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Abstract
Bilateral subthalamic nucleus deep brain stimulation (STN DBS) can reduce working memory while
improving motor function in Parkinson disease (PD), but findings are variable. One possible
explanation for this variability is that the effects of bilateral STN DBS on working memory function
depend in part on functional or disease asymmetry. The goal of this study was to determine the relative
contributions of unilateral DBS to the effects seen with bilateral DBS. Motor (Unified Parkinson
Disease Rating Scale Part III, UPDRS) and working memory function (Spatial Delayed Response,
SDR) were measured in 49 PD patients with bilateral STN DBS while stimulators were Both-off,
Left-on, Right-on and Both-on in a randomized, double-blind manner. Patients were off PD
medications overnight. Effects of unilateral DBS were compared to effects of bilateral STN DBS.
Mean UPDRS and SDR responses to Left-on vs. Right-on conditions did not differ (p>.20). However,
improvement in contralateral UPDRS was greater and SDR performance was more impaired by
unilateral DBS in the more affected side of the brain than in the less affected side of the brain (p=.
008). The effect of unilateral DBS on the more affected side on contralateral UPDRS and SDR
responses was equivalent to that of bilateral DBS. These results suggest that motor and working
memory function respond to unilateral STN DBS differentially depending on the asymmetry of motor
symptoms.
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Working memory, the ability to maintain, monitor and use internal information to guide
behavior, is a fundamental cognitive skill underlying other more complex “executive”
functions (Baddeley, 1992), and is known to be affected by Parkinson disease (PD). Individuals
with PD are particularly impaired on spatial working memory tasks, even at the early stages

Correspondence: Tamara Hershey, Ph.D., Campus Box 8225, Washington University School of Medicine, 4525 Scott Avenue, St.
Louis, MO 63110, Phone: 314-362-5593, Fax: 314-362-0168, email: tammy@wustl.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Exp Neurol. Author manuscript; available in PMC 2009 April 1.

Published in final edited form as:
Exp Neurol. 2008 April ; 210(2): 402–408.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of the disease (Gabrieli, Singh et al., 1996; Lewis, Slabosz et al., 2005), perhaps due to altered
basal ganglia output or changes in mesocortical dopaminergic pathways (Carbon and Marie,
2003). The degree of impairment in spatial working memory may depend in part on which
hemisphere of the brain is more affected by PD, since worse left-sided motor dysfunction in
PD is associated with worse spatial (right hemisphere) tasks and worse right-sided motor
dysfunction is associated with more impairment on verbally mediated (left-hemisphere) tasks
(Taylor, Saint-Cyr et al., 1986; Starkstein, Leiguarda et al., 1987; Spicer, Roberts et al.,
1988; Blonder, Gur et al., 1989; Huber, Miller et al., 1992; Amick, Grace et al., 2006).

Recent work has suggested that bilateral deep brain stimulation of the subthalamic nucleus
(STN DBS), apart from any effects of the surgical procedure itself, can impair spatial working
memory below already suboptimal levels of function while simultaneously improving motor
symptoms of PD (Hershey, Revilla et al., 2004). For example, STN DBS decreases response
inhibition performance under conditions of strong response conflict challenges (Jahanshahi,
Ardouin et al., 2000; Schroeder, Kuehler et al., 2002; Hershey, Revilla, Wernle, Schneider-
Gibson, Dowling, and Perlmutter, 2004; Witt, Pulkowski et al., 2004; Temel, Weber et al.,
2004). Similar findings have been reported for working memory performance, particularly
under conditions with higher demand on cognitive control processes (Hershey, Revilla,
Wernle, Schneider-Gibson, Dowling, and Perlmutter, 2004). In contrast, there have also been
reports of improved working memory with STN DBS (Rivaud-Pechoux, Vermersch et al.,
2000; Pillon, Ardouin et al., 2000) . However, neither study withdrew levodopa before testing,
although levodopa is known to influence working memory and possibly other cognitive skills
(Gotham, Brown et al., 1988). Other studies have reported that STN DBS improves extinction
task and non-declarative memory performance, worsens declarative memory and causes no
changes in a gambling task (Halbig, Gruber et al., 2004; Funkiewiez, Ardouin et al., 2004).
The emerging pattern of results suggests that tasks with greater cognitive control demands are
most susceptible to the negative effects of STN DBS. These effects may be mediated through
the STN’s connections to prefrontal cortex (Nakano, Kayahara et al., 2000; Baunez, Humby
et al., 2001; Chudasama, Baunez et al., 2003).

