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Abstract

Background: Deep brain stimulation (DBS) of the subtha-
lamic nucleus (STN) as treatment for Parkinson’s disease has
beenin use for more than a decade, yet the immediate effect
of stimulation upon movement parameters is not well char-
acterized. Objective: The goal of the current study is the
identification of the best time point to test hand function
after programming DBS devices. Methods: Reaction time,
movement time and velocity were measured at multiple
time points with a movement-sensitive glove after the deep
brain stimulator had been turned on or off, during ‘off med-
ication’ conditions. Results: Velocity, movement time and
reaction time worsened significantly in the first 20 min after
the deep brain stimulator had been turned off. A ‘plateau ef-
fect’ after 20 min was not observed. Initiation of stimulation
led to immediate significant increases in movement time
and velocity and to a lesser degree a decrease in reaction
time. Patients performed more inconsistently over time after
onset of stimulation compared to stimulation withdrawal. In-

traoperative testing showed an immediate improvement in
velocity after placement of the STN deep brain stimulator.
Conclusion: Movement time and velocity already reach their
peak changes within 20 min after the deep brain stimulator
has been reprogrammed, and therefore, this time point may
be used to test the maximal clinical effect of stimulation.
Copyright © 2011 S. Karger AG, Basel

Introduction

Deep brain stimulation (DBS) of the subthalamic nu-
cleus (STN) is an accepted procedure for symptoms of
Parkinson’s disease (PD) [1]. Targeting of the STN at our
institution is based on single-unit recording, with kines-
thetic neurons being localized within a tract through the
STN [2]. A promising tract is identified by significant
bursting activity, a high level of background neural activ-
ity, large units, a frequency of commonly 50-80 Hz and
a kinesthetic response to contralateral movement, for at
least 5.0-6.0 mm in depth. Subsequently, the treatment
electrode is placed and test stimulation is performed. As-
sessing the immediate response to stimulation is largely
based upon the patient’s subjective sense of improvement
and clinical motor evaluation. Postoperative program-
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Table 1. STN stimulation settings of

patients studied postoperatively Patient Left STN Right STN
1 2-/3-/C+ 2.4 V/60 ws/185 Hz 2-/3-/C+  2.4V/90 us/185 Hz
2 1-/2-/C+ 2.1 V/60 ws/185 Hz 1-/2-/C+ 1.8 V/60 ws/185 Hz
3 5-/6-/C+2.5V/60 ws/185 Hz 1-/2-/C+  2.5V/60 ws/185 Hz
4 0-/1-/2+ 5V/90 ws/185 Hz 0-/1-/2+ 5V/90 ws/185 Hz
5 2-/3-/C+2.4V/60 ws/185 Hz 1-/2-/3-/C+ 1.4 V/60 ws/185 Hz
6 2-/3-/C+2.0 V/90 ws/185 Hz 2-/0+ 2.9V/90 ws/185 Hz

ming for PD patients would also benefit from the devel-
opment of more objective measures of bradykinesia and
rigidity. Because objective motor parameters in monkeys
administered 1-methyl-4-phenyl-1,2,5,6-tetrahydropyri-
dine suggest that complex motor tasks (e.g. goal-directed
behavioral tasks) might better represent the response to
relief of bradykinesia than simple, repetitive motions [3,
4], this type of task may have advantages in assessing pro-
gramming benefit. Immediate changes in motor excit-
ability have been shown to occur with DBS [5]. While the
relief of rigidity can be measured by EMG [6] and is
thought to be quite rapid upon stimulation induction [7],
the improvement in bradykinesia is measured by motor
tasks and may plateau only after hours [8].

The aim of the current study was to characterize the
time course of bradykinesia as well as akinesia after STN
DBS was initiated or withdrawn. Reaction time and ve-
locity were measured as surrogate markers of akinesia
and bradykinesia, respectively. However, akinesia and
bradykinesia may show a more complex clinical picture
than just reaction time and velocity, which makes their
measurement artificial in this study.

