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Abstract
Balance and gait impairments characterize progression of Parkinson’s disease (PD), predict fall
risk, and are important contributors to reduced quality of life. Advances in technology of small,
body-worn inertial sensors have made it possible to develop quick, objective measures of balance
and gait impairments in the clinic for research trials and clinical practice. Objective balance and
gait metrics may eventually provide useful biomarkers for PD. In fact, objective balance and gait
measures are already being used as surrogate end-points for demonstrating clinical efficacy of new
treatments, in place of counting falls from diaries, using stop-watch measures of gait speed, or
clinical balance rating scales. This review summarizes the types of objective measures available
from body-worn sensors. We organize the metrics based on the neural control system for mobility
affected by PD: postural stability in stance, postural responses, gait initiation, gait (temporal-
spatial lower and upper body coordination and dynamic equilibrium), postural transitions, and
freezing of gait. However, the explosion of metrics derived by wearable sensors during prescribed
balance and gait tasks that are abnormal in people with PD do not yet qualify as behavioral
biomarkers because many balance and gait impairments observed in PD are not specific to the
disease, nor shown to be related to specific pathophysiologic biomarkers. In the future, the most
useful balance and gait biomarkers for PD will be those that are sensitive and specific for early PD
and related to the underlying disease process.
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Introduction
Balance and gait disorders in PD

The biological control of balance and gait has particular relevance for PD because mobility
disability is an inevitable consequence of the disease and one of the most important
mediators of quality of life (1). Balance refers to control of the body center of mass during
daily activities such as standing, getting out of a chair, turning, as well as recovering
equilibrium in response to external postural perturbations (2). Gait is the result of control of
locomotion (progression of the body with rhythmical coordination of all 4 limbs) combined
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with control of dynamic equilibrium (ie; balance while moving) of the body center of mass
(3). Functional mobility requires quick, flexible changes in balance and gait strategies with
changing conditions and demands, and this agility aspect of balance and gait control is
affected by PD, as well many aspects of balance and gait (4). Although there is an
exponentially increasing literature quantifying balance and gait disorders in PD, these
measures have rarely been used as biomarkers for clinical studies or clinical practice (5).

Why do we need balance and gait biomarkers?
Biomarkers are characteristics that can be measured as an indicator of a biological process.
Biomarkers serve several important purposes: 1) to provide surrogate end-points for
demonstrating clinical efficacy of new treatments, such as neuroprotective therapies; 2) help
stratify heterogeneous PD phenotypes and 3) help diagnose symptomatic and pre-
symptomatic disease (6). The best biomarkers are linked to fundamental features of PD
neuropathology, are able to monitor disease status, are correlated to clinical disease
progression, and may be sensitive to preclinical disease. An ideal biomarker of
neurodegeneration should be inexpensive, non-invasive, simple to use and scientifically
sound (e.g. valid, reliable, and sensitive to change) (6).

Balance and gait biomarkers are potentially valuable as surrogate end-points to reduce the
size and length of clinical trials focused on mobility. Currently, these trials depend primarily
upon rating scales like the Unified Parkinson’s Disease Rating Scale; infrequent events, such
as falls; or upon subjective reports, such as diaries or questionnaires, to determine changes
in mobility. Objective balance and gait biomarkers could also be helpful in clinical practice
to monitor effects of interventions and prognosis. Biomarkers of balance control could be
especially useful to monitor non-dopaminergic degeneration in PD because several types of
balance control may not improve, or may even worsen, with levodopa or deep brain
stimulation (7–9).

Wearable technology and Biomarkers
To be useful for clinicians, objective measures of balance and gait need to be available
outside the laboratory and recent advances in body-worn sensors have recently made this
portability possible. Laboratory tests of gait and balance involve expensive, highly technical,
non-portable equipment such as video-based motion analysis systems and force plates that
are not practical for clinical environments or for multisite clinical trials. Laboratory data
analysis is also quite time-consuming and labor intensive so it is not practical for large,
clinical trials. Gait mats that can be rolled out on a corridor solve the problem of automatic,
quick analysis of gait but their bulkiness, expense, and lack of upper body measurement
makes them impractical and/or insensitive to balance disorders and early markers of PD (10,
11). Recently, body-worn sensors consisting of accelerometers, gyroscopes, footswitches
and/or insole pressure sensors can quickly and inexpensively provide accurate measures of
balance and gait for clinical environments. (12–15).

