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ARTICLE INFO ABSTRACT

Background: Gait classification systems (GCSs) aim to aid clinicians and researchers in categorizing the gait of
pathological populations, with the intent to improve the communication between them, to support treatment
planning and enable the evaluation of patients over time. Throughout the years, various GCSs have been defined
for children with cerebral palsy (CP), which were first summarized in a systematic review published in 2007.
Research question: The current systematic review aimed to: a) identify GCSs that have been more recently de-
veloped, b) appraise their methodological quality and c) specify the most commonly used multiple joint gait
patterns for children with CP reported in literature.

Methods: Four databases (Medline, EMBASE, CINAHL, Web of Science) were searched until July 2017. Several
forms of validity and the reliability of these studies were assessed according to the principles of the consensus-
based standards for the selection of health measurement instruments checklist or criteria defined in the original
review. All published GCSs were also scrutinized in order to identify multiple joint patterns that have reached a
predefined level of consensus.

Results: Thirty-six studies were considered in this review, 15 of them being GCSs that were not included in the
original review. The validity, reliability and clinical applicability of all GCSs was reported, including 3 studies
from the original review. Six multiple joint patterns for children with CP reached a consensus in literature.
Conclusion: Since the previous review, obvious progress has been made in the field of GCSs for CP, resulting in
improved methodological quality of the majority of published GCSs. This encouraged the applicability of GCSs in
clinical or research settings. The six reliable, valid and commonly used multiple joint patterns, emerging from
this systematic review, may aid clinical and research applications and create a common language among
healthcare providers.
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1. Introduction providers [5,17,20] and in comparing gait between or within specific

patients [20]. On the other hand, it has been argued that a “hard” gait

Cerebral palsy (CP) constitutes the most prevalent cause leading to
physical impairment during childhood [1]. With approximately 70% of
CP children being ambulatory [2], gait analysis has become an indis-
pensable tool in the assessment of their gait deviations. Specifically,
three dimensional gait analysis (3DGA) is regarded as the “golden
standard” in CP gait evaluation [3,4] and, consequently, several gait
classification systems (GCSs) have been formed, based on data acquired
through 3DGA [5-20]. GCSs have been reported to aid in clinical de-
cision making [5,17], in improving communication among healthcare

pattern assignment may over-simplify the real gait deviations of pa-
tients [13,21]. Furthermore, GCSs may include the description of de-
viations occurring in one or multiple lower limb joints simultaneously
(single or multiple joint patterns, respectively), thus challenging the
establishment of commonly accepted definitions in the clinical com-
munity of CP or the distinction between GCSs and gait patterns.

In 2007, Dobson et al. published a systematic review on eighteen
previously published GCSs for children with CP, including studies as
recent as March 2005 [5]. The included GCSs were divided into either
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qualitatively or quantitatively constructed ones, based on whether they
were formed by clinical expertise or objectively measured data, re-
spectively. The study concluded that several challenges with regards to
classification construction, validity, patient inclusion, and reliability
remained to be resolved. Moreover, methodological limitations of
previously published GCSs hindered their applicability in clinical
practice or research [5].

The aim of the current study was three-fold. Firstly, to review the
study characteristics of GCSs published since March 2005. Secondly, to
include all reliability or validation studies, so as to form a detailed
overview of the strengths or limitations of all available GCSs. Thirdly,
to identify and describe the most commonly used multiple joint patterns
described in literature, providing clinicians with a comprehensive in-
spection of the most commonly described multiple joint patterns.

2. Method
2.1. Search strategy

Two reviewers (AN and EP) conducted an extensive systematic
search for all publications up to July 2017, following the guidelines of
the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) [22]. Four online databases were searched, namely:
Pubmed, Embase, Cinahl, and Web of Science. Key words included the
following search terms: (1) cerebral palsy or diplegia or hemiplegia or
quadriplegia or Little’s Disease, (2) gait analysis or locomotion or
walking or gait, (3) classification or taxonomy or cluster analysis or gait
pattern or clinical classification or pattern recognition or classification
algorithm or machine learning or neural network or connectionist
model or support vector machine or fuzzy logic. Subsequently, these
terms were combined into (1) AND (2) AND (3). “All fields”, MeSH
terms and wild card symbols were used so as to ensure all key word
variations. When possible, relevant filters were implemented such as
humans, age range, and language (English). Finally, references of re-
levant articles were screened to ensure that additional records that
might have been accidentally overlooked by the electronic searches
would be included (snowballing method).

2.2. Inclusion criteria

After removing duplicate studies, two reviewers (EP and AN or EP
and IV) independently screened each reference based on title and ab-
stract. Eligibility of full-text papers was assessed based on the following
inclusion criteria: a) studies focused primarily on children with spastic
CP (aged between 0 and 18 years, i.e. minimally 80% of the study
population being patients with spastic CP under 18 years of age), b) gait
assessment (kinematic, kinetic, spatiotemporal or electromyographic
parameters), c) allocation to groups or distinct categories defined by
gait analysis, d) published after March 2005 or not included in the
review by Dobson et al. [5]. Original GCSs as well as subsequent va-
lidity or reliability studies of these classifications were included. Studies
were excluded if a) their primary focus was on children with dystonia or
ataxia, b) no full paper was available, c) the main focus was on gait
indices, summary measures or functional classifications, d) in case of
reviews, protocols or case series and, finally, e) the study was not
available in English.

2.3. Data extraction

Two independent reviewers (EP and IV) extracted important study
characteristics of all new GCSs. They used the data extraction form that
was created and applied during the systematic review by Dobson et al.
[5], so as to maintain as much consistency as possible between the two
reviews. The characteristic “reliability test results” was not retained due
to the currently applied investigation of reliability.

In case of disagreement or lack of clarity, a third reviewer (KD) was
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consulted in order to reach a consensus. Extracted information con-
sisted of the type of patients that were considered in each study, which
included their anatomical distribution, along with typically developing
(TD) subjects, if they were also taken into consideration during the
development of each GCS. Per study, also the number of included
subjects per subject type, their ages, the applied measurement tools and
the investigated gait variables were recorded. Furthermore, the type of
scale each GCS was built upon and the number of classes per GCS were
also part of the extraction form. Finally, the anatomical levels that were
considered in each study and the applied overall approach to construct
the classification (quantitative or qualitative) were reported.

2.4. Psychometric properties

The principles of the COnsensus-based Standards for the selection of
health Measurement INstruments (COSMIN) checklist were applied to
thoroughly review the quality of the scrutinized GCSs [23-25]. This
checklist allows researchers to investigate the methodological quality of
each study, by establishing quality scores in each separate measurement
property, such as reliability and various types of validity. Each mea-
surement property is represented in a box with several items, which
allows for their individual scoring. Researchers identify which boxes
and items apply to their study according to their research questions
[23-25]. A 4-point scoring system has been established with scores
varying between “excellent”, “good”, “fair” or “poor”, the lowest score
in each box defining the final score of the total box [25].

The psychometric properties were investigated for all studies that
were identified in this review, as well as for the GCSs previously re-
viewed by Dobson et al. [5], including subsequent validity or reliability
studies of previously published GCSs up to July 2017. All information
was extracted by EP and IV and KD was consulted in case of disagree-
ment. Previously, Dobson et al. had synthesized a customized quality
assessment checklist due to the lack of published standardized or vali-
dated ones [5]. In the current review, some of the characteristics of this
customized quality assessment checklist were maintained, on one hand
to ensure some extent of homogeneity and comparability between the
two reviews, and on the other hand because these parameters were
considered to be indispensable when describing GCSs. These char-
acteristics included the quality of the classification construction and
more specifically the planes of motion, the description of the con-
struction method (i.e. detailed explanation about the entire construc-
tion process) and, finally, the individual characteristics of the classifi-
cation groups, enabling their precise definition and the differentiation
between groups. The classification construction was subsequently given
a total score, in line with the COSMIN principles.

For the remaining aspects of validity, as well as for the reliability of
GCSs, the COSMIN checklist was adjusted by the reviewers, such that all
relevant boxes and items would be investigated (Supplementary tables
1 and 2). In addition, the used sample in each study was reported and
judged relatively to the number of the defined patterns that stemmed
from this particular sample size, as well as the generalizability of these
results. The latter refers to whether the employed sample was described
in detail and refers to the following criteria: age, sex, disease char-
acteristics, setting of study and patient selection method. Moreover, 6
additional types of validity where identified as important for this study:

1) Validation of a GCS against a different dataset (than the one where
the initial GCS was based on),

2) Automatic classification algorithm (with possible comparison to
clinicians’ classification),

3) Validation against a previous GCS (direct comparison to patterns of
a previous GCS),

4) Face validity (comparison of kinematic data to video reports or
categorization of patients based on consensus or expert opinion),

5) Validation against a valid clinical scale (comparison of gait patterns
to scales such as the modified Ashworth scale (MAS) [26] for
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spasticity) and

6) Responsiveness (classification of the same patients in at least two
instances to establish whether their gait patterns have changed over
time or after treatment).

