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The aim of this meta-analysis was to summarize the short- and long-term
effects of bilateral deep brain stimulation of the subthalamic nucleus (STN-
DBS) on gait and freezing of gait (FOG) in Parkinson’s disease and to detect
predictors of post-stimulation outcome. A comprehensive review of the litera-
ture was conducted up to October 2015 using Medline Ovid databases for
studies analyzing the effect of bilateral STN-DBS on FOG and/or gait. Sixteen
studies with available data for the gait item (no. 29) of the Unified Parkin-
son’s Disease Rating Scale (UPDRS) and six studies with the FOG item (no.
14) were included. Data were summarized for the following follow-up periods:
6-15, 24-48 and >48 months. For the medication (Med)-Off/stimulation
(Stim)-On condition compared with baseline Med-Off, STN-DBS significantly
improved gait on average from 2.43 to 0.96, 2.53 to 1.31 and 2.56 to 1.40
points at 6-15, 24-48 and >48 months, respectively (P < 0.05). Pre-operative
levodopa responsiveness of UPDRS-III and Med-Off severity of gait were the
predictors of this beneficial effect. STN-DBS significantly improved FOG for
the Med-Off/Stim-On condition compared with baseline on average from 2.26
to 0.82, 2.43 to 1.13 and 2.48 to 1.38 points at 615, 2448 and >48 months,
respectively (P < 0.05). There was no significant effect in the Med-On/Stim-
On condition. This meta-analysis showed a robust improvement of gait and
FOG by STN-DBS for more than 4 years in the Med-Off/Stim-On condition.
No beneficial effect was found for the On state of medication. Pre-operative
levodopa responsiveness of global motor performance (UPDRS-III) is the
strongest predictor of the effect of deep brain stimulation on gait.

Introduction

Bilateral deep brain stimulation of the subthalamic
nucleus (STN-DBS) is an efficient treatment for
Parkinson’s disease (PD) that improves patients’ qual-
ity of life [1]. However, its effect on some important
features of advanced PD is considered less favorable
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and shorter lasting, especially gait impairment [1-4].
Quantitative studies have shown that gait is improved
in the first years after STN-DBS but worsens gradu-
ally with disease progression [2,5,6]. Gait improve-
ment was more prominent for some gait parameters,
but it was limited to the Off state rather than the On
state of medication [7-11]. This effect is similar to gait
response to levodopa, denoting underlying dopaminer-
gic dysfunction [4]. Consequently, researchers have
advocated different approaches to achieve a better
outcome for patients with gait deficits, including the
use of low-frequency stimulation (60 Hz), testing of
other stimulation targets such as the



pedunculopontine nucleus [4] or co-stimulation of the
STN and the substantia reticulata [12]. Despite signifi-
cant short-term effects, long-term results showed a
loss of effect and a lack of superiority in comparison
to high-frequency stimulation [4,13,14]. Moreover,
recent kinematic studies showed similar effects of low
and high frequencies of STN-DBS on gait and posture
of patients with PD [13,15].

Similarly, freezing of gait (FOG) is associated with
disease severity and poor quality of life [16], and is an
independent risk factor for falls [17]. FOG was
reported as a side-effect of deep brain stimulation
(DBS) in some studies [18]. The impact of STN-DBS
on FOG is not clear. Several DBS studies report the
severity of FOG as a secondary outcome [usually indi-
cated with the Unified Parkinson’s Disease Rating
Scale (UPDRS) item 14 for FOG]. To the best of our
knowledge, only one study exists that focuses on the
effect of DBS on FOG as a primary outcome com-
pared with best medical treatment for 1 year after sur-
gery [19]. Larger trials with long-term follow-up and
with a detailed assessment of FOG are needed to
investigate the impact of STN-DBS on FOG.

The aim of this meta-analysis was to review the cur-
rent literature on the effect of STN-DBS on FOG and
gait to quantify its short- and long-term effects, and
to determine the predictors of post-stimulation
outcome.

