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Introduction

Walking is a meaningful activity in view of social participa-
tion and quality of life in individuals with poststroke 
sequelae.1 Unfortunately, at 6 months after stroke, less than 
30% of patients have regained the ability to walk indepen-
dently, and almost 50% believe they have restricted mobil-
ity in the community.2 The limitation of walking activity 
may be due to metabolic factors, because individuals with 
stroke suffer from significant cardiorespiratory decon-
ditioning. The VO2 peak in these patients was found to be 
26% to 87% lower than that of age- and sex-matched 
healthy control subjects.3 In addition, secondary to their 
neurological impairments, stroke individuals consume 
between 1.5 and 2 times more oxygen when walking than 
healthy subjects, which causes intense metabolic strain, 
leading to an increase in fatigability and consequently to 
limitation of activity.4 The walking efficiency of an indi-
vidual can be quantified by measuring the oxygen cost of 

walking (Cw), which is the consumption of oxygen per 
meter expressed in mL kg−1 m−1.5 The Cw is of crucial 
importance in stroke individuals, because this parameter is 
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Abstract
Background. Understanding the factors that limit mobility in stroke patients is fundamental for proposing appropriate 
rehabilitation strategies. A high oxygen cost during walking (Cw) has a strong impact on the community ambulation 
of hemiparetic patients. The Cw in poststroke cerebellar ataxia is poorly evaluated, unlike hemiparetic gait. Objective. 
To compare the oxygen cost/self-selected walking speed (S) relationship in stroke individuals with cerebellar ataxia 
or hemiparetic gait. Methods. Thirty-three subjects were included (14 cerebellar stroke, 19 hemispheric stroke), with 
stroke confirmed by brain imaging and able to walk without human assistance. We measured Cw using the Metamax3B. 
The relationship between Cw and self-selected walking speed was modelled by logistic regression and then compared 
between the cerebellar and hemispheric groups. Results. No significant difference was found between the 2 groups for 
all characteristics of the population, except motor impairments, spasticity, and ataxia (P < .01). We identified 2 separate 
Cw/S relationships with different logistic regression equations for the 2 groups. Faster than 0.4 m s−1, Cw was 30.6% to 
39.9% higher in patients with cerebellar stroke in comparison with hemispheric stroke individuals. The Cw was correlated 
with ataxia (r = 0.88; P < .001) in the cerebellar group, whereas there was a correlation with motor impairments  
(r = −0.61; P < .01), spasticity (r = 0.59; P < .01), and ataxia (r = 0.81; P < .01) in hemispheric stroke individuals. Conclusion. 
The Cw in poststroke cerebellar ataxia is significantly higher compared with hemiparetic patients at an equivalent walking 
speed. The impact on community walking needs to be explored in stroke survivors with cerebellar stroke.
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associated with walking ability4 and social participation.6 
Franceschini et al reported that stroke individuals with a Cw 
greater than 0.55 mL kg−1 m−1 have walking restrictions for 
community activities.6

Neurological impairments following stroke depend on 
the damaged neurological structure. Thus, after a hemi-
spheric stroke, damage to the pyramidal pathway is classi-
cally responsible for spastic hemiparesis, associated or not 
with cognitive, sensory, and neuro-vegetative impairments, 
depending on the extent of the injury. These impairments 
lead to a stiff knee gait and circumduction of the impaired 
lower limb.7 After a cerebellar stroke, individuals typically 
have coordination and balance disorders, resulting in char-
acteristic ataxic walking.8

Among these 2 types of clinical conditions, several defi-
ciencies may induce an increase in Cw. The presence of co-
contractions related to spasticity are associated with an 
increase in Cw.9,10 The increase in the variability of the tra-
jectories of the limb segments due to the loss of selectivity 
of the central control11 is also associated with the increase in 
Cw.9,12

The gait patterns of cerebellar stroke and hemispheric 
stroke patients are very different. Cerebellar ataxic gait is typi-
cally characterized by an increased step width, variable foot 
placement, irregular foot trajectories, and a resulting unstable, 
stumbling walking path with very high movement variability 
and a high risk of falling. This type of gait is clinically recog-
nizable and is easily differentiated from the gait pattern of 
hemiparetic individuals, who have a loss of symmetry, with a 
tendency for increased stance time on the unaffected limb. The 
affected lower limb appears stiff-legged, demonstrating a syn-
ergy pattern with extension, adduction, internal rotation of the 
hip, extension of the knee, and plantarflexion/inversion of the 
foot/ankle. This extended limb posture leads to an impairment 
of limb clearance during the swing phase, and compensatory 
maneuvers include hip hiking, lateral trunk sway, circumduc-
tion, and, less commonly, contralateral vaulting (Olney and 
Richards, 1996)13. In a previous study, we showed that the rela-
tionship between the Cw and self-selected walking speed (S) 
was strong in individuals with poststroke hemispheric sequelae 
(r = −0.94; R2 = 0.97, P < .001).14 We assumed from this 
work and our clinical experience that this strong relationship is 
explained by the fact that the walking pattern was similar from 
one hemiparetic individual to another. In addition, Zamparo 
et al, in a similar study, compared the Cw of 20 hemiparesis 
patients and 17 healthy subjects. The authors found different 
Cw/S relationships between the groups of subjects (P < .001 
in the covariance analysis).15

