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Muscle overactivity is a general term for pathological increases in muscle activity such as spasticity. It is
caused by damage to the central nervous system at the cortical, subcortical or spinal levels, leading to an
upper motor neuron syndrome. In routine clinical practice, muscle overactivity, which induces abnormal
muscle tone, is usually evaluated by using the Modified Ashworth Scale or the Tardieu Scale. However,

Keywords: o both of these scales involve testing in passive conditions that do not always reflect muscle activity during
Muscle overactivity dynamic tasks such as gait or reaching. To determine appropriate treatment strategies, muscle
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Spastic paresis overactivity should be evaluated by using objective measures in dynamic conditions. Instrumental
KIi)nemagcs motion analysis systems that include 3-D motion analysis and electromyography are very useful for this
Joint dynamics purpose. Thg methpd can be used to identify patterns of abnormal muscle activity that can be related to
Electromyography abnormal kinematic patterns. It allows for objective and accurate assessment of the effects of treatments

to reduce muscle overactivity on the movement to be improved. The aim of this point-of-view article is
to describe the utility of instrumental motion analysis and to outline both its numerous advantages in
evaluating muscle overactivity and to present the current limitations for its use (e.g., cost, the need for an
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engineer, errors relating to marker placement and cross talk between electromyography sensors).

© 2019 Published by Elsevier Masson SAS.

1. The challenge of treating muscle overactivity

Muscle overactivity is caused by damage to the central nervous
system at the cortical, subcortical or spinal levels, leading to an
upper motor neuron (UMN) syndrome. Muscle overactivity
includes spasticity (abnormal velocity dependent stretch reflex),
dystonia (abnormal muscle contraction occurring during a
voluntary movement) and abnormal co-contraction (abnormal
simultaneous activation of agonist and antagonist muscles).
Although these symptoms are each the result of different neuro-
pathophysiological processes, they tend to be generically termed
“muscle overactivity”, which is the term we have chosen to use in
this point-of-view article.

Muscle overactivity is widely believed to impair movement and
function and thus is the focus of much medical treatment. A major
challenge in treating muscle overactivity is the accurate evaluation
of treatment effects. Although reduced muscle overactivity may
lead to improvements in joint kinematics, it does not always lead to
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improvements in functional outcomes such as gait speed. In routine
clinical practice, muscle overactivity associated with abnormal
muscle tone is usually evaluated by using high-speed passive
muscle stretching. The most commonly used tests are the Modified
Ashworth Scale (MAS) and the Tardieu scale. These tests involve
high-speed passive muscle stretching. Although intra- and inter-
rater reliability have been found satisfactory [1], these tests provide
only a measure of resistance to passive movement [2], which may
not reflect muscle activity during dynamic tasks such as gait or
reaching. The other main limitation of such scales is that they do not
discriminate between different forms of passive resistance, in
particular soft-tissue contracture, dystonia and spasticity.
Instrumental motion analysis (IMA) systems associating 3-D
motion analysis, force platforms and electromyography (EMG)
simultaneously record kinematic, kinetic and EMG parameters.
They can be used to evaluate muscle overactivity during functional
tasks and thus identify the mechanisms underlying a particular
movement pattern. Following treatment, changes in various
components of gait can be evaluated to help gain an understanding
of why the patient feels an improvement: for example, an increase
in knee flexion velocity during swing may not improve gait speed
because of other impairments, but the patient may nevertheless
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feel less “stiff” and thus walk with more confidence and ease.
Finally, IMA systems are also increasingly being used to study gait
disorders in patients with UMN syndromes, both in clinical
practice and research, although its use is less common for upper-
limb movement assessment.

Although simpler methods do exist to objectively measure
kinematic and spatiotemporal movement parameters, such as
electrogoniometers, video recording, gait mats etc., they do not
provide the same comprehensive level of evaluation as 3-D
optoelectronic systems coupled with force platforms and EMG,
which provide a complete, simultaneous analysis of kinematics
(e.g., translation and angular displacement of body segments
relative to each other), kinetics (e.g., internal and external
moments of force) and patterns of muscle activation (EMG).

The aim of this point-of-view article is to summarise the
principal findings of studies of the effects of treatments for muscle
overactivity based on IMA systems. We aim to show how IMA
systems can improve an understanding of the effect of muscle
overactivity on motion and its utility in evaluating treatment
effectiveness. For completeness, current limitations of IMA
systems are also discussed.

2. IMA systems

The most common IMA systems are composed of optoelectronic
cameras, force platforms, and EMG electrodes, all housed within a
specifically designed motion analysis laboratory.

3-D motion analysis involves retroreflective passive markers
(that reflect light emitted by the cameras) (Fig. 1a) or active
markers (Fig. 1b) that are fixed to surface landmarks on the
patient’s body. The cameras record the 3-D trajectory of the
markers, and specialised software then calculates kinematic
parameters such as joint angles, angular velocities, translation of

body parts etc. (Fig. 2). Spatiotemporal parameters can also be
calculated, including speed, cadence, stride length and duration of
the different phases of the gait cycle (single support, double
support and swing phases) (Fig. 3), and, for upper-limb move-
ments, metrics such as hand velocity, trajectory smoothness and
curvature can be determined.

Force-platforms (Fig. 1b) embedded in the floor are used to
quantify forces (kinetics) produced during the support phase of
gait. An inverse dynamics model is used to calculate external
moments (product of the force vector times the distance of the
point of application of the force from the joint centre) and internal
moments (caused by muscle contractions and ligamentous
stability) (Fig. 2).

EMG (Fig. 2) is used to record muscle activity and usually
involves recording of superficial muscles using surface electrodes.
For the analysis of deeper muscles, fine-wire electrodes are
required. EMG is used to study the temporal pattern of activation of
the muscles and to determine whether the pattern is “normal” or
“abnormal”. Of note, the amplitude of the EMG signal does not
reflect muscle strength.

The analysis of these simultaneously recorded parameters
allows the clinician to:

¢ understand and explain movement anomalies;

e propose appropriate treatment;

o evaluate the effect of treatments on movement (gait or upper-
limb movements).

