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Abstract Freezing of gait (FOG) is a disabling feature
of Parkinson’s disease. Emerging evidence suggests that
dysfunction of the pedunculopontine nucleus (PPN) and
pontomedullary reticular formation (pmRF) plays a role in
the causation of FOG. These brainstem structures can be
examined by the StartReact paradigm, which utilizes a
startling stimulus to accelerate reaction times (StartReact).
Here, we examined gait initiation in PD patients with and
without FOG using this paradigm. Twenty-six patients
with Parkinson’s disease (12 freezers and 14 non-freezers)
and 15 controls performed two tasks: rapid gait initiation
in response to an imperative ‘go’ signal; and a control
condition, involving a simple reaction-time task involving
ankle dorsiflexion. During both tasks, a startling acoustic
stimulus was combined with the imperative signal in
25 % of trials. In controls, the startle accelerated gait
initiation and shortened the onset latency of tibialis
anterior responses during ankle dorsiflexion. This accel-
eration was intact in non-freezers, but was significantly
attenuated in the freezers. Independent of the occurrence
of a startle, freezers showed a reduced length of the first
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step compared to non-freezers and controls. The dimin-
ished StartReact effect in freezers probably reflects defi-
cient representation or release of motor programs at the
brainstem reticular level due to dysfunction of the PPN,
the pmRF, or both. These brainstem structures are pre-
sumably involved in integrating anticipatory postural
adjustments with subsequent stepping movements. We
suggest that with time-varying demands, these structures
may no longer be able to coordinate the integration of
anticipatory postural adjustments with steps, leading to
FOG episodes.

Keywords Freezing of gait - Parkinson’s disease -
StartReact - Startle - Reticulospinal tract

Introduction

Freezing of gait (FOQG) is a disabling feature of Parkin-
son’s disease (PD) [1]. The underlying pathophysiology is
still poorly understood. There is emerging evidence that
dysfunction of the pedunculopontine nucleus (PPN) and
pontomedullary reticular formation (pmRF) plays a role in
causing FOG [23]. Dysfunction of these brainstem circuits
in PD patients with FOG has recently been suggested by a
study that evaluated the so-called ‘StartReact’ paradigm
[32]. In the StartReact paradigm, a startling auditory
stimulus (SAS) accelerates the latencies of movement
responses to an imperative ‘go’ signal. The accelerated
movement onsets during StartReact experiments are dis-
sociated from startle reflexes [32], and are thought to
reflect a direct subcortical release of motor programs from
the pmRF [4, 21, 34]. The StartReact effect was absent in
PD-patients with severe FOG performing a simple bal-
listic movement of the upper extremity, but was intact in
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non-freezers [32]. Remarkably, PPN-stimulation restored
the SAS-induced movement onset acceleration [32].
Although restoration of this StartReact effect seemed to
be associated with perceived improvements in gait [31],
the question remains whether and how deficient StartRe-
act effects of the upper extremity may relate to FOG. We
reasoned that demonstration of an impaired StartReact
effect in a gait-related task would provide stronger sup-
port for the relevance of upper brainstem dysfunction in
FOG. We therefore examined gait initiation in freezers
and non-freezers using the StartReact paradigm. We
added an ankle dorsiflexion task as a control condition,
aiming to reproduce the StartReact effect for a simple
ballistic movement [32]. We predicted that the StartReact
effect would be absent or reduced in freezers during gait
initiation as well as ankle dorsiflexion.

Materials and methods
Participants

Twenty-six patients with PD participated: 12 with FOG and
14 without FOG (see below for definitions). Exclusion
criteria were any other disorder or medication affecting gait
and severe cognitive impairment. Patients were considered
to have reached an OFF-state when they experienced an
end-of-dose effect prior to the intake of their next medi-
cation dose. In addition, 15 healthy controls of similar age
were included. The study was approved by the local
medical ethics committee. All subjects gave their written
informed consent prior to the experiment.