We hypothesize that effective STN DBS leads to a sig-
nificant improvement in movement velocity compared to
DBS off conditions, but that the time course of switching
on and off the deep brain stimulator may vary consider-
ably due to circuit and entrainment effects of stimulation
of the STN and connected brain regions. To analyze this
hypothesis, we chose a simple, video-based hand task,
sufficiently robust so that awake patients during DBS
procedures, as well as clinic patients, could rapidly and
accurately perform the task.

Methods

This study was a prospective clinical trial to compare the be-
havioral performance of PD patients during ‘off medication’ con-
ditions and controls. The Duke University Institutional Review
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Board approved all procedures. Three forms of testing were per-
formed: (1) patients undergoing DBS surgery were tested intraop-
eratively; (2) Parkinson’s patients were tested off medications at
least 6 months after STN DBS had been performed, and (3) age-
matched controls were tested.

Intraoperative analyses were performed on patients before and
after the placement of STN DBS leads (n = 5; 7 sides) and ventral
intermediate nucleus (VIM) DBS leads (n = 3; 5 sides) to assess the
immediate benefit and side effects of electrical stimulation. The
zona incerta was not stimulated after VIM DBS lead placement
since no insertions passed the AC-PC line.

The virtual reality stretch glove task was performed by a sepa-
rate group of postoperative patients in the clinic setting. Preop-
eratively, all of these patients had frequent daily Sinemet dosing
(average 7.8 doses/day), severe dyskinesias, on/off fluctuations
and persistent rigidity, severely limiting their daily activities; 3
also had severe tremor. All patients had an excellent response to
Sinemet preoperatively but only a very short duration of action
(hence necessitating the frequent dosing). Average age at the time
of surgery was 61.5 years, and the preoperative duration of PD
averaged 15 years. Postoperatively, all of these major PD symp-
toms improved, with no dyskinesias, no on/off fluctuations, no
tremor and a slight decrease in Sinemet dosing (to 4.7 doses/day).
All patients were studied >2 years after their surgery and showed
stable DBS programming (active contacts and settings are sum-
marized in table 1). The studied patients were all much more ac-
tive postoperatively than preoperatively. These patients essential-
ly represent the ‘ideal’ response to surgery since almost all their
motor symptoms resolved completely and they experienced much
greater ‘on’ time throughout the day. The patients were evaluated
in two separate clinic visits to test reaction time, movement time
and velocity after the deep brain stimulator was turned off (9
sides) and after the deep brain stimulator was turned on (10 sides).
Both tests were performed at least 12 h after cessation of all PD
medications. The half-life of regular Sinemet is approximately
2 h. However, the authors cannot exclude residual medication ef-
fects during testing.

Lastly, control volunteer individuals (n = 5), age-matched for
the PD patients, were enrolled, who also underwent sessions for
comparison to the PD patients. Each subject (both controls and
PD patients) was scheduled for two visits at least 7 but no more
than 60 days apart.

All PD subjects had been implanted with a bilateral STN deep
brain stimulator and were doing well with stable programming of
their DBS device. Implantation was performed using standard
MRI-based framed stereotactic techniques using microelectrode
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Fig. 1. [llustration of the measurements derived from the video game. Reaction time was defined as the
time needed to cross a threshold of 10% of the difference to the new target. Movement time was the
time between crossing of the 10% threshold until crossing of the 90% threshold. Velocity was comput-
ed as the ‘distance’ the hand moved divided by the movement time.

recordings and postoperative CT imaging to confirm appropriate
placement. All subjects were instructed to stop all anti-Parkinson
medications at least 12 h prior to the visit. Patients were alternate-
ly assigned to 2 groups; one group was instructed to turn their
deep brain stimulator off the night before the first visit and the
other group before the second visit. The examiner first confirmed
the ‘off” medication status with the subject, then noted the ‘on’ or
‘off’ status of the DBS unit. Assignments to either group were
made at random. The second visit allowed testing in the opposite
condition. These two experimental conditions allowed us to ex-
amine the time course of both stimulus onset and stimulus with-
drawal in the same subjects, but not consecutively, and in the ab-
sence of interfering medications.

