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Abstract: Background: Cerebral palsy (CP) is a complex pathology that describes a group of motor
disorders with different presentations and functional levels. Three-dimensional gait analysis is
widely used in the assessment of CP children to assist in clinical decision making. Thus, it is crucial
to assess the repeatability of gait measurements to evaluate the progress of the rehabilitation process.
The purpose of the study is to evaluate test-retest reliability of a six-degree-of-freedom (6DoF) marker
set in key points of gait kinematics, kinetics, and time-distance parameters in children with CP.
Methods: trials were performed on two different days within a period of 7.5 ± 1.4 day. Motion
capture data was collected with 14 infrared, high-speed cameras at a frequency rate of 100 Hz,
synchronized in time and space with two force plates. Intraclass correlation coefficients considering
the two-way mixed model, and absolute agreement (ICC[A,k]) were calculated for anthropometric,
time–distance, kinematic and kinetic parameters of both lower limbs. Results: the majority of
gait parameters demonstrated a good ICC, and the lowest values were in the kinematic variables.
Conclusions: this study indicates wide-ranging reliability values for lower limb joint angles and
joint moments of force during gait, especially for frontal and transverse planes. Although the use
of a 6DoF-CAST in CP children was shown to be a feasible method, the gait variation that can be
observed between sessions in CP children seems to be related not only to the extrinsic factors but
also to their different gait patterns and affected sides.
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1. Introduction

Cerebral palsy (CP) is the most common cause of motor disability in children [1–3].
The average incidence of cerebral palsy is estimated to range between 1.5 to 3.3 per 1000
live births in European countries [4], whereas this number is around 1 per 500 live births
worldwide [2,3,5]. CP is a complex pathology that describes a group of impairments
and motor disorders [6] with different presentations and functional levels [7]. The gait
deviations that occur in CP children are mainly originated by an inadequate muscle
action [8]. Three-dimensional gait analysis is the widely accepted technique used in the
assessment of ambulant patients with CP to assist in clinical decision making and assessing
outcomes in the rehabilitation process [9], supporting a complete biomechanical analysis
of the time-distance, kinematic and kinetic parameters of gait [10].

The purpose of each clinical gait measurement technology is to provide data free from
measurement errors that may create uncertainty about the possible clinical interpretations.
Thus, reliability addresses to which extent gait measurements are consistent or free from
variation across time [11]. However, most of these clinical variables are not reliable [12],
either due to their own intrinsic variations, namely in the intra-individual oscillations that
occur in trial-to-trial sessions, or due to extrinsic variations, such as, marker placement [13].
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CP children are intensively studied in gait analysis, but unlike other populations with
gait abnormalities [14] there are no specific biomechanical models to their gait characteris-
tics. It is known that there are significant differences among the techniques, but the gait
laboratories still opt to use their typical protocols, regardless of the population.

It is essential to understand the possible errors associated with the different techniques
of marker sets and underlying anatomical models [15] to reproduce the clinical gait mea-
surements with confidence [16]. Significant differences exist in biomechanical models used
in different laboratories. These include measured variables, degrees of freedom assigned to
the joints, anatomical reference frames, and joint rotation conventions [17]. The conven-
tional gait model (CGM) is a very widely used biomechanical model to calculate kinematic
and kinetic variables in gait analysis [16]. It has been extensively validated but there are
still some issues regarding its reliability, mainly due to its unconstrained segment dimen-
sions which makes it more exposed to sources of errors [18]. The six-degree-of-freedom
(6DoF) models are the most common alternative to the CGM that, despite needing more
extensive validation [18], assumes that the segments are rigid and do not constrain the
joints motions [19]. Several 6DoF modeling techniques were used in the assessment of
repeatability in participants with motor and physical characteristics limiting the normal
gait [14,20,21].

These 6DoF models address the known limitations of the CGM, but unlike the latter it
still needs to be better researched. However, some results have indicated some of those
claims (e.g., the segments have a fixed length and soft tissue artifact is reduced). Soft tissue
artifact between markers is certainly eliminated by using rigid clusters, but a different form
of soft tissue artifact will affect the orientation and position of the whole cluster in relation
to the bones [22]. In children in particular, the amount of soft tissue surrounding the limb
segments is not the major reason for some oscillations, but the smaller distance between
clusters and anatomical markers which do not minimize the magnitude of this type of error.
According to a systematic review of McGinley et al. [11] about the repeatability studies of
kinematic models, the majority of the included studies used the CGM or some variant of
it. In previous test-retest reliability studies performed in CP children, the biomechanical
models were based in CGM [23] and similar models such as the Helen-Hayes [24] and the
Vicon Clinical Manager [25]. One study that used a 6DoF variant (the Cleveland clinic
marker set) [26] did not compare kinetic data and the authors assessed repeatability using
a coefficient of multiple correlation (CMC) which has recently been determined not to be
suitable as a tool for assessing reliability in gait measurements [27].

The lack of evidence regarding the reliability of 6DoF models in subjects with abnormal
gait patterns, particularly in kinetic variables, was the motivation to develop this research.
Moreover, knowing that errors associated with kinematic variables have tremendous
consequences in the estimation of the kinetic parameters, it is essential to assess the
magnitude of these errors. Considering these issues, the aim of this study is to evaluate the
test-retest reliability of a 6DoF model in key kinematic and kinetic gait cycle parameters in
CP children.

2. Materials and Methods
2.1. Design

Prospective controlled study.

