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Abstract

This study investigated whether difficulty in initiating volitional gait in patients with Parkinson's disease stems from impaired
termination of the preceding posture or impaired initiation of new movement. Forty-one patients with Parkinson's disease and 15
age-matched controls participated. While participants fixated on a conditioning visual target, a visual cue test stimulus prompted
participants to initiate volitional gait. Three-dimensional sole-floor reaction forces during coordinated gait movement, antagonist/
agonist electromyography (EMG), and levodopa therapy were recorded. From the visual cue, gait initiation was measured by
tibialis anterior EMG burst onset (EMG-on latency) and coordinated gait movement onset, whereas preceding postural termination
latency was measured by the pause in antagonist soleus tonic EMG activity (EMG-off latency). Three visual fixation paradigms
were used. no-gap (fixation and test targets turned off simultaneously), gap (fixation turned off 200 ms before test stimulus), and
overlap (fixation turned off 200 ms after test stimulus). In all three tasks, antagonist EMG-off latencies were prolonged in the
patients. Agonist EMG-on latencies remained within physiological range in the gap and no-gap tasks but were prolonged for
the overlap task in the patients. In the three tasks, all coordinated gait movement latencies and overlap task EMG-on latencies
were prolonged in the patients and correlated with prolonged EMG-off latencies of the preceding movement/posture termination.
Differences in unsynchronized EMG-off/on latency correlated with reduced overall gait movement (slow speed, short steps, low
amplitude of movement) and levodopa therapy, suggesting that initiation difficulty in Parkinson's disease is related to difficulty in

terminating the preceding movement/posture rather than difficulty in generating new movement.
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1. Introduction

Parkinson’s disease is characterized by a slow, shuffling gait, short
steps, and various clinical symptoms, such as difficulty in initiating
volitional gait and freezing of gait (FoG). These impairments are
related to dysfunction in the basal ganglia and cerebral cortex [1-
4]. Many studies have quantified delayed and slow spatiotemporal
parameters in volitional movement as functional deficiencies in
the basal ganglia in patients with Parkinson’s disease [5-8]. Recent
research suggests that the basal ganglia do not directly generate
movement but play a key role in switching between sequential motor
actions to enable smooth, continuous motion [9-13]. Furthermore,
previous findings indicate that sequential sensorimotor control of
gait depends on terminating the preceding posture and initiating new
movement [ 14-18]. This process requires a whole-body coordination
motor plan that integrates multiple motor systems, including the
cerebral cortex, basal ganglia, and brainstem systems [19-24,11].

In this study, we investigated whether difficulty in initiating volitional
gait of bradykinesia in Parkinson’s disease arises from impaired
initiation of a new movement or from difficulty in terminating
the preceding movement/posture. We investigated sensorimotor
switching reaction times of posture/gait triggered by a visual cue
in the three-dimensional posture termination (electromyography
[EMG]-off) and gait initiation (EMG-on) under different visual
conditions and assessed sequential movements in relation to
levodopa (L-DOPA) therapy and clinical bradykinesia that were
suggested by [1].

2. Materials and Methods

2.1. Participants

We selected 41 patients with idiopathic Parkinson’s disease (11
men, 30 women) who responded to L-DOPA treatments and 15
age-matched older healthy subjects as controls (9 men, 6 women).
The two groups were similar in age (Parkinson’s disease: [mean +
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standard deviation (SD)], 73.6 £ 8.5 years; controls: 72.1 £9.6 years,
P = 0.628). Idiopathic Parkinson’s disease was diagnosed based on
the criteria established by the UK Parkinson’s Disease Society Brain
Bank [25], 3T magnetic resonance imaging, computed tomography,
and radioisotope (dopamine transporter) images. Following the
Hoehn-Yahr (H-Y) staging system and our previous study, we
included only patients with bradykinesia and excluded those with
hemiparesis, camptocormia, ataxia, or aphasia. All patients scored
above the Mini-Mental State Examination cutoff of 23 [1].

We categorized the 41 patients into three groups based on
bradykinesia severity according to the progression of Parkinson’s
disease as graded by H-Y stages: stage II (moderate, n = 10), stage
I (severe, n = 15), and stage IV (advanced maximum, n = 16).
Patients in H-Y stage I (unilateral symptoms) and stage V (non-
ambulatory) were excluded. All 41 patients showed a response to
L-DOPA combined with either benserazide or carbidopa, along with
dopamine agonists, in accordance with a previous study.

In 14 of the 41 patients, the no-gap task was used to assess H-Y stage
clinical symptoms and electrophysiological bradykinesia before and
after L-DOPA therapy. Improvements in gait bradykinesia following
additional L-DOPA therapy were evaluated in seven patients twice
within 1 month (four with H-Y stage III and three with stage IV).
Conversely, progression of gait bradykinesia was assessed in another
seven patients (four with H-Y stage II and 3 with stage III) before
and after a >1-year interval without additional L-DOPA therapy.
The effects of L-DOPA therapy were compared between these two
test periods. All participants were fully informed of the purpose
and nature of the procedures, and written informed consent was
obtained voluntarily to participate in the experiments. This study
complied with the Declaration of Helsinki (1991) and was approved
by the Sapporo Yamanoue Hospital Ethics Committee.

