning and
spatial working memory.22–24 The orbitofrontal loop has
been shown to be sensitive to specific tests, such as
decision-making22,25 and reversal/extinction learning
tests.26 Lesions of the anterior cingulate loop lead to
changes in mood and motivation, such as depression and
apathy.22 Several functional imaging studies of STN
stimulation in PD with paradigms involving motor and
cognitive aspects have shown modifications of cerebral
blood flow of the supplementary motor area, premotor
cortex, orbitofrontal, dorsolateral, and cingulate cor-
tex,27,28 suggesting that STN stimulation might influence
the limbic and associative, as well as the motor, loops.

In this study, considering this anatomo–functional
model of cortico–striatal circuits, we have investigated
each circuit with specific neuropsychological tests in
order to know if STN stimulation could have specific
effects on the different circuits.

In addition to this question, we have investigated the
same aspects with levodopa treatment. It is well accepted
now that the motor effects of STN stimulation closely
resemble those of levodopa treatment.29 What about the

nonmotor effects? The literature about the nonmotor
effects of levodopa is partly contradictory. Executive
functions have been improved or not changed with levo-
dopa, depending on the tests used.30,31 One study showed
impairment on a verbal fluency task only when patients
were off levodopa, whereas on two other measures, as-
sociative conditional learning and subject-ordered point-
ing, patients were impaired only when on levodopa.32 In
another study, medication remediated impairments in
switching between two tasks, but in contrast, the same
medication impaired probabilistic reversal learning.33 Ef-
fects of levodopa on mood and behavior have also been
described, with an improvement of anxiety13,34 and
depression.34–36

The aim of the current study, performed in the same
group of patients, was to compare the effects of dopa-
minergic medication and STN stimulation on these dis-
tinct functional domains using cognitive, behavioral, and
mood assessments.

PATIENTS AND METHODS

Patients

Twenty-two PD patients who had surgery for STN
stimulation in our center were included in this study.
Characteristics of patients are shown in Table 1. These
patients were not demented (all patients had a score
above 130 on the Mattis Dementia Rating Scale) and had
no ongoing psychiatric impairment, except one patient
who was severely depressed (Beck Depression Inven-
tory � 26) at the time of surgery. One of these patients
has not been tested 3 months after surgery because the
parameters of stimulation were not stabilized. The levo-
dopa equivalent daily doses were calculated as described

TABLE 1. Characteristics of parkinsonian patients before and 3 months after surgery

Before surgery, mean
(SD)

3 months after surgery,
mean (SD)

Total number 22 21
Sex (female/male) 10/12 10/11
Age (yr) 54.5 (7.5)
Education (yr) 12.5 (5.2)
Mattis Dementia Rating Scale 137.6 (4.2)
Duration of the disease (yr) 10.7 (3.9)
Levodopa equivalent daily doses (mg) 1,420.0 (643.8) 319.9 (380.0)
UPDRS III scores

On L-dopa 13.1 (7.7)
Off L-dopa 43.1 (12.6)
Off L-dopa/OFF STN stimulation 42.4 (16.7)
Off L-dopa/ON STN stimulation 18.1 (11.7)

Parameters of STN stimulation (for both sides)
Voltage (V) 2.8 (0.5)
Rate (Hz) 132.4 (10.9)
Pulse width (�S) 60 (0)
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elsewhere.19 All patients gave informed consent to par-
ticipate in this study, which was approved by the
Grenoble University Hospital ethics committee.

Procedure

All patients were tested four times: twice before sur-
gery, off and on drug, and twice 3 months after surgery,
off drug, OFF and ON STN stimulation. The order of
testing was counterbalanced between patients. The pre-
operative off drug condition corresponded to 12-hour
withdrawal of all antiparkinsonian treatments and the on
drug condition corresponded to the period of improved
motor function after the intake of the usual antiparkin-
sonian drugs. Postoperatively, the tests began 20 minutes
after turning OFF the stimulator. The order of comput-
erized tests was counterbalanced between patients to
control for possible fatigue effects and interactions be-
tween tests.

Neuropsychological Tests

Planning Task: Cambridge Neuropsychological Test
Automated Battery (CANTAB)37

There were three “pockets” in each half of the screen,
which respectively could hold three, two, and one balls.
Three balls were placed in predetermined positions in the
pockets of each of the two displays. The subjects were
told that they had to make the bottom arrangement look
like the top one. There were four levels of difficulty, with
problems of two, three, four, and five moves. The mea-
sure of this test was the mean number of moves for each
level of difficulty.

