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Abstract

Introduction
Adults with spastic cerebral palsy often experience elevated physiological demands during walking.
Physical strain, defined as oxygen consumption when walking at preferred speed expressed as a
percentage of maximal aerobic capacity, quantifies how close everyday walking is to the individuals
maximal capacity. Determinants of physical strain in adults with CP are insufficiently understood.

Methods
In this cross-sectional study, 89 ambulant adults (49 female) with spastic cerebral palsy (Gross Motor
Function Classification System I-III) underwent cardiopulmonary exercise testing to measure maximal
aerobic capacity and oxygen consumption during preferred walking speed on a treadmill, and physical
strain was calculated. Three-dimensional gait analysis with force plates quantified gait biomechanics,
including Gait Deviation Index, peak ankle power and mean support moment. Neuromotor impairments
were assessed using composite scores of the Modified Ashworth Scale (spasticity) and the Selective
Control Assessment of the Lower Extremity (selective motor control). Associations with physical strain
were examined using bivariate and multiple linear regression with physical strain as a dependent
variable and clinical and biomechanical variables as possible predictors.

Results
In the bivariate analysis, age, Gross Motor Function Classification System level, spasticity, gait deviation
index and peak ankle power were significantly associated with physical strain (all p < 0.001). In the
multiple regression model (F (8,80) = 5.88, p < 0.001), only age (B = 0.320, CI 95% = 0.144–0.496, p < 
0.001) and spasticity (MAS composite score; B = 1.475, CI 95% = 0.013–2.893, p = 0.048) independently
predicted higher physical strain, explaining about 30% of its variance (R2 = 0.37, adjusted R2 = 0.307, p < 
0.001). Gait deviations, peak ankle power, mean support moment and selective motor control did not
contribute independently after adjustment.

Conclusion
In ambulant adults with spastic cerebral palsy, older age and greater spasticity independently predict
higher physical strain of walking. The effect sizes were moderate, however, in this population even a
small increase in an already elevated physical strain could be of clinical importance. Targeting spasticity
in treatment and preserving aerobic capacity should be a focus in interventions for reducing physical
stain of walking in adults with CP.
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Introduction
Adults with cerebral palsy (CP) often experience increasing walking difficulties with age [1], elevated
physical strain during walking [2] and higher levels of fatigue [3]. Increased physical strain implies that
even walking at a slow pace could represent a relative strenuous activity for adults with CP, which limits
functional walking capacity and participation in daily activities [2, 4]. Therefore, improvements in walking
function are a central rehabilitation goal for persons with CP [5].

Physical strain, defined as the relative oxygen consumption required to walk, expressed as a percentage
of maximal oxygen uptake (%VO2peak) [4]. Which factors that influence physical strain in the adult CP
population is not yet fully understood, however, research on related areas show that oxygen cost of
walking (VO2 mL kg− 1 m− 1) in children with CP is associated with impaired selective motor control,
increased spasticity [6] and greater gait deviations [7]. In healthy older adults, diminished muscle and
tendon function and consequently reduced ankle push-off power [8], increases the oxygen demand of
walking at the preferred walking speed [9, 10]. Further, walking deterioration has been proposed to be
accompanied with a shift in propulsion strategy from ankle to hip in healthy elderly [11] and maximal
oxygen uptake (VO2peak) normally decrease with increasing age, and VO2peak are commonly higher in

men than women [12]. In adults with CP, gait pattern deviations increase earlier in life compared with the
general population [1, 13], despite CP being considered a non-progressive condition [14]. This is
particularly clear in individuals with bilateral spastic CP [13, 15].

As physical strain of walking depends on both the oxygen consumption during walking at a given speed
and VO2peak [4], an important question arises: to what extent do the predictors of VO2peak and of
oxygen cost of walking, as identified in children with CP and in healthy older adults, also retain
explanatory power for physical strain of walking in adults with CP? To the authors knowledge, there are
no studies investigating possible predictors of physical strain in adults with CP.

In the present study, we investigated if age, neuromotor impairments (spasticity and selective motor
control) and gait biomechanics (propulsion strategy, support mechanisms and gait deviations) are
predictors of physical strain during walking in adults with CP. Identifying determinants of physical strain
may help target interventions aimed at improving walking capacity and daily function in adults with CP.