2.2. Experimental Design

All participants stood with their heels on the starting line on a level
floor under normal room lighting while gazing at a panel with
two vertically arranged light-emitting diodes (LEDs, each 0.2° in
diameter [4 mm]). To have subjects perform successive movements
of fixation posture/gait, we used two stimuli presented by the LEDs:
a conditional stimulus and a test stimulus. One LED (red) served
as the fixation target, and the other (green and yellow) functioned
as the test stimulus of the gait trigger target. Participants were first
instructed to gaze at the fixation target to assess visually triggered
movement latency. Participants were instructed to wait for one of
the two test stimuli (go or no-go) to appear. Of the two test stimuli,
the green double LED (on-stimulus) signaled participants to reach
their comfortable walking speed quickly (go), whereas the yellow
LED indicated no-go and was included randomly at irregular
intervals [12]. The time interval between target triggering gait and
posture offset was defined as soleus EMG-off latency of posture
(termination). The onset of the tibialis anterior EMG burst was
defined as the EMG-on latency of gait (initiation).

Volitional bipedal locomotion was assessed using three visual cue
tasks: no-gap, gap, and overlap. In the no-gap task, the fixation target

was turned off at the same time the movement-triggering stimulus
was turned on. In the gap task, the fixation target was turned off 200
ms before the triggering stimulus, disengaging visual fixation before
movement initiation. In the overlap task, the triggering stimulus was
presented while the fixation target remained visible for 200 ms before
turning off, thereby simulating natural visual fixation [26,18]. The
overlap task simulated the visually fixated posture engagement of
natural conditions, whereas the gap task tested movement initiation
without a fixation engagement period. The no-gap task served as
a baseline to assess standard spatiotemporal gait parameters and
reaction times.

These tasks were performed by the 15 healthy elderly controls and
41 patients with Parkinson’s disease. The trials were conducted
in three sequential blocks, including the no-gap task, and were
completed within 30 min. Each participant performed 7 to 10
walking trials of 5-10 m per task. Most participants did not notice
differences among the three tasks. To further examine the effect of
visual fixation conditioning, 21 of the patients with Parkinson’s
disease also performed an unconditioned vocal cue-triggered task
without a fixation target for assessment of gait initiation without
fixation engagement/disengagement of the visual target. For each
trial, 10-15 steps were recorded.

2.3. Measurements of Leg EMG and Three-Dimensional Bipedal
Sole-Floor Reaction Forces

Measurements of leg EMG and three-dimensional bipedal sole-
floor reaction forces as the three-dimensional temporospatial profile
during standing posture and gait locomotion were recorded in this
study. The antagonist and agonist EMG activities of the soleus
and tibialis anterior muscles were recorded using bipolar surface
electrodes placed on both the left and right muscles, respectively,
with an interelectrode distance of 5 cm. Participants stood with both
heels on the starting line, and the tonic EMG activity of the soleus
transitioned into the tibialis anterior EMG burst, in accordance with
signaled gait initiation [14,15].

Early-stage sole-floor reaction forces were recorded from five
anatomically distinct points in the unilateral foot, reflecting normal
human locomotion [27,28].

In this study, three-dimensional body shifts during coordinated
gait movements were recorded by measuring bipedal sole-floor
reaction forces at distinct anatomical points on both soles. The
stance and swing phases were determined by calculating the force
difference between the calcaneus and third metatarsal in each foot.
These heterogeneous gait movements were defined as the overall
synergistic motion of the limbs, trunk, and head, represented as x-,
y-, and z-axis vectors of bipedal locomotion forces. This method
directly measures force vectors between two defined sole-floor
reaction forces, allowing anatomical and physiological analyses of
human bipedal locomotion [27,28]. Using this approach, data from
at least a dozen individual steps can be obtained for quantitative
analysis of human gait [27,28,18,29].

Strain-gauge load cells fixed over the sole (Type 9E01-L42-500N;
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14-mm diameter, 4-mm thick, 0-500 N range, NEC San-Ei, Tokyo,
Japan) were used to measure sole-floor reaction forces, capturing
y-axis forces from each sole and x-axis bipedal vectors during
gait. The cells were secured with double-sided adhesive tape on
anatomically precise skin points: the medial process of the calcaneus
and the head of the third metatarsal on both soles. The x-, y-, and
z-axis vectors were computed to represent bipedal locomotion (Fig.

1.

The swing phase of raising the leg (z-axis) was analyzed in relation
to the contralateral body shift stance phase (y-axis), thus defining
the bipedal motor plan (x-axis) of coordinated gait movement. The
sole-floor reaction forces served as key indicators of synergistic gait
movements, reflecting body sway involving the limbs, trunk, and
head [27,28,18]. A force plate (SAM, NITTA, Osaka, Japan) was
used to confirm the center of mass in several patients, tracking the
dynamic x-axis vector of gait initiation and initial backward body
shift (IBS) on the y-axis [15,9].