Despite the overall trends observed, findings are variable both across studies and across
individuals, driving some controversy in the field. One possible explanation for some of this
variability is that clinical factors such as disease asymmetry may modify the effect of bilateral
STN DBS on working memory and other cognitive functions. To determine the influence of
disease asymmetry on bilateral STN DBS-induced changes in working memory, responses to
unilateral STN DBS must be examined. We measured working memory and motor responses
to unilateral and bilateral STN DBS in a within-subjects design to address whether responses
differed depending on which hemisphere (left vs. right; more affected vs. less affected side of
the brain) was stimulated. This information may shed light on the neuropathophysiology of
cognitive dysfunction in PD, and help us understand the contributing factors to effects of
bilateral STN DBS on working memory.

Materials and Methods
Subjects

This study was approved by the Human Research Protection Office at Washington University
School of Medicine and participants gave informed consent. These procedures are in
compliance with national legislation and the Code of Ethical Principles for Medical Research
Involving Human Subjects of the World Medical Association. Individuals with PD with
previously implanted bilateral stimulators in the STN region were studied. Prior to
implantation, all met diagnostic criteria for clinically definite PD (Racette, Rundle et al.,
1999) and had a Hoehn and Yahr score of between 2 and 4 in the on medication state.
Exclusionary criteria included a history of neurological events or diagnoses other than PD, or
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dementia on clinical exam prior to surgery. The surgical implantation of stimulators (Medtronic
model 3389 DBS leads) targeted STN using T2 weighted magnetic resonance imaging (MRI)
with microelectrode recording (Starr, Christine et al., 2002). Intraoperative test stimulation
confirmed adequate location of electrodes, similar to other published methods (Starr, Christine,
Theodosopoulos, Lindsey, Byrd, Mosley, and Marks, Jr., 2002). The clinical benefit achieved
by stimulation in our center, as measured by change in UPDRS motor scores, is comparable
to other centers (Tabbal, Revilla et al., 2007).

Fifty-one patients completed the study, but 2 were excluded because their data points were
greater than 3 SDs from the mean. On average, the remaining 49 subjects (18 female, 31 male)
were 58.7 years old (SD=9.3), had been diagnosed with PD for 13.7 years (SD=4.9) and were
tested 16.2 months following STN stimulator implantation (SD=20). At the time of the study,
in the off medication, off stimulation state, patients had Hoehn and Yahr scores between 2 and
5 (mean=3.4, SD=1.2). All subjects except 3 were taking levodopa/carbidopa daily and all
except 5 were taking other PD medications (amantadine, tolcapone, trihexyphenidyl, pergolide,
pramipexole, ropinirole, entacapone, selegiline). All subjects except 3 were right handed.
Subjects used their dominant hands to respond on the computer.

Protocol
On the study day, subjects refrained from taking any PD medications for at least 12 hours prior
to testing. Working memory testing and motor function rating was performed in four stimulator
conditions: both stimulators off (Both-off), both stimulators on (Both-on), left stimulator on
(Left-on) and right stimulator on (Right-on). The order of these conditions was randomly
assigned for each subject, and patients and examiners were not informed of the order.
Stimulator settings were changed at least 60 minutes prior to testing for each condition.