The Cw/S relationship seems to be a characteristic of the 
walking efficiency of individuals that would be specific to 
the individual’s walking pattern. To support this hypothesis, 
it must be compared with a very different gait pattern, that 
of ataxic individuals with post–cerebellar stroke. To our 
knowledge, no studies have explored the Cw of cerebellar 
stroke individuals or the Cw/S relationship.

The objective of this study was to compare the relation-
ship between Cw and S in individuals with cerebellar and 
hemispheric stroke. Our hypothesis is that individuals with 
cerebellar stroke sequelae do not have the same Cw/S rela-
tionship as hemiparetic stroke individuals, due to the differ-
ences in impairments and gait patterns between these 2 
stroke types. If this hypothesis is confirmed, this would 
imply that a specific Cw/S relationship could be identified 
for patients, depending on the stroke location.

Methods

Participant Selection

We recruited participants from November 2017 to 
November 2018. We recruited those with stroke sequelae 
from among the patients treated in the PRM department. All 
participants were required to be able to walk continuously 
for 6 minutes with or without mobility aids. We created 2 
groups of participants during the recruitment process: the 
cerebellar stroke group included any individual with a sin-
gle stroke in the cerebellum, as confirmed by magnetic 
resonance imaging (MRI), and the hemispheric stroke 
group included any individual with a single stroke in either 
cerebral hemisphere, as confirmed by MRI.

The exclusion criteria for both groups were the follow-
ing: presence of acute cardiac or respiratory pathologies or 
decompensated chronic pathologies. The recruitment pro-
cess is outlined in a flow chart (Figure 1).

The health professional responsible for the protocol 
informed the patients of the details of the protocol. 
Participant consent was obtained prior to data collection. 
The research protocol was accepted by an ethics committee, 
number: 2015-01-13-57.

Participant Evaluation

Motor function was evaluated using the Demeurisse 
Motricity Index.16 This score is validated in stroke 
patients.17 Spasticity was evaluated using the Modified 
Ashworth Scale.18 Walking autonomy was assessed using 
the modified Functional Ambulation Classification.19 
Autonomy related to activities of daily living was evalu-
ated using the Barthel Index.20 Ataxia while standing and 
walking was assessed using the postural and walking sec-
tions of the International Cooperative Ataxia Rating Scale 
(ICARS).21 We measured the walking speed from the dis-
tance achieved during a 6-minute walk test as S.22 All 
evaluations were performed by the same examiner for all 
participants.

Equipment

Oxygen (O2) consumption while walking was measured by 
indirect calorimetry using the Metamax3B breathing gas 
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exchange portable analyzer (Cortex Medical, Leipzig, 
Germany). The Metamax3B is a portable metabolic mea-
surement system composed of a measurement module and a 
battery module. It measures gas volumes with a bidirec-
tional digital turbine and analyzes the O2 and CO2 concen-
trations with an electrochemical cell and an infrared 

analyzer. The oxygen flow (VO2) and carbon dioxide flow 
(VCO2) were calculated using standard metabolic algo-
rithms based on the Haldane transformation.23 Respiratory 
volume data and respiratory gas concentrations were tele-
metrically transmitted in real time to a computer. The sys-
tem was paired to the Metasoft 3 software, v3.7.0 SR2. The 

Figure 1. Flow chart.
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Metamax3B was calibrated according to the manufacturer’s 
recommendations prior to each test.24

Experimental Design

All participants performed the entire protocol under the 
same conditions. We restricted the consumption of food, 
nicotine, alcohol, and caffeine 3 hours before the experi-
ment and other vigorous activities 12 hours before the 
experiment. The Metamax3B was first placed on the patient. 
The patient’s gas exchanges at rest were recorded for 6 min-
utes while sitting in a chair. The patient was then asked to 
walk for 6 minutes in a 40-meter loop with no obstacle or 
U-turn. This specific duration was chosen due to the fact 
that about 4 minutes of exercise are required to achieve 
metabolic stability in individuals with chronic pathologies.5 
Several studies related to Cw in poststroke hemiparetic 
individuals have used a similar duration to obtain a stable 
metabolic state.4,15