Reversal/Extinction Task

A reversal/extinction task adapted from Rolls and col-
leagues26 was used. This was a visual discrimination
reversal, in which patients could learn to obtain points by
choosing one stimulus, but had to withhold a response
when a different visual stimulus appeared, otherwise a
point was lost. When subjects reached a learning crite-
rion of 9 correct responses within a sequence of 10
consecutive trials, the contingencies unexpectedly re-
versed. In the third phase, the extinction, points could
only be won by refraining from choosing both of the
patterns. The scores were the total number of trials to
reach criterion (with a maximum of 30 trials) for the
three phases.

Addiction Research Center Inventory (ARCI)
Questionnaire

Patients filled out the French version38 of the short
form of the ARCI39 in order to assess the acute psychic

effects of all conditions of treatment. The ARCI is a
true/false questionnaire of 49 items designed to differen-
tiate classes of psychoactive drugs. It yields scores for
five different scales: amphetamine (A) and benzedrine
group (BG), sensitive to amphetamine-like stimulating
effects; morphine–benzedrine group (MBG), sensitive to
euphoric effects; pentobarbital–chlorpromazine–alcohol
group (PCAG), sensitive to sedative effects (calming,
relaxing); and lysergic acid diethylamide (LSD), sensi-
tive to somatic and dysphoric effects (anxiety, sensation
of illness).

Apathy Scale

Apathy was assessed with the apathy scale adapted by
Starkstein and colleagues40 from Marin.41 This question-
naire is composed of 14 items. Patients with a score
greater than or equal to 14 (maximum � 42) were
considered as apathetic, as proposed by Starkstein and
colleagues.40

Beck Depression Inventory

Depression was assessed with the Beck Depression
Inventory,42 and scores range from 0 to 63. Patients had
to select the response that corresponded to how they felt
during the past 2 weeks.

Both the apathy and the depression scales were com-
pleted by patients, but in only two conditions: on drug
before surgery and on drug and ON stimulation after
surgery. This is because patients had to answer according
to how they felt over the past 2 weeks. Thus, they did not
experience the off conditions for a sufficient amount of
time to be able to answer this question.

Statistical Analysis

The data were analyzed using the software Statistica
(StatSoft, Tulsa, OK). Analysis of variance (ANOVA)
for repeated measures were conducted, with two within-
subject factors: treatment (levodopa vs. stimulation) and
condition (off vs. on). Local comparisons were done
using contrasts, to compare data two by two, when in-
teractions were significant. A P � 0.05 was considered
significant.

RESULTS

Motor Functioning

The postoperative motor scores are shown in Table 1.
All patients had a postsurgical MRI to check for the
correct placement of the active contact of the electrodes
in the STN. All electrodes were correctly implanted in
STN. One patient had a clinically asymptomatic contu-
sion of the right caudate nucleus.
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Neuropsychological Tests

The mean scores are shown in Table 2.

Planning Task

Only data for problems of four and five movements
were normally distributed and analyzed. The contrasts
analysis showed a significant improvement of perfor-
mances with STN stimulation for the five-move
problems.

Extinction/Reversal Task

The mean numbers of trials to reach criterion during
the learning, reversal, and extinction phases are shown in
Figure 1. For the initial acquisition phase, there were no
significant effects of condition or treatment. For the
reversal phase, the effect of treatment was significant
(F1,13 � 6.39; P � 0.025) due to an improvement of
performance after surgery relative to presurgery. This
effect is driven entirely by an impairment before surgery
for on levodopa condition; the off levodopa score is
identical to the postsurgery scores. For the extinction
phase, there was a significant interaction between treat-
ment and condition (F1,15 � 12.22; P � 0.0032). Con-
trast analyses revealed that the effect of condition (i.e.,
the difference between the off and on conditions) was
significant for both treatments. Patients needed signifi-
cantly more trials to reach criterion when they were on
levodopa relative to their off levodopa state (F1,19 �
13.14; P � 0.0018). By contrast, the same patients
needed significantly fewer trials when they were ON
stimulation relative to their OFF stimulation state
(F1,16 � 8.72; P � 0.0094). No other effect reached
significance.

