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A B S T R A C T

Gait analysis is used for the assessment of walking ability of children with cerebral palsy (CP), to
inform clinical decision making and to quantify changes after treatment. To simplify gait analysis
interpretation and to quantify deviations from normality, some quantitative synthetic descriptors
were developed over the years, such as the Movement Analysis Profile (MAP) and the Linear Fit
Method (LFM), but their interpretation is not always straightforward.

The aims of this work were to: (i) study gait changes, by means of synthetic descriptors, in
children with CP that underwent Single Event Multilevel Surgery; (ii) compare the MAP and the
LFM on these patients; (iii) design a new index that may overcome the limitations of the previous
methods, i.e. the lack of information about the direction of deviation or its source.

Gait analysis exams of 10 children with CP, pre- and post-surgery, were collected and MAP
and LFM were computed. A new index was designed as a modified version of the MAP by se-
parating out changes in offset (named OC-MAP).

MAP documented an improvement in the gait pattern after surgery. The highest effect was
observed for the knee flexion/extension angle. However, a worsening was observed as an in-
crease in anterior pelvic tilt. An important source of gait deviation was recognized in the offset
between observed tracks and reference. OC-MAP allowed the assessment of the offset component
versus the shape component of deviation.

LFM provided results similar to OC-MAP offset analysis but could not be considered reliable
due to intrinsic limitations. As offset in gait features played an important role in gait deviation,
OC-MAP synthetic analysis was proposed as a novel approach to a meaningful parameterisation
of global deviations in gait patterns of subjects with CP and gait changes after treatment.
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1. Introduction

Gait analysis (GA) is a multifactorial and powerful tool that provides a quantitative description of normal and pathological gait
patterns. It is therefore widely adopted as a routine exam in specialized clinical centres (Carriero, Zavatsky, Stebbins,
Theologis, & Shefelbine, 2009; Whittle, 1996). For instance, clinical GA was used to characterize: Parkinson’s disease (Sale et al.,
2013), Down syndrome (Galli, Rigoldi, Brunner, Virji-Babul, & Giorgio, 2008), and Cerebral Palsy (CP) (Carriero et al., 2009; van den
Noort, Ferrari, Cutti, Becher, & Harlaar, 2013) and it was used to validate novel treatments (Camerota et al., 2015; Sale et al., 2013;
Vismara et al., 2016). GA was proved useful especially to aid the selection of optimal treatment in the case of spastic Cerebral Palsy
(CP), which may involve different kinds of motor disorders and therefore different gait patterns (Galli, Cimolin, Rigoldi,
Tenore, & Albertini, 2010; Piccinini et al., 2011). Moreover, GA allowed the quantification of changes in gait patterns of subjects with
CP after treatment such as surgery (Galli, Cimolin, Crivellini, & Albertini, 2009).

GA exams usually consist of the integration of data from different sources, namely: kinematic data, kinetic data, video recording,
electromyography, etc. Thus, a single GA exam contains a large volume of data that is processed into a high dimensional space of
parameters, such as spatiotemporal parameters, joint/segment angles, forces, moments, etc. All these parameters are usually pre-
sented in the form of a clinical report, i.e. a collection of tracks (the time evolution of a variable as a function of the gait cycle) and
numerical parameters (Stebbins et al., 2014; Whittle, 1996). A gait report can be difficult to understand and requires specific training
of the clinicians. So the need to represent gait by means of a reduced number of parameters (e.g. a classification) emerged. Many
studies focused on the validation of synthetic descriptors that could classify the severity of a pathological gait pattern by quantifying
the deviation from a normality range. Such synthetic numbers are useful for treatment follow up evaluation or to study the natural
evolution of the gait pattern over time (Galli, Cimolin, De Pandis, Schwartz, & Albertini, 2012).