2.2. Participants Selection

A convenience sampling of eight children (two females and six males) with cerebral
palsy was recruited from two Portuguese cerebral palsy centres to participate in the study.
Firstly, the participants’ clinical history was reviewed, and a clinical exam was performed
with the subject laid on the table, seated on a chair, or standing. The eligibility criteria
were as follows: male and female children, between 4 and 16 years of age; with a clin-
ical diagnosis of Unilateral Spastic Cerebral Palsy or Bilateral Spastic Cerebral Palsy of
crural predominance, grades I and II in the Gross Motor Function Classification System
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(GMFCS) [28]; able to walk independently with or without walking aids; cooperative
and able to comply with simple orders; feet size between 20 and 33; who had a clinical
recommendation to use an ankle foot orthosis, but have never used it before, or during the
trials; who have not undergone orthopaedic surgery of the lower limb in the last 12 months,
and who are not expecting to have a surgical intervention in the next 6 months; and who
were not given botulinum toxin in the last 6 months [29]. The protocol was approved
by and executed in accordance with the Faculty of Human Kinetics Ethics Committee
(CEFMH-2/2019). An informed consent was previously signed by the parent or the legal
guardian of the participant.

2.3. Gait Protocol

The trials were performed on two different days within a period of 7.5 ± 1.4 days to
minimize the assessor memory bias and short enough to prevent a change in the children’s
gait pattern or clinical condition [21]. Upon the participants’ arrival, instruction was given
about the protocol, the risks and benefits, as well as the informed consent.

The initial clinical exam consisted of a sequence of measures to assess bone and
joint deformities, muscle length, muscle force, selective motor control and spasticity [2].
Two experienced researchers performed the clinical assessment while the same assessor
was responsible for the placement of the markers in all the sessions. Palpation was used to
locate the subcutaneous anatomical landmarks on the participants [30] and subsequently
to place the marker set. These were 1.25 cm spherical reflective markers with a 1.8 cm
semi-flexible width base. Four marker clusters were attached to the lateral part of the
thigh and shank to independently track anatomical landmarks of each segment allowing
rotational and translational motion at the joints [19]. These types of markers were adequate
for the general height of these children given the smaller body parts. Motion capture data
were collected with 14 infrared, high-speed cameras (Qualisys Oqus 300, Qualisys AB,
Gothenburg, Sweden) at a frequency rate of 100 Hz. This system was synchronized in
time and space with two force plates (FP4060-07, FP4060-10, Bertec, Columbus, OH, USA)
embedded into the laboratory walkway [31]. Before each dynamic trial, a barefoot static
trial in the standing position was recorded in order to determine the participant’s joint
centres and segmental reference systems, as well as segments’ length [19]. Afterwards,
the participant was instructed to walk along a 10 m corridor, unassisted at a self-selected
pace. The dynamic trials ended when the child successfully achieved a minimum of five
complete kinematic and kinetic walking cycles for each side [14,32,33], considering the
natural variation in kinematic and kinetic gait parameters [34].

2.4. Data Processing

Gait cycles were extracted using Qualysis Track Manager (QTM) (v2020.3 build 6020,
Qualisys AB, Gothenburg, Sweden). The subsequent analysis and processing were done
using Visual 3D software (Professional Version v4.80.00, C-Motion, Inc., Rockville, MD,
USA). The marker set (Figure 1) that was used followed the calibrated anatomical system
protocol (CAST) [30,35] and CODA pelvis [36]. It was used to reconstruct the pelvis
and both lower limbs [34]. The 22 individual markers and four marker clusters of four
embedded markers each, allowed the reconstruction of seven body segments: feet, shanks,
thighs, and pelvis. Each segment is considered to be independent and to have six degrees
of freedom [37]. Lower limb segment masses were determined according to Dempster [38]
while the remaining inertial parameters were computed based on Hanavan [39].
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markers, according to Bell’s regression equations [36]. Anatomical reference frames of the 
lower limb segments were defined in accordance with the International Society of Bio-
mechanics (ISB) recommendations to the standard description of joint kinematics [41]. 

The thigh anatomical coordinate system was defined by the hip joint centers previ-
ously computed using the pelvis markers and the lateral and medial femur condyles; the 
origin was the hip joint center; the Z-axis points from the midpoint between the lateral 
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Lower limb and pelvis joint angles (calculated using a XYZ Cardan sequence) and 
moments (determined through inverse dynamics and normalized to subjects’ body mass) 
were computed and expressed relative to the proximal segment. The XYZ Cardan se-
quence was used due to the ISB recommendations regarding its clinical and anatomical 
meaning [43], since the description of X, Y and Z are equal to flexion-extension, abduc-
tion-adduction and longitudinal internal-external rotation, respectively. 

A cubic spline smoothing routine was used to filter both kinematic and kinetic data. 
The segment length was defined as the distance between the proximal and distal ends of 
the segment. Kinematic and kinetic data were normalized to 100% of the gait cycle. Peak 
values for lower limb angles and moments, as well as time–distance parameters, were 
computed for each cycle and averaged for each subject [21]. All data were considered 
assuming the lower limbs as independent to evaluate the variation of each one, even if 
they participated jointly during the gait cycle. 

Figure 1. Positioning of the retroreflective markers attached to the subjects. Adapted from [40]:
(A) anterior view; (B) posterior view.

The pelvic anatomical coordinate system was defined by surface markers placed on
the right and left anterior superior iliac spines (ASIS) and on the right and left posterior
superior iliac spines (PSIS) and can be described as the origin at the midpoint between the
right ASIS and the left ASIS; the Z-axis points from the origin to the right ASIS; the X-axis
lies in the plane defined by the right ASIS, left ASIS, and the midpoint of the right PSIS and
left PSIS markers and points ventrally orthogonal to the Z-axis; and the Y-axis is orthogonal
to the previous two [41]. The hip joint centers were computed using the pelvis markers,
according to Bell’s regression equations [36]. Anatomical reference frames of the lower
limb segments were defined in accordance with the International Society of Biomechanics
(ISB) recommendations to the standard description of joint kinematics [41].