In the previous review, the utility of each GCS was reported with a
criterion of whether the authors of each study referred to the utility of
their study or not [5]. In the present study, the introduction of the term
“clinical applicability” was considered more relevant, for which specific
criteria were formulated (Supplementary table 1). Moreover, the score
for every original GCS was based on the description of clinical applic-
ability in that publication as well as in any subsequent reliability or
validity studies that applied the original GCS. The original studies were
thereby labelled as “main”. Similar to the overall COSMIN scale, the
lowest item score indicated the final score.

Regarding the reliability of these GCSs, studies were analyzed based
on the recruited sample size, whether the raters were blind to patient
specific characteristics, whether the intra-rater reliability was also
tested and the applied statistics.

2.5. Commonly used multiple joint patterns

All the available GCSs identified in the review of Dobson et al. [5]
and in the current update were scrutinized so as to identify the multiple
joint patterns that stem from these GCSs and are most prevalently re-
ported in literature, or the patterns upon which several researchers
agree. A panel of 4 reviewers (KD, EO, AVC and EP) defined the fol-
lowing criteria for these commonly used patterns where agreement has
been reached by the scientific community: i) their classification groups
were adequately defined, according to Table 2 and Dobson et al. [5], ii)
the original GCSs displayed either an “excellent” or a “good” clinical
applicability (Table 2 and Supplementary table 1), and iii) at least 2
independent research groups have cited the derived patterns in their
publications since the original introduction of the GCS. These citations
should refer to the GCS as a whole or to some of its defined patterns and
not only to the techniques or methodologies applied to derive them.
Similar in- and exclusion criteria regarding abstracts, commentaries,
full paper availability and articles published in English, as described in
section 2.2 were applied. Self-citations by the same researchers or re-
search groups were not considered. In order to create a summary of all
multiple joint patterns that displayed a relevant consensus, each spe-
cific multiple joint pattern of a GCS was judged based on: i) whether 3
or more GCSs have also used the same multiple joint pattern name or its
characteristics and/or ii) reliability studies have supported the defini-
tion of this particular pattern. Subtle differences in definitions among
the various studies were considered possible, however, the most pre-
valent description of each term, with the best psychometric properties
has been considered as the main one.

3. Results
3.1. Search strategy yield

The electronic search resulted in 5045 studies and, via the snow-
balling method, 18 references were additionally identified. After the
removal of duplicates, 4057 records were screened, from which 3916
were excluded based on title and abstract alone. Eligibility of 141 full-
text articles was assessed according to the inclusion/exclusion criteria
mentioned in 2.2. In the end, 33 studies were considered to be eligible
for inclusion in this study (Fig. 1). Three additional studies [27-29] —
previously included in [5] — were also considered in the current update
due to the fact that either reliability or validity studies had been pub-
lished during the period of search, further investigating the psycho-
metric properties of these GCSs. This selection procedure finally re-
sulted in 36 included studies.
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3.2. Study characteristics of new GCSs

Out of the 36 studies, 15 were newly introduced GCSs, with quite
heterogeneous participant characteristics and sample sizes (Table 1).
Seven studies incorporated TD children as control subjects
[7-10,12,13,18], 5 studies focused only on patients with spastic di-
plegia [7,9,11,12,19], whereas 2 studies did not specify how many of
the included patients presented with a spastic motor disorder or another
type [13,19]. The sample size varied widely, from 19 children [8] to
approximately 1537 children with CP [13], while 3 GCSs, which were
formed based on expert opinions, did not use concrete patient data for
the development of their definitions [11,17,20]. The ages of the pa-
tients that were used were also diverse (2 to 30 years of age) [9,16].

The majority of the studies used or established rules based on the
analysis of  data acquired through 3DGA (n=12)
[6,7,9,10,12-16,18-20]. Other methods included the interpretation of
surface electromyography (EMG) [8], video recordings [11], or expert
opinion [17]. In all but 4 studies, the description of kinematic para-
meters was the primary focus [6,10-13,15-20] and in 2 studies, only
spatiotemporal parameters were taken into consideration [7,9].

Ten GCSs were constructed on a nominal scale [6,10-12,15-20],
while 2 studies used mixed features of both nominal and ordinal scales
[7,14]. GCSs defined multiple groups, ranging from 4 multiple joint
patterns [11] to 71 possible combinations of single joint deviations
[19], while two GCSs investigated the deviations on a single joint level
(one joint [8] or one joint at a time [20]). Distal deviations, i.e. at the
ankle or foot, were most frequently classified (n=11)
[6,8,10,11,13,15-20]. The knee and the hip joint motion was described
in 9 out of the 15 studies [6,10-13,16,17,19,20] and the motion of the
pelvis, the trunk or the upper limb during gait was described in 6
[11-13,17,19,20], 2 [11,17] and 1 [11] GCSs, respectively. Lastly, 9
GCSs were constructed in a quantitative way [7-10,12,13,15,16,18],
employing mostly clustering techniques (n = 6). The remaining GCSs
included multiple or single joint patterns that were constructed in a
qualitative way, where patterns were defined by a certain expert de-
cision making process. In those cases, decisions were based either on
clinical experience and expertise of a (local) group of researchers
[6,11,14,17,19] or a survey in an international group of experts [20].

3.3. Validity

Different levels of validity were evaluated across all studies
(Table 2). Detailed information on the analytical sub-scores, which
compile the total COSMIN score for each category, can be found in the
Supplementary tables 3a-c.

The studies in which GCSs were originally introduced, were judged
for their construction method (i.e. explanation about the entire con-
struction process - Supplementary table 1). Eight GCSs were judged as
displaying an “excellent” classification construction method
[7-9,11,14,16,18,20], while three were labelled as “good” because they
only described gait patterns across one [15,19] or two [17] planes of
motion. GCSs were characterized as “fair”, because they either did not
display an adequate explanation or detailed description of the classifi-
cation groups that were formed [10,12,13], or they did not provide any
information on how their classes were constructed [6,27,29]. Only one
GCS was judged as displaying a “poor” classification construction [28].

The sample size was characterized by indicating the number of
patients / limbs / trials / strides measured relative to the number of
derived patterns (Supplementary table 1). Most of the 36 included
studies referred to the number of patients (either CP or with specific,
topographical description, namely spastic hemiplegia or diplegia,
n = 23) [6,7,9,11,12,18,27,29-44]. In the current review, 25 studies
had either an “excellent” or a “good” sample size definition
[6-11,13-16,27,29,31-36,38-42,45,46], whereas the remaining stu-
dies were labelled as “fair” [18,19,30,44], “poor” [12,37,43,47] or
“non-applicable” [17,20,28]. Nineteen studies displayed an “excellent”
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Fig. 1. Flowchart of the search strategy.
score for generalizability 5 out of 5 items)

[6,7,11,16,18,27,30-34,38,40-45,47]. In three studies this category
was “non-applicable” [17,20,28], 3 studies had a quite low general-
izability (2 out of 5 items) [12,13,39] and the remaining ones addressed
either 4 [10,14,15,19,29,36] or 3 [8,9,34,37,46] of the 5 items.

From the additional types of validity, 20 studies validated a GCS
“against a different dataset” from the one used in the original GCS
[7,9,11-13,15,16,19,31-34,36,39-41,44-47], with 6 of the studies
having scored “excellent” [7,32,34,40,44,45]. The least reported form
of validity was “against a previous GCS” (n = 1) [10], while “respon-
siveness” was tested in 4 studies [7,9,29,31] and validity ‘against a
valid clinical scale” was tested in 9 studies [13,16,31,33,36,39-41,44].
Eight studies focused on either of the remaining validity forms, namely:
the development of an “automatic classification algorithm”
[8,12,15,18,34,39,46] and “face validity” [17,20,30,33,38,41,42,47].
An extra validation sample was used in 7 studies, with the sample
varying from 2 patients (representing 4 limbs) [9] to 1152 limbs of CP
children [39]. Finally, four studies did not employ any form of extra
validation [6,14,27,28].

