
Accepted Manuscript

How multi segmental patterns deviate from normal in spastic
diplegia

Matteo Zago, Chiarella Sforza, Alessia Bona, Veronica Cimolin,
Pier Francesco Costici, Claudia Condoluci, Manuela Galli

PII: S0268-0033(17)30170-5
DOI: doi: 10.1016/j.clinbiomech.2017.07.016
Reference: JCLB 4362

To appear in: Clinical Biomechanics

Received date: 5 April 2017
Revised date: ###REVISEDDATE###
Accepted date: 31 July 2017

Please cite this article as: Matteo Zago, Chiarella Sforza, Alessia Bona, Veronica Cimolin,
Pier Francesco Costici, Claudia Condoluci, Manuela Galli , How multi segmental patterns
deviate from normal in spastic diplegia, Clinical Biomechanics (2017), doi: 10.1016/
j.clinbiomech.2017.07.016

This is a PDF file of an unedited manuscript that has been accepted for publication. As
a service to our customers we are providing this early version of the manuscript. The
manuscript will undergo copyediting, typesetting, and review of the resulting proof before
it is published in its final form. Please note that during the production process errors may
be discovered which could affect the content, and all legal disclaimers that apply to the
journal pertain.

http://dx.doi.org/10.1016/j.clinbiomech.2017.07.016
http://dx.doi.org/10.1016/j.clinbiomech.2017.07.016
http://dx.doi.org/10.1016/j.clinbiomech.2017.07.016


AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 1 

How multi segmental patterns deviate from normal in spastic diplegia 

 

 
Authors 
 
Matteo Zago 

Dept. of Electronics, Information and Bioengineering (DEIB), Politecnico di Milano 

Piazza Leonardo da Vinci 32, 20133 Milano – Italy 

Dpt. of Biomedical Sciences for Health, Università degli Studi di Milano,  

via Mangiagalli 31, 20133 Milano – Italy 

email: matteo2.zago@polimi.it 

orcid: 0000-0002-0649-3665 

 

Chiarella Sforza 

Dpt. of Biomedical Sciences for Health, Università degli Studi di Milano,  

via Mangiagalli 31, 20133 Milano – Italy 

Institute of Molecular Bioimaging and Physiology,  

National Research Council, Segrate - Italy  

email: chiarella.sforza@unimi.it  

orcid: 0000-0001-6532-6464 

 

Alessia Bona 

Dept. of Electronics, Information and Bioengineering (DEIB), Politecnico di Milano 

Piazza Leonardo da Vinci 32, 20133 Milano – Italy 

email: alessia.bona@mail.polimi.it   

 

Veronica Cimolin 

Dept. of Electronics, Information and Bioengineering (DEIB), Politecnico di Milano 

Piazza Leonardo da Vinci 32, 20133 Milano – Italy 

email: veronica.cimolin@polimi.it   

orcid: 0000-0001-6299-7254 

 

Pier Francesco Costici 
IRCCS Pediatric Hospital Bambino Gesù 
Piazza Sant’Onofrio 4, 00165 Roma – Italy 
email: costici@libero.it  
 

Claudia Condoluci  

IRCCS San Raffaele Pisana, Tosinvest Sanità  

Via della Pisana 235, 00163 Roma – Italy  

email: claudia.condoluci@sanraffaele.it   

 

 

Manuela Galli 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 2 

Dept. of Electronics, Information and Bioengineering (DEIB), Politecnico di Milano 

Piazza Leonardo da Vinci 32, 20133 Milano – Italy 

IRCCS San Raffaele Pisana, Tosinvest Sanità  

Via della Pisana 235, 00163 Roma – Italy  

email: manuela.galli@polimi.it  

orcid: 0000-0003-2772-4837 

 

 
Original Article #CLBI-D-17-00213 submitted to Clinical Biomechanics on 6/4/2017. 
First revision submitted on 23/4/2017 
Second revision submitted on 26/7/2017 
 
 
Running head: Fundamental movement components in Cerebral Palsy 
Number of figures: 3 
Number of tables: 3 
Number of references: 31 
Words (body): 3381 
Words (abstract): 227 
 
 
Highlights  

 Principal Movements characterize gait patterns in children with Cerebral Palsy. 
 Children with Cerebral Palsy show higher movement dimensionality than 

controls. 
 The interaction among main and secondary components outlines compensatory 

patterns. 
 Principal Movements provide an immediate measure of multi-joint kinematics.   
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ABSTRACT 

Background 

The relationship between gait features and coordination in children with Cerebral Palsy 

is not sufficiently analyzed yet. Principal Component Analysis can help in understanding 

motion patterns decomposing movement into its fundamental components (Principal 

Movements). This study aims at quantitatively characterizing the functional connections 

between multi-joint gait patterns in Cerebral Palsy.  