Outputs from the strain gauges and EMG electrodes were recorded
on a multichannel oscillograph (Recti-Horiz 8K20, NEC, Japan)
through four-channel EMG amplifiers (Type Medi-104M, Media-
Area-Support Co., Okayama, Japan) and simultaneously stored
in a recording unit (LX-10, TEAC, Tokyo, Japan). Data stored on
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magnetic tapes were digitized at 500 Hz and processed using a
microcomputer (Signal Processor 7T18T, NEC San-FEi).

2.4. Data Analysis

Electrophysiological data were analyzed using Microsoft Excel
(Microsoft Corp. Redmond, WA, USA). The EMG-off latency of
the primary posture was defined as the time between cue onset and
the pause following tonic soleus EMG activity (leg antagonist). The
EMGe-on latency of voluntary gait initiation was measured as the
time from cue onset to onset of tibialis anterior EMG activity.

The difference between antagonist EMG-off latency and agonist
EMG-on latency was correlated with the interaction interval between
postural termination and gait initiation. Loss of primary postural
balance due to IBS (y-axis) triggered the transition to bipedal
locomotion [14,15]. The initiation of coordinated bipedal locomotion
was marked by the onset of the initial swing phase (z-axis) and
tibialis anterior EMG activity (Fig. 1). The step gain of the bipedal
motor plan (x-axis) in three-dimensional gait was calculated as the
ratio of the swing phase (z-axis) to the corresponding contralateral
body-shift stance phase (y-axis). The mean step gain over six
consecutive steps, starting from the third step, was defined as the
motor plan for the three-dimensional locomotion and bradykinesia.

b Parkinson IV:  «o008isp73F)
b. x-vector Bipedal motor plan
ve S | o (x-axis vector step gain)
>3 swing phase (z)
l‘ Step G= ——————
L’M M, | Force Plate Contra. sta;ce phase (y)
L W 7
cP IBS o Center of mass (CM) it oot e o~
¥ Initial backward a
=y bOdy-shift (1BS) Rt. foot —~—=Y
el R | Centerofpressure (CP) | y

1st step on force plate
Tibialis A.-EMG on

L-3¢ Met_(toe) ¥ M y
L-Calcan. (heel) V_-—v.._w__._—;k
! ‘So s -off HeelV =

L-Soleus 1

L-Tibialis A h ]

L-foot y-axisiv. stan swing \F@% swing
e .,45 . e S

Tii Gaét synergic m; stance Rear

T
R-39 Met _(toe) !

R-Calcan (heel)!

e
: lSoleus EMG-off

Toe

L. EMG

ﬂ For

R-foot y-axisiv.
4 Initial swing-p;);se (2 o
Initial backward body-shift (IBS)

step 1 step2 step3 step4 step5 step 6

Gait synergic m. w -
10kg |

500msec

stance

| soouv

Figure 1: Three-dimensional gait performance in the no-gap task for an elderly control and a patient with Parkinson’s disease. The visual
cue-triggered bipedal locomotion is superimposed in an elderly control (a) and a parkinsonian patient (b) with Hoehn-Yahr (H-Y) stage
I'V. Six trials for the control and three for the patient were superimposed, illustrating the x-, y-, and z-axis vectors of gait performance
and EMG activity of the soleus and tibialis anterior muscles in the left (L) and right (R) legs. EMG signals were aligned with the onset
of tibialis anterior EMG activity for each participant. The dynamic body sway during bipedal sole-floor reaction forces, from heel to toe
(y-axis vector), was recorded at the calcaneus (heel) and third metatarsal (toe). The unilateral initial backward body shift (IBS; y-axis
body shift) switched the primary posture to the subsequent bipedal locomotion. The inset figure in (a) and (b) illustrates the three-
dimensional sole-floor reaction forces, with the force plate monitor capturing the primary posture switching to gait via IBS (y-/x-axis

body shift).
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2.5. Statistical Analysis

One-way analysis of variance (ANOVA) was conducted to assess
group differences in measured parameters. A P-value of 0.05 was
considered to indicate statistical significance. Statistical analyses
were performed with R 4.2.2 (The R Foundation for Statistical
Computing, Vienna, Austria).

3. Results
All participants performed volitional bipedal locomotion on the
testing floor stimuli mentioned above.

3.1. Three-Dimensional Bipedal Locomotion and Leg EMG
Activity

The typical patterns of three-dimensional bipedal locomotion
and antagonist/agonist EMG activity (soleus/tibialis anterior)
were recorded under the no-gap task (Fig. 1). Bipedal locomotion
was aligned with the onset of tibialis anterior EMG activity. Six
superimposed gait cycles from a 70-year-old control participant
(gait speed: 52 m/s) and 3 from a 73-year-old patient with
Parkinson’s disease (H-Y stage IV, gait speed: 34 m/s) are shown
in Figs. 1a and b, respectively.

Sole-floor reaction forces captured the three-dimensional x-, y-,
and z-axis vectors representing coordinated postural and locomotor
movements (Fig. 1, inset). Dynamic force changes in sole-
floor reaction forces between the heel and toe of each foot were
calculated, and the posterior-anterior force shift (third metatarsal

to calcaneus) was defined along the y-axis. During triggered gait,
postural stability was initially switched via the IBS (y-axis), which
was linked to the swing phase (z-axis) and transitioned into the
three-dimensional motor plan for bipedal locomotion (x-axis). In
the elderly controls, IBS durations exceeded 300 ms, whereas in the
patients with advanced Parkinson’s disease, they were abnormally
reduced to under 250 ms in all three tasks.