A recently proposed and widely used index is the Gait Deviation Index (GDI) (Schwartz & Rozumalski, 2008). It is an overall,
dimensionless, multivariate and comprehensive index that provides an overall measure of gait quality (Esbjörnsson et al., 2014). It
was applied to children with CP (Cimolin, Galli, Vimercati, & Albertini, 2011; Molloy, McDowell, Kerr, & Cosgrove, 2010), showing a
good repeatability, with an uncertainty of± 10% (Massaad, Assi, Skalli, & Ghanem, 2014). Moreover, the GDI was successfully used
to quantify gait deviations in subjects with Parkinson’s disease (Galli et al., 2012) and rheumatoid arthritis (Esbjörnsson et al., 2014).

The main limitation of GDI is that, even though it is useful to assess the overall gait pattern, being a single number, it is inherently
not informative on the location of the impairment (Massaad et al., 2014). This limitation was addressed by a related method, i.e. the
Movement Analysis Profile (MAP) (Baker et al., 2009). The MAP is based on the computation of a deviation index, named “Gait
Variable Score” (GVS), for nine relevant kinematic variables (joint angles). The GVSs quantify the deviation from normality for each
gait feature and they can be averaged into an overall index, named “Gait Profile Score” (GPS). GPS was shown to be strongly
correlated to GDI (Baker et al., 2009).

Validity studies showed a GPS Minimally Clinical Important Difference (MCID), i.e. 1.6° (Baker et al., 2012), while several studies
were conducted about GPS reliability when applied to subjects with pathology. E.g. GPS was used to study gait deviation in subjects
with Ehlers-Danlos Syndrome (Celletti et al., 2013), concluding that the GPS and MAP are appropriate for the evaluation of functional
gait limitation in these patients. GPS was also used for the characterization of gait in children with CP and other neurological/
orthopaedic disorders (Beynon, McGinley, Dobson, & Baker, 2010). Results showed a good correlation with other qualitative ratings
of kinematic gait deviation. The effects of orthopaedic interventions on gait in children with CP were studied by Rutz, Donath, Tirosh,
Graham, and Baker (2013), finding a pre-operative GPS of 15.5° ± 3.9° that reduced to 11.2° ± 2.5° post orthopaedic intervention.
They observed that the degree of improvement was higher in the patients with the worst initial conditions. GPS score was de-
monstrated of being correlated to the strength of the subject and it was observed that gait kinematics grossly depended on muscle
strength (Schweizer, Romkes, Coslovsky, & Brunner, 2014). This finding confirmed that muscle strength influences stability of li-
gaments and quality of the motor performance in general (Ancillao, Rossi, & Cappa, 2017). Gait performance was also influenced by
cognitive load and dual task activities in subjects with Parkinson’s Disease and the GPS was able to detect changes in gait, changing
from 9.17° ± 1.18° of the “normal gait” condition to 10.30° ± 1.37° of the “dual task” condition (Speciali et al., 2014). Another
study investigated the walking characteristics in individuals with Multiple Sclerosis, concluding that the single measure of GPS can
characterize gait kinematics of such patients (GPS = 9.12° ± 2.28°). Moreover a correlation between GPS and the “Expanded
Disability Status Scale” was observed (Pau et al., 2014). Strong correlation between GPS and clinicians’ ratings was also previously
observed by (Beynon et al., 2010).

Even though the MAP allows to localize the anatomical joint or segment whose pattern deviates from normality, it is still limited
in describing which is the nature of the deviation, e.g. the offset between curves, the scaling factor or a time-shift. Identifying the
source of deviation is clinically important as it allows to more precisely identify which kind of limitation is affecting gait. E.g. crouch
gait, that involves persistent knee flexion, is mainly characterized by an offset in knee flex/ext tracks. Changes in gait patterns, due to
surgical procedures, are often observed as changes in the offset of some gait features (Sutherland & Davids, 1993). Thus more detailed
synthetic descriptors, which take into account the offset and quantify its effects, are likely to be more informative to the clinical user.

