Therapeutic Advances in Neurological Disorders

Review

The effects of deep brain stimulation on
sleep in Parkinson’s disease

Amy W. Amara, Ray L. Watts and Harrison C. Walker

Abstract: Sleep dysfunction is a common nonmotor symptom experienced by patients with
Parkinson’s disease (PD). Symptoms, including excessive daytime sleepiness, sleep frag-
mentation, rapid eye movement (REM] sleep behavior disorder and others, can significantly
affect quality of life and daytime functioning in these patients. Recent studies have evaluated
the effects of deep brain stimulation (DBS]) at various targets on sleep in patients with advanced
PD. Several of these studies have provided evidence that subthalamic nucleus DBS improves
subjective and objective measures of sleep, including sleep efficiency, nocturnal mobility, and
wake after sleep onset (minutes spent awake after initial sleep onset]. Although fewer studies
have investigated the effects of bilateral internal globus pallidus and thalamic ventral inter-
medius DBS on sleep, pallidal stimulation does appear to improve subjective sleep quality.
Stimulation of the pedunculopontine nucleus has recently been proposed for selected patients
with advanced PD to treat severe gait and postural dysfunction. Owing to the role of the
pedunculopontine nucleus in modulating behavioral state, the impact of stimulation at this
target on sleep has also been evaluated in a small number of patients, showing that pedun-
culopontine nucleus DBS increases REM sleep. In this review, we discuss the effects of
stimulation at these various targets on sleep in patients with PD. Studying the effects of DBS on
sleep can enhance our understanding of the pathophysiology of sleep disorders, provide
strategies for optimizing clinical benefit from DBS, and may eventually guide novel therapies
for sleep dysfunction.
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Introduction

Parkinson’s disease (PD) is a progressive neuro-
degenerative disorder characterized by bradyki-
nesia, rigidity, rest tremor, and postural
instability. In addition to these motor symptoms,
patients also experience nonmotor symptoms
including hyposmia, constipation, cognitive
dysfunction, mood changes, and sleep dysfunc-
tion [Barone ez al. 2009; Simuni and Sethi, 2008;
Martinez-Martin et al. 2007; Paulson and Stern,
2004]. These symptoms are often more disabling
and resistant to treatment than the motor symp-
toms of the disease [Qin er al. 2009]. Alterations
in sleep are particularly common, affecting
74—98% of patients with PD [Lees er al. 1988;
Nausieda et al. 1982]. Sleep disturbances in
PD include insomnia [Schrag er al. 2002], sleep
fragmentation with early morning wakening
[Tandberg er al. 1998], excessive daytime

sleepiness [Brodsky er al. 2003; Kumar er al
2002; Rye et al. 2000], difficulty rolling over in
bed [Schrag er al. 2002], nocturia [Barone er al.
2009], nightmares, periodic limb movements of
sleep, and rapid eye movement (REM) sleep
behavior disorder [Kumar er al. 2002; Pappert
et al. 1999; Schenck ez al. 1996]. Objective eval-
uation using polysomnography (PSG) of patients
with PD has shown decreased total sleep time,
reduced slow wave and REM sleep, and poor
sleep efficiency compared with controls [Shpirer
et al. 2006; Rye and Bliwise, 2004; Apps et al.
1985].

Although currently available medications for PD
effectively manage motor symptoms in early
disease, the motor fluctuations that often
emerge in later disease have necessitated devel-
opment of alternative therapies such as deep
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brain stimulation (DBS). DBS has revolutionized
therapy for patients who no longer respond opti-
mally to medical therapy. The increasing recog-
nition of how nonmotor symptoms adversely
affect quality of life in PD has prompted further
study into the effect of available treatments on
these symptoms. Potential advantages of DBS
over medical therapies for sleep dysfunction in
patients with neurologic diseases are that stimu-
lation is delivered continuously throughout the
night and the electrical stimulation parameters
can be modified based on clinical response. In
this review, we discuss evidence for the use of
DBS at various targets for treatment of PD.
First we briefly describe the effects of stimulation
on motor symptoms, followed by a discussion of
the available data on the influence of DBS on
sleep in patients with advanced PD.

Subthalamic nucleus deep brain stimulation
Bilateral stimulation of the subthalamic nucleus
(STN) has been shown to be superior to best
medical therapy for the management of motor
symptoms in PD, although there is a greater
risk of serious adverse events [Walker ez al
2009; Deuschl er al. 2006; Ford er al. 2004;
Herzog er al. 2003; Romito et al. 2002; Deep-
Brain Stimulation for Parkinson’s Disease Study
Group 2001; Kumar ez al. 1998]. This improve-
ment in motor symptoms in the ‘off” medication
state persists for at least up to 5—6 years[Moro
et al. 2010b; Krack er al. 2003], and both unilat-
eral and bilateral STN DBS have been shown to
reduce motor fluctuations and improve measures
of quality of life and activities of daily living
[Walker et al. 2009; Deuschl er al. 2006;
Rodriguez-Oroz et al. 2005; Kleiner-Fisman
et al. 2003; Krack et al. 2003; Romito ez al
2002; Kumar ez al. 1998]. In general, the symp-
toms that are most likely to improve with STN
stimulation are those that are responsive to levo-
dopa [Deuschl ez al. 2003].

Bilateral STN DBS has been found to improve
both objective PSG measures of sleep and
subjective sleep quality in several studies. Arnulf
and colleagues evaluated 10 patients with PD
using bilateral STN DBS with PSG, and they
found decreased wake after sleep onset
(WASO), deceased nocturnal and early morning
dystonia, and increased sleep efficiency when the
stimulators were on compared to off [Arnulf ez al.
2000b]. Another study by Iranzo and colleagues
showed subjective improvement in sleep quality,
improved nocturnal mobility, and increased

continuous sleep time in 11 patients with PD
assessed by PSG 6 months after bilateral STN
DBS compared with presurgical studies.
Interestingly, eight of these patients had REM
sleep behavior disorder presurgically, and these
symptoms persisted after STN DBS [Iranzo
et al. 2002]. Monaca and colleagues evaluated
10 patients with PD using PSG and subjective
sleep measures before and 3 months after bilat-
eral STN DBS with the DBS off and on. They
showed that stimulation significantly increased
total sleep time and sleep efficiency and improved
subjective sleep quality as well. In addition, the
duration of slow wave sleep and REM sleep was
increased, but the percentages of each sleep stage
were not significantly different, and changes in
sleep did not correlate significantly with motor
improvement [Monaca et al. 2004]. Cicolin and
colleagues showed significantly reduced WASO,
increased sleep efficiency, and decreased REM
latency in five patients with PD 3 months after
bilateral STN DBS. Similar to the results of
Iranzo and colleagues, there was no reported
change in REM sleep behavior disorder or in
periodic limb movements of sleep [Cicolin ez al
2004].