The thigh anatomical coordinate system was defined by the hip joint centers previously
computed using the pelvis markers and the lateral and medial femur condyles; the origin
was the hip joint center; the Z-axis points from the midpoint between the lateral and medial
femur condyles and the origin; the Y-axis is perpendicular to the Z-axis and the frontal
plane of the thigh (defined by an axis between the lateral and medial femur condyles and
the hip joint center); the X-axis is orthogonal to the previous two.

The shank anatomical coordinate system was defined by the femur condyles and
malleolli markers; the origin was the knee joint center defined as the midpoint of the
medial and lateral femur condyles; the Z-axis points from the midpoint between the lateral
and medial malleoli and the origin; the Y-axis is perpendicular to the frontal plane of the
shank and Z-axis; X-axis is orthogonal to the previous two.

The foot anatomical coordinate system was defined by the malleolli markers and the
metatarsal markers; the origin was the ankle joint center defined by the midpoint between
the lateral and medial malleoli markers; the Z-axis points from the midpoint between the
1st and 5th metatarsal heads and the origin; the Y-axis is perpendicular to the frontal plane
of the foot and the Z-axis; X-axis is orthogonal to the previous two [42].

Lower limb and pelvis joint angles (calculated using a XYZ Cardan sequence) and mo-
ments (determined through inverse dynamics and normalized to subjects’ body mass) were
computed and expressed relative to the proximal segment. The XYZ Cardan sequence was
used due to the ISB recommendations regarding its clinical and anatomical meaning [43],
since the description of X, Y and Z are equal to flexion-extension, abduction-adduction and
longitudinal internal-external rotation, respectively.

A cubic spline smoothing routine was used to filter both kinematic and kinetic data.
The segment length was defined as the distance between the proximal and distal ends of
the segment. Kinematic and kinetic data were normalized to 100% of the gait cycle. Peak
values for lower limb angles and moments, as well as time–distance parameters, were
computed for each cycle and averaged for each subject [21]. All data were considered
assuming the lower limbs as independent to evaluate the variation of each one, even if
they participated jointly during the gait cycle.
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2.5. Statistical Methods

Statistical analysis to assess test-retest reliability of the gait kinematic and kinetic data
was carried out using the method described by Quigley et al. [44] and Fernandes et al. [21].
Intraclass correlation coefficients considering the two-way mixed model, and absolute
agreement (ICC[A,k]) [45,46] were calculated for anthropometric, time-distance, kinematic
and kinetic parameters of both lower limbs. The level of agreement was considered poor,
fair, good, and excellent when ICC < 0.40, 0.40 ≤ ICC < 0.60, 0.60 ≤ ICC < 0.75, 0.75 ≤ ICC
≤ 1.00, respectively [47]. The absolute measure of reliability standard error of measurement
(SEM) was calculated using the following equation: SEM = SDdiff/

√
2. The indicated levels

of error for kinematic data were considered acceptable if SEM ≤ 2◦, reasonable between 2◦

and 5◦, and concerning if SEM ≥ 5◦ [20]. From each trial, 97 individual values of clinical
interest were extracted. The calculated key points included the mean difference between
measurements and the 95% confidence interval (CI) for mean difference, the standard
deviation of the differences (SDdiff) and the 95% Bland and Altman limits of agreement
(95% LOA). All the statistical tests were conducted using SPSS (version 26.0; IBM, Chicago,
IL, USA) and p < 0.05 was considered statistically significant.

3. Results

The participants of the study were a convenience sampling of eight CP children (Table 1)
able to walk independently (three hemiplegic, five diplegic; two females, six males; age 87.88
± 25.56 months; height 1.17 ± 0.14 m; mass 24.25 ± 8.26 kg). Two trials were performed on
two different days within period of 7.5 ± 1.4 days.

3.1. Reliability of Anthropometric Parameters

The ICCs were ≥0.96 for anthropometric measurements (Table 2). The lowest were
the right (0.97, 95% CI 0.86 to 0.99) and left foot segment length (0.96, 95% CI 0.83 to 0.99)
and SEM values were ≤0.64 cm.

3.2. Reliability of Time-Distance Parameters

For time-distance parameters, ICCs were ≥0.75 (Table 3) except for right step length
(0.64, 95% CI 0.00 to 0.92) and right stride length (0.64, 95% CI 0.00 to 0.92). The SEM values
were 0.06 m and 0.11 m, respectively.

3.3. Reliability of Kinematic Parameters

Most joint angle peaks demonstrated excellent ICCs ≥0.75 (Table 4). Good ICCs were
also shown in both sides of the lower limbs. On the right lower limb, the pelvic obliquity
up was (0.67, 95% CI 0.00 to 0.94) and the hip internal and external rotation (0.73, 95%
CI 0.00 to 0.95) and (0.67, 95% CI 0.00 to 0.93), respectively. Similarly on the left side, hip
abduction was (0.60, 95% CI 0.00 to 0.92) and internal rotation (0.67, 95% CI 0.00 to 0.93).
At the knee joint, its internal rotation was (0.64, 95% CI 0.00 to 0.92) and ankle eversion
(0.60, 95% CI 0.00 to 0.91). However, a few of the ICCs variables were poor, the majority
on the right side, with hip flexion (0.14, 95% CI 0.00 to 0.84), knee abduction (0.37, 95%
CI 0.00 to 0.88), adduction (0.33, 95% CI 0.00 to 0.87), internal rotation (0.00, 95% CI 0.00 to
0.69) and ankle plantar flexion (0.00, 95% CI 0.00 to 0.81) and inversion (0.00, 95% CI 0.00
to 0.80). In the left side, only the ankle plantar flexion (0.27, 95% CI 0.00 to 0.92) presented
similar values in this range. The SEM values ranged between 1.8◦ to 14.7◦ and average
between 3.2◦ e 7.9◦.
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Table 1. Subject characteristics.