3. Indications for the use of IMA to evaluate muscle overactivity

IMA is indicated in the case of muscle overactivity that has been
clinically determined to be troublesome and for which the clinician

Fig. 1. a: patient wearing passive reflective markers positioned according to the Helen Hayes marker protocol; b: patient equipped with an active marker system (CODA
Motion) and electromyography (EMG) stepping on force platforms for the simultaneous recording of kinematic, kinetic and dynamic EMG parameters during walking.
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Fig. 2. 3-D kinematic and kinetic data summary sample with time-synchronised dynamic EMG obtained from a patient with left hemiparesis. The blue curves indicate mean
values for the left, hemiparetic limb and the red curves indicate the right limb. The vertical lines indicate toe off for the left (blue) and right (red) limbs. The thick grey line
indicates normal mean values with their SD values. For the EMG, only data for the left, hemiparetic limb are shown. The blue bars below indicate the periods in which each
muscle is normally active. L Tib Ant: left tibialis anterior muscle; L Soleus: left soleus muscle; L EHL: left extensor hallucis longus; L Rect Fem: left rectus femoris.

wishes to provide interventional treatment, either pharmacologi-
cal or surgical. IMA, combined with a thorough clinical assessment
(particularly of spasticity, muscle strength and passive range of
motion) has revealed certain underlying dysfunctions that cause
pathological gait in patients with hemiparesis. EMG analysis
combined with a clinical assessment can reveal the causes of
abnormal kinematic parameters. For example, studies involving
IMA have shown the following:

e decreased hip extension during stance phase may be due to
weakness of the hip extensors or to overactivity or shortening of
the hip flexors;

e decreased hip flexion during swing phase may be due to
weakness of the hip flexors or to overactivity of the hip extensors
(gluteus maximus or the hamstring muscles). This condition is
frequently associated with a lateral tilt of the pelvis due to
compensation by trunk muscles such as quadratus lumborum;
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Fig. 3. Sample of spatiotemporal data from a patient with left hemiparesis with sex-, age- and velocity-matched normative data. The durations of the different phases of the

gait cycle for each limb are provided, along with normative values.



446 N. Roche et al./Annals of Physical and Rehabilitation Medicine 62 (2019) 442-452

o decreased peak knee flexion in swing phase associated with a
dumpling in the angular displacement curve can be due to
several mechanisms such as weakness of the hip flexors, a
reduced plantar flexion moment in late stance or inappropriate
activity of part of the quadriceps muscle, particularly the rectus
femoris (RF) during the swing phase of the gait cycle
[3]. Inappropriate activation of the RF, in particular during
swing phase, restricts peak knee flexion during swing [3-5];

e decreased ankle dorsiflexion in stance phase is commonly due to
overactivity of the gastrocnemius or soleus or a shortening of
these muscles and is frequently associated with an increase in
knee extension during weight bearing;

o decreased ankle dorsiflexion during swing or at heel strike may
be due to weakness of the dorsiflexor muscles, particularly the
tibialis anterior, or to inappropriate activity of the triceps surae
(TS) [6,7].

Use of IMA has also confirmed clinically well-known spatio-
temporal alterations, such as decreased gait speed, step length and
cadence of the paretic lower limb, and demonstrated that the time
spent in single support phase and in double contact are increased
for the non-paretic lower limb [8,9].

IMA is useful for assessing lower-limb muscle coactivation and
its relationship with muscle overactivity and gait performance. For
example, in a study of 23 patients with hereditary spastic paresis
and 23 controls, the coactivity index of both the knee and ankle
muscles was increased throughout the gait cycle and during the
sub-phases of gait in patients versus controls. The authors also
showed that both knee and ankle coactivation indexes were
positively correlated with spasticity (Ashworth score) [10].

Gross et al. [9] investigated the relationship between muscle
coactivation and joint kinematics in patients with hemiplegic
cerebral palsy. The authors calculated a coactivation index of knee
and ankle agonist/antagonist muscles (RF/semi-tendinous, vastus
medialis/semi-tendinous and tibialis anterior/soleus muscles) at
3 different gait speeds in 12 patients with hemiplegic cerebral
palsy and 12 controls. In the controls, a higher coactivation index
was associated with reduced joint excursion for 7 of the 14 linear
models (hip flexion, knee loading, knee extension in stance, knee
flexion in swing, ankle plantarflexion from initial contact to foot
flat, and ankle dorsiflexion in stance and in swing). Conversely, in
involved limbs of children with cerebral palsy, higher coactivation
indexes were associated with reduced knee loading, ankle
plantarflexion excursion at push off and ankle dorsiflexion in
swing and increased hip excursion.

Muscle synergies have also been studied in patients with
cerebral palsy by using IMA. Steele et al. evaluated muscle
synergies during gait in 84 healthy individuals and 549 patients
with cerebral palsy. Synergies were calculated by using non-
negative matrix factorization on surface EMG data. As compared
with healthy controls, patients with cerebral palsy used fewer
synergies, which suggests a simplified control strategy during gait
[11].

In 38 patients with multiple sclerosis, IMA showed that
spasticity alters the gait pattern by reducing gait speed, stride
length and swing phase duration and increasing double support
time. It also revealed specific alterations in kinematic parameters
and muscle activation, such as reduced hip and knee flexion-
extension range of motion and abnormal activation of the RF
muscle [12].

As demonstrated by the studies described above, IMA facilitates
analysis of the interactions between muscle overactivity, muscle
coactivation or muscle synergies, and kinematic alterations. We
believe that such comprehensive analysis is essential to fully
understand the movement disorder of each individual before
planning treatment to reduce muscle overactivity.

4. Use of IMA to evaluate the effect of treatments on reducing
overactivity of lower-limb muscles and improve gait

Probably the most widely used treatment to reduce muscle
overactivity is botulinum toxin type A (BoNT-A) injection. BONT-A
works presynaptically to inhibit acetylcholine release, decreasing
output at the neuromuscular junction [13] and hence reduce
muscle overactivity.

5. Single-session BONT-A injection

3-D motion analysis of gait at a comfortable speed has been
used to demonstrate improvements in gait kinematics after BONT-
A injection: BoNT-A injection in the RF muscle was found to
increase peak knee flexion during the swing phase of the gait cycle
by 5° to 9°, reducing stiff knee gait [4,5], and also increase peak hip
flexion by 3° to 5°. Similarly, BONT-A injection in the TS increased
peak ankle dorsiflexion in swing phase by 1.5° but not significantly
[6]. This finding is useful to orientate further research and guide
clinical practice.

Although 3-D motion analysis has shown improvements in
kinematic parameters after BoNT-A injection, the effects on
spatiotemporal parameters are inconsistent. One large placebo-
controlled study (n =234) did not find any improvement in gait
velocity after BoNT-A injection in the plantarflexor muscles
(despite a reduction in spasticity) [6], but several other studies
found improvements in gait velocity (n=45 and n=12)
[14,15]. Similarly, after BoNT-A injection in the RF muscle that
led to an improvement in stiff knee gait, only one study found
increased gait velocity [16], but several others found no change in
gait speed [4,5]. It therefore seems unlikely that the changes in
kinematic parameters were due to any increase in gait speed.

As can be seen from the above data, the recorded improvements
in kinematic parameters do not always correspond to quantifiable
improvements in the functional tests commonly used in routine
practice. For example, a randomised controlled study without IMA
showed that for 16 patients with chronic stroke who received only
one BoNT-A injection performed in accordance with patients’
needs (e.g. in gluteus magnus, hamstrings, RF, TS, toe flexors
digitorum longus, flexors halluxis longus, etc.), no improvements
were found in performance of the 10-m walk test, Timed Up and Go
test, 6-min walk test or Stair Test at 1 month later [17].

