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Abstract: Plantar flexors (PF) spasticity is known to poorly correlate with active dorsiflexion (DF) 
impairment throughout the swing phase of hemiparetic gait. Spastic Cocontraction, instead, 
stemming from descending pathways, potentially misdirect antagonist PF activity opposing DF 
during swing. Electromyographic (EMG) recordings, while unable to differentiate between 
reflex-based and descending origins, may offer valuable insights into this distinction by exploring 
PF EMG activity after tibial nerve neurotomy (which eliminates PF spasticity). Eleven subjects with 
hemiparesis walking at comfortable velocity and 11 controls walking at comfortable and slow 
velocity, underwent kinematic and PF/DF EMG analysis. Five of the hemiparetic subjects 
underwent tibial neurotomy >1 year prior. We evaluated spasticity at rest (Tardieu scale), maximal 
ankle dorsiflexion, tibialis anterior agonist recruitment and gastrocnemius medialis and soleus 
cocontraction coefficients during swing. At slow velocity, controls (0.80±0.12 m/s) moved at a 
similar pace as hemiparetic subjects (0.73±0.37 m/s, NS). Hemiparetic subjects showed: (i) reduced 
ankle DF across swing (ii) increased PF cocontraction, including before any DF (iii) higher 
cocontraction despite absent spasticity in tibial neurotomy subjects (iv) higher tibialis anterior 
recruitment. Increased PF cocontraction occurs in the absence of spasticity or ankle DF despite 
higher agonist recruitment. Spastic cocontraction is a major factor limiting active DF at swing, 
unlike spasticity. 

Keywords: hemiparesis; spastic cocontraction; electromyography; gastrocnemius; soleus; tibial 
nerve neurotomy 

 

1. Introduction 

The conventional perspective on spastic paresis, especially in hemiparesis, has long held that 
the difficulty in raising the foot during the swing phase of gait is primarily due to the activation of 
plantar flexor stretch reflexes triggered by ankle dorsiflexion [1–6]. However, classic anti-spasticity 
interventions (“antispastic” drugs, Bobath-type therapies, etc.) may prove highly disputable if 
spasticity, as defined by stretch reflex enhancement, assessed at rest [7] is proven to be a non 
significant factor in the gait impairment observed in hemiparesis. The modulation of stretch reflexes 
is notably diminished in hemiparesis [8,9], which may contribute to the limitations observed in 
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single joint movements, including those involving the knee [10] or the ankle [5], as well as in 
multi-joint movements like cycling [11] and locomotion [12,13]. However, it is worth noting that, 
when directly measured, spasticity has shown poor correlation with impairment in voluntary 
movement [10,14–17]. A number of studies have shown that stretch reflex hyperexcitability, which is 
evident at rest, disappears during muscle activation [18–20]. Modulation in stretch reflexes during 
the gait cycle have been well-documented, in the mesencephalic cat [21] as in healthy individuals, 
with particular emphasis during the mid-swing phase, and these modulations only partially 
correlate with EMG changes or soleus muscle length [22,23]. A decrease in H-reflex excitability 
throughout the swing phase is in fact described in adult hemiparesis [15] and in individuals with 
cerebral palsy [24]. 

Spastic Cocontraction, a phenomenon originating from descending pathways, has been defined 
as a misdirection of the supraspinal drive that abnormally activates muscle antagonists during an 
intended movement, especially when the antagonist is stretched [25–27]. While excessive plantar 
flexor activation, stemming from descending pathways rather than reflexes, has been reported has a 
potential contributing factor to the reduction of ankle dorsiflexor agonist moment during swing 
phase in spastic paresis [7,25,26,28–30], quantifying antagonist cocontraction during a dynamic 
condition as gait remains challenging and attempts have been scarce. The aim of this study was to 
quantify the recruitment of agonist dorsiflexors and ankle plantar flexor cocontraction during the 
swing phase of gait in individuals with hemiparesis, by integrating kinematic and EMG recordings 
during three periods of the swing phase (initial, mid and terminal swing; [31]). The study involved a 
group of individuals with hemiparesis of which a subgroup (45%) had undergone prior tibial nerve 
neurotomy [32], resulting therefore in the absence of residual plantar flexor spasticity. We compared 
this sample of hemiparetic subjects to healthy individuals walking at two different velocities, 
comfortable and slow, to account for any velocity-related kinematic or EMG modifications [30,33]. 

