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ankle positive power generated in the propulsion phase of 

stance was increased (up to 50%) after denervation in all 

walking conditions (p  !  0.05). The obtained results suggest 

that the short-term motor compensation to denervation of 

lateral gastrocnemius and soleus muscles may allow for pres-

ervation of mechanical output at the ankle. The additional 

mechanical energy generated at the ankle during propul-

sion can result, in part, from increased activity of intact syn-

ergists, the use of passive tissues around the ankle and by the 

tendon action of ankle two-joint muscles and crural fascia. 
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 Abstract 

 Denervation of selected ankle extensors in animals results in 

locomotor changes. These changes have been suggested to 

permit preservation of global kinematic characteristics of 

the hindlimb during stance. The peak ankle joint moment is 

also preserved immediately after denervation of several an-

kle extensors in the cat, suggesting that the animal’s re-

sponse to peripheral nerve injury may also be aimed at pre-

serving ankle mechanical output. We tested this hypothesis 

by comparing joint moments and power patterns during 

walking before and after denervation of soleus and lateral 

gastrocnemius muscles. Hindlimb kinematics, ground reac-

tion forces and electromyographic activity of selected mus-

cles were recorded during level, downslope (–50%) and 

upslope (50%) walking before and 1–3 weeks after nerve de-

nervation. Denervation resulted in increased activity of the 

intact medial gastrocnemius and plantaris muscles, greater 

ankle dorsiflexion, smaller knee flexion, and the preserva-

tion of the peak ankle moment during stance. Surprisingly, 
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Abbreviations used in this paper

EMG electromyographic
LG lateral gastrocnemius
MG medial gastrocnemius
MTP metatarsophalangeal
MTU muscle tendon unit
PL plantaris
SD standard deviation
SO soleus
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 Introduction 

 Damage to peripheral nerves as a result of trauma is
a rather frequent event that incapacitates thousands of 
people around the world [Scholz et al., 2009]. This injury 
often requires medical intervention including micro-
surgery and long-term postoperative rehabilitation [Por-
tincasa et al., 2007]. A recent survey of  1 300 surgical in-
stitutions in Africa, Asia, Australia, Europe, South Amer-
ica and the United States indicates that most of the 
institutions treat  1 3,000 patients with peripheral nerve 
injury each year [Scholz et al., 2009]. 

  Despite a long history of research into the mechanisms 
of peripheral nerve injury and regeneration, see e.g., Sun-
derland [1990], and recent advances in microsurgery, see 
e.g., Kline [1990], and tissue engineered constructs, see 
e.g., Chalfoun et al. [2006], outcomes of nerve repair are 
still unsatisfactory, especially in patients with complete 
transection of mixed nerves at proximal locations [Noble 
et al., 1998; Lundborg and Rosen, 2007; Scholz et al., 
2009]. The reasons for poor recovery may include rel-
atively slow nerve regeneration speed (1–2 mm/day)
[Buchthal and Kuhl, 1979], axonal misdirection [English, 
2005; Madison et al., 2007], death of up to 50% of cutane-
ous sensory cells in the dorsal root ganglion [Hu and 
McLachlan, 2003; Welin et al., 2008], and a complete loss 
of length-dependent feedback from reinnervated muscles 
[Cope et al., 1994; Abelew et al., 2000; Maas et al., 2007].

  About 2.5% of peripheral nerve injuries are unrepair-
able [Scholz et al., 2009] which leads to paralysis of in-
jured muscles. These patients must rely on muscle redun-
dancy (the existence of synergists with similar functions) 
and neural plasticity permitting alternative motor strate-
gies to accomplish everyday tasks. Studies in animals 
have demonstrated that within days after peripheral 
nerve injury there are changes in electromyographic 
(EMG) activity of intact synergists and movement kine-
matics. For instance, denervation of selected ankle exten-
sors in the cat – e.g., soleus (SO) and lateral gastrocne-
mius (LG) – led to an increase in activity of the remaining 
intact major ankle extensors [Pearson et al., 1999; Pri-
lutsky et al., 2006; Frigon and Rossignol, 2008; Donelan 
et al., 2009; Maas et al., 2010]. This enhancement in mus-
cle activity is accompanied by a marked increase in the 
ankle angle yield (i.e. ankle dorsiflexion) and a decrease 
in the knee flexion during stance of level and slope walk-
ing [Pearson et al., 1999; Maas et al., 2007; Donelan et al., 
2009; Maas et al., 2010]. These immediate changes in mo-
tor pattern were suggested to be mediated by propriocep-
tive afferent signals, modifications of central drive to the 

muscles and changes in feedback gains [Pearson and Mi-
siaszek, 2000; Gritsenko et al., 2001; Frigon and Rossi-
gnol, 2008; Donelan et al., 2009; Maas et al., 2010].

