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Abstract

Background—Dopaminergic medications and subthalamic nucleus deep brain stimulation
(STN-DBS) alleviate motor symptoms in Parkinson disease, but balance and gait are more
variably affected. Balance reports are particularly inconsistent. Further, despite their prevalence in
daily life, complex gait situations including backward and dual task gait are rarely studied. We
aimed to assess how medications, STN-DBS, and both therapies combined affect balance and
complex gait.

Methods—Twelve people with Parkinson disease were evaluated OFF medication with STN-
DBS OFF and ON as well as ON medication with STN-DBS OFF and ON. Motor impairment was
measured with the Movement Disorder Society Unified Parkinson Disease Rating Scale motor
section (MDS-UPDRS-I111). The Mini-Balance Evaluations Systems Test, timed-up-and-go, and
dual task timed-up-and-go measured balance and mobility. Preferred-pace forward, fast as
possible, backward, dual task forward, and dual task backward gait were also analyzed.

Results—Medication improved MDS-UPDRS-I111 scores, dual task timed-up-and-go, and stride
length across all gait tasks. STN-DBS improved MDS-UPDRS-I11 scores, balance scores, dual
task timed-up-and-go, and stride length and velocity across all gait tasks. Medication and STN-
DBS combined did not provide additional benefits over either therapy alone.

Conclusions—Overall, dopaminergic medications and STN-DBS provided similar
improvements in balance and gait tasks, although the effects of STN-DBS were stronger,
potentially due to reductions in medication doses after surgery. Lack of synergistic effect of
treatments may suggest both therapies improve balance and gait by influencing similar neural
pathways.
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Introduction

People with Parkinson disease (PD) experience various motor symptoms, including tremor,
rigidity, bradykinesia, and postural instability. Motor symptoms are typically treated
pharmacologically with dopaminergic medications, and surgical interventions including
deep brain stimulation of the subthalamic nucleus (STN-DBS) are increasingly utilized in
conjunction with pharmacological treatments as the disease progresses. Tremor,
bradykinesia, and rigidity are generally responsive to levodopa and STN-DBS.[1,2] Postural
instability and gait are more variably affected by medications and STN-DBS. Importantly,
postural stability and gait impairments in PD may lead to falls, and serious injuries.[3] Few
studies have measured DBS effects on balance and gait tasks both ON and OFF medication
to determine the extent to which motor deficits are remedied by these therapies individually
or in combination.

Conflicting reports exist on whether functional balance tests, including the timed-up-and-go
(TUG), improve with STN-DBS. Despite definite improvements in motor function
(UPDRS-III) and dyskinesia, TUG ON medication did not significantly improve.[4]
However, OFF medication TUG did improve with STN-DBS.[5] When both ON and OFF
medication conditions were evaluated, TUG improved with STN-DBS and with medication,
but there were no additional improvements with both treatments together.[6]

There is also discrepancy regarding the effects of STN-DBS on various other balance
measures. STN-DBS improved Berg Balance Scale Scores and postural instability (UPDRS-
I11 pull-test) OFF medication[5,7] and static and dynamic posturography measures ON
medication.[8] Conversely, evidence also suggests STN-DBS may worsen postural stability,
degrade gait, and increase fall risk.[9] Center-of-mass displacement with postural
perturbations was impaired with DBS ON medication.[10] Axial/PIGD UPDRS-III items
did not improve with STN-DBS in older individuals ON medication, and these items were
worsened by STN-DBS when OFF medication.[11] DBS and levodopa improve balance in
terms of postural sway parameters during unperturbed stance,[12] while measures related to
external platform and visual tilt perturbations were not affected by levodopa or DBS.[12]
Given the mixed results of these studies, the effects of STN-DBS on balance remain unclear.

In addition to investigating balance, STN-DBS effects on preferred-pace forward gait have
been assessed OFF and ON medication. In general, STN-DBS improves spatiotemporal
parameters of preferred-pace gait, including velocity and stride length, OFF and ON
medication.[13-15] Preferred-pace gait velocity and stride length improved similarly with
STN-DBS or levodopa, and both therapies combined did not confer additional improvement.
[6] Cadence did not change with DBS or medication.[6] In contrast, other studies report
combined effects of DBS and medication on gait velocity were greater than either treatment
alone.[13,14] Considering these results, it remains unclear whether STN-DBS and
medication combined provide additional improvements in preferred-pace gait parameters
compared to each individual treatment alone.