Clinical assessment

PD patients were clinically assessed with the motor sub-
section (Part III) of the MDS-Unified Parkinson’s Disease
Rating Scale (UPDRS, score/132) [11]. Patients also
completed the New Freezing of Gait Questionnaire (N-
FOGQ, score/33) [20]. Additionally, they performed a
series of walking tests to objectively verify subjects as
freezers or non-freezers [28, 29], including eight rapid
axial 360-degree turns in both directions and walking with
25 % of the preferred step length (at a normal pace, and as
rapidly as possible). Based on the detailed physical
examination, 12 persons were classified as ‘freezers’, and
the 14 others were classified as ‘non-freezers’, as they did
not show FOG episodes during examination and never
experienced subjective gluing in daily life. The N-FOGQ
revealed that all freezers had more frequent and more
severe FOG during the OFF-medication state. Additionally,
global executive function was assessed with the frontal
assessment battery (FAB, score/18).

@ Springer

Experimental setup and protocol

First, participants performed a warned reaction task. For
this test, participants sat in a chair placed in front of two
blocks with light-emitting diodes (LEDs). Illumination of
the first LED array served as a warning signal and partici-
pants were instructed to perform ankle dorsiflexion as soon
as the second LED array was lit. The latter was the
imperative stimulus (IS). Patients performed ankle dorsi-
flexion with their most affected side and all controls per-
formed dorsiflexion with their right foot. Second, we
examined gait initiation, while subjects were standing 4 m
in front of the LED arrays. Again, illumination of the first
LED array served as a warning signal, and illumination of
the second array as the IS. Participants were instructed to
perform rapid gait initiation at the IS, without further
instruction about which foot to step with first.

In both tasks, the forewarning periods (1-3.5 s) and the
inter-trial intervals (6-10 s) were variable. All subjects
performed 16 dorsiflexion trials and 16 gait initiation trials.
In 25 % of trials (four during each task) an SAS was given
simultaneously with the IS. The SAS (50 ms white noise,
116 dB sound pressure level) was generated by a custom-
made noise generator and delivered through binaural ear-
phones. Prior to each task, subjects were allowed five
practice trials.

Data collection
EMG

EMG data were collected from bilateral tibialis anterior
(TA) and rectus femoris (RF) muscles and the left sterno-
cleidomastoid (SCM) muscle (ZeroWire by Aurion, Italy).
EMG signals were sampled at 2,000 Hz, full-wave rectified
and low-pass filtered at 30 Hz (zero-lag, second-order
Butterworth filter).

Motion analysis

Reflective markers were placed using a full-body model
[8]. Marker positions were recorded by an 8-camera 3D
motion analysis system (Vicon Motion Systems, United
Kingdom) at a sample rate of 100 Hz. Furthermore, to
determine movement onsets in the ankle dorsiflexion task,
we placed a triaxial accelerometer on top of the foot.
Accelerometer signals were sampled at 2,000 Hz.

Force plates
Ground reaction forces under both feet were recorded by

two force plates (60 x 180 cm each; AMTI Custom 6-axis
composite force platform, USA), embedded in the surface.
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The signals of the force plates were sampled at 2,000 Hz
and low-pass filtered at 10 Hz (second order-Butterworth
filter).

Data analysis
Simple reaction-time task

Two reaction-time parameters were assessed, accelerome-
ter reaction time and EMG reaction time in the TA. Onset
latencies were determined using a semi-automatic com-
puter algorithm that selected the first instant at which the
EMGe-activity or foot accelerations exceeded a threshold of
2 SD above the mean baseline activity, as calculated over a
500-ms period just prior to the IS.

