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Abstract

Protective postural responses, including stepping, to recover equilibrium are critical for fall
prevention and are impaired in people with Parkinson’s disease (PD) with freezing of gait.
Improving protective postural responses through training may reduce falls in this population.
However, motor learning, the basis of neurorehabilitation, is also impaired in people with PD and,
in particular, people with PD who experience freezing. It is unknown whether people with PD who
freeze can improve protective postural responses, and whether these improvements are similar to
nonfreezers. Our goal was to assess whether people with freezing can improve protective postural
responses and retain these improvements similarly to nonfreezers. Twenty eight people with PD
(13 freezers, 15 nonfreezers) were enrolled. Improvement in protective postural responses was
assessed over the course of 25 forward and 25 backward support surface translations (delivered in
pseudo-random order). Postural responses were re-assessed 24 hours later to determine whether
improvements were retained. People who freeze did not improve or retain improvement in
protective postural responses as well as nonfreezers in our primary outcome variable, center of
mass displacement to perturbations (post-hoc across group assessments: freezers- p=0.14 and
nonfreezers- p=0.001, respectively). However, other protective stepping outcomes, including
margin of stability, step length, and step time, improved similarly across groups. Significant
improvements were retained in both groups. In conclusion, people with PD who freeze exhibited
reduced ability to improve protective postural responses in some, but not all, outcome variables.
Additional training may be necessary to improve protective postural responses in people with PD
who freeze.
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INTRODUCTION

Protective postural responses after perturbations, such as a slip or a trip, may prevent falls
(Bloem, et al. 2001; Mansfield, et al. 2015). However, protective postural responses,
including protective stepping, are impaired in people with PD (de Kam, et al. 2014;
Smulders, et al. 2014). In particular, people with PD who experience freezing of gait (FoG
+), often exhibit small (Smulders, et al. 2014), delayed, and multiple (Jacobs, et al. 2009)
protective steps compared to those who do not experience freezing (FoG-). Although the
mechanism underlying altered protective postural responses in FoG+ is not fully understood,
it may relate to an inability to couple postural control and stepping (Jacobs and Horak 2007).
Further, midbrain regions play an important role in the storage and release of protective
postural responses including protective steps (Honeycutt, et al. 2009; Nonnekes, et al. 2015).
This region of the brain is more affected in FoG+ than FoG- (Fling, et al. 2013; Snijders, et
al. 2011), possibly contributing to the more severely affected postural responses in this
population.

Given the importance of protective postural responses for fall prevention, improving these
responses through training could reduce falls. However, learning [defined as the relatively
permanent change in performance through practice (Schmidt and Lee 1999)], may be less
pronounced in FOG+ than FoG- (Mohammadi, et al. 2015; Smulders, et al. 2014;
Vandenbossche, et al. 2013). For example, upper extremity implicit motor learning was
stunted in FoG+ compared to FoG— (Vandenbossche, et al. 2013), possibly due to reduced
cognitive capacity in FoG+. During splitbelt treadmill training, adaptation and re-adaptation
of step asymmetry was slower in FoG+ than FoG— (Mohammadi, et al. 2015). Finally,
Smulders and colleagues measured adaptation of protective steps over 8 consecutive support
surface translations in FoG+ and FoG—. Protective step performance was improved in FoG-
but not in FoG+ (Smulders, et al. 2014); however, authors did not directly compare FoG+
and FoG- performance to determine across group differences. Furthermore, retention of
improvements were not assessed in either group.

Understanding whether FoG+ and FoG— improve protective postural responses similarly will
inform fall prevention rehabilitation for people with PD. However, despite the importance of
protective postural responses and the possible dysfunction of motor learning in FoG+, no
studies have directly tested whether FoG+ can improve protective postural responses
similarly to FoG-.

The purpose of this study was to identify whether FOG+ improve protective postural
responses in response to external perturbations similarly to FoG—. We also determined
whether improvements were retained over 24 hours. Given previous results demonstrating
reduced learning in FoG+, we hypothesized that FoG+ would exhibit less pronounced
improvement in protective postural responses than FoG-.
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METHODS