  In the previous studies, relatively little attention has 
been paid to the question as to whether the observed lo-
comotor changes in response to paralysis of selected mus-
cles have any meaningful compensatory significance. The 
rise in stance-related activity of intact medial gastrocne-
mius (MG) muscle after denervation of its ankle syner-
gists may help preserve the peak magnitude of the ankle 
extensor moment [Prilutsky et al., 2006; Donelan et al., 
2009]. The emergence of a second EMG burst of MG at the 
stance-swing transition after partial denervation of the 
hamstrings in the cat appears functionally appropriate in 
assisting knee flexion [Tachibana et al., 2006]. The reduc-
tion in knee flexion after partial denervation of ankle ex-
tensors resulting in additional ankle yield does not appear 
to be functionally useful at a first glance. According to 
previous observations, the above kinematic changes en-
able the animal to maintain pre-injury trajectories of limb 
orientation and limb length [Chang et al., 2009] and hip 
height and limb orientation at paw contact and paw off 
[Maas et al., 2007], permitting a more symmetric gait.

  There is another possible explanation for the docu-
mented kinematic changes at the ankle and knee joints 
immediately after partial denervation of ankle extensors, 
which is also consistent with purposeful enhancement of 
EMG in intact synergists. A greater ankle yield and small-
er knee flexion in stance permit a greater length of the 
muscle tendon unit (MTU) at which intact and denervated 
multi-joint MG, LG and plantaris (PL) operate [Maas et al., 
2010]. This increase in MTU length might have several ad-
vantages for promoting ankle extension including: (1) 
slack in the passive structures of the muscles could be tak-
en up, and thus, the passive tissue (possibly including de-
nervated muscles) would contribute more to the ankle ex-
tension moment; (2) longer lengths of MTUs of two-joint 
muscles during stance could enhance the so-called tendon 
action of these muscles, i.e. transfer of energy between the 
ankle and knee, increasing energy generation and absorp-
tion at the ankle by proximal muscles [Bobbert et al., 1986; 
Prilutsky and Zatsiorsky, 1994], and (3) the crural fascia 
could be engaged more in generation of the ankle exten-
sion moment [Carrasco and English, 1999; Stahl, 2010]. 

  We hypothesized that the kinematic and EMG chang-
es observed soon after denervation of selected ankle ex-
tensors permit the preservation of the ankle mechanical 
output during locomotion. The goal of this study was to 
compare joint moments and power at the ankle and oth-
er hindlimb joints (knee and hip) before and after dener-
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vation of SO and LG muscles. A better understanding of 
compensatory responses of the neuromuscular system to 
peripheral nerve injury will help in developing evidence-
based rehabilitation procedures for patients with paraly-
sis of selected muscles. Preliminary results of this work 
have been presented in an abstract form [Prilutsky et al., 
2006; Bulgakova et al., 2010]. 

  Methods 

 In these series of experiments, 6 female adult cats ( Felis catus;  
 table 1 ) were studied. The experimental and surgical procedures 
were consistent with US Public Health Service Policy on Humane 
Care and Use of Laboratory Animals and approved by the Insti-

tutional Animal Care and Use Committee of Georgia Institute of 
Technology. 

  Prior to surgeries and data collection, each cat was trained us-
ing methods of operant conditioning with food awards to walk 
along a custom-made Plexiglas-enclosed wooden walkway (3.0  !  
0.4 m) with up to 3 force plates (2 plates, 16  !  11 cm; 1 plate, 11 
 !  7 cm; Bertec Corporation, Columbus, Ohio, USA) embedded 
in the walkway floor. The floor and force plates were covered sep-
arately with rubberized material to prevent slippage. The walk-
way was set up at 3 walking conditions: level (0%), downslope 
(–50% or –27°) and upslope (50% or 27°). 

  Surgeries 
 After completion of locomotor training (lasting 3–6 weeks) 

and initial locomotion data collection (necessary for evaluating 
effects of electrode implantations on walking mechanics, see be-
low), each animal underwent a first survival surgery under gen-

Table 1.  Characteristics of animals and walking cycles used for mechanical analysis

Cat 
No.