The visual cue test stimulus triggered the transition from posture to
gait and corresponded with the EMG-off/on latencies of the soleus
and tibialis anterior muscles. The difference between antagonist
(soleus) and agonist (tibialis anterior) EMG latencies reflected
the transition from primary posture to the three-dimensional
bipedal locomotion in all participants (Fig. 1). In the patients
with Parkinson’s disease, the visual cue stimulus prolonged
soleus EMG-off latencies across all three paradigms (gap, no-gap,
and overlap tasks), whereas tibialis anterior EMG-on latencies
remained within the normal range in the gap and no-gap tasks.

In advanced stages of the disease, differences in EMG-oft/on
latency were abnormally short or even negative, primarily due to
prolonged soleus EMG-off latencies, indicating impaired posture
termination before gait initiation. In the elderly controls, the
difference in EMG-off/on latency was approximately 55 ms (Fig.
1a), whereas in patients with advanced disease, it was reduced to
less than 45 ms (Fig. 1b).
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Figure 2: Posture EMG-off latencies correlated with the onset of gait movement in the three tasks. Posture EMG-off latencies correlated
with the onset of gait movement (ordinate) in the three tasks (a, gap task; b, no-gap task; ¢, overlap task). Soleus EMG-off latencies
(abscissa), reflecting the termination of conditioned posture, were significantly prolonged in all three tasks in Parkinson’s disease. In
contrast, EMG-on latencies (ordinate) remained within the normal range in the gap and no-gap tasks across all participants. Motor-on
latencies of heterogeneous coordinated movement were prolonged (ordinate) and correlated with EMG-off latencies associated with
postural termination in Parkinson’s disease. In (d, no-gap task), the mean values and standard deviations (SDs) of EMG-off/on latency
differences were reduced, resulting in smaller SDs in each participant group for all tasks.
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Gap, no-gap, overlap task Elderly PD II PDIII | PDIV ANOVA
n=15 n=10 n=15 |n=16
EMG-off
Gap task Mean 159.01 148.50 | 179.79 |209.26 F=6.7999
(msec) SD 40.95 29.27 32.51 37.94 P=0.0007
No-gap task Mean 165.91 180.48 | 213.49 |259.57 F=11.788
(msec) SD 37.24 34.39 54.35 52.93 P <0.0001
Overlap task Mean 207.03 221.09 |277.62 |345.75 F=21.4024
(msec) SD 49.59 31.77 47.30 60.84 P <0.0001
EMG-on
Gap task Mean 213.18 196.13 | 198.46 | 208.24 F=0.642
(msec) SD 40.23 34.86 31.36 37.03 P=0.592
No-gap task Mean 221.27 226.31 236.03 | 248.62 F=1.012
(msec) SD 39.15 33.33 54.03 51.02 P=0.834
Overlap task Mean 256.94 260.25 |299.00 | 343.09 F=9.7832
(msec) SD 53.71 30.04 39.96 53.05 P=0.0001
EMG-off/on difference
Gap task Mean 54.17 47.63 18.68 -1.01 F=60.623
(msec) SD 5.98 3.80 322 3.34 P <0.0001
No-gap task Mean 55.96 45.52 23.47 -6.45 F=57.831
(msec) SD 8.08 8.83 7.97 17.28 P <0.0001
Overlap task Mean 49.91 39.16 21.38 -2.95 F=63.0773
(msec) SD 7.10 3.35 2.83 2.94 P <0.0001
Motor-on
Gap task Mean 753.19 788.65 | 817.67 |919.67 F=5.1926
(msec) SD 90.94 108.39 | 133.41 123.51 P=0.0035
No-gap task Mean 778.47 866.55 | 891.84 | 1086.53 F=17.681
(msec) SD 107.35 147.39 | 155.65 |266.78 P=0.0002
Overlap task Mean 799.53 858.36 | 935.11 1158.59 F =20.6925
(msec) SD 92.30 157.98 |92.31 159.67 P <0.0001
The mean + standard deviation (SD) of electromyography (EMG)-off/on latency and EMG-oft/on latency
differences are summarized for the gap, no-gap, and overlap tasks and different participant groups. Hoehn
and Yahr stages II, III, and I'V of Parkinson’s disease (PD) show a significant difference (P < 0.0001)

Table 1: ANOVA analysis of EMG-off and -on latency, off/on difference, and motor-on latency in the gap, no-gap, and overlap

tasks

3.2. EMG-Off/On Latency and Heterogeneous Coordinated
Gait Movement

For the three different paradigms, we evaluated whether diffi-
culties in prolonged coordinated gait initiation in Parkinson’s
disease correlated with EMG-off or EMG-on latencies. Table 1
summarizes the mean values and SDs for the EMG-off/on laten-
cies, differences in EMG-off/on latency, and motor-on latencies in
heterogeneous coordinated gait movement. The data include re-
sponses from elderly controls and patients in advanced H-Y stages
of Parkinson’s disease. In all three tasks, patients with advanced
Parkinson’s disease exhibited prolonged soleus EMG-off laten-
cies, indicating delayed postural termination. However, visually
triggered EMG-on latencies of the tibialis anterior for volitional
gait initiation remained within the normal physiological range in

the gap and no-gap tasks but were prolonged in the overlap task.
Motor-on latencies for heterogenous coordinated gait movement
were prolonged in all three tasks.