Moreover, all kinematic results are presented in the sagittal
plane, mainly because the data obtained by motion analysis
systems are more reliable versus data from the frontal and
transverse plans [18,19]. Nevertheless, a few studies presented
kinematics in frontal and transversal plans after BONT-A injection
in patients with neurological pathologies. Papadonikolakis et al.
described changes in the sagittal plane after BONT-A injection in
the lower-limb muscles of patients with cerebral palsy, although
they analyzed hip kinematics in the frontal plane (presented in the
Table but not cited) [20]. Sutherland et al. assessed the effects of
BoNT-A injection into the gastrocnemius muscle on gait of patients
with cerebral palsy. In addition to the increase in dorsiflexion ankle
peak (+8.5° in stance, +5° in swing), the authors reported a decrease
of the external rotation of the foot in swing phase [21].

6. Multi-site BONT-A injection

Patients with UMN syndromes rarely have overactivity of a
single muscle. Therefore, treatment usually involves injecting
several muscles or muscle groups. Few studies using IMA have
evaluated the effect of multi-site injection of BONT-A. Caty et al.
(2008) assessed the effect of a BONT-A injection in the RF, semi-
tendinous and TS muscles [22]. Twenty patients received
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injections with the aim of improving their stiff knee gait; IMA
2 months later revealed a 5° increase in peak knee flexion during
the swing phase of the gait cycle. External mechanical work was
also reduced, which indicates that treatment involving multi-site
BoNT-A injection decreases the energy cost during gait [22].

Marchiori et al. assessed the effect of multisite BONT-A injection
in adults with cerebral palsy by using the Gait Deviation Index. Post
BoNT-A injection, stride length, peak hip flexion and peak knee
flexion during swing phase were significantly increased, but the
Gait Deviation Index was not significantly modified [23].

7. Repeated BoNT-A injection

The effect of BONT-A injection usually lasts for about 3 months,
so injections are repeated at about every 4 months. Regardless, we
found only one study that evaluated the effect of consecutive
multifocal BoNT-A injection. This multicentre, prospective ran-
domized, placebo-controlled study of 352 adults with chronic
hemiparesis evaluated BoNT-A injection into several muscles of
the lower limb that were repeated every 3 months over 2 years,
according to the individual needs of patients [24]. Kinematic
analysis showed an increase of 12° in knee range of motion during
swing and spatiotemporal analysis showed a 20% to 24%
improvement in gait velocity. The authors found a 9.4% to 13.8%
improvement in stride length and a 7.2% to 9.7% improvement in
cadence (depending on whether the patient walked at a comfort-
able or fast speed, barefoot or with shoes). Moreover, these
improvements were more marked after each injection session.
These data suggest that adaptation to reduced muscle overactivity
requires time, although more studies are needed both to confirm
these findings and to further guide treatment practice.

8. Other treatments to reduce muscle overactivity

IMA has been used to evaluate other muscle-overactivity
reduction treatments. One study evaluated the effect of functional
tendon surgery for equinovarus foot caused by muscle overactivity
and contracture in 177 patients with chronic stroke. The IMA was
performed before surgery and repeated 1 year later; the analysis
revealed small improvements in kinematic parameters of the ankle
joint as well as spatiotemporal gait parameters [25].

9. Use of instrumental gait analysis for preliminary
determination of the effect of BONT-A injection

Although agents such as BoNT-A effectively reduce muscle
overactivity [26], the effect on kinematic parameters is, as shown
above, often modest probably because only mean or median
responses are reported for studies. Thus, the effect may be
negligible in some patients and large in others. Such reporting may
also explain the mixed results regarding improvements in
spatiotemporal gait parameters and functional assessments. In
our opinion, research is needed to refine treatment indications and
determine the characteristics of patients who would most benefit
from muscle activity reduction. One study has been undertaken in
this area; results indicated that the degree of improvement in peak
knee flexion 1 month after BoNT-A injection in the RF was
positively correlated with the patient’s pre-injection capacity to
increase peak knee flexion in a fast gait speed condition [27], which
suggests that the behaviour of the knee joint during fast walking
speed should be assessed before injection. More studies are needed
to determine whether such findings can be applied to all patients
with muscle overactivity and what, if any, other parameters may
be of prognostic value regarding the effect of overactivity
reduction treatment.

10. Musculoskeletal models

In recent years, musculoskeletal models such as SIMM® [28]
and open SIMM® [29] have been used to dynamically simulate
movement and assess muscle length and force changes produced
during gait in patients with UMN disorders. The generic, open-
access SIMM® software generates a model consisting of 13 rigid
segments (pelvis, and femur, tibia, patella, heel, foot and toes of
both limbs) with 17 degrees of freedom. Each lower limb consists
of 43 musculotendinous complexes. Each complex is defined by its
origin and insertion and if necessary, by defined via points in order
to specify the muscle trajectory as much as possible. This approach
is particularly interesting for predicting the effects of different
types of treatment, whether pharmacological or surgical: patient
data can be input into the model and simulations of the effects of
different “treatments” can be performed.

Such models can also be used to gain a better understanding of
the mechanisms behind gait abnormalities and behind treatment
effectiveness or lack of effectiveness. For example, SIMM®™
modeling software was used to evaluate the effect of BoNT-A
injection in the RF on the length of the RF musculotendinous
complex in 10 patients with hemiparesis and stiff knee gait. One
month after the injection, maximal RF length and maximal
lengthening velocity were increased [30]. These data suggest that
BoNT-A injection could also modify muscle spindle sensitivity,
which supports previous results [31,32].

Open SIMM® has also been used to predict surgical outcomes in
patients with cerebral palsy. Simulation was used to predict the
effects and determine the indications for RF transfer surgery on
knee flexion in individuals with cerebral palsy [33,34].

These results support the idea of possibly predicting the gait
pattern of a patient before treatment, whether pharmacological or
surgical, in the future.

11. Intersegmental coordination analysis

Inter-segmental coordination analysis involves the correlation of
a number of parameters to describe spatiotemporal organization
between segments and to identify gait patterns in specific planes.
This analysis contrasts with focal gait analysis that describes
individual joints. A common method to analyse intersegmental
coordination is the Continuous Relative Phase (CRP) metric [35-37],
which continuously correlates angle positions and velocities of
2 segments during the different movement phases. The CRP between
2 segments is defined as the difference between the 2 phase angles at
any point of the gait. A CRP of 0° indicates that the segments move
in-phase (as in a stiff leg with no movement between the thigh and
the shank). A positive CRP indicates that the thigh “leads” the shank.
As the CRP increases, the thigh and shank are increasingly out-of-
phase until a CRP of 180° which indicates anti-phase coupling
[35-37] (Fig. 4). This method has been used to evaluate interseg-
mental coordination in patients with stroke and showed that thigh-
shank coordination (CRPrhigh-shank) during swing was reduced in the
paretic limb before BoNT-A injection in the RF and improved
significantly after injection [35]. Moreover, in the non-paretic limb,
CRPrhigh-shank tended to be increased before injection and decreased
significantly afterwards (Fig. 5). Hence, this method is useful to assess
both inter-joint coordination within the affected lower limb and
compensatory strategies in the less-affected limb.