Methods 

65 children with spastic diplegia aged 10.6 (SD 3.7) years participated in standardized 

gait analysis trials; 31 typically developing adolescents aged 13.6 (4.4) years were also 

tested. To determine if posture affects gait patterns, patients were split into Crouch and 

knee Hyperextension group according to knee flexion angle at standing. 3D coordinates 

of hips, knees, ankles, metatarsal joints, pelvis and shoulders were submitted to 

Principal Component Analysis. 

Findings 

Four Principal Movements accounted for 99% of global variance; components 1-3 

explained major sagittal patterns, components 4-5 referred to movements on frontal 

plane and component 6 to additional movement refinements. Dimensionality was higher 

in patients than in controls (p<0.01), and the Crouch group significantly differed from 

controls in the application of components 1 and 4-6 (p<0.05), while the knee 

Hyperextension group in components 1-2 and 5 (p<0.05).  

Interpretation 

Compensatory strategies of children with Cerebral Palsy (interactions between main 

and secondary movement patterns), were objectively determined. Principal Movements 

can reduce the effort in interpreting gait reports, providing an immediate and 

quantitative picture of the connections between movement components.  
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KEY WORDS: Cerebral Palsy, Principal Component Analysis, Gait Analysis, Principal 

Movements. 
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1 INTRODUCTION 

Walking is one of the most compromised functions in children with Cerebral Palsy (CP). 

While the gait of patients with CP has been found to be more heterogeneous than that of 

healthy children, certain parameters extracted from classical gait analysis are 

considered typical features of CP locomotion: shorter strides, slower walking speed, 

reduced joints range of motion, altered ankle movement (Piccinini et al., 2011; Russell et 

al., 2011); typical joint kinematics are also present in the most common forms like 

diplegia and hemiplegia. 

In clinical practice, the identification of these gait strategies is very useful in the 

evaluation of the treatment outcomes as well as in the therapeutic decision-making 

process. While in literature there are many studies presenting the assessment of specific 

features at different joints level, and their alterations with respect to a normally 

developed control group (Brégou Bourgeois et al., 2014; Russell et al., 2011; Sangeux 

and Armand, 2015; Sutherland and Davids, 1993), little is known about the coordinative 

skills that characterize how the relative motion among body segments or between body 

segments and the environment is controlled. Further, the relationship between typical 

features and the coordination of different body segments has not been sufficiently 

analyzed yet in CP. 

Principal Component Analysis (PCA) has emerged in recent years as a data analysis 

technique that can help in understanding motion patterns through decomposing 

movements into their fundamental motor structures, called Principal Movements (PMs) 

(Daffertshofer et al., 2004; Federolf et al., 2012, 2013; Troje, 2002). This powerful 
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technique allows to encapsulate a large amount of information regarding multi-

segmental motion in a reduced number of variables.  

To the best of our knwoledge, there are no studies using PCA to investigate Principal 

Movements patterns in CP. Previous works used PCA to analyze gait features of 

individuals with CP, to define synthetic gait indexes based on the comparison with the 

healthy populations (Schutte et al., 2000), or to unveil the inner structure of a complex 

dataset of arbitrarily-selected kinematic (Carriero et al., 2009) or electromyographic 

(Lauer et al., 2005) parameters.  

Thus, the major aim of the present study is to quantitatively characterize the functional 

connections between multi-joint patterns in CP gait, starting from a group of subjects 

with spastic diplegia. This subset of CP population allows to investigate a symmetrically 

impaired pattern in people able to walk without assisting aids. We hypothesize that: (i) 

differences with respect to healthy children could appear in terms of higher movement 

dimensionality, since the pathological function impairment might induce compensatory 

movement strategies; (ii) typical diplegic CP features like knee flexion angle while 

standing might be related to deviations in the shape and timing of kinematics gait 

patterns with respect to normalcy. This analysis would allow a better understanding of 

the motor patterns in CP, providing the clinicians with an objective tool to investigate 

functional behaviors of their patients.  

