Assessment of gait direction changes during straight-ahead walking
in healthy elderly and Huntington Disease patients using a shank
worn MIMU
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Abstract— The aim of this study was to propose and
comparatively evaluate four methods for assessing stride-by-
stride changes of direction of progression, during straight
walking using measurements of a magnetic and inertial unit
placed above the malleolus. The four methods were evaluated
by comparing their estimate of the gait changes of direction of
progression with that obtained from an instrumented gait mat
used as a gold standard. The methods were applied to the data
obtained from the gait of both healthy subjects and patients
with Huntington Disease, the latter characterized by a jerky
swing phase. The results showed that the errors associated to
the best estimates of the gait direction changes were about 10%
of its range of variability for the healthy subjects and increased
to about 30% for the patients, both walking at comfortable
speed when the range of variability is the largest. Additional
testing on gait at various radius of curvature should be carried
out to fully validate the MIMU-based estimates.

[. INTRODUCTION

Physiological gait requires the capability of holding the
programmed direction of progression. The control of the
direction of progression is provided by the vestibular system
in conjunction with inputs from the visual and somato-
sensory systems. The ability of maintaining a pre-planned
straight path is compromised in those subjects who suffer
from vestibular deficits [1]. Deviations from straight gait can
also be induced by blindfolding healthy subjects undergoing a
galvanic stimulation [2]. Even gait disorders not involving
vestibular dysfunctions, such as Huntington disease (HD), also
known as "drunken gait", are characterized by staggering
from side to side, with lateral swaying, and stride-by-stride
lateral deviations from forward direction [3,4]. The clinical
tests generally adopted to assess the changes of direction
during straight walking (GDC) such as the Babinski-Weil
test routinely applied to subjects with vestibular deficits [5]
or the tandem gait test used in the HD assessment [6], do not
provide a stride-by-stride quantitative GDC estimates. Other
tools such as clinical scales only provide scores of abnormal
deviations during tandem gait (Unified Huntington’s Disease
Rating Scale, UHDRS [7]) or moderate to marked deviations
along a straight path (Tinetti balance assessment scale - gait
section [8]). An accurate and objective GDC estimate would
therefore be useful in clinical contexts.

Research partially supported by the V-TIME project funded by the
European Commission under the 7th Framework Program, grant #278169.

D.T., A.C., U.D.C. are with the POLCOMING Department, Information
Engineering Unit, University of Sassari, Italy and with the Interuniversity
Centre of Bioengineering of the Human Neuromusculoskeletal System
(corresponding author e-mail: dtrojaniello@uniss.it).

A. R. and M.B. are with Department of Neurosciences, University of
Genoa, Italy (e-mail: aravaschio@gmail.com).

978-1-4244-7929-0/14/$26.00 ©2014 IEEE

In instrumented clinical gait analysis, a quantity that
could be used to properly estimate the GDC is the direction
of progression (DoP). Its stride-by-stride changes can assess
the ability of a subject of maintaining a straight path.
Recently, Miranda et al [5] proposed a simple method for
quantifying the GDC during the Babinski-Weill test in
healthy subjects. However, they provided only an evaluation
of the overall GDC (from the start to the end of the path).
Other studies used stereo-photogrammetry or floor markers
to evaluate deviations from a straight path [9,10].

In recent years, several methods based on magnetic and
inertial measurement units (MIMU) for the estimate of
turning parameters [11-13] have been proposed. They are
designed to analyze curved paths, and are mostly based on
the angular velocity signals recorded on the trunk and,
therefore, do not allow for a proper estimation of the GDC
along straight paths.

The aim of this preliminary study is to propose and
evaluate four methods for estimating the GDC while walking
along a straight path using a single MIMU attached above
the ankle. The methods were applied to the gait of healthy
elderly subjects and subjects with HD. Simultaneous
measurements from an instrumented gait mat were used as a
gold standard.