12. Recommendations and limitations for the use of 3-D
motion analysis to evaluate gait and for data interpretation

The principal limitation of IMA systems is the cost, not only the
initial purchase but also over the long term, because a technician or
engineer usually operates the system and processes the data for
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clinicians to then analyse and interpret. Regardless, we argue that
such systems are indispensable for managing movement disorders
in patients with UMN syndromes. Use of IMA facilitates accurate
diagnoses, effective treatments, effective use of clinical time and
resources and reduced pain and costs (to both patients and
healthcare providers) associated with unnecessary or inappropri-
ate treatments. In the future, with new developments in

technology, less costly, more user-friendly systems will likely
become available [38].

Although 3-D motion analysis provides objective movement
evaluation, the use of the system requires training, and care must
be taken to ensure that the data produced are accurate. For
example, errors can arise due to skin movement during measure-
ment or re-positioning of markers and EMG electrodes between
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recording sessions. To minimise the risk of such errors, a skilled
technician or clinician must position markers and electrodes at
each session.

Also, appropriate, validated protocols must be used for
positioning markers and EMG electrodes. If possible, International
Biomechanical Society guidelines should be followed, such as the
Helen Hayes protocol for gait analysis (Fig. 1). International
standardisation of protocols allows for easier comparison of the
results of different studies.

In addition, gait recorded under laboratory conditions in which
the patient is in a state of semi-undress and covered in adhesive
markers is not entirely a natural, real-life scenario, which leads to
an increase in the variability of gait parameters [39]. However, a
study by our group demonstrated that after repeated sessions,
patients become accustomed to the procedure and this renders
their gait less variable [40]. Therefore, we recommend performing
a “familiarisation” session, when possible, before any data
collection for therapeutic analysis.

Regarding EMG limitations, the surface EMG does not allow for
analyzing the activation pattern of the deep muscles. The EMG
record may include unwanted signals arising from neighboring
muscle (cross talk), which implies greater activity. Tissue
displacement accompanying a muscle contraction or related to
the mass of the adipose tissue can interfere with the signal. In
addition, floor impact during walking can generate signal artefacts.
To prevent these limitations, the skin could be cleaned at the
electrode location by shaving and dirt removed with alcohol for
low impedance.

Regarding limitations of kinetics parameter interpretation, the
foot must be fully on the force platform to analyze kinetic gait
parameters. We recommend recording a minimum of 3 trials to
obtain a precise measure of force platform [41]. Considering forces
in 3-D obtained with the force platform, the vertical ground
reaction force is considered the most reliable measure of kinetic
data [42,43].

When interpreting results, one must be aware that there is
already a natural variability in all human movements. Therefore,
any change in a patient’s movement parameters after a particular
treatment must consider this natural variability. One study
determined minimal detectable change (MDC 95%) values for
kinematics, ground reaction force, spatial and temporal variables
collected during treadmill walking post-stroke [44]. Our team
recently determined MDC 95% values for the same parameters
during overground walking in 26 patients with stroke. The
recordings were performed with participants barefoot at a
spontaneous walking speed without orthoses. All patients under-
went 3 instrumental motion analyses at 7-day intervals. The Helen
Hayes protocol was used (Table 1) [40]. The MDC was calculated by
the following equation: MDC = SEM x 2.056 x v2. The value
2.056 corresponds to the Student t distribution with a 95%
confidence interval for the study sample size (n = 26) [40]. The SEM
and MDC are expressed in raw units and not in percentages to
facilitate future comparisons with other studies. However, the
mean SEM and MDC values for the spatiotemporal parameters are
presented as percentages to allow for comparison of parameters
with different units [45]. The MDC% was calculated with the
following formula: MDC% = (MB€) x 100, where X is the mean
value of the parameter compared between 2 sessions (V1/V2,
V1/V3 or V2/V3) [46]. The SEM% was calculated in the same way.
The MDC% for most gait parameters was lowest between the
second and third visits, which suggests that patients should attend
a familiarization session before the actual evaluations. However,
such evaluation is expensive and time-consuming. Nevertheless,
this process would ensure that changes measured are related to the
treatment and are not an effect of the repeated evaluations. It
would be interesting if all studies mentioned in this article would

Table 1
Minimal detectable change (MDC) of kinematic and spatiotemporal parameters of
the paretic lower limb during overground gait [35].

MDC 95%
Kinematic parameters
Hip maximum angle SwP 9.0°
StP 7.3°
Hip minimum angle SwP 7.6°
StP 6.5°
Hip RoM SwP 4.7°
StP 4.0°
Knee maximum angle SwP 6.5°
StP 4.9°
Knee minimum angle SwP 5.9°
StP 5.5°
Knee RoM SwP 6.4°
StP 5.2°
Ankle maximum angle SwP 5.5°
StP 4.9°
Ankle minimum angle SwP 5.79°
StP 5.9°
Ankle RoM SwP 2.0°
StP 3.9°
Spatiotemporal parameters®
Gait speed 14.6%
Stride length 11.9%
Cadence 8.6%
Step length 6.3%
Stance phase duration 3.6%
Swing phase duration 3.6%
Step width 2.45%

RoM: range of motion; SwP: swing phase; StP: stance phase.
2 For the spatiotemporal parameters, MDC values are presented as percentages to
rationalize and compare the different units.

have done this analysis to discuss more serenely all previous
results.

13. Use of IMA to evaluate the effect of treatments to reduce
overactivity of upper-limb muscles

Fewer studies have evaluated the effects of muscle overactivity
on upper-limb movement than lower-limb movement. This
situation is due to several factors: first, upper-limb musculoskele-
tal models are more complex than lower-limb models; second,
there is no “typical” task to evaluate upper-limb movement
parameters as there is gait for the lower limbs; and third, surface
EMG measurements are particularly difficult to record in the upper
limb because of cross-talk between muscles; it is difficult ensure
that recorded activity actually corresponds to the muscle over
which the electrode is positioned.

Despite these challenges, a few studies have evaluated the
utility of IMA to evaluate reaching and grasping movements in
patients with upper-limb muscle overactivity.

IMA has demonstrated the typical characteristics of upper-limb
motor control in stroke. There is typically a reduction in velocity of
the hand during reaching movements, with several velocity peaks
[47,48]. The trajectory of the hand is also more curved and less
smooth [49,50]. These kinematic abnormalities mostly result from
muscle co-contractions [51] and a loss of selective movement.
Shoulder-elbow joint coordination is also altered [48] and patients
often use compensatory strategies involving trunk motion to
achieve their goal [51].

