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Abstract
Background: Flexed-knee gait is a common gait pattern associated with cerebral
palsy (CP). It leads to excessive forces on the knee and is thought to contribute to
pain and deformity. While studies have shown improvements in mid-stance knee
flexion following surgery there remains a lack of prospective data on the
progression of flexed-knee gait in the absence of operative intervention.
Research Question: Does knee flexion progress over repeated assessments in
the absence of surgery in a prospectively assessed cohort with CP?
Methods: Inclusion criteria were a diagnosis of bilateral CP, knee flexion at mid-
stance >199 and no surgery within one year of the first gait analysis. Gait analysis
was carried out at six-month intervals (minimum of three and maximum of six
assessments). The progression of knee flexion over repeated analyses was
assessed. The association between changes in knee flexion between assessments
and gender, age, GMFCS level, change in ankle dorsiflexion, change in height and
change in weight was examined.
Results: Forty-eight participants met the initial inclusion criteria and 32 (GMFCS
[=11, [1=17, [1I=4) completed the minimum three assessments. Of the 32
included participants, 21 participants (66%) demonstrated decreased knee
flexion at mid-stance (mean decrease 6.69+3.49; range 2.0° - 13.09) and 11
participants (34%) demonstrated increased knee flexion at mid-stance (mean
increase 10.49+7.19; range 2.00 - 20.09). at one-year follow-up. Of these, 18
(56%) then demonstrated an overall decrease (mean 7.4% + 5.19) in knee flexion
between the first and last assessment with last follow-up at 1-2 years (n=3), 2-3
years (n=3) and 3-4 years (n=12). The majority of participants (78%)

demonstrated episodes of both increasing and decreasing Knee flexion between



individual assessments and further analysis found that only age was associated
with this inter-assessment variability in knee flexion.
Significance: Flexed-knee gait is not always progressive in bilateral CP and

demonstrated variability which was associated with age.
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Introduction

Cerebral palsy (CP) is the most common cause of motor impairment in children
[1] and the associated muscle tightness, weakness and impaired motor control
often lead to difficulties during gait. There are numerous gait presentations
associated with CP but excessive knee flexion in stance phase is one the most
common pathological patterns [2]. This flexed knee posture during gait has been
shown to increase the forces and demands on the knee joint [3, 4] and had been
thought to increase the energy cost of gait [5]. Additionally, it has been assumed
that without appropriate intervention, knee flexion progresses over time and for
these reasons, the correction of flexed knee gait is a significant focus of surgical
intervention in CP and a number of surgical techniques have been shown to
improve knee kinematics in CP gait [6-9].

However, to date few studies have examined the natural progression of flexed-
knee gait in bilateral CP in the absence of surgical intervention. A recent
systematic review of the existing literature [10] found five studies meeting the
selection criteria of repeated measures of knee flexion using 3-dimensional gait
analysis (3DGA) with no intervening surgical intervention [11-15]. Four of the
five included studies were retrospective cohort studies [11-14] and the fifth was
a single participant case-study [15]. All four retrospective cohort studies
examined knee flexion during stance phase at two time-points at follow-up times
varying from one-year in a cohort of 30 participants[12] to 6.3 years in a cohort
of 18 participants [14]. Despite the variability in both participant numbers and
follow-up times, all four studies reported that the natural progression is towards
increasing knee flexion over time. However, by reporting on knee flexion in

stance on two occasions only, these four retrospective studies suggested a



‘straight line’ progression of knee flexion over time and therefore, neither
individual progression over time or variation over a number of assessments
could be ascertained. In contrast, the included single participant case-study [15]
reported knee flexion in stance at yearly intervals for eight years which allowed
variation over a number of gait analyses to be appreciated. In contrast to the four
included retrospective cohort studies, this case study highlighted significant
variation in knee flexion angle over repeated analyses and the single participant
demonstrated an overall reduction in knee flexion between the first and last
assessment. The authors of this case-study suggest that this overall decrease is
not representative of all children with spastic CP but rather that the overall
improvement was secondary to aggressive non-operative management,
botulinum toxin, dedicated home exercise programme and post intervention
rehabilitation. They also highlight a potential relationship between the variation
in knee flexion over time and growth and report that between the ages of 9 and
13 changes in knee flexion in stance mirrored changes in body mass index (BMI)
[15]. However, it is difficult to extrapolate more generally from this single
participant case study and in particular the influence of factors such as GMFCS
level and prior surgery, both of which are related to increased prevalence of
crouch gait [2, 16, 17], cannot be appreciated.