Other studies have examined subjective changes
in sleep using a variety of measures. Hjort and
colleagues used the Parkinson’s Disease Sleep
Scale to evaluate 10 control patients with PD
and 10 patients with PD treated with bilateral
STN DBS, and showed that the treatment
group had a significant improvement in sleep
quality after surgery while there was no improve-
ment in the control group [Hjort ez al. 2004].
In the longest follow up after bilateral STN
DBS to date, Lyons and Pahwa reported
increased total sleep time based on patient diaries
at 6, 12, and 24 months after bilateral STN DBS.
This change in sleep time correlated with
improvement in bradykinesia scores from the
Unified Parkinson’s Disease Rating Scale
(UPDRS) [Fahn and Elton, 1987]. Other find-
ings included decreased early morning dystonia
but no change in daytime sleepiness [Lyons and
Pahwa, 2006]. Zibetti and colleagues reported
improvement in sleep dysfunction in 36 patients
after bilateral STN DBS based on evaluation of
the UPDRS part IV (complications of therapy)
[Zibetti er al. 2007].

While the above studies have reported the effects
of bilateral STN DBS on sleep, unilateral STN
DBS has also recently been advocated for the
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treatment of motor symptoms in advanced PD
[Okun ez al. 2009; Walker ez al. 2009; Alberts
et al. 2008a; Tabbal ez al. 2008]. Although
unilateral stimulation likely has less motor
efficacy than bilateral STN DBS [Samii er al
2007], PD is an asymmetric disease, and its
motor symptoms respond to dopaminergic ther-
apy. In addition, unilateral STN DBS may be
better tolerated than bilateral STN DBS in
terms of risk for cognitive dysfunction, speech
and swallowing dysfunction, and surgical adverse
events [Walker ez al. 2009; Alberts ez al. 2008b;
Bastian ez al. 2003; Kumar ez al. 1999]. Little is
known about the effects of unilateral STN DBS
on sleep dysfunction. We recently evaluated
53 consecutive patients with PD who underwent
successful unilateral STN DBS contralateral to
the most affected hemibody and found significant
improvement in subjective sleep quality as
measured by the Pittsburgh Sleep Quality Index
[Buysse ez al. 1989] at 6 months postoperatively
[Amara ez al. 2010].

In summary, unilateral and bilateral STN DBS
both appear to improve subjective sleep quality.
More objective studies using PSG in patients
treated with bilateral STN DBS have shown
improved total sleep time, sleep efficiency, and
WASO but no significant change in sleep archi-
tecture (as measured by percentage of each sleep
stage) or improvement in REM sleep behavior
disorder or periodic limb movements of sleep.

Deep brain stimulation of the globus pallidus
internal segment

There is renewed interest in DBS of the internal
segment of the globus pallidus (GPi) as a target
for treatment of advanced PD [Loher ez al. 2002;
Ghika er al. 1998; Volkmann ez al. 1998; Siegfried
and Lippitz, 1994]. A recent randomized study
found that bilateral STN and GPi DBS were
essentially equivalent in terms of motor improve-
ment and adverse events [Follett er al. 2010].
Other studies provided evidence that patients
undergoing STN DBS have a quantitatively
greater motor improvement in UPDRS, while
adverse events are lower in patients treated with
GPi DBS [Moro er al. 2010b; Anderson er al.
2005; Rodriguez-Oroz et al. 2005; Weaver et al.
2005; Deep-Brain Stimulation for Parkinson’s
Disease Study Group 2001; Krack ez al. 1998].
Comparison of changes in mood and cognition in
patients treated with unilateral STN wversus GPi
DBS showed a trend toward worsened cognition
based on letter verbal fluency as well as increased

anger measures on the visual analog mood scale
in patients treated with STN stimulation [Okun
et al. 2009]. Although it was not a primary out-
come measure for that study, there was no differ-
ence in motor outcomes between the two targets
when stimulated unilaterally [Okun ez al. 2009].

There are relatively few studies on the effects of
GPi DBS on sleep in patients with PD, and the
published studies do not utilize rating instru-
ments that are specifically designed to evaluate
sleep. One study evaluated quality of life
measures with the Parkinson’s Disease Quality
of life questionnaire [Peto ez al. 1998], a validated
39-point rating scale, demonstrating improve-
ment in subjective daytime sleepiness in six of
10 patients who had GPi DBS [Rodrigues ez al.
2007]. None of these 10 patients had their anti-
Parkinsonian medications reduced [Rodrigues
et al. 2007]. Volkmann and colleagues evaluated
20 patients with the Sickness Impact Profile
questionnaire before bilateral GPi DBS, and at
6 months and 3—4 years postoperatively, finding
persistent improvement in subjective sleep qual-
ity [Volkmann et al. 2009]. Considering the
limited evidence on the effects of GPi DBS on
sleep, it is noteworthy that in patients with PD
who underwent stereotactic lesion therapy rather
than brain stimulation, 59% (13/22) treated with
unilateral pallidotomy and 47% (8/17) treated
with bilateral pallidotomy reported subjective
improvement in sleep quality at a median
7-month follow up [Favre ez al 2000].
Considering the resurgence of this stimulation
target for PD therapy, future studies that utilize
PSG and measures of subjective sleep quality are
needed to assess how GPi DBS affects sleep in
patients with PD.