Left Lower Limb Right Lower Limb

Subject Affected Side Height (m) Mass (Kg) True Leg Length
(cm)

Sagittal Gait
Pattern

Gastrocnemius Spasticity
(Modified

Ashworth Scale)

True Leg Length
(cm)

Sagittal Gait
Pattern

Gastrocnemius
Spasticity
(Modified

Ashworth Scale)

001 Bilateral 1.09 19.5 52.5 True equinus [48] 1+ 54.5 True equinus [48] 2
002 Unilateral 1.14 26 54.6 Normal 0 54.3 True equinus [49] 2

003 Bilateral 1.32 26 66 Apparent equinus
[48] 1+ 66 Apparent equinus

[48] 1+

004 Unilateral 0.98 13.5 46 True equinus [48] 1+ 45 Normal 0

005 Bilateral 1.37 34 71 Apparent equinus
[48] 2 70.5 Apparent equinus

[48] 2

006 Unilateral 1.32 37 70.2 Normal 0 70.1
True equinus with
recurvatum knee

[49]
1+

007 Bilateral 1.06 15.5 52 True equinus [48] 3 52.7 True equinus [48] 3
008 Bilateral 1.10 18 54 Jump gait [48] 2 54.5 Jump gait [48] 2

Table 2. Reliability values for anthropometric measurements.

Anthropometric
Parameters ICC ICC 95% CI Mean Mean Diff Mean Diff 95% CI SDdiff 95% LOA SEM

Pelvis Segment
Depth (cm) 0.98 (0.93, 0.99) 13.2 0.2 (−0.2, 0.7) 0.6 (−0.97, 1.40) 0.4

Inter ASIS Distance
(cm) 0.98 (0.94, 0.99) 17.3 −0.1 (−0.7, 0.3) 0.6 (−1.50, 1.13) 0.4

Right Tight Segment
Length (cm) 0.99 (0.97, 0.99) 26.6 −0.1 (−0.7, 0.4) 0.7 (−1.55, 1.20) 0.5

Left Tight Segment
Length (cm) 0.99 (0.89, 0.99) 26.7 −0.5 (−0.9, 0.1) 0.4 (−1.50, 0.42) 0.3

Right Leg Segment
Length (cm) 0.99 (0.95, 0.99) 25.8 0.1 (−0.7, 0.8) 0.9 (−1.68, 1.85) 0.6

Left Leg Segment
Length (cm) 0.99 (0.97, 0.99) 25.9 0.3 (−0.0, 0.7) 0.4 (−0.53, 1.23) 0.3

Right Foot Segment
Length (cm) 0.97 (0.86, 0.99) 8.8 0.1 (−0.2, 0.4) 0.4 (−0.76, 0.96) 0.3

Left Foot Segment
Length (cm) 0.96 (0.83, 0.99) 9.0 0.1 (−0.3, 0.5) 0.5 (−1.01, 1.21) 0.4

Average 0.98 0.4

Intraclass correlation coefficient, ICC; 95% CI, 95% confidence interval for the ICC; mean, mean of measurements at baseline trial and retest trial; mean diff, mean of the differences between measurements at
times 1 and 2 and the 95%. CI for mean diff, the standard deviation of the differences (SDdiff); 95% LOA, Bland and Altman 95% limits of agreement; SEM, standard error of measurement.
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Table 3. Reliability values for time-distance parameters.

Time-Distance
Parameters ICC ICC 95% CI Mean Mean Diff Mean Diff 95%

CI SDdiff 95% LOA SEM

Speed (m/s) 0.78 (0.08, 0.99) 0.82 −0.08 (−0.21, 0.06) 0.16 (−0.40, 0.24) 0.12
Cycle Time (s) 0.86 (0.34, 0.97) 0.92 0.04 (−0.06, 0.13) 0.11 (−0.19, 0.26) 0.08
Double Limb

Support Time (s) 0.84 (0.01, 0.97) 0.2 0.05 (0.01, 0.09) 0.05 (−0.05, 0.15) 0.03

Stride Length (m) 0.94 (0.65, 0.99) 0.74 −0.04 (−0.08, 0.01) 0.05 (−0.14, 0.07) 0.04
Stride Width (m) 0.94 (0.73, 0.99) 0.12 0.01 (0.00, 0.02) 0.02 (−0.02, 0.04) 0.01

Average 0.87 0.06

Left lower Limb

Cycle Time (s) 0.84 (0.31, 0.97) 0.92 0.06 (−0.05, 0.16) 0.12 (−0.19, 0.30) 0.09
Stance Time (s) 0.85 (0.33, 0.97) 0.58 0.05 (−0.03, 0.13) 0.10 (−0.15, 0.25) 0.07
Swing Time(s) 0.76 (0.00, 0.95) 0.35 0.01 (−0.03, 0.04) 0.04 (−0.07, 0.08) 0.03
Step Time (s) 0.79 (0.00, 0.96) 0.45 0.01 (−0.04, 0.06) 0.06 (−0.11, 0.13) 0.04

Step Length (m) 0.93 (0.63, 0.99) 0.38 0.00 (−0.03, 0.03) 0.04 (−0.08, 0.08) 0.03
Stride Length (m) 0.93 (0.63, 0.99) 0.75 0.00 (−0.07, 0.07) 0.08 (−0.16, 0.16) 0.06