2 METHODS 

2.1 PARTICIPANTS 
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A sample of 65 children (38 males, 27 females) with spastic diplegia (CP) aged 10.6 (SD 

3.7) years was included in the study. The patients were selected within the IRCCS San 

Raffele Pisana Hospital (Rome, Italy) gait database in a retrospective analysis; 17 out of 

65 participants reported a Gross Motor Function Classification Scale (CMFCS, Palisano et 

al., 1997) level I, 23 level II, 16 level III and 9 level IV. The inclusion criteria were: (a) 

diagnosis of diplegic CP, GMFCS Level I-IV; (b) no previous orthopedic surgery on any of 

the lower limb joints; (c) no botulinum toxin injection into the lower limbs within 6 

months prior to the assessment, or casts on these levels; (d) no previous selective dorsal 

rhizotomy or implantation of a Baclofen pump; (e) were independent ambulators 

without the assistance of aids. 

A group of 31 physically healthy Typically Developing (TD) adolescents (19 males, 12 

female) aged 13.6 (4.4) years (Table 1) were also tested to obtain the reference data set. 

Selection criteria for this group included no prior history of cardiovascular, neurological 

or musculoskeletal disorders. They exhibited a normal range of motion and normal 

muscle strength, and did not have any apparent postural and motor deficits. 

The study was approved by the Hospital Ethics Committee (n. 4/17) in accordance with 

the Helsinki Declaration of 1975. All participants were volunteers and their parents or 

legal guardians gave their written consent to the children’s participation.  

2.2 PROCEDURES AND DATA COLLECTION 

Participants were involved in standardized gait analysis trials: they were recorded at a 

sampling frequency of 100 Hz by means of an optoelectronic motion capture system 

consisting of 12 cameras (Elite2002, BTS SpA, Milano, Italy) while walking barefooted 

along a 10-m walkway at self-selected comfortable speed; 21 passive plastic markers 
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(diameter: 15 mm) were placed on the body according to Davis’ protocol (Davis et al., 

1991). Once verified the consistency of the five recorded trials, one was selected as 

representative of participant’s gait (Gage, 1993). The rest between trials was at least 

two minutes. 

Before gait analysis, a standing trial was also recorded for each child with CP to 

determine the standing posture; the participants were instructed to maintain an upright 

standing position for 5 seconds with open eyes focusing on a 6 cm black circle 

positioned at the individual line of vision at a distance of 1.5 m. Arms were at their sides 

and feet were in a comfortable position.  

2.3 DATA ANALYSIS 

Custom Matlab (Mathworks Inc., USA) software was used for most of data processing. 

The dedicated software for gait analysis report realization (Gait Eliclinic, BTS, IT) 

provided the computation of internal joint centres of rotation, ICoR (according to the 

Davis biomechanical model). A set of 14 points containing the instantaneous raw three-

dimensional position of ICoR of hips, knees, ankles and metatarsal joints, and the 

position of right and left acromion, antero-superior iliac spines, c7 and sacrum were 

extracted. 

Raw coordinates were filtered with a 15 Hz low-pass, zero-lag, 2nd order Butterworth 

filter. Consecutive heel-strikes were located using the BTS Elite Software; tracks over 

the stride cycles were then interpolated to 100 frames. All coordinates were expressed 

in a new right-handed orthogonal reference system, whose origin was at the midpoint 

between the two ASIS, the y-axis was vertical and pointing upwards, the z-axis was 
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horizontal and oriented as the vector between the two ASIS, pointing to the right; the x-

axis was the cross product of z and y, pointing forward. 

The position of the whole marker set at a given time point was labelled as a “posture” 

vector. Within each trial, the average posture (Pmean, i.e. coordinates algebraic mean) 

was subtracted by each posture vector and normalized by the average Euclidean norm 

of the posture vectors of every subject. We refer to this procedure as “postures 

registration”. 

2.3.1 Global movement dimensionality 

A first PCA was performed separately for each participant on the resulting postures 

matrices (Pi, sized [(14 joint centers   3 coordinates)   100 frames], where the subscript 

i refers to the i-th subject). The variance explained by the eigenvalue of each Principal 

Component (PC) was expressed as a percent of the total variance. Movement 

dimensionality was quantified in terms of the Residual Variance (RV), i.e. the relative 

amount of variance in the PCs of order higher than 4, which was considered the residual 

pattern (Verrel et al., 2009): 

                        

 

   

 

where n is the order of the PC and N their total number. Higher values of RV indicated 

higher postural dimensionality in the sense that more patterns of movement were 

utilized in gait. The number of 4 retained PCs was chosen as the lowest number of 

components explaining on average 99% of variance for all groups.  