Motor function was rated by a trained movement disorders clinician using the UPDRS III rating
scale. Categorization of the “more affected” versus “less affected” side of the brain for each
participant was based on the lateralized UPDRS motor score from the Both-off condition. For
example, if the left side of the body had more motor symptoms than the right side of the body
in the Both-off condition, then we considered the (contralateral) right side of the brain “more
affected.”, i.e. right hemisphere.

The SDR Task (Hershey, Craft et al., 1998) measured working memory. This task is an
experimentally derived spatial working memory task that has been closely linked to lateral
prefrontal cortex functioning in animals and humans (Goldman-Rakic, Funahashi et al.,
1990; Luciana, Depue et al., 1992; Funahashi, Bruce et al., 1993). In this task, subjects focused
on a central fixation cross on a computer screen placed approximately 40 cm away. While
fixated, either one or two cues (each 1 cm in diameter) appeared for 150 msec in any of 32
locations at an 11.5 cm radius from the central fixation. A delay period (5 or 15 sec) was then
imposed. During the delay, subjects performed a continuous performance task in which a series
of geometric shapes (triangle, square and diamond) appeared in place of the fixation cross
(1000 msec duration, 750–1250 msec inter-trial interval). Subjects pressed the spacebar
whenever the diamond shape appeared. After the delay, the fixation cue returned, and subjects
pointed to where they remembered seeing the cue(s). Responses were measured in X and Y
coordinates and compared to the actual location of the cue. Delay trials and trials with no
mnemonic load (cue-present trials) were presented in random order. On the cue-present trials
the cue (dot) was present during the response phase. This set of trials gave an indication of
subjects’ pointing accuracy. Mean error in mm (distance between recall and actual target) was
calculated for each subject for each type of trial. Either 1 or 2 cues had to be remembered on
each trial. In the two-cue condition, both locations were presented simultaneously, and in the
recall phase, subjects pointed to both locations, in any order desired. Forty experimental trials
were presented, 20 with one cue presented and 20 with two cues presented. Trials were blocked
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by number of cues and the order of blocks was counterbalanced across subjects. Subjects
performed 4 cue-present trials and 8 trials per delay for each block. The task took approximately
15 minutes to complete.

Analysis
Motor symptoms: Lateralized UPDRS motor scores were summed for each side of the body
separately (upper extremity: rest tremor, action or postural tremor, rigidity, finger taps, hand
pronation/supination repetitive movements and hand opening/closing repetitive movements;
lower extremity: foot tapping, rest tremor and rigidity; total possible for each side = 36 points).
Percent change from the Both-off condition was calculated for the left and right sides of the
body for each stimulator condition. To compare motor responses across unilateral and bilateral
conditions, repeated measures general linear model analyses were performed (Left-on, Right-
on and Both-on). A between-subjects variable was added (right hemisphere more affected vs.
left hemisphere more affected) to determine if disease asymmetry further modulated the effect
of stimulation condition. Univariate analyses and t-tests were performed to follow up
significant main effects. Paired t-tests were used to compare responses across conditions and
one-sample t-tests were used to determine if a response was significantly different from 0. The
threshold for statistical significance was set at p<.05.

Working memory: Percent change in recall error from the Both-off condition was calculated
for SDR performance variables for the Left-on, Right-on and Both-on conditions. To compare
SDR responses across unilateral and bilateral conditions, repeated measures general linear
models analyses were performed on the hardest condition of the SDR task (15 sec delay) with
number of cues (1 vs. 2) and stimulator condition (Left-on, Right-on, Both-on) as repeated
measures. A between-subjects variable was added (right hemisphere more affected vs. left
hemisphere more affected) to determine if disease asymmetry further modulated the effect of
stimulation condition. Univariate analyses and t-tests were performed to assess significant main
effects. Paired t-tests were used to compare responses across conditions and one-sample t-tests
were used to determine if a response was significantly different from 0. The threshold for
statistical significance was set at p<.05.

