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ABSTRACT
Objective Subthalamic nucleus (STN) deep brain
stimulation (DBS) can improve motor complications of
Parkinson’s disease (PD) but may worsen speciﬁc
cognitive functions. The effect of STN DBS on cognitive
function in dystonia patients is less clear. Previous
reports indicate that bilateral STN stimulation in patients
with PD ampliﬁes the decrement in cognitive-motor
dual-task performance seen when moving from a singletask to dual-task paradigm. We aimed to determine if
the effect of bilateral STN DBS on dual-task performance
in isolated patients with dystonia, who have less
cognitive impairment and no dementia, is similar to that
seen in PD.
Methods Eight isolated predominantly cervical patients
with dystonia treated with bilateral STN DBS, with
average dystonia duration of 10.5 years and Montreal
Cognitive Assessment score of 26.5, completed working
memory (n-back) and motor (forced-maintenance) tests
under single-task and dual-task conditions while on and
off DBS.
Results A multivariate, repeated-measures analysis of
variance showed no effect of stimulation status (On vs
Off ) on working memory (F=0.75, p=0.39) or motor
function (F=0.22, p=0.69) when performed under
single-task conditions, though as working memory task
difﬁculty increased, stimulation disrupted the accuracy of
force-tracking. There was a very small worsening in
working memory performance (F=9.14, p=0.019) when
moving from single-task to dual-tasks when using the
‘dual-task loss’ analysis.
Conclusions This study suggests the effect of STN DBS
on working memory and attention may be much less
consequential in patients with dystonia than has been
reported in PD.
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Dystonia is a movement disorder in which
sustained or intermittent muscle contractions cause
abnormal, often repetitive, movements, postures or
both which may be patterned, twisting and/or
tremulous.1 Current evidence points to a pathophysiology involving broad network-based changes
of the basal ganglia-thalamic-cortical circuit2
without neurodegeneration. Cognitive function was
initially described as relatively normal in patients
with isolated dystonia,3 4 but mild deﬁcits in executive functions are described.5 6 However, the
degree of disability from cognitive impairment is

thought to be minimal in comparison to healthy
controls.7
Deep brain stimulation (DBS) in the globus pallidus internus (GPi) is effective for treatment of isolated idiopathic or inherited dystonia,8–10 including
generalised 9 and segmental forms.11 12 The subthalamic nucleus (STN) has been explored as an alternative target for DBS in primarily cervical
dystonia13–15 following the observed side effects of
GPi stimulation, including micrographia,12 bradykinetic gait,16 parkinsonism17 and limb bradykinesia.18 Alternative stimulation targets, such as the
thalamic–subthalamic area, are also being explored
to treat speciﬁc dystonic symptoms such as dystonic
head tremor.19
Concern has been raised over the possible cognitive adverse effects after STN DBS in the treatment
of movement disorders. A meta-analysis describing
cognitive outcomes in STN DBS for Parkinson’s
disease (PD) showed mild but measurable impairment in executive function, verbal learning and
memory,20 with verbal ﬂuency21 consistently worsening to a greater extent following STN DBS than
with GPi DBS.22
Declines in working memory and attention may
contribute to an increased fall rate secondary to
postural instability23 and gait variability.24 Some
studies in patients with PD have shown that STN
DBS worsens attention or working memory,25 26
which raises concerns that cognitive adverse effects
of STN DBS could diminish the value of motoric
improvements. It is thought that a dual-task paradigm may more closely simulate attention and
working memory requirements in a real-world
setting.27 In such a paradigm, it was shown that
STN stimulation worsened dual-task function in
patients with PD, and that this loss of performance
in both tasks is exaggerated with increasing task
difﬁculty.28
The effect of DBS on cognitive performance in
patients with dystonia is even less well described.
Patients with GPi DBS for dystonia showed preserved cognitive function.3 9 29 No declines in performance on a full neuropsychological battery were
observed in nine patients with STN DBS for dystonia, though the study was not powered to evaluate cognitive function as a primary outcome.13
Considering the potential use of STN as a target
for DBS in the treatment of dystonia, and concerns
regarding stimulation-induced cognitive changes in
STN DBS for PD, we aimed to investigate the
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effects of STN DBS on cognition in dystonia using a cognitivemotor dual-task paradigm that has shown subtle
stimulation-induced changes in previous studies.28 In the
absence of an underlying pathophysiology that predisposes isolated dystonia patients to progressive cognitive impairment such
as in PD, we hypothesised that STN DBS would disrupt
cognitive-motor dual-task performance to a lesser degree than is
seen in neurodegenerative conditions such as PD. This study
may help further inform potential clinical expectations following STN DBS for dystonia, and provide better understanding of
the role of STN in working memory and attention outside the
setting of a neurodegenerative disorder.