Further, little is known about STN-DBS and medication effects on more complex gait tasks,
including fast gait, backward gait, and dual task gait, despite the fact that complex gait tasks
are encountered daily. STN-DBS effects on gait velocity and step length were evaluated
both OFF and ON medication during slow gait, preferred-pace gait, and fast as possible gait.
[15] Gait velocity improved similarly across slow, fast, and preferred-pace gait tasks with
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Methods

either treatment alone and both combined.[15] A similar pattern was present for slow and
fast step length.[15] Preferred-pace step length improved similarly with either treatment
alone, and combining the treatments produced additional benefit.[15] Evidence suggests
people with PD have particular difficulty with backward and dual task gait.[16,17] As a
result, it is important to better understand how current therapies affect more complex gait.
To our knowledge, no studies have examined the individual and combined effects of STN-
DBS and medication on backward walking, dual task forward or dual task backward
walking.

With inconsistent reports, it is unclear how bilateral STN-DBS affects balance and complex
gait in PD. Potential impairments in gait and balance with STN-DBS may increase the
likelihood of falls and serious injuries in these individuals. It is also possible that the
potential for increased fall risk with DBS may occur not as a result of impaired balance, but
as a result of increased mobility with treatment that prompts patients to engage in more
challenging activities.[13] Clarifying the effects of STN-DBS on balance and complex gait,
particularly in the ON medication state, will improve our understanding of factors that may
contribute to falls in this population. This study aimed to assess how balance and complex
gait were influenced by medications, STN-DBS, and both therapies combined in people with
PD. We hypothesized that clinical balance tests and preferred-pace gait would improve
substantially with medication and with DBS alone, but smaller magnitude improvements
would occur in more complex gait tasks including backward walking and dual task walking.
We also expected larger improvements across tasks with both treatments combined as
compared to either treatment alone.

Participants

Sixteen individuals with idiopathic PD (age 6548 years, mean+SD, 12 males, PD duration
16+6 years) were recruited from the Movement Disorders Center at Washington University
School of Medicine. Criteria for inclusion were: currently taking levodopa for PD,
previously implanted bilateral STN DBS electrodes, ambulatory, MMSE score =24, no prior
brain surgery other than STN-DBS, and no recent surgeries or injuries affecting locomotion.
All participants had DBS for at least three months prior to participation (3.0+1.8 years since
surgery) and were taking carbidopa/levodopa medications (LEDD: 840.8+345.4).
Additionally, 8 were taking amantadine, 3 pramipexole, 1 ropinirole, and 4 entacapone. The
Washington University Human Research Protection Office approved this study, and all
participants provided written informed consent.

Experimental Design

Participants were tested on two separate days within one week. On one day, participants
took all medications as prescribed (ON state). The other day, participants were tested in the
practically defined OFF state after overnight withdrawal from anti-Parkinson medications.
Within OFF and ON medication days, individuals were assessed in two sessions: one with
bilateral STN-DBS operating at the clinically determined settings (ONMeds+DBS,
OFFMeds+DBS) and one with bilateral STN-DBS turned completely off (ONMeds-DBS,
OFFMeds-DBS). Clinical STN-DBS settings for each participant are listed in Table 1.

The orders of medication day assignments and DBS sessions were counterbalanced across
participants. Investigators were blind to medication and DBS status, and participants were
blind to DBS status. Prior to each session, DBS settings were checked or changed, and
testing began at least 42 minutes after any change in settings.
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Results

Identical evaluations were conducted in each session on both days. Overall motor
impairment and postural stability were assessed by the same physical therapist across all
sessions using the Movement Disorder Society Unified Parkinson Disease Rating Scale
motor section (MDS-UPDRS-111)[18] and the Mini-Balance Evaluations Systems Test of
dynamic balance (mini-BESTest),[19] respectively. The MDS-UPDRS-111 was divided into
subsections assessing tremor, rigidity, bradykinesia, and postural instability and gait (PIGD)
as described previously.[20] We extracted Timed-Up-and-Go (TUG) and dual task TUG
(DT-TUG, dual task: random number listing) from the mini-BESTest to measure functional
mobility with and without a dual task. RM-ANOVAs (factors: medication, DBS) were used
to compare mini-BESTest scores, MDS-UPDRS-II1 subsections, TUG, and DT-TUG across
conditions.