Gait initiation

The outcomes of the gait initiation task included the onset and
amplitude of stepping-leg EMG activity in the TA and RF.
Onset latencies were determined using the aforementioned
algorithm. The average EMG response amplitude was calcu-
lated over a period of 100 ms following onset latency, after
subtraction of average baseline activity [5, 22, 24]. For each
trial, we also determined whether an anticipatory postural
adjustment (APA) occurred prior to step onset. A weight shift
was considered to be an APA if it met two criteria: first, the
difference between the vertical loading underneath the stance
and stepping leg had to rise above a threshold of 2 SD above
the mean difference, as calculated over a 500-ms period prior
to the IS. This moment was defined as the onset of the APA.
Second, the increase in force under the stepping leg had to
exceed 5 % of the total body weight. For each APA, we
determined the maximum increase in vertical force under the
stepping leg, normalized for body weight. We also determined
whether multiple APAs occurred.

Furthermore, we determined step onset and length for
each trial separately, using the horizontal displacement of
the heel and toe markers.

Startle reflex

For each trial in which an SAS was applied, we determined
whether a startle reflex occurred. A startle reflex was
defined as a short latency response in the SCM-muscle,
starting within 130 ms following the SAS.

Statistical analysis

Differences in the outcomes of the clinical assessment
between freezers and non-freezers were tested using
unpaired 7 tests. Outcome measures of the ankle dorsi-
flexion and gait initiation tasks were analyzed using a

repeated-measures ANOVA, with SAS (SAS—-non-SAS) as
the within-subject factor and group (freezing—non-freezing
controls) as the between-subjects factor. In the case of a
significant SAS x group interaction, we used Tukey post-
hoc tests to identify differences in SAS-induced effects
between the groups. The latter post-hoc test was also per-
formed in the case of significant group interactions.

To identify whether the SAS-effects on muscle onset
latencies were independent of bradykinesia, we also con-
ducted these analyses with UPDRS bradykinesia subscores
as a covariate. As bradykinesia did not change any of the
statistical outcomes, these results are not further reported.
The alpha level was set at 0.05.

Results
Clinical assessment

Clinical characteristics of the participants are shown in
Table 1. Freezers and non-freezers did not differ with
respect to age [t#(24) = —0.272, p = 0.788], nor did the
non-freezers and controls [#(27) = 0.103, p = 0.919]. The
total UPDRS-III score, UPDRS-bradykinesia items sub-
score, and FAB-score did not differ significantly between
freezers and non-freezers [#(24) = —0.958, p = 0.348;
1(24) = —0424;, p=0.675 and 1(24) = —0.542,
p = 0.593, respectively]. Freezers had a significantly
higher score on the N-FOGQ [#(24) = 10.846, p < 0.001],
UPDRS-PIGD-subscore [#(24) = —2.900, p = 0.008] and
a longer disease duration [#(24) = 2.501, p = 0.020].

Table 1 Participant characteristics

Freezers Non- Controls
freezers
Age (years) 68 (60-82) 67 (59-78) 67 (57-77)
Sex I0M,2F 10M,4F 11 M,4F
UPDRS-PIGD items 7 (2-13) 4 (0-10)
UPDRS-bradykinesia 19 (1-31) 18 (10-28)
items
UPDRS-residual items 13 (5-9) 13 (5-24)
N-FOGQ 17 (9-26) 0.9 (0-9)
FAB 15 (9-18) 15 (8-18)
Disease duration (years) 8.9 (2-14) 119 (4-23)

Data are mean (range)

UPDRS MDS-Unified Parkinson’s disease rating scale part III, PIGD-
items postural instability/gait difficulty items (item 9-13; score/20),
bradykinesia items (item 4-8 and 14; score/44), residual items (items
1-3 and 15-18; score/68). N-FOGQ New Freezing of Gait Ques-
tionnaire (score/33), FAB frontal assessment battery (score/18). For
both MDS-UPDRS and N-FOGQ, higher scores indicate worse
functioning. For FAB, lower scores indicating worse functioning
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Ankle dorsiflexion task

An SAS accelerated the onset of TA responses (SAS;
Fy33 = 226.256, p < 0.001), but the acceleration differed
significantly = between the groups (SAS X group;
F>33 = 13.581, p < 0.001; Fig. 1). The acceleration was
attenuated in the freezers (17 ms acceleration to
114 & 15 ms) compared to the non-freezers (44 ms
acceleration to 96 & 16 ms, p < 0.001) and controls
(42 ms acceleration to 96 £ 18 ms, p < 0.001), whereas
non-freezers and controls did not differ from each other
(p = 0.885). Without an SAS, the onset latencies did not
differ between the groups (p > 0.175). This pattern was
confirmed by the accelerometer data, yielding a significant
SAS x group interaction (F,33 = 11.205, p < 0.001;
Fig. 1), with less acceleration in the freezers.

