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Additive Effect of Dopaminergic Medication on
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Than of Deep Brain Stimulation in Advanced
Parkinson Disease With Long-duration Deep
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ABSTRACT
Introduction: Patients with advanced Parkinson disease (PD) often experience problems with mobility, including walking under
single- (ST) and dual-tasking (DT) conditions. The effects of deep brain stimulation in the subthalamic nucleus (DBS) versus
dopaminergic medication (Med) on these conditions are not well investigated.

Materials and Methods:We used two ST and two DT-gait paradigms to evaluate the effect of DBS and dopaminergic medication
on gait parameters in 14 PD patients (mean age 66 ± 8 years) under DBSOFF/MedON, DBSON/MedOFF, and DBSON/MedON condi-
tions. They performed standardized 20-meter walks with convenient and fast speed. To test DT capabilities, they performed a
checking-boxes and a subtraction task during fast-paced walking. Quantitative gait analysis was performed using a tri-axial
accelerometer (Dynaport, McRoberts, The Netherlands). Dual-task costs (DTC) of gait parameters and secondary task perfor-
mance were compared intraindividually between DBSOFF/MedON vs DBSON/MedON, and DBSON/MedOFF vs DBSON/MedON to
estimate responsiveness.

Results: Dopaminergic medication increased gait speed and cadence at convenient speed. It increased cadence and decreased
number of steps at fast speed, and improved DTC of cadence during the checking boxes and DTC of cadence and number of
steps during the subtraction tasks. DBS only improved DTC of cadence during the checking boxes and DTC of gait speed during
the subtraction task.

Conclusion: Dopaminergic medication showed larger additional effects on temporal gait parameters under ST and DT conditions
in advanced PD than DBS. These results, after confirmation in independent studies, should be considered in the medical
management of advanced PD patients with gait and DT deficits.
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Table 1. Demographics and Clinical Characteristics.

Demographic/Clinical
Characteristic

Mean (range) SEM

Men/women, n 8/6
Age, y 66 (49–76) 2.2
BMI, kg/m2 26 (19–35) 1.0
MMSE (0–30) 28 (24–30) 0.5
BDI (0–63) 10 (0–20) 1.7
MDS-UPDRS I + II + IV (0–128) 25 (10–39) 2.1
MDS-UPDRS III, DBSON/MedON
(0–132)

31 (20–53) 2.1

Hoehn and Yahr stage 2 (2–3) 0.1
Disease duration, y 18 (10–25) 1.3
DBS duration, y 5 (1–8) 0.5
LEDD, mg/d 694 (75–1687) 141
LEDD of dopamine agonists,
mg/d

126 (0–480) 43

Falls during the last 12 mo 1 (0–12) 1.2

BDI, Becks Depressions Inventory; BMI, body mass index; DBS, Deep Brain
Stimulation of the subthalamic nucleus; LEDD, Levo-dopa equivalent
dosage; MMSE, Mini-Mental State Examination; MDS-UPDRS, Movement
Disorder’s Unified Parkinson’s Disease Rating Scale; SEM, Standard Error of
th Mean.
INTRODUCTION

Parkinson disease (PD) is a neurodegenerative disease, causing
motoric symptoms such as bradykinesia, rigidity, and tremor. In
advanced stages, gait impairment and postural instability are
common, as well as cognitive impairment, autonomic dysfunction,
and psychiatric symptoms.1 The combination of mobility limitations
and cognitive impairment leads to a deterioration of dual-task (DT)
ability, which is the ability to execute two or more activities
simultaneously.2–5 It is thus not surprising that patients with
advanced PD show changes in spatial and temporal gait parame-
ters, including deteriorations in stride length, step length variability,
cadence, velocity, and phase coordination index (PCI), under DT
conditions.2,6–11

The ability to perform DT is important for daily life performance.
Impaired DT ability leads to an increased risk of falls and freezing of
gait,12,13 and increased functional dependence.4,14 In contrast, DT
abilities respond well to different behavioral training methods that
reduce falls and freezing of gait, for example,14–19 giving hope that
the DT capabilities and the associated disadvantages are generally
treatable. The thorough assessment of such deficits is thus espe-
cially relevant in advanced PD because this can influence how
these patients are treated.
Knowledge about the effect of dopaminergic medication and

deep brain stimulation in the subthalamic nucleus (DBS) on gait is
limited. In earlier studies, dopaminergic therapy reliably improved
only spatial gait characteristics such as gait speed (via increase of
stride length) and stride length in DT gait, but had no significant
effect on temporal gait characteristics such as cadence, turning
cadence, peak velocity, and turning step duration.10,20–25 DBS is
known to further improve the clinically observable gait (as assessed
with the motor part of the Movement Disorders Society Unified
Parkinson Disease Rating Scale [MDS-UPDRS III]),26 increase gait
speed,27,28 and improve step length as well as double support time
(DST)28 in single-task (ST) walking conditions, even in the presence
of dopaminergic medication, that is, in pharmacologic ON-state.
The effects of DBS on gait performance under DT conditions in