3.4. Clinical applicability and reliability

An overview of the clinical applicability of all reviewed studies is
shown in Table 2, while the utility scored according to [5] is displayed
in Supplementary table 3c. The GCSs that were constructed in a
quantitative way, displayed a “fair” clinical applicability
[7,9,10,12-14,16,18]. Eleven studies were judged as demonstrating
“excellent” [6,11,19,27-29,40,41,43-45] and the remaining ones a
“good” clinical applicability [8,15,17,20,30-39,42,46,47]. The final
scores for all the “main” studies (i.e. those where additional reliability
or validity studies were also reviewed) [11,20,27-29], except for one
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study [6], were characterized as displaying a “good” clinical applic-
ability.

Reliability was examined in 6 studies [29,30,37,38,42,43], of which
only one had an “excellent” score [43] (Table 3). Three studies assessed
only inter-rater reliability [30,38,42], with one of them not using a
weighted kappa for the reliability evaluation, despite the fact that it
concerned a GCS built on an ordinal scale [38]. Finally, the last two
studies [29,37] were judged as “fair” due to the small sample size that
was used to investigate the reliability of the GCS in question.

3.5. Agreement on commonly used multiple joint patterns

All GCS were inspected according to the criteria specified in 2.5.
The number of total citations, along with the number of different re-
search groups that cited these GCSs are reported in Supplementary table
4. Nine GCSs [27,29,48-54], incorporated in [5], had an “adequate”
description of classification groups. However, 5 of them were con-
structed based only on quantitative approaches [49,51-54], hence,
their clinical applicability was characterized as “fair”, in compliance to
Supplementary table 1. These GCSs were thus not further considered in
this investigation. The clinical applicability of the studies of Simon et al.
[48] and Hullin et al. [50] was judged as “good” and “excellent”, re-
spectively. The applicability of all other studies can be found in Table 2.
Five studies were excluded because they did not satisfy the criterion of
having at least 2 citations by other research groups [8,11,15,17,20].

Consensus was reached for six multiple joint patterns, namely “genu
recurvatum”, “drop foot”, “true equinus”, “jump gait”, “apparent
equinus” and “crouch gait” (Table 4, Fig. 2). Table 4 contains the name
of each pattern, specifies the authors that originally introduced or es-
tablished each term, gives a description of the patterns’ characteristics,
reports other GCSs that have referred to the specific patterns or their
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Table 2 (continued)

Clinical applicability

Validity

Study

Extra validation

sample

Other validity forms

Sample Size Generali-

Used sample

Classification construction

zability

Main study

Individual
studies

Cosmin score

Form

Cosmin score

Classification
groups

Construction
method

Planes of
motion

Fair

Excellent
Fair

5/5
4/5

Fair

24 SH, 20 TD
376 limbs

Excellent
Good
N/A

Adequate

Adequate

Krzak et al. [18]

Excellent
Good

Fair

Adequate

Adequate

Simon et al. [19]

Good

Excellent

N/A
5/5

N/A

Adequate Excellent

3 Adequate

Nieuwenhuys et al. [20]

Excellent

Excellent

Good

1719 trials, 154

trials TD
82 CP
286 CP

Nieuwenhuys et al. [45]

Excellent
Excellent

5/5
5/5

Poor
Fair

Nieuwenhuys et al. [43]

Excellent

Nieuwenhuys et al. [44]

Excellent
Good

Good

3/5

Good

1719 trials

De Laet et al. [46]

Good

In bold: original studies. The adapted COSMIN scoring criteria [25] can be found in Supplementary table 1.

Other forms of validity: 1) Validation of a GCS against a different dataset; 2) Automatic algorithm in comparison to clinicians’ classification; 3) Validation against a previous GCS; 4) Face validity; 5) Validation against a

valid clinical scale; and 6) Responsiveness.

Abbreviations: N/A: non-applicable; SH: spastic hemiplegia; SD: spastic diplegia; CP: cerebral palsy; TD: typically developing children.
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characteristics and indicates whether these patterns have been tested
for reliability. Fig. 2 offers a schematic representation of the most
characteristic deviations during a gait cycle per multiple joint pattern.
Four of these multiple joint patterns comprise the GCS published by
Rodda et al. [29]. These patterns have been tested for reliability and
several forms of validity, and their definitions are frequently adopted in
other GCSs [10-13,16,17,27-29,50,55-57]. The pattern “apparent
equinus” is the only one of the 4 that has limited reliability or validity
[37-39], but its description has been used in other GCSs [11,17,50]. In
addition, the patterns “genu recurvatum” and “drop foot” were con-
sidered, because their definitions dictate that a pathological motion in 1
or 2 joints is accompanied by minor gait disturbances in the remaining
lower limb joints [27,48]. Specifically, the former refers to knee motion
in recurvatum with plantar flexion or decreased dorsiflexion motion
[48]. This is similar to the “true equinus” pattern defined by Rodda
et al., however, according to Rodda et al., an ankle equinus motion is
the main deviation and it may also be combined with a normal knee
motion [29]. Finally, “drop foot”, as originally described by Winters
et al. [27], consists not only of increased plantar flexion or lack of
dorsiflexion during the swing phase, but also by increased knee and hip
flexion during various parts of the gait cycle.

4. Discussion

The three-fold aim of this review differentiates it from the previous
review that aimed to critically evaluate the GCSs that were published
between 1966 and 2005 [5]. Even though the search period of the
present update spanned only 12 years, 15 new GCSs have emerged
[6-20], in comparison to 18 included in the previous review [5]. This
difference in number is quite remarkable, especially taking into con-
sideration the stricter inclusion criteria applied in this study (for ex-
ample the exclusion of abstracts). This clearly indicates that researchers
are continuously trying to characterize gait, in order to facilitate clin-
ical practice [5,17,20,58] or to assist in the evaluation of inter- or intra-
patient differences or treatment outcome [17,20,59]. The methodolo-
gical shortcomings identified in the previous review and the lack of
consensus among researchers necessitated the inclusion of reliability or
validation studies (in case these would be available), which was not
exhaustively covered previously [5]. The current study of these psy-
chometric properties additionally illustrated the strengths or limitations
of all GCSs, and supported the derivation of commonly used patterns in
literature, by providing objective criteria.

4.1. Classification construction

In the present study, out of the 15 newly identified GCSs, 6 eval-
uated gait deviations across all planes of motion [6,11,12,16,18,20],
whereas 4 studies were labelled as “non-applicable” because they either
assessed only kinetic [14], spatiotemporal [7,9] or EMG data [8]. From
the remaining studies (n = 5), 3 described gait patterns in the sagittal
plane [10,13,15], 1 in both sagittal and transverse planes [17] and 1
only in the transverse plane [19]. The utility and need to evaluate the
deviations of CP gait in non-sagittal planes of motion - and especially in
the transverse plane - have been increasingly documented
[12,15,17,19,29,58,59]. This need might explain the improvement in
comparison to Dobson et al. [5], where only 1 study evaluated im-
pairments in all 3 planes [49]. According to Davids and Bagley, de-
viations in the coronal plane are “sagittal and transverse plane devia-
tions seen out of plane” and their clinical significance is unclear [17].
Contradictory to this, a more recent study based on international ex-
perts’ consensus established through a Delphi process, considered cor-
onal plane deviations to be important when evaluating CP patients’ gait
[20].

The construction method of all GCSs was adequately described,
apart from one [6]. This might be due to the fact that Wren et al. did not
intend to publish a GCS, but to study the prevalence of gait deviations
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Table 3
Studies reporting reliability of gait classification systems in children with cerebral palsy, scored according to the adapted version of the COSMIN scoring criteria [25].
Study Sample size Blind raters Intra-rater Time Time interval ICC calculated Kappa Weighted Weighting Cosmin
reliability interval appropriate calculated kappa scheme
assessed stated
Winters et al. [27]
Dobson et al. [30] Excellent Excellent Fair N/A N/A N/A Excellent Excellent Excellent Fair
Rodda et al. [29] Fair Excellent Excellent Excellent Excellent N/A Excellent Excellent Excellent Fair
Stott et al. [37] Fair Excellent Excellent Excellent Excellent N/A Excellent Excellent Good Fair
Kim et al. [38] Excellent Excellent Fair N/A N/A N/A Excellent Fair N/A Fair
Ferrari et al. [11]
Pascale et al. [42] Excellent Excellent Fair N/A N/A Excellent Excellent N/A N/A Fair
Nieuwenhuys
et al. [20]
Nieuwenhuys et al.  Excellent Excellent Excellent Excellent Excellent N/A Excellent N/A N/A Excellent
[43]

In bold: original studies. The adapted COSMIN scoring criteria [25] can be found in Supplementary table 2.