2.3.2 Principal Movements 
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Subsequently, the posture matrices of all subjects were combined in a global matrix 

Pglobal [(14 joint centers  3 coordinates)   (100 frames   (65+31) subjects)]. A PCA was 

performed on the covariance matrix of Pglobal, obtaining a set of orthogonal eigenvectors 

(the Principal Components), that will be referred to as eigenpostures (epn), where the 

subscript n denotes the n-th component. PCA also returns a scores matrix W, constituted 

by a series of columns (wn) representing the weighting of each PC during the step cycle. 

Weightings quantify the timing and intensity of the movement components expressed by 

each epn. The multiplication of a weighting vector by the correspondent eigenposture, 

summed to the mean posture (epn   wn + Pmean), allows to project each eigenposture 

back into the original coordinate system. This procedure enables to visually 

resynthesize multi-segmental modules, that for this reason were defined as Principal 

Movements (PMs) (Federolf, 2015). PMs were ranked on the basis of their variance; to 

provide a characterization of CP gait patterns, PMs that accounted up to 99.9% of the 

global variance were described. 

2.3.3 Comparison of Principal Movements between individuals 

Combining all the trials in a single matrix, the obtained PMs were the same for all 

participants and this prevents a direct comparison of movement patterns between them. 

To detect differences between groups, the weightings of each component were 

considered. As a measure of the impact of each PM on the overall motion, we introduced 

the Relative Amplitude (RA), computed for the p-th participant and n-th PM as the ratio 

between the amplitude (i.e. absolute area below the wn curve) of the n-th weighting 

(multiplied by the corresponding eigenvalue) and the sum of the areas (weighted as 

well) subtended by the weightings of all PCs: 
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where t is the considered time frame and    the n-th eigenvalue returned by the PCA. 

Many children with spastic diplegia are characterized by a crouch gait (abnormal knee 

flexion) condition. Thus, to assess if standing posture can affect the nature of gait 

patterns, the CP group was divided considering the average knee flexion angle in the 

standing trial.  

Patients were assigned to knee flexion (KF) group, if their knee flexion angles at 

standing were higher than 5 degrees for both limbs, or to knee hyperextension group 

(KE) if their knee flexion angles were lower than -5 degrees. The entire data processing 

flow is portrayed in Figure 1. 

2.4 STATISTICAL ANALYSIS 

Assumptions of normality was verified for each variable using the Jarque-Bera test. Data 

are presented as means and standard deviations. Differences in anthropometrics 

between groups were tested with unpaired Students’ t-tests. For the Residual Variance 

and the Relative Amplitude of each PM, a 1-way ANOVA was performed to test the 

difference between KF, KE and TD groups. Where appropriate, post-hoc Tukey Honest 

Significant Difference tests were applied. The significance level was set at   = 0.05 for all 

analyses. 

3 RESULTS 

Walking speed was 0.716 (0.205) m/s in children with CP and 0.984 (0.185) m/s in the 

TD group. The percentage of variance explained by each PC is reported in Figure 2: on 
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average, the first four PMs accounted for more than 99% of the global variance (Table 

2). Table 2 also provides a description of the first six PMs, that elucidates the stick-

diagrams and the time course of weightings illustrated by Figure 3. In particular, the 

first three PMs expressed major patterns on the sagittal plane, while PM4 and PM5 

introduced lateral movements that can be observed mainly on the frontal plane. PM6 

referred to a further refinement of movement regarding pelvic tilt. 

The period of PM1 and PM3 was one stride, while that of PM2 one step (twice per 

stride). The periodicity of PM4-6 was highly variable according to individual differences. 

Patients were classified according to their knee-standing angle: 34 (52.4%) were 

assigned to the KF group, 9 (13.8%) to the KE group, 15 (23.6%) had a different 

(asymmetric) behavior on the two knees. Asymmetric patients were not further 

analyzed. 

Residual Variance was significantly higher (p<0.01) in KF (1.30, SD 0.96) and KE (1.58, 

SD 0.98) than in TD (0.81, SD 0.27). Differences in Relative Amplitude were found for all 

the first six PMs (Table 3). In particular, KF was significantly different from TD in four 

PMs (PM1 and PM4-6), and KE in PM1-2 and PM5.  

4 DISCUSSION 

The major novelty of the present work is the characterization of gait-related 

fundamental motor modules in a group of children with diplegia. Not only we objectively 

determined differences from the normal pattern, as already largely shown in previous 

literature (Rodda et al., 2004; Sangeux et al., 2015), but we also identified the 
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compensatory strategies the patients arranged to adjust the impaired motor 

components, i.e. the interactions between main and secondary movement strategies.  