Methods

A comprehensive review of the literature was con-
ducted up to October 2015 using Medline Ovid data-
bases for studies analyzing the effect of bilateral STN-
DBS on FOG and/or gait. Different individual and
combined terms were used, including ‘deep brain stim-
ulation’, ‘subthalamic nucleus’, ‘Parkinson’s disease’,
‘Parkinson disease’, ‘gait’ and ‘freezing’. Studies of
STN-DBS that included the FOG item 14 of the
UPDRS-II and/or the gait item 29 of the UPDRS-III,
pre-operatively in medication (Med)-Off and/or Med-
On states and post-operatively in Med-Off/stimulation
(Stim)-On  and/or Med-On/Stim-On states, were
included. The search was limited to studies published
in English. Studies including patients with previous
surgeries other than STN-DBS were excluded.

Data were extracted from retrieved studies including
the number of patients, mean age, duration of disease,
control group (if available), type of study, methods of
assessing FOG/gait and the primary and secondary
outcomes. Data were summarized for the following
follow-up periods: 615, 24-48 and >48 months. The
effect of bilateral STN-DBS was analyzed by detecting
changes between the pre-operative and post-operative

scores of items 14 and 29 of the UPDRS. Analysis of
gait and FOG outcome in Med-Off/Stim-Off and
Med-On/Stim-Off states could not be performed due
to the limited number of studies. Furthermore, regres-
sion analysis was performed to detect pre-operative
predictors of the effect of STN-DBS on gait at differ-
ent follow-up periods, including age, disease duration
and pre-operative levodopa responsiveness of gait and
UPDRS-IIT scores. Regression analysis for effect on
FOG could not be conducted due to the limited num-
ber of studies.

Statistical analysis

A random-effect meta-analysis was conducted using
MetaEasy [20]. We used the random-effects model
known as the DerSimonian and Laird method [21]
because it builds on an estimate of the between-study
variation in effect size and provides larger CIs for the
overall effect than the fixed-effect model. The hetero-
geneity of study results was analyzed using the
Cochrane Q and the I* statistics [22]. Heterogeneity was
regarded as high when the I* was above 75%. A one-
sample Student’s r-test was conducted to analyze
whether the mean effect significantly differed from zero.
To determine predictors of the effect of STN-DBS, we
first correlated different baseline variables with the
magnitude of change of the gait item from baseline to
different follow-up periods (Spearman’s rank correla-
tion). Second, we included those baseline variables with
a significant correlation as independent variables in a
multivariate backward stepwise regression analysis with
the difference from baseline to follow-up (gait item) as
dependent variable. The pre-defined level of significance
was set at P < (.05.

Results

A total of 120 studies of bilateral high-frequency STN-
DBS in PD were found; 22 studies met the inclusion cri-
teria and were included in the meta-analysis. Mean age
for studies including FOG and gait data was 57.5 years
(range, 55-61.4 years) and 58.4 years (range, 55—
61.4 years), respectively. Mean disease duration at sur-
gery for studies with gait and FOG data was 13.3 years
(range, 6.8-16.4 years) and 13.6 years (range, 6.8—
16.4 years), respectively. Mean post-operative follow-
ups were at 12 months (all studies), 36 months (range,
24-45.6 months) and 60 months (range, 54—
66 months). For characteristics of the included studies,
level of evidence and source of funding (S5) see supple-
mental material online according to AMSTAR (A
Measurement Tool to Assess Systematic Reviews;
http://amstar.ca/Amstar_Checklist.php).
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Effect of STN-DBS on gait

Sixteen studies were identified with data on gait item
29 and were included in the meta-analysis (Table S1).
For the Med-Off/Stim-On condition, 632 patients
from 14 studies were included for the follow-up of 6—
15 months, 427 patients from nine studies for the fol-
low-up of 24-48 months and 279 patients from nine
studies for the follow-up of >48 months (Fig. 1a).
There was persistent significant improvement of post-
operative gait scores (Med-Off/Stim-On), maximally
at 6-15 months (mean effect, 1.62; 95% CI, 1.36-1.87;
P <0.001), with gradual worsening of this improve-
ment at 24-48 months (mean effect, 1.20; 95% CI,
0.88-1.53; P =0.023) and >48 months (mean effect,
1.19; 95% CI, 0.96-1.42; P < 0.001) compared with
pre-operative scores (Fig. 2). The average (SD) change
in gait was —1.5 (0.3) (mean change from 2.43 to
0.96), —1.2 (0.4) (from 2.53 to 1.31) and —1.1 (0.2)
(from 2.56 to 1.40) points at the different follow-up