A different approach to compare gait features to reference data was proposed by Iosa et al. (2014). The method allows to assess
similarity between the observed waveform and reference GA tracks, in terms of shape, amplitude and offset. It consists of the
application of a Linear Fit Method (LFM) to two time-normalized datasets. The result of the LFM are: (i) the R2 regression coefficient,
that quantifies the strength of relationship between the tracks; (ii) the a0 coefficient, i.e. the constant term of polynomial regression
that represents the scalar addition (shift or offset) between the compared datasets; (iii) the a1 coefficient, i.e. the first coefficient of
first order polynomial regression that represents the amplitude scaling factor. When LFM is used to compare a GA exam to a control
group, the R2, a0, and a1, parameters can be assumed as synthetic descriptors of deviance from normality. Anyway, it was proved that
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a0 and a1 lose their meaning when R2 is lower than 0.5 (Iosa et al., 2014). The LFM method was tested on the sagittal kinematics of
hip, knee and ankle of patients with cerebrovascular accident, concluding that it is a simple method to implement and, since it takes
into account all the data points of GA tracks, it was concluded to be appropriate and reliable to discriminate between subjects with
pathology and healthy subjects, with good sensitivity and specificity (Iosa et al., 2014). However, it is unknown whether the LFM
method would be a meaningful measure to assess gait after surgery in subjects with CP.

The aims of this work were to: (i) study gait changes, by means of synthetic descriptors, in children with CP and crouch gait that
underwent Single Event Multilevel Surgery (SEMLS); (ii) evaluate three different synthetic indices to assess gait patterns pre- and
post-surgery. Special attention was paid in studying the offset between the baselines of observed tracks and reference, as crouch gait
was expected to induce deviations mainly in terms of offset.

The implemented indices were: (i) the widely used and clinically validated MAP; (ii) a recently proposed index, i.e. the LFM; and
(iii) a new index designed to overcome the limitations of the previous methods by separating the pure offset component from the gait
deviation due to different curve shape. Outcomes of the three different methods were compared.

2. Material and methods

2.1. Subjects

Nine children diagnosed with bilateral CP, age 11.1 ± 2.4 years, 7 males, 2 females were enrolled in this study. All the subjects
were patients followed by the Department of Rehabilitation Medicine of VUmc, Amsterdam, NL. They were evaluated by means of
Gross Motor Function Classification System, at the time of admission, obtaining rankings from II to III. The subjects had no prior
orthopaedic surgery or botulinum toxin treatment within the previous 16 weeks. All subjects underwent Single Event Multilevel
Surgery (SEMLS), involving hamstrings release for all the subjects, and femur or tibia rotation and muscle/tendon repositioning in
some cases. Gait analysis was recorded before treatment, i.e. 2.9 ± 2.1 months pre-treatment, and after treatment, i.e.
14.4 ± 4.5 months post-treatment, to investigate changes in gait. The control group was composed of 11 typically developing
children (TD), aged 8.2 ± 1.8 years.

This study complied with the principles of the Declaration of Helsinki, and it was approved by the Medical Ethics Committee of
the VU University Medical Center.

2.2. Equipment and procedures

GA data of both groups were collected in the Motion Analysis Laboratory of the VUmc, Amsterdam, NL. Kinematic data were
collected by means of an Optotrak Optoelectronic System (Northern Digital, Waterloo, Ontario) composed of 3 sensors, each one
holding 3 cameras. Sampling frequency was 100 Hz. Marker protocol used was the CAST model (Cappozzo, Catani, Della
Croce, & Leardini, 1995). The protocol required a calibration trial to identify anatomical landmarks. After that, subjects were asked to
complete some practice trials on the walkway to ensure they were comfortable with the experimental procedure. Then, at least 5
walking trials were recorded for each subject. In each trial, subjects were asked to walk barefoot, at a self-selected speed, on the lab’s
walkway. From each trial, a complete stride was obtained for both hemisides.