II. MATERIAL AND METHODS

A. Instrumentation

One MIMU (Opal™, APDM, Inc, APDM, Inc) was
attached to the subject’s shank about 20 mm above the
lateral malleolus (Fig. 1). The performance of the MIMU
(spot check) was tested according to the guidelines proposed
by [14]. The MIMU measures accelerations, angular
velocities and local magnetic field with respect to the axes of
a local frame (LF) aligned to the edges of the unit housing.
An estimate of the LF orientation with respect to the global
frame (GF) was provided by an on-board Kalman filter. An
instrumented gait mat (GAITRite™ Electronic Walkway,
CIR System, Inc) acquiring at 120 Hz (length: 9 m, spatial
resolution accuracy: +12.7 mm; temporal accuracy: =+l
sample) was used for validation purposes. The dedicated
software (PKMAS, ProtoKinetics, LLC) returned all
temporal and spatial gait parameters, including the DoP
defined as the angle of the vector joining the heel footprint
of two consecutive heel strikes of the same foot (degrees)
with respect to the mat midline. Stride-by-stride DoP
changes were used as GDC reference values. The MIMU and
the instrumented mat were synchronized (+1 sample).
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Figure 1. The MIMU attached above the subject’s ankle.

B. Subjects

The study included ten healthy elderly (E) subjects (six
females, four males, mean =+ sd; age: 68.7 + 5.8 y.o., BMI:
24.3 + 1.5) and ten HD patients (three females, seven males,
mean =+ sd; age: 54.2 £ 11.9 y.o., BMI: 23.6 + 4.3) enrolled
from the outpatient Movement Disorders Clinic of the
University of Genoa. Disease severity was determined by
means of the UHDRS. The inclusion criteria were patients
who had (1) a confirmed diagnosis of HD and (2) the
UHDRS score relative to the gait and tandem walking
greater than or equal to 1.

C. Acquisition protocol

Subjects were asked to walk back and forth for about one
minute along a 12-meter walkway with the instrumented gait
mat placed two meters from the starting line where they
stood with their feet together for a few seconds after the
beginning of the MIMU acquisition. Subjects walked
wearing their shoes both at self-selected, comfortable speed
(V1) and higher speed (V2) (i.e. maximum walking speed).
In between acquisitions subjects could take a rest.

D. Gait Direction Changes estimation

The MIMU raw signals, proper acceleration and angular
velocity, were expressed in the GF using the quaternion
provided by on-board Kalman filter. The gravity contribution
was then removed from the acceleration signals obtaining the
acceleration (“a(f)). Gait cycles were isolated using the
algorithm proposed in [15].

By integrating “a(7) within the j” gait cycle using 30%
of the stance time as zero-update timing (ZUPT) [16], an
estimate of the velocity variation Gﬁ(t)j from the cycle initial
value “v(0) ; was obtained as in (1):

G G G JZUPTy G
V(1) ,;="v(t) ;=" v(0),; :JA‘ a(t) dt (1
JZUPT,

and the mean velocity variation for each gait cycle was then
computed as in (2):

V() = avg("(D),)) 2

during (i) the swing phase (Method 1) and (ii) the entire
gait cycle (Method 2). The °v(j) is then projected on the

TABLE Il SUMMARY OF THE FOUR GDC ESTIMATION METHODS

Method Vector Time interval
Ml V(j) Swing phase
M2 V(j) Gait cycle
M3 ‘o(), Swing phase
M4 “s(J) Gait cycle

horizontal plane and the angle between “v(;) and °v(j+1)

is obtained and used to define the GDC of the gait cycle j+1
with respect to the previous cycle (Fig. 2). The GDC was
also estimated (iii) as the angle between the mean unit vector

of the angular velocity GE(I)_,. during the swing phase of two
consecutive strides (Method 3) and (iv) by computing the
displacement “s(;) along the three directions obtained with

a further integration of v(f) ; throughout the gait cycle

(Method 4). A summary description of the methods is reported
in Table II.

E. Data analysis

An estimate of the GDC range, determined as the interval
between minimum and maximum GDC as obtained from the
instrumented gait mat, was computed for both E and HD
groups.

The error, defined as the difference between the MIMU-
based and the instrumented gait mat GDC estimates, was
determined for the tested methods. For each subject, the
GDC mean absolute error (mae) was calculated.