Objective metrics have been developed to target different types of balance and gait
impairments affecting a variety of neural control systems associated with PD. Table 1
summarizes the most common balance and gait kinematic metrics from body-worn sensors
during prescribed motor tasks. Each of the metrics in Table 1 were first shown to be
sensitive to PD in laboratory studies using 3-D motion analysis, forceplates, EMG and other
time-consuming approaches impractical for clinical biomarkers. Recent technological
advances in portable, body-worn sensors have provided the infrastructure to translate these
metrics into balance and gait biomarkers practical for large numbers of patients in busy
clinics (16).
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This review will summarize how new, wearable technologies can provide valuable,
objective measures of PD balance and gait disorders from Table 1, as candidates for
behavioral biomarkers in clinical trials and clinical practice. We also suggest how potential
balance and gait biomarkers should be validated to understand their uses and limitations.

I. Postural Sway in Stance—Postural sway is a sensitive measure of the complex
sensorimotor control loop responsible for control of standing balance so it provides an
excellent measure of postural instability (17, 18). Postural sway can be characterized by
several, independent metrics: area, velocity, frequency, and jerk (19, 20). Sway area,
velocity and frequency are larger in elderly people prone to falls compared to a younger
population or elderly with no falls (21–23). Traditionally, postural sway has been measured
with a forceplate under the feet, but recently, small 2-axis accelerometers attached to the
pelvis, near the body center of mass, have been used to provide similar information about
body sway (24–27). The use of accelerometers to measure body sway makes it practical for
clinical and even home environments.

Figure 1 shows postural sway measured with an accelerometer on the pelvis. One of the
most discriminative measures between untreated PD and healthy-matched controls has been
found to be jerk of postural sway (e.g.; derivative of trunk acceleration). y Postural sway
during quiet stance with eyes open is less smooth in patients with untreated mild-to-
moderate PD who have never taken levodopa compared to controls (28). Untreated PD also
showed a higher sway dispersion (measured by RMS of trunk acceleration) and mean sway
velocity compared to controls (24). In addition, a recent study suggested that abnormal
postural sway could be used to identify people at high risk for developing PD (presence of
an enlarged area of hyperechogenicity of the substantia nigra, and the additional occurrence
of one PD cardinal motor signs or risk factors) (29). Specifically, people at high risk for
developing PD showed higher sway dispersion (measured by RMS of acceleration) and
decreased sway jerk (differentiation of acceleration) compared to PD and healthy controls,
but only when in semi-tandem stance on foam with eyes-closed (29). Sway dispersion and
sway velocity may also be related to progression of PD (30). The effect of DBS reduces
sway area whereas levodopa increases postural sway area, suggesting that DBS acts on
postural control through a different mechanism than levodopa circuitry (31).

Postural sway may be a good overall measure of “balance control” that can be used as a
primary outcome for interventions. For example, we found that postural sway measures
were more sensitive to a physical therapy postural agility program than clinical rating scales
(32). However, to be most useful, we will need to relate postural sway to patient-centered
outcomes such as reduction of falls in PD (22, 33).

II. Postural Responses—Automatic postural responses to external perturbations are
educed in amplitude, albeit with normal onset latencies, in patients with PD (7). Both feet-
in-place postural responses and corrective stepping responses show this bradykinesia of
postural responses in people with PD (34). In fact, these weak postural responses are
responsible for the small, repeated backward steps (retropulsion) to a backward pull on the
shoulders in patients with PD (35).

Laboratory studies have shown that PD, specifically, also affects the ability to flexibly adapt
postural response strategies when the initial conditions change (2, 36). For example, when
postural perturbations change from a translation to a rotation or when support conditions
change from holding a stable support to no support, subjects without PD immediately
modify their postural responses to take into account the new physical constraints of the
situation. In contrast, patients with PD gradually adapt their responses with trial and error,
over several trials (37). These laboratory protocols highlighting basal ganglia-specific set-
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switching control mechanisms have yet to be translated into practical biomarkers. For this
reason, our laboratory is now instrumenting the backward stepping responses using inertial
sensors on the trunk and ankles to obtain postural response latencies, size and number of the
corrective steps, as well as time to recover equilibrium (38).

III. Anticipatory Postural Adjustments for Step Initiation—Step initiation is
preceded by anticipatory postural adjustments (APAs) that shift the body off the stepping leg
and forward in front of the base of foot support. Like sway, these postural adjustments have
traditionally been measured with a displacement of the center of pressure on a forceplate
under the feet. However, recently, studies have demonstrated how well accelerometers on
the pelvis could be used to detect and measure the amplitude of APAs as the amount of force
used to move the body center of mass is proportional to the acceleration of the center of
mass in the opposite direction (39–41). APAs are well known to be too small in patients
with PD (42). Of course, bradykinetic APAs are associated with bradykinetic gait so small
APAs are associated with small step length and slow walking speed and delayed onset of
stepping (43, 44). Figure 2 illustrates the small lateral APA prior to step initiation in a
representative untreated PD and control subject.