PD are still not well understood. Although some observations
showed that DBS improved gait characteristics under DT condi-
tions,29,30 one study found that DBS did not change walking
patterns.31

DT performance can be improved by either dopaminergic
medication or DBS, but so far, there seems to be only limited
additional benefit on DT when both treatments are applied
simultaneously.30–32 Furthermore, evidence is lacking about
objective measurements to quantify gait characteristics of DT costs
(DTC) under DBS with wearable sensors.
This work aimed to evaluate as a pilot study the effect of

dopaminergic medication and DBS on single quantitative gait
.neuromodulationjournal.org © 2022 International Neuromodulation
All rights re
parameters under ST and DT conditions, using intraindividual
comparisons.
MATERIALS AND METHODS

We recruited 14 study participants (aged 45–76 years) at the
Centre for Neurology, Department of Neurodegenerative Diseases
of the University of Tuebingen, Germany (Table 1). They were
considered eligible for the study when suffering from idiopathic PD
according to the United Kingdom Brain Bank Criteria and DBS in
the subthalamic nucleus for ≥6 months on both stable dopami-
nergic medication and stimulation parameters that were judged to
be optimal by their attending movement disorder specialist.
Exclusion criteria were substantial changes to their dopaminergic
medication and/or stimulation parameters; severe orthopedic,
visual, and hearing impairments (as judged by the assessor);
diagnosis of dementia according to patients’ medical records;
inability to walk 25 meters unaided; and >1 fall during the last
month. The latter exclusion criterion was added for safety reasons.
All patients had the same type of DBS device (Medtronic Activa PC,
lead number 3389).

The study was approved by the Ethics Committee of the medical
faculty of the University of Tuebingen (number 160/2011BO2) and
Society. Published by Elsevier Inc.
served.
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was performed according to the standards of the 1964 Declaration
of Helsinki. All participants gave written informed consent before
inclusion.

Clinical Assessment
The MDS-UPDRS III was obtained in each condition.33 Cognitive

performance was assessed in medical ON-state (MedON) and active
DBS (DBSON) with the Mini-Mental-Status-Examination (MMSE)34

and with the Trail Making Test,35 and depressive symptoms with
the Beck Depressions Inventory.36
3

Single- and DT Assessment of Gait and Secondary Tasks
All walking tasks were conducted in a >1.5 m wide corridor with

a 20-meter-long test track. Gait data were measured with the
DynaPort Hybrid® (McRoberts, Hague, The Netherlands), a device
containing a tri-axial accelerometer and gyroscope, respectively.
The device was mounted to a belt on the lower back (~L5). The
following quantitative temporal gait parameters, covering three
relevant domains of gait, pace, rhythm, and variability, were
calculated by using established company-provided and validated
algorithms:37–40 gait speed, cadence (measure of step frequency),
number of steps to perform the 20-meter test track (number of
steps), double support time (DST, duration of the period when both
feet touch the ground), and phase coordination index (PCI, mea-
sure of gait irregularity).
To assess the ST performances of the secondary tasks (checking

boxes and subtractions), the participants had to check boxes on a
preprinted 20-box-grid mounted to a clipboard and to subtract
serial 7s from a three-digit number as fast as possible. These tasks
were performed while standing. The checking-boxes task is an
effective task to create a DT interference during walking with a
probably stronger motor-motor interference.41 The construct val-
idity of this task is unclear, nevertheless, it has been shown that the
task requires different resources, such as fine motor,42 visual, and
executive functions.43 The subtracting task creates a stronger
motor-cognitive interference during walking.
To assess ST gait performance, all participants had to walk on

the test track at a convenient pace, and as fast as possible. To
assess DT gait performance, participants either checked boxes on
a clipboard while walking, or subtracted serial 7s during the walk.
These simultaneously performed tasks had to be done as fast and
as correctly as possible, and no instruction about prioritization
was given.43,44