Figure 2a-c shows correlations between posture termination EMG-
off latencies (abscissa) and both EMG-on latencies and motor-
on latencies of gait initiation (ordinate) across all participants,
including those with advanced Parkinson’s disease. Coordinated
motor-on latencies were prolonged in the three tasks and correlated
with EMG-off latencies (Fig. 2a-c). In the overlap task simulating
natural prolonged visual fixation, EMG-on and motor-on latencies
were notably prolonged and correlated with EMG-off latencies
(Fig. 2¢).
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Figure 2d illustrates the changes in soleus EMG-off latencies/SD  the small SDs of the EMG-off/on latency differences that the large
(red line) and tibialis anterior EMG-on latencies/SD (blue line) SD shown for each EMG-off/on latency of the antagonist/agonist
as the disease progressed, with a decreasing EMG-off/on latency represents the consistent interacting changes that occurred between
difference/SD observed across all stages and tasks. It is clear from EMG-off/on motor systems of the individual participants (Fig. 2d).
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Figure 3: Three-dimensional motor plan is correlated with the EMG-off/on latency difference and levodopa therapy. The mean value of
the three-dimensional bipedal locomotion ratio of step gain was defined as the bipedal motor plan, calculated by the ratio of the swing
phase to the corresponding contralateral stance phase as the step gain. (a) Bipedal motor plan levels correlate with EMG-off/on latency
differences across all participants. (b) (white circles): EMG-off/on latency difference levels were evaluated before and after L-DOPA
therapy; (b) (black triangles): EMG-off/on latency difference levels were reevaluated after one year of disease progression without
additional L-DOPA therapy. The two regression lines illustrate the relationship between L-DOPA therapy and disease progression. (¢, d)
Gait speed and step length correlate with EMG-off/on latency differences. (e, f) Gait speed and step length correlate with the step gain
of the motor plan levels in the reduced overall gait movement.
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No-gap task Elderly (15) | PDII (10) PDIII(15) |PDIV(16) | ANOVA
EMGe-off latency (msec) Mean 165.91 180.48 213.49 259.57 F=11.788
Soleus SD 37.24 34.39 54.35 52.93 P <0.0001
EMG-on latency (msec) Mean 221.27 226.31 236.03 248.62 F=1.012
Tibialis anterior SD 39.15 33.33 54.03 51.02 P=0.834
EMG-oft/on latency Mean 55.96 45.52 23.47 -10.95 F=57.831
difference (msec)

SD 8.08 8.83 7.97 23.25 P <0.0001
Motor-on latency (msec) Mean 778.47 866.55 891.84 1086.53 F=17.681

SD 107.35 147.39 155.65 266.78 P=0.0002
Swing phase (msec) Mean 355.34 335.87 283.29 234.94 F=57.831
(z-axis vector) SD 42.85 55.03 52.49 38.03 P <0.0001
Step gain Mean 0.60 0.56 0.44 0.36 F=36.725
(x-axis vector; z/y) SD 0.07 0.07 0.07 0.06 P <0.0001
Step length (cm) Mean 47.31 39.18 29.31 19.53 F =34.258

SD 8.36 7.45 9.16 6.66 P <0.0001
Speed (m/min) Mean 3.48 3.11 2.39 1.53 F=28.226

SD 0.86 0.60 0.66 0.54 P <0.0001
Initial backward body shift Mean 309.49 282.75 247.80 199.49 F =8.557
(msec)

SD 50.53 82.18 64.68 58.75 P <0.0001
ANOVA of the mean =+ SD of the EMG-off latency of the soleus muscle, EMG on-latency of the tibialis anterior muscle,
EMG-oft/on latency difference, motor-on latency, step gain (Fig. 4a), step length, gait speed, and IBS duration in an older
control participant (Elderly) and patients with H-Y stages II (PD II), Il (PD III), and IV (PD IV) of Parkinson’s disease.
EMG electromyography, F, F value; P, probability value, PD Parkinson’s disease, SD standard deviation

Table 2: ANOVA analysis of spatiotemporal parameters of gait bradykinesia in patients with Parkinson’s disease
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Visual cue-triggered gait transition from posture to bipedal locomotion
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Figure 4: Atypical short IBS switched posture to two-dimensional gait. In visually triggered gait, posture transitions to locomotion
through IBS, which links with the initial swing phase and corresponding changes in the x-/y-/z-axis of the motor plan. Ordinary IBS
durations (a, b) in conjunction with initial swing phase, EMG-off/on latency difference, and motor plan switch the posture to gait (c, d),
but short IBS durations cause difficult in switching the posture to gait in parkinsonian patients (f). In the vocal cue (go)-triggered task (e),
which lacks a visual fixation target, gait initiation is superimposed, illustrating the transition from primary posture to typical locomotion
in patients. In the vocal cue task (f), IBS is atypically short, producing an insufficient y-axis shift to properly elevate the leg along the
z-axis, resulting in two-dimensional bipedal locomotion with freezing of gait (FoG) primarily limited to the x/z-axis.