Calculation of the Oxygen Cost of Walking

The VO2 measurement was performed from the beginning 
to the end of the 6-minute walk. Cw was calculated from the 
patient’s O2 consumption measured at a stabilized meta-
bolic rate, which is defined by a VO2 variation lower than 2 
mL kg−1 min−1, as described in previous studies related to 
the oxygen cost of walking for poststroke individuals.5 We 
calculated the Cw by dividing the VO2 value at a stabilized 
metabolic rate per unit of time by the speed.5 We chose to 
use the average walking speed over 6 minutes of walking, 
because this method demonstrates validity for the measure-
ment of Cw.13,25 On the other hand, this method of measuring 
the walking speed is equivalent to a measurement of 10 m,22 
and limits the practical constraints of measuring the walk-
ing speed in a steady-state condition, which would require 
further investigation (precise monitoring of the change in 
VO2 during walking for the detection of the metabolic pla-
teau and measurement of the instantaneous walking speed 
at the metabolic plateau). The speed value was calculated 
from the distance covered at the end of the 6 minutes of 
walking. The walking time was fixed and reported using a 
chronometer. The distance travelled was accurately mea-
sured using graduations on the ground (graduations every 5 
meters). Thus, Cw was expressed in mLO2 kg−1 m−1. We 
reported the respiratory exchange ratio (RER) values to 
verify that RER values were equivalent between patients. 
This parameter was measured using Metamax3b at the met-
abolic plateau during S.

Statistical Analysis

The objective of this study was to compare the Cw/S  
relationship between hemispheric stroke patients and 

cerebellar stroke patients. Since no studies had yet addressed 
this issue, we were unable to calculate the number of subjects 
necessary to observe a statistically significant difference.

We evaluated the normality of the distributions with the 
Shapiro-Wilk test. We compared normally distributed data 
by a fixed-factor ANOVA and nonnormally distributed data 
by a Mann-Whitney-type nonparametric test. Categorical 
data were analyzed using χ2 tests. The correlation of speed 
and Cw was analyzed using the Spearman coefficient (r) 
and the coefficient of determination (R2). The differences 
between the slopes and intercepts of the 2 logistic regres-
sions were evaluated by means of a covariance analysis, as 
recommended by Geigy et al26 and carried out in other work 
in the field.15 This analysis made it possible to analyze the 
Cw of each group of subjects by walking speed rank. The 
difference in Cw at each speed rank was calculated for the 2 
groups of patients using the Mann-Whitney test.

A correlation analysis was performed on the signifi-
cantly different characteristics between the 2 groups. The 
objective of this analysis was to evaluate the relationship 
between Cw and the specific clinical characteristics of 
each of the 2 groups. The rule of thumb for interpreting 
the size of a correlation coefficient was the following: .90 
to 1.00, very high correlation; .70 to .90, high correlation; 
.50 to .70, moderate correlation; .30 to .50, low correla-
tion; .00 to .30, negligible correlation.27 For all tests, the 
statistical significance threshold was P < .05. All statisti-
cal analyses were performed using the RealStats 2016 
software (Real Statistics Using Excel 2012-2019, Charles 
Zaiontz).

Results

Thirty-three individuals were included (14 cerebellar 
stroke, 19 hemispheric stroke). No significant difference 
between the 2 groups was observed for all characteristics of 
the population except the Demeurisse upper limb score  
(P = .008), Demeurisse lower limb score (P < .001), 
Modified Ashworth Scale (MAS; P = .008), and ICARS  
(P = .02; Table 1). The RER for both groups of participants 
was similar (RERhemispheric stroke = 0.88 ± 0.10; RERcerebellar stroke 
= 0.90 ± 0.11; P = .31).

We identified a different Cw/S relationship between the 
hemispheric stroke group and the cerebellar stroke group. 
These relationships were expressed using the following 
logistic regression equations: Cw = 0.1961.S−0.979 with R2 
= 0.97 for hemispheric stroke individuals; Cw = 0.2667.
S−0.716 with R2 = 0.83 for cerebellar stroke individuals. The 
equations of the logistic regressions are shown in Figure 2. 
The difference in Cw at each walking speed level (Kruskal-
Wallis test) revealed a significant difference between the 2 
groups for individuals walking at a speed greater than 0.4 
m s−1 (Table 2; Figure 3). The severity of ataxia assessed by 
ICARS was highly correlated with Cw for the cerebellar 
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stroke group (r = 0.88; P < .001). In the hemispheric stroke 
group, Cw was correlated with motor function in the lower 
limb (r = −0.61; P = .003), MAS (r = 0.59; P = .007), and 
ICARS (r = 0.81; P < .001; Table 3).

Discussion

This work revealed 2 different Cw/S relationships, depend-
ing on the location of the stroke (Cw = 0.1961.S−0.979 for the 

hemispheric stroke group and Cw = 0.2667.S−0.716 for the 
cerebellar stroke group). We showed that this difference 
between the 2 relationships was significant for S >0.4 m s−1. 
Above this S we observed that ataxic individuals had a 
higher Cw (>30%) compared with hemiparetic individuals.

In the literature, other studies have shown differences in 
Cw/S relationships according to population type. For exam-
ple, Zamparo et al designed a study in which healthy indi-
viduals (n = 17) were asked to adopt a walking speed 

Table 1. Characteristics of the Participantsa.