The data were processed using BodyMech (http://www.BodyMech.nl), a custom-made software based on MATLAB (the
Mathworks, USA), to obtain kinematic joint angles and spatiotemporal parameters by solving the CAST model (Cappozzo et al.,
1995). The parameters obtained for each subject were averaged across the recorded strides of the same subject. From the GA dataset
of each subject, we obtained the nine bilateral gait features that are required to compute the MAP (Baker et al., 2009). The selected
gait curves were: pelvic tilt, obliquity and rotation; hip flexion, abduction and rotation; knee flexion; ankle dorsiflexion and foot
progression angles, that were previously identified as the most representative features of gait (Baker et al., 2009).

2.3. Movement Analysis Profile

The computation of the GVSs composing the MAP was implemented as indicated by Baker et al. (2009). The normality dataset was
obtained by recording the GA of TD group. Gait features were then averaged across subjects and the mean values were assumed as
representative of the control subjects. Namely, GVSs are computed as the RMS difference between a normalized i-th gait variable and
the respective reference data (Eq. (1)):

∑
=

−
=GVS

x x

T

( )

i
t

T

i t ref i t
1

, , ,
2

(1)

where xi,t is the value of the i-th gait feature at the point t of gait cycle, T is the number of points in which the gait cycle has been
divided (i.e. 100) and xref i t, , is the average value for reference population.

The GPS is then computed as RMS average of all GVSs:
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The GPS represents the overall deviation of a patient’s data from the reference dataset. Thus, the higher the GPS, the worst.
GVS and GPS indices were computed for both left and right side of each subject separately. Data were pooled in order to obtain

one value for pre-surgery and one value post-surgery for each parameter and for each leg. The pelvis parameters were not pooled to
avoid doubling the data, and only data from the right side was used. The average deviations from normality and their SDs were
represented as bar plots (MAP). The final MAP contained 9 groups of bars representing the examined gait features, pre- and post-
intervention, plus 1 group of bars representing the overall GPS, pre- and post-intervention.

2.4. Offset Corrected Movement Analysis Profile

To take into account the effect of offset on kinematic gait features, we re-computed GVSs after removing the offset from wave-
forms. New indices were named as offset-corrected (OC)-GVS, OC-MAP and OC-GPS. Offset was defined as the linear distance be-
tween the average value of the gait curves over the gait cycle and the average value of the respective gait curves obtained from
control group. Namely, the offset for the i-th gait feature, xi, was defined as:

= −offset x xi i ref i, (3)

where xi represented the average value of the i-th gait feature.
Eqs. (1) and (2) were re-implemented as:
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As in the MAP, the OC-GVSs and the OC-GPS were represented by bar plots, named OC-MAP. Also the offsets of gait features were
represented by a bar plot, containing 10 groups of bars representing the examined gait features, pre and post intervention, and the
overall RMS average of offset.

2.5. Linear Fit Method

The LFM method was implemented as described in Iosa et al. (2014). Coefficients were obtained according to the following
equations:
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where xt is the value at point t of gait vector; N is the number of data points in the gait vector;
R2 measures the strength of linear relationship between x and xref; a1 represents the amplitude scaling factor; a0 represents the

scalar addition (shift or offset). In case of maximum similarity in waveforms, the parameters assume the following reference values:
R2 = 1; a1 = 1; and a0= 0. LFM was computed as “overall” value on all the 9 gait features pooled in a single gait vector and
compared to a normality gait vector built in the same way. The LFM analysis was also conducted on each of the 9 gait features
separately.

2.6. Statistics

Descriptive statistics analysis was run on data from the three methods. To ensure validity of the statistical tests and to choose the
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most appropriate one, data groups were preliminary tested for normality by means of the Shapiro-Wilk test. The paired t-test was then
used. Data were tested for differences between means pre-post intervention for all the parameters. Tests were assumed significant
with an alpha level of 0.05.