ARCI

The ARCI scores are shown in Figure 2. The analysis
revealed a main effect of subscale (F4,80 � 16.71; P �
0.0001), a main effect of condition (off vs. on; F1,20 �
9.13; P � 0.007), and an interaction between subscales

and condition (F4,80 � 37.17; P � 0.0001). Contrasts
analyses revealed effects of conditions for all subscales
and both treatments due to higher well-being and lower
fatigue and anxiety scores with levodopa and/or STN
stimulation. Comparisons between levodopa and STN
stimulation were not significant.

Depression and Apathy

Depression and apathy scores are shown in Figure 3.
Depression scores were significantly lower after surgery
(F1,20 � 14.65; P � 0.001). Apathy scores were signif-
icantly greater after surgery (F1,18 � 5.68; P � 0.028).
The mean score of apathy was under the cutoff score of
14, showing no apathy. Nevertheless, five patients were
apathetic (with a score above 14) 3 months after surgery;
only one of them was apathetic before surgery.

DISCUSSION

In summary, there were significant beneficial effects
of STN stimulation on several aspects of cognitive and
behavioral function, including planning and extinction,
confirming earlier findings from related tasks.5,11 By
contrast, levodopa appears to impair performance on the
extinction phase of the reversal/extinction task, consis-
tent with the findings of Cools and colleagues.43 Both
STN stimulation and levodopa, when administered
acutely, improved subjective feelings of well-being. On

FIG. 1. Mean number (SEM) of trials to reach criterion for the three
phases of the reversal/extinction test.

TABLE 2. Mean (SD) performances of parkinsonian patients for the planning task, before surgery
(off and on L-dopa) and 3 months after surgery (OFF and ON STN stimulation)

L-dopa STN stimulation

Off On P* OFF ON P**

Number of subjects 22 22 20 21
Mean number of moves
Four-move problem 5.9 (1.1) 5.5 (1.0) NS 5.2 (1.0) 5.4 (1.1) NS
Five-move problem 7.5 (1.6) 7.8 (1.4) NS 8.1 (1.8) 7.0 (1.5) 0.04

Global interaction significant: (F1,19 � 8.43; P � 0.009).
*Comparisons between off and on L-dopa.
**Comparisons between OFF and ON STN stimulation.
NS, non-significant.
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chronic STN stimulation, depression was significantly
reduced, although apathy increased.

There is a methodological limitation inherent to the
study. We were unable to differentiate between effects of
treatments and learning because the two treatments were
always tested in the same order (levodopa before STN
stimulation). Therefore, the improved performances after
surgery (only for the reversal phase of the reversal/
extinction test) could possibly be related to practice
effect rather than surgery or stimulation. Nevertheless,
the difference between the two treatments was significant
only for the on conditions. Had there been a major
learning effect between the two assessments (before and
after surgery), the difference for the off conditions would
also have been significant.

How could we explain the impairment induced by
levodopa on some aspects of cognitive performance?
Patients may have been more impulsive on than off
levodopa, as described by Cools and colleagues.43 This
behavior could indicate an intolerance for waiting, lead-
ing to selection of immediate over delayed reward.43

Performances on two other tests have been shown to be
impaired with levodopa, a probabilistic reversal discrim-
ination33 and conditional associative learning.32 There is
considerable evidence that these tasks are mediated by
ventral frontal circuitry, including the orbitofrontal cor-
tex.26,33,43 It has been proposed for PD that levodopa
normalizes dopamine levels in severely depleted areas,
such as the dorsolateral circuit, while overdosing the less
depleted ventral circuit.32,33,43 This difference in regional
dopamine depletion may be less important for patients
with a longer disease duration, who are typically candi-
dates for STN stimulation. This overdose hypothesis
postulates normal performances of PD patients off med-
ication on ventral circuit tests. However, deficits have

been described.44 How could we explain differential ef-
fects of levodopa and STN stimulation on tests associ-
ated with orbitofrontal–ventral striatal circuitry? We hy-
pothesize that levodopa affects more structures than STN
stimulation. Thus, levodopa, when converted to dopa-
mine, may activate not only the motor striatum, but also
the frontal cortex, anterior cingulate cortex, hippocam-
pus, amygdala, globus pallidus, thalamus, and STN.45,46

An alternative hypothesis is that levodopa has a more
potent effect on dopamine systems than does STN stim-
ulation, the latter thus having fewer side effects resulting
in dopaminergic overdose.