All participants were asked to perform the ST gait assessments
and both DT gait assessments with three different DBS and
dopaminergic medication conditions: DBSOFF/MedON (inactive DBS
for about 30 minutes, on dopaminergic medication), DBSON/MedOFF
(active DBS for at least 30 minutes, no dopaminergic medication),
and DBSON/MedON (active DBS and on dopaminergic medication).
We defined the MedON state as the best subjective motor state 30
minutes to two hours after intake of dopaminergic medication.
Formal randomization of the test sequences was not performed
because of medication regimes; the order of the tests was varied as
much as possible among the participants to avoid order effects. All
assessments in OFF medication were performed under fully
controlled conditions in the morning, in a practically defined OFF
state after withdrawal of dopaminergic medication overnight. ON
medication assessments were performed during the day, to make
sure that best ON conditions were reached. All participants per-
formed DBSON/MedON; 11 patients were able to perform DBSON/
www.neuromodulationjournal.org © 2022 International Neuromodulation
All rights re
MedOFF, and ten patients were able to perform DBSOFF/MedON.
Reasons were mainly scheduling issues and unwillingness to
perform another task with suboptimal treatment. We did not
perform any tests entirely without therapy (ie, DBSOFF/MedOFF). For
better readability, the comparisons DBSON/MedON vs DBSOFF/
MedON and DBSON/MedON vs DBSON/MedOFF will be referred to as
DBSON vs DBSOFF and MedON vs MedOFF, respectively.
Data Handling and Statistical Analysis
Statistical analyses were performed with JMP®, Version 10 (SAS

Institute Inc, Cary, NC). Demographic data are displayed with mean
and SEM. Standardized response mean (SRM) values were calcu-
lated to assess responsiveness of experimental parameters
between the different conditions (DBSON/MedON vs DBSOFF/MedON,
DBSON/MedON vs DBSON/MedOFF). SRM values were calculated as
mean differences of the different conditions as described above
divided by the standard deviation of the differences. SRM values of
0.20 indicate a small response, 0.50 a moderate response, and 0.80
a large response to dopaminergic medication and DBS. Negative
values indicate worsening under the respective treatment. Addi-
tionally, paired t-tests were used to assess p values of the com-
parisons of clinical with experimental parameters intraindividually
between the different conditions. In the description of results, we
considered the combination of p values < 0.05 and SRM with
moderate or large response as clinically relevant. The number of
participants included in each of the comparisons differed because
some patients were not able to perform all conditions (DBSON/
MedON vs DBSOFF/MedON: n = 10, DBSON/MedON vs DBSON/MedOFF:
n = 11). False discovery rates were calculated for each condition
using the Benjamini-Hochberg procedure.

The comparison of ST versus DT performance was achieved via
the calculation of DTC.41,45 DTC were calculated using the following
formula41,43:

DTC = Dual-Task −Single − Task
Single − Task

× 100%

for the parameters: number of steps, DST, and PCI. For the
parameters, gait speed, cadence, checking-boxes speed, and sub-
tracting speed, the formula was multiplied by −1. Positive DTC
describe worse performance under DT than under ST; negative DTC
describe better performance under DT than under ST.
RESULTS

Demographic and clinical parameters of the study participants
are shown in Table 1. Mean disease duration was 18 (±4.7) years,
and mean MMSE was 28 (±1.9). These results argue for a cognitively
fit patient group with relatively long disease duration.
Gait Parameter at Convenient Gait Speed
Dopaminergic medication had a large effect on cadence (Med-

OFF: 1.78 ± 0.05 steps/s; MedON: 1.87 ± 0.06 steps/s; SRM = 0.95,
p = 0.0048) and moderate effect on gait speed (MedOFF: 0.97 ± 0.09
m/s; MedON: 1.12 ± 0.06 m/s; SRM = 0.77, p = 0.019). The effects on
number of steps, DST, and PCI as well as the effects of DBS were
smaller (SRM < 0.5 and/or p > 0.05).
Society. Published by Elsevier Inc.
served.
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Gait Parameter at Fast Gait Speed (ST)
Dopaminergic medication had a moderate effect on cadence

(MedOFF: 1.98 ± 0.07 steps/s; MedON: 2.12 ± 0.09 steps/s;
SRM = 0.61, p = 0.006) and number of steps (MedOFF: 23.3 ± 1.6;
MedON: 21.1 ± 1.0; SRM = 0.54, p = 0.03). The effects on gait speed,
DST, and PCI as well as the effects of DBS were smaller (SRM < 0.5
and/or p > 0.05).