2. Materials and Methods 

2.1. Subjects 

The study was conducted in accordance with the Declaration of Helsinki, and approved by the 
relevant research Ethics Committee (Comité de Protection des Personnes Ile-de-France IX; 
ClinicalTrials.gov Identifier: NCT01415700; P070155; ID-RCB number 2007-A01444-49). Kinematic 
and EMG evaluations were carried out in Laboratory of Analysis and Restoration of Movement 
(ARM) at Henri Mondor Hospital (AP-HP, Créteil, France). Healthy subjects and subjects with 
chronic hemiparesis were recruited from the Neurosurgery Unit of Henri Mondor Hospital (Créteil, 
France); The number of subjets was arbitraly fixed to 11 per group. Inclusion criteria for the healthy 
subjects were: absence of neurological disorder and age < 75 years. The subjects with hemiparesis 
were already enrolled in an ongoing clinical research protocol that involved a comparison of ankle 
foot orthoses with implanted peroneal nerve stimulations, as treatments for the dorsiflexion deficit 
in hemiparesis during gait [34]. Inclusion criteria for the subjects with hemiparesis were: age ≥18 
years, central nervous lesion that occurred at least 12 months before enrolment; ability to walk over a 
distance of 50 m with or without assistive device; impaired paretic ankle dorsiflexion during the 
swing phase of gait as per the investigator; ability to walk with an ankle foot orthosis; possibility to 
stimulate the peroneal nerve; absence of neurotomy in the paretic lower limb in the past 12 months 
before enrolment; absence of neurolytic alcohol or phenol block in the past 6 months; absence of 
botulinum injection in the paretic lower limb in the past 4 months; written consent for participation. 
Non-inclusion criteria were: maximal passive ankle dorsiflexion in the paretic limb with knee 
extended <0° (i.e., Tardieu XV1 gastrocnemius <90°) [33,34]; use of orthopaedic shoes covering the 
malleolus; any contraindication to general anaesthesia; ongoing use of another implanted stimulator 
(included cardiac pacemaker); systemic use of synaptic depressors, such as neuroleptics, 
gamma-amino-butyric ascid (GABA)-ergic agents, antidepressants or any other drug that might 
affect walking ability; untreated epilepsy; peripheral nervous system lesion; pregnant or nursing 
woman; absence of affiliation to healthcare coverage. 
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2.2. Experimental Procedures 

Subjects with hemiparesis were first assessed for ankle plantar flexor spasticity at rest using the 
Tardieu scale, which determined the spasticity angle and grade both for soleus (knee flexed) and for 
gastrocnemius (knee extended) [35,36]. 

2.2.1. EMG Assessment 

Following clinical evaluation, pairs of surface electrodes (Arbo H135TSG) were applied after 
skin cleaning to reduce impedance, to monitor dorsiflexor and plantar flexor muscle activity. 
Electrode placement followed the recommendations outlined by Basmajian and Blumenstein, 1980 
[37]. Surface EMG recordings used an 8-channel Bluetooth device (Mega Electronics Ltd., Kuopio, 
Finland) to monitor ankle dorsiflexor (Tibialis anterior, TA) and plantar flexor activity (Soleus, SO 
and Gastrocnemius Medialis, GM). Subjects initially sat with the hip flexed at 90°, knee extended (0°) 
and ankle in neutral posture (0°). The paretic leg was analysed in subjects with hemiparesis and the 
right leg in healthy subjects. All subjects were asked to perform maximum isometric dorsiflexor and 
plantar flexor contractions. Maximal contractions were repeated twice and verbally encouraged to 
obtain the best maximal muscle activation [38]. The recorded EMG signals were amplified (x1000), 
filtered using a high pass filter of 30Hz and then rectifiedto generate an amplitude profile. All 
calculations and data processing were performed using a custom program developed with Matlab 
(R2022b, Natick, Massachusetts - USA). 