STN stimulation and levodopa did share some com-
mon effects on affective processing, both reducing de-
pressive symptoms. Emotional effects, acutely measured
with the ARCI scale here under both treatments, simi-
larly showed improvements in motivation and well-be-
ing. Contrary to our previous study,13 which revealed
greater efficacy of a suprathreshold dose of levodopa
relative to chronic STN stimulation, both treatments had
similar effects in the present study, using the chronic
dopaminergic therapy rather than suprathreshold doses.
Thus, the enhanced psychotropic effects of levodopa
compared to STN stimulation in our previous study were
probably related to drug dosage rather than a difference
in specificity. Depression as measured by the Beck De-
pression Inventory was also improved after surgery, as
shown previously.4,20 Even if there is some evidence that
STN stimulation has a direct effect on mood, we cannot
reject an indirect effect due to the major motor improve-
ment or an evaluation artifact related to improvement of
somatic items of this scale. On the other hand, patients
were more apathetic 3 months after surgery. Even though
the mean score of apathy was below the cutoff score of
14, an increase in apathy frequently represents a com-
plaint from patients and caregivers in the long term.2

This apathy could be due to the massive reduction of
dopaminergic treatments.19 Patients and caregivers typi-
cally describe difficulty in self-initiating any activities,

FIG. 2. Mean scores (SEM) for the five subscales of the ARCI for the
four conditions of patients. A, amphetamine; BG, benzedrine group;
MBG, morphine–benzedrine group; PCAG, pentobarbital–chlorprom-
azine–alcohol group; LSD, lysergic acid diethylamide. High scores
indicate psychic stimulation (A and BG), euphoria (MBG), sedation
(PCAG), and dysphoria (LSD). All comparisons between off and on
conditions are significant for L-dopa and STN stimulation (P � 0.01).

FIG. 3. Mean (SEM) scores of depression and apathy for PD patients
before and after surgery.
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even though the patients may have many if helped by
external stimuli. This does not seem to be related to
prefrontal dysfunction, because the patient’s perfor-
mances in the planning test do not change after surgery.
Furthermore, it has been shown that STN stimulation
does not worsen frontal executive function4 and that
postoperative apathy correlates with fluency, a typical
sign of apathy, but not with other tests of executive
function.7 Future studies should specifically address
postoperative apathy in PD patients in order to better
understand the apathy that occurs in this context and to
evaluate the most suitable therapy.

In conclusion, we have shown opposite effects of STN
stimulation (improvement) and levodopa (worsening) on
cognitive functions in a test sensitive to orbitofrontal–
ventral striatal function. STN stimulation but not levo-
dopa had minor effects on planning functions, associated
with dorsolateral PFC–dorsal striatal circuits. Both treat-
ments had equivalent positive subjective and mood-re-
lated effects.

Acknowledgments: This study was supported by the Fifth
PCRDT (financial support from European Community, grant
no. QLK 6 CT-1999-02173) and by INSERM. We thank B.
Dubois and B. Pillon for providing the computerized version of
the reversal/extinction task and A. Bechara for providing the
gambling task. R.C. is supported by a Royal Society Dorothy
Hodgkin Fellowship and a Junior Research Fellowship from St.
John’s College Cambridge.

REFERENCES

1. Limousin P, Pollak P, Benazzouz A, et al. Effect of parkinsonian
signs and symptoms of bilateral subthalamic nucleus stimulation.
Lancet 1995;345:91–95.

2. Krack P, Batir A, Van Blercom N, et al. Five-year follow-up of
bilateral stimulation of the subthalamic nucleus in advanced Par-
kinson’s disease. N Engl J Med 2003;349:1925–1934.

3. Woods SP, Fields JA, Troster AI. Neuropsychological sequelae of
subthalamic nucleus deep brain stimulation in Parkinson’s disease:
a critical review. Neuropsychol Rev 2002;12:111–126.

4. Ardouin C, Pillon B, Peiffer E, et al. Bilateral subthalamic or
pallidal stimulation for Parkinson’s disease affects neither memory
nor executive functions: a consecutive series of 62 patients. Ann
Neurol 1999;46:217–223.

5. Pillon B, Ardouin C, Damier P, et al. Neuropsychological changes
between “off” and “on” STN or GPi stimulation in Parkinson’s
disease. Neurology 2000;55:411–418.

6. Dujardin K, Defebvre L, Krystkowiak P, Blond S, Destee A.
Influence of chronic bilateral stimulation of the subthalamic nu-
cleus on cognitive function in Parkinson’s disease. J Neurol 2001;
248:603–611.