The variations in gait features were quantified by computing pre-post differences for each GVS and OC-GVS. The differences were
then compared to the GPS Minimally Clinical Important Difference (MCID), i.e. 1.6° (Baker et al., 2012). The average among subjects
for the change post treatment in each GVS was computed. In order to represent the improvement level associated to a certain GP, a
regression plot of the pre-post difference vs. GPS pre intervention was computed, as suggested by (Rutz et al., 2013), A correlation
analysis was also conducted between the respective MAP, OC-MAP, Offset and LFM parameters to study the relationship between the
different indices. To compute correlation, data from pre- and post-treatment analyses were pooled. The results were presented in the
form of a correlation table. Statistical analysis was conducted by means of MS Excel software.

3. Results

3.1. Movement Analysis Profile

The MAP is depicted in Fig. 1, where values pre- and post-intervention are compared. The differences pre-post, their comparison
to MCID and the statistical test are reported in Table 1.

Absolute values of pre-post differences were higher than the MCID (i.e. 1.6°) for all parameters, except hip flexion and pelvic
rotation. The positive differences suggested an improvement towards normality. A negative variation suggested a worsening in pelvic
tilt (Table 1, first column). The highest improvement was observed for the knee flexion and was confirmed by a statistically sig-
nificant reduction of the index (Table 1). A significant improvement was also observed for the ankle dorsiflexion and foot progression
(Fig. 1 and Table 1).

In Fig. 2 the variation of GPS pre-post is plotted against the GPS score pre-treatment for each subject. A linear trend was observed:
the most severe initial conditions corresponded to the highest improvements.

Fig. 1. Movement Analysis Profile containing average values and SDs of GPS and GVS of 9 examined gait features, pre- and post-intervention. * significant differences
(p < 0.05).

Table 1
Mean across subjects of the differences pre-post intervention for MAP, OC-MAP and Offset analysis. Positive differences indicate improvement. § pre-post higher than
the MCID (i.e. 1.6°). * significant differences (p < 0.05).

MAP [°] OC-MAP [°] Offset [°]

Mean SD p-value Mean SD p-value Mean SD p-value

GPS/OC-GPS/RMS 5.10 § 4.59 ≪0.01* 1.14 1.57 0.01* 5.14 4.51 < 0.01*
Pel. Tilt -2.92§ 6.77 0.26 -0.06 1.02 0.88 -11.53 8.47 < 0.01*
Pel. Obl. 3.14§ 6.31 0.20 0.59 1.52 0.30 3.64 6.71 0.16
Pel. Rot. 1.46 3.69 0.29 0.63 1.02 0.12 -0.12 4.81 0.95
Hip Flex 0.66 6.03 0.66 -0.22 2.22 0.69 -5.07 9.92 0.05
Hip Abd. 3.18§ 5.68 0.03* 0.46 1.51 0.23 0.63 7.31 0.73
Hip Rot. 5.53§ 11.46 0.06 1.45 2.15 0.01* -1.53 15.01 0.68
Knee Flex. 12.38§ 12.94 ≪0.01* 1.51 2.47 0.02* 13.55 14.99 < 0.01*
Ankle Dors. 4.77§ 7.54 0.02* 2.41 3.03 <0.01* -5.80 9.14 0.02*
Foot Prog. 5.15 § 9.86 0.04* 1.72 3.24 0.04* 3.87 11.88 0.20
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Fig. 2. Linear regression analysis of level of variation in GPS scores and their values pre intervention.

Fig. 3. Offset-Corrected Movement Analysis Profile containing: (a) average values and SDs of OC-GPS and OC-GVS of 9 examined gait features, pre- and post-
intervention; (b) Average values and SDs of measured Offset for the gait features, pre and post intervention. * significant differences (p < 0.05).
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3.2. Offset-Corrected Movement Analysis Profile

The OC-MAP is depicted in Fig. 3a and the analysis of the Offset Profile is depicted in Fig. 3b. Numerical values of the differences
pre-post are shown in Table 1.

