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Abstract

Anticipatory postural adjustments (APAS) prior to gait initiation have been largely studied in in
traditional, laboratory settings using force plates under the feet to characterize the displacement of
the center of pressure. However clinical trials and clinical practice would benefit from a portable,
inexpensive method for characterizing APAs. Therefore, the main objectives of this study were: 1)
to develop a novel, automatic IMU-based method to detect and characterize APAs during gait
initiation and 2) to measure its test-retest reliability. Experiment | was carried out in the laboratory
to determine the validity of the IMU-based method in ten subjects with PD (OFF medication) and
12 control subjects. Experiment 11 was carried out in the clinic, to determine test-retest reliability
of the IMU-based method in a different set of 17 early-to-moderate, treated subjects with PD
(tested ON medication) and 17 age-matched control subjects.

Results showed that gait initiation characteristics (both APAs and 1%t step) detected with our novel
method were significantly correlated to the characteristics calculated with a force plate and motion
analysis system. The size of APAs measured with either inertial sensors or force plate were
significantly smaller in subjects with PD than in control subjects (p<0.05). Test-retest reliability
for the gait initiation characteristics measured with inertial sensors was moderate-to-excellent (.
56<I1CC<.82) for both groups.
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Our findings support the feasibility of automatically characterizing postural preparation and gait
initiation with body-worn inertial sensors that would be practical for unsupervised clinical and
home settings.
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Introduction

Gait initiation involves the correct sequencing of movement preparation and movement
execution. Specifically, anticipatory postural adjustments (APAs) precede the onset of
voluntary movements such as gait initiation [1, 2]. The function of APAs is to reduce the
effect of the forthcoming body perturbation with anticipatory corrections [3, 4]. In the case
of gait initiation, APAs act to accelerate the center of body mass (COM) forward and
laterally toward the stance foot by shifting the center of pressure (COP) posteriorly and
toward the stepping leg [4, 5].

Impaired APAs are considered a major pathophysiological mechanism underlying
difficulties in gait initiation in Parkinson’s disease (PD) [6-11], and are responsible for
severe balance and mobility problems as summarized in a recent review [12]. The COP
displacements during the APA phase of step initiation are reduced and often absent in PD,
with prolonged delays between APA onset and step execution [6, 7, 9-13]. Abnormal
coupling between APAs and step execution has been also associated with freezing of gait
[14].

For decades, APAs have been extensively characterized using electromyography (EMG),
force plates (COP displacements), and camera-based systems (body COM displacements) in
gait analysis laboratories. Recently, with the advancement of microelectromechanical
systems (MEMS), inertial sensors (accelerometers and/or gyroscopes) embedded in
miniaturized inertial measurement units (IMUs) have introduced an interesting alternative to
obtrusive and expensive laboratories for gait and balance assessment [15-17], including the
analysis of gait initiation [18, 19]. This technological advancement offers novel possibilities
for an ambulatory measure of APAs that would benefit clinical practice and clinical trials
with portable tools to monitor effects of disease progression, therapies, interventions, or
external cues on gait initiation.

By analyzing acceleration signals sensed by a waist-worn IMU our research group
demonstrated the sensitivity of trunk acceleration, recorded during APAS prior to a step, in
differentiating de novo, untreated PD not receiving L-dopa and age-matched controls [18].
In the same study, we also showed a significant correlation between magnitude of APAs
measured from peak COP displacements and accelerations. However, a limitation of the
aforementioned study was that APAs in the trunk acceleration signal were detected by an
automated, threshold-based algorithm running on the COP displacement signals. Later,
Martinez-Mendez et al. [19] proposed an algorithm to detect APAS prior to gait initiation
exclusively based on inertial sensors attached to the lower back and to the lateral side of the
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dominant leg, at the ankle level. Despite showing good results on inter-subject repeatability
and good agreement with the COP gold standard, test-retest reliability was not investigated.
Moreover, the algorithm was only developed and tested in young healthy subjects, and not
tested in elderly or neurological patients, for which APAs are known to be significantly
smaller (and hence harder to detect) or even absent [6, 9, 12].