While it has been highlighted that one of the difficulties in assessing the
effectiveness of surgical intervention in CP is that studies tend to be small and
retrospective [6, 18], it appears that the same issues relate to the study of the
natural progression of CP gait and the need for larger, clinically based
prospective studies of walking in CP has previously been highlighted [19].

The aims of this study were-



1. To prospectively examine the progression of, and variability in, flexed-
knee gait over repeated assessment every six-months (to a maximum
of six assessments) in a cohort of ambulant participants with bilateral
CP

2. To examine how age, gender, prior surgical history, GMFCS level,
change in ankle dorsiflexion and changes in height and weight

influence variability in knee flexion at mid-stance.

Methods

The local host institution research ethics committee granted ethical approval for
this study and written, informed consent was obtained from all
parents/guardians. Inclusion criteria were a diagnosis of spastic, bilateral
cerebral palsy GMFCS level [-11], age 4 to 17 years at the time of analysis and
flexed-knee gait. Flexed-knee gait was defined as knee flexion greater or equal to
two standard deviation above normal at mid-stance phase in at least one limb
[20]. Based on a review of our laboratory database this equated to a mid-stance
knee flexion value of greater or equal to 199. Participants were excluded if they
had surgery within one year prior to the first gait analysis.

Potential study participants were identified from those attending for routine
clinical gait analysis between December 2014 and February 2017. In addition,
the gait laboratory database was used to identify participants who met the
inclusion criteria up to two years prior to December 2014 and willing

participants were subsequently invited back to the laboratory for research



assessment. Participants then attended for 3DGA at 6-month intervals to a
maximum of six assessments.

Three-dimensional kinematic data were captured at a rate of 200 Hz using a
four-camera Codamotion cx1 active marker system (Charnwood Dynamics,
Leicestershire, UK). Infrared markers were placed on each participant’s lower
limbs as per a modified Helen Hayes protocol [21] and all marker placement was
carried out by a singe assessor to eliminate any inter-assessor error. All
participants walked barefoot at a self-selected speed. Participants walked
independently where possible. If independent gait was not possible data were
collected while the participant walked with the assistance of two hands held in
front by a physiotherapist as is standard practice in the gait laboratory.

A minimum of four walking trials was recorded for each participant and,
reflecting clinical practice, one representative walking trial was chosen from
these for further analysis. To avoid dependence between sides, only one side was
chosen for analysis [22]. If only one limb of a participant met the objective
criteria, only that limb was included [20]; if both sides met the inclusion criteria,
the more involved limb was chosen for analysis [23].

Only those with three or more assessments were included as a minimum of three
analyses were needed to establish if there was a pattern of overall increase or
decrease in crouch over time.

The change in the median values of knee flexion at mid-stance between each of
the six assessments was assessed using a non-parametric Kruskal-Wallis test.
Knee flexion at mid-stance was plotted against age at each assessment for each of
the included participants. The individual changes in knee flexion at mid-stance

were then examined and the number of participants demonstrating an overall



increase or decrease in knee flexion at mid-stance between their first and last
assessments were reported. This was similarly reported between each of the six
individual assessments. Change in the value of knee flexion at mid-stance was
defined as any change greater than intra-rater error due to marker placement in
knee flexion/extension kinematic graphs. Intra-rater error was assessed as part
of the laboratories Clinical Movement Analysis Society UK and Ireland (CMAS)
accreditation process and the value (1.139) represents the standard deviation of
repeated measures determined as per previously reported protocols [24, 25].
The association between the changes in knee flexion at mid-stance between
individual assessments and gender, age, GMFCS level, change in maximum ankle
dorsiflexion in stance, change in height and change in weight was first examined
using Spearman'’s rank correlations with significance was set at p<0.05. Those
variables significantly correlated (p<0.05) with change in knee flexion were then

used as predictor variables in a random coefficients regression model.

Results

From a total of 48 participants who met the initial inclusion criteria, 32
participants completed three or more assessments and so were included in the
final analysis. A flow-chart outlining the number of child/adolescent participants
assessed at each time point is shown in Figure 1. Reasons for not completing the
full six assessments included those lost to follow-up (n=5), surgical intervention
(n=18), became non-ambulant/full time wheel-chair user (n=3) and three

participants completed less than three assessments during the study window.