OC-MAP showed lower scores than the MAP. Offset scores were higher than the respective OC-GVSs. Significant improvements
were observed in OC-GPS, and OC-MAP of hip rotation, knee flexion, ankle dorsiflexion and foot progression (Fig. 3a and Table 1).
The highest improvements were at knee flexion, ankle dorsiflexion and foot progression (Fig. 3a) to which corresponded also high
improvements in terms of offset (Fig. 3b). The highest variations in Offset were observed at the pelvic tilt and knee flexion. As positive
values of the knee flexion/extension angle are associated to the flexion, a positive offset indicated a condition of permanent flexion.
More in detail, we observed a positive offset in the pre-intervention that reduced in the post-, indicating that some deviation re-
mained towards flexion. Positive ankle dorsi/plantar flexion angles are associated to dorsiflexion. In this work, the Offset Profile
documented a persistent plantarflexion in the pre-intervention, represented by a negative offset. The offset reduced to ∼0° in the
post, documenting an improvement (Fig. 3b). The offset in the pelvic tilt also changed from a negative value, meaning a posterior tilt,
towards anterior tilt with a significant difference pre- and post-treatment (Fig. 3b and Table 1). The RMS average showed a significant
overall improvement in the offset (Fig. 3b and Table 1).

The effect of the offset on gait tracks is illustrated in Fig. 4. Knee flexion/extension angle of a subject, pre- and post- intervention,
is depicted and compared to reference data. The offset is represented by the distance between the baseline of the observed track and
the baseline of normative data.

3.3. Linear Fit Method

LFM analysis is depicted in Fig. 5. Pre-post differences are shown in Table 2.
The R2 parameter of LFM indicated an improvement from pre- to post-intervention in the overall kinematics, in the hip rotation,

knee flexion, ankle dorsiflexion and foot rotation. The lowest values of R2 were observed for pelvic tilt and hip rotation (Fig. 5a),
suggesting that the associated a0 and a1 could not be considered meaningful (Iosa et al., 2014). The a0 coefficient (Fig. 5b) provided
results similar, as a trend, to offset analysis shown in Fig. 3b, but absolute values were different. Statistically significant improve-
ments in terms of Offset were observed for knee flexion and ankle dorsiflexion (Fig. 5b). The knee flexion showed a statistically
significant improvement also in terms of scaling (a1 coefficient), which was closer to 1 in the post (Fig. 5c). LFM parameters for the
pelvic tilt showed a very high SD across subjects (Fig. 5b and c).

3.4. Correlation between methods

Results of correlation analysis are reported in Table 3, as the Pearson correlation coefficients R, computed between the respective
results from MAP, OC-MAP/Offset and LFM components (R2, a0 and a1) for each gait feature. The overall indices, i.e. GPS, OC-GPS
and RMS were compared to the R2, a0 and a1 from the overall LFM computing.

A strong correlation (> 0.70) was observed for: (i) the overall R2 of LFM and GPS/RMS; (ii) the a0 and the Offset of each gait
feature, with exception of pelvic tilt; (iii) all the LFM parameters of knee flexion and the respective MAP and OC-MAP; and (iv) the a1
of the pelvic tilt and the respective OC-MAP. Moderate correlations were also observed between R2 and some gait features of OC-
MAP. GPS was strongly correlated to OC-GPS and RMS of offset. Strong correlation was observed between the offset of pelvic

Fig. 4. Knee flexion/extension angle of a children pre- and post-intervention. The offset is the linear distance between the baselines of observed angle and normative
data.
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Fig. 5. Results of LFM analysis, averaged across subjects. * significant differences (p < 0.05).
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obliquity, knee flexion and the respective GVSs.

4. Discussion

In this study, we evaluated the changes occurring in the gait pattern for subjects with CP that underwent SEMLS, by using three
different synthetic index methods: the MAP, the recently proposed LFM (Iosa et al., 2014) and a novel index i.e. the OC-MAP.