Average 0.85 0.05

Right lower Limb

Cycle Time (s) 0.86 (0.30, 0.97) 0.93 0.02 (−0.08, 0.12) 0.12 (−0.21, 0.25) 0.08
Stance Time (s) 0.87 (0.44, 0.97) 0.57 0.04 (−0.03, 0.10) 0.08 (−0.12, 0.19) 0.05
Swing Time(s) 0.84 (0.24, 0.97) 0.36 −0.02 (−0.06, 0.02) 0.05 (−0.11, 0.08) 0.03
Step Time (s) 0.79 (0.00, 0.96) 0.46 0.00 (−0.07, 0.07) 0.09 (−0.16, 0.17) 0.06

Step Length (m) 0.64 (0.00, 0.93) 0.36 −0.05 (−0.12, 0.02) 0.08 (−0.21, 0.11) 0.06
Stride Length (m) 0.64 (0.00, 0.93) 0.72 −0.11 (−0.24, 0.03) 0.16 (−0.42, 0.21) 0.11

Average 0.73 0.07

Intraclass correlation coefficient, ICC; 95% CI, 95% confidence interval for the ICC; mean, mean of measurements at baseline trial and retest trial; mean diff, mean of the differences between measurements at time
1 and 2 and the 95% CI for mean diff, the standard deviation of the differences (SDdiff); 95% LOA, Bland and Altman 95% limits of agreement; SEM, standard error of measurement.
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Table 4. Reliability values for kinematic parameters.

Kinematic
Parameters ICC ICC 95% CI Mean Mean Diff Mean Diff 95% CI SDdiff 95% LOA SEM

Pelvic joint angle (◦)

Left lower Limb

Anterior Tilt + 0.40 (0.00, 0.88) 16.0 −0.1 (−5.2, 5.0) 6.1 (−12.24, 12.02) 4.3
Posterior Tilt − 0.83 (0.20, 0.97) 10.4 −1.2 (−5.2, 2.8) 4.7 (−10.58, 8.19) 3.3
Obliquity Up + 0.84 (0.20, 0.97) 2.7 0.5 (−1.7, 2.7) 2.6 (−4.69, 5.69) 1.8

Obliquity Down − 0.75 (0.00, 0.95) −4.5 0.2 (−1.9, 2.3) 2.5 (−4.87, 5.28) 1.8
External Rotation − 0.44 (0.00, 0.89) −6.6 0.2 (−6.4, 7.0) 8.0 (−15.55, 16.10) 5.3
Internal Rotation + 0.76 (0.00, 0.95) 13.7 1.1 (−5.0, 7.2) 7.3 (−13.32, 15.55) 5.2

Average 0.67 3.6

Right lower Limb

Anterior Tilt + 0.51 (0.00, 0.91) 16.1 −0.8 (−6.1, 4.3) 6.2 (−13.15, 11.37) 4.4
Posterior Tilt − 0.84 (0.31, 0.97) 10.3 −2.2 (−6.1, 1.6) 4.6 (−11.30, 6.82) 3.2
Obliquity Up + 0.67 (0.00, 0.94) 3.8 0.1 (−2.2, 2.5) 2.8 (−5.44, 5.81) 2.0

Obliquity Down − 0.85 (0.31, 0.97) −2.7 −0.7 (−2.9, 1.3) 2.5 (−5.78, 4.20) 1.8
External Rotation − 0.88 (0.44, 0.98) −12.0 −1.8 (−6.2, 2.4) 5.2 (−12.06, 8.32) 3.6
Internal Rotation + 0.85 (0.21, 0.97) 7.5 −4.2 (−8.7, 0.2) 5.4 (−14.86, 6.30) 3.8

Average 0.77 3.1

Hip Joint angle (◦)

Left lower Limb

Flexion + 0.79 (0.00, 0.96) 45.0 −1.4 (−6.2, 3.5) 5.8 (−12.78, 9.98) 4.1
Extension − 0.78 (0.00, 0.96) 1.3 −0.7 (5.8, 4.3) 6.1 (−12.72, 11.24) 4.3
Abduction − 0.60 (0.00, 0.92) −10.4 0.3 (−4.2, 4.9) 5.5 (−10.41, 11.15) 3.9
Adduction + 0.76 (0.00, 0.95) 4.8 0.8 (−2.7, 4.4) 4.3 (−7.62, 9.27) 3.0

External Rotation − 0.58 (0.00, 0.90) −8.9 4.3 (−7.3, 18.0) 15.1 (−24.37, 35.08) 9.7
Internal Rotation + 0.67 (0.00, 0.92) 3.9 4.9 (−4.1, 16.0) 12.0 (−17.69, 29.66) 8.5

Average 0.70 5.6

Right lower Limb

Flexion + 0.14 (0.00, 0.85) 45.5 −0.9 (−9.1, 7.1) 9.7 (−20.10, 18.11) 6.9
Extension − 0.82 (0.12, 0.96) 1.5 −1.8 (−7.6, 3.9) 6.9 (−15.46, 11.80) 4.9
Abduction − 0.75 (0.00, 0.95) −9.9 0.2 (−3.5, 4.1) 4.6 (−8.78, 9.37) 3.2
Adduction + 0.79 (0.00, 0.96) 6.9 −0.4 (−3.9, 3.0) 4.1 (−8.62, 7.71) 2.9

External Rotation − 0.67 (0.00, 0.93) −10.7 −6.1 (−16.8, 4.4) 12.7 (−31.10, 18.77) 9.0
Internal Rotation + 0.73 (0.00, 0.95) 1.0 −4.0 (−14.5, 6.3) 12.4 (−28.54, 20.40) 8.8

Average 0.65 5.9
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Table 4. Cont.

