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1. Introduction

Given the different gait patterns and pathologies in children
with cerebral palsy (CP), a global analysis is essential in clinical
practice. For this purpose, estimation of gait deviations from
normative values is required and is helpful to improve therapeutic
interventions.

In the CP pathology, three dimensional (3D) gait analysis for
ambulant children and clinical evaluations are commonly used as
assessments and are part of the international standard of CP care
[1]. Even with 3D gait analysis, which is becoming an essential tool
to assess ambulant children with CP [2], it is sometimes difficult to
define objectively the amount of abnormalities and the degree by
which an abnormal gait deviates from normal patterns. Three
dimensional (3D) gait analysis provides a large amount of
interdependent data and variables corresponding to different
gait patterns [3]. The quantity and complexity of the data have
pushed many authors to describe indices based on 3D gait

analysis, developed primarily to evaluate clinical changes after a
therapeutic intervention like the hip flexor index (HFI) [4] and the
Gillette Gait Index (GGI) [5]. The GGI is calculated using discrete
parameters incorporating 16 kinematic and temporal distance
variables, chosen arbitrarily, allowing us to describe and to
quantify the amount of pathology in an individual’s gait pattern,
and its repeatability has been evaluated [6]. These tools ignore the
relation that exists between gait variables, contrary to other
indices, described later, like the Gait Profile Score (GPS) [3] and the
Gait Deviation Index (GDI) [7]. The GDI is an alternative to the GGI,
measuring the subject’s gait deviation from a normative database.
It is calculated using kinematic variables, studied point by point,
during the entire gait cycle. It is a scaled distance between 9
kinematic parameters of pathological gait and the average of 9
kinematic parameters of normal gait (group of typically develop-
ing (TD) children) [8]. The GDI is represented as a single number:
when the number decreases, clinical involvement increases, and
when the number increases, the gait profile is closer to a normal
profile (�100).

Many authors were interested in studying the correlation
between indices calculated from the computerized gait analysis
and clinical evaluation tools [9–11]. Molloy [12] studied the
correlation between the GDI and clinical functional measures like
the Gross Motor Function Measure (GMFM) and Gross Motor
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A B S T R A C T

The Gait Deviation Index (GDI) is a dimensionless parameter that evaluates the deviation of kinematic

gait from a control database. The GDI can be used to stratify gait pathology in children with cerebral palsy

(CP). In this paper the repeatability and uncertainty of the GDI were evaluated. The Correlation between

the GDI and the Gross Motor Function Classification System (GMFCS) was studied for different groups of

children with CP (hemiplegia, diplegia, triplegia and quadriplegia). Forty-nine, typically developing

children (TD) formed our database. A retrospective study was conducted on our 3D gait data and clinical

exams and 134 spastic children were included. Sixteen TD children completed the gait analysis twice to

evaluate the repeatability of the GDI (test–retest evaluation). Monte Carlo simulations were applied for

all groups (TD and children with CP) in order to evaluate the propagation of errors stemming from

kinematics. The repeatability coefficient (2SD of test–retest differences), obtained on the GDI for the 16

TD children (32 lower limbs) was �10. Monte Carlo simulations showed an uncertainty ranging between

0.8 and 1.3 for TD children and all groups with CP. The Spearman Rank correlation showed a moderate

correlation between the GDI and the GMFCS (r = �0.44, p < 0.0001).
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Function Classification system (GMFCS) and concluded that the
GDI is a valid tool to describe motor impairments in CP.

However, for clinical use, it would be interesting to evaluate the
repeatability of the GDI, by the test–retest method, since there is
no previous study on this subject. Moreover, the method of
calculation of the GDI involves kinematic curves and their
transformation into vectors, matrices, euclidian distances and
singular value decomposition [7]. Kinematics are subject to errors
in 3D gait analysis and these errors can lead to uncertainties on the
value of the GDI. It would be interesting to evaluate the
propagation of errors during the calculation of the GDI.

The aim of this study is to evaluate the repeatability of the GDI
within typically developing (TD) children. The error propagation
during the calculation of the GDI was evaluated by applying Monte
Carlo simulations on TD children and children with CP.

2. Methods

2.1. Samples

A retrospective study was conducted on our 3D gait data and
clinical assessments performed between 2006 and 2012. One
hundred ninety one (N = 191) children were referred to our gait
laboratory for an orthopedic evaluation, an orthotic intervention or
for a baseline gait assessment. Forty-nine (N = 49) TD children
formed our asymptomatic database with a mean age of 10.3 years
(SD = 3, minimum = 5 years, maximum = 15 years) [6]. One
hundred thirty four (N = 134) children with the diagnosis of
spastic cerebral palsy were included in this study with a mean age
of 10.5 years (SD = 4.5, minimum = 5 years, maximum = 20 years).
Six Vicon MX3 cameras were used for the data acquisition (Vicon
Motion Systems, Oxford, UK). Sixteen reflective markers based on
the Davis protocol [2] were placed to calculate joint kinematic
angles. Six to seven trials at self-selected walking speed were
collected for each subject and one representative cycle for a
barefoot stride for each limb was selected, for each subject, jointly
by a bioengineer and a physical therapist, both experienced in gait
analysis. The GMFCS score was assessed by the physical therapist
during the clinical examination, which was carried out immedi-
ately before the subject underwent 3D gait analysis.