Muscles responses in gait initiation

No FOG episodes were observed during the gait initiation
task. Prior to step onset, we observed the consistent acti-
vation of TA in the stepping leg to initiate the APA, as well
as the activation of RF in the vast majority of the partici-
pants (37/41). An SAS accelerated the onset of TA-
response (SAS; F 33 = 284.554, p < 0.001; Fig. 2), but
this effect differed significantly between groups
(SAS x group; F33 = 7.030, p = 0.003). The accelera-
tion was less pronounced in the freezers (31 ms accelera-
tion to 88 £ 119 ms) compared to the non-freezers (51 ms
acceleration to 69 4 13 ms, p = 0.012) and controls

Fig. 1 Onset latencies (SE) for
the simple reaction-time task

Tibialis anterior

(54 ms acceleration to 75 £ 15 ms, p = 0.003), whereas
non-freezers and controls did not differ from each other
(p = 0.894). Without am SAS, the onset latencies of TA
responses did not differ between the groups (p > 0.332).

The same pattern of results was found for RF onset
latencies (SAS x group; F, 34 = 4.771, p = 0.015; Fig. 2).
A smaller SAS-induced acceleration was seen in the freezers
(25 ms acceleration to 98 £ 33 ms) compared to the non-
freezers (52 ms accelerationto 83 & 19 ms,p = 0.012) and
controls (45 ms acceleration to 82 + 12 ms, p = 0.068).
Without an SAS, there were no between-group differences in
RF-onset latencies (p > 0.136).

The SAS increased the amplitude of TA responses by
41 % (SAS; Fy33 = 18.503, p < 0.001). This effect did
not differ between the groups (SAS x group;
F33 = 0.689, p = 0.508; Fig. 3). There was, however, a
significant group effect (group; F, 35 = 7.168, p = 0.002),
with smaller overall TA responses in freezers compared to
controls (p = 0.004).

The SAS increased the amplitude of RF responses by
40 % (SAS; F34 = 9.184, p = 0.005), without differen-
tial group effects (SAS x group; F,34 = 0.274,
p = 0.762; group; F;34 = 0.464, p = 0.632).

Anticipatory adjustments in gait initiation

APAs were detected in more than more than 90 % of trials,
irrespective of group or SAS. We did not record any
multiple APAs, which is in line with the absence of FOG
episodes during the experiment.

Accelerometer
A+

involving ankle dorsiflexion. m i g 160 '
Plus indicates significant SAS E 160 = &\ controls
interaction, Delta indicates 3 140 3 140 I‘~~-§§§
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Fig. 2 Onset latencies of muscle responses involved in the anticipa-
tory postural adjustments (APAs) prior to gait initiation. Mean
latencies (SE) are shown for the tibialis anterior (left panel) and rectus
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femoris (right panel) of the stepping leg. Plus indicates significant
SAS interaction, Delta indicates significant SAS x group interaction
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Fig. 3 Mean amplitudes (SE)
of stepping-leg tibialis anterior

Tibialis anterior
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The SAS significantly accelerated APA onsets (SAS;
Fi35 = 167.692, p <0.001), but this effect differed
between groups (SAS x group; F 33 = 7.245,
p = 0.002). The acceleration was less pronounced in
freezers (34 ms acceleration to 160 & 60 ms) compared
to non-freezers (73 ms acceleration to 119 & 24 ms,
p =0.003) and controls (68 ms acceleration to
125 £ 26 ms, p = 0.010), whereas non-freezers and
controls did not differ from each other (p = 0.885). In
trials without an SAS, APA onset did not differ between
the groups (p > 0.997).