Secondary Task Parameters at Fast Gait Speed (ST)
Dopaminergic medication had a moderate effect on checking-

boxes speed in ST by a mean of 0.1 boxes/second (±0.4; SRM =
0.73, p = 0.023). The effect on subtracting speed and the effects of
DBS were smaller (SRM < 0.5 and/or p > 0.05).

DTC of Gait Parameters Under Checking Boxes DT Conditions
Dopaminergic medication had a large effect on DTC of cadence

(MedOFF: 17.2%±3.1%; MedON: 9.9%±2.6%; SRM = 1.35, p = 0.006).
The effects on the DTC of gait speed, number of steps, DST, PCI,
and checking-boxes speed were smaller (SRM < 0.5 and/or p >
0.05). DBS had a moderate effect on DTC of cadence (DBSOFF:
12.3%±2.3%; DBSON: 7.4%±2.6%; SRM = 0.78, p = 0.03). The effect
on the DTC of speed, number of steps, DST, and PCI was smaller
(SRM < 0.5 and/or p > 0.05).

DTC of Gait Parameters Under Subtracting DT Conditions
Dopaminergic medication had a moderate effect on DTC of

cadence (MedOFF: 18.7%±3.8%; MedON: 10.1%±2.2%; SRM = 0.78,
p = 0.04). The effects on DTC of the remaining parameters were
Figure 1. Responsiveness of the assessed quantitative gait parameters to dopam
according to the SRM starting from the strongest effect to the lowest effect. SRM valu
figure can be viewed at www.neuromodulationjournal.org]

www.neuromodulationjournal.org © 2022 International Neuromodulation
All rights re
smaller (SRM < 0.5 and/or p > 0.05). The effect of DBS on DTC of
the remaining parameters was smaller (SRM < 0.5 and/or p >
0.05).

Clinical Assessment of Treatment Effects
Dopaminergic medication led to a six-point (14.8%; SRM = 0.43,

p = 0.045) and DBS to a 13-point improvement of MDS-UPDRS III
(31.6%; SRM = 1.0, p = 0.006).

Table 2 shows the effects of dopaminergic medication; Table 3
shows the effects of DBS. SRM values of the effects of dopami-
nergic medication are displayed in Figure 1, and SRM values of the
effect of DBS are displayed in Figure 2. Figures S1 and S2 display
the effects of dopaminergic medication and DBS on speed and
cadence and DTC of speed and cadence in detail.

DISCUSSION

The main finding of this study with participants with advanced
PD, treated with both dopaminergic medication and DBS in the
STN, is that the effect of dopaminergic medication (assessed by
comparing DBSON/MedON with DBSON/MedOFF) on multiple
parameters of gait under ST and DT walking conditions is larger
than the effect of DBS (assessed by comparing DBSON/MedON with
DBSOFF/MedON).

Medication Effects
Under ST conditions, dopaminergic medication significantly

improved gait speed, cadence, DST, and number of steps at
inergic medication (DBSON/MedON vs DBSON/MedOFF). Parameters are arranged
es >0.20 indicate small, >0.50 moderate, and >0.80 large responsiveness. [Color

Society. Published by Elsevier Inc.
served.
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Figure 2. Responsiveness of the assessed quantitative gait parameters to deep brain stimulation of the subthalamic nucleus (DBSON/MedON vs DBSOFF/MedON).
Parameters are arranged according to the SRM starting from the strongest effect to the lowest effect. SRM values >0.20 indicate small, >0.50 moderate, and >0.80
large responsiveness. [Color figure can be viewed at www.neuromodulationjournal.org]
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normal gait speed during DBS. Under ST conditions with fast gait
speed, dopaminergic medication significantly improved cadence.
Our results confirm previous findings, with the addition of finding
an improvement in cadence at both comfortable and fast speeds
reported in only two of four previous studies.20,46–48 However,
these studies used a substantially shorter walking distance and
comfortable, but not fast, walking speed. The different outcomes
could also be related to considerably longer disease durations in
our participants. The long mean disease duration and concomi-
tant relatively low Hoehn and Yahr (H&Y) stages of our partici-
pants suggests that many of our participants had a “benign”
course of PD according to a recent definition (H&Y stage ≤3 after a
disease duration of >10 years and disease onset at >60 years of
age, or 20 years and disease onset at <60 years of age).49 A
preserved plasticity of cortico-striatal pathways, which was shown
to be associated with benign PD, could have had an impact on the
improvement of cadence by dopaminergic medication.49–51