2.2.2. Kinematic Gait Analysis 

Twenty-nine reflective markers (1 cm diameter) were mounted on the head, back, shoulder, 
elbow, wrist, pelvis, thigh, knee, leg and foot for each subject, according to the Helen Hayes 
recommendations [39]. Following calibration in the static position, subjects with hemiparesis walked 
at comfortable speed over an 8-meter walkway (GAITRite Platinum, dimensions 0.61*7.92m, Fe=60Hz, 
CIR Systems, Inc., Sparta, NJ, USA). Healthy subjects were asked to walk at two self-selected speeds: 
comfortable first and then slow. Kinematic and EMG data were collected simultaneously on both 
sides for each subject. Six trials at each velocity with at least one stride for each side [40] were 
recorded using the Motion Analysis Capture System (Motion Analysis Corporation, Santa Rosa, CA, 
USA). Kinematic signals were amplified (x100) and filtered using a 3Hz Butterworth filter. For each 
side of the body, duration of the gait cycle was defined as the time between two consecutive heel 
contacts (ipsilateral) on the ground. Ground reaction forces were obtained from six force platforms 
(dimensions 0.60*0.40 m, Bertec Corporation, Columbus, OH, USA) integrated into the walking 
pathway and used for calculation of spatial parameters. Once the phases of the gait cycle were 
detected, each gait cycle was divided into four phases, 3 stance periods (T1-T2-T3) and the swing 
phase, from toe-off until heel-strike, representing 60-100% of the gait cycle (T4, Figure 1A). The 
swing phase (T4) was further divided into three equal periods: T4-1, T4-2 and T4-3, Figure 1B). For 
each period, we calculated the minimal (min) and maximal (max) ankle dorsiflexion (ADF) 
excursions, obtained by calculation of the position change of the foot to the tibia relative to the 
reference position of the ankle (bipodal support). At least eight gait cycles from each lower limb 
were used for the kinematic and EMG analysis. 
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Figure 1. Gait cycle separation. A, the whole cycle: three periods of the stance phase (T1-T2-T3) and 
one swing phase (T4). B, Ankle amplitude of the three swing times phases, T4-1, T4-2,T4-3. 

2.3. Data Processing 

From the filtered and rectified EMG, we obtained: (i) the Root Mean Square (RMS) during 
maximum voluntary isometric effort (RMSMAX), calculated over the 500 ms around the peak voltage 
[41], for the TA (Tibialis Anterior), GM (Gastrocnemius Medialis) and SO (Soleus) muscles; (ii) the 
RMS of the same muscles throughout the entire swing phase (RMST4), then over the three 
sub-periods of the swing phase (RMST4-1, RMST4-2, RMST4-3). From these measurements we derived 
the following coefficients: 
1. Coefficient of AGonist activity in TA (CAGTA) by calculating the ratio of the RMSTA-T4/RMSTA-MAX 

of TA throughout swing phase and over each of the three predefined periods of the swing 
phase [27; 17]; 

2. Coefficient of ANtagonist activity in GM and SO (CANGM, CANSO) by calculating the ratios 
RMSGM-T4/RMSGM-MAX and RMSSO-T4/RMSSO-MAX, throughout the swing phase, then over the three 
sub-periods of the swing phase [26; 17]; 

3. Minimum (min) and maximum (max) amplitude of ankle flexion (ADF) across the entire swing 
phase (T4) and over each of the three predefined periods of the swing phase, measured at 
comfortable velocity for hemiparetic subjects and at comfortable and slow velocity for healthy 
subjects. 