The patients were placed in a sitting position in front of a vid-
eo screen as described previously [9]. A virtual reality stretch
glove on each hand continuously measured the position and mo-
tion of the fingers and hand, at 100-Hz updates. The glove pro-
vided accurate time information, but movement position was rel-
ative and could only be scaled between values of 0 (fully closed
fist) and 1 (fully open hand with fingers outstretched). The patient
was then instructed to adjust the hand and finger position to reach
a new target level on the video screen as rapidly as possible using
their hand position, once the target was presented. A visual rep-
resentation of hand position was provided to the patient as the
location of a vertical bar on a video monitor. The motor task re-
quired the patient to match the bar to the target, by adjusting the
position of the virtual reality glove. Once at a target level, the pa-
tient was required to hold that hand position for a short, random
period (0.5-1.0 s) before the target level changed. There was no
alerting for the next target level. Reaction time and maximum
velocity of hand movement could then be calculated for each trial,
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and an average was obtained to characterize the patient’s perfor-
mance.

Reaction time was defined as the time needed to cross a thresh-
old of 10% of the difference to the new target (fig. 1). Movement
time was the time between crossing of the 10% threshold until
crossing of the 90% threshold of hand position as the new target
was reached. Velocity was computed as the ‘distance’ the hand
moved divided by the movement time. Note that the distances
actually moved were in the 1- to 2-cm range, but these were then
scaled for each patient, hence no absolute distances could be mea-
sured from the data, and all velocity measurements are ‘relative’.
In this paradigm, movement time is also representative of veloc-
ity since the distances were small and nearly the same from pa-
tient to patient.

A session consisted of playing the video game until 20 hits
were achieved. A test consisted of 4 sessions, alternating the dom-
inantand nondominant hand, with a rest of at least 1 min between
the end of one session and the start of the next. At the start of the
visit, the subject was allowed to practice the game with both hands
until he/she felt comfortable. During this time, the operator ad-
justed the game so that the subject could easily move the cursor
the full length of the screen. When the subject was ready for test-
ing, a baseline test was recorded. Immediately afterwards, the
deep brain stimulator was either switched on or off. Additional
tests were recorded at approximately 5, 10, 15, 30 and 60 min. Test-
ing times could not be followed strictly in some Parkinsonian
patients due to fatigue or poor performance; some patients fell
considerably behind the testing schedule so that the testing period
reached 100 min after deep brain stimulator programming.
Therefore, the exact time of the tests was recorded so that each
session could later be allocated to the correct time window.
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Fig. 2. Comparison between the right hand and the left hand showed that there was a strong trend to-
wards better performance for reaction time (RT) and movement time (MT) (a) as well as velocity (b)

with the right hand.

All patient data were maintained in an extensive database, for
the calculation of the derived variables, coded by patient number
(with no other identifiers). All session data were reviewed and
then averaged for each test time point. The testing period was
subdivided into 5 time windows (<20, 21-40, 41-60, 61-80 and
81-100 min). All tests performed in a specific time interval were
averaged and the standard deviation was calculated. A paired Stu-
dent’s two-tailed t test was performed to compare each time in-
terval and the baseline in order to test for significant changes in
reaction time, movement time and velocity.

Results

A summary of the results obtained from the control
subjects is presented in figure 2. No significant hand bias
was detected; however, there was a strong trend towards
better performance with the right hand. Control subjects
had an average choice reaction time of 741.8 ms, compared
to 1,003.4 ms for Parkinsonian patients while their stimu-
lator was turned on at baseline and 1,461.6 ms while their
stimulator was turned off. Control subjects had an average
movement time of 1,296.6 ms, compared to 1,799.6 ms in
PD patients with their deep brain stimulator switched on
at baseline and 2,002.5 ms with their stimulator switched
off. Finally, controls showed an average velocity of 1,162.6
units/s. Parkinsonian patients had a velocity of 1,188.6
units/s with their stimulators turned on at baseline and
800.3 units/s when their stimulators were turned off.