Results
Subjects

Subjects had good clinical benefit from bilateral stimulation (mean improvement in UPDRS
scores=49%, SD=23; t=13.7, p<.001). The more affected side of the brain was the right
hemisphere in 28 patients and the left hemisphere in 21 patients. These two groups did not
differ in age, gender distribution or duration of disease (p values > .07). The average absolute
difference between UPDRS motor scores on the more affected vs. less affected sides across
the entire sample was 4 points (SD=3). Degree of asymmetry of symptoms across sides of the
body did not correlate with the degree of overall PD severity (Both-off, off medication UPDRS
total motor score; r=.10, p=.53) or the duration of symptoms (r=.03, p=.86). Stimulation
voltage, rate, pulse width and impedance were comparable across sides (left v. right; more
affected v. less affected; paired t-tests, p values>.10; Table 1).

UPDRS
The main effect of DBS condition on lateralized UPDRS responses was significant (Left-on
v. Right-on v. Both-on, F(2,46)=4.3, p=.02). All conditions produced significant improvement
in lateralized UPDRS scores (p<.001), but the Both-on condition produced significantly greater
improvement than either unilateral condition (p<.04). The main effect of group (right
hemisphere more affected v. left hemisphere more affected) was not significant (F(1,47)=.009,
p=.93). However, the interaction between group and condition on UPDRS response was
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significant (F(2,46)=3.8, p=.03). UPDRS mean values per condition were: Both-on, 16.6
(SD=6.9); Left-on, 23.0 (SD=8.3); Right-on, 22.1 (SD=7.6); Both-off, 29.4 (SD=10.6) (Figure
1). DBS on the more affected side of the brain and the Both-on condition improved contralateral
UPDRS motor scores to the same extent (p=.52), and both conditions improved motor scores
to a greater extent than DBS on the less affected side of the brain (p values<.01) (Figure 3).

SDR Test
The main effects of DBS condition (Left-on vs. Right-on vs. Both-on) and group (right
hemisphere more affected vs. left hemisphere more affected) on SDR change were not
significant (Stimulation condition: F(2,46)=0.8, p=.44; Group: F(1,47)=.008, p=.93).
However, the interaction between group and condition on SDR response was significant (F
(2,46)=3.8, p=.03) (Figure 2). No other interactions were significant (p values>.17). SDR mean
values per condition were: Both-off, 22.1 (SD=8.0); Both-on, 22.7 (SD=8.1); Left-on, 21.5
(SD=5.9); Right-on, 22.9 (SD=7.3). The Right-on and Both-on conditions produced significant
decrement in SDR performance (15 sec delay, average of 1 and 2 cue trials, all p values<.05),
but the Left-on condition did not (p=.23). One-sample t-tests within each group show
significant SDR change with more affected side stimulation in the right hemisphere group (p=.
03) but not the left hemisphere group (p=.11). Notably, power is reduced due to dividing the
total sample in half. However, in a categorical analyses, both groups had more individuals that
performed worse with more affected side stimulation than with less affected side stimulation
(Chi-sq test; right hemisphere group, p=.01; left hemisphere group, p=.03).

DBS on the more affected side of the brain and bilateral DBS were associated with significant
decrement in SDR performance (15 sec delay, average of 1 and 2 cue trials, one sample t-tests,
More affected side DBS, p=.005; bilateral DBS, p=.047). DBS on the less affected side of the
brain produced a negligible effect on SDR performance (one sample t-test, p=.67). This change
was less than the change induced by bilateral DBS (paired t-test; p=.06) and less than the change
induced by DBS in the more affected side of brain (paired t-test; p=.008)(Figure 3). To further
test this finding, we categorized individuals as having improved or worsened in performance
in response to unilateral DBS. Analyses revealed that there were significantly more individuals
with impaired performance in response to DBS on the more affected side than expected by
chance (67% of patients had worse performance, Chi-sq=5.9, p=.01), but not in response to
DBS on the less affected side (45% of patients had worse performance, Chi-sq=0.5, p=.58). In
addition, these two distributions were significantly different from each other (Chi-sq=10.1, p=.
001).