Deep brain stimulation of the ventral

intermediate nucleus of the thalamus

Stimulation of the ventral intermediate nucleus
(VIM) of the thalamus was introduced as an
alternative therapy to thalamotomy for treatment
of medically refractory essential tremor and
Parkinsonian tremor. It is now used less often
for the treatment of PD tremor because it does
not have beneficial effects on bradykinesia or
rigidity, nor does it allow for significant reduction
of anti-Parkinsonian medications or confer
persistent benefit on performance of activities of
daily living [Hariz er al. 2008; Pahwa ez al. 2006;
Koller ez al. 1997; Benabid er al. 1996]. Based on
the role of the thalamus in sleep and the genera-
tion of sleep spindles by the reticular nucleus of
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the thalamus [Steriade er al. 1993], and because
of reports that bilateral thalamotomy leads to
sleep disturbances and insomnia [Bricolo,
1967], Arnulf and colleagues investigated the
effects of VIM DBS on sleep. They evaluated
PSG in six patients (four with PD and two with
essential tremor) with VIM DBS off versus on at
the patient’s stable therapeutic settings and found
no difference in sleep architecture or in sleep
spindles [Arnulf ez al. 2000a].

Deep brain stimulation of the
pedunculopontine nucleus

Despite the efficacy of both STN and GPi DBS
in controlling many motor symptoms in
advanced PD, stimulation of these targets is less
effective in treating postural instability and freez-
ing of gait [Rodriguez-Oroz et al. 2005; Kleiner-
Fisman ez al. 2003]. For this reason, alternate/
additional stimulation sites have been explored.
One such target is the pedunculopontine nucleus
(PPN). The PPN is a heterogeneous group of
neurons located in the dorsolateral mesopontine
tegmentum and functions to promote locomo-
tion, modulate sleep, and control postural tone
[Mena-Segovia et al. 2004; Lee et al. 2000; Rye,
1997]. Lesioning of the PPN in nonhuman
primates induces Parkinsonism [Matsumura
and Kojima, 2001; Aziz ez al. 1998] and degen-
eration of this area occurs in humans with
idiopathic PD [Hirsch er al 1987]. In the
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-treated Parkinsonian monkey,
low-frequency electrical stimulation of the PPN
or pharmacologic activation of the PPN with
y-aminobutyric acid (GABA) antagonists
increases motor activity and improves akinesia
[Jenkinson ez al. 2004; Nandi er al. 2002a,
2002b]. These data led to the hypothesis that
overinhibition =~ of PPN  may  promote
Parkinsonian akinesia and that stimulation of
PPN may provide more benefit for axial symp-
toms such as freezing of gait and postural insta-
bility in patients with PD [Pahapill and Lozano,
2000].

Early studies have demonstrated the safety of
PPN DBS in humans [Mazzone et al. 2005;
Plaha and Gill, 2005], but its efficacy in improv-
ing postural instability and gait is controversial.
Stefani and colleagues showed that PPN DBS
was not as effective as STN DBS in improving
UPDRS part III scores in the ‘off’ medication
state. However, PPN DBS plus STN DBS

improve motor symptoms in the medication
‘on’ condition to a greater extent than either
target alone, particularly when evaluating axial
symptoms and gait (UPDRS items 27-30)
[Stefani ez al. 2007]. Subsequently, the authors
reported that four of these same patients with
bilateral STN and PPN DBS had more improve-
ment in stride length with low-frequency (60 Hz)
stimulation of the STN than with stimulation of
the PPN [Moreau ez al. 2009]. These findings led
them to conclude that PPN should not be a
primary stimulation site, but could supplement
DBS at other targets [Stefani ez al. 2007]. Moro
and colleagues found no significant improvement
in UPDRS motor scores with unilateral PPN
DBS, but did report a subjective decrease in
falls as measured by UPDRS part II [Moro
et al. 2010a]. Ferraye and colleagues studied
bilateral PPN DBS in six patients who were pre-
viously treated with bilateral STN DBS and
reported no clear effect on gait or UPDRS from
this intervention, with the exception that some
patients experienced a subjective decrease in
falls related to freezing [Ferraye er al. 2010].
Owing to the small size of the PPN, there remains
some uncertainty as to whether the DBS elec-
trodes are actually within the nucleus [Yelnik,
2007; Zrinzo et al. 2007] and what stimulation
effects there may be on surrounding structures.

In addition to promoting locomotion, the PPN is
thought to regulate transitions between behav-
ioral states, such as promoting the cortical acti-
vation that characterizes both REM sleep and
wakefulness [Pahapill and Lozano, 2000; Rye,
1997]. Investigators have therefore evaluated
patients with PD who have undergone PPN
DBS for gait dysfunction with PSG and demon-
strated alterations in sleep architecture. Lim and
colleagues investigated PSG changes in three
patients with PD and two patients with progres-
sive supranuclear palsy (PSP) treated with unilat-
eral PPN DBS on versus off [Lim er al. 2009].
The three patients with PD were stimulated at a
frequency of 70 Hz, while the patients with PSP
were stimulated at either 5 or 30 Hz. Regardless
of the underlying disorder, PPN DBS caused a
significant increase in the total duration of REM
sleep and in the percentage of total sleep time
spent in REM (REM percent). Two of these
patients had REM sleep behavior disorder, and
similar to reports of STN DBS, symptoms of
REM sleep behavior disorder persisted in these
patients whether PPN DBS was on or off.
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Romigi and colleagues studied one patient with
bilateral STN and PPN DBS and reported
that while bilateral STN DBS alone and
low-frequency (25Hz) PPN DBS alone both
improved sleep efficiency and WASO to a similar
degree, only stimulation of the bilateral PPN
increased the percentage of REM sleep [Romigi
et al. 2008]. Subsequently, this group reported
data from the same patient and three other
patients who were evaluated with subjective
sleep measures (Pittsburgh Sleep Quality Index
[Buysse er al. 1989], Epworth Sleepiness Scale
[Johns, 1991], and the Parkinson’s Disease
Sleep Scale [Chaudhuri et al. 2002]) during
three different stimulation conditions. Each
parameter was maintained for 2 weeks prior to
evaluation. The three conditions were: STN-on,
PPN-off; STN-on, PPN-on; and STN-on,
PPN-cyclic-on (on only at night). The authors
state that there was an improvement in daytime
sleepiness with PPN-on and improvement in
nocturnal restlessness, psychosis, and daytime
sleepiness with PPN-cycliccon. They also
describe increased REM during PPN DBS in
another patient studied using PSG [Alessandro
et al. 2010]. While these reports by Alessandro
and colleagues are consistent with the findings of
Lim and colleagues [Lim ez al. 2009], interpreta-
tion is difficult because of the small number of
patients and because the quantitative sleep data
were not shown [Alessandro ez al. 2010].