Methods
Design and setting

This cross-sectional study forms part of the “Cost of Walking in Adults with Cerebral palsy” (COWAC)
study [16] and took place in the south-eastern health care region of Norway. 

Recruitment
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Participants were recruited between September 2023 and June 2024 from three sources: individuals
admitted for inpatient rehabilitation at a specialized rehabilitation hospital, respondents to public
announcements distributed through the Norwegian Cerebral Palsy Association’s website, and former
participants from a previous intervention study [17] who had also participated in a recent long-term
follow‑up study [13].  

Inclusion and exclusion criteria

Inclusion criteria were adults (age 18–65 years) with spastic CP, classified as GMFCS levels I–III, able to
walk continuously for five minutes with or without a walking aid. To ensure cognitive function did not
limit the understanding of participation and information during data collection, an inclusion criterion was
that participants had completed normal schooling. Exclusion criteria included medical conditions
affecting exercise performance (such as cardiac or pulmonary disease), orthopaedic surgery in the lower
extremities within the past 18 months, Botulinum-toxin injections for lower limb spasticity within the last
three months, or pregnancy. All participants received oral and written information about the study and
provided written informed consent. The inclusion and exclusion process is presented in Figure 1.

Procedures 

Demographic and clinical characteristics were recorded prior to testing, including age, sex, GMFCS-level
[18], Body Mass Index (BMI) and spastic CP subtype (unilateral or bilateral). 

Based on previous literature in children with CP and healthy older adults, potential predictors of physical
strain were selected from demographic characteristics, clinical assessment and laboratory-based
outcomes. We hypothesized that greater gait deviations, reduced peak ankle power and more
pronounced neuromotor impairments would predict higher physical strain of walking. 

Laboratory assessments

Oxygen consumption during walking at preferred walking speed (VO2walk) and maximal aerobic capacity
(VO2peak) were measured using treadmill-based Cardiopulmonary Exercise Testing (CPET). Detailed
description of the methods has been described previously [19]. VO2peak and VO2walk were expressed

as VO2 mL kg -1 min-1. Cost of walking was calculated as oxygen consumption per unit distance (VO2 mL

kg-1 m-1).

Physical strainwas calculated as (VO₂walk/VO₂peak) x 100 [4], with higher values indicating greater
relative physiological demand.

Gait analysis

Three-dimensional gait analysis was performed using an eight-camera infrared motion capture system
(Vantage cameras, Vicon Motion Systems, Oxford, UK). Ground reaction forces were synchronously
measured using two embedded force plates (OR 6-7, AMTI, Watertown, USA). 16 retroreflective markers
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were placed on the pelvis and lower limbs according to the conventional gait model (Plug-in-gait (PiG),
Vicon Motion Systems, Oxford, UK). Participants walked barefoot at self-selected, comfortable walking
speed along a 10-meter walkway until at least three valid trials with complete kinematic and kinetic data
for each limb were obtained. 

Marker trajectories and force plate data were processed using Vicon Nexus software (Vicon Motion
Systems, Oxford, UK). Custom Python scripts (Python version 2.7) were used to compute gait variables
and the Gait Deviation Index (GDI). For all gait variables, values from the left and right limbs were
averaged for analysis.

The GDI [20] quantifies overall gait pattern deviations during walking, relative to a reference group
without gait impairments and has demonstrated validity and reliability in both adults and children [20-
22]. An unpublished local adult reference group data set (n = 50) was used in the calculations. 

Peak ankle power (W kg-1) was defined as the maximum ankle power generated during stance,
normalised to body weight (kg). 

The mean modified support moment (Nm kg-1) was calculated according to Hof [23] and defined as the
sum of the internal extensor (ext) moments at the hip, knee, and ankle during stance. The mean value
across stance, normalised to body weight was used in statistical analysis. 

Mean support moment =

½ (mean hip ext moment) + mean knee ext moment + ½ (mean ankle ext moment) [23]

Clinical examination

Clinical assessments were performed bilaterally, and mean values of left and right sides were used.

Selective motor control was assessed using the Selective Classification Assessment of the Lower
Extremity (SCALE) [24], which evaluates the ability to selectively activate muscles at the hip, knee, ankle,
subtalar joint and toes. Scores range from 0 to 2 for each level, and are summarized up to 10 points for
each side, where 10 points are the reference selective motor control [6]. 