Dopaminergic medication decreased the DTC of cadence in the
checking-boxes DT condition and in the subtracting DT condition.
This means that the deteriorating effect of the DT situation
(compared with ST) on cadence was mitigated by dopaminergic
medication. In PD patients, dopaminergic medication has been
shown to increase activation of the prefrontal cortex, which plays a
role in the cognitive control of gait.52 Dopaminergic medication
could therefore improve the cognitive aspects of DT gait.
Furthermore, the improvement of the cadence by the dopa-

minergic medication was not at the expense of secondary tasks
because the DTC of the secondary tasks did not increase. This is
an interesting observation because it contradicts the “posture
second strategy” in which PD patients prioritize cognitive tasks
www.neuromodulationjournal.org © 2022 International Neuromodulation
All rights re
over balance in DT.3 This could influence therapeutic consider-
ations and patient counseling, because according to this rationale,
the L-dopa dose after DBS should rather not be reduced to the
absolute minimum necessary, even if pure motor control would
allow it. The smaller effects of dopaminergic medication on DTC
of gait speed, step count, and PCI contradict two previous studies
in which DT gait speed and step length improved with dopami-
nergic medication, but the cadence was unaffected.20,21 There
were, however, no patients treated with DBS in the two studies,
meaning that the apparent lack of effect of medication in our
study could be explained by the “carry-over effect” of DBS.53,54

Furthermore, in one of these studies, the PD patients, whose
disease duration of 7±4.2 years was much shorter than the 18
years mean duration of our participants, showed similar cadence
to the control group.21 It might therefore be assumed that if
the cadence of the PD patients was already normal, no further
improvement through dopaminergic medication can be
expected.

The limited effect that dopaminergic medication had on the
DTC in our setting might be explained by the fact that dopami-
nergic therapy does not have an impact on set-shifting, which is a
relevant prerequisite for DT performance.55–59 Our observation is
similar to results reported earlier that found dopaminergic therapy
reliably improved only gait speed and stride length in DT gait, but
had no significant effect on cadence, turning cadence, peak
velocity, and turning step duration.20,21 Another possible expla-
nation is the relatively subtherapeutic doses of the dopaminergic
medication, because we used the patients’ usual doses, which
were reduced after starting DBS therapy, rather than a formal L-
dopa challenge.
Society. Published by Elsevier Inc.
served.
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Table 2. Effect of Dopaminergic Medication on MDS-UPDRS III and Gait Parameters in ST and DT Conditions.

Parameter DBSON/MedON, mean (±SEM) DBSON/MedOFF, mean (±SEM) p Value SRM FDR

MDS-UPDRS III 29 (±1) 34 (±3) 0.045 0.43 0.045
ST walking
convenient gait speed
Speed, m/s 1.12 (±0.06) 0.97 (±0.09) 0.019 0.77 0.048
Cadence, steps/s 1.87 (±0.06) 1.78 (±0.05) 0.0048 0.95 0.02
Number of steps 22.56 (±1.12) 26.87 (±2.29) 0.02 0.48 0.03
DST, s 0.33 (±0.02) 0.35 (±0.02) 0.07 0.59 0.09
PCI, % 14.57 (± 2.60) 12.61 (±2.09) 0.29 0.00 0.29

Fast gait speed
Speed, m/s 1.28 (±0.10) 1.16 (±0.11) 0.08 0.46 0.12
Cadence, steps/s 2.12 (±0.09) 1.98 (±0.07) 0.007 0.61 0.04
Number of steps 21.06 (±0.96) 23.28 (±1.58) 0.03 0.54 0.08
DST, s 0.32 (±0.02) 0.33 (±0.02) 0.13 0.38 0.13
PCI, % 25.80 (±3.21) 16.56 (±4.03) 0.06 −0.08 0.10

DT walking
Checking boxes
DTC of speed, % 23.33 (±4.43) 28.43 (±3.39) 0.20 0.30 0.20
DTC of cadence, % 9.91 (±2.55) 17.17 (±3.13) 0.006 1.35 0.04
DTC of number of steps, % 20.18 (±5.24) 25.23 (± 5.79) 0.16 0.41 0.24
DTC of DST, % 10.43 (±12.56) 16.89 (±8.41) 0.16 0.41 0.24
DTC of PCI, % −24.51 (±19.08) 19.53 (± 39.29) 0.06 0.68 0.18
DTC of checking boxes speed, boxes/s, % 6.38 (±6.13) 18.55 (±9.15) 0.11 0.44 0.22