Insert Figure 1 about here



At one-year follow-up after three assessments, 21 participants (66%)
demonstrated decreased knee flexion at mid-stance (mean decrease 6.69+3.49;
range 2.00 - 13.09) and 11 participants (34%) demonstrated increased knee
flexion at mid-stance (mean increase 10.49+7.19; range 2.0° - 20.09). Of the 32
participants who completed the required three or more assessments, 18
participants (56%) demonstrated an overall decrease (mean decrease 7.49+5.10;
range 2.00 - 23.09) between the first and last assessment, with the last
assessment at 1-2 years (n=3), 2-3 years (n=3) and 3-4 years (n=12). Thirteen
participants (41%) demonstrated an overall increase in knee flexion at mid-
stance (mean increase 11.69+10.49; range 2.00 - 39.09), with the last assessment
at 1-2 years (n=1), 2-3 years (n=6) and 3-4 years (n=6). Only one participant
(3%) did not demonstrate a significant change (1.09) in the 3.6 years between
their first and last assessment.

The individual changes in knee flexion at mid-stance are shown in Figure 2
which plots knee flexion at mid-stance versus age at each assessment for each of
the 32 included participants. Figure 2 highlights that the majority of participants,
(n=25, 78%), demonstrated episodes of both increasing and decreasing knee
flexion at mid-stance between analyses while only three (9%) demonstrated a
consistent increase in knee flexion at mid-stance across all included analyses and

four participants (13%) demonstrated consistent decrease in this value.

Insert Figure 2 about here



A summary of the knee flexion at mid-stance along with participant descriptors
at each of the six assessments is shown in Table 1 using means and standard
deviations for normally distributed data or medians and inter-quartile ranges
where not normally distributed. The median value of knee flexion at mid-stance
did not change significantly across the six assessments (p=0.26). The numbers of
participants who increased (>1.13%intra-rater error), decreased (>1.13%intra-
rater error) or demonstrated no change (<1.13%intra-rater error) in knee flexion

at each individual follow-up are also summarised.

Insert Table 1 about here

The 32 included participants had a total of 167 individual assessments and the
135 individual inter-assessment changes in Knee flexion at mid-stance were
calculated. The Spearman rank correlation co-efficients summarising the
association between the individual changes in Knee flexion and relevant
variables are summarised in Table 2. There was a significant association
between change in knee flexion at mid-stance and gender (rho=0.21, p=0.02)
with males demonstrating increased variability. There was an inverse
relationship between age and change in knee flexion (rho=-0.24, p<0.01)

suggesting that younger participants demonstrated increased variability.

Insert Table 2 about here



Based on the correlations summarised in Table 2, both Age and Gender were
therefore included in a random coefficients regression model. However, as
gender was found not to contribute significantly to the model (p=0.07) it was

removed as a variable so that the final model (Table 3) only included age.

Insert Table 3 about here

Discussion

In this prospective cohort study, flexed-knee gait in bilateral CP was found to
both increase and decrease over time in the majority of participants and does not
necessarily progress between assessments. The need for clinically based
prospective studies of walking in CP has previously been highlighted [19] and
the major strength of the current study is that gait was assessed prospectively
every six-months in a cohort of participants with bilateral ambulant CP. This is in
contrast to the existing literature, all of which is based on retrospective data
[10]. This may explain the contrasting findings when comparing the current
results to the previously summarised retrospective cohort studies [11-14], all of
which report a mean increase in knee flexion over two repeated assessments.
Retrospective studies are obviously limited to the gait data collected from those
referred for clinical gait analysis. Referral for clinical gait analysis is often as a
result of a deterioration in function, pain or to aid with planning of required
intervention. It is perhaps not surprising therefore, that retrospective cohort
studies based on such data all demonstrate a mean deterioration in gait between

two analyses. By prospectively assessing knee flexion during gait, the current
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study also included those who may not have been referred for clinical gait
analysis as their presentation was stable or no intervention was planned or felt
necessary. Therefore, the prospective design of the current study is probably
more representative of the population as a whole. However, by including only
those with three or more assessments a number of participants who had surgery
or became non-ambulant were excluded from analysis which potentially skewed
the current study cohort and this may also have contributed to the discrepancy
in findings. Of the 18 participants who had surgery during the study data
collection period, 12 were excluded from analysis and all 3 participants who
became non-ambulant were excluded (Figure 1). It is likely that at least some of
these participants would have demonstrated an increase in crouch but in spite of
this the current results clearly highlight that flexed-knee gait cannot always be
assumed to be progressive in bilateral CP.