IV. Gait: Spatial-temporal Coordination, Upper body Control and Dynamic
Equilibrium—Gait is a complex sensorimotor activity that involves spatial-temporal
coordination of the legs, coordination of the trunk and arms, as well as dynamic equilibrium,
all of which are affected by PD (3, 4).

Spatial-temporal Coordination: People with PD have been shown to have significantly
slower gait, with less foot clearance and smaller step lengths (14, 45). However, not all
spatial-temporal characteristics of gait are linearly related to severity of disease, and few are
specific to PD (14, 46, 47). For example, cadence (steps per minute) has been shown to be
slow in untreated PD (10) but then faster than normal with freezing of gait or to compensate
for short strides (48). The spatial and temporal characteristics of leg movements during gait
have traditionally required video-based motion analysis or gait mats. However, most of the
same spatial and temporal characteristics of gait can be obtained with body-worn inertial
sensors and have been validated with laboratory optical, motion analysis gold-standards
(49). Only stride width is difficult to obtain with body-worn sensors.

Upper Body Control: Although PD is well known to be associated with a slow gait and
short step length, it has been recently shown that the most sensitive metrics of gait in early
PD are not directly from the legs but are from the upper body during walking. For example,
we found that reduced trunk rotation (‘En-bloc’) while walking and reduced arm swing were
the most sensitive and specific (>0.9) early signs of gait impairment in a study of 24 early,
untreated, idiopathic PD subjects (10). Fig. 3 shows sensitivity/specificity of the 4 best
metrics from the ITUG to separate untreated people with early PD from healthy control
subjects the same age (10). Our preliminary data suggests that arm swing, but not leg
movements, also show a significant reduction across 18 months in de-novo patients with PD.

Dynamic Equilibrium: Some gait measures are particularly related to dynamic equilibrium
control, that is, controlling the body center of mass while moving the base of foot support.
Equilibrium during gait is maintained by trunk and hip muscle control of lateral trunk
motion and by lateral compensatory postural stepping responses (3, 50, 51). To monitor
equilibrium control during gait, body-worn sensors can measure extent of lateral trunk
displacement, duration of double support time, stride time or stride width variability, all
which predict falling as they get larger (52–54). How and why gait variability is related to
falling is controversial but may be due to abnormal timing of central pattern generators or to
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increase in compensatory foot placements to control poor balance while walking (14, 15, 50,
55). Patients with PD show increased time spent in double support phase of gait as well as
increased stride time variability ((14, 15) Fig. 3B). Levodopa reduces stride time variability,
decreases double support time and increases gait speed (56, 57), all consistent with
improvements in dynamic equilibirum during gait. DBS in the subthalamic nucleus can also
reduce stride time variability and improves gait speed, although DBS in the subthalamic
nucleus worsens postural stepping responses and anticipatory postural adjustment for step
initation (8, 9). In addition, a recent paper from Mirelmann et al., found gait variability to be
impaired in a population with increased risk of developing PD (healthy carriers of the
LRRK2 G2019S mutation), especially when dual-tasking or when walking at a fast speed
(58).

V. Postural Transitions—Postural transitions include changes in postures, such as sit-to-
stand or stand-to-sit or a change in direction of walking (ie; turning). These postural
transitions seem to be particularly affected by PD and predict risk of falls in the elderly (59–
61). In fact, the duration of the popular Timed Up and Go test (TUG), involving standing up
from a chair, walking 3 meters, turning 180 degree and returning to sit in the chair, has been
shown to separate fallers and nonfallers with PD or the elderly (62–64). Recently, the TUG
has been instrumented with inertial sensors (ITUG) to provide objective measures of
postural transitions as well as of gait, although it is often extended from a 3-meter to a 7-
meter walking distance (10, 62, 63).

During the ITUG, the speed of trunk rotation during turning and the duration of the sit-to-
stand and stand-to-sit transitions are very sensitive to early, untreated PD (10). A new study
showed that a combination of measures from sit-to-stand and turning (RMS of sit-to-stand
trunk acceleration, vertical and mediolateral jerk of turning) best discriminates between
early PD tested OFF medication and control subjects during an ITUG (62). Another study
found that jerk during the Sit-to-Stand and Stand-to-Sit transitions best discriminates
between PD subjects and controls although the groups had similar TUG durations (63).
‘Jerk’ represents a change in acceleration of motion, and tends to be minimized in normal
movement coordination, with the possibility that the basal ganglia plays a role in this
coordination.