METHODS
We performed a prospective, unblinded, within-participants
experiment in which participants were tested in stimulation ‘on’
and ‘off ’ conditions, both in single-task and dual-task paradigms
over a 4.5 h testing period. Patients who had previously undergone STN DBS surgery for dystonia were enrolled if they were
over the age of 18, English speaking and had stable DBS settings
for at least 1 month. They were excluded if dystonia was not
isolated or if the Montreal Cognitive Assessment battery
(MoCA) score was under 22. A power calculation with n=8
patients, using a two-sided α of 0.05 with an effect size of 50%
of that found in a similar study28 showed a power of 0.921.
Institutional Review Board (IRB) approval was obtained prior to
enrolment (UCSF IRB# 10-00783). Participant data collected
during the research visit included standard demographics,
symptom duration, age at surgery, years of education, MoCA
and preoperative and current BFMDRS and TWSTRS scores.

Testing protocol
Patients completed ﬁne motor (force maintenance task) and
working memory (n-back task) tasks both in isolation (singletask) and simultaneously (dual-task). Three degrees of difﬁculty
for the n-back task (0-back, 1-back, 2-back) were performed in
single-task and dual-task paradigms. To minimise bias from practice effects, the order of the n-back task difﬁculty was randomised and participants underwent three practice trials in each
speciﬁc testing scenario until performance plateaued before the
test trials were recorded. Thirty-second rest periods between
each test trial helped to avoid fatigue. The entire testing battery
was repeated in the stimulation ‘off ’ state following a 1 h
washout period. Patients were not asked to withhold any oral
dystonia medications.

Motor testing: force maintenance test
This paradigm was adapted from work by Alberts et al28 in
older healthy adults and patients with PD. Fine motor function
was assessed with a 6 df force-torque (F/T) transducer (Mini-40,
ATI Industrial Automaation, Garner, North Carolina, USA)
measuring the precision grip force (thumb and index ﬁnger) of
the dominant hand and used force-maintenance as a marker of
concentration on a motor task. The F/T transducer was interfaced with a custom LabView program developed by the Alberts
et al group and a 21 in computer screen provided a visual representation of the level of force applied to the transducer. Data
collected with the LabView program were ﬁltered using a
low-pass ﬁlter using Woltring’s algorithm in novel Matlab analysis programs as described previously.30
During motor testing, a target force level was set on the
visual display at 20% of the participant’s maximum force and
the participant was asked to match their force production on a
real-time display as closely as possible to the target force line.

Variability in force tracking was recorded as the relative root
mean square error (RRMSE) in order to normalise performance
to force amplitude,31 such that a lower RRMSE indicated less
variability in force tracking. RRMSE was transformed to the log
of RRMSE (logRRMSE) for normalisation. Ten such trials were
completed for each participant with a 30 s break and three practice trials between each testing interval. During the dual-task
testing where force maintenance is performed simultaneously
with the n-back test, ﬁve intervals were carried out at each level
of difﬁculty of the n-back test.