Hemispheric Stroke Individuals Cerebellar Stroke Individuals P

Age (years) 66.4 (13.2) 58.9 (12.8) .15b

Gender (n male/n female) 13/6 13/1 .21
Body mass index (m kg−2) 25.6 (3.8) 25.5 (5.6) .90b

Time after stroke (days) 639 (1279) 61 (65) .06
Demeurisse upper limb score (/100) 72.6 (25.5) 93.1 (11.5) .008
Demeurisse lower limb score (/100) 76.5 (20.9) 97.1 (6.7) <.001
MAS (/4) 0.9 (1.1) 0 (0.0) .008
ICARS (/34) 7.7 (7.2) 16.0 (12.0) .02
Speed (m s−1) 0.69 (0.32) 0.77 (0.36) .25b

FACm (/8) 5.3 (1.9) 5.3 (1.4) .75
Barthel Index (/100) 82.1 (15.7) 85.4 (13.9) .27

Abbreviations: Demeurisse, Demeurisse Motor Index; MAS, Modified Ashworth Scale; ICARS, postural and walking sections of the International 
Cooperative Ataxia Rating Scale; FACm, Functional Ambulation Classification–Modified.
aData are expressed as mean (standard deviation) median.
bReported to fixed-factor ANOVA because the groups were independent and the variables were continuous, with normal distribution in the Shapiro-
Wilk test.

Figure 2. Logistic regression equations and coefficients of determination of Cw/S relationships in cerebellar stroke and hemispheric 
stroke individuals. × = Cw of cerebellar patient; ♦ = Cw of hemispheric patient.
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equivalent to that of hemiparetic individuals (n = 20). It 
was found that the Cw/S relationship of healthy subjects 
had an identical plot shape to that of hemiparetic individu-
als, but with lower values. The Cw of healthy subjects was 
consistently about 10% to 30% lower than that of hemipa-
retic subjects, depending on the walking speed.15 Bernardi 
et al have also reported differences in Cw/S relationships 
between groups of individuals with various impairments 
(ie, hemiparesis, paraparesis, quadriparesis, orthopedic dis-
orders) and healthy subjects.28 These results are also consis-
tent with our previous work on Cw in patients with 

hemispheric stroke. Indeed, the comparison of the regres-
sion equation in the work of Compagnat et al13 obtained 
from hemispheric stroke patients with that of the present 
study highlighted a very strong similarity, with an R2 at 0.97 
(Supplemental Figure S1). This reinforces the fact that most 
walking hemispheric stroke individuals have this relation-
ship, regardless of their level of impairment.

The increase in Cw observed in patients could be linked 
to muscle coactivation. Muscle coactivation is the simul-
taneous activity of agonist and antagonist muscles cross-
ing the same joint.29 Muscle coactivation is an important 

Table 2. Comparison of the 2 Logistic Regression Equations by Covariance Analysisa.

Speed Rank (ms−1) <0.2 0.2-0.39 0.4-0.59 0.6-0.79 0.8-1.0 >1.0

Cerebellar stroke patients Cw (mL kg−1 m−1) Mean 0.67 0.40 0.40 0.29 0.25 0.22
 SD 0.03 0.06 0.01 0.03 0.03 0.05
Hemispheric stroke patients Cw (mL kg−1 m−1) Mean 0.65 0.37 0.29 0.22 0.18 0.16
 SD 0.18 0.19 0.03 0.02 0.01 0.02
Cw cerebellar stroke versus Cw hemispheric 

stroke (mL kg−1 m−1)
Mean difference (%) 4.08 8.99 36.27 30.63 36.83 39.87
P .85 .28 <.01 .04 .03 .01

aCw (mL kg−1 m−1) reported to the oxygen cost of walking; P values reported to the results of the covariance analysis made by the Kruskal-Wallis test.

Figure 3. Comparison between the Cw/S relationship in cerebellar stroke and hemispheric stroke individuals.
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component of motor control and joint stability,30 but 
excessive coactivation can induce an increase in Cw.31 
Indeed, as any muscular activity leads to oxygen con-
sumption,23 the abnormal activity of the antagonist muscle 
leads to an increase in oxygen consumption. In addition, 
the agonist muscle must engage additional force to over-
come the abnormal activity of the antagonist muscle.32 
Abnormal muscle coactivation is common after a hemi-
spheric stroke.33-35 Detrembleur et al reported that the 
increase in coactivation was estimated at 1.5 to 6 times 
longer than normal during all gait cycles in 9 hemiparetic 
individuals.33 In addition, in our study, Cw was correlated 
with spasticity (r = 0.59; P = .007) in the hemispheric 
stroke group (Table 3). Further work would be necessary 
to evaluate the association between muscle coactivation 
and stroke patients’ walking and Cw.