VI. Freezing of Gait—Freezing of gait may also be identified and quantified by its
characteristic frequencies of shank motion during “trembling of the knees” as patients
attempt to step when they feel their feet are glued to the floor (65–67). For example, Fig. 4
illustrates how a ratio of the power in the freezing frequencies (3–8 Hz) divided by the
power in the gait frequencies (0.5–3 Hz) of horizontal shank acceleration can be used to
provide an objective ‘freezing ratio’ (68). In this example, the freezing ratio was calculated
when the subjects were turning 360 degrees in place, but similar freezing ratios can be
calculated during gait or more complex tasks such as the Timed Up and Go task (68).
However, some forms of freezing may not include “trembling of the knees” and it is not
clear if this approach will work to identify brief freezing episodes during continuous
monitoring of gait.

Future Directions
One challenge for using body-worn inertial sensors to obtain balance and gait biomarkers is
the availability of commercial systems that are easy to use and interpret, although this
challenge is quickly being met. However, it is not clear which specific protocol or metrics
should be used to measure PD-sensitive and specific balance and gait behaviors, although
protocols that include testing a variety of neural control systems for mobility, such as the
Timed Up and Go and the Stand and Walk test are sure to be the most valuable as they
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measure several, independent aspects of balance and gait (10, 69). In fact, different metrics,
and even different protocols may be necessary for patients with other types of movement
disorders than idiopathic PD. For example, cerebellar ataxia and vascular PD may be
characterized by excessive lateral trunk motion and wide-based gait so upper body motions
and distance between feet must be measured.

It is important to consider, however, that even a simple balance or gait protocol such as the
Timed Up and Go test can result in over 100 objective metrics and it is not always obvious
which, specific metrics provide the best biomarkers and which are independent of each
other. One approach to this redundancy problem is to combine metrics into a meaningful
“Combined Mobility Score” but the disadvantage of a score made from combining metrics is
in understanding which specific aspects of balance and gait it represents. For example, a
score based on improvement with levodopa will not reflect postural responses that worsen
with levodopa (36). In fact, combinations of specific metrics of balance and gait may be
needed to fully characterize subtypes of mobility problems underlying a variety of
parkinsonism and Parkinson-plus syndromes and to determine which, specific postural
circuits can be changed with intervention and which are resistant to change.

Current studies are examining the value of obtaining continuous measures of mobility
during daily activities with body-worn sensors (70–72). Accelerometers on the legs and
trunk can identify when subjects are sitting, lying and standing or walking (and their
walking cadence) as a measure of their activity level. For example, a recent study showed
reduced amount and intensity of walking bouts in the community of PD subjects after a year
(70). Another study showed a significant increase in length and variability of walking bouts
after subthalamic nucleus DBS compared to pre-surgery, perhaps suggesting an increased
diversity of walking pattern and flexibility (71). More recently, frequency-derived measures
from one accelerometer on the trunk are valid and sensitive estimates of stride-to-stride
variability to assess gait “quality” (and not only quantity) in real-life settings in PD (72).
Identifying mobility in real world environments is certainly more ecological than occasional
measures when being observed in the clinic. However, it would be even more useful for PD
to fully characterize the quality of walking in the community, how mobility fluctuates
during the day and with the medication cycle. It would also be useful to characterize
challenges of postural transitions such as turning and sit to stand activities.

To promote objective measures of balance and gait into useful biomarkers, future studies
should relate these metrics with other specific, pathophysiological markers from imaging,
genetics, blood and other body fluids that relate to the pathophysiology of PD. However,
there is still poor understanding of the specific neural circuits involved in each aspect of
balance and gait control (73). New insights into the neuroanatomy and neurophysiology of
control of balance and gait can come from developing PD phenotypes based on specific
impairments of balance and gait must related to specific underlying mechanisms of the
neurodegenerative process (eg; see (74)). Most balance and gait behaviors currently
associated with PD, such as slowed and variable gait and increased body sway are not
specific for this disease, although they can be useful because they are sensitive, reliable, and
surrogates of fall risk. Other measures, such as reduced arm swing, narrow foot placement
and freezing characteristics may be more specific for parkinsonism and thus may be more
useful for developing posture and gait phenotypes.