3.3. EMG-Off/On Latency Difference in the Gait Motor Plan
and L-DOPA Therapy

The small SD of the EMG-off/on latency difference (Table 1)
reflects a consistent relationship between EMG-off/on latency
motor systems in each patient. Figure 3a-d shows that EMG-off/
on latency differences correlate both with step gain in the bipedal
motor plan and with the motor plan of the small three-dimensional
locomotion bradykinesia of all 41 patients undergoing L-DOPA
therapy. In patients with advanced Parkinson’s disease, step gains
in the bipedal motor plan were below 0.4, whereas elderly controls
exhibited step gains of approximately 0.6. As shown in Fig. 3b,
the severity of bradykinesia was evaluated twice in 14 of the 41
patients, before and after L-DOPA therapy, in the no-gap task.
Figure 3b highlights data from seven patients (four with H-Y stage
IIT and three with stage IV) who recorded additional L-DOPA
therapy. Each arrow indicates changes in step gain before and after
one month of treatment.

Following L-DOPA therapy, these patients showed recovery
from bradykinesia. On average, EMG-oft/on latency differences
increased by 27.9 £ 7.6 ms, and step gain improved by 0.1 £ 0.08
(Fig. 3b). Symptom improvement corresponded with an average
L-DOPA dose increase of 81.4 +24.5 mg.

Figure 3b also includes data from another seven patients (four
with H-Y stage II and three with stage III) who did not receive
additional L-DOPA therapy. These patients were examined twice,
once before and once after more than one year. The closed triangles
and corresponding arrows indicate changes in their lessened step
gain over this period. In this group, the mean EMG-off/on latency
difference decreased by 35.9 £+ 18.1 ms, whereas step gain declined
by 0.09 £ 0.01. Their average L-DOPA dose was at 350 + 126 mg
without additional L-DOPA.

The clinical progression of Parkinson’s disease, as measured by
changes in the H-Y stage, was evaluated based on significant
differences (P < 0.05) in step gain at each stage of the motor plan.
The regression lines and correlation coefficients for the no-gap task
are presented in the inset of Figs. 3a-b. These regression analyses
highlight a strong relationship between L-DOPA therapy effects
and disease progression. In all 14 patients, changes in the bipedal
motor plan during bradykinesia were statistically correlated with
EMGe-off/on latency differences, L-DOPA therapy effects, and
deficiency levels (P < 0.0001).

Figure 3c-f and Table 2 show that the mean values of gait step
length and gait speed correlate with the step gain of the motor
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plan, which correlates with the progression of the disease stages.
EMGe-off/on latency difference represents the degree of abnormal
transition between the prolonged posture balance and the
subsequent gait movement in patients with Parkinson’s disease.
Figures 3d and f show that the slow gait speed in heterogeneous
coordinated movements was associated with abnormal transition
from the prolonged preceding movement/posture to subsequent
gait across all participants. Across Fig. 3a-f, the mean EMG-off/
on latency differences were closely correlated with the sequential
bipedal motor plan, step length, and gait speed, further emphasizing
the functional link between L-DOPA therapy and deficiency.

3.4. IBS and Initial Swing Phase Switching from Posture to
Gait Transition

In the visually triggered gait task, posture balance switched to gait
through IBS, linking with the initial swing phase (z-axis) of three-
dimensional bipedal locomotion in all participants. Durations of
IBS were correlated with EMG-off/on latency differences that
correlated with EMG-off latency of posture termination, which were
also closely associated with visual target fixation disengagement
of EMG-off latency (Fig. 4a, b). The IBS durations were more
than 100 ms. The initial swing phases (z-axis) were correlated
with EMG-off/on latency differences in gait initiation, which were
closely associated with execution of the three-dimensional bipedal
locomotion motor plan.

A simple vocal cue (go) without fixation engagement/
disengagement triggered bipedal locomotion commonly via a
short IBS (y-axis), linking with the initial swing phase (z-axis) in
the patients with Parkinson’s disease (Fig. 4¢). In the simple vocal
cue task, the patients occasionally had difficulty in terminating the
preceding posture balance via the atypical short IBS as FoG, which
was compensated by a normal IBS in the following volitional
motor onset (Fig. 4f). On the force plate, an atypical short y-axis
of the short IBS altered the posture balance to the two-dimensional
x/z axis of the two-dimensional bipedal movements as FoG (Fig.
4f, inset figure). The atypically short IBS durations were less than
100 ms. In the vocal cue task, this form of FoG occurred in three
of 18 trials in one patient, and FoG was observed once each in
seven of 21 patients with advanced Parkinson’s disease. In the
consistent three visual target tasks (gap, no-gap, and overlap tasks)
with typical IBS, FoG was not observed in this study.

