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Abstract Freezing of gait is an episodic gait disorder,
characterized by the inability to generate effective forward
stepping movements. The pathophysiology underlying
freezing of gait remains insufficiently understood, and this
hampers the development of better treatment strategies.
Preliminary evidence suggests that impaired force control
during walking may contribute to freezing episodes, with
difficulty to unload the swing leg and initiate the swing
phase. Here, we used external loading to manipulate force
control and to investigate its influence on freezing of gait.
Twelve Parkinson’s disease patients with freezing of gait
performed three contrasting tasks: (1) loaded gait while
wearing a belt fortified with lead weights; (2) weight-
supported gait using a parachute harness connected to a
rigid metal cable running above the gait trajectory; and (3)
normal gait. Gait tasks were used to provoke freezing
episodes, including rapid 360° turns. Freezing episodes
were quantified wusing blinded, videotaped clinical
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assessment. Furthermore, ground reaction forces and body
kinematics were recorded. Loading significantly increased
the mean number of freezing episodes per trial compared to
the normal gait condition (P < 0.05), but the effect of
weight support was not consistent. Loading particularly
increased the number of freezing episodes during rapid
short steps. Step length was significantly smaller during
loaded gait compared to normal gait (P < 0.05), but
changes in anticipatory postural adjustments were not dif-
ferent. Our results may point to impaired force control
playing a key role in freezing of gait. Future studies should
further investigate the mechanism, i.e., the contribution of
deficient load feedback, and evaluate which forms of
weight support might offer treatment opportunities.

Keywords Parkinson’s disease - Freezing of gait -
Weight - Load - Kinematics

Abbreviations

FOG Freezing of gait

APA Anticipatory postural adjustment

NFOG-Q New freezing of gait questionnaire

H&Y Hoehn & Yahr rating scale

MDS-UPDRS  Unified Parkinson’s disease rating scale

111 part 3 (motor scale)

ABC-6 Activities-specific balance confidence
scale-6

FAB Frontal assessment battery

Introduction

Freezing of gait (FOG) is an episodic gait disorder char-
acterized by a sudden inability to generate effective for-
ward stepping movements, leading to falls and a reduced
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quality of life [1, 2]. It is a common and debilitating phe-
nomenon in Parkinson’s disease [3]. Known triggers for
FOG include challenging events that require precise regu-
lation of step length and gait timing, such as turning or step
initiation [4, 5]. However, the pathophysiology underlying
FOG remains insufficiently understood, and this hampers
development of better treatment strategies [6, 7].

Force control is impaired in Parkinsonian gait [8, 9], and
is thought to contribute to the gait disturbances [10], such
as FOG. During normal gait, it is suggested that feedback
of the forces generated during the stance phase of the gait
cycle may regulate the timing and amount of loading of the
stance leg and unloading of the swing leg needed for the
initiation of the swing phase [11, 12]. However, previous
studies that used loading to investigate force control in
Parkinson’s disease reported reduced load sensitivity and
decreased lower-leg extensor activity [13]. Therefore, our
primary hypothesis is that additional load contributes to
FOG by augmenting the need for generating forces to
initiate the swing phase. In contrast, weight support may
diminish FOG. Secondly, we hypothesize that additional
load increases FOG by reducing step length. Loading
reduces step length in healthy subjects and patients with
osteoarthritis [14]. Furthermore, patients with Parkinson’s
disease with FOG already display difficulties in generating
and maintaining an appropriate step length as compared to
both controls and patients without freezing [3, 15].
Reduced load sensitivity may interact with the defective
step amplitude generation, and load may therefore affect
freezing even beyond the effect on step size reduction.
However, FOG is an intermittent phenomenon, which is
elicited more during complex gait tasks than during normal
walking. Therefore, we hypothesize that additional load
may lead to a reduced step length without showing
increased FOG during normal walking, while simulta-
neously demonstrating more FOG during gait tasks that are
known to elicit more FOG, i.e., turning and gait initiation.
If additional load leads to more FOG during gait initiation,
we also expect to record abnormalities in anticipatory
postural adjustments (APAs), i.e., the sequential postural
shifts that unload the swing leg just prior to gait initiation
by propelling the body mass over the stance limb and into
forward motion [16, 17]. Parkinson’s disease patients show
abnormal APAs following postural perturbations [18] and
specifically show a delay between their APAs and volun-
tary movements, such as rising onto the toes [19] or a
voluntary step [20, 21]. In mild Parkinson’s disease, the
APA’s can be normal, but interestingly, there is a lack of
APA refinement in some patients when trials are repeated
[22]. In the context of the present study, it can be argued
that this may be attributed to a deficient use of force
feedback signals [22]. In patients with FOG, inappropriate
APAs are present in the majority of trials and are observed
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more often than in patients without FOG and elderly con-
trols [23]. In particular, inappropriate APAs in freezers are
longer and more ample than in parkinsonian non-freezers
and controls [23, 24].