By including those with three or more analyses, this study is the first to
document the variability in knee flexion between intermediate assessments in a
cohort with bilateral CP. Only one single participant case study has previously
demonstrated this variability [15] and the current results in a larger study
cohort suggest that this is the norm in children and adolescents with bilateral CP.
Butler’s case study [15] suggested that the change in knee flexion angle over
time may have been related to growth as assessed using BMI. The current results
do not support this and there was no correlation between change in knee flexion
across intermediate assessments and changes in height or weight. Instead, age
was found to be the most significant contributor to the variability in knee flexion
angle with younger age being associated with increased variability in 3DGA

assessment of crouch gait. That gait is more variable in younger participants is
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probably consistent with what is known in relation to natural changes in
spasticity levels and gross motor function both of which increase most rapidly up
to the age of six or seven years before tapering off [26-29]. In light of these
significant, naturally occurring changes in younger individuals with CP, it is not
surprising that gait analysis measures of flexed-knee gait were more variable in
younger participants in this study. While gender did not appear to be an
independent contributory variable in the final random co-efficients model, initial
spearman correlations suggested that male gender was associated with
increased variability in measures of knee flexion during gait. Therefore the
impact of gender on variability in flexed-knee gait measures in CP is somewhat
unclear which is consistent with previous literature. A critical review published
in 2016 [30] concluded that there was limited evidence that gender had an effect
on neuromotor outcome. However, previous studies have reported that females
demonstrate better results following both operative and non-operative
intervention and that males had a higher incidence of lower limb deformity that
was unresponsive to non-operative intervention and suggested that this may
need to be considered when planning intervention or when assessing the
outcome of intervention [31, 32].

There are a number of limitations to be considered when interpreting the results
of this study. Flexed-knee gait was defined purely based on knee kinematics and
we did not consider ankle kinematics in defining the study cohort. For this
reason the term flexed-knee gait was used rather than crouch gait. However,
defining the cohort solely based on knee kinematics appears to be in keeping
with current literature and while definitions of crouch gait have included both

ankle plantarflexion [33] and dorsiflexion [16, 34] more recent literature has
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defined crouch gait based on a flexed knee in stance regardless of ankle position
[35, 36]. The current results found that there was no correlation between change
in knee flexion during gait and change in ankle dorsiflexion (rho=0.09; p=0.31)
which potentially supports defining crouch gait based on knee position only but
this would need to be examined in a larger, more diverse study cohort. As would
be expected in a study of ambulant CP, the majority of participants were GMFCS-
levels I-1I with only a limited number of those classified as GMFCS III. It has
previously been shown that the prevalence of crouch gait increases with GMFCS
level [17] and while this study suggests that the inter-assessment variability in
measure of knee flexion during gait is not related to GMFCS level the
generalizability of the current results to more involved participants, particularly
GMEFCS level Il is limited. Similarly, the study cohort included some participants
who had previous orthopaedic surgery and again, while the prevalence of flexed-
knee gait increases with previous surgery [2, 16], this was not related to inter-
assessment variability in knee flexion. However, this study did not attempt to
analyse, or control for, the type or amount of prior orthopaedic surgery.
Likewise, non-operative interventions were not controlled or studied.
Participants were recruited nationwide and so, the type and frequency of non-
operative management would have varied. Despite this, the vast majority of
included participants demonstrated variability in knee flexion and also overall
improvement in knee flexion between the first and last assessment but we are
unable to comment on how non-operative interventions influence the
progression of crouch. Finally, while the current results show that variation in
3DGA assessment of flexed-knee gait is the norm, before interpreting these

changes as true changes consideration must be given to expected errors in knee
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flexion/extension data due to marker placement errors. Typically these marker
related errors are of small magnitude (<59) [37] and the current results suggest
that changes beyond this are to be expected due to natural variation and changes
of this larger magnitude should be taken into account when considering true
deterioration in gait or when assessing the impact of surgical intervention.