Therefore, the main objectives of this study were to: 1) develop an IMU-based method to
automatically detect and characterize APAs, and 2) assess the test-retest reliability of this
method in a group of healthy elderly and subjects with PD.

Methods

The study consists of two experiments. In Experiment I, persons with PD (OFF medication)
and age-matched control subjects were tested in a laboratory setting to develop a novel
method for detecting APAs and characterizing the execution of the first step during gait
initiation. Validity of the method was determined by comparing: 1) APA onset, duration and
magnitude measured with a waist-worn IMU with those measured by a force plate, and 2)
first step length and velocity estimated by two ankle-worn IMUs with those measured by a
camera-based motion analysis system. In Experiment I1, another group of persons with PD
(ON medication) and age-matched control subjects were tested in an ambulatory setting to
evaluate the test-retest reliability of the method validated in experiment I.

In both experiments, subjects were excluded if they presented with any neurological
disorders other than PD or if they had any other condition that could affect their balance.
Persons with PD were clinically rated by a trained examiner on the Motor Section (I11) of
the UPDRS immediately before the experimental sessions. The UPDRS Part 111 consists of
23 items related to bradykinesia, rigidity, tremor, and posture and gait signs of PD, rated on
a 4-point scale (ranging from 0 — no disability — to 4 — total disability). All participants
provided informed consent according to the Oregon Health & Science University
Institutional Review Board.

Experiment I: Validity Analysis

Ten persons with mild-to-moderate idiopathic PD (UPDRS IlI: 27.5+9, Hoehn&Yahr:
2.50.5, age: 67.2+5, 8 male, 2 female, disease duration: 8.5+3) and 12 healthy control
subjects of similar age (68+5, 9 male, 3 female) were recruited for the validity study in the
laboratory. The PD and control groups showed no significant difference in age or BMI. The
diagnosis of PD was made by a movement disorders expert. Persons with PD were tested, in
this experiment, in their practical OFF state, after a washout of antiparkinsonian medication
of at least 12 hours.

Participants stood with each foot on separate, side-by-side custom force plates with feet
externally rotated and heel-to-heel distance fixed at 10cm [20]. They performed three gait
initiation trials following the instructions to voluntarily start walking at their normal,
comfortable pace, starting with their most affected leg. Initial feet position was made
consistent from trial to trial by tracing feet outlines on the force plate.
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Data were collected from 3 IMUs (Opals by APDM Inc.) worn on the posterior trunk at the
level of L5, and on the right and left shank at a sampling frequency of 128Hz. Data from the
force platform were acquired at 480 Hz and low-pass filtered at 50 Hz. Vertical forces under
each force plate were used to calculate the position of the COP. Feet kinematics data
(reflective markers placed on the lateral malleolus and fifth metatarsus of both limbs) were
collected with infrared cameras (Motion Analysis Inc., Santa Rosa, CA, USA) at 60 Hz to
calculate first step characteristics. We resampled inertial sensors data, kinetics and
kinematics data at a common frequency of 50Hz, as we previously reported in [18].

Force plate and camera-based measures—APA characteristics were extracted from
the COP displacements as previously described in [13, 18]. The APA magnitude was
measured both by the peak of the COP excursion in the backward direction (Peak AP, COP)
and by the peak of lateral COP excursion towards the swing foot (Peak ML, COP). APA
duration was measured as the time between the onset and end of the AP and ML COP
displacement. Length and velocity of the first step were measured from the 3-D trajectory of
the markers on the lateral malleoulus and fifth metatarsus. Specifically, the step onset was
defined as the first observable increase (from baseline) in the vertical position trace of the
lateral malleoulus followed by an increase in the vertical position trace of the fifth
metatarsus, and the end was defined when the vertical position trace of the fifth metatarsus
returned to the baseline value. 1st Step Length was defined as the root mean square of the
3D-coordinate of the malleoulus marker during the first step, and 1st Step Velocity as the 1%
Sep Length divided by the first step duration.