Participants

Twenty eight participants were enrolled. Inclusion criteria were: diagnosis of idiopathic PD,
ability to stand without aid for one hour, and currently taking levodopa. Exclusion criteria
were: neurological diagnoses other than PD and orthopedic injuries that interfered with gait
or balance. Of these participants, 13 were identified as FoG+ based on a score >0 on the
New Freezing of Gait Questionnaire (NFoGQ) (Nieuwboer, et al. 2009). Data from the FoG
- cohort is currently under review in a manuscript comparing improvement in posture
responses in FOG— and healthy adults. FoG+ and FoG— were of similar age, and exhibited
similar performance on the Montreal Cognitive Assessment (MoCA), Mini Balance
Evaluation Systems Test (MiniBESTest) (Franchignoni, et al. 2010), Unified Parkinson’s
Disease Rating Scale (UPDRS). FoG+ and FoG— groups also had similar levodopa dosages
(Table 1). Disease duration was significantly longer in FoG+. We also assessed fatigue
throughout the course of training via a 10-point scale (1=no fatigue, 10=the most fatigued
you’ve ever felt). Average fatigue levels and the change in fatigue from the start of training
to the end of training were similar across groups (Table 1). Given the effect of sleep on
consolidation of learning (Terpening, et al. 2013), we recorded the number of hours of sleep
after training but prior to retention testing. Hours of sleep were similar across groups.
Participants provided informed consent, and the research protocol was approved by the
OHSU IRB.

Protocol

Support surface perturbations were delivered by a custom-built hydraulic platform with 2
force-plates in 4 directions (forward, backward, leftward, rightward) at various speeds (see
below). For the purposes of this study, we define postural perturbations by the direction of
body center of mass (COM) displacement in response to the perturbations. For example, a
“backward” perturbation refers to forward support surface translation with backward
displacement of the body COM (Figure 1). Prior to each perturbation, participants stood
with their feet together, arms crossed, and eyes open. Participants were instructed to “not
anticipate upcoming perturbations and to react naturally to the perturbation when trying to
keep balance”. Open-ended instructions were given to avoid altering participants’ natural
protective stepping response. A ceiling-mounted harness was worn to protect against falls
but did not provide body weight support. Participants were notified that a perturbation would
occur, but timing of onset was randomized between 2 and 10 seconds.

The protocol consisted of two days of testing, 24 hours apart; a training day (Day 1), and a
retention day (Day 2). All participants were tested “ON” levodopa, approximately 1 hour
after a normal levodopa dose. Upon arrival on Day 1, participants were consented and
completed assessments (UPDRS, MiniBESTest, MoCA, NFoGQ). Then, reflective markers
were placed on boney landmarks for determination of body COM displacements and step
characteristics. Participants then underwent an initial block of perturbations to reduce “first
trial startle” effects. The number of perturbations necessary to fully habituate people with
PD to multi-directional support surface perturbations is not well understood. However, our
goal was to reduce first-trial effects in all directions, which required providing
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familiarization perturbations in all directions. In addition, people with PD may habituate to
perturbations more slowly than healthy adults [up to 5 trials (Nanhoe-Mahabier, et al.
2012)], requiring multiple perturbations to fully remove startling “first-trial reactions”.
Therefore, to reduce “first trial startle” effect, participants underwent 14 “familiarization”
perturbations (4 forward, 3 backward, 4 leftward, and 3 rightward). These familiarization
perturbations started small (forward & backward: 9cm, 19cm/s; left & right: 9cm, 14cm/s)
and increased to large amplitude and velocity (forward & backward: 15cm, 56¢cm/s; left &
right: 15cm, 21cm/s). Participants then underwent training of protective stepping training
trials that consisted of 25 forward and 25 backward translations (15cm, 56cm/s) delivered in
pseudo-random order, separated into blocks of 10 (5 forward & 5 backward translations per
block). One participant (FoG+) required smaller and slower perturbation size because large
perturbations frequently elicited a lack of step and fall. Data for this participant were
excluded, leaving 12 individuals in the FoG+ group for analysis.

Participants returned to the laboratory approximately 24 hours later for day 2 (retention)
testing. Medication timing was held consistent across days. Familiarization (14 trials) and
lateral (10 trials) perturbations were completed exactly as in day 1. Then, 5 forward and 5
backward (random direction) perturbations were delivered. These were the first 10
perturbations of the 50 trials delivered on day 1.

Data analysis & variables of interest

Our primary variable of interest was the extent of displacement of the whole-body COM in
response to perturbations (Figure 1). This variable was chosen as it represents a global
measure of disequilibrium after perturbations (Dijkstra, et al. 2015; Nonnekes, et al. 2013;
Welch and Ting 2014). Further, minimizing COM kinematics is considered a primary goal
of postural responses (Safavynia and Ting 2013). Finally, COM displacement has been
shown to be improved by perturbation training in healthy adults (Mansfield, et al. 2015).
COM displacement was measured by calculating the weighted sum of the individual limb
COM locations via segment kinematics and anthropometric data (Vaughan, et al. 1992).
Marker data were captured at 120Hz via a motion analysis system (Motion Analysis
Corporation, Santa Rosa, California). Data were filtered with a 4! order Butterworth low
pass filter at a frequency of 5SHz. COM displacement was then calculated as the maximum
anterior-posterior distance traveled by vertical projection of the whole-body COM to the
ground from its position at perturbation onset until the end of the trial.