Cognitive testing: the n-back test
Attention to a cognitive task was tested using the working
memory ‘n-back’ test,32 which requires information encoding,
maintenance, updating and output but no comparison or
decision-making. A list of randomly generated letters was read
and the participant was asked to recall the n-th item back in a
sequentially presented list of items. One experimenter read the
list of letters (1/s) while the second experimenter graded the
verbal performance. When an error was made or the participant
delayed his or her answer, the reading experimenter started a
new list of letters. Each trial lasted 30 s (15–21 letters being
read per trial). The test varied in difﬁculty (0-back, 1-back and
2-back), with the easiest condition (0-back) requiring the participant to repeat the last letter spoken by the examiner. At the
‘2-back’ level, while hearing the sequence ‘A, C, F, U, D, L, Z,
K...’ the participant would repeat ‘A’ after hearing the letter ‘F’,
the letter ‘C’ after hearing ‘U’ and so on. Under both single-task
and dual-task testing conditions, ﬁve 30 s trials were performed
at each level of difﬁculty (0-back, 1-back and 2-back). The order
of the three levels of n-back difﬁculty was randomised to avoid
learning effects as the difﬁculty increased. Participants were
given three 30 s practice trials at each degree of n-back difﬁculty
to ensure that the performance plateaued and all test blocks
contained unique sequences of randomised letters. The primary
outcome measures for the n-back test included the percentage
of correct letters repeated and the total number of errors (NE)
committed during a 30 s trial.30

Statistical analyses
Repeated measures analysis of variance (ANOVA) was used to
analyse motor and cognitive data. For the cognitive data, a
2×3 × 2 (stimulation off vs on)×(n-back difﬁculty n=0, n=1,
n=2)×(task paradigm single-task vs dual-task) experimental
design was analysed for each outcome variable (NE and percentage correct). For motor data, a 2×3 × 2 (stimulation off vs
on)×(n-back difﬁculty n=0, n=1, n=2)×(task paradigm singletask vs dual-task) experimental design was analysed using the
log transformation of RRMSE, which is a measure of overall
variability in force-tracking performance.
In an alternative analysis, performance under dual-task conditions was compared to performance in either task alone by calculating the dual-task loss (DTL)33 as the percentage of
decrement in motor or cognitive performance during DT conditions relative to performance in the single-task (ST) conditions:

DTLx ¼ ½ðmean DTx  mean STx Þ=mean STx   100
where x=either NE, percentage correct or log RRMSE.
We then compared the mean DTLs to zero with a series of
one-sample t tests for each DBS condition controlling for multiple comparisons and ANOVAs were used to compare the
DTLs for task difﬁculties (0-back, 1-back, 2-back) and DBS
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status (on, off ). The signiﬁcance level was set at 0.05. All analyses were conducted using STATA V.12 (College Station, Texas,
USA).
To determine if preoperative cognitive status predicted dualtask performance, we correlated preoperative MoCA with postoperative n-back score.

RESULTS
Baseline clinical data

Number of errors
Similarly, there was a statistically signiﬁcant effect of task difﬁculty on the NE (F=135.1, p<0.001), owing to a decline in
task performance as n-back difﬁculty increased. There was no
effect of task type (F=1.89, p=0.179) or stimulation status
(F=0.58, p=0.451) on the NE (ﬁgure 1B). The interaction
between n-back difﬁculty and stimulation status was again nonsigniﬁcant (F=2.38, p=0.094).

DTL for n-back

The clinical characteristics of eight participants are shown in
table 1.
All participants were recruited from a cohort of patients who
underwent STN DBS for isolated idiopathic craniocervical dystonia with an average age of 56.8 years and with a mean dystonia duration of 10.5±3 years (±SD). The average MoCA
score (26.5±2.1) was above the typical cut-off for cognitive
impairment (26) in English-speaking persons with at least
12 years of education. Participants had full preoperative and
postoperative neuropsychological evaluations (not simultaneous
with the dual-task study) and no signiﬁcant declines in performance were noted. The mean change in dystonia rating scales
from the preoperative assessment to the time of dual-task
testing was 48%±10 using the BFMDRS-movement score, 52%
±8 for TWSTRS severity subscore and 41%±32 for TWSTRS
disability subscore, although a large variability was seen in outcomes across the patients.