Spasticity was assessed using a composite score of the Modified Ashworth Scale (MAS) [25] for hip
adductors, knee flexors and -extensors and ankle plantar flexors. The MAS is an ordinal scale ranging
from 0-4 (0, 1, 1+, 2, 3 and 4). The scores were recalculated to 0, 1, 1.5, 2, 3 and 4, respectively, for the
analysis. After recoding, a composite score (0-16) was calculated, as done in earlier studies [26, 27],
where higher scores represent more spasticity. 

Statistics 

All variables and residuals were assessed for normality using Shapiro-Wilk test, and by visual inspection
of QQ-plots, and for heteroskedasticity using scatter plots. Normally distributed data are presented as
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mean and standard deviation (SD) and non-normally distributed data as median and interquartile range
(IQR). P-values less than 0.05 were considered statistically significant throughout all statistical tests. 

Bivariate linear regression analyses were conducted to examine associations between each potential
predictor and physical strain of walking (dependent variable). All possible predictors were entered into a
multiple linear regression model and sex was included as a potential confounder. Multicollinearity was
evaluated using variance inflation factors (VIF), with values below 10 considered acceptable [28]. 

All statistical analysis were performed using IBM SPSS statistics (version 31.0.0).

Results
Participants characteristics

Of the 100 participants included in the COWAC-study, five individuals with GMFCS level III were excluded
due to missing kinetic data. Four additional participants did not complete cardiopulmonary testing
because of high blood pressure (n=2) and early discharge (n=2). Two participants had missing spasticity
data. Consequently, 89 participants were included in the final analysis (see flowchart of the inclusion
process in Figure 1). Due to the small number of participants with GMFCS level III (n = 3), GMFCS levels
II and III were pooled for statistical analyses. Participant characteristics are presented in Table 1.

Insert Table 1 approximately here. 

Table 1. Descriptives of demographics, laboratory and clinical tests. 
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Regression analyses

During the model building process, we noted a correlation coefficient, r < 0.7 (range 0.001-0.622) for all
relationships. The GDI was associated with MAS (r = -0.524), SCALE (r = 0.577), peak ankle power (r =
0.622), GMFCS level (r = -0.614) and mean support moment (r = -0.421). The GMFCS level was
associated with GDI (r = -0.614), peak ankle power (r = -0.616), MAS composite score (r = 0.432) and
SCALE composite score (r = -0.426). These correlation values show weak-to-moderate correlations
following Munro [29], and VIF statistics (range 1.0-3.1) for the multiple regression model are all below
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the acceptable limit of 10 [28]. All VIF and tolerance values are provided in Supplementary table A and
collinearity statistics in Supplementary table B. 

Bivariate linear regression analyses showed that unadjusted age (r = 0.356, r2 = 0.127), GMFCS-level (r =
0.392, r2 = 0.154), MAS composite score (r = 0.390, r2 = 0.152), GDI (r = -0.406, r2 = 0.165) and peak ankle

power (r = -0.355, r2 = 0.126) significantly predicts physical strain of walking (all p <0.001; Table 2). All
potential predictors were entered into the multiple regression model. 

Insert Table 2 approximately here.

Table 2. Bivariate and multiple linear regression analyses with physical strain of walking as dependent
variable, and sex, age, GMFCS, SCALE, MAS, GDI, peak ankle power and Mean Support moment as
independent variables.  

In the multiple regression model (Table 2), age (B = 0.320, CI 95% = 0.144-0.496, p <0.001) and MAS
composite score (B = 1.475, CI 95% = 0.013-2.893, p = 0.048) were independent predictors of physical
strain of walking, after adjusting for sex, GMFCS level, SCALE, GDI, peak ankle power and mean support
moment. The model (F (8,80) = 5.88, p < 0.001) explained about 30% of the variance in physical strain (R2

= 0.370, adjusted R2 = 0.307). 

Discussions
This study examined whether predictors of oxygen cost of walking identified in children with CP and in
healthy older adults also predict physical strain of walking in adults with CP and found that it´s not
always the case when variables are controlled for each other. When accounting for biomechanical and
clinical variables, age and spasticity were the variables that independently predicted physical strain of
walking. Gait-related variables explained the variation in physical strain only in unadjusted analyses.