2.4. Statistical Analysis 

We performed a descriptive analysis (means, standard deviations) to characterize the 
spatial-temporal parameters (velocity, percentage of swing phase, stride length and cadence) in 
hemiparetic subjects and healthy subjects in both velocity conditions (comfortable and slow). We 
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then performed a two-way ANOVA (group x swing period) to compare kinematic and EMG 
variables between groups and across the three swing periods for both velocity conditions. Post-hoc 
comparisons were performed using Bonferroni corrections. We used Kruskal-Wallis tests to detect 
an interaction between patient groups with and without tibial neurotomy during the whole swing 
phase (T4) and a Wilcoxon test to identify differences between both groups across the three periods 
of the swing phase (T4-1, T4-2, T4-3). Significance was set at p< 0.05. 

3. Results 

3.1. Participants 

Eleven subjects with chronic hemiparesis (age 51 ± 14, mean ± SD) delay post-lésion 
12.2y ± 15.8y, mean ± SD) and 11 healthy subjects (age 48 ± 22) were included in the study. 

Among the 11 subjects with hemiparesis, five had previously undergone tibial neurotomy overa 
year before inclusion in the research protocol. The surgical procedure had involved partial selective 
section of the nerves that supply the soleus and the medial and lateral heads of the gastrocnemius 
muscles. This procedure was carried out following a vertical skin incision below the popliteal fossa 
and the identification of all tibial nerve branches. Subsequently, the branches leading to the soleus 
and medial and lateral gastrocnemius muscles were exposed and dissected, and partially sectioned 
using an operating microscope. To determine the extent of nerve sectioning, tripolar stimulation was 
employed to assess the remaining nerve conduction of the denervated muscles, enabling the 
surgeons to halt the sectioning process once the desired reduction of nerve conduction was 
achieved. 

Table 1 display spasticity angles and grades for both soleus (knee flexed) and 
gastrocnemius-soleus complex (knee extended) measured by using the Tardieu Scale [35] and gait 
velocity for the hemiparetic subjects untreated (n=6) and treated with tibial neurotomy (n=5). 

Table 1. Clinical characteristics of patients. Spas SO, spasticity of soleus (knee flexed position); Spas 
GSC, spasticity of gastrosoleus complex (knee extended position) and velocity for hemiparetic 
subjects untreated (upper part) and treated (lower part) with posterior tibial nerve neurotomy. 

Patient Age 
Spasticity SO Spasticity GSC Comfortable  

velocity (m/s) Angle Grade Angle Grade 
No neurotomy 

S01 47 30 4 30 4 1.42  
S03 62 10 4 10 4 0.39  
S05 38 5 0 5 0 0.92  
S08 58 15 0 12 0 0.52  
S10 44 10 4 5 4 0.15  
S11 65 10 2 10 1 0.47  

Mediane 52.5 10 3 10 2.5 0.50  
Posterior tibial nerve neurotomy 

S02 51 0 0 0 0 0.91  
S04 24 0 0 0 0 0.81  
S06 75 0 0 0 0 0.61  
S07 46 0 0 0 0 1.19  
S09 49 0 0 0 0 0.64  

Mediane 49 0 0 0 0 0.81  

3.2. Spatial-Temporal Parameters 

The one-way (group) ANOVA test revealed lesser velocity in hemiparetic subjects relative to 
healthy subjects at comfortable velocity (p<0.0001) but not relative to healthy subjects at slow 
velocity (NS; Figure 2). Cadence and stride length were lower in hemiparetic subjects than in control 
subjects at comfortable velocity (cadence, F=297.04, p<0.0001; stride length, F=252.99, p=0.0001), but 
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no different from healthy subjects walking at slow velocity (cadence, NS, stride length, NS, Figure 2). 
The proportion of the swing phase relative to the gait cycle in hemiparetic subjects was greater than 
in controls walking slowly (F=6.98, p<0.01, Figure 2). 