Working memory outcomes
Percentage of correct responses
On average, participants generally performed well on the n-back
task (>85% correct), suggesting adequate performance.32 The
repeated measures ANOVA showed a statistically signiﬁcant worsening of performance, as measured by ‘percentage correct’, on
the n-back test with increasing task difﬁculty (F=133.85,
p<0.001). However, there was no main effect of task (single vs
dual) (F=1.06, p=0.3112) or DBS status (‘on’ vs ‘off ’)
(F=0.75, p=0.393) on the percentage of correct answers
(ﬁgure 1A). The interaction between task difﬁculty and stimulation also was not signiﬁcant (F=1.40, p=0.25), indicating that
stimulation did not create more of a decline in performance as
task difﬁculty increased.

DTLs for the percentage of correct answers on the n-back were
not signiﬁcantly different from zero using one-sample t tests
with either DBS ‘on’ (DTL0-back=−2.3, p=0.054; DTL1-back=
−2.79, p=0.34; DTL2-back=−0.978, p=0.40) or DBS ‘off ’
(DTL0-back=0.415, p=0.724; DTL1-back=−0.553, p=0.75;
DTL2-back=1.92, p=0.38). However, a repeated measures
ANOVA did show a statistically signiﬁcant effect of stimulation
status on DTL (F=9.14, p=0.019), indicating that participants
saw more of a difference in performance between single-task
and dual-task conditions in the DBS ‘on’ state than the DBS
‘off ’ state (ﬁgure 3A). DTLs of the n-back test did not vary
based on n-back difﬁculty (F=0.75, p=0.48).

Force-tracking outcomes
Log of RRMSE
The distribution of RRMSE did not meet the normality criteria,
and a mathematical transformation (log of RRMSE) was used
for statistical analysis (ﬁgure 2). The model showed a statistically
signiﬁcant effect of task (single-task vs dual-task) on logRRMSE,
where the performance was worse during the dual-task condition (F=22.38, p=0.042). There was no effect of stimulation
status (F=0.22, p=0.69) or n-back difﬁculty (F=0.03, p=0.97)
on force-tracking as measured with the logRRMSE. However,
the interaction between n-back difﬁculty and stimulation status
was signiﬁcant (F=3.01, p=0.03), indicating that as the n-back
task became more difﬁcult, stimulation was more likely to
worsen performance on force tracking.

DTL for force-tracking
There was a non-signiﬁcant trend towards an effect of stimulation status on DTL when using force maintenance performance
as the outcome (F=3.8, p=0.092; ﬁgure 3B). There was no
effect of n-back difﬁculty on force maintenance DTL (F=0.34,

Table 1 Characteristics of patients who underwent bilateral STN DBS for dystonia, including dystonia rating scale change at the time of
dual-task testing compared to preoperative scores
Percentage of improvement*
Participant
number

Age at
onset (year)

Gender

1
2

52
58

M
F

3
4
5
6
7
8
Mean±SE

49
48
44
63
37
18
46.5±5

F
M
F
M
F
M

Onset of
dystonia

Disease
duration (year)

Age at
surgery (year)

Education
(year)

Baseline
MoCA

BFMDRS
movement

TWSTRS
severity

Neck
Mouth, neck,
left hand
Eyes
Neck
Neck
Neck
Neck
Right hand

11
10

63
68

13
15

24
27

51
70

31
76

6
16
4
3
7
27
10.5±3

55
64
48
66
45
45
56.8±3

12
12
12
15
13
13
13.3±0

30
25
28
26
28
24
26.5±1

85
36
56
83
5
0
48.3±12

69
64
82
70
20
8
52.4±10

*Percentage of improvement from preoperative scores to time of study visit.
BFMDRS, Burke-Fahn-Marsden Dystonia Rating scale; DBS, deep brain stimulation; STN, Subthalamic nucleus; TWSTRS, Toronto-Western Spasmodic Torticollis scale.
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Figure 1 Results of n-back test in
single-task and dual-task conditions,
each in the subthalamic nucleus
stimulation ‘on’ and ‘off’ states, and
each over three levels of n-back
difﬁculty. (A) Percentage of correct
responses in 30 s of n-back, ﬁve trials
averaged for each condition. (B)
Number of errors in 30 s of n-back,
ﬁve trials averaged for each condition.
Error bars representSE.

p=0.71). One participant reported difﬁculty performing the
motor task in the DBS ‘off ’ state due to the worsened retrocollis, but his individual scores still showed a decrement in the DBS
‘on’ state.