The effectiveness of the first step after perturbations is critical to prevent a fall. Therefore,
secondary variables of interest included the margin of stability at first foot contact, first step
length, first step latency, and number of steps. Margin of stability was identified as the
distance between the boundary of support (defined as the heel marker for backward
stepping, and the toe marker for forward stepping) and the extrapolated COM (XCOM) at
the instance of first foot contact (Hof, et al. 2005). XCOM is defined as:

XCOM=x+Vx/Wo
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In which x is the position of the vertical projection of the COM to the ground and Vx the AP
velocity of the COM. Wo is the eigenfrequency of the inverted pendulum and is defined as:

Wo=sqrt (g/L)

Where g is gravity (9.81m/s2) and L is the effective pendulum length (trochanteric height
times 1.24 (Winter 2009)). The Margin of Stability expresses the effectiveness of the first
protective step to reverse the falling COM as the extrapolated COM takes into account the
direction and velocity of COM displacement, as well as position, with respect to the base of
support (Hof, et al. 2005). Step /atency was calculated as the time from perturbation onset to
first foot liftoff. Foot liftoff was identified as zero force on a force-plate. Step length was
calculated from motion analysis as the distance between feet at the instance of first foot
contact. Number of steps was the number of steps to occur between perturbation onset and
maximum COM displacement (Dijkstra, et al. 2015; Peterson, et al. 2015a).

Statistical Analysis

The 50 training perturbations on Day 1 were separated into forward and backward trials (25
perturbations each) and averaged into blocks of 5 trials. Thus, we analyzed 5 blocks of 5
trials for both forward and backward perturbations. On Day 2, we averaged the 5 forward
and 5 backward perturbations separately to create forward and backward retention blocks.
Data were compared between groups (FoG+ and FoG-).

The majority of variables exhibited small or modest skew (P>0.01 on Shapiro-Wilk test), so
we used a mixed-design, repeated measures ANOVAs with fixed effects on group (between
subjects factor; 2 levels) and block (within subject factor; 5 levels). For two variables, (COM
displacement, day 2, backward perturbations, and number of steps, day 1, forward
perturbations), moderate skew was observed (P<0.01 on Shapiro-Wilk test), and inverse
transformations did not remove skew. Therefore, non-parametric Wilcoxon Signed Rank and
Mann-Whitney U tests were used for these 2 variables to assess group, and practice effects.
Group by practice interactions were non-parametrically assessed by first taking the
difference between the first and last blocks on day 1 (blocks 1 & 5) separately for each
group. These “difference” scores were then compared across groups via a Mann-Whitney U
test. If group by practice interactions were observed, post-hoc, paired sample, t-tests were
used to determine whether improvement was exhibited in FoG+ and FoG- groups
separately.

Retention was assessed in variables that showed significant improvement across the course
of Day 1 (blocks 1-5). Retention was assessed by comparing performance at the start of Day
1 (block 1) and Day 2 using mixed-design ANOVAs as described above. This comparison
determines whether significant improvements remained statistically different with respect to
where they started 24 hours before.
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RESULTS

Group by practice interaction effects

During backward perturbations, a group by training interaction was observed in the primary
variable of interest (COM displacement), such that FoG— improved to a larger extent than
FoG+ (F4,100=2.9, p=0.025; Figure 2). Within-group post-hoc analyses showed that this
interaction was driven by improved COM displacement in the FoG- group (p=0.001), but
not in the FoG+ group (p=0.143). No group by practice interactions were observed in any
other variables for forward or backward perturbations (p>0.47 for all).

Practice Effects

During backward perturbations, all variables of interest (COM displacement, margin of
stability, step latency, step length, and number of steps) improved over practice trials
(p<0.04 for all; Figure 2). During forward perturbations, only number of steps improved (Z=
-2.3; p=0.02), represented by a reduction in steps over time.

Group Effects

At baseline (block 1, day 1), no differences were observed between freezers and nonfreezers
for any variables of interest (p>0.34 for all). Further, ANOVA results showed no group
effects for any variables. That is, when performance was averaged across day 1 training, no
differences were observed for the FoG- and FoG+ groups for any variables of interest
(p>0.20 for all).