The effect of PPN DBS on behavioral state has
also been investigated in awake subjects. Arnulf
and colleagues [Arnulf ez al. 2010] describe two
patients with prior implantation of STN stimula-
tors who subsequently had bilateral PPN area
DBS. During stimulator adjustment 1 year after
surgery, the authors noted that high-frequency
PPN stimulation induced sleep. To further inves-
tigate this finding, they performed daytime PSG
at different stimulator settings maintained for at
least 5min each with a 3-min stimulator deacti-
vation between changes in settings. They found
that low-frequency stimulation (10—25 Hz) pro-
moted alertness in the two patients, while left,
right, or bilateral high-frequency PPN stimula-
tion (80 Hz) led to sleepiness and then behavioral
sleep within 0.5—8 min in both patients. Patients
attained light sleep (stage N1 and N2) but not
slow wave (N3) or REM sleep. Interestingly,
abrupt cessation of low-frequency stimulation in
one of the patients induced sleep onset within
0.6—1.7 min and REM sleep within 3—6 min on
five occasions. Sleep lasted 2.6—9 min in total,

and the patient woke up spontaneously.
Discontinuation of stimulation did not induce
sleep in the other patient [Arnulf ez al. 2010].

While the effects on sleep of PPN DBS in these
studies may appear paradoxical, modulation of
behavioral state by PPN includes promotion of
both REM sleep and the maintenance of the
cortical arousal during wakefulness. It is possible
that low- and high-frequency stimulation differ-
entially affect the PPN and its connections,
resulting in different behavioral states. In addi-
tion, potential variations in electrode placement
and disease states among patients may have
important effects on the behavioral response as
well. The cause of induction of REM sleep with
abrupt cessation of low-frequency stimulation is
not clear, although the authors do report that the
patient with this effect did have more dorsal
placement of the stimulator. Many of the studies
discussed in this review, and in particular reports
on PPN DBS, evaluate very small numbers of
patients, making inference to a larger population
more difficult because of the possibility of idio-
syncratic responses, placebo effects, or type 2 sta-
tistical errors. Nevertheless, because of the role of
the PPN in modulating sleep and wakefulness,
stimulation of this novel target in patients with
PD potentially provides a unique opportunity to
better understand normal sleep physiology as
well as the pathophysiology of sleep dysfunction
in PD.

Conclusion

Sleep dysfunction has a significant impact on
quality of life in patients with PD [Scaravilli
et al. 2003]. The use of DBS for treatment of
motor symptoms that no longer respond opti-
mally to medical therapies provides an opportu-
nity to better understand how neuromodulation
affects sleep dysfunction. Recent evidence shows
that DBS (particularly in the STN and possibly
in the PPN) likely improves sleep quality and
sleep architecture in patients with PD. In all ther-
apeutic targets, however, evidence is derived
primarily from case series and case reports and
evaluation of larger numbers of patients, with
appropriate controls and blinding over longer
follow-up periods, is required to confirm the
results. Furthermore, routine collection of sleep
data through questionnaires or PSG in patients
undergoing DBS could contribute to a better
understanding of how DBS influences sleep.
The available research discussed in this review
prompts us to ask additional questions.
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For example, in all targets, it has not yet been
determined if unilateral and bilateral DBS affect
sleep similarly, or if one approach is superior to
the other. Also, because target nuclei, particularly
PPN, are small anatomically, the influences of
direct or indirect stimulation on surrounding
nuclei and output structures should be investi-
gated. In addition, if improvement of sleep with
PPN DBS is confirmed in future studies, severe
alterations in sleep and wakefulness may warrant
consideration of DBS at this target in selected
patients.

The mechanism of the improvement in sleep with
DBS is likely multifactorial. Although it appears
to be related in part to increased nocturnal
mobility associated with improvement of motor
symptoms, other factors that influence sleep
quality such as depression and medications
must also be considered. It is well established
that STN DBS in particular allows for reduction
of anti-Parkinsonian medications [Weaver ez al
2005], and this change alone could improve
sleep and reduce daytime hypersomnolence in
some patients. Another possibility is that DBS
has a direct effect on sleep physiology that is
independent of improvement in motor symp-
toms, mood, or medications. This may be
expected, since the STN and GPi have neural
connections to structures that are important in
modulation of behavioral state, such as the
PPN [Aravamuthan ez al. 2007; Lu er al. 2006;
Bevan and Bolam, 1995; Parent and Hazrati,
1995], laterodorsal tegmental nucleus [Bevan
and Bolam, 1995], and dorsal raphe nucleus
[Parent and Hazrati, 1995]. Despite the numer-
ous questions yet to be answered about the effects
of DBS on sleep, the potential improvements in
sleep with DBS are promising and provide useful
information for patients, caregivers, and physi-
cians who assess the potential benefits and risks
of this neuromodulatory therapy.

Funding

This work was supported in part by the Francis
and Ingeborg Heide Schumann Fellowship in
Parkinson’s Disease Research (AA), the Sartain
Lanier Family Foundation, and grant funding
from the National Institutes of Neurological
Disorders and Stroke (grant number K23
NS067053-01 to HCW) and the American
Parkinson Disease Association.

Conflict of interest statement
The authors declare no conflicts of interest in
preparing this article.

References

Alberts, J.L., Hass, C.]., Vitek, J.L. and Okun, M.S.
(2008a) Are two leads always better than one: An
emerging case for unilateral subthalamic deep brain
stimulation in Parkinson’s disease. Exp Neurol 214: 1-5.

Alberts, J.L., Voelcker-Rehage, C., Hallahan, K., Vitek,
M., Bamzai, R. and Vitek, J.L.. (2008b) Bilateral subtha-
lamic stimulation impairs cognitive-motor performance
in Parkinson’s disease patients. Bramn 131: 3348—3360.