Abbreviations: N/A: non-applicable ; ICC: intra-class correlation coefficient.

in children with CP [6]. In the process, though, they referred to de-
viations which had either not been previously mentioned in other GCSs
or they defined patterns differently [6], which led to the study’s in-
clusion in this review. Construction methods have been better described
in more recent studies, in contrast to [5], where half of the studies had
no details on the applied construction methods. The detailed descrip-
tion of a construction method may be dependent on whether a GCS is
built based on a quantitative or a qualitative technique. In the review of
Dobson et al., GCSs built in a qualitative way were never judged as
displaying an adequate or partial description [5]. In the present review,
on the contrary, most of the studies specifically referred to how their
patterns were defined, based on observations or various levels of ex-
pertise [11,14,17,19,20].

For the category “classification groups”, it was judged whether the
gait deviations were adequately described such that the derived groups
could be adequately differentiated between one another, similar to the
criteria found in [5]. The vast majority of the studies (n = 12) provided
sufficient information on the various classes that resulted from the
formation of each GCS, whereas in 3 studies, it was stated that the
defined groups were not completely independent from each other
[10,12,13]. Another attention drawing aspect is whether a GCS is

A1) Genu recurvatum A2) Genu recurvatum
with ankle in plantar  with reduced ankle
flexion dorsiflexion

B) Drop foot

C) True equinus with
full knee extension

always able to classify the population for whom it is intended. Ferrari
et al. stated that, with their GCS, 91% of the considered patients could
be successfully assigned to a gait pattern, indicating that merely 9% of
their patient sample remained unclassified [11]. This, however, was not
the case for other GCSs. When re-implementing the GCS proposed by
Winters et al. [27], several studies indicated an inability to classify their
patients using the reported definitions, resulting in the proposal of an
extra, less involved class [30-32]. The prevalence for this extra class
reached up to 42% of the recruited patients in a study performed on a
population-derived sample [32]. This substantial number of un-
classified patients may be explained by the fact that the exact defini-
tions provided by the authors of the original study may not have been
precisely applied [30,31]. The inability to classify all patients has also
been presented in the studies of Stott et al. who applied the GCS of
Rodda et al. [29] where 3 patients could not be classified [37], de
Morais-Filho, who could not classify 13% of their patients (n = 228)
[36] when using the GCS of Sutherland and Davids [28], and, more
recently, in a reliability study of a GCS where 4.7% of all gait trials
could not be classified [43] according to the rules suggested by Nieu-
wenhuys et al. [20]. Failure of a GCS to assign observed gait patterns to
one of the predefined classes might on one hand be dependent on its

D1) Jump gait in
early stance

D2) Jump gait in
late stance

E) Apparent
equinus

F) Crouch gait

Fig. 2. Commonly used multiple joint patterns. The detailed descriptions of each pattern are provided in Table 4. A1) genu recurvatum with ankle in plantar flexion;
A2) genu recurvatum with reduced ankle dorsiflexion; B) drop foot; C) true equinus with full knee extension; D1) jump gait in early stance; D2) jump gait it late
stance; E) apparent equinus; F) crouch gait. The bold black lines indicate the deviations comprising the pathological multiple joint patterns, the dashed lines in B

represent the contralateral lower limb.
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inability to cover all possible gait deviations in the researched patient
sample. On the other hand, it has been argued that CP patients’ gait lies
along a continuum [7,17], hence forcing it in distinct or “hard” classes
might be inaccurate. This was the case in the study of Vaughan et al.
where they allowed for variable membership of each patient to the
defined groups [7]. Moreover, Carriero et al. also found an overlap
between their CP groups, highlighting the possible existence of si-
multaneous gait deviations [12], while Van Gestel et al. tested their
algorithm both for distinct and for mixed patterns in CP gait [15].
Overall, this review found an improvement in the description of the
classification groups in comparison to [5], with 21 studies being judged
as having “adequately” defined groups.

4.2. Sample and generalizability

As far as the included patients in each study are concerned, there
was quite some heterogeneity in applied patient inclusion criteria. First,
there is still no common language between studies, as the majority
referred to patients (n = 23) [6,7,9,11,12,18,27,29-44]. Others re-
ferred to limbs (n = 5) [8,10,16,19,47], trials (n = 4) [14,15,45,46] or
even strides (n = 1) [13]. Another remaining issue is the extent of in-
formation taken into consideration when studying the gait of CP chil-
dren. Several researchers chose to average the gait cycles of their pa-
tients, creating a “representative trial” from each patient or limb
[7,10,16,31,36,38,40]. Others selected one representative trial out of
the available ones [14,19,29,32,43,44], or included three [18] or all
available trials [8,15,35,37,45,46].

In this review, it was decided to report the number of observations
(patients / limbs / trials / strides) based on where emphasis was put on
in the results of each study. The sample size was subsequently labelled
according to the number of observations per pattern. Hence, in studies
where joint patterns were defined or validated, the pattern dis-
crimination capacity against the characterization of their sample size
could be evaluated.

Detailed characteristics of the patient sample were sometimes not
available, which is illustrated by the generalizability scoring. This was
more obvious in studies where the development of an algorithm was the
main purpose of the study [8,9,12,13,35,39,46]. It is important to note
that some GCSs, such as Winters et al. or Rodda et al., were originally
designed only for hemiplegic or diplegic patients, respectively, influ-
encing their generalizability score. Additionally, in studies where gen-
eralizability was “non-applicable” [17,20], specific patients were ac-
tually not classified in the original publications; these GCSs, though,
were built with the intention to be able to describe gait deviations in all
children with spastic CP.

4.3. Other forms of validity

In the considered studies, either one of the 6 “other” forms of va-
lidity was frequently examined, resulting in an almost equal distribu-
tion of excellent, good and fair scores. The lack of thorough descriptions
of applied methods and included patients were mostly responsible for
“good” scores, whereas “fair scores” were mostly assigned due to the
limited description of patients. The methods were considered as “ex-
cellent” only when specific criteria were stated in each study, such as
who classified the trials and how the study was conducted. The results
were reported in detail in most of the cases and appropriate statistics to
the purposes of each exploration were usually applied. In order to en-
sure the incorporation of GCSs in clinical decision making and treat-
ment outcome evaluation, GCSs should relate to clinical symptoms. So
far, only few studies have evaluated the association between the de-
fined gait patterns and the symptoms of spasticity [13,16,31,39,44],
weakness [13,16,44] or loss of selective motor control [13]. Finally, an
extra validation sample was used in only 7 studies, with a sample size
ranging from only 2 patients [9] to more than 750 CP children [39].
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4.4. Clinical applicability and reliability

For clinical applicability, the studies that scored the lowest (“fair”)
were GCSs built upon automatic classification algorithms. In those
cases, minimal clinical input was taken into consideration in the de-
velopment of the patterns. An example of clinical input in GCSs built
upon automatic classification algorithms is the a priori choice of im-
portant gait parameters to be incorporated in the algorithms
[7,9,10,12,16,18]. The studies that developed automatic classification
algorithms based upon previously published and validated GCSs were
considered to be “driven” by qualitative rules and were labelled as
displaying a “good” clinical applicability [35,39,46].

Since the previous review [5], the reliability of GCSs has been
evaluated more frequently. In total, six reliability studies have been
conducted [29,30,37,38,42,43], 5 of which had not been included in
the previous review. Inter-rater reliability was assessed in all studies, in
3 of which intra-rater reliability was additionally established
[29,37,43].

4.5. Multiple joint patterns with consensus

The third aim of this review was to evaluate whether consensus
exists over certain multiple joint patterns. This can be performed by
several techniques including the Delphi consensus approach to establish
clinical experts’ agreement [60] or by conducting a thorough analysis of
the available literature, as in this review. Several GCSs were initially
intended to be applicable to a specific population, either hemiplegic
[27,50] or diplegic [11,19,28,29] CP children. Based on this review,
however, it was apparent that the multiple joint patterns where
agreement was reached according to the criteria described in Section
2.5, have been observed in both populations, further establishing their
use in all ambulant children with CP [8,9,16-19,27-29,48,50,55-57]
(Table 4).