PCA was already applied to CP by different Authors (Carriero et al., 2009; Lauer et al., 

2005; Schutte et al., 2000), but the purpose of these studies was to assess the structure 

of a dataset of traditional gait variables in order to provide a quantitative classification 

or normalcy indexes of patients based on PCs. Rather, in the present paper we present a 

characterization of global movement patterns on a 3D motion data-driven perspective. 

The cumulative variance explained by the first four PCs was more than 99% in both 

groups, while the first PM alone accounted for 89% of global variance in TD. These 

values are slightly higher compared to previous PCA-based investigations on gait, where 

PM1 ranged from 84% to 86% and the sum of PM1-4 was 90-98% (Daffertshofer et al., 

2004; Federolf et al., 2012; Troje, 2002). This was due to the smaller marker-set we 

adopted, which did not include upper limbs, and thus reduced the global movement 

dimensionality. In the current study, a comprehensive analysis of trunk and lower limbs 

movement was still fully granted by the Davis protocol (Davis et al., 1991).  

4.1 MULTIPLE SUBJECTS COMPARISON 

A direct numeric comparison with adult healthy gait patterns already described in 

literature is not allowed, since different recording equipment and protocols necessarily 

change the shape of the extracted components. However, the overall morphology of the 

main gait patterns described by PM1 to PM3 were consistent with previous 

investigations. In general, high-order PMs represent adjustments of these first basic 

movement components (Federolf et al., 2012). After the first PCA, which yielded a global 

picture of the movement complexity, expressed by the RV, in this investigation we 
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performed a second, unique PCA on the whole database. That is, we computed the 

invariant feature of motion (PMs) common to all (KF, KE and TD) participants. This way 

it was possible to directly compare PMs in terms of the Relative Amplitude, which is 

subject specific instead.  

In this sense, the inclusion of a TD control group in this analysis appeared essential: it 

allowed for the assessment of how movement components typical of human bipedal gait 

apply to a specific pathological condition. Further, this methodological procedure 

enables the comparison of results related to other pathologies, just substituting the CP 

data with those belonging to a different population.  

The control group were not exactly matched in age with CP. However, the performed 

analysis focuses on the synergies of landmarks relative movements, and it is insensitive 

to body size mismatches; more importantly, there are evidences that gait matures to an 

adult-like pattern by the age of 7-9 years (Chester et al., 2006; Ganley and Powers, 2005; 

Kliegman et al., 2015), and that the related biomechanical variables are similar among 

children and adolescents at intermediate walking speeds (Cavagna et al., 1983). 

Moreover, while speed differences among groups are reported to produce a relevant 

impact on joint angles (Perry and Burnfield, 2010), at present, there are no published 

evidences that a walking speed delta of about 0.25 m/s provokes changes in PC 

weightings.  

It has to be noticed that while in high-order PMs the magnitude of RA can be low, the 

relative difference between groups was in some cases highly significant, providing a 

measure of the extent to which a certain module is or not activated in pathological gait. 

4.2 RESIDUAL VARIANCE AND WEIGHTINGS 
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The amount of Residual Variance was substantially aligned with that measured by 

Verrel et al. (2009) in adults and was, as expected, significantly higher in CP groups. This 

is a mark of higher movement dimensionality; in other words, in CP more PMs were 

necessary to fully characterize the global gait patterns (Figure 5). This finding reinforces 

the hypothesis that the movements described by high-order PMs (in this case, from 

PM4) represent compensatory patters that are applied with a high level of individual 

specificity by each patient. Such inter-individual variability can be also appreciated in 

the time course of weightings of these PMs. A more sophisticated analysis of these 

curves could reveal differences between groups of patients in terms of periodicity and 

dynamic application of a selected PM.  

4.3 CHARACTERIZATION OF PRINCIPAL MOVEMENTS IN CP 

As a general trend, while the RA of PM1 was higher in TD participants, the Relative 

Amplitude of high-orders PMs was necessarily increased in the two CP groups. In this 

regard, we can observe the global way a patient organizes functional features of gait by 

assessing how high-order PMs act as error-correction strategies that compensate 

movement impairments encountered in the main healthy gait patterns. 

A body of evidence supports the notion that children with CP exceed in hip flexion, due 

to iliopsoas spasticity, and show a consequently reduced stride length (Brégou 

Bourgeois et al., 2014; Rodda et al., 2004). Besides outlining a more stable and less 

dimensional global pattern, the significantly higher RA of PM1 found in TD group 

(difference of about 8%) is representative of this motion pattern; further, the reduced 

hip extension range of motion is related to an excessive anterior pelvic tilt, expressed by 

PM6. Coherently, in PM6 the Relative Amplitude was four times higher in children with 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 16 

CP than in TD. Movements described by this motor module also involve trunk 

flexion/extension, whose range was increased in CP. 