Kinematic Parameters ICC ICC 95% CI Mean Mean Diff Mean Diff 95% CI SDdiff 95% LOA SEM

Knee Joint angle (◦)

Left lower Limb

Flexion + 0.75 (0.00, 0.95) 70.6 0.2 (−6.5, 7.0) 8.1 (−15.71, 16.17) 5.7
Extension − 0.85 (0.17, 0.97) 8.6 0.4 (−3.6, 4.5) 4.9 (−9.15, 10.04) 3.4
Abduction − 0.48 (0.00, 0.90) −7.4 0.5 (−5.1, 6.1) 6.7 (−12.68, 13.74) 4.7
Adduction + 0.46 (0.00, 0.90) 5.8 1.5 (−7.7, 10.9) 11.2 (−20.27, 23.42) 6.8

External Rotation − 0.75 (0.00, 0.95) −8.4 −0.6 (−7.9, 6.6) 8.7 (−17.73, 16.45) 6.1
Internal Rotation + 0.62 (0.00, 0.92) 4.7 3.0 (−5.0, 11.0) 9.7 (−15.91, 21.94) 6.8

Average 0.65 5.6

Right lower Limb

Flexion + 0.86 (0.25, 0.97) 68.5 −0.1 (−8.3, 8.0) 9.8 (−19.38, 19.13) 5.9
Extension − 0.98 (0.88, 0.99) 6.4 1.5 (−0.6, 3.6) 2.5 (−3.50, 6.50) 1.8
Abduction − 0.37 (0.00, 0.88) −6.9 −2.0 (−10.2, 6.1) 9.8 (−21.31, 17.13) 6.9
Adduction + 0.33 (0.00, 0.87) 4.7 −3.8 (−14.2, 6.6) 12.4 (−28.21, 20.54) 8.7

External Rotation − 0.76 (0.00, 0.95) −7.5 3.5 (−4.9, 12.1) 10.2 (−16.43, 23.61) 7.2
Internal Rotation + 0.00 (0.00, 0.69) 5.4 0.8 (−11.4, 13.0) 14.6 (−27.87, 29.49) 9.3

Average 0.55 6.6

Ankle Joint angle (◦)

Left lower Limb

Dorsiflexion + 0.46 (0.00, 0.90) 9.8 3.3 (−9.0, 15.7) 14.8 (−25.69, 32.37) 10.4
Plantar Flexion − 0.27 (0.00, 0.86) −11.1 2.6 (−10.5, 15.7) 15.7 (−28.22, 33.48) 11.1

Eversion − 0.60 (0.00, 0.91) 1.2 2.4 (−2.0, 7.0) 5.4 (−8.13, 13.11) 3.8
Inversion + 0.75 (0.00, 0.94) 13.0 1.6 (−3.1, 6.3) 5.6 (−9.44, 12.68) 3.9

Foot Internal
Progression + 0.95 (0.75, 0.99) 3.8 −0.4 (−4.1, 3.1) 4.4 (−9.13, 8.14) 3.1

Foot External
Progression − 0.87 (0.34, 0.97) −14.3 1.4 (−7.5, 10.3) 10.6 (−19.40, 22.29) 6.5

Average 0.65 6.5

Right lower Limb

Dorsiflexion + 0.40 (0.00, 0.82) 7.7 2.3 (−12.5, 17.1) 17.7 (−32.48, 37.14) 12.6
Plantar Flexion − 0.00 (0.00, 0.81) −13.5 4.5 (12.8, 21.9) 20.7 (−36.15, 45.23) 14.6

Eversion − 0.43 (0.00, 0.76) 1.1 0.0 (−5.7, 5.7) 6.9 (−13.48, 13.52) 4.8
Inversion + 0.00 (0.00, 0.80) 14.1 0.0 (−3.9, 3.8) 4.6 (−9.11, 8.99) 3.2

Foot Internal
Progression + 0.95 (0.78, 0.99) −11.7 −3.1 (−9.0, 2.7) 7.0 (−16.97, 10.67) 4.9

Foot External
Progression − 0.94 (0.72, 0.99) 29.3 −4.6 (−13.9, 4.6) 11.0 (−26.37, 17.05) 6.8

Average 0.45 7.8

Intraclass correlation coefficient, ICC; 95% CI, 95% confidence interval for the ICC; mean, mean of measurements at baseline trial and retest trial; Mean Diff, mean of the differences between measurements at time
1 and 2 and the 95% CI for mean diff, the standard deviation of the differences (SDdiff); 95% LOA, Bland and Altman 95% limits of agreement; SEM, standard error of measurement.
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Table 5. Reliability values for kinetic parameters.

Kinetic Parameters ICC ICC 95% CI Mean Mean Diff Mean Diff 95% CI SDdiff 95% LOA SEM

Hip Joint Moment (N m/Kg)

Left lower Limb

Flexion − 0.95 (0.76, 0.99) −0.46 −0.02 (−0.11, 0.06) 0.10 (−0.22, 0.17) 0.07
Extension + 0.67 (0.00, 0.94) 0.50 0.02 (−0.12, 0.16) 0.17 (−0.31, 0.34) 0.12
Abduction + 0.79 (0.00, 0.96) 0.43 0.01 (−0.08, 0.10) 0.11 (−0.20, 0.22) 0.08
Adduction − 0.00 (0.00, 0.75) −0.21 −0.05 (−0.28, 0.18) 0.28 (−0.60, 0.50) 0.20

Average 0.61 0.12

Right lower Limb

Flexion − 0.84 (0.11, 0.97) −0.37 0.01 (−0.12, 0.13) 0.15 (−0.29, 0.30) 0.11
Extension + 0.40 (0.00, 0.86) 0.47 0.08 (−0.13, 0.30) 0.26 (−0.43, 0.59) 0.18
Abduction + 0.73 (0.00, 0.95) 0.48 0.00 (−0.13, 0.12) 0.15 (−0.29, 0.29) 0.11
Adduction − 0.79 (0.16, 0.96) −0.12 −0.04 (−0.11, 0.02) 0.08 (−0.20, 0.11) 0.06