The literature review revealed that six multiple joint patterns dis-
played a relevant consensus (Fig. 2, Table 4). Establishing an agreement
over the entire GCSs instead of individual gait patterns would be more
difficult or even virtually impossible based on the performed systematic
review. Interestingly, 4 out of these 6 commonly used multiple joint
patterns (Table 4) were described in the GCS established by Rodda et al.
[29], who introduced the “true equinus” and “apparent equinus” pat-
terns and extended two patterns originally introduced by Sutherland
et al. [28]. The patterns “jump gait”, “apparent equinus” and “crouch”
can mainly be differentiated from one another based on the position of
the ankle joint [29]. In contrast to other studies that have defined
“crouch” as a pattern of increased knee flexion during stance [6,13],
according to [29], knee motion on its own is not sufficient to distin-
guish crouch from other patterns. Despite the variability in definitions
of these 4 multiple joint patterns, the characteristics presented by
Rodda et al. were considered as the most exhaustive ones, always in-
cluding information about the co-occurring deviations across all lower
limb joints, while stemming from the GCS with the most established
validity and reliability [29,35-37].

Apart from these 4 patterns established by Rodda et al. [29], the
literature review also highlighted two additional patterns, namely
“drop foot” and “genu recurvatum”. While the name of these two pat-
terns, just like the true equinus pattern, suggests strong emphasis on
one specific joint movement deviation, they are multiple joint patterns
since they are combined with specific descriptions of the motions in the
other lower limb joints, such as compensations and/or overall minor
gait deviations. While “drop foot” may appear as a swing phase pattern,
its other gait features in stance (i.e. normal dorsiflexion), as well as
minor deviations in other joints (i.e. increased knee flexion at initial
contact, during loading response and terminal swing, increased hip
flexion during swing and pelvic lordosis throughout the gait cycle)
show that this is not the case [27]. Hence, this definition does not allow
to combine “drop foot” with other multiple joint patterns that appear



E. Papageorgiou, et al.

mainly as stance phase patterns. The multiple joint patterns that were
highlighted in this review do not enable a simultaneous inspection of
the pathological motions occurring during the stance and swing phases
of gait. The patterns “genu recurvatum” and “true equinus” differ in the
main focus of the included deviations, the knee or the ankle joint mo-
tion, respectively. The former describes a knee motion towards or in
hyperextension with reduced dorsiflexion and possibly -but not ne-
cessarily- plantarflexion in the ankle. The latter refers to a constantly
plantarflexed ankle during stance, that may be combined with a normal
or increased knee extension and a possibility for a complete extension
at the level of the hip [29,48]. This review has concluded that the
original pattern definitions may cause confusion in case a patient suf-
fers simultaneously from plantarflexion and knee hyperextension
during stance. According to Davids and Bagley [9], a distinction should
be made between a true equinus movement with a normal knee motion
or a knee in hyperxtension. For reasons of clarity, it was decided to
adopt the same reasoning and support the classification of patients who
exhibit both pathological motions in the “genu recurvatum” pattern,
while keeping the “true equinus” pattern for equinus combined with
normal knee motion. Future classification of actual patient data might
prove whether both of these two patterns are prevalent and should be
considered independently or not. It is likely that a multiple joint pattern
that describes mild deviations across all lower limb joints is still missing
from this overview of commonly used multiple joint patterns, as sug-
gested in previous studies [15,17,20,31]. Lastly, all 6 commonly used
multiple joint patterns describe sagittal plane deviations. Multiple joint
deviations in the coronal or the transverse plane have hardly been
defined. Apart from the study of Simon et al. [19], other GCSs have not
described the potential co-occurrence of rotational deviations across
different joints in children with CP, and in that study, no specific
multiple joint patterns arose. The strict criteria of this review as to the
inclusion of GCSs that have been cited by at least two other research
groups might pose a bias to more recent GCSs. For the latter, there may
not have been sufficient time to be discovered or replicated by other
researchers. Three such studies were identified [17,19,20]. Davids and
Bagley introduced a GCS based on expertise, the defined patterns of
which resemble the sagittal plane patterns of Rodda et al. [29]. Simon
et al. and Nieuwenhuys et al. described an extended series of distinct
single joint patterns [19,20]. The combinations of these single joint
patterns have not yet been thoroughly explored to declare them valid to
be implemented as multiple joint patterns in clinical practice.

4.6. Limitations

As in the previous systematic review by Dobson et al. [5], a meta-
analysis was not appropriate for this review, since outcomes in the form
of effect sizes cannot be extracted from this type of studies [60].
Therefore, the COSMIN checklist was used and adapted, thereby en-
suring a “best evidence synthesis”. By using the COSMIN, however, the
lowest score of one category defined the category’s complete score,
which may be considered as potentially too strict. Further, the selection
of the four online databases that were searched and the inclusion cri-
teria might have been restrictive. It is also possible that additional
search terms could have resulted in the inclusion of more studies. In
addition, with regards to the commonly used multiple joint patterns,
considering the number of times a GCS has been cited by a different
research group might be biased for recently developed GCSs. However,
for the majority of the evaluated GCS, this criterion could establish
whether a GCS and its patterns appeal to the scientific community or
not. Finally, aiming to encourage a common language among clinicians
or researchers, (minor) differences in definitions might have been
overlooked. For example all patterns that have been described as
‘crouch’ were grouped, irrespective of whether they referred only to the
pathological motion of the knee joint or to that of the other lower limb
joints as well.
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5. Conclusion

The present study aimed to report and critically appraise the GCSs
published in regards to CP gait and to list the multiple joint patterns,
with reported reliability and validity, which have reached a certain
consensus in literature. The methodological quality of studies has im-
proved by increasingly reporting on various levels of validity or relia-
bility of GCSs, further establishing the clinical applicability of GCSs. On
the other hand, specific limitations remain, such as the lack of asso-
ciation of gait patterns to clinical symptoms, or the inclusion of all 3
planes in the assessment of gait. The most common drawbacks of the
current GCSs are still that the majority of them only or mainly con-
sidered kinematic parameters, without the simultaneous incorporation
of EMG or kinetics, as well as the fact that qualitative and quantitative
data are seldom combined, which would support the establishment of
clinically valid GCSs. Lastly, highlighting the existence of 6 commonly
used multiple joint patterns may aid clinical and research applications
and create a common language among healthcare providers. Future
validation studies could focus on exploring whether these 6 commonly
used multiple joint patterns cover all potential patterns in children with
spastic CP. Currently, there is no agreement over the co-occurrence of
multiple joint patterns describing independent deviations of the stance
and swing phases or in the other planes of motion. Finally, the relations
of multiple joint patterns with clinical symptoms of spasticity, weakness
and selectivity remain to be established.

Author statement

This study was designed by EP, AN, AVC, EO, and KD. EP, AN, and
IV were responsible for the systematic searches, the quality assessment
criteria establishment and the assessment of all included articles. All
authors have had complete access to the study data, spanning the study
duration. Every author contributed to the critical appraisal of the re-
sults and was subsequently involved in the revision of the manuscript
that was written by EP. All authors approve the final version of the
manuscript and agree to be accountable for the content of the work.

Conflict of interest statement
The authors declare that they have no conflict of interest.
Acknowledgements

This study was supported by the MD Paedigree project: a Model-
Driven Pediatric European Digital Repository, partially funded by the
European Commission under P7—ICT-2011-9 program (grant agree-
ment no: 600932, http://www.md-paedigree.eu), the SIMCP-IWT-pro-
ject (Agentschap voor Innovatie door Wetenschap en Technologie), a
simulation platform to predict gait performance following orthopedic
intervention in children with cerebral palsy (IWT 140184) and an OT
project of KU Leuven (OT/12/100). The supporting sources were not
involved in the study design, analysis and interpretation of data,
manuscript review; and decision to submit the article for publication.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.gaitpost.2019.01.038.

References

[1] E. Sellier, M.J. Platt, G.L. Andersen, 1. Krageloh-Mann, J. De La Cruz, C. Cans,
Decreasing prevalence in cerebral palsy: a multi-site European population-based
study, 1980 to 2003, Dev. Med. Child Neurol. 58 (2016) 85-92, https://doi.org/10.
1111/dmen.12865.

K. Ahlin, K. Himmelmann, S. Nilsson, V. Sengpiel, B. Jacobsson, Antecedents of
cerebral palsy according to severity of motor impairment, Acta Obstet. Gynecol.

