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Abstract
Gait initiation is a transitional task involving a voluntary shift from a static, stable position to a
relatively less-stable state of locomotion. During gait initiation, anticipatory postural adjustments
precede stepping in order to generate forward momentum while balance is maintained. While
deficits in gait initiation are frequently reported for persons with Parkinson’s disease, there is a
paucity of information regarding gait initiation performance in persons with Essential Tremor. We
investigated anticipatory postural adjustments and spatiotemporal characteristics of gait initiation
in persons with Essential Tremor and compared them to persons with Parkinson’s disease as well
as age-matched neurologically-healthy adults. Twenty-four persons with Essential Tremor, 31
persons with Parkinson’s disease, and 38 age-matched controls participated. We compared
anterior-posterior and mediolateral center of pressure movements and spatiotemporal stepping
characteristics during gait initiation among the three groups using Mann-Whitney U-tests with
Bonferroni corrections for multiple comparisons and one-way ANOVAs. Persons with
Parkinson’s disease demonstrated significantly reduced displacement and velocity of the center of
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pressure during early phases of anticipatory postural adjustments relative to controls.
Displacement of the center of pressure was also reduced in persons with Essential Tremor,
although at a later stage of the gait initiation process. Persons with Parkinson’s disease and
Essential Tremor demonstrated similar reductions in step length during gait initiation when
compared to controls. Persons with Parkinson’s disease and Essential Tremor exhibit different
deficits in gait initiation when compared to healthy older adults. Therefore, this study provides
further evidence differentiating motor control features in these movement disorders.

Keywords
gait initiation; Parkinson’s disease; Essential Tremor; anticipatory postural adjustments; motor
control

Introduction
Gait initiation (GI) is a complex transitional locomotor task which requires a shift from a
static, stable state to a relatively less stable, dynamic state of motion. GI is a challenging
task that demands balance and postural control due to a decreasing base of support from a
two leg stance to an alternating single leg stance. This is a very destabilizing period of the
locomotor process, as the center of pressure (COP) separates from the center of mass (COM)
and highly specific postural shifts occur to allow the body to begin forward motion1.
Anticipatory postural adjustments (APAs) precede stepping during GI as a process necessary
to generate momentum for efficient forward motion while the body is balanced between the
two feet. Indeed, failure to generate sufficient forward momentum during GI has been
shown to lead to overall poorer GI performance, as evidenced by decreased step length and
decreased step velocity2.

During quiet stance, movements of the COP and COM are relatively coupled. However, as
gait is initiated, APAs function to shift the COP postero-laterally toward the stepping limb
while the COM moves anteriorly and towards the stance limb. Because GI requires dynamic
postural control to separate the COP from the COM, the outputs of the APAs (COP and
COM movements) have been used as investigative tools to evaluate dynamic postural
instability3. Indeed, previous research on APAs has suggested that COP excursions during
GI are diminished in pathological populations at increased risk of falling 2,4,5,6.

Parkinson’s disease (PD) is characterized by motor signs resulting from a degenerative loss
of dopaminergic neurons in the substantia nigra as well as multiple motor and non-motor
regions of basal ganglia2. The basal ganglia are understood to be essential in planning and
initiating movement, and consequently the APAs have been shown to be diminished in
persons with PD when initiating gait2,4,5. Further, previous research has demonstrated that
persons with PD exhibit deficits in postural control and momentum generation during GI as
evidenced by reduction of APA magnitude and restriction of the COP/COM separation
when compared to their neurologically-healthy peers3,4.

Essential Tremor (ET) is a neurodegenerative movement disorder which is characterized by
an involuntary shaking predominantly in the hands, forearms, and head/neck. The typical
tremor is postural/action, but can be present at rest. While static postural control appears to
remain relatively intact7, recent research has begun to describe a variety of locomotor
deficits in ET. Earhart and colleagues recently reported decreases in cadence and walking
speed in persons with severe ET, which were accompanied by impairment in dynamic
stability as evidenced by reduction in double support time when compared to controls8.
Moreover, persons with relatively advanced ET also demonstrated cerebellar-like deficits in
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dynamic stability during tandem walking tasks9. Locomotor deficits in this population have
also been described more generally in a clinical setting, as a group of persons with ET
composed of persons with varying degrees of severity demonstrated reduced performance on
clinical measures of functional mobility whereas static balance control was unaffected10.
Despite the breadth of information regarding the effects of ET on gait, mobility, and static
postural control, little is known about the effects of ET on dynamic postural control during
transitional locomotor periods such as GI. These periods are vitally important phases of
locomotion, as it is during transitional periods when older adults are most susceptible to
falling11.