Here, we examine the influence of force control on FOG
to increase our understanding of the pathophysiology
underlying FOG, which could ultimately lead to new
therapeutic options, such as alternative walking proce-
dures. We manipulated loading responses, using three
contrasting tasks: (1) loaded gait while wearing a belt
fortified with lead weights, to create greater demand for
unloading forces, thereby worsening FOG; (2) weight-
supported gait (walking while suspended by a supporting
harness), to reduce the demand for unloading forces and
thus, alleviate FOG; and (3) normal gait. We used gait
tasks known to provoke FOG, such as rapid 360" turns and
walking with steps smaller than the self-preferred step
length [15, 25]. FOG episodes were quantified using vid-
eotaped clinical assessment. Furthermore, ground reaction
forces and lower body kinematics were measured.

Materials and methods
Study population

Twelve patients with Parkinson’s disease participated
(Table 1). Patients were diagnosed according to the UK
Brain Bank criteria [26]. All patients had a previous history
of freezing of gait (FOG) that was assessed subjectively
using the new freezing of gait questionnaire (NFOG-Q).
The presence of FOG was also determined objectively
during performance of rapid, full turns [5, 27]. All patients
reported FOG during subjective OFF-medication periods,
but 11 patients also reported FOG during ON-phases. Nine
patients reported more FOG during OFF-phases, whereas
three patients reported no difference in freezing either
during ON or OFF. None of the patients had predominant
ON-state freezing. Exclusion criteria were unstable medi-
cal conditions that negatively affected balance and gait.
The study was approved by the local medical ethics com-
mittee and was conducted in accordance with the Decla-
ration of Helsinki. All subjects gave their written informed
consent prior to the experiment.

Protocol

Patients were examined in the afternoon, during a sub-
jective OFF-phase, at least 4 h after intake of the last dose
of dopaminergic medication, to increase the likelihood of
FOG episodes to occur [28]. Following the baseline clinical
assessments, subjects performed various gait tasks during
three conditions: (1) while being partially loaded with lead
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Table 1 Patient characteristics

Demography

Male/female 1072
67.92 (6.02)
178.92 (10.84)
80.50 (13.33)

Age (years)
Height (cm)
Weight (kg)

Disease-related variables

Disease duration (years) 9.92 (4.38)
H&Y 2.92 (0.29)
MDS-UPDRS 111 45.08 (14.04)
Most affected side; left/right/equal 5/5/2

Dystonia/dyskinesia 0/2
FOG-related variables

Start freezing (years) 3.92 (3.09)
NFOG-Q 20.25 (4.20)
FOG in ON/OFF/both 0/1/11

FOG more often in ON/OFF/both 0/9/3
Self-reported severity of FOG 4.73 (1.49)

Fall history
Number of fallers; once in the past year
Number of fallers; >1 in the past year
Cognitive measures
Balance confidence (ABC-6, %)
Global executive function (FAB, score/18)

62.75 (19.78)
16.33 (2.06)

Data is shown as mean = standard deviation. Clinical characteriza-
tion (tested at end of dose) using the Hoehn & Yahr rating scale
(H&Y) [42], the Unified Parkinson’s Disease Rating Scale part 3
(motor scale, MDS-UPDRS 1II) [43], the New Freezing Of Gait
Questionnaire (NFOG-Q) [27], the Activities-specific Balance Con-
fidence scale-6 (ABC-6) [44], and the Frontal Assessment Battery
(FAB) [45]

weights attached to a belt, corresponding to 15 % of their
body weight (loaded gait); (2) while being partially
unloaded by a supporting harness that reduced 15 % of
their weight (weight-supported gait); and (3) while walking
normally (rormal gait) (Fig. 1). Because of the episodic
occurrence of FOG and the possible occurrence of flooring
and ceiling effects, we used different gait tasks known to
provoke FOG, such as rapid 360" turning and walking with
short steps [3, 15], as well as tasks that are less provoking,
such as walking normally [4, 29]. Patients started each gait
task following a verbal instruction (ready-start).