[2]


http://www.md-paedigree.eu
https://doi.org/10.1016/j.gaitpost.2019.01.038
https://doi.org/10.1111/dmcn.12865
https://doi.org/10.1111/dmcn.12865

E. Papageorgiou, et al.

[3]

[4]

[5]

[6]

[71

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Scand. 95 (2016) 793-802, https://doi.org/10.1111/a0gs.12885.

D. Meldrum, C. Shouldice, R. Conroy, K. Jones, M. Forward, Test-retest reliability of
three dimensional gait analysis: including a novel approach to visualising agree-
ment of gait cycle waveforms with Bland and Altman plots, Gait Posture 39 (2014)
265-271, https://doi.org/10.1016/j.gaitpost.2013.07.130.

T.A.L. Wren, G.E. Gorton, S. Ounpuu, C.A. Tucker, Efficacy of clinical gait analysis:
a systematic review, Gait Posture 34 (2011) 149-153, https://doi.org/10.1016/j.
gaitpost.2011.03.027.

F. Dobson, M.E. Morris, R. Baker, H.K. Graham, Gait classification in children with
cerebral palsy: a systematic review, Gait Posture 25 (2007) 140-152, https://doi.
org/10.1016/j.gaitpost.2006.01.003.

T.A.L. Wren, S. Rethlefsen, R.M.K. Kay, Prevalence of specific gait abnormalities in
children with cerebral palsy: influence of cerebral palsy subtype, age, and previous
surgery, J. Pediatr. Orthop. 25 (2005) 79-83 do0i:00004694-200501000-00018.
C.L. Vaughan, M.J. O’'Malley, A gait nomogram used with fuzzy clustering to
monitor functional status of children and young adults with cerebral palsy, Dev.
Med. Child Neurol. 47 (2005) 377-383, https://doi.org/10.1017/
S0012162205000745.

B. Schmidt-Rohlfing, F. Bergamo, S. Williams, H.J. Erli, G. Rau, F.U. Niethard,

C. Disselhorst-Klug, Interpretation of surface EMGs in children with cerebral palsy:
an initial study using a fuzzy expert system, J. Orthop. Res. 24 (2006) 438-447,
https://doi.org/10.1002/jor.20043.

G. Xu, Y. Zhang, R. Begg, Mining gait pattern for clinical locomotion diagnosis
based on clustering techniques, in: Z. Li, X. Zaiane, O.R. Li (Eds.), Adv. DATA Min.
Appl. Proc. 2006, pp. 296-307, , https://doi.org/10.1007/11811305_33.

B. Toro, C.J. Nester, P.C. Farren, Cluster analysis for the extraction of sagittal gait
patterns in children with cerebral palsy, Gait Posture 25 (2007) 157-165, https://
doi.org/10.1016/j.gaitpost.2006.02.004.

A. Ferrari, S. Alboresi, S. Muzzini, R. Pascale, S. Perazza, G. Cioni, The term diplegia
should be enhanced. Part I: a new rehabilitation oriented classification of cerebral
palsy, Eur. J. Phys. Rehabil. Med. 44 (2008) 195-201, https://doi.org/10.1002/
14651858.CD005954.pub2.Fundings.

A. Carriero, A. Zavatsky, J. Stebbins, T. Theologis, S.J. Shefelbine, Determination of
gait patterns in children with spastic diplegic cerebral palsy using principal com-
ponents, Gait Posture 29 (2009) 71-75, https://doi.org/10.1016/j.gaitpost.2008.
06.011.

A. Rozumalski, M.H. Schwartz, Crouch gait patterns defined using k-means cluster
analysis are related to underlying clinical pathology, Gait Posture 30 (2009)
155-160, https://doi.org/10.1016/j.gaitpost.2009.05.010.

S.E. Williams, S. Gibbs, C.B. Meadows, R.J. Abboud, Classification of the reduced
vertical component of the ground reaction force in late stance in cerebral palsy gait,
Gait Posture 34 (2011) 370-373, https://doi.org/10.1016/j.gaitpost.2011.06.003.
L. Van Gestel, T. De Laet, E. Di Lello, H. Bruyninckx, G. Molenaers, A. Van
Campenhout, E. Aertbelien, M. Schwartz, H. Wambacq, P. De Cock, K. Desloovere,
Probabilistic gait classification in children with cerebral palsy: a Bayesian approach,
Res. Dev. Disabil. 32 (2011) 2542-2552, https://doi.org/10.1016/j.ridd.2011.07.
004.

A. Bonnefoy-Mazure, Y.J. Sagawa, P. Lascombes, G. De Coulon, S. Armand,
Identification of gait patterns in individuals with cerebral palsy using multiple
correspondence analysis, Res. Dev. Disabil. 34 (2013) 26842693, https://doi.org/
10.1016/j.ridd.2013.05.002.

J.R. Davids, A.M. Bagley, Identification of common gait disruption patterns in
children with cerebral palsy, J. Am. Acad. Orthop. Surg. 22 (2014) 782-790,
https://doi.org/10.5435/JAAOS-22-12-782.

J.J. Krzak, D.M. Corcos, D.L. Damiano, A. Graf, D. Hedeker, P.A. Smith, G.F. Harris,
Kinematic foot types in youth with equinovarus secondary to hemiplegia, Gait
Posture 41 (2015) 402-408, https://doi.org/10.1016/j.gaitpost.2014.10.027.
A.-L. Simon, B. Ilharreborde, F. Megrot, C. Mallet, R. Azarpira, K. Mazda,

A. Presedo, G.F. Pennecot, A descriptive study of lower limb torsional kinematic
profiles in children with spastic diplegia, J. Pediatr. Orthop. 35 (2015) 576-582,
https://doi.org/10.1097/BP0O.0000000000000331.

A. Nieuwenhuys, S. Ounpuu, A. Van Campenhout, T. Theologis, J. De Cat, J. Stout,
G. Molenaers, T. De Laet, K. Desloovere, Identification of joint patterns during gait
in children with cerebral palsy: a Delphi consensus study, Dev. Med. Child Neurol.
58 (2016) 306-313, https://doi.org/10.1111/dmen.12892.

S. Armand, G. Decoulon, A. Bonnefoy-Mazure, Gait analysis in children with cer-
ebral palsy, EFORT Open Rev. 1 (2016) 448-460, https://doi.org/10.1302/2058-
5241.1.000052.

D. Moher, A. Liberati, J. Tetzlaff, D.G. Altman, T.P. Group, Preferred reporting
items for systematic reviews and meta-analyses: the PRISMA statement, PLoS Med.
6 (2009), https://doi.org/10.1371/ journal.pmed.1000097.

L.B. Mokkink, C.B. Terwee, D.L. Knol, P.W. Stratford, J. Alonso, D.L. Patrick,

L.M. Bouter, H.C. de Vet, The COSMIN checklist for evaluating the methodological
quality of studies on measurement properties: a clarification of its content, BMC
Med. Res. Methodol. 10 (2010) 22, https://doi.org/10.1186/1471-2288-10-22.
L.B. Mokkink, C.B. Terwee, D.L. Patrick, J. Alonso, P.W. Stratford, D.L. Knol,
L.M. Bouter, H.C.W. De Vet, The COSMIN checklist for assessing the methodological
quality of studies on measurement properties of health status measurement in-
struments: an international Delphi study, Qual. Life Res. 19 (2010) 539-549,
https://doi.org/10.1007/511136-010-9606-8.

C.B. Terwee, L.B. Mokkink, D.L. Knol, R.W.J.G. Ostelo, L.M. Bouter, H.C.W. De Vet,
Rating the methodological quality in systematic reviews of studies on measurement
properties: a scoring system for the COSMIN checklist, Qual. Life Res. 21 (2012)
651-657, https://doi.org/10.1007/s11136-011-9960-1.

R.W. Bohannon, M.B. Smith, Interrater reliability of a modifies ashworth scale of
muscle spasticity, Phys. Ther. 67 (1987) 206-207, https://doi.org/10.1093/ptj/67.

222

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

Gait & Posture 69 (2019) 209-223

2.206.

T.F. Winters, J.R. Gage, R. Hicks, Gait patterns in spastic hemiplegia in children and
young adults, J. Bone Jt. Surf Am. 69 (1987) 437-441, https://doi.org/10.1302/
0301-620X.86B2.13878.

D.H. Sutherland, J.R. Davids, Common gait abnormalities of the knee in cerebral
palsy, Clin. Orthop. Relat. Res. (1993) 139-147, https://doi.org/10.1097/
00003086-199303000-00018.