Therefore, the purpose of this study was to investigate APAs and spatiotemporal
characteristics of GI in persons with ET. We compared these features of GI among persons
with ET, PD, and neurologically-healthy older adults. As dynamic stability and gait deficits
seem to be evident in persons with relatively severe ET and somewhat similar to those seen
in persons with mild-to-moderate PD, we hypothesize that persons with ET will demonstrate
GI deficits which are similar to but potentially less severe than those seen in persons with
PD, as severe GI deficits are not commonly reported in clinical settings in ET (as is often the
case in PD). ET and PD are often quite similar phenotypically, as ET is one of the most
common movement disorders in the adult population, and yet approximately 30–50% of
persons with ET are misdiagnosed with PD or other tremor disorders12. Thus, in this study,
we aimed to further the understanding of differential motor control deficits between PD and
ET.

Methods
Twenty-four participants with Essential Tremor (mean age ± SD: 68 ± 6 y, mean height: 171
± 9 cm, mean body mass ± SD: 93 ± 21 kg, mean Fahn-Tolosa-Marin Tremor Rating Scale
(TRS) 13 Motor (subscores 1–14) score ± SD: 35 ± 12, mean TRS Activities of Daily Living
(subscores 15–21) score ± SD: 14 ± 5, mean TRS Total score ± SD: 49 ± 16) were referred
from the Center for Movement Disorders and Neurorestoration at the University of Florida.
ET participants were evaluated and diagnosed with ET by a movement disorder neurologist
and were optimally treated prior to testing. Thirty-one participants with idiopathic PD (mean
age ± SD: 68 ± 7 y, mean height ± SD: 170 ± 6 cm, mean body mass ± SD: 82 ± 15 kg,
mean Unified Parkinson’s Disease Rating Scale (UPDRS)14 Motor score ± SD: 25 ± 7) were
also recruited from the clinic and from the university community. PD participants were
evaluated and diagnosis of PD was confirmed by a movement disorder neurologist using the
UK Brain Bank criteria15. All PD and ET participants were tested at their self-reported best
medicated state. Eight of the ET participants were taking either a beta-adrenergic antagonist,
an anticonvulsant, or both while the remaining 16 ET participants were not taking any
medication specifically intended to reduce tremor. All participants with PD were being
treated with levodopa and, in some cases, a dopamine agonist. Thirty-eight healthy older
adults (HOA; mean age ± SD: 68 ± 5 y, mean height ± SD: 167 ± 12 cm, mean body mass ±
SD: 79 ± 14 kg) volunteered and were screened for neurological and musculoskeletal
impairment. The HOA were enrolled from the university and the neighboring community.
Before participation in the study, all subjects signed a written informed consent that was
approved by the University’s Institutional Review Board.

Participants began each experimental trial standing barefoot with both feet on one force-
plate (Bertec Corporation, Columbus, OH). Upon a verbal instruction of “ready”, the
participants were asked to pause for several moments before volitionally initiating gait along
a 12-meter walkway at their own comfortable pace. Participants were given preference in
the placement and position of their feet on the force-plate, which were then restricted to that
particular position for the remainder of the trials. Participants performed three GI trials with
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the same self-selected leg. The walkway was surrounded by an 8-camera optical motion
capture system (120 Hz; Vicon Nexus, Lake Forrest, CA). Passive, retroreflective markers
were placed bilaterally over the second metatarsal head, lateral malleolus, and calcaneus.
Gait events (heel-offs, heel-strikes, and toe-offs) were manually labeled in Vicon Nexus
based on individual marker trajectories.

We measured COP displacements and velocities during GI by assessing the pattern of COP
movement using custom-written MATLAB software (MathWorks, Natick, MA). We
manually distinguished two events during GI that separate the COP trace into three distinct
phases as described previously16 (Figure 1). Briefly, the S1 phase begins with the onset of
the lateral, posterior shift of the COP and ends with the COP positioned at the most lateral
and posterior position relative to the initial stepping limb (swing limb – SW limb). The
beginning of the S2 phase is defined as the onset of a lateral shift of the COP in the opposite
direction toward the contralateral limb (stance limb – ST limb), and ends when the COP is in
its most lateral and posterior position under the ST limb. The S3 phase is defined as the
forward translation of the COP trace under the ST limb until the instance prior to heel strike
of SW limb. Displacement and velocity of the COP was calculated in the anterior-posterior
(AP) and mediolateral (ML) directions during the S1, S2, and S3 phases of GI.

We also measured spatiotemporal gait parameters during GI including: a) the length of the
first SW limb step, which was defined as the displacement of the heel marker from static
position to first heel-strike; b) time of the first SW limb step, defined as the time between
the first heel-off and first heel-strike of the SW limb; and c) the velocity of the first SW
limb, which was measured as the SW step length divided by SW step time. Step length, step
time, and step velocity were also measured for the first ST limb step using similar methods.
Thus, we ultimately calculated the following outcome measures: SW and ST step length,
SW and ST step time, and SW and ST step velocity.