III. RESULTS

The mean and standard deviation values of the gait
speeds V1 and V2 for both E and HD subjects are reported
in Fig. 3. The mean and standard deviation values of the
GDC ranges for both E and HD subjects and for both gait
speeds are shown in Fig. 4.

In Fig. 5 the mean value of the mae and its sd of all four
MIMU-based GDC estimation methods computed over the
gait tests of E and HD subjects are reported for both gait
speeds. The same mae values, normalized with respect to the
relevant GDC ranges, are reported in Fig. 6. Three gait tests
were removed from the analysis due to technical issues.

DoP(1) DoP(3)
DoP(2)

Iststde 2nd stride 3rd stride 4thstide

Line of

progression

Figure 2. Changes of DoP during straight walking (GDC).
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Figure 3. Mean and standard deviation values of the gait speed
(as determined by the gold standard) for both the E and HD
subjects groups for each gait speed trial (V1, V2).

IV. DISCUSSION

Wearable inertial sensors may potentially estimate
changes in the direction of progression, among other key gait
characteristics, when walking outdoors and for extended time
opening new scenarios in the assessment of people’s gait. In
fact, the relationship between gait speed and direction could
be a prognostic parameter to use for monitoring the
rehabilitation outcome of HD patients [17]. In this study we
proposed and compared four methods for a MIMU-based
stride-by-stride estimation of the gait direction changes in
both healthy and subjects affected by a disease known to
increase the variability of gait patterns. We chose to evaluate
the tested methods on groups characterized by extremely
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Figure 4. Mean and standard deviation values of the GDC ranges
(as determined by the gold standard)for both the E and HD subjects
groups for each gait speed trial (V1, V2).

different gait features expecting to make the validation more
robust than if performed on a group of healthy subjects as it
is often the case in the literature on MIMU applications. For
example, Schafer et al [18] proposed a method to be applied
to MIMUs attached to the feet in order to determine the
heading information from gait cycle patterns only on healthy
subjects and without reporting errors in estimating the GDC.
The best performing tested methods (Method 1 and Method 3)
showed mae values about one order of magnitude lower than
the GDC range for the E subjects at comfortable speed, but
even if they remain the best performing methods, their
performance worsened remarkably when applied to the HD
subjects at comfortable speed (mae of about 30% of GCD
range).
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Figure 5. Average values and standard deviation over the E and HD subjects of the mean absolute error (mae) of the MIMU-based GDC estimates for
both comfortable (V1) and fast (V2) gait speeds.

100%% -
90%%
30%%
0%
60%

GDC mae (zd) normalized

50%
40% -
30% T T T
20% S
10% -
0%
vz

Vi
E

HWi 1l
‘ i - v2

Figure 6. Average values and standard deviation over the E and HD subjects of the mean absolute error (mae) of the MIMU-based GDC estimates for
both comfortable (V1) and fast (V2) gait speeds normalized with respect to the GDC ranges.
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This might be due to the higher variability of the swing
patterns typical of the HD subjects at lower speeds,
consistently with the findings of other studies carried out on
both healthy subjects and patients suffering of vestibular
deficits [19]. As expected, lower errors in estimating GCD
were found in the gait of the E group for both speeds.
However, the performance of all methods (with the
exception of Method 4), when applied to the two groups
higher gait speed was very similar.

Method 1 and Method 3 can better estimate the GCD
since they only take into consideration the portion of the gait
cycle that determines for the most part the direction of
progression. Methods including the stance phase are more
prone to instrumental errors such as the drift typical of
MIMU measurements. Moreover, the “drunken gait”
characteristic of HD subjects includes lateral swaying during
stance, especially at lower speeds, that can increase the
variability of the direction of both angular and linear velocity
in stance.

Additional analysis on HD subjects aimed at investigating
the influence of gait speed on the GCD estimates accuracy
and at assessing the methods performance during different
experimental conditions such as the tandem gait test (slowly
walking in a straight line, touching the heel of one foot to the
toes of the other), would be desirable. Additional
information on gait progression (i.e. the DoP estimated from
both foot and pelvis kinematics), a wider range of walking
paths and more extended data acquisitions should also be
implemented to further validate MIMU-based GDC
estimates.
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