A 4.8m GAITRIite instrumented walkway (CIR Systems, Havertown, PA) was used for gait
evaluation. Participants completed 3 trials each of preferred-pace forward (Fwd), fast as
possible forward (Fast), preferred-pace backward (Bkd), and preferred-pace dual task
forward (DT-Fwd) and dual task backward (DT-Bkd) gait. For each participant, gait task
order was randomized within each session. In dual task trials, participants walked forward or
backward at a comfortable pace while listing words that belonged to specified categories
(semantic listing task). Different categories were given for each trial (examples include:
shapes, cities, and fruit). Correct words and errors were recorded. Categories were grouped
based on difficulty so each group of three categories was similarly difficult. Category groups
were randomly assigned for dual tasks across all sessions for each participant. The category
task was also assessed while seated in three 10 second trials. For each participant, three trials
for each task were averaged for each session. Repeated measures ANOVA (factors:
medication, DBS, Gait task) was used to evaluate gait variables across the five gait tasks,
with follow-up tests as warranted. Greenhouse-Geisser corrections were used for violations
of sphericity.

Of the sixteen participants recruited, 4 did not tolerate DBS OFF and withdrew from the
study. Twelve participants with PD were included in analyses. One participant was unable to
complete Bkd and DT-Bkd gait in the OFFMeds-DBS condition and was excluded from gait
analysis.

Functional Measures and Balance

Total MDS-UPDRS-111 and subsection scores are shown in Figure 1, and mini-BESTest,
TUG, and DT-TUG are shown in Figure 2. There were medication effects on total MDS-
UPDRS-I111 score (F(1,11)=5.1, p=0.03, Figure 1A), the MDS-UPDRS-III rigidity
subsection (F(1,11)= 5.4, p=0.04, Figure 1C), and DT-TUG (F(1,11)=6.4, p=0.03, Figure
2C). There was a trend toward a medication effect on the MDS-UPDRS-111 tremor
subsection (F(1,11)= 4.3, p=0.06, Figure 1B). DBS effects were present for total MDS-
UPDRS-I111 score (F(1,11)=29.8, p<0.001, Figure 1A), as well as MDS-UPDRS-III tremor
(F(1,11)=14.0, p=0.003, Figure 1B), rigidity (F(1,11)=20.4, p=0.001, Figure 1C),
bradykinesia (F(1,11)=17.7, p=0.001, Figure 1D), and PIGD subsections (F(1,11)=8.4,
p=0.02, Figure 1E). Further, DBS effects were detected in mini-BESTest score (F(1,11)=6.4,
p=0.03, Figure 2A) and DT-TUG (F(1,11)=11.7, p=0.006, Figure 2C). In all cases,
performance improved ON medication and ON DBS. There was a trend toward TUG
improvement with DBS (F(1,11)=3.4, p=0.09, Figure 2B). No medications x DBS
interactions were present for the above tasks.
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Gait

Cognitive task performance (correct word generation rates) while seated and during DT-Bkd
gait was consistent across all sessions (p>0.05). Medication improved cognitive task
performance during DT-Fwd gait (F(1,10)=5.6, p=0.04), and there was a trend toward
improvement with DBS (F(1,10)=4.3, p=0.07) during DT-Fwd gait.

There were DBS (F(1,10)=15.90, p=0.003) and task effects (F(2.2,21.6)=90.4, p<0.001) on
gait velocity (Figure 3A). Gait velocity increased with STN-DBS. Velocity differed across
all gait tasks and was highest in Fast, followed by Fwd, DT-Fwd, Bkd, and DT-Bkd gait. No
medication effects or medication x DBS, medication x gait task, or DBS x gait task
interactions were present.

Stride length (Figure 3B) was affected by medication (F(1,10)=4.7, p=0.05), DBS
(F(1,10)=15.1, p=0.003), and gait task (F(2.3,23.2)=119.4, p<0.001). Strides were longer
with medication and with DBS. Stride length was greatest in Fast, followed by Fwd, DT-
Fwd, Bkd, and DT-Bkd gait. Stride length differed between all gait conditions, except
between Bkd and DT-Bkd gait (p=0.2). As above, there were no interaction effects.

Cadence (Figure 3C) was highest in Fast, followed by Bkd, DT-Bkd, Fwd, and DT-Fwd
gait. Cadence differed (F(1.7,17.3)=9.1, p=0.003, Figure 3C) in Fast gait compared to Fwd
(p<0.001), DT-Fwd (p<0.001), and DT-Bkd (p=0.04) gait. There were no medication, DBS,
or interaction effects.