Loading was achieved by wearing a scuba-diving belt
with the correct amount of lead weights distributed evenly
around the waist. Weight support was achieved by sus-
pending the subjects from a parachute harness connected to
a rigid metal cable running above the gait trajectory. Force
plates underneath the feet were used to calculate 15 % load
or weight support. All three conditions (loaded, weight
supported, and normal gait) were counterbalanced across
patients to avoid the possible effects of fatigue, learning,

and residual effects of medication. A pilot study showed
that loading participants with 15 % extra weight was fea-
sible in our patients, similar to a previous study in healthy
subjects [30].

Data collection

We collected analogue video data, and both kinematic and
kinetic data.

Video data

Two video cameras captured the gait tasks at a sample rate
of 50 Hz. One was positioned sideways and captured both
the starting position of the subject and the complete area
needed for rapid 360° turning. This camera captured only
part of the gait trajectories for normal gait and short steps.
The second camera was positioned behind the subject and
captured the complete gait trajectory.

Motion analysis

Reflective markers were placed at anatomical landmarks
using a model including the lower body and trunk [31].
Marker positions were recorded by a 6-camera 3D motion
analysis system (Vicon Motion Systems, United Kingdom)
at a sample rate of 100 Hz.

Force plates

Ground reaction forces beneath both feet were recorded by
two force plates (AMTI Custom 6-axis composite force
platform, USA), which were embedded within the walk-
way. The signals of the force plates were sampled at
1,000 Hz and low-pass filtered at 10 Hz (second-order
Butterworth filter).

Data analysis
Freezing of gait episodes

The frequency and duration of the FOG episodes during the
different conditions and tasks were scored by two blinded
and experienced raters in FOG (AS and JN) using offline
video analysis, which is the current gold standard for FOG
assessment [6]. To assure blinding, videos were cropped,
such that the hips and upper body could not be seen, and
raters could not distinguish between the different condi-
tions. Raters were asked to score each trial as showing
either ‘definite FOG’ or ‘no FOG’ by defining FOG as an
obvious episode with ineffective stepping and the charac-
teristic FOG phenotype. Whenever several consecutive
episodes occurred, these were counted as separate FOG
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Fig. 1 Protocol

episodes if intervals between effective stepping were more
than one second. Freezing was differentiated from a vol-
untary stop or hesitation, overall akinesia, or festination
based on the phenotypical presentation. If the raters dis-
agreed, trials were sent back to them for consensus. We
calculated the mean number of FOG episodes per trial and
the duration of FOG, both as the percentage of time a
patient froze (cumulative duration of FOG episodes within
a task/total duration of the task) and as the mean duration
per episode in seconds [6].

Kinematic analyses

We used the displacement of the heel and toe markers to
determine the mean step length and the step-to-step length
variability (within-trial standard deviation (SD)). Calcula-
tion of these measures was only performed for normal
walking and normal walking rapid trials where the step
length was self-preferred. To measure the influence of both
loaded and weight-supported conditions on body posture,
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Loaded Normal gravity Weight-support
115% weight 100% weight 85% weight
Normal Walking 3x
v
Normal Walking Rapid 3x
. 2
Turn Left Rapid 2x
v
Turn Right Rapid 2x
2
Turn Left Rapid 2x
2
Turn Right Rapid 2x
, 2
Short Steps 3x
2
Short Steps Rapid 3x

20 trials x 3 conditions = 60 trials per patient

we calculated the trunk flexion angle relative to the pelvic
tilt angle and the hip flexion angle. When these angles are
smaller, and therefore posture is more stooped, a biome-
chanical consequence may be a smaller step length. The
angles were calculated prior to the start of the gait tasks,
while subjects were standing.