J.M. Rodda, H.K. Graham, L. Carson, M.P. Galea, R. Wolfe, Sagittal gait patterns in
spastic diplegia, J. Bone Jt. Surg Br. 86 (2004) 251-258, https://doi.org/10.1302/
0301-620X.86B2.13878.

F. Dobson, M.E. Morris, R. Baker, R. Wolfe, H. Graham, Clinician agreement on gait
pattern ratings in children with spastic hemiplegia, Dev. Med. Child Neurol. 48
(2006) 429-435, https://doi.org/10.1017/50012162206000946.

J. Riad, Y. Haglund-Akerlind, F. Miller, Classification of spastic hemiplegic cerebral
palsy in children, J. Pediatr. Orthop. 27 (2007) 758-764, https://doi.org/10.1097/
BPO.0b013e3181558a15.

B.C. McDowell, C. Kerr, C. Kelly, J. Salazar, A. Cosgrove, The validity of an existing
gait classification system when applied to a representative population of children
with hemiplegia, Gait Posture 28 (2008) 442-447, https://doi.org/10.1016/j.
gaitpost.2008.02.003.

F. Dobson, M.E. Morris, R. Baker, H.K. Graham, Unilateral cerebral palsy: a popu-
lation-based study of gait and motor function, Dev. Med. Child Neurol. 53 (2011)
429-435, https://doi.org/10.1111/j.1469-8749.2010.03878.x.

V. Agostini, A. Nascimbeni, A. Gaffuri, M. Knaflitz, Multiple gait patterns within the
same Winters class in children with hemiplegic cerebral palsy, Clin. Biomech. 30
(2015) 908-914, https://doi.org/10.1016/j.clinbiomech.2015.07.010.

U.R. Padilla, Fuzzy classification of hemiplegic gait using kinematic indicators in
knee, in: A. Braidot, Hadad (Eds.), VI Lat. Am. Congr. Biomed. Eng. (CLAIB 2014),
2014, pp. 596-599, , https://doi.org/10.1007/978-3-319-13117-7_152.

M.C. de Morais Filho, C.M. Kawamura, J.A.F. Lopes, D.L. Neves, M. de O. Cardoso,
J.B. Caiafa, Most frequent gait patterns in diplegic spastic cerebral palsy, Acta
Orthop Bras. 22 (2014) 197-201, https://doi.org/10.1590/1413-
78522014220400942.

N.S. Stott, W.G. Atherton, A.H. Mackey, I.J. Galley, R.O. Nicol, S.J. Walsh, The
reliability and validity of assessment of sagittal plane deviations in children who
have spastic diplegia, Arch. Phys. Med. Rehabil. 86 (2005) 2337-2341, https://doi.
org/10.1016/j.apmr.2005.06.021.

D.J. Kim, E.S. Park, E.G. Sim, K.J. Kim, Y.U. Kim, D.-W. Rha, Reliability of visual
classification of sagittal gait patterns in patients with bilateral spastic cerebral
palsy, Ann. Rehabil. Med. 35 (2011) 354-360, https://doi.org/10.5535/arm.2011.
35.3.354.

M. Sangeux, J. Rodda, H.K. Graham, Sagittal gait patterns in cerebral palsy: the
plantarflexor-knee extension couple index, Gait Posture 41 (2015) 586-591,
https://doi.org/10.1016/j.gaitpost.2014.12.019.

S.A. Rethlefsen, G. Blumstein, R.M. Kay, F. Dorey, T.A.L. Wren, Prevalence of
specific gait abnormalities in children with cerebral palsy revisited: influence of
age, prior surgery, and Gross Motor Function Classification System level, Dev. Med.
Child Neurol. 59 (2017) 79-88, https://doi.org/10.1111/dmen.13205.

G. Cioni, M. Lodesani, R. Pascale, M. Coluccini, S. Sassi, P.B. Paolicelli, S. Perazza,
A. Ferrari, The term diplegia should be enhanced. Part II: contribution to validation
of the new rehabilitation oriented classification, Eur. J. Phys. Rehabil. Med. 44
(2008) 203-211.

R. Pascale, S. Perazza, G. Borelli, E. Bianchini, S. Alboresi, P.B. Paolicelli, A. Ferrari,
G. Cioni, The term diplegia should be enhanced. Part III: inter-observer reliability of
the new rehabilitation oriented classification, Eur. J. Phys. Rehabil. Med. 44 (2008)
213-220.

A. Nieuwenhuys, E. Papageorgiou, G. Molenaers, D. Monari, T. de Laet,

K. Desloovere, Inter- and intrarater clinician agreement on joint motion patterns
during gait in children with cerebral palsy, Dev. Med. Child Neurol. 59 (2017)
750-755, https://doi.org/10.1111/dmen.13404.

A. Nieuwenhuys, E. Papageorgiou, S.-H. Schless, T. De Laet, G. Molenaers,

K. Desloovere, Prevalence of joint gait patterns defined by a Delphi consensus study
is related to gross motor function, topographical classification, weakness, and
spasticity, in children with cerebral palsy, Front. Hum. Neurosci. 11 (2017),
https://doi.org/10.3389/fnhum.2017.00185.

A. Nieuwenhuys, E. Papageorgiou, K. Desloovere, G. Molenaers, T. De Laet,
Statistical parametric mapping to identify differences between consensus-based
joint patterns during gait in children with cerebral palsy, PLoS One 12 (2017)
0169834, , https://doi.org/10.1371/journal.pone.0169834.

T. De Laet, E. Papageorgiou, A. Nieuwenhuys, K. Desloovere, Does expert knowl-
edge improve automatic probabilistic classification of gait joint motion patterns for
children with cerebral palsy? PLoS One 12 (2017), https://doi.org/10.1371/
journal.pone.0178378.

M.G. Benedetti, G. D’Apote, S. Faccioli, S. Costi, A. Ferrari, Equinus foot classifi-
cation in cerebral palsy: an agreement study between clinical and gait analysis
assessment, Eur. J. Phys. Rehabil. Med. 47 (2011) 213-221.

S.R. Simon, S.D. Deutsch, R.M. Nuzzo, M.J. Mansour, J.L. Jackson, M. Koskinen,
R.K. Rosenthal, Genu recurvatum in spastic cerebral palsy. Report on findings by
gait analysis, J. Bone Joint Surg. Am. 60 (1978) 882-894.

M.A. Wong, S. Simon, R.A. Olshen, Statistical analysis of gait patterns of persons
with cerebral palsy, Stat. Med. 2 (1983) 345-354 http://www.ncbi.nlm.nih.gov/
entrez/query.fcgi?cmd = Retrieve&db = PubMed&dopt = Citation&list_uids =
6648148.

M.G. Hullin, J.E. Robb, LR. Loudon, Gait patterns in children with hemiplegic
spastic cerebral palsy, J. Pediatr. Orthop. B 5 (1996) 247-251 http://www.ncbi.
nlm.nih.gov/pubmed/8897257.