Alessandro, S., Ceravolo, R., Brusa, L., Pierantozzi,
M., Costa, A., Galati, S. er al. (2010) Non-motor
functions in parkinsonian patients implanted in the
pedunculopontine nucleus: Focus on sleep and cog-
nitive domains. ¥ Neurol Sci 289: 44—48.

Amara, A., Walker, H., Guthrie, S., Cutter, G.,
Standaert, D. and Watts, R.L. (2010) Unilateral STN
DBS improves sleep in Parkinson’s disease, In:
American Academy of Neurology annual meeting 15
April 2010, Toronto, ON, Canada, American
Academy of Neurology.

Anderson, V.C., Burchiel, K.J., Hogarth, P., Favre, J.
and Hammerstad, J.P. (2005) Pallidal vs subthalamic
nucleus deep brain stimulation in Parkinson disease.
Arch Neurol 62: 554—560.

Apps, M.C., Sheaff, P.C., Ingram, D.A., Kennard, C.
and Empey, D.W. (1985) Respiration and sleep in
Parkinson’s disease. ¥ Neurol Neurosurg Psychiatry

48: 1240—1245.

Aravamuthan, B.R., Muthusamy, K.A., Stein, J.F.,
Aziz, T.Z. and Johansen-Berg, H. (2007) Topography
of cortical and subcortical connections of the human
pedunculopontine and subthalamic nuclei. Neuroimage
37: 694—705.

Arnulf, I., Bejjani, B.P., Garma, L., Bonnet, A.M.,
Damier, P., Pidoux, B. er al. (2000a) Effect of low and
high frequency thalamic stimulation on sleep in
patients with Parkinson’s disease and essential tremor.
F Sleep Res 9: 55—62.

Arnulf, I., Bejjani, B.P., Garma, L., Bonnet, A.M.,
Houeto, J.L., Damier, P. ez al. (2000b) Improvement
of sleep architecture in PD with subthalamic nucleus
stimulation. Neurology 55: 1732—1734.

Arnulf, I., Ferraye, M., Fraix, V., Benabid, A.L.,
Chabardes, S., Goetz, L. et al. (2010) Sleep induced
by stimulation in the human pedunculopontine
nucleus area. Ann Neurol 67: 546—549.

Aziz, T.Z., Davies, L., Stein, J. and France, S. (1998)
The role of descending basal ganglia connections to
the brain stem in parkinsonian akinesia. Br ¥ Neurosurg
12: 245-249.

Barone, P., Antonini, A., Colosimo, C., Marconi, R.,
Morgante, L., Avarello, T.P. et al. (2009) The

20

http://tan.sagepub.com



AW Amara, RL Watts et al.

PRIAMO study: A multicenter assessment of nonmo-
tor symptoms and their impact on quality of life in
Parkinson’s disease. Mov Disord 24: 1641—1649.

Bastian, A.]., Kelly, V.E., Revilla, E.J., Perlmutter, J.S.
and Mink, J.W. (2003) Different effects of unilateral
versus bilateral subthalamic nucleus stimulation on
walking and reaching in Parkinson’s disease. Mov
Disord 18: 1000—1007.

Benabid, A.L., Pollak, P., Gao, D., Hoffmann, D.,
Limousin, P., Gay, E. ez al. (1996) Chronic electrical
stimulation of the ventralis intermedius nucleus of the
thalamus as a treatment of movement disorders.

F Neurosurg 84: 203—214.

Bevan, M.D. and Bolam, J.P. (1995) Cholinergic,
GABAergic, and glutamate-enriched inputs from the
mesopontine tegmentum to the subthalamic nucleus in
the rat. ¥ Neurosci 15: 7105—7120.

Bricolo, A. (1967) Insomnia after bilateral stereotactic
thalamotomy in man. ¥ Neurol Neurosurg Psychiatry
30: 154—158.

Brodsky, M.A., Godbold, J., Roth, T. and Olanow,
C.W. (2003) Sleepiness in Parkinson’s disease: A
controlled study. Mov Disord 18: 668—672.

Buysse, D.]., Reynolds 3rd, C.F., Monk, T.H.,
Berman, S.R. and Kupfer, D.J. (1989) The Pittsburgh
Sleep Quality Index: A new instrument for psychiatric
practice and research. Psychiatry Res 28: 193—213.

Chaudhuri, K.R., Pal, S., DiMarco, A., Whately-
Smith, C., Bridgman, K., Mathew, R. ez al. (2002)
The Parkinson’s disease sleep scale: A new instrument
for assessing sleep and nocturnal disability in
Parkinson’s disease. ¥ Neurol Neurosurg Psychiatry

73: 629—635.

Cicolin, A., Lopiano, L., Zibetti, M., Torre, E.,
Tavella, A., Guastamacchia, G. et al. (2004) Effects of
deep brain stimulation of the subthalamic nucleus on
sleep architecture in parkinsonian patients. Sleep Med
5: 207-210.

Deep-Brain Stimulation for Parkinson’s Disease
Study Group. (2001) Deep-brain stimulation of the
subthalamic nucleus or the pars interna of the globus
pallidus in Parkinson’s disease. N Engl ¥ Med

345: 956—963.

Deuschl, G., Schade-Brittinger, C., Krack, P.,
Volkmann, J., Schafer, H., Botzel, K. ez al. (2006)
A randomized trial of deep-brain stimulation for
Parkinson’s disease. N Engl ¥ Med 355: 896—908.

Deuschl, G., Wenzelburger, R., Kopper, F. and
Volkmann, J. (2003) Deep brain stimulation of the
subthalamic nucleus for Parkinson’s disease: A therapy
approaching evidence-based standards. ¥ Neurol
250(Suppl. 1): 143-146.

Fahn, S. and Elton, R.L.. (1987) Members of the
UPDRS Development Committee: The Unified
Parkinson’s Disease Rating Scale, In: Fahn, S.,
Marsden, C.D., Calne, D.B. and Goldstein, M. (eds).
Recent Developments in Parkinson’s Disease,

Florham Park: Macmillan Healthcare Information,
pp. 153—163.