Average 0.69 0.12

Knee Joint Moment (N m/Kg)

Left lower Limb

Flexion − 0.69 (0.00, 0.94) −0.27 0.03 (−0.04, 0.11) 0.09 (−0.15, 0.21) 0.07
Extension + 0.79 (0.00, 0.96) 0.41 −0.02 (−0.19, 0.15) 0.21 (−0.42, 0.38) 0.15

Valgus + 0.72 (0.00, 0.95) 0.17 0.01 (−0.09, 0.11) 0.12 (−0.23, 0.25) 0.09
Varus − 0.76 (0.00, 0.95) −0.16 0.06 (0.00, 0.12) 0.07 (−0.07, 0.20) 0.05
Average 0.74 0.09

Right lower Limb

Flexion − 0.49 (0.00, 0.90) −0.26 0.13 (−0.06, 0.32) 0.23 (−0.32, 0.58) 0.16
Extension + 0.92 (0.63, 0.98) 0.31 −0.06 (−0.19, 0.07) 0.16 (−0.36, 0.24) 0.11

Valgus + 0.00 (0.00, 0.78) 0.27 −0.13 (−0.39, 0.13) 0.31 (−0.74, 0.48) 0.22
Varus − 0.61 (0.00, 0.92) −0.14 −0.04 (−0.12, 0.03) 0.09 (−0.23, 0.14) 0.07
Average 0.51 0.14

Ankle Joint Moment (N m/Kg)

Left lower Limb

Dorsiflexion − 0.72 (0.00, 0.95) −0.02 0.01 (−0.01, 0.04) 0.03 (−0.05, 0.08) 0.02
Plantar Flexion + 0.93 (0.61, 0.99) 0.85 0.00 (−0.12, 0.11) 0.14 (−0.27, 0.26) 0.10

Eversion + 0.57 (0.00, 0.92) 0.07 0.02 (−0.05, 0.08) 0.08 (−0.14, 0.17) 0.06
Inversion − 0.75 (0.00, 0.95) −0.13 0.02 (−0.06, 0.09) 0.09 (−0.16, 0.19) 0.06

Average 0.74 0.06

Right lower Limb

Dorsiflexion − 0.00 (0.00, 0.77) −0.02 −0.02 (−0.05, 0.02) 0.04 (−0.10, 0.06) 0.03
Plantar Flexion + 0.78 (0.00, 0.96) 0.75 −0.01 (−0.15, 0.13) 0.17 (−0.34, 0.32) 0.12

Eversion + 0.85 (0.21, 0.97) 0.04 0.00 (−0.03, 0.03) 0.04 (−0.07, 0.07) 0.03
Inversion − 0.55 (0.00, 0.91) −0.16 −0.03 (−0.18, 0.13) 0.18 (−0.39, 0.33) 0.13

Average 0.55 0.08

Intraclass correlation coefficient, ICC; 95% CI, 95% confidence interval for the ICC; mean, mean of measurements at baseline trial and retest trial; mean diff, mean of the differences between measurements at time
1 and 2 and the 95% CI for mean diff, the standard deviation of the differences (SDdiff); 95% LOA, Bland and Altman 95% limits of agreement; SEM, standard error of measurement.
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3.4. Reliability of Kinetic Parameters

For the ICCs of kinetic parameters, the results were higher than those for the kinematic
data, where the majority were ≥0.75 (Table 5). The lowest ICCs between sessions were
found in right knee joint valgus moment (0.00, 95% CI 0.00 to 0.78), right ankle dorsiflexion
(0.00, 95% CI 0.00 to 0.77) and left hip joint adduction moment (0.00, 95% CI 0.00 to 0.75).
The SEM values ranged between 0.1 Nm/Kg to 14.7 Nm/Kg and averaged between 0.1
Nm/Kg and 0.1 Nm/Kg.

4. Discussion

The purpose of this study was to evaluate the inter-session reliability and measurement
error of a 3D gait analysis protocol in a group of CP children, in order to better understand
the causes of intrinsic and extrinsic variation. Knowing this variability is crucial to improve
clinical analysis that supports decision-making in the rehabilitation process.

Ferrari et al. [17] have found that when comparing five protocols on the same gait
cycles, the main cause for the variability of outcomes between variables was the biome-
chanical model used and its definitions, regardless of the number of raters or even different
laboratories. These different biomechanical models make it more difficult to compare
results between reliability studies, as they present different sources of variability [17]. Re-
peated testing of a single subject allows for a clinical usefulness of the data, since it provides
some understanding into the extent of variation of the measured outcomes that can be
expected due to the pathology and those that are truly a consequence of a therapeutic
intervention [15].

Despite extreme caution and compliance with the protocol instructions regarding the
marker placement procedure, some inconsistency is still unavoidable [16], while possible
sources of error can occur due to subjects’ natural oscillations or skin motion [13] or
movement between the skin markers and the underlying bones [50,51]. This source of
error is totally disruptive for the joints with a limited range of motion, such as knee
abduction–adduction, internal–external rotation, and linear displacements [52,53].