The authors are aware of no published research on mus-
cle coactivation in individuals with post–cerebellar stroke 
sequelae. Muscle coactivation may be involved in a Cw 
increase for several different reasons in individuals with 
cerebellar stroke. The typical abnormal movements36 gener-
ate their own oxygen consumption in addition to the usual 
muscular activity. Balance disorders37 reinforce postural 
control strategies, which imply an increase in muscle 
recruitment and therefore oxygen consumption. Finally, a 
dyssynergia between agonist/antagonist muscles36 can 
induce a loss of movement efficiency. To this end, we report 
a strong correlation between Cw and ataxia (ICARS) in the 
cerebellar stroke group (r = 0.88; P < .001). This phenom-
enon has been observed in multiple sclerosis individuals38 
and hemispheric stroke individuals39 with balance disor-
ders. It is therefore likely that strategies to compensate for 
balance disorders in individuals overexpress muscle coacti-
vation, inducing a high Cw. It can be assumed that given the 
absence of a strength deficit, it is possible that muscle 
recruitment is greater in post–cerebellar stroke than in 
hemiparetic individuals, which could partly explain the dif-
ference between the 2 groups of individuals. However, fur-
ther work in cerebellar stroke populations seems necessary 
to precisely determine the mechanisms that induce an 
increase in Cw.

The rank analysis shows a significant difference at a walk-
ing speed above 0.4 m s−1 (Table 2). Below this threshold, the 
Cw of these individuals are not found to be different between 
the 2 types of stroke. We believe that this result is explained 
by the high variability of Cw for very low walking speeds. 
This variability can be explained in part by the low number of 
patients. However, other explanations remain. For example, 
some authors report that below a walking speed of 0.33 m s−1, 
the locomotion of stroke individuals does not correspond to 
the usual properties of human walking, with a break in the 
linearity between spatial time parameters and walking 
speed.40,41 For these slow speeds, the movement of stroke 
individuals would correspond more to “trampling” in indi-
viduals whose priority is to maintain their standing balance 
rather than their movement. It is therefore possible that these 
strategies for maintaining standing balance are not different 
between the 2 types of stroke, but scientific evidence is lack-
ing to confirm this hypothesis. In future studies, it may be rel-
evant to exclude individuals with a walking speed of less than 
0.33 m s−1 to homogenize the Cw analysis.

In this study we showed that Cw was significantly associ-
ated with several population characteristics (Table 3). This is 
particularly the case with scores assessing motor function, 
spasticity, and balance disorders. It is in line with the litera-
ture on motor function,42,43 spasticity,10,44 and balance.45

Among the study results, we also report that Cw was sig-
nificantly correlated with age, especially in individuals with 
cerebellar stroke. The influence of age on Cw is also 
described in the literature.46,47 Surprisingly, this relationship 
was not found in hemispheric stroke individuals, which 
may be due to our sample size: a larger cohort might reveal 
a significant correlation. Additionally, the poststroke times 
in the hemispheric stroke group were longer than in the cer-
ebellar stroke group (639 vs 61 days), even if we did not 
find a significant difference in the statistical test. To explain 
these results, we analyzed the characteristics of the patients 
and found that 5 patients had a long poststroke time (>800 
days), including one who had a poststroke time of 4700 
days. This fact could explain the higher mean and standard 
deviation for the hemispheric stroke patient group. If hemi-
spheric stroke individuals with a long stroke time were 

Table 3. Correlation Analysis Between Clinical Characteristics and Oxygen Cost of Walking in Hemispheric and Cerebellar Stroke 
Individuals.

Age BMI
Time Since 

Stroke
Demeurisse 

Upper Limb Score
Demeurisse 

Lower Limb Score
Ashworth 

Scale ICARS Speed FACm
Barthel 
Index

Hemispheric stroke r 0.12 0.14 0.25 −0.52 −0.61 0.59 0.81 −0.89 −0.68 −0.62
 P .35 .73 .34 .14 <.01 <.01 <.01 <.01 <.01 <.01
Cerebellar stroke r 0.57 0.06 −0.06 0.15 −0.02 0 0.88 −0.85 −0.61 −0.36
 P <.01 .63 .78 .76 .69 N/A <.01 <.01 <.01 .04

Abbreviations: r, Spearman coefficient between clinical variables and oxygen cost of walking; BMI, body mass index; ICARS, postural and walking 
sections of the International Cooperative Ataxia Rating Scale; FACm, Functional Ambulation Classification–Modified; N/A, not applicable.
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excluded, the Cw/S relationship would not be significantly 
different from the initial logistic regression equation: initial 
logistic regression equation: Cw = 0.1961.S−0.979; logistic 
regression equation (5 subjects with long poststroke time 
excluded) = 0.1946.S−0.974; P = .96. This is consistent with 
our previous work.13

It should also be noted that individuals in this study were 
overweight in both the hemispheric stroke group (body 
mass index [BMI] = 25.6 ± 3.8 kg m−2) and the cerebellar 
stroke group (BMI = 25.5 ± 5.6 kg m−2). A high BMI is 
reported as an increased Cw factor.48 This characteristic is 
important and will require precaution when the Cw of the 
individuals in our study is compared with that of other indi-
viduals. It will be necessary to ensure that the BMI between 
individuals is comparable.