Age as a predictor of physical strain
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Age emerged as a significant predictor of physical strain. As physical strain measurements are relative
to maximal aerobic capacity, which is known to decrease with age [30], this could indicate that age-
related increases in physical strain are attributable to reductions in aerobic capacity. Even though the
level of physical activity in ambulant adults with CP is similar to the general population [31], the level of
physical activity is known to decrease with age [32]. Furthermore, physical activity is related to physical
strain in adults with CP [2]. Less physical activity with increasing age will probably reduce VO2peak and
thereby the physical strain of walking at preferred speed will increase. Although the effect size of age
was modest, corresponding to approximately 3% higher average physical strain per decade, the
cumulative impact over adulthood may be clinically meaningful, particularly for individuals operating
close to their maximal capacity.

The present findings support the notion that ageing itself contributes to increased physical strain, even
after accounting for functional level, clinical measures and gait characteristics. This agrees with
research on healthy elderly showing reduced maximum capacity and increasing energy demands of
walking with higher age, with reduced force-generating capacity of the muscles as a possible reason
[33]. Hence, changes in neuromuscular efficiency, motor coordination or secondary impairments
associated with ageing with CP [34] may also contribute. Further, increased prevalence of comorbidities
in persons with CP [35] may also play a role in increasing physical strain of walking with ageing in this
population.

Spasticity affecting physical strain
Consistent with previous findings showing an association between clinically measured spasticity (MAS)
and the oxygen cost of walking [6] in children, spasticity was identified as an independent predictor of
physical strain in adults with CP. These results support the notion that spasticity contributes not only to
impaired motor function, but also to the increase the energy demands of walking.

Although spasticity is widely recognized as a factor limiting walking function in individuals with CP [36],
it is noteworthy that MAS, assessed during passive, non-weightbearing movement [25] was predictive of
a dynamic gait-related outcome such as physical strain. This supports the causal framework proposed
by Gill et al (2023) [6], suggesting that clinical measures of spasticity capture functionally relevant
aspects of motor impairment. In contrast, Gagnat et al. (2023), reported that muscle co-contraction
during walking, considered a measure of spasticity-related overactivity, was not predictive of cost of
walking in children with CP [7]. This discrepancy raises the possibility that MAS, which reflects a
combination of passive stiffness and velocity-dependent resistance, may provide a more comprehensive
representation of the neuromuscular constraints influencing walking than isolated measures of muscle
activation. Consequently, further investigation is warranted to clarify how different muscle properties
contribute to physical strain during walking.

Despite the observed association, the effect size was modest, with a one-point higher mean MAS
composite score corresponding to an approximate 1.5% higher physical strain. This relatively small
effect of spasticity may explain the findings such as Zaino et al (2020), where selective dorsal rhizotomy
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led to a significant reduction of spasticity, but did not significantly alter the cost of walking [37]. In that
study, the reduction in MAS was approximately one point, which based on the current findings may have
been insufficient to produce a measurable change in walking-related oxygen cost.

Importantly, the clinical relevance of these changes remains difficult to interpret due to the lack of
established benchmarks for minimal detectable change or minimal clinically important difference in
physical strain among adults with CP. Establishing such thresholds is essential for determining whether
observed changes reflect meaningful improvements in functional capacity and should be prioritized in
future research.

Biomechanic measures
Although gait deviations and peak ankle power were associated with physical strain in bivariate
analyses, they did not independently predict physical stain in the multiple regression model. This
contrasts with findings for cost of walking in children with CP [7] and healthy elderly [8] and highlights
the conceptual distinction between the oxygen cost of walking (per meter) and the physical strain
(relative physiological effort) of walking. Differences in walking speed may partly explain this
discrepancy. Greater gait deviations [38] and reduced push-off power are associated with reduced
walking speed [39]. A lower walking speed usually reflects a lower oxygen consumption during walking
[40], potentially reducing overall physical strain. However, as cost of walking is expressed as oxygen
consumption per meter, it is highly dependent on walking speed and may not reflect the physical strain
of walking [41] at slower speeds.

Even though GDI is associated with walking function [42] and cost of walking in children with CP [7], and
both are related to daily activity [2, 38], GDI did not independently predict physical strain in this study. The
use of a gait index, where several joint kinematics are included, might have made specific gait deviations
less prominent [43]. Further, a mean of most and least affected leg is used in the calculations, which
might have decreased the importance of the GDI, especially in this study where 65% of the sample have
unilateral CP.