Favre, J., Burchiel, K.]J., Taha, J.M. and Hammerstad,
J. (2000) Outcome of unilateral and bilateral pallidot-
omy for Parkinson’s disease: Patient assessment.
Neurosurgery 46: 344—353; discussion 353—345.

Ferraye, M.U., Debu, B., Fraix, V., Goetz, L.,
Ardouin, C., Yelnik, J. er al. (2010) Effects of pedun-
culopontine nucleus area stimulation on gait disorders
in Parkinson’s disease. Brain 133: 205—214.

Follett, K.A., Weaver, F.M., Stern, M., Hur, K.,
Harris, C.L., Luo, P. er al. (2010) Pallidal versus
subthalamic deep-brain stimulation for Parkinson’s
disease. N Engl ¥ Med 362: 2077—2091.

Ford, B., Winfield, L., Pullman, S.L., Frucht, S.]J.,
Du, Y., Greene, P. ez al. (2004) Subthalamic nucleus
stimulation in advanced Parkinson’s disease: Blinded
assessments at one year follow up. ¥ Neurol Neurosurg
Psychiarry 75: 1255—1259.

Ghika, J., Villemure, ]J.G., Fankhauser, H., Favre, J.,
Assal, G. and Ghika-Schmid, F. (1998) Efficiency and
safety of bilateral contemporaneous pallidal stimula-
tion (deep brain stimulation) in levodopa-responsive
patients with Parkinson’s disease with severe motor
fluctuations: A 2-year follow-up review. ¥ Neurosurg
89: 713—718.

Hariz, M.1., Krack, P., Alesch, F., Augustinsson, L.E.,
Bosch, A., Ekberg, R. ez al. (2008) Multicentre
European study of thalamic stimulation for parkinso-
nian tremor: A 6 year follow-up. ¥ Neurol Neurosurg
Psychiatry 79: 694—699.

Herzog, J., Volkmann, J., Krack, P., Kopper, F., Potter,
M., Lorenz, D. er al. (2003) Two-year follow-up of
subthalamic deep brain stimulation in Parkinson’s
disease. Mov Disord 18: 1332—1337.

Hirsch, E.C., Graybiel, A.M., Duyckaerts, C. and
Javoy-Agid, F. (1987) Neuronal loss in the peduncu-
lopontine tegmental nucleus in Parkinson disease and
in progressive supranuclear palsy. Proc Nail Acad Sci U
S A 84: 5976—5980.

Hjort, N., Ostergaard, K. and Dupont, E. (2004)
Improvement of sleep quality in patients with
advanced Parkinson’s disease treated with deep brain
stimulation of the subthalamic nucleus. Mov Disord
19: 196—199.

Iranzo, A., Valldeoriola, F., Santamaria, J., Tolosa, E.
and Rumia, J. (2002) Sleep symptoms and polysom-

nographic architecture in advanced Parkinson’s disease
after chronic bilateral subthalamic stimulation.

F Neurol Neurosurg Psychiatry 72: 661—664.

Jenkinson, N., Nandi, D., Miall, R.C., Stein, J.F. and
Aziz, T.Z. (2004) Pedunculopontine nucleus stimula-
tion improves akinesia in a Parkinsonian monkey.
Neuroreport 15: 2621—-2624.

Johns, M.W. (1991) A new method for measuring
daytime sleepiness: The Epworth sleepiness scale.
Sleep 14: 540—-545.

http://tan.sagepub.com

21



Therapeutic Advances in Neurological Disorders 4 (1)

Kleiner-Fisman, G., Fisman, D.N., Sime, E., Saint-
Cyr, J.A., Lozano, A.M. and Lang, A.E. (2003) Long-
term follow up of bilateral deep brain stimulation of
the subthalamic nucleus in patients with advanced
Parkinson disease. ¥ Neurosurg 99: 489—495.

Koller, W., Pahwa, R., Busenbark, K., Hubble, J.,
Wilkinson, S., Lang, A. er al. (1997) High-frequency
unilateral thalamic stimulation in the treatment of
essential and parkinsonian tremor. Ann Neurol

42: 292—299.

Krack, P., Batir, A., Van Blercom, N., Chabardes, S.,
Fraix, V., Ardouin, C. ez al. (2003) Five-year follow-up
of bilateral stimulation of the subthalamic nucleus in

advanced Parkinson’s disease. N Engl ¥ Med

349: 1925—1934.

Krack, P., Pollak, P., Limousin, P., Hoffmann, D., Xie,
J., Benazzouz, A. er al. (1998) Subthalamic nucleus or
internal pallidal stimulation in young onset Parkinson’s
disease. Brain 121: 451—457.

Kumar, S., Bhatia, M. and Behari, M. (2002) Sleep
disorders in Parkinson’s disease. Mov Disord
17: 775-781.

Kumar, R., Lozano, A.M., Kim, Y.J., Hutchison,
W.D., Sime, E., Halket, E. ez al. (1998) Double-blind
evaluation of subthalamic nucleus deep brain stimu-
lation in advanced Parkinson’s disease. Neurology

51: 850—855.

Kumar, R., Lozano, A.M., Sime, E., Halket, E. and
Lang, A.E. (1999) Comparative effects of unilateral
and bilateral subthalamic nucleus deep brain stimula-
tion. Neurology 53: 561—566.

Lee, M.S., Rinne, J.O. and Marsden, C.D. (2000) The
pedunculopontine nucleus: Its role in the genesis of
movement disorders. Yonser Med ¥ 41: 167—184.

Lees, A.]., Blackburn, N.A. and Campbell, V.L.
(1988) The nighttime problems of Parkinson’s disease.
Chin Neuropharmacol 11: 512—519.

Lim, A.S., Moro, E., Lozano, A.M., Hamani, C.,
Dostrovsky, J.O., Hutchison, W.D. ez al. (2009)
Selective enhancement of rapid eye movement sleep by
deep brain stimulation of the human pons. Ann Neurol
66: 110—114.

Loher, T.J., Burgunder, J.M., Weber, S.,
Sommerhalder, R. and Krauss, J.K. (2002) Effect of
chronic pallidal deep brain stimulation on off period
dystonia and sensory symptoms in advanced
Parkinson’s disease. ¥ Neurol Neurosurg Psychiatry
73: 395—-399.