Retention Analyses

Retention analyses were run only for variables that exhibited significant improvement over
the course of day 1 (Backward: COM displacement, margin of stability, step latency, step
length, number of steps; Forward: humber of steps). For backward perturbations,
improvements were retained for COM (Z=-2.4; p=0.017), margin of stability (F1 »5=16.3;
p<0.001), step latency (F1 24=5.9; p=0.023), and step length (F »5=8.8; p=0.007), but not
number of steps (F1 25=3.6; p=0.070). For COM displacement, a group by retention
interaction was observed (Z=-2.1; p=0.04), such that retention in the FoG+ group was less
pronounced than in the FoG- group. This effect was supported by across time post-hoc
assessments, as FoG— (p=0.009), but not FoG+ (p=0.937) demonstrated significant
difference between performance on the first block of day 1 and day 2.

For forward perturbations, improvement in number of steps was retained (Z=02.1; p=0.034),
however an interaction effect was not observed (Z=-0.03; p=0.981). No group differences
were observed for forward or backward perturbations. No group effects were observed for
any variable during forward or backward perturbations (p>0.25 for all).

DISCUSSION

People with PD who experience freezing did not improve COM displacements in response to
repeated backward perturbations to the same extent as people with PD who do not
experience freezing. However, protective stepping performance variables (e.g. margin of
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stability, step latency, step length) similarly improved in both groups, suggesting that while
deficits in learning to improve postural response performance exist, FoG+ are still able to
improve some characteristics of their postural responses with training.

The relative lack of improvement in FoG+ in our primary variable, COM displacement, is
consistent with our hypothesis. Indeed, previous investigations have suggested that FoG+
exhibit worse motor learning than FoG-. Vandenbossche and colleagues tested implicit
motor learning in FoG+ and FoG— via upper extremity sequence learning (Vandenbossche,
et al. 2013). While both groups exhibited implicit learning, learning by the FoG+ group was
not as pronounced as that of FoG-. Similarly, Mohammadi and colleagues showed that gait
adaptation in FoG+, while present, was slower and less pronounced than in FoG-
(Mohammadi, et al. 2015). This relative reduction in learning may be related to the impaired
cognition observed in FoG+ (Heremans, et al. 2013; Peterson, et al. 2015c¢). Nevertheless,
although we also observed reduced learning (represented by less improvement in COM
displacement over training), participants in the FoG— and FoG+ groups exhibited similar
MoCA scores. It is however noted that the MoCA is a relatively blunt instrument for
characterizing cognitive function.

To our knowledge, no previous studies have directly compared improvement in postural
motor learning in FoG+ and FoG—. Smulders and colleagues measured postural performance
on 8 consecutive backward perturbations. Results showed that FoG—, but not FoG+
improved performance with this short sequence of repeated exposure (Smulders, et al.

2014); however, no between group analyses were conducted. Our results are consistent with
and extend these findings, showing that FoG+ did not improve performance after repeated
exposures to external perturbations as well as FoG-. The lack of improvement in postural
responses is also consistent with previous reports demonstrating the importance of brainstem
regions (e.g. pontomedulary reticular formation; PmRF) in the storage and release of the
postural stepping response (Honeycutt, et al. 2009; Nonnekes, et al. 2015). The function and
structure of these brainstem regions are often altered in FoG+ compared to FoG- (Pahapill
and Lozano 2000; Peterson, et al. 2015b; Snijders, et al. 2011). Furthermore, these brainstem
regions have significant connectivity to basal ganglia structures and the cerebellum (Fling, et
al. 2013; Pahapill and Lozano 2000), areas associated with learning (Doyon, et al. 2009).
Thus, the altered structure and function of brainstem regions may play a direct role in the
diminished improvement observed in FOG+.

While FoG+ exhibited less pronounced improvement than FoG- in COM displacement to
backward perturbations, other performance measures were not significantly different
between groups. For example, step latency, a variable specifically related to falls (Mansfield,
et al. 2013), was similar in FoG+ and FoG- and improved at a similar rate in these groups.
The cause of the lack of consistency between our primary variable (COM displacement) and
secondary variables is not clear. It is possible that subtle group differences in improvement
of secondary measures such as margin of stability, step time, and step length collectively
resulted in poorer global performance (i.e. COM displacement). Together, these findings
show that while changes in learning may exist, FoG+ do exhibit improvement in some
stepping performance variables. Therefore, while postural training interventions, including
perturbation training, may be less effective for backward perturbations with similar dosage
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in FoG+, they could still result in measurable improvement in protective stepping
performance.