7. Funkiewiez A, Ardouin C, Krack P, et al. Long-term effects of
bilateral subthalamic nucleus stimulation on cognitive function and
mood in Parkinson’s disease. J Neurol Neurosurg Psychiatry 2004;
75:834–839.

8. Saint-Cyr JA, Trepanier LL, Kumar R, Lozano AM, Lang AE.
Neuropsychological consequences of chronic bilateral stimulation
of the subthalamic nucleus in Parkinson’s disease. Brain 2000;
123(Pt. 10):2091–2108.

9. Alegret M, Junque C, Valldeoriola F, et al. Effects of bilateral
subthalamic stimulation on cognitive function in Parkinson dis-
ease. Arch Neurol 2001;58:1223–1227.

10. Hershey T, Revilla FJ, Wernle A, Gibson PS, Dowling JL, Per-
lmutter JS. Stimulation of STN impairs aspects of cognitive control
in PD. Neurology 2004;62:1110–1114.

11. Jahanshahi M, Ardouin CM, Brown RG, et al. The impact of deep
brain stimulation on executive function in Parkinson’s disease.
Brain 2000;123(Pt. 6):1142–1154.

12. Witt K, Pulkowski U, Herzog J, et al. Deep brain stimulation of the
subthalamic nucleus improves cognitive flexibility but impairs
response inhibition in Parkinson disease. Arch Neurol 2004;61:
697–700.

13. Funkiewiez A, Ardouin C, Krack P, et al. Acute psychotropic
effects of bilateral subthalamic nucleus stimulation and levodopa
in Parkinson’s disease. Mov Disord 2003;18:524–530.

14. Krack P, Kumar R, Ardouin C, et al. Mirthful laughter induced by
subthalamic nucleus stimulation. Mov Disord 2001;16:867–875.

15. Kulisevsky J, Berthier ML, Gironell A, Molet J. Secondary mania
following subthalamic nucleus deep brain stimulation for the treat-
ment of Parkinson’s disease. Neurology 2001;56(Suppl. 43):A49.

16. Romito LM, Raja M, Daniele A, et al. Transient mania with
hypersexuality after surgery for high frequency stimulation of the
subthalamic nucleus in Parkinson’s disease. Mov Disord 2002;17:
1371–1374.

17. Doshi PK, Chhaya N, Bhatt MH. Depression leading to attemped
suicide after bilateral subthalamic nucleus stimulation for Parkin-
son’s disease. Mov Disord 2002;17:1084–1085.

18. Houeto JL, Mesnage V, Mallet L, et al. Behavioural disorders,
Parkinson’s disease and subthalamic stimulation. J Neurol Neuro-
surg Psychiatry 2002;72:701–707.

19. Krack P, Pollak P, Limousin P, et al. Subthalamic nucleus or
internal pallidal stimulation in young onset Parkinson’s disease.
Brain 1998;121(Pt. 3):451–457.

20. Volkmann J, Allert N, Voges J, Weiss PH, Freund HJ, Sturm V.
Safety and efficacy of pallidal or subthalamic nucleus stimulation
in advanced PD. Neurology 2001;56:548–551.

21. Alexander GE, DeLong MR, Strick PL. Parallel organization of
functionally segregated circuits linking basal ganglia and cortex.
Annu Rev Neurosci 1986;9:357–381.

22. Cummings JL. Frontal-subcortical circuits and human behavior.
Arch Neurol 1993;50:873–880.

23. Owen AM, Downes JJ, Sahakian BJ, Polkey CE, Robbins TW.
Planning and spatial working memory following frontal lobe le-
sions in man. Neuropsychologia 1990;28:1021–1034.

24. Owen AM, James M, Leigh PN, et al. Fronto-striatal cognitive
deficits at different stages of Parkinson’s disease. Brain 1992;
115(Pt. 6):1727–1751.

25. Bechara A, Damasio H, Tranel D, Anderson SW. Dissociation of
working memory from decision making within the human prefron-
tal cortex. J Neurosci 1998;18:428–437.

26. Rolls ET, Hornak J, Wade D, McGrath J. Emotion-related learning
in patients with social and emotional changes associated with
frontal lobe damage. J Neurol Neurosurg Psychiatry 1994;57:
1518–1524.

27. Limousin P, Greene J, Pollak P, Rothwell J, Benabid AL, Frack-
owiak R. Changes in cerebral activity pattern due to subthalamic
nucleus or internal pallidum stimulation in Parkinson’s disease.
Ann Neurol 1997;42:283–291.