The SAS increased APA amplitude by 10 % on average
(SAS; F 35 = 4.722, p = 0.036; Fig. 3), and this effect
did not differ between the groups (SAS x group;
Fr35 = 0.061, p = 0.941). Although the APA amplitude
tended be smaller in freezers compared to non-freezers and
controls, and smaller in non-freezers compared to controls,
the group effect did not reach significance (group;
Fr35 = 3.012, p = 0.061).

Step onset and length in gait initiation

The SAS accelerated step onset (SAS; Fj3g5 = 64.430,
p < 0.001; Fig. 4). The effect of the SAS did not differ
between the groups (SAS x group; Fpig = 1.697,
p = 0.197), although the acceleration tended to be smaller
in freezers (54 ms acceleration) compared to non-freezers
(94 ms) and controls (93 ms). There was a significant
group effect (group; F, 35 = 4.012, p = 0.026). Without an
SAS, step initiation was delayed in freezers
(588 & 119 ms) and non-freezers (585 £ 64 ms) com-
pared to controls (503 & 65 ms; p = 0.032 and p = 0.034,
respectively), whereas step onset did not differ between
freezers and non-freezers (p = 0.997).

The SAS shortened the length of the first step by on
average 4 cm (SAS; Fy 33 = 11.747, p = 0.001; Fig. 4),
which effect did not differ between the groups
(SAS x group; F,33 = 0.797, p = 0.458). Step lengths
differed between groups (group; F,3s3 = 8.089,
p = 0.001), with shorter steps in freezers (30 = 14 cm)
compared to non-freezers (46 £ 15 cm; p = 0.013)
and controls (52 & 11 cm; p = 0.001). Step lengths did
not differ between non-freezers and controls
(p = 0.531).

Startle reflexes

In the gait initiation task, we found no differences in startle
reflex occurrence between freezers (31 % of trials with
SAS), non-freezers (25 % of trials with SAS), and controls
(33 % of trials with SAS, F; 40 = 0.178, p = 0.838). This
pattern was confirmed by the ankle dorsiflexion task, where
no difference in startle reflex occurrence was seen between
freezers (25 % of trials with SAS), non-freezers (27 % of
trials with SAS), and controls (38 % of trials with SAS,
F>40 = 0.464, p = 0.632). Furthermore, a higher occur-
rence of startle reflexes was not associated with a larger
StartReact effect, neither in the gait initiation task
(r, = 0.146, p = 0.362), nor in the ankle dorsiflexion task
(r, = 0.167, p = 0.297).

Discussion
We found that the accelerating effect of a startling auditory
stimulus (SAS) was attenuated in PD patients with FOG,

and this was seen for both gait initiation and for a simple,
reactive ankle dorsiflexion movement. The SAS-induced
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accelerations were independent of the occurrence of startle
reflexes in the sternocleidomastoid muscle. The reduced
StartReact effect differentiated freezers from non-freezers
with similar disease severity, whereas non-freezers did not
differ from control subjects with regard to the effects of the
SAS; this result was independent of the severity of bra-
dykinesia. Furthermore, freezers had reduced step lengths
of their first step to initiate gait.

Deficient StartReact effect in freezers

The present study is the first to apply the StartReact par-
adigm to gait initiation in PD patients with FOG, providing
strong evidence for the coexistence of freezing and reduced
StartReact effects. We were able to confirm the disturbed
StartReact effect in freezers during simple reactive move-
ments, shown previously for an upper-limb task [32], now
replicated for a simple ankle dorsiflexion movement.
Importantly, the present results extend these previous
findings in three ways. First, we show that attenuation of
the StartReact effect is not restricted to simple movements,
but also occurs in gait initiation, a complex whole-body
movement that can provoke freezing episodes. Second, the
present results were obtained in a less-severely affected
group of patients with predominantly OFF-period FOG,
who are more representative of ‘typical’ PD patients
compared to the group with severe ON-period freezing that
was included by Thevathasan et al. [32]. Third, we inclu-
ded patients without prior PPN surgery, which allowed us
to study the presumed StartReact effects without the pos-
sible influence of surgical microlesions or chronic after-
effects of DBS.