RA differences in PM2 accounted for the well-documented augmented center-of-mass 

vertical displacements due to increased knee flexion and hyperextension in CP, 

especially in the HE group. The latter is caused by a general quadriceps weakness 

(Rodda and Graham, 2001), and it is associated to excessive knee flexion related to the 

higher RA in PM5 showed by both CP groups. Interestingly, on the sagittal plane these 

ankle and knee patterns are accompanied by an increase in foot rotation, trunk 

inclination and pelvic obliquity (see Table 2). The latter is commonly attributed to an 

alteration in abduction/ adduction activity as expressed in KF by PM4. This is in 

accordance with the increased step width and consequent larger lateral center-of-mass 

displacements observed in CP patients as a result of a balance maintenance strategy 

(Rodda et al., 2004). Finally, the augmented ankle rotation pattern of PM5 is coherently 

accompanied by a hip rotation pattern, expressed by PM6.  

Traditionally, most of the connections between the aforementioned movement features 

were outlined through the examination of gait analysis reports conducted by an expert 

clinician or biomechanists. Instead, we claim that PMs provide an immediate picture of 

the functional structure of multi-joint/ multi-plane kinematics. This is objectively 

quantified and does not necessarily require the interpretation of an expert operator.  

In addition, we proved that different postural arrangement at standing (KF vs. KE) 

reflected different degrees of alterations of gait patterns in some PMs with respect to 

normal gait. This can spread light on how a postural alteration produces specific 

adjustments in the walking action which translates in compensatory patterns. 
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It is worth remembering that the results of the current study come from a Spastic 

Diplegia sample and do not necessarily apply to other CP populations. However, the 

inclusion of hemiplegic subjects in analogous future investigations should be carefully 

considered in terms of the impaired laterality side. Lastly, a longitudinal assessment of 

how motor patterns changes in the patients’ follow-up is advisable for future 

investigations.  

5 CONCLUSIONS 

The gait kinematics of children with spastic diplegia was decomposed into its 

fundamental movement components, and the motor patterns different from healthy 

condition and compromised by pathology were quantitatively detected. The case of PM5 

is representative of the capability of such analysis of identifying interrelated 

compensatory joint motion patterns. In other words, quantifying the Relative Amplitude 

of a PM between different groups, or in the same individual over time, enables to readily 

detect a change in multi-joints synergies. This kind of analysis was not possible 

considering arbitrary selected variables or time-series. Even though the inspection of 

joint angles kinematics remains extremely useful in clinical setting to design 

intervention procedures, this PCA-based technique adds a quantitative perspective on 

the coordination patterns affected by spastic diplegia. 

6 REFERENCES 

Brégou Bourgeois, A., Mariani, B., Aminian, K., Zambelli, P.Y., Newman, C.J., 2014. Spatio-

temporal gait analysis in children with cerebral palsy using, foot-worn inertial 

sensors. Gait Posture 39, 436–442. doi:10.1016/j.gaitpost.2013.08.029 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 18 

Carriero, A., Zavatsky, A., Stebbins, J., Theologis, T., Shefelbine, S.J., 2009. Determination 

of gait patterns in children with spastic diplegic cerebral palsy using principal 

components. Gait Posture 29, 71–75. doi:10.1016/j.gaitpost.2008.06.011 

Cavagna, G. A, Franzetti, P., Fuchimoto, T., 1983. The mechanics of walking in children. J. 

Physiol. 343, 323–339. doi:10.1113/jphysiol.1983.sp014895 

Chester, V.L., Tingley, M., Biden, E.N., 2006. A comparison of kinetic gait parameters for 

3-13 year olds. Clin. Biomech. 21, 726–732. doi:10.1016/j.clinbiomech.2006.02.007 

Daffertshofer, A., Lamoth, C.J., Meijer, O.G., Beek, P.J., 2004. PCA in studying coordination 

and variability: a tutorial. Clin. Biomech. 19, 415–428. 