Discussion

We evaluated the effects of medication, STN-DBS, and both therapies combined on balance
and complex gait tasks in PD. Medication alone or STN-DBS alone both conferred
improvements in motor symptoms, balance and gait. The lack of interaction between
medication and STN-DBS across all measures suggests the combination of therapies did not
confer additional benefit over either therapy alone.

Functional Measures and Balance

As expected, MDS-UPDRS-I111 scores improved substantially with medication[21] and STN-
DBS.[1] Medication tended to reduce rigidity and tremor as assessed by MDS-UPDRS-I1I
subsections, while STN-DBS improved a broader range of symptoms, including rigidity,
tremor, bradykinesia, and PIGD.[1]

Non-significant[4] and significant[5,6] improvements in TUG with medication or STN-DBS
have been reported.[5,6] In the present study, TUG improved substantially but not
significantly with medication (1.0+2.7 sec) or STN-DBS (2.1+3.1 sec). There was no added
effect of both therapies together on TUG.[6] DT-TUG improved with medication or STN-
DBS, but again there were no added benefits with both therapies combined.

In prior studies, both Berg Balance Scale[22] and mini-BESTest scores improved with
medication, but ceiling effects were less of a concern with the mini-BESTest (Earhart lab,
unpublished results). Mini-BESTest scores did not improve significantly with medication in
the present study. However, prescribed medication doses are typically reduced following
STN-DBS surgery, with reductions of approximately 50% reported.[2,7] Lower medication
doses likely contributed to smaller medication effects in our sample, since current LEDD
was 26% lower than pre-surgery LEDD for our participants (1135.2+428.0, data not
available for one participant).
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Gait

This is the first study to evaluate STN-DBS effects using clinical balance scales both OFF
and ON medication. STN-DBS improved mini-BESTest scores in the present study and
improved Berg Balance Scale scores OFF medication in prior reports,[5,7] suggesting STN-
DBS enhances functional balance. STN-DBS effects on posturographic balance and stability
measures are more variable, with reports of improvements,[8,23,24] no effect, or even
detrimental effects of STN-DBS.[5,10,12,24] Posturographic balance and stability measures
are generally not affected or detrimentally affected by medication.[23,24] Further, for some
balance parameters, there were synergistic effects with medication and STN-DBS combined,
[12] while for others, there were no additional benefits with combined therapies.[12,23] Use
of different parameters to quantify balance likely contributes to conflicting results across
studies, as STN-DBS may have differential effects on particular aspects of balance, and
synergistic effects of medication and DBS may occur for some parameters.

Regardless of overall effects, previous studies allude to inter-individual variability in
balance changes with STN-DBS. Some individuals improved TUG[4] or center-of-mass
displacement after backward perturbation[10] with STN-DBS, while others performed
similarly or worse. Consistent with prior reports of inter-individual variability, changes with
STN-DBS alone were variable in the present study. For both mini-BESTest scores and TUG
time, ten out of twelve individuals in our sample improved with STN-DBS while two
performed the same or worse. Further, DT-TUG improved with STN-DBS in eight
individuals with DBS alone, but worsened in four individuals. These ratios are similar to
previous reports of balance improvements with STN-DBS in approximately 70% of
participants.[7,10]

Our results confirm that similar improvements in preferred-pace stride length and velocity
occur with medication or STN-DBS alone.[13-15] Cadence was not systematically affected
by medication or STN-DBS.[15] Reports of synergistic effects of medication and STN-DBS
in combination are inconsistent. Some studies report no additional improvements in
preferred-pace gait velocity[6,15] and stride length[6] with STN-DBS ON medication, while
others report preferred-pace gait improvements with combined therapies, compared to either
therapy alone.[14,15]

Considerable inter-individual variability in gait changes with STN-DBS has been reported
ON medication, with some individuals improving, while others perform worse.[4,14] In our
sample, variability in preferred-pace gait velocity and stride length changes with STN-DBS
occurred OFF and ON medication, with approximately two thirds of individuals improving
with STN-DBS in either medication condition, while remaining participants performed
worse. Certain subject characteristics may influence balance and gait responses to STN-DBS
and account for variability in the literature. However, age, DBS voltage, disease duration,
time since DBS surgery, OFFMeds-DBS MDS-UPDRS-I11 total and PIGD scores, self-
reported annual fall frequency, and pre-surgery and current LEDD were not correlated with
changes in mini-BESTest score, Fwd gait velocity, or Fwd stride length with STN-DBS
alone. Future studies should further evaluate participant characteristics, including electrode
contact location, which may contribute to favorable balance and gait responses to STN-
DBS.