IMU-based measures—The algorithm uses the 3-D acceleration signals (ACC) from the
IMU worn on the trunk to quantify the APA and from the two shank angular velocities to
quantify the first step characteristics. As shown in the algorithm flowchart in Figure 1, the
ACC data are resampled at 50Hz, transformed to a horizontal-vertical coordinate system,
and filtered with a 3.5Hz cut-off, zero-phase, low-pass Butterworth filter, as in [18].
Subsequently, the algorithm automatically identifies the maximum peak ACC ML and
identifies candidate APA periods when a threshold is exceeded (20% of max ACC ML, see
figure 1). In parallel, the angular velocities of the stepping limb are sued to characterize the
mid-swing and heel-strike events of the steps, as previously described in [21]. The APA is
then identified among the different candidates as the one immediately preceding the 1st mid-
swing. The APA measures computed from the lumbar accelerations are: 1) peak acceleration
toward the stance foot from baseline (Peak ML, ACC), 2) forward trunk peak acceleration
from baseline (Peak AP, ACC), and 3) APA duration. The measures describing first step
length and velocity computed from the shank angular velocity are: 1) 1st Step Duration
(defined as the time-to-peak angular velocity from APA end to heel-strike), and 2) the range
of motion (RoM) of the swing phase (defined as the integrated angular velocity of the shank
from APA end to heel-strike, 1st Step RoM).

Experiment II: Reliability Analysis

To assess test-retest reliability of the IMU-based method to detect and characterize APAS
and first step measures, a different group of 17 PD (UPDRS Ill: 25.7+11, Hoehn&Yahr:
2.2+0.8, age: 67.1+7) and 17 age-matched control subjects (67.9+6) were tested in the
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neurology clinic by a research assistant. The PD and control groups showed no significant
difference in age or BMI, but the PD group had more males (12) than the control group (6).
Patients with PD were tested in their ON medication state at least 1h after taking their usual
dose of dopaminergic medication.

Data were collected from 3 IMUs (MTX Xsens, different from Experiment I) worn as in
Experiment | on the posterior trunk at the level of L5, and on the right and left shank, at a
sampling frequency of 50Hz. To ensure a consistent foot position, a wedge with 10cm
between the heels 30 degrees of external rotation was placed momentarily between the feet
before each trial. Three trials of gait initiation were collected starting with their most
affected leg.

The IMUs (MTX Xsens) were then removed after the third trial. After 30 min, the protocol
was repeated. The same examiner put back the same IMUs following the same procedure
and tested the subject for the second time. We assumed that the subjects’ performances
remained the same within this relatively short time period.

To collect streaming data in the clinic with a laptop, a custom MATLAB (MathWorks Inc,
Nantick, MA) graphical interface was built to acquire, store and analyze gait initiation.

Statistics—Algorithms for signal analysis and statistical evaluation of the outcomes were
written in MATLAB. The mean of the three available trials was used for statistical analyses
of each gait initiation measure. A Pearson Product moment correlation and Bland-Altman
analysis were used to assess the relationship between the force plate-based and the IMU-
based gait initiation measures. Intra-Class Correlation (ICC) was used for Test-retest
reliability of the IMU-based gait initiation measures [22]. Since the same subjects and same
device were used for Experiment I, ICC (1,1) was selected as the appropriate measure of
reliability. The ICC and 95% confidence intervals were reported. A Pearson Product
moment correlation was used to investigate the relationship between IMU-based gait
initiation measures and the clinical score (UPDRS I11). Student’s t-tests were used in both
experiments to identify differences in gait initiation measures between PD and control
subjects.