DISCUSSION
We found no signiﬁcant effect of subthalamic stimulation (on vs
off ) on n-back or force-tracking performance in patients with
dystonia. There was no main effect of task type (single-task vs
dual-task) on either the NE or percentage correct during the
n-back task, and the interaction between n-back difﬁculty and
task type was non-signiﬁcant. The degree of n-back difﬁculty
did have an effect on n-back performance, validating that the
degree of n-back difﬁculty increases the cognitive load, but this

relationship did not vary depending on the stimulation status or
task type (single vs dual).
By comparison, in patients with PD, Alberts et al showed an
absolute worsening by 5.5% of correct responses in the n-back
test during single-task conditions with DBS ‘off ’ compared to
‘bilateral on’, with a worsening to an absolute drop of 9%
between DBS ‘off ’ and ‘bilateral on’ under the most difﬁcult
(2-back) dual-task conditions. These differences were statistically
signiﬁcant. At the 2-back level of difﬁculty, we saw only a drop
from 86.4% to 85.6% correct (0.8 difference) on the n-back
under single-task conditions and a drop from 87.9% to 84.5%
correct (difference of 3.4) under dual-task conditions. Our
study was powered to ﬁnd at least a difference of 4% correct
between stimulation off and bilateral stimulation on conditions
at the 2-back level of difﬁculty, which was less than half of that
seen in the patients with PD studied in the Alberts et al
experiment.
Using this type of analysis, bilateral STN DBS does not
appear to have a substantial effect on working memory or attention to motor function either in single-task or dual-task conditions in patients with dystonia.

Interpretation of DTL

Figure 2 Results of force maintenance test in single-task and
dual-task conditions, each in the subthalamic nucleus stimulation ‘on’
and ‘off’ states. Dual-task testing was performed in three levels of
difﬁculty, with ﬁve trials in each speciﬁc set of conditions. The outcome
is the log transformation of the relative root mean square error
(RRMSE), a measure of variability in force tracking performance, where
a more negative logRRMSE indicates better performance on the motor
task.

DTL represents another way to conceptualise the difference
between performance in single-task and dual-task testing paradigms when other variables are held constant. DTLs for the percentage of correct n-back answers in patients with PD showed a
8% drop in performance at the 1-back level of difﬁculty and
approximately an 5% worsening at the 2-back level of difﬁculty,28 whereas our participants with dystonia saw only a 2.8%
and 1% worsening at the 1-back and 2-back levels of difﬁculty,
respectively, under dual-task conditions with stimulation on.
DTLs for the motor outcome, log of RRMSE, showed a similar
trend but also had similarly small absolute DTL sizes (1% loss
for DBS on at the 2-back level of difﬁculty), with no effect of
difﬁculty on DTL.
Though a signiﬁcant effect of stimulation on DTL for the
n-back outcomes was found, the DTLs themselves are not signiﬁcantly different from 0 and represent much smaller losses in
performance than those reported in PD, making this less likely
to be a clinically signiﬁcant effect.