Subtractions
DTC of speed, % 23.33 (±4.43) 32.77 (±4.29) 0.08 0.54 0.24
DTC of cadence, % 10.21 (±2.22) 18.66 (±3.81) 0.04 0.78 0.24
DTC of number of steps, % 17.86 (±4.62) 26.95 (±5.96) 0.12 0.51 0.18
DTC of DST, % 12.89 (±7.76) 21.63 (±9.62) 0.24 0.28 0.29
DTC of PCI, % 37.50 (±61.56) 32.58 (±28.99) 0.47 −0.03 0.47

DTC of subtractions speed, subtraction/s, % −6.78 (±15.13) 10.07 (±18.58) 0.10 −0.22 0.20

DST, double support time; DTC, Dual task costs; FDR, false discovery rate; Med, dopaminergic medication; OFF, without dopaminergic medication/inactive
stimulator; ON, with dopaminergic medication/active stimulation; PCI, phase coordination index.
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DBS Effects
DBS did not have a relevant additional influence on temporal

gait parameters in ST walking at convenient and fast gait speed.
This was surprising, especially when considering the strong effect
DBS showed on the MDS-UPRDS III score (Table 2). This finding
argues in favor of the presence of a complex central network that is
necessary for human walking and has already been postulated and
confirmed previously.60–64 Compared with DBS, dopaminergic
medication had relatively little effect on the MDS-UPDRS III (as a
general measure of motor deficits) but substantially “more” effect
on gait under both ST and DT conditions.
In addition to the basal ganglia, dopaminergic networks can be

found in extrastriatal sites, including the thalamus, cingulate, insula,
and prefrontal cortex. The latter two are especially crucial to
executive functions needed for gait, which explains the broad,
“brain-wide” effect of dopaminergic medication.65–68 DBS, on the
other hand, affects presumably a very circumscribed brain region
directly, the main effects of which, in contrast to dopaminergic
medication, seem to be reflected mainly in the simple motor tasks
of the MDS-UPDRS-III.
Our results can also be explained by the long mean DBS treat-

ment duration of our participants, given that in long-term follow-up
after DBS implantation, gait, in contrast to the cardinal symptoms of
PD, continues to deteriorate faster after an initial improvement and
eventually becomes barely responsive to DBS.69,70
www.neuromodulationjournal.org © 2022 International Neuromodulation
All rights re
DBS had moderate effects only on the DTC of cadence and DST
in the checking boxes DT and on gait speed in the subtracting DT,
mitigating the deteriorating effect of this DT situation. A possible
explanation is that DBS might impair some cognitive functions,
leading to an increase in the cognitive effort during dual-tasking
and thus diminishing overall performance.71,72 Moreover,
although DBS, unlike dopaminergic medication, can at least
improve set-shifting abilities, it still does not seem to be able to
significantly improve dual-tasking abilities.73

Our findings were also similar to those of previous studies
showing no improvement in DT motor skills and gait with DBSON
compared with DBSOFF.

31,74 Other studies, however, found signifi-
cant improvements in step length and DST of DT walking with
bilateral DBS in the STN compared with unilateral DBS.29 Partially,
this may be due to the use of different protocols because they
compared DBS settings in a MedOFF-state. Another study found
effects of DBS on gait speed and stride velocity during DT gait
when comparing DBSON with DBSOFF in MedOFF, but not when
comparing DBSON with DBSOFF in MedON as we did.30 These results
argue for an interactive effect of the combination of medication
and DBS, which might disguise subtle effects. Alternatively, our
result could also suggest that dopaminergic drugs contribute more
to the additive effect than DBS. This must be investigated specif-
ically using a more specific study design. We feel that our protocol
mirrors real-life experience better than the other study protocols
Society. Published by Elsevier Inc.
served.
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Table 3. Effect of DBS on MDS-UPDRS III and Gait Parameters in single-tasking and dual-tasking.