With regard to grasping, the aperture of the hand is reduced
during the approach to grasp an object. The reduction in the
activation of the finger extensor muscles [52-54] and in coordination
between the extensor and flexor muscles leads to highly variable
patterns of hand opening, which are often inefficient [55].
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Musampa et al. used IMA in hemiplegic patients to assess the
double joint shoulder-elbow system in 10 healthy individuals and
11 patients with stroke and spasticity. EMG activity from 4 elbow
and 2 shoulder muscles was recorded during quasi-static
stretching of the elbow flexors and extensors and during slow
voluntary movement throughout full range. Stretches and active
movements were initiated from full elbow flexion or extension
with the shoulder in 3 different initial positions. The results
showed that stretch reflex thresholds of the elbow muscles were
correlated with clinical measurements of spasticity. The stretch
reflex threshold of the elbow flexor and extensor muscles were also
within the biomechanical range of the joint and varied with
changes in shoulder angle. The authors concluded that there was a
spatial zone in which spasticity was present and another in
which it was absent. The boundary between the spasticity and the
no-spasticity zones depends on the state of reflex inter-joint
interaction [56].

Mandon et al. used IMA to evaluate the combined effects of
reaching distance and speed instruction on trunk and paretic
upper-limb coordination in 14 patients with stroke and spasticity.
The reaching movements were performed to 2 targets at 60% and
90% of arm’s length, respectively, and at preferred and maximum
velocity. The experiment was performed with the trunk free and
the trunk restrained by a strap. All patients were able to increase
their reaching velocity. However, in the trunk-free, faster speed
condition, elbow extension velocity increased, but elbow exten-
sion amplitude decreased and trunk movement increased. In the
trunk-restraint condition, elbow extension amplitude did not
decrease with faster speeds. The authors concluded that faster
speeds may encourage some patients to use compensatory
strategies [57].

Chang et al. determined the most appropriate kinematic
variable to quantify the effects of muscle overactivity on reaching
in children with cerebral palsy (10 healthy individuals and 10 with
cerebral palsy). Prolonged movement time and reduced smooth-
ness both had a larger effect size than did other kinematic
variables. As well, movement time in children with cerebral palsy
was prolonged in comparison with healthy children. Moreover, the
MAS score was significantly correlated with jerk, number of
movement units and movement time. The number of movement
units was the most sensitive kinematic variable to discriminate
between healthy individuals and those with spasticity during
reaching [58].

Robust evidence now supports that BONT-A injection reduces
resistance to passive movement, as measured by the MAS, and
improves self-care ability for the affected hand and arm but does
not improve arm and hand use. IMA would be useful to determine
the effect of BoNT-A injection on active spastic upper-limb
movement [59].

A recent case study by Sarcher et al. (2018) [60] described a
novel method to detect deviations in the patterns of muscle
activity in a child with unilateral spastic cerebral palsy. The
method involved using data from healthy children to control for
natural EMG variability. Using surface EMG of the biceps, triceps,
brachioradialis, pronator teres, pronator quadratus, and brachialis
muscles during elbow flexion-extension and pronation-supination
tasks, the authors showed higher levels of muscle activity in the
child with cerebral palsy than in the healthy children. The method
also detected reductions in muscle activity after BONT-A injection.
Although this particular analysis involved EMG without kinematic
analysis, future work could include an IMA system to provide a
more detailed picture of upper-limb impairments.

Another study of upper-limb movement involving 3-D motion
analysis evaluated the effect of BONT-A injection on reaching and
hand-to-mouth tasks in 10 children with hemiplegia [61]. Twelve
weeks after treatment (injections in forearm muscles and 6 weeks

of occupational therapy), elbow flexor muscle tone was reduced
significantly but with no differences in the active range of
movement recorded during the 3-D motion analysis. However,
analysis of individual data showed that 2 weeks post-injection,
active elbow extension had increased by >15° in 3 participants and
forearm supination had increased by > 25° in 6 participants during
performance of the reach and hand-to-mouth tasks, respectively.
These results suggest that individuals respond differently to BONT-
A injection.

The effect of BONT-A injection in several upper-limb muscles,
depending on the needs of each individual patient, on the
kinematics of reaching [62] and grasping [63] movements was
evaluated in one study of 15 adults with spastic hemiparesis. 3-D
analysis showed significant improvements in the velocity and
smoothness of the hand trajectory during reaching movements
that was associated with an increased tendency to use the paretic
arm [62]. Furthermore, video analysis of finger configuration
during object grasping showed improvements in both the final
direction of the approach and the hand grasping posture
[63]. Analysis of individual data showed that the patients with
the best potential for functional improvement were those with
good proximal and moderate distal motor control.

The studies by Mackey et al. [61] and Bensmail et al. [62,63] both
suggest that some patients may benefit more from BoNT-A injection
than others. Further studies using 3-D motion analysis could be
useful to determine whether certain characteristics could predict
which patients are more likely to benefit from BoNT-A injection.
Such characteristics may be the strength of agonist muscles or the
presence of overactivity in other muscles or perhaps the capacity to
increase reaching velocity; indeed, Roche et al. (2014) [27] found
that the capacity to increase knee flexion during fast gait predicted
the effect of BONT-A injection in lower-limb muscles.

14. Recommendations and limitations regarding the use of
IMA systems to evaluate upper-limb movements and for data
interpretation

In humans, 3-D motion analysis of upper-limb movement is
more complex than 3-D motion analysis of gait [64,65]. Gait is not
only the main function of the lower limbs but is also relatively
stereotyped across individuals, whereas there is not one predomi-
nant functional activity for the upper limb. Several functional tasks
[66,67] have been suggested. Recently Alt Murphy et al. [67]
described a standardized protocol for kinematic analysis of a
drinking task applied in individuals with upper-limb impairments
after stroke. For arm motion analysis to become routinely used for
rehabilitation assessment and evaluation of treatment effects, a
validated set of relevant tasks should be established.

3-D motion analysis of upper-limb movements is also
associated with technical issues because the upper limb, and
especially the shoulder joint, has a very large working range, as
compared with the lower limb. This causes problems such as
gimble lock and soft-tissue artefacts. To promote the standardiza-
tion of 3-D motion analysis, the International Society of
Biomechanics (ISB) has published recommendations regarding
the definition of joint coordinate systems and rotation sequences
for the trunk, shoulder, elbow, wrist and hand [68] that are based
on an earlier ISB standard for reporting kinematic data [73]. A
definition for the local axis system in each articulating segment or
bone is provided for each joint while respecting the upper-limb
anatomy and clinical interpretation of joint movements [68]. How-
ever, consensus on the entire protocol for 3-D motion analysis is
still required by experts in the field in order to facilitate the
comparison of results and encourage communication among
researchers and clinicians.
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15. Conclusions

We strongly believe, based on the studies presented in this
point-of-view article, that IMA systems should be more widely
used to evaluate movement in individuals with muscle overactivi-
ty. As demonstrated by the studies presented, IMA is useful to
determine the impact of muscle overactivity on gait, which then
allows for proposing suitable treatment. It can also be used to
determine the effect of treatment to reduce overactivity on
spatiotemporal, kinematic and kinetic parameters. Use of this
method to evaluate upper-limb movements, although more
complicated because of the anatomy and physiology of the upper
limb, is also gaining attention for similar reasons. Clearly,
standardized assessment tasks using standardized 3-D movement
analysis protocols need to be validated to facilitate their use in
routine clinical practice.