doi:10.1016/j.clinbiomech.2004.01.005 

Davis, R.B., Õunpuu, S., Tyburski, D., Gage, J.R., 1991. A gait analysis data collection and 

reduction technique. Hum. Mov. Sci. doi:http://dx.doi.org/10.1016/0167-

9457(91)90046-Z 

Federolf, P.A., 2015. A novel approach to study human posture control: “Principal 

movements” obtained from a principal component analysis of kinematic marker 

data. J. Biomech. 49, 364–370. doi:10.1016/j.jbiomech.2015.12.030 

Federolf, P.A., Boyer, K.A., Andriacchi, T.P., 2013. Application of principal component 

analysis in clinical gait research: Identification of systematic differences between 

healthy and medial knee-osteoarthritic gait. J. Biomech. 46, 2173–2178. 

doi:10.1016/j.jbiomech.2013.06.032 

Federolf, P., Tecante, K., Nigg, B., 2012. A holistic approach to study the temporal 

variability in gait. J. Biomech. 45, 1127–1132. doi:10.1016/j.jbiomech.2012.02.008 

Gage, J.R., 1993. Gait analysis. An essential tool in the treatment of cerebral palsy. Clin. 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 19 

Orthop. Relat. Res. 

Ganley, K.J., Powers, C.M., 2005. Gait kinematics and kinetics of 7-year-old children: a 

comparison to adults using age-specific anthropometric data. Gait Posture 21, 141–

5. doi:10.1016/j.gaitpost.2004.01.007 

Kliegman, R., Behrman, R., Jenson, H., 2015. Nelson textbook of pediatrics, 20th ed, W.B. 

Saunders Co. Elsevier, Philadelphia, USA. doi:10.1017/CBO9781107415324.004 

Lauer, R.T., Stackhouse, C., Shewokis, P.A., Smith, B.T., Orlin, M., McCarthy, J.J., 2005. 

Assessment of wavelet analysis of gait in children with typical development and 

cerebral palsy. J. Biomech. 38, 1351–1357. doi:10.1016/j.jbiomech.2004.07.002 

Palisano, R., Rosenbaum, P., Walter, S., Russell, D., Wood, E., Galuppi, B., 1997. 

Development and reliability of a system to classify gross motor function in children 

with cerebral palsy. Dev. Med. Child Neurol. 39, 214–223. doi:10.1111/j.1469-

8749.1997.tb07414.x 

Perry, J., Burnfield, J., 2010. Gait Analysis: Normal and Pathological Function, SLACK Inc., 

New Yersey. 

Piccinini, L., Cimolin, V., D’Angelo, M.G., Turconi, A.C., Crivellini, M., Galli, M., 2011. 3D 

gait analysis in patients with hereditary spastic paraparesis and spastic diplegia: A 

kinematic, kinetic and EMG comparison. Eur. J. Paediatr. Neurol. 15, 138–145. 

doi:10.1016/j.ejpn.2010.07.009 

Rodda, J., Graham, H.K., 2001. Classification of gait patterns in spastic hemiplegia and 

spastic diplegia: a basis for a management algorithm. Eur. J. Neurol. 8 Suppl 5, 98–

108. doi:10.1046/j.1468-1331.2001.00042.x 

Rodda, J.M., Graham, H.K., Carson, L., Galea, M.P., Wolfe, R., 2004. Sagittal gait patterns in 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 20 

spastic diplegia. J. Bone Joint Surg. Br. 86, 251–258. doi:10.1302/0301-

620X.86B2.13878 

Russell, S., Bennett, B., Sheth, P., Abel, M., 2011. The gait of children with and without 

cerebral palsy: work, energy, and angular momentum. J Appl Biomech 27, 99–107. 

Sangeux, M., Armand, S., 2015. Kinematic deviations in children with cerebral palsy. 

Orthop. Manag. Child. with Cereb. Palsy A Compr. Approach 241–256. 

Sangeux, M., Rodda, J., Graham, H.K., 2015. Sagittal gait patterns in cerebral palsy: The 

plantarflexor-knee extension couple index. Gait Posture 41, 586–591. 

doi:10.1016/j.gaitpost.2014.12.019 

Schutte, L.M., Narayanan, U., Stout, J.L., Selber, P., Gage, J.R., Schwartz, M.H., 2000. An 

index for quantifying deviations from normal gait. Gait Posture 11, 25–31. 

doi:10.1016/S0966-6362(99)00047-8 

Sutherland, D.H., Davids, J.R., 1993. Common Gait Abnormalities of the Knee in Cerebral 

Palsy. Clin. Orthop. Relat. Res. 288, 139–147. doi:10.1097/00003086-199303000-

00018 

Troje, N.F., 2002. Decomposing biological motion: a framework for analysis and 

synthesis of human gait patterns. J. Vis. 2, 371–387. doi:10:1167/2.5.2 

Verrel, J., Lövdén, M., Schellenbach, M., Schaefer, S., Lindenberger, U., 2009. Interacting 

effects of cognitive load and adult age on the regularity of whole-body motion 

during treadmill walking. Psychol. Aging 24, 75–81. doi:10.1037/a0014272 

 

  

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 21 

TABLES 

Table 1. Participants’ age and anthropometrics, presented as groups mean (SD).  