Practical Implications

The relationship between Cw/S highlights the differences 
between the Cw of ataxic individuals and hemiparetic indi-
viduals. Highlighting these differences has an impact on 
rehabilitation, because if the Cw of ataxic individuals is so 
large, this implies that interventions must absolutely focus 
on the individual’s cardiorespiratory capacity. This seems 
fundamental to us, because such a high Cw in ataxic people 
certainly induces fatigue and a significant limitation of 
activity. Thus, an increase in the individual’s cardiorespira-
tory capacity will improve walking tolerance and make it 
possible to maintain walking activity more durably. It is 
also important to work on the gait pattern to improve walk-
ing performance and to try to reduce the oxygen cost of 
walking. The other implication of this work is on the adap-
tation of the individual’s environment. The fact that an 
individual has a very high Cw may alert the practitioner to 
the risk of fatigue and limited mobility in society. Thus, it 
seems unlikely that an individual with a high Cw (>0.55 
mL kg−1 m−1 threshold value as defined by Franceschini 
et al for impacting social participation) could achieve sig-
nificant walking distances. As a result, the practitioner will 
certainly have to propose adaptations to the patient’s envi-
ronment for limiting the patient’s mobility distances, in 
order to limit as much as possible the impact on their inde-
pendence and social participation.

Study Limitations

Our study was limited by the small number of participants, 
especially the low incidence of cerebellar stroke, which 
accounts for 6% of strokes.49 The Cw/S relationship estab-
lished for cerebellar individuals needs to be refined on a larger 
and more heterogeneous population of individuals in terms of 
age and impairments in order to be confirmed. Another limita-
tion concerns the validation of the regression equation of the 
Cw/S relationship, since it has not been controlled on a new 

population and we have not assessed intra- and interreliability. 
These validity parameters will have to be evaluated by other 
studies, as has been done for hemispheric stroke individuals. 
Finally, an important limitation to our work is that we do not 
yet know the minimal clinically important difference of oxy-
gen cost. We highlight a strong difference in Cw of about 31% 
to 40% between ataxic and hemiparetic individuals. Further 
work will need to be done to identify the minimal clinically 
important difference of oxygen cost and whether these differ-
ences in Cw are clinically relevant.

Conclusions

The Cw/S relationship is related to the type of stroke. The 
Cw of individuals with cerebellar stroke tended to be very 
high and was strongly correlated with ataxia. The results of 
this study seem to demonstrate a link between the type of 
stroke and Cw, which allows for the definition of individual-
ized recommendations for physical activity based on an 
objective metabolic parameter. The impact on community 
walking needs to be explored in stroke survivors with cere-
bellar stroke.

Acknowledgments

We thank all our patients for volunteering to participate in this 
research. We thank our partners Autonom’Lab and European 
Network of Living Labs (ENoLL) and the region of Nouvelle-
Aquitaine for their support throughout our work.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with 
respect to the research, authorship, and/or publication of this 
article.

Funding

The author(s) received no financial support for the research, 
authorship, and/or publication of this article.

ORCID iD

Maxence Compagnat  https://orcid.org/0000-0002-0188-8043

References

 1. Lord SE, McPherson K, McNaughton HK, Rochester L, 
Weatherall M. Community ambulation after stroke: how 
important and obtainable is it and what measures appear 
predictive? Arch Phys Med Rehabil. 2004;85:234-239. 
doi:10.1016/j.apmr.2003.05.002

 2. Lord SE, Rochester L. Measurement of community ambu-
lation after stroke: current status and future developments. 
Stroke. 2005;36:1457-1461. doi:10.1161/01.STR.00001706 
98.20376.2e

 3. Smith AC, Saunders DH, Mead G. Cardiorespiratory fitness 
after stroke: a systematic review. Int J Stroke. 2012;7:499-
510. doi:10.1111/j.1747-4949.2012.00791.x

https://orcid.org/0000-0002-0188-8043


Compagnat et al 297

 4. Polese JC, Ada L, Teixeira-Salmela LF. Relationship between 
oxygen cost of walking and level of walking disability after 
stroke: an experimental study. Physiother Res Int. 2018;23. 
doi:10.1002/pri.1688

 5. Kramer S, Johnson L, Bernhardt J, Cumming T. Energy 
expenditure and cost during walking after stroke: a system-
atic review. Arch Phys Med Rehabil. 2016;97:619-632.e1. 
doi:10.1016/j.apmr.2015.11.007

 6. Franceschini M, Rampello A, Agosti M, Massucci M, 
Bovolenta F, Sale P. Walking performance: correla-
tion between energy cost of walking and walking par-
ticipation. New statistical approach concerning outcome 
measurement. PLoS One. 2013;8:e56669. doi:10.1371/jour-
nal.pone.0056669