The major limitation of such systems is the need for technical
expertise and specialist equipment; however, from research
evidence as well as our own clinical experience, we firmly believe
that some patients should benefit from IMA, particularly when
there is some doubt at the time of the clinical examination or when
treatment is ineffective.

Disclosure of interest

The authors declare that they have no competing interest.
Acknowledgements

We thank Johanna Robertson for writing assistance and Jennifer
Dandrea Palethorpe for English editing.

References

[1] Meseguer-Henarejos AB, Sanchez-Meca ], Lopez-Pina JA, Carles-Hernandez R.
Inter- and intra-rater reliability of the Modified Ashworth Scale: a systematic
review and meta-analysis. Eur ] Phys Rehabil Med 2018;54:576-90. http://
dx.doi.org/10.23736/S1973-9087.17.04796-7.

[2] Pandyan AD1, Price CI, Barnes MP, Johnson GR. A biomechanical investigation
into the validity of the modified Ashworth Scale as a measure of elbow
spasticity. Clin Rehabil 2003;17:290-3.

[3] Kerrigan DC, Gronley ], Perry ]. Stiff-legged gait in spastic paresis. A study of

quadriceps and hamstring muscle activity. Am ] Phys Med Rehabil

1991;70:294-300.

Robertson JV, Pradon D, Bensmail D, Fermanian C, Bussel B, Roche N. Relevance

of botulinum toxin injection and nerve block of rectus femoris to kinematic

and functional parameters of stiff knee gait in hemiplegic adults. Gait Posture
2009;29:108-12.

Stoquart GG, Detrembleur C, Palumbo S, Deltombe T, Lejeune TM. Effect of

botulinum toxin injection in the rectus femoris on stiff-knee gait in people

with stroke: a prospective observational study. Arch Phys Med Rehabil
2008;89:56-61.

[6] Pradon D, Hutin E, Khadir S, Taiar R, Genét F, Roche N. A pilot study to

investigate the combined use of Botulinum toxin type A and ankle foot orthosis

for the treatment of spastic foot in chronic hemiplegic patients. Clin Biomech
2011;26:867-72.

Burbaud P, Wiart L, Dubos JL, Gaujard E, Debelleix X, Joseph PA, et al. A

randomized double blind placebo controlled trial of botulinum toxin in the

treatment of spastic foot in hemiplegic patients. ] Neurol Neurosurg Psychiatry
1996;61:265-9.

Hsu AL, Tang PF, Jan MH. Analysis of impairments influencing gait velocity and

asymmetry of hemiplegic patients after mild to moderate stroke. Arch Phys

Med Rehabil 2003;84:1185-93.

[9] Pinzur MS, Sherman R, Dimonte-Levine P, Kett N, Trimble ]J. Gait changes in
adult onset hemiplegia. Am ] Phys Med 1987;66:228-37.

[10] Rinaldi M, Ranaval A, Conforto S, Martino G, Draicchio F, Conte C, et al.
Increased lower limb muscle coactivation reduces gait performance and
increases metabolic cost in patients with hereditary spastic paresis. Clin
Biomech 2017;48:63-72.

[11] Steele KM, Rozumalski A, Schwartz MH. Muscles synergies and complexity of
neuromuscular control during gait in cerebral palsy. Dev Med Child Neurol
2015;57:1176-82.

[12] Paul M, Cghe G, Corona F, Marrosu MG, Cocco E. Effect of spasticity on
kinematics of gait and muscular activation in people with multiple sclerosis.
J Neurol Sci 2015;358:339-44.

[4

[5

[7

[8

[13] Poulain B, Humeau Y. Le mode d’action des neurotoxines botuliques: aspects
pathologiques, cellulaires et moléculaires. Ann Readapt Med Phys 2003;46:265-75.

[14] Pittock SJ, Moore AP, Hardiman O, Ehler E, Kovac M, Bojakowski |, et al. A
double-blind randomised placebo-controlled evaluation of three doses of
botulinum toxin type A (Dysport) in the treatment of spastic equinovarus
deformity after stroke. Cerebrovasc Dis 2003;15:289-300.

[15] Mancini F, Sandrini G, Moglia A, Nappi G, Pacchetti C. A randomised, double-
blind, dose-ranging study to evaluate efficacy and safety of three doses of
botulinum toxin type A (Botox) for the treatment of spastic foot. Neurol Sci
2005;26:26-31.

[16] Hutin E, Pradon D, Barbier F, Gracies JM, Bussel B, Roche N. Lower limb
coordination in hemiparetic subjects: impact of botulinum toxin injections
into rectus femoris. Neurorehabil Neural Repair 2010;24:442-9.

[17] Roche N, Zory R, Sauthier A, Bonnyaud C, Pradon D. Bensmail. Effect of
rehabilitation and botulinum toxin injection on gait in chronic stroke patients:
a randomized controlled study. ] Rehabil Med 2015;47:31-7.

[18] Caty GD, Detrembleur C, Bleyenheuft C, Lejeune TM. Reliability of lower limb
kinematics, mechanics and energetics during gait in patients after stroke. ]
Rehabil Med 2009;41:588-90.

[19] Steinwender G, Saraph V, Scheiber S, Zwick EB, Uitz C, Hackl K. Intrasubject
repeatability of gait analysis data in normal and spastic children. Clin Biomech
(Bristol Avon) 2000;15:134-9.

[20] Papadonikolakis A, Vekris M, Korompilias A, Kostas ], Ristanis S, Soucacos P,
et al. Botulinum A toxin for treatment of lower limb spasticity in cerebral
palsy. Gait analysis in 49 patients. Acta Orthop Scand 2003;74:749-55.

[21] Sutherland DH, Kaufman KR, Wyatt MP, Chambers HG. Injection of botulinum
A toxin into the gastrocnemius muscle of patients with cerebral palsy: a 3-
dimensional motion analysis study. Gait & Posture 1996;4:269-79.

[22] Caty GD, Detrembleur C, Bleyenheuft C, Deltombe T, Lejeune TM. Effect of
simultaneous botulinum toxin injections into several muscles on impairment,
activity, participation, and quality of life among stroke patients presenting
with a stiff knee gait. Stroke 2008;39:2803-8.

[23] Marchiori C1, Roche N, Vuillerme N, Zory R, Pradon D. Effect of multisite
botulinum toxin injections on gait quality in adults with cerebral palsy. Disabil
Rehabil 2014;36:1971-4.