Each child was classified by the referring clinician, according to
the distribution of spasticity and limb involvement during visual
gait assessment and clinical examination. Children with hemiple-
gia (N = 31) have one lower limb involved with the ipsilateral
upper limb. Children with diplegia (N = 86) have both lower limbs
involved with minimal involvement of the upper limbs, while
children with trilpegia (N = 6) present spasticity in the lower limbs
with major involvement of one upper limb. Quadriplegia (N = 11) is
characterized by moderate to severe involvement of the four limbs.
The GDI score was calculated in a Matlab (Mathworks1, Natick,
MA, USA) function, separately for each leg, using the method
provided by Schwartz [7]. Nine kinematic variables are used for
this calculation: pelvis and hip motion in the 3 planes (sagittal,
frontal, horizontal), knee and ankle motion in the sagittal plane and
the foot progression angle in the horizontal plane [7].

The database of TD children, available in our laboratory
(N = 49 subjects) was divided into 2 groups: the reference group
(N = 33 who performed the gait analysis one time) and the able-
bodied group (N = 16 subjects who performed the exam twice at
one week interval). The reference group formed the database for
GDI calculation. The calculation of the GDI for the able-bodied
group helped in the verification of GDI implementation. The
repeatability of the GDI was calculated on the 32 lower limbs
from the 16 TD children who formed the able-bodied group. The
correlation between the GDI and the GMFCS was evaluated on
the groups with CP.

2.2. Monte Carlo simulations

In order to evaluate the sensitivity of the GDI to the variability
of kinematic parameters, Monte Carlo simulations were applied
on the able-bodied group and on each group of children with CP.
Monte Carlo simulations are widely used in biomedical studies to
assess the propagation of uncertainties in a calculation process
[6,13]. The application of this simulation requires: definition of
the measurand (the mathematical model), association of
uncertainty on each variable entry, generation of N random
realizations of entry, calculation of the N measurands and their
standard deviations (95% confidence interval: mean � 2SD), via
the model. In this study, the measurand defined is the GDI. The
variable entries are the kinematic curves of the subjects. Ten
thousand random realizations of entries were created by adding a
random noise to each curve. The means of the random noises were
set to zero and the standard deviations were the same as the inter-
session variability found on each kinematic parameter in our
laboratory [6]. The standard deviations were those found on the
overall range of motion for each joint/segment (pelvis, hip, knee,
ankle, foot progression) in each plane of interest (sagittal, frontal
and horizontal). Ten thousand values of the GDI were obtained and
their standard deviations were calculated (95% confidence interval
by calculating the 2SD).

2.3. Statistical analysis

Xlstat1 (Addinsoft, New York, USA) and Matlab1 (Mathworks1,
Natick, MA, USA) were used for statistical calculations. The Shapiro
Wilk test was applied to study the distribution of all the variables.
The Fisher test was applied in order to verify the equality of
variances, then, the Student paired t-test was applied to compare
the average of the GDI between session 1 and session 2 for the 16
TD children who completed the exam twice. The confidence
interval was evaluated by calculating 2SD of the difference
between the 2 sessions, by using the method described by Bland
and Altman [14,15]: there were two samples of GDI values (xi,1 and
xi,2) from the two sessions of the 16 subjects who completed the
gait analysis twice (index i referring to subject’s number). To
evaluate the extent of the differences between repeated tests a
within-subject inter-sessions difference was calculated, Di = (x-

i,1 � xi,2). The coefficient of repeatability was 2SD of the 16 values
of Di, as reported by Bland and Altman.

One way Anova with Duncan’s post hoc test was applied to
determine the ability of the GDI to differentiate between children
with cerebral palsy, defined by their topographic classifications
and GMFCS levels. A Power analysis was performed. The Spearman
Rank correlation was applied to study the correlation between the
GMFCS and the GDI. Significance level was set to 0.05 for all tests.

3. Results

3.1. GDI for children with CP

The demographic characteristics of the children with CP and TD
children are summarized in Table 1. The GDI was calculated
separately for each lower limb. The GDI was normally distributed
in each GMFCS level for children with CP and for TD children. The
mean value of the GDI according to GMFCS levels is represented in
Table 2. The mean value of the GDI decreases when the GMFCS
increases. The histogram of the GDI is shifted toward 100 when the
GMFCS decreases (Fig. 1 (left)). The mean values of the GDI
(mean � 1SD) for the different groups of children with CP are
presented in Table 2. We noticed an overlap of GDI values for various
CP sub-types most noted between hemiplegia, diplegia and triplegia
(Fig. 1 (right)).
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