 Unit CP TD 

n - 65 31 

Age Years 10.6 (3.7) 13.6 (4.4) * 

Weight kg 40.2 (16.7) 49.9 (13.8) * 

Height m 1.38 (0.19) 1.53 (0.15) * 

BMI kg m-2 20.1 (4.7) 20.6 (2.8) 

CP: Cerebral Palsy group; TD: Typically Developing (control group). *: significant difference between 

groups, p<0.01 (Student’s t-test). 
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Table 2: Principal Movements (PMs) characterization. Cumulative variance expressed by 

PMs, expressed as groups mean (SD), is accompanied by a concise description of the 

related multi-joint movement pattern. 

 Cumulative explained 

variance (%) 

   

PM CP TD 
Main plane of 

motion 
Description Involved joint movements 

1 83.79 (7.18) 88.92 (2.13) Sagittal Posture variation 

due to anterior-

posterior leg 

swing 

Hip flexion/extension  

 

2 93.64 (2.31) 95.03 (1.11) Sagittal Synchronous 

flexion-extension 

of both knees 

with an in-phase 

vertical 

movement of the 

upper body 

Knee flexion/extension 

3 98.71 (0.84) 99.19 (0.27) Sagittal and 

frontal 

Asynchronous 

knees flexion 

with an in-phase 

medial shift of 

the upper body 

(and thus body 

weight) onto the 

stance leg 

Hip internal/external 

rotation 

Knee flexion 

Ankle dorsi/plantar flexion 

4 99.62 (0.27) 99.89 (0.10) Frontal In-phase hip 

adduction with 

trunk inclination 

Hip abduction/adduction 

5 99.83 (0.14) 99.95 (0.04) Frontal Pelvic obliquity, 

trunk inclination 

and slight knee 

flexion on the 

same side 

(typical 

compensatory 

pattern of PCI) 

Trunk inclination 

Pelvic obliquity 

Knee flexion/extension 

Ankle dorsi/plantar flexion 

6 99.91 (0.07) 99.98 (0.02) Sagittal Pelvic tilt and 

corresponding 

trunk 

flexion/extension 

Trunk flexion/extension 

Pelvic tilt 

Hip internal/external 

rotation 

 

CP: Cerebral Palsy group; TD: Typically Developing (control group). 
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Table 3: Relative Amplitude divided by group and Principal Movement (PM).  

PM 

Relative Amplitude (%) 

p CP children TD 

KF KE  

PM1 82.46 (8.46) * 81.65 (8.74) # 89.37 (2.01) 0.0001 

PM2 6.02 (2.29) 7.09 (1.95) # 5.03 (1.5) 0.0169 

PM3 6.62 (5.13) 7.47 (4.8)  4.48 (1.14) 0.0437 

PM4 2.05 (3.26) * 1.22 (1.30) 0.58 (0.36) 0.0401 

PM5 1.7 (1.58) *  1.71 (1.94) # 0.29 (0.22) < 0.0001 

PM6 1.14 (1.29) * 0.86 (0.78) 0.24 (0.24) 0.0009 

p: 1-way ANOVA. Post-hoc comparisons: * significant difference KF vs. TD, # significant difference KE vs. 

TD. CP: Cerebral Palsy; KF: knee flexed (>5°) at standing; KE: knee hyperextended (<5°) at standing; TD: 

Control Group. 
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FIGURE LEGENDS 

Figure 1: data analysis workflow diagram. 

Figure 2: variance explained (mean + SD) by the first 8 Principal Components in the 

control group (TD, white) and in children with Cerebral Palsy (CP, gray). 

Figure 3: weightings (left column) and stick diagrams (right columns) depicting the 

motor patterns related to the first six Principal Movements (PMs). Gray lines refer to 

Cerebral Palsy children, while the shaded area is drawn between healthy controls’ 

confidence intervals. Gray arrows indicate the main direction of multi-joint movements, 

labels the main joints involved in each component; white markers represent the joints 

involved in each component.  

Stick diagrams are obtained starting from the average posture and resynthesizing each 

component in the maximum and minimum weighting time point. 
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Fig. 1 
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Fig. 2  
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Fig. 3 
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