Analysis
As the distribution of all COP variables violated assumptions of normality, mean differences
for all COP variables were compared among the HOA, ET, and PD groups using Mann-
Whitney U-tests with Bonferroni corrections for multiple comparisons. One-way ANOVAs
were conducted to compare age, mass, height, initial stance width, and mean spatiotemporal
variables among groups. Level of significance was set at α=.05 for both the Mann-Whitney
U-tests (prior to Bonferroni correction) and the one-way ANOVAs.

Results
There were no significant differences in age, height, or initial stance width among groups.
The ET group had significantly more body mass than PD and HOA.

Mean COP trajectories during GI for ET, PD, and HOA are shown in Figure 2. Persons with
ET had a significantly diminished S3 AP displacement when compared to HOA (mean ±
SD: 7.15 ± 3.13 cm vs. 9.07 ± 2.58 cm, p= 0.012). Persons with PD had a significantly
diminished S1 AP displacement (1.77 ± 1.17 vs. 3.07 ± 1.62 cm, p< 0.001), S1 ML
displacement (1.56 ± 1.07 vs. 2.44 ± 1.14 cm, p= 0.001), S2 ML displacement (9.75 ± 2.40
vs. 11.25 ± 2.13 cm, p= 0.012), and S1 AP velocity (5.14 ± 2.92 vs. 10.35 ± 6.57 cm/s, p <
0.001) when compared to HOA. When comparing persons with ET to those with PD, PD
participants had significantly decreased S1 AP (5.14 ± 2.92 vs. 10.52 ± 9.49 cm/s, p= 0.004)
and S1 ML (4.36 ± 2.91 vs. 9.31 ± 6.38 cm/s. p= 0.001) velocities than those with ET
(Figure 3).
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Persons with ET had a significantly diminished SW step length (0.47 ± 0.08 vs. 0.54 ± 0.09
m, p=.018) and ST step length (0.98 ± 0.18 vs. 1.11 ± 0.15 m, p=.024) when compared to
HOAs. Persons with PD had a significantly diminished SW step length (0.47 ± 0.11 vs. 0.54
± 0.09 m, p= .014), ST step length (0.98 ± 0.20 vs. 1.11 ± 0.15 m, p=.007), and SW step
velocity (0.95 ± 0.26 vs. 1.04 ± 0.59 m/s, p=.010) when compared to HOAs. There were no
significant differences in any spatiotemporal GI measures when comparing persons with ET
to those with PD (Figure 4).

Discussion
The ability to effectively utilize APAs is essential for maximizing forward momentum
generation during GI. While previous research has described gait and static postural control
in ET, this is the first study to assess the effects of ET on dynamic postural control
mechanisms underlying GI and subsequent spatiotemporal parameters of initial stepping.
Further, this study compared dynamic postural control in persons with ET and PD which are
two movement disorders with some motor and non-motor feature overlap17. We observed
that persons with ET had diminished forward movement of the COP under the stance limb
as the swing leg moved out and in front in preparation for ground contact. Moreover,
persons with ET took shorter steps in comparison to healthy older adults. We also observed
that movement of the COP during the APA period was significantly slower in both the
forward and lateral (towards the swing limb) directions in persons with PD when compared
to persons with ET; however, the magnitude of the movement was similar. Though the
observed COP patterns were altered in different ways in persons with PD and ET, similar
impairments in stepping during GI were observed between the two groups relative to
controls.

The initial posterolateral shift in the COP during GI serves two primary purposes: the COP
shifts posteriorly to help generate forward momentum and laterally toward the swing limb to
propel the COM toward the stance limb18. Persons with PD have previously been shown to
reduce the magnitude of this posterolateral shift3, presumably to decrease the distance
between the COP and COM during GI3. The S3 phase is typically unaffected in PD, as it has
been suggested that COP velocity during S3 may actually be increased in PD in an attempt
to recover some of the forward momentum dissipated during the diminished S1 phase19. In
sum, these kinetic patterns have been found to result in slower, shorter steps; indeed, the
results of the current study are similar in magnitude to previously-published results in PD
and HOA2 and generally support these findings. On the contrary, the diminished AP shift
during S3 in persons with ET may be a compensatory mechanism to increase stability by
reducing the forward movement of the COP while in single support on the stance limb. The
results of this study show that this has significant functional implications, as the reduction in
AP movement of the COP during S3 accompanied shorter steps in ET compared to HOA.

GI disturbances in persons with PD may result from dysfunction of basal ganglia regions
and supplementary motor area as well as ascending and descending projections derived from
the pedunculopontine nucleus (PPN). The basal ganglia are important in early motor
planning and execution, and research has shown strong correlations between degeneration of
dopaminergic neurons within the substantia nigra and the clinical manifestation of PD20.
However, since dopaminergic treatment does not completely resolve PD motor deficits21,
the PPN likely plays a role in locomotor difficulties in PD22. Indeed, it has been observed in
animal models that the PPN exerts a modulatory influence over basal ganglia activity during
GI23,24,25. These mechanisms in humans, however, are beyond the scope of the current
study and should be investigated in future GI research.