Kinetics

Prior to each first step in both the normal walking task and
the normal walking rapid task, we determined whether an
anticipatory postural adjustment (APA) occurred [32]. APA
amplitudes were calculated according to previously used
techniques and both normalized for body weight and cor-
rected for the amount of loading (Fig. 2) [33]. In brief, a
weight shift was considered an APA if it met two criteria.
First, the difference between the vertical force underneath
the stance and stepping leg had to exceed a threshold of 2
SD above the mean difference, as calculated over 100 ms
prior to the actual step. Second, an increase in force directed
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Fig. 2 Vertical weight shifts. Representative traces of vertical weight
shifts (forces beneath the right foot minus the left foot) during a single
trial within the normal walking task for the (a) normal gait, (b) loaded,

towards the stepping leg had to exceed 5 % of the total body
weight, thereby taking into account the applied load, or
weight support. As a result, normal changes due to minor
weight shifts were not classified as an APA. After deter-
mining an APA, we calculated the maximum increase in
vertical force directed towards the stepping leg, normalized
for body weight and corrected for the amount of loading.
We also determined whether multiple APAs occurred.
Furthermore, we calculated the forward impulse of the APA
by integrating the cumulative anterior—posterior ground
reaction force on both force plates during the APA period
[30]. For this calculation, the end of the APA period was
defined by the final heel-off of the swing leg [34].

Statistical analyses

Inter-rater reliability was assessed using Cohen’s kappa for
the rating of presence of FOG in each trial. We used the
data-values of each rater, before they had reached con-
sensus on the presence of FOG. Furthermore, the correla-
tion between the two raters for both number and duration of
FOG episodes was analyzed using Pearson’s correlation
coefficients. Our primary analysis concentrated on
between-condition comparisons of the number and duration
of FOG episodes across all gait tasks. Therefore, we used
one-way repeated measures analysis of variance (ANOVA)
models for condition (loaded, weight support, and normal
gait). Next, we investigated the effect of gait task on FOG
episodes during the normal gait condition, because certain
tasks are known to provoke FOG, such as 360 rapid
turning and short steps [5, 15], while others are less
informative, possibly leading to a flooring effect. First, a
one-way, repeated measures ANOVA model for gait task

and (c¢) weight supported condition. The vertical lines represent step
onset. The horizontal grey lines depict the mean response and outer
limits for calculation of the APAs. In a—c, only one APA was calculated

was performed during the normal gait condition. Tasks that
produced significantly less FOG compared to the other
tasks were removed from a secondary, repeated measures
ANOVA model for condition and task, to determine the
effect of load within the most informative tasks. Before the
analyses, we ascertained that the data were normally dis-
tributed. Furthermore, significant main and interaction
effects were further explored using post-hoc Student’s
paired t-tests. Data were analyzed using IBM SPSS Sta-
tistics 20, using a significance level of P < 0.05. All data in
the text represent means =+ standard deviations.

Results
Freezing of gait (FOG)
Inter-rater reliability

Prior to consensus, the raters reached a high degree of
agreement for the presence of FOG within each trial
(agreement 94 %, Cohen’s kappa = 0.88 (P < 0.01)). The
correlation between the two raters was high for both the
number (r = 0.87, P < 0.01) and duration of FOG epi-
sodes (r = 0.98, P < 0.01).

Number of FOG episodes

Across all gait tasks, loading significantly influenced the mean
number of FOG episodes per trial (F5 2,y = 4.03, P < 0.05).
The mean number of FOG episodes per trial was significantly
larger during the loaded condition (0.86 + 0.45) compared
with the normal gravity condition (0.68 £ 0.36; P < 0.01)
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Fig. 3 Mean number of FOG episodes per trial across all gait tasks.
Mean number of FOG episodes per trial (41 SD) across all gait tasks
for the normal gait, loaded and weight-supported condition. Asterisk
indicates significant difference (P < 0.01) between the loaded and
normal gait conditions

Table 2 Mean number of FOG episodes per trial during the normal
gait condition

Mean (SD)
Normal walking 0.19 (0.22)
Normal walking rapid 0.17 (0.22)
Turn left rapid 1.04 (0.59)**
Turn right rapid 0.88 (0.58)**
Short steps 0.81 (1.27)
Short steps rapid 1.11 (1.37)*

* Significant at P < 0.05 between the marked task and normal
walking, normal walking rapid, and short steps trials

** Significant at P < 0.01 between the marked task and normal
walking, normal walking rapid, and short steps trials

(Fig. 3). No significant differences were recorded for the
weight-supported condition (0.71 £ 0.53) compared to nor-
mal gait or the loaded condition.