Time Course of DBS Effect in Parkinson’s
Disease

Turning the stimulator offled to significant worsening
of reaction time, movement time and velocity (fig. 3a, b).
Movement time increased in the first 20 min from an av-
erage of 1,799.6 to 2,902.3 ms, or by 62%. Meanwhile, the
reaction time increased from 1,003.4 to 1,311.9 ms, or by
31%. The velocity dropped within the first 20 min, from
1,188.6 to 910.0 units/s, a 23% decrease. All changes in
movement time, reaction time and velocity in the first 20
min proved to be significant. However, none of the 3 test-
ing parameters showed a trend for further worsening over
the remaining time period after the initial decline, but
rather remained steady at the same level of performance.

Turning the stimulator on significantly decreased the
movement time from 2,002.5 to 1,525.3 ms, or by 24% in
the first 20 min (fig. 4a). The reaction time decreased in
the same time interval by 17%, from 1,461.6 to 1,210.8 ms,
which did not reach significance (fig. 4a). However, the
improvement in reaction time did reach significance dur-
ing testing once in the 41- to 60-min window. Velocity
significantly increased from 800.3 to 991.011 units/s, or
by 19% in the first 20 min (fig. 4b). Over the entire testing
period, the patients showed a more inconsistent picture
of performance with the deep brain stimulator turned on
than after the deep brain stimulator was switched off.
There was a general trend for an increase in velocity and
a decrease in reaction time and movement time.

Intraoperative testing showed a significant increase in
velocity after both STN and VIM deep brain stimulator
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Fig. 3. Turning the deep brain stimulator off led to significant worsening of movement time and reaction time
(a) as well as velocity (b) within the first 20 min. There was no significant trend towards further decline over
the rest of the testing period. * p < 0.05, ** p < 0.01: compared to DBS on.

3,000 ~

Time (ms)

[ Reaction time [ Movement time

2,000 ~

1,500

1,000 ~
500 -
04

Velocity (units/s)

Fig. 4. Turning the deep brain stimulator on led to a significant improvement in movement time (a) and veloc-
ity (b) within the first 20 min. There was also an improvement in reaction time (a); however, this only reached
significance after 41-60 min. Overall, patient performance was more inconsistent over time than when the
stimulator was switched off. This may be due to patient fatigue in the setting of prolonged testing or due to the
need for stabilization of the stimulated circuits. * p < 0.05, ** p < 0.01: compared to DBS off.
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Fig. 5. Intraoperative testing showed a significant increase in ve-
locity after both STN and VIM deep brain stimulator placement.
The increase in velocity was highly significant for STN stimulator
placement (** p < 0.01) but barely reached significance for VIM
placement (* p = 0.0433).

placement (fig. 5). The velocity after STN deep brain
stimulator placement improved from 932 to 1,177.3
units/s, or by 21%. After VIM deep brain stimulator
placement, the velocity increased from 751.4 to 894.9
units/s, or by 19%. The increase in velocity was highly
significant for STN deep brain stimulator placement (p <
0.01), but barely reached significance for VIM deep brain
stimulator placement (p = 0.0433).

Discussion

The goal of the current study was to elucidate the time
course of the effect of STN stimulation upon hand func-
tion in Parkinsonian patients. In the past, paradigms for
the analysis of bradykinesia and akinesia in PD patients
involved tapping [10], wrist pronation-supination [4] or
motor precision tasks [11], as well as Unified Parkinson’s
Disease Rating Scale (UPDRS) measurements [10]. We
developed a motor precision task, which used a virtual
reality stretch glove connected to a computer interface,
for rapid and reliable collection of information to charac-
terize the time course of the effect of stimulation on bra-
dykinesia (movement time and velocity) and akinesia (re-
action time).

Time Course of DBS Effect in Parkinson’s
Disease

Color version available online

We found that reaction time, movement time and ve-
locity worsened significantly within 20 min after the deep
brain stimulator had been switched off. After the initial
drop in performance, there was no significant further de-
cline; hence, withdrawing stimulation did not have any
delayed effects on performance with respect to the param-
eters tested. An immediate significant effect on movement
time and velocity and a delayed significant effect on reac-
tion time were seen after the start of stimulation. Overall,
movement time, reaction time and velocity showed a more
inconsistent change in profile over time after starting
stimulation than after withdrawal of stimulation. This
may be due to a slow stabilization of the circuits involved
with the stimulation effect as they become activated.