periods, respectively. However, heterogeneity was high
for the follow-ups of 6-15 and 24-48 months
(P <0.0001) (Q=449, P=71% and Q = 3783,
I? = 78.85%, respectively) but low for the assessment
at >48 months (P = 0.228, O = 10.56, I = 24.22%).
For the best On condition (Med-On/Stim-On), 589
patients from 12 studies were included for the interval of
6-15 months, 407 patients from eight studies for the
interval of 24-48 months and 259 patients from eight
studies for a follow-up period of >48 months (Table S1).
There was a non-significant effect of STN-DBS on gait
scores with slight worsening to values higher than pre-
operatively (Fig. 1b). The mean effects were 0.14 (95%
CI, —0.06-0.34; P = 0.153), 0.29 (95% CI, —0.65-0.06;
P =0.092) and 0.45 (95% CI, —0.92-0.02; P = 0.058)
for 6-15, 2448 and >48 months, respectively (Fig. 3).
Heterogeneity was low at 6-15 months (P = 0.09,
0 =178, P= 38.2%), whereas a moderate to high risk
of heterogeneity was found for the follow-ups of 24-48
and >48 months (P = 0.007, Q =19.38, F = 63.87%
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Figure 1 Short- and long-term effects of bilateral deep brain stimulation of the subthalamic nucleus on gait and freezing of gait
(FOG) at different follow-up periods. (a) Gait [Unified Parkinson’s Disease Rating Scale (UPDRS) item 29] baseline (Med-Off) follow-
up (Med-Off/Stim-On); (b) gait (UPDRS item 29) baseline (Med-On) follow-up (Med-On/Stim-On); (c) FOG (UPDRS item 14) base-
line (Med-Off) follow-up (Med-Off/Stim-On); (d) FOG (UPDRS item 14) baseline (Med-On) follow-up (Med-On/Stim-On). [Colour

figure can be viewed at wileyonlinelibrary.com].
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Figure 2 Summary of estimate of change in gait from pre-operative (Med-Off) to different follow-up periods (Med-Off/Stim-On). DL,

DerSimonian and Laird method.

and P =0.0002, Q =289, I*=75.77%, respectively).
The average (SD) change in gait was —0.1 (0.2) (mean
change from 0.73 to 0.62), +0.2 (0.3) (from 0.75 to 0.91)
and +0.4 (0.3) (from 0.71 to 1.07) points of baseline gait
On state at the different follow-ups, respectively.

Predictors of beneficial effect of bilateral STN-DBS on
gait

For the Med-Off/Stim-On condition, a significant corre-
lation was found between the magnitude of change from
baseline to the follow-up of 6-15 months and pre-opera-
tive UPDRS-IIT Med-Off (rho = —0.73, P = 0.005), gait
Med-Off (rho = —0.80, P = 0.001) and levodopa respon-
siveness of UPDRS-III and gait (rho = 0.90, P < 0.001
and rho =0.69, P =0.009, respectively; Table S3).
When including these variables as independent variables
in a multivariate backward stepwise regression analysis
only the levodopa responsiveness of UPDRS-III at base-
line remained in the model with the strongest predictive
capacity of the effect of DBS on gait (corrected
R?=0.632, P = 0.002; Table S4).

For the follow-up of 24-48 months, gait item at
baseline (Med-Off, rho = —0.946, P <0.001) and

levodopa responsiveness of UPDRS-III and gait
(rho = 0.857, P =0.007 and rho =0.922, P =0.001,
respectively) significantly correlated with the effect of
DBS on gait. The regression analysis showed that gait
item at baseline (Med-Off) and levodopa responsiveness
of UPDRS-III revealed a significant model to predict
the effect of DBS (corrected R* = 0.871, P = 0.003).

For the follow-up of >48 months, a significant cor-
relation was found between UPDRS-III levodopa
responsiveness and effect of DBS on gait (rho = 0.881,
P =0.004). The regression analysis indicated that the
UPDRS-III levodopa responsiveness was able to pre-
dict 63% of the variance of the effect of DBS on gait
and this model was significant (P = 0.011; Table S4).