During the normal gravity condition, the type of gait task
showed a significant effect on the mean number of FOG
episodes per trial (F(sss = 3.53, P < 0.05). As expected
[15, 25], rapid 360" turning and short, rapid steps elicited
significantly more FOG episodes compared to the other
tasks (Table 2). Furthermore, the short, rapid steps task
demonstrated a main effect of load on the mean number of
FOG episodes (F(3 22y = 6.06, P < 0.01) (Table 3).

Duration of FOG episodes

Load did not significantly affect the relative percentage of
time that a patient froze (cumulative duration of FOG
episodes within each task/total duration of that task)
(Fa.07.11.74) = 0.20, P = 0.68). Furthermore, load did not
significantly affect the mean duration of the determined
FOG episodes (F(j.02,1127) = 0.12, P = 0.74).
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Table 3 Mean number of FOG episodes per trial (SD)

Normal Loaded Weight-
gait supported
Across all gait 0.68 (0.36) 0.86 (0.45)* 0.71 (0.53)
tasks
Turn left rapid 1.04 (0.59) 1.31 (0.89) 1.06 (0.70)
Turn right rapid 0.88 (0.58) 1.13 (0.46)TT  0.73 (0.48)
Short steps rapid 1.11 (1.37)  1.42 (1.49)t,** 0.94 (1.19)

* Significant at P < 0.01 between the loaded and normal gait
conditions

** Significant at P = 0.05 between the loaded and normal gait
conditions

+ Significant at P < 0.05 between the loaded and weight-supported
conditions

+1 Significant at P < 0.01 between the loaded and weight-supported
conditions

No residual effect of medication and fatigue on the number
of FOG episodes

The ordering of the conditions across patients and the
number of FOG episodes were not correlated (r = —0.02,
n = 36, P = 0.91). We did find a moderate, but significant
negative correlation between the amount of time since last
medication intake and the number of FOG episodes (r = —
0.42,n = 36, P < 0.05), i.e., patients who experienced less
FOG during the experiment had a longer interval between
stopping their medication and onset of the experiment.
Presumably patients with more marked FOG require less
time to reach an OFF-phase with FOG after postponing
their medication.

Effect of weight load on anticipatory postural
adjustments (APAs) and forward impulse

Although amplitudes of forces were different in an absolute
sense (Fig. 2), we found no difference between conditions
for APA amplitudes when corrected for load. The ampli-
tude of the last APA (in case of multiple APAs) prior to a
step did not differ between loaded gait (171.74 + 133.36 N
s), normal gait (175.29 £ 92.96 N s), and weight-sup-
ported gait (187.70 &= 116.94 N s) (Fp5) = 0.19, P =
0.83). Furthermore, the mean number of APAs per trial did
not differ between loaded gait (0.79 + 0.54), normal gait
(0.72 £ 0.39), and weight-supported gait (0.82 & 0.43)
(Fa20) = 0.16, P = 0.85). Table 4 shows the number of
trials in which we recorded either no APA, one APA, or
multiple APAs during each condition. The forward impulse
of the APA was also not different between normal gait
(8.11 £3.46 N s), loaded gait (9.15 & 5.04 N s), and
weight-supported gait (8.68 & 3.89 N s) (F(2,16) = 1.43,
P = 0.27).
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Table 4 Frequency APAs

APAs 0 1 >1 Missing
Normal gait 22 40 1 9 trials
Loaded 21 40 5 6 trials
Weight supported 29 36 6 1 trial

The number of both normal walking and normal walking rapid trials
during the normal gait, loaded, and weight-supported condition in
which we recorded 0 APAs, 1 APA, or multiple APAs

Effect of weight load on FOG during gait initiation

We specifically investigated the effect of load on the
number of FOG episodes during gait initiation, because we
observed a significant effect of load on the number of FOG
episodes during the entire gait task, but no effect on the
APAs that were calculated prior to gait initiation. During
gait initiation, there was no significant effect of load on the
mean number of freezing episodes per trial across all tasks
(Fa22) = 1.64, P = 0.22), although the number of epi-
sodes appeared largest during loaded gait (0.24 £ 0.20),
followed by weight-supported gait (0.15 £ 0.20) and nor-
mal gait (0.13 £ 0.17).