https://doi.org/10.1111/aogs.12885
https://doi.org/10.1016/j.gaitpost.2013.07.130
https://doi.org/10.1016/j.gaitpost.2011.03.027
https://doi.org/10.1016/j.gaitpost.2011.03.027
https://doi.org/10.1016/j.gaitpost.2006.01.003
https://doi.org/10.1016/j.gaitpost.2006.01.003
http://refhub.elsevier.com/S0966-6362(18)31255-4/sbref0030
http://refhub.elsevier.com/S0966-6362(18)31255-4/sbref0030
http://refhub.elsevier.com/S0966-6362(18)31255-4/sbref0030
https://doi.org/10.1017/S0012162205000745
https://doi.org/10.1017/S0012162205000745
https://doi.org/10.1002/jor.20043
https://doi.org/10.1007/11811305_33
https://doi.org/10.1016/j.gaitpost.2006.02.004
https://doi.org/10.1016/j.gaitpost.2006.02.004
https://doi.org/10.1002/14651858.CD005954.pub2.Fundings
https://doi.org/10.1002/14651858.CD005954.pub2.Fundings
https://doi.org/10.1016/j.gaitpost.2008.06.011
https://doi.org/10.1016/j.gaitpost.2008.06.011
https://doi.org/10.1016/j.gaitpost.2009.05.010
https://doi.org/10.1016/j.gaitpost.2011.06.003
https://doi.org/10.1016/j.ridd.2011.07.004
https://doi.org/10.1016/j.ridd.2011.07.004
https://doi.org/10.1016/j.ridd.2013.05.002
https://doi.org/10.1016/j.ridd.2013.05.002
https://doi.org/10.5435/JAAOS-22-12-782
https://doi.org/10.1016/j.gaitpost.2014.10.027
https://doi.org/10.1097/BPO.0000000000000331
https://doi.org/10.1111/dmcn.12892
https://doi.org/10.1302/2058-5241.1.000052
https://doi.org/10.1302/2058-5241.1.000052
https://doi.org/10.1371/ journal.pmed.1000097
https://doi.org/10.1186/1471-2288-10-22
https://doi.org/10.1007/s11136-010-9606-8
https://doi.org/10.1007/s11136-011-9960-1
https://doi.org/10.1093/ptj/67.2.206
https://doi.org/10.1093/ptj/67.2.206
https://doi.org/10.1302/0301-620X.86B2.13878
https://doi.org/10.1302/0301-620X.86B2.13878
https://doi.org/10.1097/00003086-199303000-00018
https://doi.org/10.1097/00003086-199303000-00018
https://doi.org/10.1302/0301-620X.86B2.13878
https://doi.org/10.1302/0301-620X.86B2.13878
https://doi.org/10.1017/S0012162206000946
https://doi.org/10.1097/BPO.0b013e3181558a15
https://doi.org/10.1097/BPO.0b013e3181558a15
https://doi.org/10.1016/j.gaitpost.2008.02.003
https://doi.org/10.1016/j.gaitpost.2008.02.003
https://doi.org/10.1111/j.1469-8749.2010.03878.x
https://doi.org/10.1016/j.clinbiomech.2015.07.010
https://doi.org/10.1007/978-3-319-13117-7_152
https://doi.org/10.1590/1413-78522014220400942
https://doi.org/10.1590/1413-78522014220400942
https://doi.org/10.1016/j.apmr.2005.06.021
https://doi.org/10.1016/j.apmr.2005.06.021
https://doi.org/10.5535/arm.2011.35.3.354
https://doi.org/10.5535/arm.2011.35.3.354
https://doi.org/10.1016/j.gaitpost.2014.12.019
https://doi.org/10.1111/dmcn.13205
http://refhub.elsevier.com/S0966-6362(18)31255-4/sbref0205
http://refhub.elsevier.com/S0966-6362(18)31255-4/sbref0205
http://refhub.elsevier.com/S0966-6362(18)31255-4/sbref0205
http://refhub.elsevier.com/S0966-6362(18)31255-4/sbref0205
http://refhub.elsevier.com/S0966-6362(18)31255-4/sbref0210
http://refhub.elsevier.com/S0966-6362(18)31255-4/sbref0210
http://refhub.elsevier.com/S0966-6362(18)31255-4/sbref0210
http://refhub.elsevier.com/S0966-6362(18)31255-4/sbref0210
https://doi.org/10.1111/dmcn.13404
https://doi.org/10.3389/fnhum.2017.00185
https://doi.org/10.1371/journal.pone.0169834
https://doi.org/10.1371/journal.pone.0178378
https://doi.org/10.1371/journal.pone.0178378
http://refhub.elsevier.com/S0966-6362(18)31255-4/sbref0235
http://refhub.elsevier.com/S0966-6362(18)31255-4/sbref0235
http://refhub.elsevier.com/S0966-6362(18)31255-4/sbref0235
http://refhub.elsevier.com/S0966-6362(18)31255-4/sbref0240
http://refhub.elsevier.com/S0966-6362(18)31255-4/sbref0240
http://refhub.elsevier.com/S0966-6362(18)31255-4/sbref0240
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve%26db=PubMed%26dopt=Citation%26list_uids=6648148
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve%26db=PubMed%26dopt=Citation%26list_uids=6648148
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve%26db=PubMed%26dopt=Citation%26list_uids=6648148
http://www.ncbi.nlm.nih.gov/pubmed/8897257
http://www.ncbi.nlm.nih.gov/pubmed/8897257

E. Papageorgiou, et al.

[51]

[52]

[53]

[54]

[55]

M.J. O’'Malley, M.F. Abel, D.L. Damiano, C.L. Vaughan, Fuzzy clustering of children
with cerebral palsy based on temporal-distance gait parameters, IEEE Trans.
Rehabil. Eng. 5 (1997) 300-309, https://doi.org/10.1109/86.650282.

G. Kienast, D. Bachmann, G. Steinwender, E.B. Zwick, V. Saraph, Determination of
gait patterns in children with cerebral palsy using cluster analysis. [abstract], Gait
Posture 10 (1999).

E.B. Zwick, L. Leistritz, B. Milleit, V. Saraph, G. Zwick, M. Galicki, H. Witte,

G. Steinwender, Classification of equinus in ambulatory children with cerebral
palsy - discrimination between dynamic tightness and fixed contracture, Gait
Posture 20 (2004) 273-279, https://doi.org/10.1016/j.gaitpost.2003.10.002.

A.J. Salazar, O.C. De Castro, R.J. Bravo, Novel approach for spastic hemiplegia
classification through the use of support vector machines, Conf. Proc. IEEE Eng.
Med. Biol. Soc. 1 (2004) 466-469, https://doi.org/10.1109/IEMBS.2004.1403195.
C.J. Lin, L.Y. Guo, F.C. Su, Y.L. Chou, R.J. Cherng, Common abnormal kinetic
patterns of the knee in gait in spastic diplegia of cerebral palsy, Gait Posture 11
(2000) 224-232, https://doi.org/10.1016/50966-6362(00)00049-7.

223

[56]

[57]

[58]

[59]

[60]

Gait & Posture 69 (2019) 209-223

K. Yokochi, Gait patterns in children with spastic diplegia and periventricular
leukomalacia, Brain Dev. 23 (2001) 34-37, https://doi.org/10.1016/S0387-
7604(00)00200-X.

J.M. O’Byrne, A. Jenkinson, T.M. O’Brien, Quantitative analysis and classification of
gait patterns in cerebral palsy using a three-dimensional motion analyzer, J. Child
Neurol. 13 (1998) 101-108.

S.A. Rethlefsen, R.M. Kay, Transverse plane gait problems in children with cerebral
palsy, J. Pediatr. Orthop. 33 (2013) 422-430, https://doi.org/10.1097/BPO.
0b013e3182784e16.

S. Ounpuu, Gait analysis is a viable tool for the assessment of transverse plane
motion in children with cerebral palsy, Dev. Med. Child Neurol. 55 (2013)
878-879, https://doi.org/10.1111/dmen.12227.

J. Gurevitch, J. Koricheva, S. Nakagawa, G. Stewart, Meta-analysis and the science
of research synthesis, Nature 555 (2018) 175-182, https://doi.org/10.1038/
nature25753.


https://doi.org/10.1109/86.650282
http://refhub.elsevier.com/S0966-6362(18)31255-4/sbref0260
http://refhub.elsevier.com/S0966-6362(18)31255-4/sbref0260
http://refhub.elsevier.com/S0966-6362(18)31255-4/sbref0260
https://doi.org/10.1016/j.gaitpost.2003.10.002
https://doi.org/10.1109/IEMBS.2004.1403195
https://doi.org/10.1016/S0966-6362(00)00049-7
https://doi.org/10.1016/S0387-7604(00)00200-X
https://doi.org/10.1016/S0387-7604(00)00200-X
http://refhub.elsevier.com/S0966-6362(18)31255-4/sbref0285
http://refhub.elsevier.com/S0966-6362(18)31255-4/sbref0285
http://refhub.elsevier.com/S0966-6362(18)31255-4/sbref0285
https://doi.org/10.1097/BPO.0b013e3182784e16
https://doi.org/10.1097/BPO.0b013e3182784e16
https://doi.org/10.1111/dmcn.12227
https://doi.org/10.1038/nature25753
https://doi.org/10.1038/nature25753

	Systematic review on gait classifications in children with cerebral palsy: An update
	Introduction
	Method
	Search strategy
	Inclusion criteria
	Data extraction
	Psychometric properties
	Commonly used multiple joint patterns

	Results
	Search strategy yield
	Study characteristics of new GCSs
	Validity
	Clinical applicability and reliability
	Agreement on commonly used multiple joint patterns

	Discussion
	Classification construction
	Sample and generalizability
	Other forms of validity
	Clinical applicability and reliability
	Multiple joint patterns with consensus
	Limitations

	Conclusion
	Author statement
	Conflict of interest statement
	Acknowledgements
	Supplementary data
	References