 

 

Figure 2. Spatial-temporal characteristics of gait in healthy subjects at comfortable and slow velocity 
and in subjects with hemiparesis. 

3.3. Ankle Kinematics 

Minimal ankle dorsiflexion amplitudeADFmin(defined as negative ankle joint angle), was lower 
in hemiparetic than in control subjects at comfortable and slow velocity throughout swing phase: 
ADFmin T4: -20 ± 3° in hemiparetic subjects vs -10 ± 2°, p<0.0001 in control subjects at comfortable 
velocity and vs. -7 ± 2°, p<0 0001 in control subjects at slow velocity, and whichever the period of 
swing phase (T4-1, p<0.01, T4-2, p<0.001, T4-3, p<0.001, Figure 3). 

Maximum ankle dorsiflexion amplitude, ADFmax, was lower in hemiparetic than in control 
subjects at comfortable and slow velocity throughout swing phase (ADFmax T4: -6 ± 2° in hemiparetic 
subjects vs. 8 ± 1°, p<0.0001 in control subjects at comfortable velocity, vs. 8 ± 1°, p<0.0001 in control 
subjects at slow velocity) and whichever the sub-period of the swing phase (T4-1, p<0.001, T4-2, 
p<0.001, T4-3, p<0.001, Figure 3). 
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Figure 3. Ankle plantar-dorsiflexion. Variables: minimal and maximal ankle amplitude during the 
three periods of swing phase (T4-1, T4-2, T4-3) in healthy subjects and subjects with hemiparesis. 

3.4. EMG of Agonist Muscle during Swing Phase 

CAGTA: throughout swing phase (T4) there was a difference between hemiparetic and controls: 
CAGTA-T4, 0.48 ± 0.26 (p<0.001) in healthy subjects vs. 0.57 ± 0.05 in subjects with hemiparesisat 
comfortable walking velocity and 0.38 ± 0.05 (p<0.0001) in healthy subjects at slow walking velocity. 
The subjects with hemiparesis showed increased CAGTA across T4-1 and T4-2 compared to healthy 
subjects at comfortable walking velocity (T4-1: healthy group, 0.38 ± 0.06; hemiparetic group, 0.48 ± 
0.08, p <0.05 ; T4-2: healthy group, 0.41 ± 0.06; hemiparetic group, 0.53 ± 0.05,, p <0.05) and across the 
three sub-periods of swing phase compared to healthy subjects at slow walking velocity (T4-1: 
healthy group, 0.30 ± 0.05; hemiparetic group, 0.48 ± 0.08, p<0.05; T4-2: healthy group, 0.31 ± 0.05, 
hemiparetic group, 0.53 ± 0.05, p<0.05; T4-3: healthy group, 0.45 ± 0.05, hemiparetic group, 0.56 ± 
0.07, p<0.05, Figure 4). 
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Figure 4. Agonist activity of tibialis anterior during swing phase. Normalized values (CAGTA) during 
the three periods of the swing phase (T4-1, T4-2, T4-3) and in the two groups. 

3.5. EMG in Antagonist Muscles during Swing Phase 

CANGM is higher in subjects with hemiparesis compared to healthy subjects walking at 
comfortable velocity (CANGM-T4: healthy group, 0.15 ± 0.01, hemiparetic group, 1.21 ± 0.21, p<0.0001) 
also compared to healthy subjects walking at slow velocitie (0.13 ± 0.01, p<0.0001). When considering 
each period of the swing phase separately, subjects with hemiparesis showed an increased CANGM 
across the three periods(p<0.001, Figure 5A). 

CANSO is higher in subjects with hemiparesis (CANSO-T4: healthy group at comfortable walking 
velocity, 0.07 ± 0.01; at low walking velocity, 0.06 ± 0.01; hemiparetic group, 1.22 ± 0.13; p<0.0001). 
CANSO was majored in each period of swing (p<0.0001, Figure 5B). 