 7. Tesio L, Roi GS, Möller F. Pathological gaits: inefficiency 
is not a rule. Clin Biomech (Bristol Avon). 1991;6:47-50. 
doi:10.1016/0268-0033(91)90041-N

 8. Ng ZX, Yang WRE, Seet E, et al. Cerebellar strokes: a clinical 
outcome review of 79 cases. Singapore Med J. 2015;56:145-
149. doi:10.11622/smedj.2014195

 9. VanSwearingen JM, Studenski SA. Aging, motor skill, and 
the energy cost of walking: implications for the prevention 
and treatment of mobility decline in older persons. J Gerontol 
A Biol Sci Med Sci. 2014;69:1429-1436. doi:10.1093/gerona/
glu153

 10. Lamontagne A, Malouin F, Richards CL. Contribution of pas-
sive stiffness to ankle plantarflexor moment during gait after 
stroke. Arch Phys Med Rehabil. 2000;81:351-358.

 11. O’Connor SM, Xu HZ, Kuo AD. Energetic cost of walking 
with increased step variability. Gait Posture. 2012;36:102-
107. doi:10.1016/j.gaitpost.2012.01.014

 12. Awad LN, Palmer JA, Pohlig RT, Binder-Macleod SA, 
Reisman DS. Walking speed and step length asymmetry  
modify the energy cost of walking after stroke. Neurorehabil  
Neural Repair. 2015;29:416-423. doi:10.1177/1545968314 
552528

 13. Olney SJ, Richards C. Hemiparetic gait following stroke. 
Part I: characteristics. Gait Posture. 1996;4:136-148. 
doi:10.1016/0966-6362(96)01063-6

1 4. Compagnat M, Mandigout S, Chaparro D, Salle JY, Daviet 
JC. Predicting the oxygen cost of walking in hemiparetic 
stroke patients. Ann Phys Rehabil Med. 2018;61:309-314. 
doi:10.1016/j.rehab.2018.03.001

 15. Zamparo P, Francescato MP, Luca G, Lovati L, Prampera PE. 
The energy cost of level walking in patients with hemiplegia. 
Scand J Med Sci Sports. 1995;5:348-352.

 16. Demeurisse G, Demol O, Robaye E. Motor evaluation in vas-
cular hemiplegia. Eur Neurol. 1980;19:382-389.

 17. Collin C, Wade D. Assessing motor impairment after stroke: 
a pilot reliability study. J Neurol Neurosurg Psychiatry. 
1990;53:576-579.

 18. Bohannon RW, Smith MB. Interrater reliability of a modified 
Ashworth scale of muscle spasticity. Phys Ther. 1987;67: 
206-207.

 19. Brun V, Mousbeh Z, Jouet-Pastre B, et al. Évaluation clinique 
de la marche de l’hémiplégique vasculaire: proposition d’une 
modification de la functional ambulation classification. Ann 
Réadaptation Méd Physique. 2000;43:14-20. doi:10.1016/
S0168-6054(00)87937-4.

 20. Mahoney FI, Barthel DW. Functional evaluation: the Barthel 
Index. Md State Med J. 1965;14:61-65.

 21. Schmitz-Hübsch T, Tezenas du Montcel S, Baliko L, et al. 
Reliability and validity of the International Cooperative Ataxia 
Rating Scale: a study in 156 spinocerebellar ataxia patients. 
Mov Disord. 2006;21:699-704. doi:10.1002/mds.20781

 22. Dobkin BH. Short-distance walking speed and timed walking 
distance: redundant measures for clinical trials? Neurology. 
2006;66:584-586. doi:10.1212/01.wnl.0000198502.88147.
dd

 23. McArdle WD, Katch FI, Katch VL. Exercise Physiology: 
Energy, Nutrition and Human Performance. 4th rev ed. 
Baltimore, MD: Lippincott Williams & Wilkins; 1996.

 24. Macfarlane DJ, Wong P. Validity, reliability and stability of 
the portable Cortex Metamax 3B gas analysis system. Eur J 
Appl Physiol. 2012;112:2539-2547. doi:10.1007/s00421-011-
2230-7

 25. Compagnat M, Mandigout S, Batcho CS, et al. Validity of 
wearable actimeter computation of total energy expenditure 
during walking in post-stroke individuals [published online 
August 10, 2019]. Ann Phys Rehabil Med. doi:10.1016/j.
rehab.2019.07.002

 26. Geigy LC. Geigy Scientific Tables. Vols 1 and 2. Basel, 
Switzerland: Ciba-Geigy; 1982.

 27. Hinkle DE, Wiersma W, Jurs SG. Applied Statistics for the 
Behavioral Sciences. 5 ed. Boston, MA: Houghton Mifflin; 
2002.