This study has shown that in the absence of surgical intervention, when assessed
at six-month intervals, there was significant variation in measure of flexed-knee
gait in individuals with bilateral CP. Furthermore, flexed-knee gait, as quantified
using the value of Knee flexion at mid-stance, did not always progress over time
when considering the values at first and last assessments. The variation in 3DGA
measure of knee flexion in stance across intermediate assessments was
primarily related to age and younger individuals with CP show increased
variation. These findings should be considered in the context of recommending
treatment or intervention based on gait analysis and also in assessing the

outcomes of intervention.
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Table 1 Characteristics of the included participants at each of the six assessments

Assessment
1 2 3 4 5 6
Participants (n) 32 32 32 27 25 19
GMFCS (n) 1=11 (34%) 1=11(34%) 1=11(34%) |1=11(41%) |1=11 (44%) =8 (42%)
11=17 (53%) 11=17 (53%) 11=17 (53%) 1l1=14 (52%) 1l1=12 (48%) 11=10 (53%)
=4 (13%) 1lI=4 (13%) 1lI=4 (13%) 1I=2 (7%) =2 (8%) =1 (5%)
Male (n (%)) 20 (63%) 20 (63%) 20 (63%) 16 (59%) 14 (56%) 11 (58%)
Previous surgery (n (%)) 9 (28%) 9 (28%) 9 (28%) 8 (30%) 8 (32%) 7 (37%)
Age (years) 10.7+£3.8 11.4+3.8 12.1+3.8 12.7+3.8 13.7+4.0 14.5+4.1
(44-175) (5.0-18.1) (5.5-187) (6.2-19.4) (6.7-20.2) (8.2-21.3)
Height (m) 1.39+0.21 1.43+0.20 1.46+0.19 1.50+0.18 1.53+0.17 1.56+0.17
(1.00-1.76) (1.08-1.79) (1.11-1.79) (1.15-1.80) (1.19-1.80) (1.25-1.81)
Weight (kg) 37.3£14.6 39.5+15.1 41.5+15.2 44.6£16.6 47.5£17.5 48.8+18.1
(16.2-62.4) (17.3-66.3) (19.3-72.4) (20.8-77.7) (21.4-85.8) (23.2-92.6)
Knee flexion at mid- 22.0+8.0 24.0+13.0 22.0+16.0 20.0+9.0 21.0+10.2 23.0+£14.0
stance (O)" (19.0-46.0) (11.0-47.0) (7.0-47.0) (8.0-62.0) (-2.0-42.3) (8.0-45.0)
Maximum ankle 10.3+12.9 10.2+7.0 11.6+10.3 11.1+10.2 8.7£6.7 9.7£9.9
dorsiflexion in stance (°) »  (-24.0-23.0) (-12.6-22.2) (-22.1-29.1) (-27.0-21.6) (-11.1-27.7) (-26.5-22.7)
Change in knee flexion
at mid-stance*
Increase >1.13° (%) N/A 7.0£6.0" 6.2+3.9 7.7x7.0" 6.5+3.4 7.3t3.4
(meanzsd; n(%)) 11(34%) 10(31%) 9(33%) 9(36%) 11(58%)
Decrease >1.13°(%) N/A 5.3£2.6 5.0£2.0" 5.94£3.2 7.0£5.2 6.3+1.8
(meanzsd; n(%)) 16(50%) 15(47%) 13(48%) 11(44%) 2(11%)
No Change (n(%)) N/A 5(16%) 7(22%) 5(19%) 5(20%) 6(32%)

GMFCS- Gross motor function classification system; sd-standard deviation; *An increase or decrease
in knee flexion at mid-stance was defined as a change >1.13° (intra-rater error); “median and

interquartile range.
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Table 2 Spearman’s rank correlations between Change in knee flexion and
relevant anthropometric and descriptive variables

rho p-value
Change in height (%) 0.11 0.20
Change in weight (%) 0.04 0.66
Change in maximum ankle 0.09 0.31
dorsiflexion in stance
Age (years) -0.24 <0.01*
Gender (male: female) 0.21 0.02*
GMFCS 0.10 0.23
Previous surgery (yes: no) 0.12 0.17

GMFCS-Gross Motor Function Classification System *Significant values in bold
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Table 3 Random co-efficients model of Change in knee flexion and Age

Coefficient Standard error p-value
Change in knee flexion
Age -0.28 0.11 0.01
Intercept 8.50 1.36 <0.01
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Figure Legends

Figure 1 Flow chart summarising the number of child/adolescent participants who had
gait analysis at each of the six time-points and reasons for non-completion of the full

number of analyses

Figure 2 Knee flexion at mid-stance at each assessment for participants with a

minimum of three assessments (n=32)
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