Effect of weight load on kinematic outcome measures
Step length

Load had a significant effect on the mean step length during
normal gait for step cycles in which no FOG occurred
(Fa22) = 3.72, P < 0.05). The mean step length was sig-
nificantly smaller during loaded gait (0.38 + 0.11 m) com-
pared with normal gait (0.44 £ 0.09 m; P < 0.05). Step-to-
step length variability was not different between loaded gait
(57.17 £ 26.80), normal gait (51.01 = 19.46), and weight-
Supported galt (4682 + 1297) (F(1.36, 14.91) = 103,
p = 0.35).

Trunk flexion relative to pelvis

No significant differences were found in stooped posture
(measured as trunk flexion relative to pelvis angle) during
stance prior to each trial between loaded gait (6.72°
=+ 9.83°), normal gait (5.20° + 8.45°), and weight-sup-
ported gait (6.56° £ 11.77°) (F(1.0s,10.75) = 0.89,P = 0.37).

Hip angle

Load significantly influenced hip-flexion angle, measured
during stance prior to each trial (F 15y = 4.41, P < 0.05).
The hip-flexion angle during the weight-supported condi-
tion (3.92° £ 7.64°) was significantly larger compared

with normal gait (1.21° £ 7.59°; P < 0.01) and loaded gait
(1.46° 4 9.82°; P < 0.05).

Discussion

We studied the influence of weight load on FOG in Par-
kinson’s disease. Additional load increased the number of
FOG episodes. Furthermore, during step cycles without
FOG, the step length was significantly shorter during the
loaded condition compared to normal gait. When investi-
gating specifically the effect of additional load during tasks
that are known to provoke FOG consistently, such as rapid
turning and rapid short steps (to circumvent a flooring
effect that may have affected simpler gait tasks where few
FOG episodes occurred), the results were less clear. In
addition, the opposite effect—less FOG during weight-
supported gait—was not observed. Despite these excep-
tions, the increase in FOG induced by loading remains a
robust finding and raises some intriguing questions about
the mechanisms underlying FOG.

Influence of weight load on the occurrence of FOG

We hypothesized that additional load, applied evenly
around the waist, would augment the need for generating
forces to initiate the swing phase, and would therefore
elicit more FOG. Our main outcome supports this
hypothesis. However, the results of our secondary outcome
measures and analyses are less clear, complicating the
interpretation of the results, concerning both the underlying
mechanism and the suggestions for future clinical appli-
cations to reduce FOG.

Deficient use of automated load feedback

Deficient use of automated load feedback is thought to
contribute to gait impairments in PD [10]. We hypothe-
sized that FOG is also related to this deficient use of
automated load feedback. Initiation of the swing phase
critically depends on the unloading of extensors at the end
of the stance phase [12]. Adding extra weight should
therefore increase the difficulty in initiating the swing. This
might be especially problematic for patients with Parkin-
son’s disease since their load feedback pathways are defi-
cient, and their Ib inhibition is replaced by Ib facilitation
[8, 35]. This would imply that during the stance phase, the
unloading is not achieved easily because load receptors
(mechanoreceptors and Ib afferents from Golgi Tendon
Organs) keep the extensor activity increased, thereby
blocking the automated onset of swing [8, 13]. Continuous
overactivation apparently exists in pathways that inhibit the
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centers for generating flexion movements (flexor ‘“half-
center”) during gait [10]. This is compensated for by
“voluntary” activations of the tibialis anterior muscles,
which are abnormally large in the swing phase of Parkin-
son’s disease patients. If this unloading hypothesis is cor-
rect, one would expect that interventions that facilitate gait
in Parkinson’s disease would also restore the balance
between inhibitory and excitatory Ib feedback. Indeed,
autogenic inhibition is reduced in Parkinson’s disease
patients, but can be restored by high-frequency stimulation
of the subthalamic nucleus [36]. Furthermore, these chan-
ges in autogenic inhibition correlated with a clinical
improvement of gait. In our study, additional load
increased the number of freezing episodes, which may
suggest that deficient use of automated load feedback
contributes to FOG. However, a limitation of the current
study was that autogenic inhibition was not investigated.
Therefore, future studies may investigate the relation
between autogenic inhibition and FOG by recording lower-
leg extensor activity and voluntary activations of tibialis
anterior muscles during the pre-swing phases of the gait
cycle.