Comparison with PD
The lack of a more robust effect of stimulation on dual-task performance, as seen with PD, could be due to differences in age
of the study populations, perhaps differences in surgical
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Figure 3 Results of dual-task loss
(DTL) calculations, representing the per
cent change in performance on either
(A) n-back or (B) force-maintenance
when going from single-task to
dual-task. Results are shown for both
stimulation states and all levels of
n-back difﬁculty.
(A) DTLs based on percentage of
correct n-back answers. (B) DTLs based
on log of RRMSE. Negative DTLs
indicate worsening of scores under
dual-task conditions relative to
single-task conditions (baseline).
techniques or lead trajectory, or due to differences in underlying
disease pathophysiology which predispose patients to
stimulation-induced changes in attention or working memory.
Dual-task performance is generally worse than single-task performance even in healthy adults,34 a trend which worsens even
in healthy participants with age.33 However, the average age of
our study cohort (56.8 years) was similar to that of the patients
with PD used by the Cleveland group (56.5 years), so differences in dual-task performance are most likely not explained by
age. Caudate nucleus lead penetration has been reported with
worsening cognition after STN DBS35 The method for lead
implantation was similar across cohorts, but we are not certain
how often the caudate nucleus was traversed in the PD cohort.
In our study, the DBS lead grazed the head of the caudate in
three patients on one side, and their DTLs were not signiﬁcantly
different from those of other participants with dystonia.
Cognitive dysfunction often exists to some degree even in
early or previously undiagnosed PD. In one population-based
case–control study, early patients with PD (35% previously
undiagnosed) performed signiﬁcantly worse on the 37-item
MMSE, verbal ﬂuency and delayed recall items compared with
age-matched controls.36 Imaging studies including patients with
PD across the spectrum of cognitive impairment have correlated
executive function, attention and memory with cortical
atrophy37 and a loss of microstructural white matter integrity as
early markers for this cognitive impairment.38 Cognitive testing
and anatomical research suggest that even when motor symptoms predominate, early changes in cognition are often present.
Compared to age-matched controls, gait worsens in patients
with PD with cognitive loading,24 27 but Panyakaew et al39
showed that even patients with early PD (Hoehn and Yahr
stage 1) had a worsening of several measures of gait function
when dual-tasking. Most recently, it was shown that with cognitive loading in non-demented patients with PD (mean
MMSE=29.1), verbal ﬂuency was correlated with disability and
impairment under dual-task conditions.40 The previously discussed Alberts et al,28 paper suggests that bilateral STN DBS
may worsen this baseline deﬁcit in PD patients.
The lack of structural changes and the less reproducible
reports of cognitive dysfunction3 4 6 in patients with isolated
dystonia could explain the lack of a substantial effect of STN
stimulation on dual task performance, at least to the degree seen
in PD. Whereas the progressive neurodegeneration and nigrostriatal dopaminergic denervation seen in PD creates a more susceptible substrate for stimulation-induced cognitive changes, the
biochemical and/or physiological changes in circuit function
seen in dystonia may still allow for utilisation of ‘cognitive
reserve’ even with the addition of another stressor such as STN
stimulation. While the small sample size limited our ability to
408

consider baseline predictive variables in the analysis, preoperative MoCA tended to correlate with dual-task performance
under the most difﬁcult testing scenario (R2=0.314, p>0.05)
(see online supplementary ﬁgure S1).
This study has several limitations. The sample size was small,
though the within-participant design allowed for control of
inter-participant variation and we met the enrolment goal for
the power calculation, which estimated that eight participants
would be needed to show at least half the n-back performance
decrement seen in patients with PD during stimulation. We
also lacked direct comparison with a PD cohort to conﬁrm that
there was a disease-dependent effect of STN DBS on dual-task
function. However, our protocol followed the same methodology
used by Albert and colleagues, and therefore it is reasonable
to compare the ﬁndings of the two studies. Experimenters and
participants were not blinded to stimulation status, though the
motor task was automated, and thus the outcome could not be
biased by the experimenters. Owing to the worsening of
dystonia in the stimulation ‘off ’ state, blinding the participants to
stimulation status was not possible. The sequence of ‘on’ and
‘off ’ stimulation was not randomised to minimise duration of the
testing session, but the order of task type and difﬁculty was
randomised and participants plateaued through practice sessions
to minimise a learning bias. Performance on the n-back test
showed a small NE across trials, and more variability in errors
might have increased our ability to detect differences between
groups.
Results from our study are reassuring for the use of STN DBS in
patients with isolated dystonia with regard to its effect on dual-task
cognitive-motor function, and suggest that assumptions about
stimulation-induced cognitive side effects may not be generalisable
across diseases even when the same brain structure is targeted.
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