The three methods showed an overall improvement in the gait pattern after surgery: GPS reduced from pre to post; OC-GPS and
RMS of offset reduced as well; the overall R2 of LFM increased.

The improvement in GPS found in this study was 5.1° ± 4.6°,comparable to the value found by Rutz et al. in subjects with CP
after a similar treatment, which was 4.3° ± 3.7° (Rutz et al., 2013). Even though the GPS reduced significantly from pre- to post-
treatment, it remained higher than normality, indicating that the walking pattern was still compromised. As pointed out in other
studies (Rutz et al., 2013), we observed that patients who had initial high deviations, representing the worst cases, benefitted more
from treatment. The surgery had a strong positive impact on the kinematics of the knee. The improvement observed for hip rotation
and foot progression suggested that the surgery improved the kinematics in the horizontal plane as well. The worsening observed in
the pelvis kinematics could be explained as a consequence of SEMLS that involved a lengthening of hamstring group. In fact, surgical
lengthening of hamstrings may increase hip flexion during stance (Delp, Arnold, Speers, &Moore, 1996) and anterior pelvic tilt
(Hoffinger, Rab, & Abou-Ghaida, 1993). As no effect was observed on hip flexion, it meant that the improvement at the knee induced

Table 2
Mean across subjects of the differences pre-post intervention for LFM parameters. A negative value of R2 Pre-Post difference means improvement. * significant
differences (p≤ 0.05).

R2 a0 a1

Mean SD P value Mean SD P value Mean SD P value

OVERALL -0.18 0.13 ≪0.01* -0.66 3.84 0.49 0.00 0.25 0.99
Pel. Tilt -0.07 0.08 0.37 -3.99 23.63 0.65 -0.49 1.38 0.35
Pel. Obl. -0.09 0.25 0.34 2.92 5.79 0.19 -0.49 1.00 0.20
Pel. Rot. -0.13 0.19 0.09 -0.58 4.94 0.75 -0.20 0.30 0.09
Hip Flex -0.04 0.12 0.16 -5.20 9.81 0.06 0.01 0.18 0.91
Hip Abd. -0.08 0.29 0.29 0.69 7.22 0.70 -0.05 0.41 0.62
Hip Rot. 0.16 0.26 0.02* -1.44 15.01 0.70 -0.07 0.75 0.71
Knee Flex. -0.13 0.23 0.03* 17.83 17.13 < 0,01* -0.16 0.17 < 0,01*
Ankle Dors. -0.10 0.23 0.04* -6.01 9.02 0,01* 0.13 0.35 0.14
Foot Prog. -0.15 0.28 0.04* 2.80 13.05 0.39 -0.15 0.56 0.28

Table 3
Correlation table showing the correlation between (i) the MAP, OC-MAP, Offset and the parameters computed from Linear Fit Method; (ii) MAP and the OC-MAP/
Offset parameters. Pearson R coefficients for each gait feature are shown. Back color indicates strong (> 0.7; dark grey) and moderate (> 0.4; light grey) levels of
correlation.
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a postural compensation at the level of the pelvis.
The main limitation of the MAP was its inability to identify the cause of deviation from normality and the absence of information

about the direction of the deviation, e.g. towards flexion or extension or information about the cause of deviation (offset, shape, etc.).
The implementation of OC-MAP allowed to analyse separately the effect of the offset and the deviation from normality of the tracks
after considering their Offset. Measuring Offset between observed gait angles and their reference helps in documenting a persistent
deviation across the gait cycle. Such deviation may occur every time that, due to some functional impairment, the angular movement
of a joint is somehow limited.