No significant correlation with the effect of DBS
was found in any condition for age at surgery, disease
duration, levodopa equivalent daily dose (LEDD) and
change in LEDD.

Effect of STN-DBS on FOG

Seven studies with available data of FOG item 14
were included in the meta-analysis (Table S2). For the
Med-Off/Stim-On condition, 335 patients from five
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Figure 3 Summary of estimate of change in gait from pre-operative (Med-On) to different follow-up periods (Med-On/Stim-On). DL,

DerSimonian and Laird method.

studies at the follow-up of 6-15 months, 253 patients
from four studies at the follow-up of 24-48 months
and 146 patients from four studies at follow-up of
>48 months were included (Fig. Ic). The mean effects
were 1.82 (95% CI: 0.76-2.88; P = 0.009), 1.52 (95%
CI: 0.74-2.30; P =0.009), and 1.21 (95% CI: 0.05-
2.36; P =0.045), respectively (Fig. 4). The average
(SD) change was —1.4 (0.5) (mean change from 2.26
to 0.82), —1.3 (0.4) (2.43-1.13), and —1.1 (0.5) (2.48-
1.38) points at the different follow-up periods, respec-
tively. Heterogeneity was high at all three follow-up
periods (P < 0.001, 0 =9591, PP =9583%;
P=0.009, Q0=1733, ’=82.69% and Q =17.52,
P =0.0006, I* = 82.87%, respectively).

For the Med-On/Stim-On condition, FOG data of
337 patients from five studies, 244 patients from three
studies and 172 patients from five studies were
included for the follow-ups of 6-15, 24-48 and
>48 months. No significant effect was found for any
follow-up period [6-15 months: mean effect, 0.14
(95% CI, —0.17-0.46), P =0.278; 24-48 months:
mean effect, —0.23 (95% CI, —0.97-0.52), P = 0.32;
>48 months: mean effect, —0.38 (95% CI, —1.03—

0.28), P =0.188; Fig. 5]. Heterogeneity was low for
the follow-ups of 6-15 and 24-48 months (Q = 4.15,
P=0387, F=352% and Q =331, P=0.1909,
P =39.6%, respectively), whereas a high risk of
heterogeneity was found for the longer follow-up
(0 =18.0, P =0.0012, > = 77.8%). The average (SD)
change in FOG was —0.1 (0.1) (mean change from
0.50 to 0.40), +0.2 (0.2) (from 0.40 to 0.60) and +0.4
(0.5) (from 0.52 to 0.90) points at the different follow-
up periods, respectively.

Discussion

This meta-analysis of STN-DBS effects has shown a
robust improvement in gait and FOG in the Med-Off/
Stim-On condition on short- and long-term assess-
ments, whereas the effect in the Med-On/Stim-On con-
dition is a slight worsening between the first and
fourth year after surgery. Pre-operative levodopa
responsiveness of the UPDRS-III is the strongest pre-
dictor of this beneficial effect on gait. The effect on
FOG was similar in both conditions. Although this
main finding has been shown in previous studies for
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shorter intervals, it has never been studied and con-
firmed with meta-analytical methods.

Measuring gait and FOG in both conditions is a
surrogate parameter for the two important extremes
of mobility for the stimulated patient, i.e. the situation
when medications have the best or worst effects. This
illustrates the patient’s spectrum of mobility. When
looking at Fig. 1 for both gait and FOG, the patients
apparently have only very mild symptoms that cannot
be significantly improved with STN-DBS.

Gait, freezing and posture lose their dopa sensitivity
with progression in PD [3,23-25]. The current data
show that the same also applies to STN-DBS, whereas
other symptoms like rigidity and tremor can still be
treated long-term [1]. The amount of improvement
compared with the baseline Off for gait is ~60% at
1 year and is reduced to ~45% at >48 months. This
improvement is attributed to the favorable effect of
STN-DBS on some gait parameters such as stride
length, gait velocity and duration, and associated cog-
nitive functions as explored by previous studies [7-11].
Gait improvement was attributed to the dopaminer-
gic-like effect of DBS, whereas gradual diminution of
response was attributed to the natural progressive
course of the disease and the emergence of non-dopa-
minergic aspects, cognitive decline and co-existence of
co-morbidities [3,23-26]. The long disease duration in
the studies included here (mean 13 years) might
explain the development of non-dopaminergic aspects
of gait unresponsive to levodopa.