 28. Bernardi M, Macaluso A, Sproviero E, et al. Cost of walk-
ing and locomotor impairment. J Electromyogr Kinesiol. 
1999;9:149-157. doi:10.1016/S1050-6411(98)00046-7

 29. Busse ME, Wiles CM, van Deursen RWM. Muscle co-activa-
tion in neurological conditions. Phys Ther Rev. 2005;10:247-
253. doi:10.1179/108331905X78915

 30. Milner TE. Adaptation to destabilizing dynamics by means 
of muscle cocontraction. Exp Brain Res. 2002;143:406-416. 
doi:10.1007/s00221-002-1001-4

 31. Hortobágyi T, Finch A, Solnik S, Rider P, DeVita P. 
Association between muscle activation and metabolic cost of 
walking in young and old adults. J Gerontol A Biol Sci Med 
Sci. 2011;66:541-547. doi:10.1093/gerona/glr008

 32. Missenard O, Mottet D, Perrey S. The role of cocontraction 
in the impairment of movement accuracy with fatigue. Exp 
Brain Res. 2008;185:151-156. doi:10.1007/s00221-007-
1264-x

 33. Detrembleur C, Dierick F, Stoquart G, Chantraine F, Lejeune 
T. Energy cost, mechanical work, and efficiency of hemi-
paretic walking. Gait Posture. 2003;18:47-55. doi:10.1016/
S0966-6362(02)00193-5

 34. Rosa MCN, Marques A, Demain S, Metcalf CD. Lower 
limb co-contraction during walking in subjects with stroke: 
a systematic review. J Electromyogr Kinesiol. 2014;24:1-10. 
doi:10.1016/j.jelekin.2013.10.016

 35. Massaad F, Lejeune TM, Detrembleur C. Reducing the 
energy cost of hemiparetic gait using center of mass feedback: 
a pilot study. Neurorehabil Neural Repair. 2010;24:338-347. 
doi:10.1177/1545968309349927

 36. Choi SM. Movement disorders following cerebrovascular 
lesions in cerebellar circuits. J Mov Disord. 2016;9:80-88. 
doi:10.14802/jmd.16004



298 Neurorehabilitation and Neural Repair 34(4)

 37. Buckley E, Mazzà C, McNeill A. A systematic review of the 
gait characteristics associated with cerebellar ataxia. Gait 
Posture. 2018;60:154-163. doi:10.1016/j.gaitpost.2017.11.024

 38. Marvi-Esfahani M, Karimi MT, Etemadifar M, Fatoye F. 
Comparison of energy consumption in different clinical forms 
multiple sclerosis with normal subjects (cohort study). Mult 
Scler Relat Disord. 2016;6:97-101. doi:10.1016/j.msard. 
2016.02.007

 39. IJmker T, Lamoth CJ, Houdijk H, et al. Effects of handrail 
hold and light touch on energetics, step parameters, and neu-
romuscular activity during walking after stroke. J Neuroeng 
Rehabil. 2015;12:70. doi:10.1186/s12984-015-0051-3

 40. Nakamura R, Handa T, Watanabe S, Morohashi I. Walking 
cycle after stroke. Tohoku J Exp Med. 1988;154:241-244.

 41. Beyaert C, Vasa R, Frykberg GE. Gait post-stroke: patho-
physiology and rehabilitation strategies. Neurophysiol Clin. 
2015;45:335-355. doi:10.1016/j.neucli.2015.09.005

 42. Waters RL, Mulroy S. The energy expenditure of normal and 
pathologic gait. Gait Posture. 1999;9:207-231. doi:10.1016/
S0966-6362(99)00009-0

 43. Perry J. The mechanics of walking in hemiplegia. Clin Orthop 
Relat Res. 1969;63:23-31.

 44. Bard G. Energy expenditure of hemiplegic subjects during 
walking. Arch Phys Med Rehabil. 1963;44:368-370.

 45. IJmker T, Houdijk H, Lamoth CJ, et al. Effect of balance 
support on the energy cost of walking after stroke. Arch 
Phys Med Rehabil. 2013;94:2255-2261. doi:10.1016/j.apmr. 
2013.04.022

 46. Schrack JA, Simonsick EM, Ferrucci L. The relationship of 
the energetic cost of slow walking and peak energy expendi-
ture to gait speed in mid-to-late life. Am J Phys Med Rehabil. 
2013;92:28-35. doi:10.1097/PHM.0b013e3182644165

 47. Schrack JA, Simonsick EM, Chaves PHM, Ferrucci L. The 
role of energetic cost in the age-related slowing of gait speed. 
J Am Geriatr Soc. 2012;60:1811-1816. doi:10.1111/j.1532-
5415.2012.04153.x

 48. Thomas SS, Buckon CE, Schwartz MH, Sussman MD, 
Aiona MD. Walking energy expenditure in able-bodied 
individuals: a comparison of common measures of energy 
efficiency. Gait Posture. 2009;29:592-596. doi:10.1016/j.
gaitpost.2009.01.002

 49. Kelly PJ, Stein J, Shafqat S, et al. Functional recovery 
after rehabilitation for cerebellar stroke. Stroke. 2001;32: 
530-534.