 
A.  
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B.  

 

Figure 5. Coefficients of ANtagonist activity. Coefficient of ANtagonist activity in gastrocnemius 
medialis (A) and in soleus (B) during three periods of the swing phase (T4-1, T4-2, T4-3) in both 
groups. 

3.6. Comparison of CANs with and without Tibial Neurotomy 

Throughout the swing phase CANs were higher in subjects with hemiparesis and tibial 
neurotomy vs. without neurotomy (CANSO, without, 1.48 ± 0.2, with, 0.95 ± 0.3, Kruskal-Wallis, 
p<0.001; CANGM, without, 1.50 ± 0.2, with, 1.00 ± 0.3, p=0.07). These increases remained observed in 
each period of the swing phase for the CANSO (T4-1, p<0.001; T4-2, p<0.01; T4-3, p<0.05) and only the 
initial and middle swing for CANMG (T4-1, p<0.001; T4-2, p=0.03; T4-3, NS, Figure 6). 

 
Figure 6. Coefficients of ANtagonist activity. Coefficient of ANtagonist activity in gastrocnemius 
medialis (A) and soleus (B) during three periods of the swing phase (T4-1, T4-2, T4-3) in both 
sub-populations of subjects with hemiparesis, having undergone prior neurotomy or not. 

4. Discussion 

In this study, the investigation of plantar flexor cocontraction during the swing phase of 
hemiparetic gait as compared to speed-matched healthy gait, revealed several key findings. The 
swing phase was relatively slower in hemiparetic gait and there was a severe deficiency in the 
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amplitude of ankle dorsiflexion throughout the entire swing phase. The deficit in ankle dorsiflexion 
was associated with a major increase in plantar flexor cocontraction. Notably, this cocontraction was 
even more pronounced in the five out of 11 hemiparetic subjects who had previously undergone 
tibial neurotomy. Conversely, the coefficient of agonist recruitment of tibialis anterior in subjects 
with hemiparesis was greater than in healthy subjects. These events may suggest an appropriate 
attempt of the automatic command of gait to compensate for the reduced plantar flexor extensibility 
by increasing agonist dorsiflexor recruitment, which may imply increased plantar flexor 
cocontraction due to the misdirection of the supraspinal drive that came as a consequence of 
lesion-induced spinal plasticity with rerouting of a number of the descending pathyways both to 
agonist and to antagonist motor neurons. 

4.1. Relative Slowing of Swing Phase in Hemiparetic Gait and Ankle Kinematics 

The well-documented slowed velocity of hemiparetic gait [42–45] guided our decision to have 
healthy control individuals deliberately walk slowly. This adjustment was made to align the motor 
command conditions with those observed in hemiparesis, thereby ruling out the possibility that 
some kinematic and EMG changes during swing phase in hemiparetic subjects might be attributable 
to anticipated speed-related changes [33,46]. The slow velocity self-selected by the healthy 
individuals in this study turned out to be similar to the comfortable velocity of hemiparetic subjects, 
enabling comparisons between the two groups from this perspective. The observations related to 
stride length, cadence, and swing phase duration demonstrated velocity-related patterns in healthy 
subjects, which align with previous research findings [44,47,48]. Similarly, the reductions in gait 
velocity, stride length and cadence in our hemiparetic group were akin to previous data in 
hemiparesis [33,49–51]. However, even when comparing with speed-matched controls, the swing 
phase duration was about 10% slower in subjects with hemiparesis. This likely goes to indicate that 
the most significant impairment of gait in chronic hemiparesis manifests during swing - or 
pre-swing -, more so than during stance. The lacks of knee flexion (not quantified here), therefore of 
gastrocnemius tension release and the deficit ofactive dorsiflexion during swing phase in 
hemiparetic subjects are well established data [12,29,33,51–54]. Notably, the relative deficit in 
dorsiflexion amplitude appeared to worsen as the swing phase progressed, as was observed in other 
samples of subjects with hemiparesis [29]. Indeed, in contrast to healthy subjects who gradually 
increased ankle dorsiflexion across the three periods of swing, hemiparetic subjects exhibited overall 
quasi-constant plantar flexed position throughout the entire swing. This observation makes it 
unlikely that any significant component of plantar flexor activity during swing might have been 
triggered by stretch reflexes, pointing to a different underlying mechanism. 