We expected substantial improvements in Fwd and Fast gait with medication or STN-DBS,
as Fwd and Fast gait velocity and stride length were previously reported to be similarly
affected by medication, STN-DBS, or both treatments in combination.[15] No previous
studies have evaluated the effects of medication, STN-DBS, and combined therapies on
Bkd, DT-Fwd, and DT-Bkd gait in PD, but we expected less pronounced improvements in
these complex gait tasks which are potentially controlled by neural systems distinct from
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Limitations

those for preferred-pace forward walking.[25] Contrary to our initial hypothesis, gait
velocity and stride length improved similarly with medication or STN-DBS across gait
tasks, regardless of task complexity. Further, there were no synergistic effects of medication
and STN-DBS, suggesting both therapies may influence similar control mechanisms for
various gait types.

Though STN-DBS effects on dual task gait had not been evaluated previously, other non-
locomotor dual task paradigms have been studied. STN-DBS did not affect performance of
simultaneous finger tapping and peg board tasks ON medication,[26] but negatively affected
simultaneous performance of the n-back test with isometric grip force tracking OFF
medication.[27] In the present study, STN-DBS enhanced velocity and stride length during
DT-Fwd and DT-Bkd gait. Further, word generation rates were not negatively affected, and
tended to improve with STN-DBS. Our results may differ from previous upper extremity
studies due to the dual task used or differential effects of STN-DBS on upper extremity
control versus locomotor control. Additional research on STN-DBS effects on various dual
task paradigms is warranted.

The relatively small sample size may limit generalization of the results. Further, STN-DBS
effects on balance and gait were more pronounced than medication effects. Overall motor
function (MDS-UPDRS-III) improved 7.4% with medication alone and 26.5% with STN-
DBS alone, suggesting current medication doses may not provide sufficient motor benefit in
the absence of STN-DBS. Supraclinical medication doses may have increased improvements
with medication alone. However, despite the small sample size and lower medication doses,
significant medication and STN-DBS effects were detected for balance and gait variables.

Conclusions

Overall, dopaminergic medications and STN-DBS had similar beneficial effects on balance
and spatiotemporal parameters of different gait tasks in people with PD. Our results do not
support a synergistic effect of medication and STN-DBS combined. Similar improvements
in balance and gait with STN-DBS or medication may occur through improvements in
abnormal cortical activity, including interactions between the SMA and basal ganglia which
are important for movement planning and preparation.[6,28,29] Dopaminergic medications
improve motor symptoms by increasing striatal dopamine levels and increasing
thalamocortical output. Though the exact mechanism of STN-DBS is still unknown, DBS
may improve abnormal STN firing patterns or hyperactivity,[29,30] normalizing
thalamocortical output. However, inter-individual variability in this and previous studies
suggests there may be sub-populations who respond favorably to STN-DBS or who
experience minimal or negative effects with STN-DBS. Further research to distinguish
characteristics of potential STN-DBS responders and non-responders may be beneficial for
developing post-surgical treatment strategies or refining initial surgical selection criteria.
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Figure 1.

Total MDS-UPDRS-I1II (A), as well as tremor (B), rigidity (C), bradykinesia (D), and PIGD
(E) subsections across STN-DBS and medication conditions. Medication improved total
MDS-UPDRS-I1I and rigidity scores. STN-DBS improved total MDS-UPDRS-111 and all
subsection scores. Values are means+SDs.
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Figure 2.

Balance was quantified using the mini-BESTest (A), as well as timed-up-and-go (TUG, B)
and dual task timed-up-and-go tests (DT-TUG, C) across STN-DBS and medication
conditions. Mini-BESTest score improved with STN-DBS. DT-TUG improved with
medication and STN-DBS. Values are means+SDs.
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Figure 3.

Velocity (A), stride length (B), and cadence (C) were assessed across conditions during
Fwd, Fast, Bkd, DT-Fwd, and DT-Bkd gait. Velocity improved with STN-DBS. Stride
length improved with medication or STN-DBS. Improvements were similar across gait
tasks. Values are means+SDs.
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