Consistent with our previous findings [13, 18], the trunk ACC showed a medial-forward
excursion during the APA, corresponding to the lateral-backward displacement of the COP.
Out of 30 gait initiation trials in PD OFF (3 for each subject), our automatic method
identified 4 trials without APAs from 3 different patients (see examples in Figure 2). Those
trials were excluded from the analyses. Figure 2 shows representative examples of APAs
detected in a control subject and in a subject with PD. Figure 2 also shows examples where
APAs are smaller and when they are so small, they could not be detected.

Experiment I: Validity

Both APAs and first step measures detected with IMUs were significantly or nearly
significantly related to those measured with the force plate (Peak ML, COP: r=0.76,
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p<0.001; Peak AP, COP: r=0.42, p=0.06) or with cameras (first step length: r=0.79,
p<0.001; first step velocity: r= —0.64, p=0.001), see Figure 3. In addition, a Bland-Altman
shows no obvious relation between the difference and the mean APA duration measured
with the two different systems, although a slight bias towards longer APA durations was
measured by the force plate (Figure 3.C).

APA peaks, measured both with COP or ACC, were significantly smaller in PD OFF
compared to controls (details in Table 1), whereas first step measures were similar between
the two groups.

Experiment II: Reliability

Table 2 summarizes the test-retest reliability of the APAs and first step measures measured
in the clinic in controls and PD subjects. Spatial measures (APA peak and first step RoM)
showed higher test-retest reliability compared to temporal measures (APA duration and first
step duration).

No significant correlations were found between the UDPRS Il1 and any of the APA or first
step measures.

Discussion

The automatic characterization of gait initiation with IMUs is an innovative approach that
allows clinicians to objectively measure the postural preparation prior to gait initiation and
the characteristics of the first step in a clinical setting. Smaller APAs or shorter steps, as in
subjects with Parkinson’s disease, are not readily observable to the naked eye, therefore this
approach might find promising applications in clinical practice or clinical trials. Because
emotions, attention, external triggers, dopaminergic drugs, and Deep Brain Stimulation [7,
23-27] can all modify APAs, it could be helpful to measure gait initiation outside a
sophisticated gait analysis laboratory.

In this study, we investigated the validity (Experiment I) and test-retest reliability
(Experiment 1) of our novel method to detect and measure APAs and first step in both
subjects with PD and elderly control. The findings of Experiment | demonstrated that APAS
prior to gait initiation, when present, can be detected and characterized with IMUs, similar
to laboratory measures, ([18], [19], [28]). In addition, our novel, automatic method uses the
acceleration of the trunk to characterize APAs and the angular velocity of the stepping leg to
measure the main features of the first step, first step duration and first step range of motion.
Preparation for gait initiation has traditionally been characterized as APA magnitude and
duration via lateral and backward COP displacements and as execution of the first step
length and velocity via motion analysis systems [6, 29, 30]. The present findings confirm
significant correlations between force plate-based and IMU-based measures of APA
magnitude and between camera-based and IMU-based measures characterizing first step
amplitude and velocity. APA duration measured by the two systems also showed good
agreement. The inclusion of a neurological population known to show feeble postural
preparation for gait initiation such subjects with PD, strengthened our results. In fact,
subjects with PD OFF medication usually show smaller APA amplitudes that could
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challenge APA detection. Our novel method identified APAs in both control and subjects
with PD and, in agreement with force plate signals, four out of 30 trials were identified as
gait initiation without APAs.

The findings of Experiment |1 showed a moderate (APA duration and Peak AP and first step
RoM and duration) to excellent (for APA Peak ML) test-retest reliability for the IMU-based
measures obtained by the novel algorithm. Generally, APA measures showed a higher test-
retest reliability in PD compared to healthy controls, while we found the opposite for the
first step measures. A possible explanation might be that APAs are more stereotyped in
subjects with PD than controls and that impaired step preparation results in to variable first
step execution in PD.