4.2. Tibialis Anterior Agonist Recruitment Behavior over the Swing Phase of Gait 

In healthy individuals, ankle dorsiflexion was associated with an increase in tibialis anterior 
activity, more pronounced as walking velocity increased (both raw – not shown - and normalized 
EMG values increased with velocity in this study), which is consistent with well-known data 
[44,55,56]. At faster speeds, limb segments move through greater range of motion in shorter times 
and therefore require higher muscle activity. On the other hand, a decrease in raw tibialis anterior 
activity observed on the paretic side in subjects with hemiparesis also corroborates previous 
findings [6,12,49,57,58] as well as its association with limited ankle dorsiflexion [15,52,59,60]. A key 
observation in this study was the increased coefficient of agonist recruitment in our subjects with 
hemiparesis walking on solid ground, compared to speed-matched controls, which may depars from 
the “close-to-normal” pattern of recruitment observed in studies that attempted to explore tibialis 
anterior recruitment duing treadmill walking in hemiparesis [61]. The impression is that motor 
command in hemiparesis appropriately takes the limited available agonist torque-producing and 
firing capacity into account and compensates by increasing the relative effort of TA recruitment 
[49,56,62]. Such enhanced effort may help to anticipate abnormal resistances coming from reduced 
passive extensibility of the plantar flexors [7,63–66]. Active resistance from plantar flexors ended up 
also markedly increased compared to controls, with about 250% increase in coefficient of antagonist 
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activation of medial gastrocnemius and soleus. An excessive stretch reflex responsein TA triggered 
during pre-swing plantar flexion could also be suggested among potential factors that may have 
contributed to an over-recruitement of TA as discussed by Ghédira et al. [29], who reported a similar 
increase i relative TA recruitment in the first third of the swing phase of gait. 

4.3. Plantar Flexors Cocontraction Behavior over the Swing Phase of Gait 

Despite the diversity of methods for calculating cocontraction in the literature, including the 
present Coefficient of ANtagonist Activity method using normalization to the maximal voluntary 
isometric contraction [6,12,26,27,29,52,54,67–70], excessive plantar flexor activity during hemiparetic 
gait has frequently been reported in comparaison to healthy subjects [12,26,27,44,49,53,68,70]. The 
significant increases in GM and SO antagonist activation observed in this study seem to point to 
antagonist cocontraction of plantar flexors during swing phase as a major factor limiting active ankle 
dorsiflexion. In fact, it was remarkable that in some cases, coefficients of antagonist activation in 
subjects with hemiparesis exceeded 1, indicating greater recruitment of plantar flexors as 
antagonists during natural dorsiflexion efforts, such as in the swing phase of gait, than their 
maximal voluntary recruitment assessed in a seated position with the knee straight. However, it is 
worth noting that the maximal active recruitment of plantar flexors might have been greater if it had 
been measured in standing position, as recently used in adult [29] and demonstrated in children [71]. 
Reported coefficients of antagonist activation where around 60% of the maximal firing rate capacity 
in both paretic populations. The better neural activation capacity of plantar flexors through this 
more functional, position of overall body extensionand of anticipated anti-gravity action represents 
rather a more physiological-based opportunity, where segmental and descending pathways might 
be better elicited. Agonist plantar flexors from a standing condition used as normative values to 
derive cocontraction indices may consequently have higher validity and relevance for extrapolation 
when scaling EMG data [72]. 