4. Discussion

Parkinson’s disease is characterized by a slow, shuffling gait, short
steps, and various clinical symptoms as difficulty in initiating
volitional gait. Furthermore, difficulties in gait initiation of
Parkinson’s disease are generally more conspicuous when executing
coordinated volitional movements compared to simple ones and
when performing complex conditioned tasks rather than simpler
ones [30,3]. However, these differences are not always significant
when comparing patients with Parkinson’s disease to age-matched
controls. Evarts et al. emphasized the need for carefully designed
studies that consider multiple movement-related factors [6]. In this
study, we investigated whether difficulties in initiating the three-
dimensional coordinated gait movement in Parkinson’s disease

stems from impaired termination of the preceding posture or
impaired initiation of new movement.

4.1. Prolonged Posture EMG-Off Latency and Three-
Dimensional Gait Bradykinesia

Gait bradykinesia in Parkinson’s disease was characterized by
difficulty in terminating the preceding sensorimotor program,
as described in our previous study [31]. In the present study, we
assessed changes in three-dimensional bipedal motor transitions
and EMG activities from the fixating posture to gait, which were
switched by objective visual conditioning/test stimuli (Fig. 1).

A key finding was the significant prolongation of EMG-off
latencies of posture in all three tasks, indicating the important
role in terminating the visually fixating posture in patients with
Parkinson’s disease (Fig. 2).

Characteristic results of gait bradykinesia in Parkinson’s
disease were that the prolonged reaction times of heterogeneous
coordinated gait movement are consistently involved in the
termination of preceding postures.

However, EMG-on latencies for gait initiation remained within the
physiological range in the gap and no-gap tasks but not the overlap
task. In the overlap task, for which the visual fixation target
presentation was extended by 200 ms, the overlap visual cue test
stimulus prolonged both EMG-on and heterogeneous gait reaction
times, correlating with the prolonged fixation target and EMG-
off latencies. The characteristic results of gait onset triggered by
the visual cue test stimulus in Parkinson’s disease were that the
delayed motor reaction times and EMG-on latencies are involved
in the termination of preceding postures and visual fixation target
engagement and that they correlate with preceding posture EMG-
off latencies consistently in all three tasks.

Poizner et al. found that in Parkinson’s disease, vision-dependent,
arm-trunk-coordinated reaching movements involved prolonged
intervals between successive motions [42]. Our results also
supported the idea that delayed initiation of three-dimensional,
heterogeneous movements is linked to prolonged EMG-off
latencies reflected as the difficulty in terminating prior posture
balance and disengaging from the visual fixation. These findings
suggested that the prolonged reaction times in gait initiation may
stem from difficulty in releasing visual fixation on environmental
targets, such as doorways or narrow passages, which contributes
to impairments in gait initiation as the difficulty in terminating the
visual fixation in patients with Parkinson’s disease. The essential
quality of delayed gait bradykinesia as EMG-off latency in
Parkinson’s disease indicated that the delay in volitional movement
impairment is related not only to difficulty in terminating the
primary posture balance but also to difficulty in disengaging from
visually fixating circumstances.

4.2. EMG-Oft/On Latency Differences, Motor Planning, and
Dopamine Therapy
Clinical studies in Parkinson’s disease indicated that the slow gait
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speed of bradykinesia is involved in unsynchronized EMG-off/on
latency differences between antagonist and agonist leg muscles
[29]. A key finding in the parkinsonian patients of the present study
was the significant prolongation of EMG-off latencies, whereas
EMGe-on latency remained within the normal physiological range
in the gap and no-gap tasks. In the healthy control individuals,
the mean value between the EMG-off/on latency differences of the
normal set synchronization motor plan was 55.9 ms in the no-gap
task.

In contrast, the values of the unsynchronized EMG-off/on latency
differences of the motor plan in Parkinson’s disease were below
45.5 ms or were negative, reflecting difficulty in terminating the
preceding movement/posture associating with prolonged EMG-
off latencies (Fig. 4a). The present study, however, has shown
that EMG-off/on latency differences of overall motor plans are
involved in the consistent interaction between the preceding
movement/posture and gait from the small SDs of the EMG-off/
on latency differences in contrast to the large SD shown in each
EMGe-off and on latency (Fig. 2d, Table 1).

These EMG-oft/on latency differences were also linked to the
three-dimensional bipedal motor plan and correlated with gait
speed and step length of bradykinesia in the parkinsonian patients
with L-DOPA therapy (Fig. 3). Accordingly, this study showed
that the values between EMG-off/on latency differences of the
motor plan were associated with the degree of L-DOPA therapy
and deficiency during disease progression.

DeLong proposed that the switching activity imbalance model
interacting between direct and indirect pathways changes the mean
firing rate of the basal ganglia output by dopamine depletion [33].
Our results suggested that L-DOPA deficiency and therapy are
involved in sequential motor function in gait bradykinesia. Recent
neurophysiological studies have indicated that globus pallidus pars
interna (GPi)/substantia nigra pars reticulata (SNr) neurons in the
basal ganglia not only control motor programs but also facilitate
transitions between sequential sensorimotor processes through the
direct, indirect, and hyperdirect pathways [34-38].