However, deleterious effects of STN-DBS on postu-
ral control and gait were found with regard to step
initiation [27], balance confidence [28], anticipatory
postural adjustments [29], compensatory stepping [30]
and reaction time during postural perturbations
[31,32]. It is unknown whether these effects are related
to DBS or to disease progression. In contrast, a role
of lowered LEDD post-stimulation in gradual gait
worsening is unlikely as demonstrated by the lack of
correlation between gait changes post-operatively and
LEDD decrease. Thus, further studies are warranted
to investigate possible mechanisms leading to worse
gait performance under combined treatment.

Remarkably, although pre-operative gait severity
played a role as a predictor at the follow-up of 24—
48 months, levodopa responsiveness of the UPDRS-
IIT was the strongest predictor of the short- and long-
term effects of DBS on gait, indicating that the higher
the response of motor performance to levodopa, the
more beneficial the effect of DBS on gait. However,
the patients had only a mild gait disturbance and
almost no freezing in the On state of medication at
baseline. This certainly reflects the selection performed
by the centers.

The predictive capacity of levodopa responsiveness
is in line with other studies and indicates the
dopaminergic-like effect of STN-DBS as the main
mechanism of its beneficial effect on gait. Consistent
with this, Kleiner-Fisman et al. [33] reported that pre-
operative levodopa responsiveness was the only pre-
dictor of post-stimulation motor outcome rather than
pre-operative demographic criteria and LEDD dosage.
However, pre-operative levodopa responsiveness of
gait was previously described as a predictor for short-
term (3-month) improvements in the Med-Off state
[34,35]. Age and disease duration at surgery were not
related to the short- or long-term effects of DBS on
gait. It has to be taken into account that the range of
age in the included studies was small, representing the
specific selected subject population for DBS and this
has to be considered when interpreting the results of
the correlation analysis [36]. However, our results are
consistent with other studies, showing that these vari-
ables are not predictors of the effect of DBS on global
motor performance [23,36-39]. One study described
disease duration as a predictor for post-stimulation
gait improvement after 3 months [34]. The short fol-
low-up period might explain this different finding and
older patients are expected to have less improvement
of axial/PIGD (postural instability and gait difficulty)
symptoms [37].

In agreement with our results, a recent prospective
controlled study by Vercruysse et al. [19] reported
decreased occurrence and severity (by 34%) of FOG
at 1 year post-STN-DBS, and this effect was corre-
lated to LEDD change and On/Off fluctuation. Simi-
larly, Niu er al. [8] and Fasano et al. [3] reported
significant improvement of Off and On FOG, com-
pared with baseline, and attributed this to reduced
LEDD and improvement in cognitive functions.

It has to be taken into account that, as most of the
included studies did not include a control group, a
comparison of the effect of STN-DBS with best medi-
cal treatment could not have been performed and, in
this sense, this meta-analysis is uncontrolled. There-
fore, the effects of STN-DBS cannot be interpreted in
relation to the effects of best medical treatment.

In conclusion, this rigorously performed meta-ana-
lysis shows that gait and FOG can be improved by
high-frequency STN-DBS for more than 4 years in
the Med-Off/Stim-On condition. Surprisingly, no ben-
eficial effect of STN-DBS was found for the Med-On/
Stim-On condition. This is probably due to the pre-
selection of patients who suffered from freezing in the
Off condition but not in the On condition. The pre-
operative levodopa responsiveness of global motor
performance was the strongest predictor of the effect
of DBS on gait; it showed better predictive capacity



than severity of gait affection and levodopa respon-
siveness of gait in this selected subject population.
These results confirm the lack of a synergistic effect of
both medication and DBS. Although the UPDRS is a
useful scale to assess multivariate aspects of PD, it
shows only limited information about gait and FOG.
More specific gait features (e.g. gait variability, gait
asymmetry), which are related to FOG and falls, are
not detected with the UPDRS. Future long-term stud-
ies should therefore analyze the effect of STN-DBS on
gait and FOG as a primary outcome and with more
sensitive measures. UPDRS subitems should at least
be listed to allow the estimation of effects in meta-
analyses such as this.
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