In this study, it is also notable that CANGM kept increasing throughout the swing phase (Figure 
5A) much like CAGTA. It is difficult to establish from the present data whether one “followed” the 
other. In other words, one may wonder whether activation-dependent cocontraction (misdirection of 
the descending drive, [25–27]) merely followed the gradually increased effort directed to the 
dorsiflexors, or whether agonist recruitment simply attempted to compensate for increasing 
antagonist resistance. The increased gastrocnemius cocontraction might relate to the knee 
re-extension that occurs during the late phase of swing [26] due to the enhanced muscle spindle 
activity with stretched position of the cocontracting muscle [25,26]. Such knee extension places the 
GM under increased tension by lengthening (eccentric contraction), which could facilitate GM motor 
neurons and exacerbate the impact of any misdirected descending signal on these motor neurons, 
accordingto the phenomenon previously described for spastic cocontraction [7,26,27]. In the specific 
case of soleus, increased afferent activity from gastrocnemius spindles during knee re-extension may 
fail to inhibit and in fact trigger heteronymous facilitation of soleus motor neurons [73,74], 
contributing to their increased coactivation. 

4.4. Spasticity Playing a Role in Plantar Flexor Cocontraction? 

First performed by Stoffed in 1912, selective tibial nerve neurotomy is one of the mainstream 
procedures in the treatment of dynamic equinusdeformity in paretic children and adults [75,76]. 
This peripheral surgical technique, which involves sectioning part of the motor nerve fascicles or 
branches innervating spastic muscles, has been reported to ensure long-term functional 
improvement in patients with spastic equinus foot [77–80]. In the present study, the totality of the 
hemiparetic subjects who underwent tibial neurotomy less than a year before, showed suppression 
of spasticity as confirmed by the spasticity angle of the Tardieu scale (Table 1), which provides a 
precise evaluation of stretch hyperreflexia irrespective of muscle contracture [81]. By interrupting 
both afferent (Ia and II) and efferent motor (α and γ) underlying the myotatic reflex, tibial 
neurotomy is indeed known to permanently suppress spasticity [82–84]. At this point the presence of 
antagonist plantar flexor cocontraction during the swing phase of gait in individuals with no 
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residual plantar flexor spasticity raises questions about the underpinning of spastic cocontraction 
and in fact further points to a primarily central mechanism [7]. The present study shows indeed that 
plantar flexor cocontraction during gait occurred even in subjects with prior tibial neurotomy who 
had no residual spasticity in the plantar flexors, and it also occurred in the first sub-period of swing 
despite absence of dorsiflexion movement in most subjects. Spastic cocontraction, unlike plantar 
flexor spasticity measured at rest, appears to be an importantcontributor to the deficit in active 
dorsiflexion during the swing phase of gait. The present findings tend to confirm that this 
phenomenon, which is worsened when the cocontracting muscle is placed under tension in 
stretched position [25–27,29], is primarily a descending phenomenon. Correlation between cortical 
β-band electroencephalogram activity and spastic cocontraction in a stroke population has been 
recently reported [85], providing further evidence for the role of the supraspinal centers in this 
phenomenon. 

5. Conclusions 

Investigation after investigation, spastic paresis confirms to be primarily a “disease of the 
antagonist”[7,86], i.e., a motor command disorder in which the ability to reduce passive and active 
resistances from the antagonist is more impaired than the ability to recruit the agonist. The use of 
EMG to quantify spastic cocontraction during the dynamic condition of gait in subjects with and 
without prior tibial neurotomy seems a relevant tool offering discriminative insights into the origin 
and physiological mechanisms of spasticity and spastic cocontraction. The results of this study 
underscore the need for expanding the assessment of spastic cocontraction impact on 
active/functional movements and on its supraspinal origin. Quantitative measure of antagonist 
muscle overactivity during gait will consequently enable more consistent diagnosis and provide 
simplified and specified guidance towards the coupled treatment strategy ratio of botulinum 
toxin/rehabilitation techniques. 
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