Recent studies also suggested that the hyperdirect and indirect
pathways regulate motor program selection by suppressing
competing or irrelevant motor programs, and the direct
pathway facilitates the release of the selected motor program in
sequential sensorimotor processing [35,37,31]. Accordingly, it is
hypothesized that the hyperdirect and indirect pathways contribute
to termination of the overall competing coordinated movement
or preceding movement/posture as EMG-off latency. Meanwhile,
the direct pathway inhibits GPi/SNr neurons leading to the
disinhibition of thalamic neurons, thereby facilitating the initiation
of the selected motor program, as indicated by EMG-on latency
[39,17,35,37,40,31].

An important finding in preceding studies in the association of
sensorimotor processes with the clinical grade of Parkinson’s
disecase was that EMG-on latency plays a role in the three-

dimensional motor plan of bradykinesia and changes to the
sequential transitions of postural muscle tone and locomotion
through the basal ganglia brainstem systems [19,41].

The present study has shown that EMG-oft/on latency differences
of overall motor plans are involved in the consistent sequential
interaction between the preceding movement/posture and multiple
motor systems, which is involved in either posture termination
or gait initiation through the cerebral cortex and basal ganglia
brainstem systems. The deterioration of EMG-off/on latency
differences of the three-dimensional motor plan was represented at
a later stage of bradykinesia and was demonstrated by a prolonged
EMGe-off latency, indicating the difficulty in terminating preceding
coordinated movements or postures in all three tasks at advanced
disease stages.

4.3. Termination Difficulty of the Posture in Sequential Three-
Dimensional Gait Bradykinesia

Parkinson noted that walking often requires considerable effort and
attention to raise the legs properly in the patients [42]. Moreover,
difficulty and effortful attempts to raise the legs (z-axis) to avoid
the sensation of being “glued” to the floor have been described as
FoG or gait festination [42-45]. Furthermore, in the simple vocal
cue task without a visual target, patients with Parkinson’s disease
had to struggle occasionally in efforts to lift their leg up (z-axis)
from the floor as FoG when switching to the gait with an atypical
short y-axis IBS. However, in association with typical y-axis IBS
in the consistent three visual tasks, FoG was not observed in this
study.

In visually triggered three-dimensional gait bradykinesia, the
duration of IBS (y-axis) switching was commonly more than 100
ms (Fig. 4b). In the simple vocal cue task, FoG was occasionally
found in association with a short IBS of less than 100 ms, but
sometimes, the atypical short y-axis IBS changed to a transition
from the preceding movement/posture to the two-dimensional x/z-
axis as FoG (Fig. 4f).

However, a volitional backward heel kick in the y-axis has been
shown to terminate the posture. This suggested that the prolonged
reaction times in gait initiation may stem from balance and serve
as a compensatory motor strategy for FoG in Parkinson’s disease
[29]. These findings and our results suggested that FoG is not
only associated with difficulty in lifting the foot (z-axis) but also
difficulty in terminating the preceding movement/posture via
an atypical short y-axis IBS in the initiation of sequential three-
dimensional gait bradykinesia in Parkinson’s disease.

Basmajian described human gait onset as consisting of two phases:
(1) the stance phase, which begins when the heel strikes the ground,
and (2) the swing phase, which begins with toe-off (i.e., when the
toes push off the ground) [15,14]. In addition, Thatch suggested
that bradykinesia reflects a deficiency in the ability to switch
between sequential motor programs within an overall motor plan
involving different motor systems in Parkinson’s disease [46].
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However, Marsden and Rothwell proposed a mechanism for
the automatic sequence of motor programs by which the basal
ganglia associate with the supplementary motor area to regulate
smooth automatic sequential movement between the extremities
and trunk controlling the posture as a complex clinical symptom
in Parkinson’s disease [47]. The following studies, furthermore,
suggested that the volitional switching process involving the
cerebral cortex and the basal ganglia plays an important role in
smoothing the sequential transition from a preceding posture
balance to three-dimensional bipedal locomotion via the switching
body shift of y-axis IBS and the initial swing phase in Parkinson’s
disease [17,40,48].

In the present study, the difficulty in initiating the three-dimensional
sequential movement in Parkinson’s disease was influenced by the
termination of natural visual context, L-DOPA deficiency/therapy,
and y-axis IBS. Furthermore, we found it important to evaluate
the gait bradykinesia and FoG of the three-dimensional bipedal
locomotion, which are involved in the difficulty of a smooth
automatic sequence via y-axis IBS terminating the preceding
movement/posture. These factors were involved in the termination
difficulty of the natural visual context, L-DOPA deficiency,
and short y-axis IBS as the motor plan for reduced overall gait
movement (comprising slow speed, short steps, and low amplitude
of movement) in the bradykinesia framework.

5. Conclusion

The present study has shown that the primary issue in volitional
gait initiation is not the difficulty in initiating a new movement,
but rather the difficulty in terminating the preceding movement/
posture and visual context in Parkinson’s disease. Electrodiagnostic
assessments comparing difficulty in initiating gait revealed
that prolonged EMG-off latency, IBS, and EMG-off/on latency
differences in the three-dimensional motor plan as indicators of
difficulty in termination of posture contributed best to an objective
appraisal of gait bradykinesia and its response to L-DOPA therapy/
deficiency in patients with Parkinson’s disease [49-52].
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