[24] Gracies JM, Esquenazi A, Brashear A, Banach M, Kocer S, Jech R, et al. Efficacy
and safety of abobotulinumtoxin A in spastic lower limb: randomised trial and
extension. Neurology 2017;89:2245-53.

[25] Carda S, Bertoni M, Zerbinati P, Rossini M, Magoni L, Molteni F. Gait changes
after tendon functional surgery for equinovarus foot in patients xith stroke:
assessment of temporo-spatial, kinetic and kinematic parameters in
177 patients. Am ] Phys Med Rehabil 2009;88:292-301.

[26] Esquenazi A, Mayer NH, Elia AE, Albanese A. Botulinum toxin for the manage-
ment of adult patients with upper motor neuron syndrome. Toxicon
2009;54:634-8. http://dx.doi.org/10.1016/j.toxicon.2009.01.022.

[27] Roche N, Boudarham J, Hardy A, Bonnyaud C, Bensmail D. Use of gait param-
eters to predict the effectiveness of botulinum toxin injection in the spastic
rectus femoris muscle of stroke patients with stiff knee gait. Eur ] Phys Rehabil
Med 2014;51:361-70.

[28] Delp SL, Loan P, Hoy MG, Zajac FE, Topp EL, Rosen JM. An interactive graphics-
based model of the lower extremity to study orthopaedic surgical procedures.
IEEE Trans Biomed Eng 1990;37:757-67.

[29] Delp SL, Anderson FC, Arnold AS, Loan P, Habib A, John C, et al. OpenSim: Open-
source software to create and analyze dynamic simulations of movement. IEEE
Trans Biomed Eng 2007;54:1940-50.

[30] Lampire N, Roche N, Carne P, Cheze L, Pradon D. Effect of botulinum toxin
injection on length and lengthening velocity of rectus femoris during gait in
hemiparetic patients. Clin Biomech 2013;28:164-70.

[31] Trompetto C, Currd A, Buccolieri A, Suppa A, Abbruzzese G, Berardelli A.
Botulinum toxin changes intrafusal feedback in dystonia: a study with the
tonic vibration reflex. Mov Disord 2006;21:777-82.

[32] Wilson LR, Gandevia SC, Inglis JT, Gracies J, Burke D. Muscle spindle activity in
the affected upper limb after a unilateral stroke. Brain 1999;122:2079-88.

[33] Fox MD, Reinbolt JA, Ounpuu S, Delp SL. Mechanisms of improved knee flexion
after rectus femoris transfer surgery. ] Biomech 2009;42:614-9.

[34] Reinbolt JA, Fox MD, Schwartz MH, Delp SL. Predicting outcomes of rectus
femoris transfer surgery. Gait and Posture 2009;30:100-5.

[35] Barela JA, Whitall ], Black P, Clark JE. An examination of constraints affecting
the intralimb coordination of hemiparetic gait. Hum Mov Sci 2000;19:251-73.

[36] Burgess-Limerick R, Abernethy B, Neal R]. Relative phase quantifies interjoint
coordination. ] Biomech 1993;26:91-4.

[37] Saner R], Washabaugh EP, Krishnan C. Reliable sagittal plane kinematic gait
assessments are feasible using low-cost webcam technology. Gait Posture
2017;56:19-23. http://dx.doi.org/10.1016/j.gaitpost.2017.04.030.

[38] Boudarham ], Roche N, Pradon D, Bonnyaud C, Bensmail D, Zory R. Variations in
kinematics during clinical gait analysis in stroke patients. PLoS ONE
2013;8:e66421.

[39] Geiger M, Supiot A, Pradon D, Do MC, Zory R, Roche N. Minimal detectable
change of kinematic and spatiotemporal parameters in patients with chronic
stroke across three sessions of gait analysis. Hum Mov Sci 2019;64:101-7.
http://dx.doi.org/10.1016/j.humov.2019.01.011 [Epub ahead of print].

[40] Kirkpatrick M, Wytch R, Cole G, Helms P. Is the objective assessment of
cerebral palsy gait reproducible? J Pediatr Orthop 1994;14:705-8.

[41] Kadaba MP, Ramakrishnan HK, Wooten ME, Gainey ], Gorton G. Cochran
kinematic, kinetic and electromyographic in normal adult gait. ] Orthop Res
1989;7:849-60.



http://dx.doi.org/10.23736/S1973-9087.17.04796-7
http://dx.doi.org/10.23736/S1973-9087.17.04796-7
http://dx.doi.org/10.23736/S1973-9087.17.04796-7
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0350
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0350
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0350
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0355
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0355
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0355
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0360
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0360
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0360
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0360
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0365
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0365
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0365
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0365
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0370
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0370
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0370
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0370
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0375
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0375
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0375
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0375
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0380
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0380
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0380
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0385
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0385
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0390
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0390
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0390
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0390
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0395
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0395
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0395
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0400
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0400
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0400
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0405
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0405
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0410
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0410
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0410
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0410
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0415
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0415
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0415
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0415
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0420
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0420
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0420
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0425
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0425
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0425
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0430
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0430
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0430
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0435
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0435
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0435
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0440
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0440
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0440
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0445
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0445
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0445
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0450
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0450
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0450
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0450
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0455
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0455
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0455
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0460
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0460
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0460
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0465
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0465
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0465
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0465
http://dx.doi.org/10.1016/j.toxicon.2009.01.022
http://dx.doi.org/10.1016/j.toxicon.2009.01.022
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0475
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0475
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0475
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0475
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0480
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0480
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0480
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0485
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0485
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0485
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0490
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0490
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0490
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0495
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0495
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0495
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0500
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0500
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0505
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0505
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0510
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0510
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0515
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0515
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0520
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0520
http://dx.doi.org/10.1016/j.gaitpost.2017.04.030
http://dx.doi.org/10.1016/j.gaitpost.2017.04.030
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0530
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0530
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0530
http://dx.doi.org/10.1016/j.humov.2019.01.011
http://dx.doi.org/10.1016/j.humov.2019.01.011
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0540
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0540
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0545
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0545
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0545

452 N. Roche et al./Annals of Physical and Rehabilitation Medicine 62 (2019) 442-452

[42] White R, Agouris I, Selbie RD, Kirkpatrick M. The variability of force platform data
in normal and cerebral palsy gait. Clin Biomech (Bristol Avon) 1999;14:185-92.

[43] Kesar TM1, Binder-Macleod SA, Hicks GE, Reisman DS. Minimal detectable
change for gait variables collected during treadmill walking in individuals
post-stroke. Gait Posture 2011;33:314-7.

[44] McGinley JL, Baker R, Wolfe R, Morris ME. The reliability of three-dimensional
kinematic gait measurements: a systematic review. Gait Posture 2009;29:
360-9. http://dx.doi.org/10.1016/j.gaitpost.2008.09.003.

[45] Beckerman H, Roebroeck ME, Lankhorst GJ, Becher ]G, Bezemer PD, Verbeek
AL. Smallest real difference, a link between reproducibility and responsive-
ness. Qual Life Res 2001;10:571-8 [Retrieved from].