Lu, J., Sherman, D., Devor, M. and Saper, C.B.
(2006) A putative flip-flop switch for control of REM
sleep. Nature 441: 589—594.

Lyons, K.E. and Pahwa, R. (2006) Effects of bilateral
subthalamic nucleus stimulation on sleep, daytime
sleepiness, and early morning dystonia in patients with
Parkinson disease. ¥ Neurosurg 104: 502—505.

Martinez-Martin, P., Schapira, A.H., Stocchi, F.,
Sethi, K., Odin, P., MacPhee, G. et al. (2007)

Prevalence of nonmotor symptoms in Parkinson’s dis-
ease in an international setting: Study using nonmotor
symptoms questionnaire in 545 patients. Mov Disord
22: 1623—1629.

Matsumura, M. and Kojima, J. (2001) The role of the
pedunculopontine tegmental nucleus in experimental
parkinsonism in primates. Stereotact Funct Neurosurg
77: 108—115.

Mazzone, P., Lozano, A., Stanzione, P., Galati, S.,
Scarnati, E., Peppe, A. er al. (2005) Implantation of
human pedunculopontine nucleus: A safe and clini-
cally relevant target in Parkinson’s disease. Neuroreport
16: 1877—1881.

Mena-Segovia, J., Bolam, J.P. and Magill, P.J. (2004)
Pedunculopontine nucleus and basal ganglia: Distant
relatives or part of the same family? Trends Neurosci
27: 585—588.

Monaca, C., Ozsancak, C., Jacquesson, J.M., Poirot,
1., Blond, S., Destee, A. er al. (2004) Effects of bilat-
eral subthalamic stimulation on sleep in Parkinson’s
disease. ¥ Neurol 251: 214—218.

Moreau, C., Defebvre, L., Devos, D., Marchetti, F.,
Destee, A., Stefani, A. ez al. (2009) STN versus
PPN-DBS for alleviating freezing of gait: Toward a
frequency modulation approach? Mov Disord

24: 2164—-2166.

Moro, E., Hamani, C., Poon, Y.Y., Al-Khairallah, T.,
Dostrovsky, J.O., Hutchison, W.D. ez al. (2010a)
Unilateral pedunculopontine stimulation improves
falls in Parkinson’s disease. Brain 133: 215—224.

Moro, E., Lozano, A.M., Pollak, P., Agid, Y.,
Rehncrona, S., Volkmann, J. ez al. (2010b) Long-term
results of a multicenter study on subthalamic and
pallidal stimulation in Parkinson’s disease. Mov Disord
25: 578-586.

Nandi, D., Aziz, T.Z., Giladi, N., Winter, J. and Stein,
J.F. (2002a) Reversal of akinesia in experimental par-
kinsonism by GABA antagonist microinjections in the
pedunculopontine nucleus. Brain 125: 2418—2430.

Nandi, D., Liu, X., Winter, J.L., Aziz, T.Z. and Stein,
J.F. (2002b) Deep brain stimulation of the peduncu-
lopontine region in the normal non-human primate.
¥ Chin Neurosci 9: 170—174.

Nausieda, P.A., Weiner, W.J., Kaplan, L.R., Weber, S.
and Klawans, H.L. (1982) Sleep disruption in the
course of chronic levodopa therapy: An early feature of
the levodopa psychosis. Clin Neuropharmacol

5: 183—194.

Okun, M.S., Fernandez, H.H., Wu, S.S., Kirsch-
Darrow, L., Bowers, D., Bova, F. er al. (2009)
Cognition and mood in Parkinson’s disease in sub-
thalamic nucleus versus globus pallidus interna deep
brain stimulation: The COMPARE trial. Ann Neurol
65: 586—595.

Pahapill, P.A. and Lozano, A.M. (2000) The pedun-
culopontine nucleus and Parkinson’s disease. Brain
123: 1767—-1783.

22

http://tan.sagepub.com



AW Amara, RL Watts et al.

Pahwa, R., Lyons, K.E., Wilkinson, S.B., Simpson Jr,
R.K., Ondo, W.G., Tarsy, D. er al. (2006) Long-term
evaluation of deep brain stimulation of the thalamus.
F Neurosurg 104: 506—512.

Pappert, E.]J., Goetz, C.G., Niederman, F.G., Raman,
R. and Leurgans, S. (1999) Hallucinations, sleep
fragmentation, and altered dream phenomena in
Parkinson’s disease. Mov Disord 14: 117—121.

Parent, A. and Hazrati, L.N. (1995) Functional anat-
omy of the basal ganglia. II. The place of subthalamic
nucleus and external pallidum in basal ganglia
circuitry. Brain Res Brain Res Rev 20: 128—154.

Paulson, H.L. and Stern, M.B. (2004) Clinical mani-
festations of Parkinson’s disease, In: Watts, R.L.K. and
Williams, C. (eds). Movement Disorders: Neurologic
Principles and Practice, 2nd edn, New York:
McGraw-Hill, p. 237.

Peto, V., Jenkinson, C. and Fitzpatrick, R. (1998)
PDQ-39: A review of the development, validation and
application of a Parkinson’s disease quality of life
questionnaire and its associated measures. ¥ Neurol
245(Suppl. 1): S10—-S14.

Plaha, P. and Gill, S.S. (2005) Bilateral deep brain
stimulation of the pedunculopontine nucleus for
Parkinson’s disease. Neuroreporr 16: 1883—1887.

Qin, Z., Zhang, L., Sun, F., Fang, X., Meng, C.,
Tanner, C. et al. (2009) Health related quality of life
in early Parkinson’s disease: Impact of motor and
non-motor symptoms, results from Chinese levodopa
exposed cohort. Parkinsonism Relar Disord

15: 767-771.

Rodrigues, J.P., Walters, S.E., Watson, P., Stell, R. and
Mastaglia, F.L.. (2007) Globus pallidus stimulation
improves both motor and nonmotor aspects of quality
of life in advanced Parkinson’s disease. Mov Disord
22: 1866—1870.