Influence of weight load on anticipatory postural
adjustments (APAs)

With the observed effect of loading on FOG, we also
expected a reduction of generated forces recorded as APAs
[32]. However, our results do not demonstrate an effect of
load on the amplitude and occurrence of APAs, which may
be explained by the limitation that we only assessed APAs
prior to gait initiation. In that case, we found no difference
in the number of FOG episodes between conditions. This
was disappointing since gait initiation is a common pro-
voking condition for FOG [37]. We suspect that the absent
effect on APAs may be a consequence of the smaller
number of FOG episodes during gait initiation compared
to, e.g., the short steps rapid task. In addition, during our
experiments, FOG events were perhaps less common upon
gait initiation because the verbal starting command acted as
an auditory cue that facilitated gait initiation [21, 28].
Future studies should therefore study the effect of loading
and unloading on self-selected gait initiation. Furthermore,
future studies should record forces throughout the stance
phase of a gait cycle.

Influence of weight load on step length, interaction
with the sequence effect?

We hypothesized that additional load would decrease step
length, because maintaining the normal step length would
require increased generation of forward forces. Our results
indeed show that additional load both leads to more FOG

@ Springer

and to a smaller step length. However, whether additional
load leads to a failure in augmenting the generation of
forces needed for stepping remains unclear, due to previ-
ously discussed limitations in study design concerning, i.e.,
the results of the APA amplitudes and forward impulse of
the APAs. Furthermore, it is currently unclear whether a
smaller step length was merely a side effect of the induced
increase in FOG due to additional load, or whether the
shortening of step length was the main cause of FOG.
Loading is known to reduce step length in healthy subjects
and patients with osteoarthritis [14]. Furthermore, several
studies indicated that shortening the step length promotes
the induction of FOG [15, 38]. Hence, it is tempting to
conclude that the sequence effect—a failure to steadily
generate adequate amplitudes for a series of intended steps,
leading to a progressive reduction of step size that may
ultimately culminate into an FOG event [15, 38]—may
have played a role in the increased incidence of FOG.
However, a closer look at the data shows that this is unli-
kely. In the present study, loaded gait reduced step length
by 14 % following loading, which is too small to have
much effect on FOG. A similar reduction in step length
(14 %) led even to a small reduction in FOG incidence in a
previous study (see Fig, 1A in Chee et al., 2009) [15]. Only
when there were reductions to about half the preferred step
length was a clear increase in FOG noted in the same study.
Hence, the present data are unlikely to be explained solely
by a sequence effect. Whether and to what extent impaired
force generation contributes to FOG and whether it inter-
acts with the sequence effect remains a subject for future
studies.

Influence of weight support on the occurrence of FOG

We expected weight support to decrease the need for the
generation of weight shifting and unloading forces that
help to initiate the swing phase. Consequently, this should
be associated with less FOG events. For weight-supported
gait, we indeed found a significantly smaller number of
FOG episodes compared to the loaded condition during the
gait tasks that are best known to provoke FOG. However,
the weight-supported condition was not significantly dif-
ferent from normal gait, and this may have been caused by
methodological limitations that led to changes of the nor-
mal gait pattern during weight-supported gait. We achieved
weight support by suspending patients from a parachute
harness connected to a rigid metal cable running above the
gait trajectory. Although this method may have reduced the
need for generating forces that unload the swing leg, it also
changed the biomechanical properties of gait by increasing
hip flexion. Such biomechanical changes may have com-
plicated gait performance and worsened FOG, due to a
change in the smoothness of the vertical and lateral body
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movements that are normally achieved during gait [39].
Furthermore, the biomechanical changes may have
increased attention or arousal during weight support, and
this in turn may have influenced FOG occurrence [40, 41].
However, during the gait tasks that did not involve turning,
several patients indicated that it was easier to perform the
tasks, as they felt secured by the harness and even actively
leaned forward, thereby presumably overcoming FOG in a
number of trials. Future studies should further investigate
the role of weight support on FOG without changing the
normal gait pattern. Furthermore, possible treatment
opportunities such as alternative walking procedures may
be investigated.
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