To determine if pointing ability was also altered by DBS condition, we performed similar
analyses on the cue present trials. There were no significant main effects of conditions or
interactions with other variables on pointing accuracy (group, number of cues; p values>.21).

Discussion
In this study, unilateral STN DBS differentially affected working memory and motor function
depending primarily on disease asymmetry. Motor function improved more with DBS on the
more affected side of the brain than with DBS on the less affected side of brain. In contrast,
DBS on the more affected side of the brain impaired working memory, whereas DBS on the
less affected side did not. These results suggest that clinical asymmetry interacts with STN
DBS to determine behavioral responses.

There are two main points that can be derived from these findings. First, motor and cognitive
function can be differentially affected by both unilateral and bilateral STN DBS. This type of
dissociation is consistent with our previous work (Hershey, Revilla, Wernle, Schneider-
Gibson, Dowling, and Perlmutter, 2004) and other studies. For example, in humans with PD,
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high frequency STN DBS (130-Hz) improved motor function and decreased verbal fluency,
while low frequency STN DBS (10-Hz) worsened motor function and improved verbal fluency,
particularly for higher demand conditions of the task (Wojtecki, Timmermann et al., 2006).
Likewise, STN DBS at different amplitudes differentially affected cognitive (choice reaction
time) and motor function in rats (Temel, Blokland et al., 2005). These differential motor and
cognitive responses to STN DBS support the idea that circuits subserving cognitive and motor
functions have separable physiologic characteristics (Temel, Blokland, Steinbusch, and Visser-
Vandewalle, 2005).

The circuitry underlying working memory skills likely includes ventromedial and rostral
portions of STN. These regions receive projections from prefrontal regions (Brodmann areas
6, 8 and 9) which are associated with working memory. These STN regions also send
projections to associative areas of caudate, putamen and globus pallidus (Nakano, Kayahara,
Tsutsumi, and Ushiro, 2000). The STN as a whole projects to GPi and substantia nigra pars
reticulata (SNr), which in turn projects to dorsolateral prefrontal cortex (DLPFC; Brodmann
areas 9 and 46) (Middleton and Strick, 1994; Mink, 1996) one of the most critical areas for
working memory function (Miller and Cohen, 2001). In PET studies, bilateral STN DBS has
been shown to decrease resting brain blood flow in widespread cortical areas, including regions
associated with working memory function (e.g. Brodmann areas 9 and 10) (Pochon, Levy et
al., 2002; Hershey, Revilla et al., 2003). More specifically, STN DBS decreased activation in
the anterior cingulate cortex during a response inhibition (Stroop) task. This decreased activity
correlated with decreases in Stroop interference performance in these STN DBS patients
(Schroeder, Kuehler, Haslinger, Erhard, Fogel, Tronnier, Lange, Boecker, and Ceballos-
Baumann, 2002). Thus, the STN is linked, both neuroanatomically and neurophysiologically,
to prefrontal cortical regions responsible for working memory. Stimulation of these circuits
could thus feasibly influence working memory function.

A hypothesized mechanism for STN DBS efficacy for motor function is that it forces the
“regularization” of the irregular bursting firing of STN output neurons, present in PD, that
project through motor circuits (Vitek, 2002). Although regularization may be beneficial for
STN output related to motor function, it may not be optimal for STN output related to working
memory. A forced regular rate of firing could interfere with the mnemonic representation of
information, by eliminating, overriding, or adding interference to important signals, thus
making it more difficult to hold and manipulate transient, task-related information on-line. The
more affected side of the brain may be less able to compensate for this interference in
information representation, particularly when there is a higher demand on the system. It should
be noted that the changes we observe occur after approximately an hour of DBS. However,
there may be some aspects of motor, cognitive or mood responses to STN DBS that evolve
over hours, months or even years. These aspects are not well understood and may involve many
other complicated factors (e.g. medication changes, progression of disease).