28. Schroeder U, Kuehler A, Haslinger B, et al. Subthalamic nucleus
stimulation affects striato-anterior cingulate cortex circuit in a
response conflict task: a PET study. Brain 2002;125(Pt. 9):1995–
2004.

29. Charles PD, Van Blercom N, Krack P, et al. Predictors of effective
bilateral subthalamic nucleus stimulation for PD. Neurology 2002;
59:932–934.

30. Kulisevsky J. Role of dopamine in learning and memory: impli-
cations for the treatment of cognitive dysfunction in patients with
Parkinson’s disease. Drugs Aging 2000;16:365–379.

EFFECTS OF LEVODOPA AND STN STIMULATION 1661

Movement Disorders, Vol. 21, No. 10, 2006



31. Lange KW, Robbins TW, Marsden CD, James M, Owen AM, Paul
GM. L-dopa withdrawal in Parkinson’s disease selectively impairs
cognitive performance in tests sensitive to frontal lobe dysfunction.
Psychopharmacology 1992;107:394–404.

32. Gotham AM, Brown RG, Marsden CD. “Frontal” cognitive func-
tion in patients with Parkinson’s disease “on” and “off” levodopa.
Brain 1988;111(Pt. 2):299–321.

33. Cools R, Barker RA, Sahakian BJ, Robbins TW. Enhanced or
impaired cognitive function in Parkinson’s disease as a function of
dopaminergic medication and task demands. Cereb Cortex 2001;
11:1136–1143.

34. Maricle RA, Nutt JG, Valentine RJ, Carter JH. Dose–response
relationship of levodopa with mood and anxiety in fluctuating
Parkinson’s disease: a double-blind, placebo-controlled study.
Neurology 1995;45:1757–1760.

35. Raudino F. Non motor off in Parkinson’s disease. Acta Neurol
Scand 2001;104:312–315.

36. Brown RG, Marsden CD, Quinn N, Wyke MA. Alterations in
cognitive performance and affect-arousal state during fluctuations
in motor function in Parkinson’s disease. J Neurol Neurosurg
Psychiatry 1984;47:454–465.

37. Robbins TW, James M, Owen AM, Sahakian BJ, McInnes L,
Rabbitt P. Cambridge Neuropsychological Test Automated Battery
(CANTAB): a factor analytic study of a large sample of normal
elderly volunteers. Dementia 1994;5:266–281.

38. Warot D, Danjou P, Payan C, Puech AJ. Sensitivity and specificity
to amphetamine of a French version of the 49-item form of the
addiction research center inventory. Drug Alcohol Depend 1997;
45:177–183.

39. Hill HE, Haertzen CA, Wolbach AB, Miner EJ. The addiction
research center inventory: standardization of scales which evaluate
subjective effects of morphine, amphetamine, pentobarbital, alco-
hol, LSD-25, pyrahexil and chlorpromazine. Psychopharmacologia
1963;4:167–183.

40. Starkstein SE, Mayberg HS, Preziosi TJ, Andrezejewski P, Lei-
guarda R, Robinson RG. Reliability, validity, and clinical corre-
lates of apathy in Parkinson’s disease. J Neuropsychiatry Clin
Neurosci 1992;4:134–139.

41. Marin RS. Differential diagnosis and classification of apathy. Am J
Psychiatry 1990;147:22–30.

42. Beck AT, Ward CH, Mendelson M, Mock J, Erbaugh J. An
inventory for measuring depression. Arch Gen Psychiatry 1961;4:
561–577.

43. Cools R, Barker RA, Sahakian BJ, Robbins TW. L-dopa medica-
tion remediates cognitive inflexibility, but increases impulsivity in
patients with Parkinson’s disease. Neuropsychologia 2003;41:
1431–1441.

44. Czernecki V, Pillon B, Houeto JL, Pochon JB, Levy R, Dubois B.
Motivation, reward, and Parkinson’s disease: influence of dopa-
therapy. Neuropsychologia 2002;40:2257–2267.

45. Cortes R, Gueye B, Pazos A, Probst A, Palacios JM. Dopamine
receptors in human brain: autoradiographic distribution of D1 sites.
Neuroscience 1989;28:263–273.

46. Scatton B, Rouquier L, Javoy-Agid F, Agid Y. Dopamine defi-
ciency in the cerebral cortex in Parkinson disease. Neurology
1982;32:1039–1040.

1662 A. FUNKIEWIEZ ET AL.

Movement Disorders, Vol. 21, No. 10, 2006