Parameter DBSON/MedON, mean (±SEM) DBSOFF/MedON, mean (±SEM) p Value SRM FDR

MDS-UPDRS III 32 (±2.9) 47 (±2.9) 0.006 1.00 0.006
ST walking
convenient gait speed
Speed, m/s 0.99 (±0.08) 0.95 (±0.06) 0.26 0.22 0.43
Cadence, steps/s 1.79 (±0.05) 1.79 (±0.05) 0.45 0.04 0.56
Number of steps 22.72 (±0.99) 23.39 (±0.76) 0.09 0.38 0.45
DST, s 0.35 (±0.19) 0.34 (±0.02) 0.24 −0.25 0.60
PCI, % 13.19 (±2.35) 13.13 (±2.65) 0.47 0.11 0.47

Fast gait speed
Speed, m/s 1.18 (±0.10) 1.21 (±0.09) 0.35 −0.12 0.44
Cadence, steps/s 2.04 (±0.08) 1.99 (±0.06) 0.16 0.12 0.80
Number of steps 21.74 (±0.95) 22.00 (±0.82) 0.34 0.27 0.57
DST, s 0.32 (±0.18) 0.33 (±0.23) 0.39 0.10 0.39
PCI, % 23.39 (±3.34) 26.91 (±5.33) 0.31 0.34 0.78

DT walking
Checking boxes
DTC ofspeed, % 25.71 (±4.38) 27.05 (±2.95) 0.39 0.10 0.47
DTC ofcadence, % 7.38 (±2.60) 12.30 (±2.31) 0.03 0.78 0.18
DTC ofnumber of steps, % 11.61(±3.67) 17.58 (±5.07) 0.17 0.36 0.26
DTC ofDST, % 6.36 (±5.80) 14.94 (±6.07) 0.08 0.56 0.24
DTC ofPCI, % −14.55 (±24.01) −11.73 (±24.21) 0.47 0.03 0.47
DTC ofchecking boxes speed, % 6.48 (±7.56) 16.94 (±4.67) 0.14 0.39 0.28

Subtractions
DTC ofspeed, % 24.83 (±4.02) 31.38 (±3.10) 0.06 0.55 0.36
DTC ofcadence, % 12.94 (±2.44) 15.25 (±2.79) 0.25 0.24 0.75
DTC ofnumber of steps, % 18.05 (± 4.77) 16.19 (±6.74) 0.41 −0.08 0.82
DTC ofDST, % 15.14 (±6.83) 17.19 (±6.49) 0.43 0.07 0.52
DTC ofPCI, % 17.53 (± 2.60) 30.00 (±6.54) 0.43 0.06 0.52
DTC ofsubtraction speed, % 2.42 (±10.75) 1.47 (±9.75) 0.41 0.08 0.82

DST, double support time; DTC, Dual task costs; FDR, false discovery rate; Med, dopaminergic medication; OFF, without dopaminergic medication/inactive
stimulator; ON, with dopaminergic medication/active stimulation; PCI, phase coordination index.
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because PD patients generally have at least one form of treatment
(dopaminergic medication or DBS). They rarely, if ever, experience a
complete OFF-state unless there is an inadvertent medication
pause and a DBS dysfunction.

Effect of DT Paradigm
The secondary task of the DT assessment had an influence on the

DT interference and on therapy effects. Stronger effects of both DBS
and dopaminergic medication were found in the DT walks with
checking boxes than in the DT walks when subtracting. A simplistic
model using the bottleneck theory argues for a stronger effect of a
motor bottleneck in our study cohort than of a cognitive bottleneck.
This is consistent with the results of previous studies. One study
found in a cohort of PD patients, that the DT performance when
checking boxes during walking predicted falls, but not the DT per-
formance when subtracting.13 Another study found that the sub-
tracting task was more effective to elucidate deficits in gait in older
adults with impaired cognitive flexibility than the checking-boxes
task.43,44 This argues in this cohort for a predominantly cognitive
bottleneck. This is relevant for the planning of future studies and
suggests using a paradigm that meets the deficits of the specific
cohort (ie, using a secondary task that includes motor aspects for
patients with PD) to create a very challenging assessment situation.
This study faces limitations. In our results, large standard devia-

tions are present. They may point to different subpopulations of PD
that are influenced differently by DT. It would, therefore, be desirable
www.neuromodulationjournal.org © 2022 International Neuromodulation
All rights re
to find ways to better differentiate more or less “DT-capable” sub-
populations in further studies. Additionally, the effect of DBS on gait
and balance changes over time. A wide distribution of the time with
DBS might also have an effect on results.75 Another limitation of our
study is that we were not able to provide data on the paradigm in a
condition without both medication and DBS. This might disguise the
effects of one treatment method alone, because there might be
interaction effects between the treatment options and compensa-
tion mechanisms that might work better in (“single therapy”) ON-
than (“dual therapy”) OFF-state. The participants did not receive a
formal L-dopa-challenge but rather their usual dose of levodopa
during the testing, so some effects may be underestimated or
affected by a changing effect of dopaminergic medication during
the assessment. However, the subjects consistently showed a satis-
factory clinical response in the MDS-UPDRS III, so a sufficient
dopaminergic dose can be assumed. Some patients also took
dopamine agonists, which might have a different effect on cognitive
processes than L-dopa.76 This also allows for better applicability of
our results to daily life. For the DBSOFF assessment, DBS was switched
off for only approximately 30 minutes. It is therefore possible that
there is still a carry-over effect, which can disguise the effect of
DBS.53,54 Furthermore, given the number of cases and the number of
participants that did not perform all conditions, the results should be
interpreted cautiously but should motivate the conducting of further
studies, not least because of the enormous relevance of DT abilities
in daily life.
Society. Published by Elsevier Inc.
served.
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CONCLUSION