CP children can demonstrate different gait patterns in each leg. This occurs not only
in unilateral spastic CP, where each legs presents different kinematic values [23], but also
in some bilateral spastic CP children with an asymmetrical gait pattern, combining at least
two different types of gait pattern [48]. A previous study by Mackey et al. [26] used the
6DoF Cleveland marker set with unilateral CP children and presented similar results at
both normal and hemiplegic limbs, where the highest repeatability was at the sagittal plane
(CMC values of 0.96–0.99) and lower in the transverse and frontal planes (CMC ≥ 0.7),
In this study, the CP children presented different gait patterns (Table 1): five had bilateral
spasticity, two had unilateral spasticity with their right limb affected and one was affected
in the left limb, which contributed to some degree of variation of the data. The overall
ICC results of kinematic and kinetic variables were lower on the right side, which can
indicate that—to some degree—the instability of the affected lower limbs could influence
the propagation of the STA. Reinschmidt and co-investigators reported that the soft tissue
motion can originate additional movement, resulting in an overestimation in kinematic
peak values of the segments by as much as 100% [54]. This is in accordance with our
research, where a larger variation was noted in the transverse and frontal planes of the
knee (Table 4). In the 6DoF models it is assumed that the limbs’ segments are independent
and do not share a fixed joint centre, which often originates non-physiological translations
between the proximal and distal bones at some joints [22]. However, in pathological gait,
care should be taken because non physiological movements may occur.

Typically true equinus gait patterns constrain CP children to stand with the ankle in a
neutral position [48]. However, according to Schlough et al. [55] when passive dorsiflexion
is detected in the clinical examination, it is possible for some subjects to walk with their feet
flat on the ground upon request. This variability in walking pattern during development is
considered typical. Nevertheless, when unable to perform heel contact, some biomechanical
compensation is detected, mainly in the coordination of movement at the hip, knee and
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ankle joints. In this study, one subject presented mild spastic diplegia and a considerable
gastrocnemius tone (as seen in Table 1), which often shows similar characteristics to
idiopathic toe walking. In the first session, the subject was able to perform a normal heel
strike at initial contact and during the stance phase of walking. However, during the
dynamic trials in the second session, the gastrocnemius stiffness was significantly higher
which caused some motion restriction at the ankle. As, in the static calibration trial, the
subject was able to stand with both feet flat on the floor, the range of motion differences
were wider from the start. The magnitude of this variation is visible in the scatter plots
of the dorsi/plantar flexion (Figure 2). When we compare the kinematic data between
sessions, there was an increase of 8◦ in hip flexion, a decrease of 13◦ in knee flexion and a
total absence of ankle dorsiflexion in both lower limbs. These results are in accordance with
the study of Hicks et al. [56] where CP children with toe walking often exhibited increased
hip flexion and a decrease in knee flexion throughout the walking cycle. Furthermore,
excessive plantar flexion may be responsible for changes in flexion, internal rotation and
adduction of the hip as well as in the pelvic anterior tilt [33] which explains the reduced
ICC on left and right anterior tilt (0.40 and 0.51, respectively) compared with the other
kinematic variables of this segment, as seen in Table 4.

Yet, due to co-spasticity of the muscles causing reciprocal movements across the joints
and originating a wider variation in kinematic data, CP children are not able to change joint
moments which results in a more reliable measure between the two assessment days [57].
This is evident in our results where the kinetic variables presented less variation (Table 5), in
accordance with similar studies [16,23]. Although there is no reliability analysis published
with a 6DoF model and kinetics variables, these results may be partially attributed to the
small variations of the anthropometric measurements. Even though the two recorded
sessions occurred several days apart, there was a small variation in marker placement
between sessions (Table 2). Anthropometric measurements were considered excellent
regarding ICC (ICC average ≈ 0.98) and an absolute error of approximately 4 mm.

Limitations

The number of CP children included in similar studies varies from 5 to 20 [23–26,44]
and even though this gait protocol was performed with 8 CP children, the analysis of
the right and left legs imply distinguished experiments, involving independent landmark
identification, marker attachment, anthropometric measurements, and data processing [17].
Consequently, the current research should be considered as an independent analysis of
sixteen legs.

Given that every gait research laboratory uses its own marker set and gait model,
in order to compare gait analysis data, all the specific methodology used in each process
must be considered. Regardless of the set of techniques chosen, there will always be
different measurement errors that can influence the outcomes and consequently, a clinical
interpretation. These differences have a greater impact in the kinematic and kinetic outcome
measures (e.g., joint angles and moments). Thus, gait protocols should be described in
detail to allow a contextualized interpretation of the results and comparison between
similar investigations. This should be done in a critical manner on all the variables during
the gait cycle, rather than only interpret the absolute values presented, regardless of
the measures of repeatability or correlation used [15]. It is of great relevance when it
comes to gait assessment of CP children who have an intrinsic gait variability due to their
neuromuscular impairments. In these cases, it is crucial to differentiate the methodological
errors (raters error) from the participants’ natural variability and from the effect of a
rehabilitation process.
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Due to the different gait analysis protocols used, the influence of the number of gait
cycles in test–retest reliability measurements [11] remains to be determined. Although in
general, repeatability increases with a higher number of gait cycles, this is true mainly for
the kinematic data. All the time-distance and kinetic parameters do not reveal significant
differences from the fifth gait cycle onwards. In addition, the assessment of more than
five gait cycles in a clinical setting may be difficult to accomplish due to the preparation
of the subject [34]. Regarding CP children, this can be a very complex and difficult task,
therefore the five gait cycles used in this protocol were shown to be quite good in achieving
reliable results.
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5. Conclusions

This study indicates wide-ranging reliability values for lower limb joint angles and
joint moments of force during gait, especially for frontal and transverse planes. Although
the use of a 6DoF-CAST in CP children was shown to be a feasible method, the gait
variation that can be observed between sessions in CP children seems to be related not
only to the extrinsic factors but also to their different gait patterns and affected sides.
In future research, it could be interesting to assess the reliability of these models using
different groups of subjects, according to their gait pattern, for instance. These models and
their technical characteristics still require some improvements in order to support clinical
decision-making.
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