Rodriguez-Oroz, M.C., Obeso, J.A., Lang, A.E.,
Houeto, J.L., Pollak, P., Rehncrona, S. er al. (2005)
Bilateral deep brain stimulation in Parkinson’s disease:
A multicentre study with 4 years follow-up. Brain
128: 2240—2249.

Romigi, A., Placidi, F., Peppe, A., Pierantozzi, M.,
1zzi, F., Brusa, L. ez al. (2008) Pedunculopontine
nucleus stimulation influences REM sleep in
Parkinson’s disease. Eur ¥ Neurol 15: e64—e65.

Romito, L.M., Scerrati, M., Contarino, M.F.,

Bentivoglio, A.R., Tonali, P. and Albanese, A. (2002)
Long-term follow up of subthalamic nucleus stimula-
tion in Parkinson’s disease. Neurology 58: 1546—1550.

Rye, D.B. (1997) Contributions of the pedunculo-
pontine region to normal and altered REM sleep. Sleep
20: 757—788.

Rye, D.B. and Bliwise, D.L. (2004) Movement disorders
specific to sleep and the nocturnal manifestations of

waking movement disorders, In: Watts, R.L. and Koller,
W.C. (eds). Movement Disorders: Neurologic Principles
and Practice, 2nd edn, New York: McGraw-Hill, p. 863.

Rye, D.B., Bliwise, D.L., Dihenia, B. and Gurecki, P.
(2000) FAST TRACK: Daytime sleepiness in
Parkinson’s disease. ¥ Sleep Res 9: 63—69.

Samii, A., Kelly, V.E., Slimp, J.C., Shumway-Cook, A.
and Goodkin, R. (2007) Staged unilateral versus
bilateral subthalamic nucleus stimulator implantation
in Parkinson disease. Mov Disord 22: 1476—1481.

Scaravilli, T., Gasparoli, E., Rinaldi, F., Polesello, G.
and Bracco, F. (2003) Health-related quality of life and
sleep disorders in Parkinson’s disease. Neurol Sci

24: 209-210.

Schenck, C.H., Bundlie, S.R. and Mahowald, M.W.
(1996) Delayed emergence of a parkinsonian disorder
in 38% of 29 older men initially diagnosed with idio-
pathic rapid eye movement sleep behaviour disorder.
Neurology 46: 388—393.

Schrag, A., Ben-Shlomo, Y. and Quinn, N. (2002)
How common are complications of Parkinson’s dis-
ease? ¥ Neurol 249: 419—423.

Shpirer, 1., Miniovitz, A., Klein, C., Goldstein, R.,
Prokhorov, T., Theitler, J. ez al. (2006) Excessive
daytime sleepiness in patients with Parkinson’s disease:
A polysomnography study. Mov Disord

21: 1432—1438.

Siegfried, ]J. and Lippitz, B. (1994) Bilateral chronic
electrostimulation of ventroposterolateral pallidum: A
new therapeutic approach for alleviating all parkinso-
nian symptoms. Neurosurgery 35: 1126—1129; discus-
sion 1129—-1130.

Simuni, T. and Sethi, K. (2008) Nonmotor manifes-
tations of Parkinson’s disease. Ann Neurol 64(Suppl.
2): S65—S80.

Stefani, A., Lozano, A.M., Peppe, A., Stanzione, P.,
Galati, S., Tropepi, D. et al. (2007) Bilateral deep
brain stimulation of the pedunculopontine and
subthalamic nuclei in severe Parkinson’s disease. Brain
130: 1596—1607.

Steriade, M., McCormick, D.A. and Sejnowski, T.].
(1993) Thalamocortical oscillations in the sleeping
and aroused brain. Science 262: 679—685.

Tabbal, S.D., Ushe, M., Mink, J.W., Revilla, F.J.,
Wernle, A.R., Hong, M. et al. (2008) Unilateral sub-
thalamic nucleus stimulation has a measurable ipsilat-
eral effect on rigidity and bradykinesia in Parkinson
disease. Exp Neurol 211: 234—242.

Tandberg, E., Larsen, J.P. and Karlsen, K. (1998)
A community-based study of sleep disorders in
patients with Parkinson’s disease. Mov Disord

13: 895—-899.

Volkmann, J., Albanese, A., Kulisevsky, J., Tornqvist,
A.L., Houeto, J.L., Pidoux, B. ez al. (2009) Long-term
effects of pallidal or subthalamic deep brain stimula-
tion on quality of life in Parkinson’s disease. Mov
Disord 24: 1154—1161.

Volkmann, J., Sturm, V., Weiss, P., Kappler, J.,
Voges, J., Koulousakis, A. ez al. (1998) Bilateral
high-frequency stimulation of the internal globus

http://tan.sagepub.com

23



Therapeutic Advances in Neurological Disorders 4 (1)

Visit SAGE journals online

http://tan.sagepub.com

pallidus in advanced Parkinson’s disease. Ann Neurol
44: 953-961.

Walker, H.C., Watts, R.L., Guthrie, S., Wang, D. and
Guthrie, B.L. (2009) Bilateral effects of unilateral
subthalamic deep brain stimulation on Parkinson’s
disease at 1 year. Neurosurgery 65: 302—309; discussion
309-310.

Weaver, F., Follett, K., Hur, K., Ippolito, D. and
Stern, M. (2005) Deep brain stimulation in Parkinson

Yelnik, J. (2007) PPN or PPD, what is the target for
deep brain stimulation in Parkinson’s disease? Brain
130: e79; author reply e80.

Zibetti, M., Torre, E., Cinquepalmi, A., Rosso, M.,
Ducati, A., Bergamasco, B. ez al. (2007) Motor and
nonmotor symptom follow-up in parkinsonian patients
after deep brain stimulation of the subthalamic
nucleus. Eur Neurol 58: 218—223.

Zrinzo, L., Zrinzo, L..V. and Hariz, M. (2007) The

©SAGEJOURNALS disease: A metaanalysis of patient outcomes. pedunculopontine and peripeduncular nuclei: A tale of
Online ¥ Neurosurg 103: 956—967. two structures. Brain 130: e73; author reply e74.
24 http://tan.sagepub.com