We observed that in non-freezers, the SAS accelerated
the EMG and movement onsets to the same extent as in
controls. This confirms previous observations on simple
reactive movements, as well as gait initiation in PD [3,
9, 26]. Apparently, the pre-programming of motor
responses and their reflexive release by the SAS is still
intact in these patients. In contrast, PD patients with
FOG showed a consistently attenuated StartReact effect.
The pmRF presumably plays a pivotal role in the
StartReact effect [21, 34]. Hence, we suggest that in
freezers, motor responses (including the APA to initiate
a step) may be poorly represented in this brainstem
reticular structure, or that the reflexive release of these
motor responses may be deficient due to pmRF networks
that encode the motor response being less responsive to
excitatory stimuli. The latter could be the result of
enhanced inhibitory drive from other structures, likely
involving the PPN, as it has strong inhibitory projections
on the pmRF [14, 15, 25]. This notion is coherent with
the reported effects of PPN stimulation on StartReact
effects [32].
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Underscaling of gait parameters

In the current study, we confirmed the underscaling of step
length in freezers that was observed previously [6, 19]. The
underscaling of step length was independent of the pre-
sence of an SAS. Interestingly, an SAS did result in a small
but significant reduction of step length, both in PD patients
and in controls. The mechanisms underlying the reduction
of step length by an SAS are not clear, and should be
explored by future studies. In addition to the underscaling
of step length, both freezers and non-freezers had a ten-
dency for smaller amplitudes of anticipatory postural
adjustments (APAs) compared to controls. This tendency is
in line with the previously reported underscaling of APAs
in PD [2, 7, 10, 17, 26, 35]. Both the reduced step length
and the smaller APAs have been attributed to reduced brain
activity in the supplementary motor area (SMA) [12, 30]
and are thought to contribute to FOG [6]. It is conceivable
that the mechanisms underlying the underscaling of
movements are different from those underlying the defi-
cient StartReact effect, as non-freezers showed underscal-
ing APAs as well, but still exhibited an intact StartReact
effect. Furthermore, freezers demonstrated intact augmen-
tation of EMG-response amplitudes due to the SAS, but at
the same time exhibited consistent delays in the onset of
these responses.

Relation between disturbed StartReact and freezing
of gait

The finding of attenuated SAS-induced accelerations of
motor responses in freezers raises the question of whether
it may be relevant to the causation of FOG. The neural
structures most likely involved in the StartReact phe-
nomenon (pmRF and PPN) are also thought to be
involved in the integration of APAs with subsequent
stepping movements [16, 18, 23, 27]. The results of our
gait initiation task point at deficiencies in APA repre-
sentation or release at brainstem level, which may com-
promise the integration with subsequent steps. This
possibly leads to further underscaling and increased var-
iability in step lengths, as previously reported in freezers
[6, 13, 19]. With time-varying demands such as turning,
or when exaggerating the underscaling of gait character-
istics (e.g., when making small steps), these spatiotem-
poral gait abnormalities increase the computational load
on the PPN and the pmRF. At such instances, these
structures may no longer be able to coordinate the inte-
gration of APAs with steps, leading to FOG episodes. As
this hypothesis remains speculative and largely based on
indirect evidence, further studies are needed to corrobo-
rate whether brainstem structures are indeed unable to
integrate the different motor programs during an FOG
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episode, for example by directly measuring the oscillatory
activity of the PPN during an FOG episode. A first report
has already associated the attenuation of PPN alpha
activity with FOG [33], but this promising finding war-
rants further investigation.
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