Baseline protective stepping was not different between groups. This is in contrast to previous
reports that showed later (Jacobs, et al. 2009), and smaller (Smulders, et al. 2014) protective
stepping in FoG+ compared to FOG-. The lack of baseline differences may be related to the
relatively mild FoG+ group recruited for the current study. Indeed, participants in the current
study were similar with respect to MiniBESTest, MoCA, and UPDRS. We investigated mild
FoG+ for two reasons. First, individuals with more severe freezing would likely have
difficulty completing the full perturbation battery without substantial fatigue and frequent
falls. We sought to avoid fatigue as it may mask improvements in protective stepping.
Second, to effectively compare FoG+ and FoG— groups, we matched groups for overall PD
severity (via the UPDRS-III), requiring recruitment of mild FoG+.

Practice-related performance improvements in response to forward body perturbations were
less frequent in both groups than improvements in response to backward body perturbations.
While the rationale for this finding is not entirely clear, backward perturbations are much
more challenging for people with PD than forward perturbations (Carpenter, et al. 2004).
Thus, the increased difficulty of backward perturbations in people with PD may have given
them more room for improvement. Conversely, the lack of improvement in forward
perturbations may have been due to a ceiling effect. That is, people with PD did not need to,
or were unable to continue to improve protective stepping in the forward direction.
Alternatively, it is possible that other, unmeasured physiological or biomechanical measures,
such as joint moments or electromyography, may have been altered during forward
perturbations. Additional research is necessary to understand whether practice effects exist
in these variables.

A limitation for generalization to rehabilitation practice is that only one day of training (50
perturbations; 25 forward & 25 backward) plus a day 2 testing block was delivered.
Additional perturbations across several weeks should be carried out to understand whether
FoG+ can improve and retain improvements in postural stepping responses with further
training.

People with PD who experience freezing exhibited less improvement and less retention of
improvement in backward postural responses through one day of repeated perturbation
exposure than those who do not freeze. However, stepping performance was improved with
training, suggesting that while deficits in postural motor learning exist, FOG+ are still able to
improve some aspects of performance with training. Additional perturbation exposure or
alternative training may be necessary enhance improvements in protective postural responses
in FoG+.
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Highlights

- We assessed postural motor learning in people with PD who do and do not
freeze

- PD who freeze exhibited less learning in postural responses than
nonfreezers

- However, people who freeze did improve performance on some postural
variables
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Backward Perturbation

COM
Displacement COM

-
Platform Translation

Figure 1.
Illustration of primary and secondary outcomes. Backward Perturbation refers to a forward

translation of the support surface, with backward displacement of the center of mas (COM).
The margin of stability (MOS) represents the distance between the base of support (heel)
and the extrapolated CoM (XCOM). Adapted from Peterson et al. 2015; Archives of
Physical Medicine & Rehabilitation).
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Figure 2.
Group means and standard errors of protective postural responses to backward perturbations

across practice blocks (block 1-5), and retention (24 hours later). A. Center of mass (COM)
displacement, B. Margin of stability, C. Number of steps, and D. Step latency. *Significant

effect of practice across day 1; # Significant retention 24 hours later; $Significant group by

practice effect.
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Table 1
Participant characteristics

FoG- FoG+ p-value
N (female) 15(4) 12(5) 0.43a
Age 66.35(6.02) 65.4(7.99) 0.73
UPDRS-I1I 24.14(11.78) 28.88(15.34) 0.38
NF0G-Q 0 4.4(6.03) -
Disease Duration 6.38(4.75) 11.32(6.76) 0.04
MiniBEST 23.20(3.76) 22.08(3.55) 0.44
MoCA 27.47(3.04) 25.67(3.37) 0.16
Levodopa 508.67(228.41) 545.45(283.24) 0.6
Fatigue (absolute)? ~ 2:41(1.38) 2.47(1.59) 0.92
Fatigue (change)? 1.21(0.99) 0.64(1.03) 0.19
Sleep (hours) ** 6.57(1.53) 6.44(1.32) 0.82

“Fisher’s exact test. All other comparisons are independent sample t-tests.

iFatigue measured on a 1-10 scale;

# - -
Change in fatigue over the course of training;

Hk
Hours of sleep after the training session.

Page 14

FoG-: People with PD not experiencing freezing of gait; FoG+: People with PD who experience freezing of gait; MoCA: Montreal Cognitive
Assessment; MiniBEST: Mini Balance Evaluation Systems Test; UPDRS-I11: Part 111 (motor score) of the Unified Parkinson’s disease rating scale;

NFoGQ: New Freezing of Gait Questionnaire
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