Summary
Body-worn sensors have provided objective metrics of balance and gait that are quick and
easy to use. As potential biomarkers, many of these metrics have already been shown to be:
1) valid relative to laboratory gold-standards, 2) related to clinical gold standards of severity
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such as the UPDRS, 3) sensitive to early disease, 4) reliable, and 5) responsive to Levodopa,
deep brain stimulation and physical therapy intervention. Since any specific metric does not
reflect all of the domains of balance and gait affected by PD, a protocol that includes several
different aspects of mobility and a score that combines metrics among these aspects needs as
a potential biomarkers. However, a major gap in developing gait and balance biomarkers is
identifying behavioral measures related to PD-specific pathology and in identifying
preclinical measures from longitudinal studies in people at risk for developing PD. The most
useful gait biomarkers would be those that can aid in the diagnosis of presymptomatic PD to
document potential neuroprotective interventions. The most promising measures seem to be
related to reduced arm swing, reduced trunk motion during gait, abnormal postural sway,
reduced anticipatory postural adjustments during postural transitions, and gait variability
(10, 29, 39, 58). However, larger, longitudinal cohorts are needed to assess the sensitivity,
specificity and validity of these potential biomarkers for PD.
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Figure 1.
Stabilogram from pelvis acceleration traces (lateral versus anteroposterior) during 30s of
quiet stance, eyes open, normal stance, from a representative healthy control, untreated
patient with early PD, moderate PD patient OFF and ON medication before DBS surgery,
and 6 months after bilateral DBS surgery in STN (from left to right). Note that sway area is
larger than normal, even in early, untreated PD, and increases with levodopa but decreases
with DBS in STN with additive effects of both levodopa and DBS. Stabilograms from center
of pressure excursions of a forceplate result in similar metrics of sway in quiet stance
(25,27).
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Figure 2.
Anticipatory postural adjustment (APA) as measured from pelvis lateral acceleration in a
representative healthy control and patient with early, untreated PD prior to taking a step.
APAs are smaller than normal early in progression of PD, are improved with levodopa but
worsened by DBS (8). APAs from center of pressure excursion of a forceplate result in
similar APA metrics (39).
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Figure 3.
A. Receiver Operating Characteristics (ROC) curves for the ITUG parameters (out of 52
parameters measured) that best discriminate between healthy control subjects and untreated
PD subjects from Zampieri et al., (10): peak arm velocity of the more affected side (MAS),
cadence, peak trunk rotation velocity (yaw), and average turning velocity during 180 degree
turn during gait (Adapted from Zampieri et al., JNNP 2010).
B. Stride time (extracted from angular velocities of the lower legs) for each stride
(consisting of a left plus right step duration) during a 2-minute walk in a representative
patient with PD OFF medication and in an age-matched healthy control subject. The
coefficient of variation (CoV) is the standard deviation/mean of stride times for the 2-minute
walk.

Horak and Mancini Page 15

Mov Disord. Author manuscript; available in PMC 2014 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Power Spectral Densities (PSD) and Frequency Ratios of anteroposterior shank acceleration
during a 2-min 360° turn-in-place. The PSD shows that most of the power of leg motion
during healthy turning is below 2 Hz, with more high frequencies represented in patients
with PD, especially in patients with PD who have freezing of gait (FoG+), The Frequency
rations is the power at 3–8Hz/ power at 0.5–3Hz). The higher frequencies represent
“trembling in place” and the lower frequencies the stepping movements. From the top to
bottom: healthy control subject, a PD subject with freezing of gait OFF medication and a PD
subject with similar Motor UPDRS scores, without freezing of gait OFF medication.
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Table 1

Examples of objective balance and gait metrics sensitive to PD that could provide biomarkers grouped by gait
and balance impairments.

Neural Control Systems Impairments Task Metrics from body-worn sensors

I. Postural Sway Postural Instability Quiet stance (≥30s) Sway Velocity, Sway Area, Sway
jerkiness,(25, 28, 29), Sway
frequency (24)

II. Postural Responses Ineffective stepping response Push and Release Latency, Step length, Number of
steps, Time to Equilibrium (38)

III. Anticipatory Postural
Adjustments (APA)

Impaired gait Initiation Step Initiation Lateral and Sagittal Peak APA (39)

IV. Gait

  Dynamic Equilibrium Gait Instability Straight Walking at
prefered gait speed

Stride Time Variability (14, 15, 58),
Double Support Time (10, 14)

  Upper Body Control “En-bloc” Peak arm velocity, Trunk Rotation
(10)

  Spatio-temporal Coordination Slow gait Gait Velocity, Cadence, Stride
Length (10, 48, 63)

V. Postural Transitions Difficulty changing motor
programs

Timed-Up and Go Turning Duration (10, 62, 63),
Turning Jerk (62), Range and-to-
Stand and Sit Stand-to-Sit Jerk (63)

VI. Unknown (66) Freezing of Gait Turn 360° degrees Shank Frequency Ratio (65, 66, 68)
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