As expected, APA ML and AP amplitude were significantly smaller in PD OFF compared to
controls, both when using COP and ACC signals to quantify the peaks. In contrast, APA
duration was similar in PD OFF compared to controls, although other studies showed a
longer APA duration in patients [7, 10, 13, 26, 27]. The first step velocity and duration were
also similar in PD OFF and controls, unlike previous studies [6, 7, 10, 13, 26]. This
discrepancy may be due to a less severe group of people with PD in the present study
compared to previous studies. Overall, the present findings are similar to our previous
results in untreated PD [18] leading us to hypothesize that a disruption of APA amplitude
might occur early in the disease and before the first step execution is compromised. Longer
APAs may try to compensate for impaired step execution later in the disease.

No significant correlations were found between the UDPRS 11l and any of the APA or first
step measures. This is in contrast with a previous paper published by Rocchi et al. [27], in
which a significant correlation between the APA peak and UPDRS I11 was presented in 21
patients with PD before undergoing DBS surgery, such discrepancy might be due to our
smaller and less severe PD population.

In summary, we developed a novel IMU-based method to detect and characterize APAs and
first step characteristics. We demonstrate the algorithm is feasible (tested in a laboratory as
well as in a clinical setting), valid (compared to laboratory standard) and reliable in both a
neurological and healthy population. The peak of the medio-lateral acceleration during
APAs (Peak ML, ACC) resulted the measure most sensitive to the disease and with the best
test-retest reliability.

However, further studies are needed to overcome some of the limitations of this study. First,
Experiment | and Il have been carried out with a set of similar, but not identical IMUs;
although we confirmed the interchangeability of the two systems with a concurrent
evaluation (data unpublished) this is a limitation of the study. A larger, and more diverse,
population is needed, including patients with other neurological disorders. In addition, the
method needs to be trained in a larger and more severe PD population, in which the
percentage of trials with feeble or absent APAs is higher, and where multiple APAs could
even occur (for instance in subjects with PD experiencing freezing of gait).
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Highlights

e An IMU-based method to detect APAs was validated in healthy and subjects
with PD.

e The size of APAs was smaller in subjects with PD compared to healthy subjects.

e Test-retest reliability for the IMU-based method was moderate-to-excellent.
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- APA duration

- 15t step RoM

- D1step duration jug,,

duration

1 Q[ACCML APA
ACC AP

1s Swing phase

IMU-based gait initiation algorithm flowchart from lumbar and two shank sensors. ACC:
acceleration, Avelo: angular velocity, RoM: range of motion, ML: medial-lateral, AP:

anterior-posterior
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A. APA detected in a control
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C. Small APA detected in a PD
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Figure 2.
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B. APA detected in a PD

— COP ml
COP ap .
= = ‘Foot markers 1\
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'
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D. No APA detection
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= = *Foot markers

10cm

— ACC Ml
ACCap
= = -Shank Avelo
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Representative APAs observed during gait initiation in Experiment I. A. Normal APA
detected in a control subject. B. Small APA detected in a subject with PD. C. Feeble APA
detected in a subject with PD. D. Feeble or absent, undetected APA in a subject with PD.
Upper panel: COP displacements in the medio-lateral (ML) and antero-posterior (AP)
directions, and trajectories of the malleolus and fifth metatarsal markers. Lower panel: trunk
acceleration (ACC) in the medio-lateral (ML) and antero-posterior (AP) directions, and
shank angular velocity. Shaded areas represent the APA phase.
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A. Peak COP vs Peak ACC

B. 1st Step KIN vs GYRO
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C. Bland-Altman plot APA duration
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Figure 3.
Comparison between APAs and first step characteristics calculated with two different

systems in Experiment I. A. Linear correlation between Peak ML, calculated from COP and
trunk acceleration; B. Linear correlation between first step length, calculated from foot
markers, and first step range of motion (RoM), calculated from the angular velocity; C.
Bland-Altman plot comparing APA duration calculated from the COP and from the ACC.
The central dotted line represents the mean difference between the devices, while the upper
and lower lines represents the limits of agreement. CTR: control subjects, PD: subjects with
Parkinson’s Disease (OFF).
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