Other studies have also shown that a change in DBS
has an early effect on performance, though delayed ef-
fects may also occur over several days. Wenzelburger et
al. [12] showed that withdrawal of STN DBS results in a
decline in UPDRS motor scores within the first 30 min.
Levy et al. [4] also used the time interval of 30 min and
showed that turning the deep brain stimulator on or off
leads to significant changes in wrist pronator-supinator
movements when performed together with a tapping
task. Lopiano et al. [13] found that movement time
increased progressively after stimulation withdrawal,
reaching a plateau after about 30 min, which then lasted
for the subsequent 2 h of observation time. Finally, Tem-
perli et al. [8] showed that bradykinesia, rigidity, tremor
and UPDRS motor scores drop off sharply after the stim-
ulator has been switched off for 5 min. However, their
findings of an immediate 75% decrease in performance
which is followed by a plateau after 4 h could not be re-
produced by us. Reaction time, movement time and ve-
locity did not consistently show any further decline after
the initial immediate decay in our study. Measures of
clinical ratings (e.g. UPDRS) may be measuring different
types of performance than more specific data on brady-
kinesia and actual movement, which may explain the dis-
crepancy in these results.

Movement time showed significant changes within 20
min of starting stimulation, whereas reaction time only
showed significant decreases after stimulation for 41-60
min. It has been previously reported that stimulation sig-
nificantly improves movement time and dexterity, but
has little or no effect on reaction time [14]. However, oth-
er groups have found that STN stimulation does improve
simple reaction time and choice reaction time as well [15,
16]. Our results show that both movement time and reac-
tion time improve, but movement time improves more
rapidly and significantly than reaction time. This is con-
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sistent with earlier results which showed that movement
time is a better predictor of DBS parameters than reac-
tion time.

Velocity also showed significant increases with stimu-
lation as well as significant decreases with stimulation
withdrawal, almost immediately after the stimulation
was discontinued. Other reports have observed similar
changes in velocity in a hand task, also with near-imme-
diate improvement with stimulation onset [13, 17, 18].

Intraoperative sessions confirmed that velocity in the
hand motor task showed a highly significant improve-
ment in patients almost immediately after placement of
STN DBS leads. Thus, the virtual reality stretch glove
connected to a computer interface may be useful as a rap-
id gauge to check appropriate lead placement in the intra-
operative setting, complementing the patient’s subjective
sense of improvement. Intraoperative stimulation of the
VIM in patients with essential tremor also led to a barely
significant increase in velocity. The reason for this unex-
pected finding is not clear. Although there is a training
effect with the virtual reality stretch glove, this effect did
not reach significance in our control population (data not
shown). Therefore, a training effect is less likely to ex-
plain this finding. Possibly, the decrease in tremor inten-
sity with stimulation may enhance the patient’s self-con-
fidence to approach the target with higher velocity or
with greater accuracy. However, the validity of measuring
bradykinesia with the virtual reality stretch glove in PD
patients comes into question if the task also leads to sig-
nificant improvements in patients who do not suffer from
bradykinesia.
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In conclusion, onset and withdrawal of DBS lead to
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velocity in Parkinsonian patients. A ‘plateau effect’ was
not observed over time after stimulation was initiated or
withdrawn. Thus, our results are most consistent with
those of Lopiano et al. [13], who also did not observe a
‘plateau effect’ after more than 30 min. Testing of PD pa-
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changes in stimulation parameters are made in the clinic
or in the operating room, but it may require 20-30 min
for full stabilization of the changes after programming.
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min and the possibility of lingering medication effects
even after 12 h of discontinuation. Delayed effects may
occur much later than 60 min, as shown in previous stud-
ies [8]. During prolonged testing, patients showed a more
inconsistent response in movement time and reaction
time after the stimulation had been initiated. Further re-
search is needed to investigate whether this finding is due
to patient fatigue or due to a need of the effective stimula-
tion response to stabilize over a period of hours.
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