The second conclusion from our study is that there is a greater effect of disease asymmetry
than hemisphere (e.g. left vs. right) on motor and spatial working memory responses to
unilateral STN DBS. Both groups (left side of brain more affected and right side of brain more
affected) had greater negative responses to more affected than less affected side stimulation.
However, the right hemisphere group (left side of the body more affected) did have a more
pronounced difference in responses than the left hemisphere group. This result could indicate
some influence of the connection between right hemisphere function and spatial working
memory (McCarthy, Puce et al., 1996). Ideally, using a similarly designed verbal working
memory task in the same conditions would be able to convincingly distinguish these effects.

Asymmetry of disease severity has been shown to influence responses to treatments previously.
For example, levodopa-induced dyskinesias and off-period dystonia appear earliest and more
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severely in the more affected side of the body and in more advanced patients, presumably
through levodopa’s interactions with the disease process (Mones, Elizan et al., 1971; Nutt,
1990; Burkhard, Shale et al., 1999). In addition, levodopa can produce the greatest benefit in
motor symptoms on the worse side of the body with good responses to levodopa usually
preceding development of dopa-induced dyskinesias (Mones, Elizan, and Siegal, 1971; Nutt,
1990). Similarly, unilateral and bilateral STN DBS can induce dyskinesias (Limousin, Pollak
et al., 1996; Kumar, Lozano et al., 1999) that have similar characteristics to levodopa-induced
dyskinesias (Krack, Pollak et al., 1999; Benabid, Benazzouz et al., 2000) including the
tendency to occur in patients with better response (Houeto, Welter et al., 2003). We observe
here that STN DBS, like levodopa, may interact with disease asymmetry to produce adverse
cognitive effects despite improved motor function.

Although disease asymmetry may be an important factor in the cognitive and motor responses
from unilateral STN DBS, there are also variables related to the stimulation itself that could
modulate responses. For example, the precise location of the stimulating electrode and field of
stimulation delivered by the active contact could modulate STN DBS’s effects on motor and
cognitive functions. Stimulation in or near ventral STN may have more adverse effects on
cognition than stimulation in or near dorsal STN (Temel, Blokland, Steinbusch, and Visser-
Vandewalle, 2005). If disease asymmetry influences the regions of STN affected by unilateral
stimulation this could explain some differences in behavioral responses. It is unlikely that the
surgical process of electrode placement would be systematically altered by which side of the
brain was more affected. However, the active contact chosen during programming conceivably
could be influenced by severity of symptoms, since these clinical decisions are based on
observed motor responses to different stimulator settings. Future studies that incorporate the
exact location of contacts and the degree and strength of current spread may be useful in
understanding the physiological characteristics of the anatomical pathways underlying adverse
cognitive response and optimal motor response to stimulation.
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Figure 1. Effects of unilateral and bilateral STN DBS on motor function by group
Mean (±SEM) percent change in motor scale score (UPDRS) with unilateral stimulation
compared to Both-off condition. Positive values indicate worsening with stimulation; negative
values indicate improvement with stimulation. There was a significant interaction between
stimulation condition and group for both motor function (p=.03).
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Figure 2. Effects of unilateral and bilateral STN DBS working memory performance by group
Mean (±SEM) percent change in working memory performance (SDR) with unilateral
stimulation compared to Both Off condition. Positive values indicate worsening with
stimulation; negative values indicate improvement with stimulation. There was a significant
interaction between stimulation condition and group for SDR performance (p=.03).
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Figure 3.
Effects of stimulation on the more affected and less affected sides of the brain compared to
bilateral stimulation. Mean (±SEM) percent change in working memory performance (SDR)
and motor function (UPDRS) with unilateral stimulation compared to Both-off condition.
Positive values indicate worsening with stimulation; negative values indicate improvement
with stimulation. Stimulation on the more affected side of the brain was associated with
significantly greater decrement in working memory performance and significantly greater
improvement in motor function compared to stimulation on the less affected side of the brain.
* Different from Both On condition, p<.05; ** Different from less affected side condition, p<.
05.
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