[46] Wing AM, Lough S, Turton A, Fraser C, Jenner JR. Recovery of elbow function in
voluntary positioning of the hand following hemiplegia due to stroke. ] Neurol
Neurosurg Psychiatry 1990;53:126-34.

[47] Roby-Brami A, Fuchs S, Mokhtari M, Bussel B. Reaching and grasping strategies
in hemiparetic patients. Motor Control 1997;1:72-91.

[48] Levin MF. Interjoint coordination during pointing movements is disrupted in
spastic hemiparesis. Brain 1996;119:281-93.

[49] Rohrer B, Fasoli S, et al. Movement smoothness changes during stroke recov-
ery. ] Neurosci 2002;22:8297-304.

[50] Roby-Brami A, Feydy A, et al. Motor compensation and recovery for reaching in
stroke patients. Acta Neurol Scand 2003;107:369-81.

[51] Kamper DG, Rymer WZ. Impairment of voluntary control of finger motion
following stroke: role of inappropriate muscle coactivation. Muscle Nerve
2001;24:673-81.

[52] Trombly CA, Quintana LA. The effects of exercise on finger extension of CVA
patients. Am ] Occup Ther 1983;37:195-202.

[53] Twitchell TE. The restoration of motor function following hemiplegia in man.
Brain 1951;74:443-80.

[54] Lang CE, Wagner JM, Bastian AJ, Hu Q, Edwards DF, Sahrmann SA, et al. Deficits in
grasp versus reach during acute hemiparesis. Exp Brain Res 2005;166:126-36.

[55] Musampa NK, Mathieu PA, Levin MF. Relationship between stretch reflex
threshold and volontary arm muscle activation in patients with spasticity. Exp
Brain Res 2007;181:579-93.

[56] Mandon L, Boudarham ], Robertson J, Bensmail D, Roche N, Roby-Brami A.
Faster reaching in chronic spastic stroke patients comes at the expense of arm-
trunk coordination. Neurorehabil Neural Repair 2016;30:209-20.

[57] Chang ]JJ, Wu TI, Wu WL, Su FC. Kinematic measure for spastic reaching in
children with cerebral palsy. Clin biomech 2005;20:381-8.

[58] Andringa A, van de Port I, van Wegen E, Ket ], Meskers C, Kwakkel G.
Effectiveness of botulinum toxin treatment for upper limb spasticty after
stroke over different ICF domains: a systematic review and meta analysis. Arch
Phys Med Rehabil 2019 [ahead of print].

[59] Sarcher A, Brochard S, Hug F, Letellier G, Raison M, Perrouin-Verbe B, et al.
Patterns of upper limb muscle activation in children with unilateral spastic
cerebral palsy: Variability and detection of deviations. Clin Biomech
2018;59:85-93.

[60] Mackey AH, Miller F, Walt SE, Waugh MC, Stott NS. Use of three-dimensional
kinematic analysis following upper limb botulinum toxin A for children with
hemiplegia. Eur ] Neurol 2008;15:1191-8.

[61] Bensmail D, Robertson JV, Fermanian C, Roby-Brami A. Botulinum toxin to
treat upper-limb spasticity in hemiparetic patients: analysis of function and
kinematics of reaching movements. Neurorehabil Neural Repair 2010;24:
273-81.

[62] Bensmail D, Robertson ], Fermanian C, Roby-Brami A. Botulinum toxin to
treat upper-limb spasticity in hemiparetic patients: grasp strategies and
kinematics of reach-to-grasp movements. Neurorehabil Neural Repair
2010;24:141-51.

[63] Rau G, Disselhorst-Klug C, Schmidt R. Movement biomechanics goes upwards:
from the leg to the arm. ] Biomech 2000;33:1207-16.

[64] Yang N, Zhang M, Huang C, Jin D. Synergic analysis of upper limb target-
reaching movements. ] Biomech 2002;35:739-46.

[65] FitoussiF, Diop A, Maurel N, Laassel EM, Pennecot GF. Kinematic analysis of the
upper limb: a useful tool in children with cerebral palsy. ] Pediatr Orthop Part B
2006;15:247-56.

[66] Mackey AH, Walt SE, Stott NS. Deficits in upper-limb task performance in
children with hemiplegic cerebral palsy as defined by 3-dimensional kine-
matics. Arch Phys Med Rehabil 2006;87:207-15.

[67] Alt Murphy M, Murphy S, Persson HC, Bergstrom U-B, Sunnerhagen KS.
Kinematic analysis using 3D motion capture of drinking task in people with
and without upper-extremity impairments. ] Vis Exp JoVE 2018. http://
dx.doi.org/10.3791/57228.

[68] Wu G, Cavanagh PR. ISB recommendations for standardization in the reporting
of kinematic data. ] Biomech 1995;28:1257-61.



http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0550
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0550
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0555
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0555
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0555
http://dx.doi.org/10.1016/j.gaitpost.2008.09.003
http://dx.doi.org/10.1016/j.gaitpost.2008.09.003
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0565
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0565
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0565
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0570
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0570
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0570
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0575
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0575
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0580
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0580
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0585
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0585
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0590
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0590
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0595
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0595
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0595
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0600
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0600
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0605
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0605
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0610
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0610
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0615
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0615
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0615
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0620
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0620
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0620
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0625
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0625
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0630
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0630
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0630
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0630
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0635
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0635
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0635
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0635
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0640
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0640
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0640
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0645
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0645
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0645
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0645
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0650
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0650
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0650
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0650
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0655
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0655
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0660
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0660
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0665
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0665
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0665
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0665
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0670
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0670
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0670
http://dx.doi.org/10.3791/57228
http://dx.doi.org/10.3791/57228
http://dx.doi.org/10.3791/57228
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0680
http://refhub.elsevier.com/S1877-0657(19)30078-8/sbref0680

	Motion analysis for the evaluation of muscle overactivity: A point of view
	1 The challenge of treating muscle overactivity
	2 IMA systems
	3 Indications for the use of IMA to evaluate muscle overactivity
	4 Use of IMA to evaluate the effect of treatments on reducing overactivity of lower-limb muscles and improve gait
	5 Single-session BoNT-A injection
	6 Multi-site BoNT-A injection
	7 Repeated BoNT-A injection
	8 Other treatments to reduce muscle overactivity
	9 Use of instrumental gait analysis for preliminary determination of the effect of BoNT-A injection
	10 Musculoskeletal models
	11 Intersegmental coordination analysis
	12 Recommendations and limitations for the use of 3-D motion analysis to evaluate gait and for data interpretation
	13 Use of IMA to evaluate the effect of treatments to reduce overactivity of upper-limb muscles
	14 Recommendations and limitations regarding the use of IMA systems to evaluate upper-limb movements and for data interpre...
	15 Conclusions

	Disclosure of interest
	Acknowledgements

	References