This study describes a larger positive additional influence of
dopaminergic medication than of DBS on temporal gait parame-
ters, especially cadence in advanced PD patients treated with these
two regimens. Moreover, DTC of cadence during walking when
performing checking boxes simultaneously improved the most
among the studied parameters by dopaminergic medication,
without deterioration of the secondary task performance. Our
results might have implications for treating PD patients with
dopaminergic medication and DBS. If these, mostly advanced, PD
patients suffer from gait impairments and problems performing DT,
the optimization of the dopaminergic medication regimen is a very
important component of therapy.
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COMMENT

The authors present results of a pilot study of a small series of
patients with PD who underwent analysis of the effects of DBS and
medication therapy on temporal characteristics of gait including gait
speed, cadence, DST, and phase coordination index (gait irregularity) in
ST and DT conditions. Subjects were tested in the on- and off-
medication conditions and in the on- and off-DBS conditions. The
effect of dopaminergic medication (tested in the off- and on-
medication/on-DBS conditions) on cadence, gait speed, and number
of steps was large or moderate in single- and DT test situations,
whereas the effects of DBS were generally small (with the exception of
moderate effect on DT cadence). Notably, the beneficial effects of
medications were achieved without any degradation of performance
on the secondary tasks (checking boxes and serial subtraction)
compared with baseline performance on checking boxes and serial
subtraction when performed as single tasks. As a pilot study, major
limitations are related to the small sample size as well as the inability of
some subjects to complete all testing paradigms, which resulted in
large standard deviations in data analyses. Whether the reported
results would be achieved in a larger scale study remains to be
determined. DBS was deactivated for approximately 30 minutes, which
might have been insufficient time to allow complete washout of the
DBS effect, which could have reduced the apparent magnitude of on/
off-DBS differences. Testing in the “on-medication” state was
www.neuromodulationjournal.org © 2022 International Neuromodulation
All rights re
accomplished by administering the subjects’ typical doses of medi-
cations, which might have been reduced following implementation of
DBS therapy to a level that, by itself, would be subtherapeutic
(administration of medication produced, on average, only six point
improvement of Unified Parkinson Disease Rating Scale III vs 13 point
improvement with DBS); had subjects been treated with larger (chal-
lenge) doses, the impact of medications on gait might have been
greater than was observed. The subthalamic nucleus was the only DBS
target studied. Whether the results apply to DBS of the globus pallidus,
which has become a common DBS target in the United States and
which might have different effects on gait, is unknown. As the authors
note, the observation that dopaminergic medication has a more
beneficial impact on gait in single- and DT conditions compared with
DBS has potentially important clinical implications. Commonly, the
success of DBS therapy is measured by the extent of reduction of
dopaminergic medications after implementation of DBS therapy;
however, as the authors explain, it might not be advisable to reduce
medications post-DBS to the minimum amount possible because
medications might provide beneficial effects on gait that DBS does not
provide. This is consistent with previous suggestions that aggressive
reduction of medications post-DBS might not be desirable for all PD
patients (Follett KA, Weaver FM, Stern M, et al. Pallidal versus sub-
thalamic deep-brain stimulation for Parkinson’s disease. N Engl J Med.
2010;362:2077–2091. Mei S, Eisinger RS, Hu W, et al. Three-year gait and
axial outcomes of bilateral STN and GPi Parkinson’s disease deep brain
stimulation. FrontHum Neurosci. 2020;14:1). In the setting of PD, gait
deteriorates over time despite otherwise stable improvement of
motoric function provided by successful deep brain stimulation (DBS)
therapy. For this reason, further larger scale investigation of the
observations reported by the authors are warranted in an effort to
develop treatment strategies that optimize gait, especially in DT situ-
ations, to provide patients with PD the greatest improvement of
quality of life.
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