Fernandez et al. Page 5

Gait Posture. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Our results suggest that persons with ET also exhibit GI disturbances despite documented
lesser dopaminergic dysfunction when compared to PD26. Though the basal ganglia remain
relatively unaffected, previous research has shown that the cerebellum and brainstem are
affected in ET27, 28. While there is mounting evidence that these two structures play an
important role in ET etiology, the precise functional, biochemical, or morphological cause is
still unknown and highly controversial27,29,30. The implication of cerebellar dysfunction in
ET has been supported by the manifestation of a multitude of typical cerebellar spectrum
motor deficits in persons with ET, such as tandem walking difficulties, gait ataxia, and
intention tremor9,31,32. Further, while the cerebellum has primarily been thought to
influence movement coordination and adaptation33, several other studies have indeed
reported implications of the cerebellum in various movement initiation tasks34,35. For
instance, GI deficits have also been previously observed in persons with cerebellar disease.
Timmann and Horak found that persons with cerebellar ataxia maintained temporal control
of APAs, but initiated gait with shorter, slower steps33. Indeed, these results are very similar
to our findings in ET, which further suggest similarities in motor control patterns between
persons with ET and those with cerebellar deficits. Timmann and Horak also noted the
similarity of GI performance in cerebellar patients to persons with PD, and they postulated
that the short and slow steps observed in cerebellar patients may have resulted as a
compensatory mechanism for gait ataxia, as opposed to the centrally-induced bradykinesia
observed in PD33. As previously mentioned, our findings support this idea in that the
diminished S3 displacement in ET may be compensatory for instability during single
support whereas the diminished S1 phase in PD likely serves reduce COM movement. We
suggest that this may also be the case in persons with ET affected by ataxia32,36, although
steady-state gait analysis was beyond the scope of this study.

Limitations
Eight participants with ET were taking ET related medication at the time of testing, while
the remaining subjects were not taking medication. Medications to treat ET are not entirely
effective in eliminating the symptoms, and many persons with ET do not significantly
benefit32,36. Indeed, results Mann-Whitney U-tests for the COP variables and independent
samples t-tests for the spatiotemporal variables did not indicate significant differences in any
GI measures between the ET participants taking medication and those not taking medication
included in this study. Our sample of persons with ET is composed largely of persons with
relatively severe ET while our population of persons with PD is comprised mostly of
persons with mild-to-moderate PD. Accordingly, further research should focus on the
pathophysiological underpinnings which contribute to the GI deficits observed between the
two groups for a better understanding of how and why each disease affects GI. Another
limitation was that we were unable to calculate COP-COM characteristics due to lack of full
body marker placement during the trials. All GI trials were performed at self-selected speeds
with self-selected positioning of the feet, and thus the ability of persons with ET and PD to
modulate speed of GI and effects of wide versus narrow initial stances were not investigated.

Conclusion
GI is a complex transitory phase that challenges dynamic and postural stability and balance.
In this study, we investigated APA and spatiotemporal features of GI in persons with PD,
ET, and age-matched healthy controls. We found that APA and spatiotemporal parameters
were affected in both the ET and PD groups, as both persons with ET and PD took shorter
steps and demonstrated reduced APAs when compared to healthy older controls. Through
kinetic and kinematic analysis, this study suggests that APA deficits not only exist during GI
in persons with PD, as previously understood, but also affect persons with ET.
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Highligts

1. We compare gait initiation in Parkinson’s disease, Essential Tremor, and
controls.

2. Gait initiation is impaired in both Parkinson’s disease and Essential Tremor.

3. Impairments differ between Parkinson’s disease and Essential Tremor.

4. These differences may provide insight into pathophysiology of Essential
Tremor.
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Figure 1.
A representative center of pressure movement pattern indicating the S1, S2, and S3 phases
during gait initiation in a healthy older adult.
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Figure 2.
Mean center of pressure movement patterns during gait initiation in persons with Essential
Tremor (ET), Parkinson’s disease (PD), and healthy older adults (HOA).
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Figure 3.
Center of pressure displacements (A) and velocities (B) during the S1, S2 and S3 phases of
gait initiation in healthy older adults (HOA), persons with Parkinson’s disease (PD), and
persons with Essential Tremor (ET). AP, anterior-posterior; ML, mediolateral. Error bars
indicate standard error.
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Figure 4.
Swing (SW - A, B, C) and stance (ST - D, E, F) limb step length, step time, and step
velocity during gait initiation in healthy older adults (HOA), persons with Parkinson’s
disease (PD), and persons with Essential Tremor (ET). Error bars indicate standard error.
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