Our Offset analysis demonstrated that offset could explain a larger part of the deviation from normality than abnormality in
shape, as well as a larger part of the correction after surgery. The deviation observed by MAP for pelvic tilt, knee flexion and ankle
dorsiflexion was mainly due to offset. The observed improvements in the offset suggested a normalization of the sagittal plane
kinematics, leading to a better posture. The change in the offset of pelvic tilt was not identified by the other methods. The increase in
pelvic anterior tilt was a consequence of the surgery on the hamstring group (Hoffinger et al., 1993). The significant pre-post
differences observed in OC-MAP and OC-GPS (Fig. 3a) confirmed the overall improvement in gait. Another advantage of computing
the Offset profile is the information provided about the sign of the deviation, which in turn represents the biomechanical direction of
the deviation. Based on our data, the Offset profile documented a persistent knee flexion in the pre-intervention that reduced, but was
still detectable in the post. A persistent plantarflexion in the pre-intervention that decreased towards normality in the post was also
documented.

The previous results were compared to another method that allowed the analysis of effects of offset and scaling, i.e. the LFM
method (Iosa et al., 2014). It is important to point out that the OC-MAP and LFM are based on different assumptions and different
math procedures, meaning that they provide different kind of information. As for GPS and OC-GPS, the overall R2 was able to detect
the overall improvement of gait and the a0 parameter confirmed that the offset component played an important role in the im-
provement of knee and ankle kinematics. Namely, the a0/a1 index was capable of detecting the pattern improvement, in terms of
shape/scaling factor, at the knee flexion. Anyway, the a0 and a1 parameters were not reliable to describe the offset of pelvic tilt, as it
showed a very high standard deviation (Fig. 5b and c). The SD of these indices was relatively high also for other gait features. Thus,
these indices are poorly reliable for interpreting gait data and should be used cautiously. This is a known limitation of the LFM
method, as a0 coefficient is reliable only when the correlation between the tracks is relatively high (Iosa et al., 2014).

The strong correlation observed between the R2, the GPS and OC-GPS/offset RMS suggested that these indices provide similar
synthetic information in the overall analysis. The negative values of the Pearson correlation coefficient are due to the different
mathematical assumption underlying the parameters being correlated. In fact, the MAP/OC-MAP parameters are RMS differences
between observed angles and reference, while the R2 comes from a regression analysis (observed angles vs. reference). Thus, when
the tracks are similar, MAP parameters becomes small while R2 is high (∼1). On the contrary, when tracks are different, RMS
difference grows, while R2 approaches 0.

The a0 and the Offset of all gait features were correlated, except for the pelvic tilt. This was attributed to the high variability of a0
observed across subjects and to the very low R2 found for pelvic tilt. The knee flexion also showed a strong correlation between
parameters, indicating that all the indices were able to identify the changes in this feature. The strong correlations between the GVSs
of pelvic obliquity, knee flexion and the respective offsets (Table 3) confirmed that the gait deviation, detected by MAP in those gait
features, was due mainly to offset.

Based on the results here obtained, the OC-MAP and Offset analysis provided meaningful supplemental information about the
direction of the deviation, with respect to the other methods. Anyway, the OC-MAP was not able to identify other sources of de-
viation, e.g. changes in slope or time-shifts, therefore it should be used cautiously when interpreting clinical data. For the subjects
studied in this work, the offset was a significant component of deviation in gait pattern, therefore the OC-MAP method was a useful
extension to the MAP method to clinically interpret data. Although R2 can be considered a good overall index of similarity, when it is
low, a0 and a1 lose their meaning, making LFM less suitable to assess gait features. Therefore the use of LFM is not recommended for
interpreting gait of children with CP.

5. Conclusion

The OC-MAP method overcame a MAP limitation, by separating the offset component from the differences in the shape of the joint
kinematics. As the offset was a significant component of deviation in gait pattern, the OC-MAP demonstrated being the most clinically
meaningful synthetic method to interpret gait data in CP. Further study of the OC-MAP is necessary on larger cohorts of patients with
CP, and also on cohorts of patients with different pathologies, in order to prove its clinical usefulness.
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