Mean support moment and peak ankle power were also considered potential predictors of physical
strain as increased hip- and knee flexion [44] and a shift in propulsion strategy from ankle to hip [9, 10]
has been reported to be important factors in cost of walking measurements. The lack of explanatory
power of these biomechanical measures could be explained by the heterogeneity of gait patterns in the
adult population. For example, flexed knee gait (crouch gait) is known to be an energy-demanding [36]
gait pattern, which often reflect a large mean support moment [45] and reduced ankle push-off power
[46]. However, a toe-walking pattern (jump-gait pattern) can also be energy-demanding due to the
increased vertical movement of the body [47]. In this instance, the mean support moment would be
small, as the leg is quite straight through stance phase and the peak ankle power is less affected,
despite a shift in timing, because of the “jump-gait” pattern. This means that increased energy demand
during walking possibly could be accompanied by both small and large mean support moments during
walking.
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Clinical implications
The present findings suggest that spasticity is an important therapeutic target to reduce the physical
strain of walking in this population. Multimodal interventions that integrate management of spasticity
and age-related and neuromotor impairments with strategies aimed at improving aerobic capacity may
be particularly effective. Interventions targeting isolated gait features may have limited impact on overall
physical strain, as they do not sufficiently address the broader physiological and neuromuscular
contributors to physical strain of walking in adults with CP.

Limitations

The sample predominantly comprised high-functioning adults with CP (unilateral and GMFCS level I),
which makes the results only generalizable to people with higher physical function and less to people
with lower physical function. Further, the pooling of participants with GMFCS level II and III might have
influenced the results. The inclusion of participants might have increased the difference between
GMFCS levels I and II/III, as the level III participants might have affected the results of the GMFCS level II
participants´ function. However, excluding the three GMFCS level III participants able to walk without
support, could have led to less variation in the data, and thereby minimizing the effect of the different
functional and clinical measures.

The clinical measures, although widely used in the clinic, have limitations to its reliability [48]. To try to
compensate for this, we used strict test protocols and two assessors for each assessment, where at
least one was an experienced (> 10 years) clinician. Further, the use of composite scores may have
limited the effect of these scores in the model, as the effect of specific muscles might have been
reduced.

Furthermore, a mean of left and right leg was used for all measures. This could have reduced the effect
of side-specific measures from the most affected leg, especially in those with unilateral CP. However, the
mean score of both legs was used to retain a difference between those with unilateral and bilateral CP.

In addition, the interrelationship between kinetic, kinematic and clinical variables could have diminished
the influence of the different independent variables. The effect of spasticity on GDI, peak ankle power
and physical strain may moderate the independent effect of peak ankle power and GDI on physical
strain. The VIF for the GDI is above 3, and the tolerance value 0.32, indicating that about 70% of the
variance in GDI is accounted for in the other variables (See Tables 2 and 3 in the Supplementary files).
However, the multicollinearity diagnostics did not show high variance proportions for GDI and other
variables in the same dimensions, and it is therefore included in the multiple model. This may be
explained by the GDI being influenced by a combination of the different clinical and kinetic variables, and
the results should therefore be interpreted with caution.

Future directions
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Future research should include longitudinal designs to capture changes in physical strain across
adulthood, and to better understand the mechanisms underlying age-related increases in physical strain
in this population. Future studies should also include dynamic measures of muscle activity (i.e.
electromyography) and measurements of muscle-tendon force (i.e. shear wave tensiometer) to possibly
help understand the role of neuromuscular control and load in determining physical strain. Further,
studies investigating the contribution of physiologic properties of the cardiorespiratory system and
muscle properties are warranted. Finally, studies examining the relationship between physical strain,
perceived fatigue, and participation outcomes may provide further insight into clinically meaningful
targets for interventions.

Conclusions
Physical strain of walking in adults with CP was independently predicted by age and spasticity when
controlled for gait deviations, peak ankle power, mean support moment, motor control and sex. The
effect sizes (B-values) were moderate, however, in this population even a small increase in an already
elevated physical strain could be of clinical importance. Targeting spasticity in treatment and preserving
aerobic capacity should be a focus in interventions for reducing physical stain of walking in adults with
CP.

This highlights that predictors of cost of walking in children with CP and healthy elderly, except for
spasticity, do not predict physical strain of walking in adults with CP, possibly due to cost of walking
being dependent on walking speed.
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Figure 1

Inclusion and exclusion process
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