Cat characteristics Gait characteristics (mean 8 SD)

m Lth Lsh Lta d ownslope level upslope

be fore after before after before after

1 4.1 99 115 66 week PD 2 2 2
n 18439 14421 15437 11423 14416 17419 
Tstance 0.3580.03 0.3580.03 0.4180.05 0.4580.03* 0.4980.07 0.4780.05
Tswing 0.2180.02 0.2280.01 0.2880.03 0.2980.04 0.2280.03 0.2080.02

2 3.2 95 110 63 week PD 2, 3 1, 2, 3 1, 2, 3
n 22431 28433 20428 18422 9419 25439 
Tstance 0.4580.07 0.4580.05 0.4980.06 0.5080.04 0.5280.07 0.5180.06
Tswing 0.2880.03 0.2780.02 0.3680.05 0.3880.04 0.3380.04 0.3080.06

3 3.2 99 95 55 week PD 2 1 2
n 344 447 8410 7415 9416 447 
Tstance 0.4380.03 0.3980.05 0.3680.02 0.3780.03 0.3880.04 0.4780.05*
Tswing 0.3180.04 0.3080.02 0.2980.05 0.3180.06 0.2680.03 0.2780.04

4 3.0 93 101 59 week PD 3 2 3
n 10414 445 10433 5411 9412 446 
Tstance 0.4080.05 0.4680.07* 0.4480.05 0.4780.09 0.4780.04 0.4280.03*
Tswing 0.3180.05 0.3280.02 0.3280.04 0.3680.06 0.2080.09 0.2780.04

5 3.1 96 97 63 week PD 1 1 1
n 11414 16430 16436 8428 11428 15429
Tstance 0.4280.04 0.4180.04 0.4080.06 0.4680.04* 0.4480.05 0.4680.03
Tswing 0.3180.04 0.3280.03 0.2980.07 0.3280.14 0.2980.05 0.2880.02

6 3.2 95 98 64 week PD 2 1, 2 2
n 7415 8423 11420 11428 9415 8423
Tstance 0.4380.06 0.4580.07 0.4380.07 0.4780.07* 0.5580.08 0.5780.08
Tswing 0.3180.06 0.3080.05 0.3280.06 0.2980.07 0.3680.09 0.3180.03

m =  Body mass given in kg; Lth= thigh length in mm; Ls = shank length in mm; Lta = tarsal length in mm; week PD = weeks after 
denervation when the measurements were taken; n = range of number of cycles used for mechanical analysis in different walking con-
ditions; Tstance = stance time in s; Tswing = swing time in s.

* p < 0.05, stance duration significantly different from the value before self-reinnervation in individual animals.
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eral anesthesia and aseptic conditions to implant EMG electrodes 
in selected ankle extensor muscles. The cat was anesthetized us-
ing ketamine (10 mg/kg, s.c.), atropine (0.05 mg/kg, s.c.) and iso-
flurane (inhalation, 5%). Subsequently, the cat was intubated and 
anesthesia was maintained with isoflurane (1–3%). The animal 
was continuously monitored for temperature, respiration, heart 
rate and blood pressure throughout the surgery. Before making 
incisions, the skin overlying dorsal aspects of the right hindlimb 
and the skull was shaved and cleaned with a surgical disinfectant. 
Teflon-insulated multi-stranded stainless steel wires (100  � m di-
ameter; Conner Wire, Chatsworth, Calif., USA) were passed sub-
cutaneously along the back from a multi-pin amphenol connector 
mounted on the skull (with four stainless steel screws and dental 
cement) to a skin incision overlying muscles of interest in the right 
hindlimb: SO, LG, MG (in cats No. 3–6) and SO, LG, MG and PL 
(in cats No. 1 and 2). A portion of each pair of wires with a small 
strip of insulation (approximately 2 mm) removed was inserted 
with a hypodermic needle in the mid-belly of each muscle and 
fixed at an inter-electrode distance of 3–4 mm. After implanta-
tion of EMG electrodes and their validation using mild electrical 
stimulation, skin incisions were closed, pain medication admin-
istered (fentanyl transdermal patch, 2–25  � g/h and/or buprenor-
phine, s.c., 0.01 mg/kg, or ketoprofen, 2 mg/kg, s.c.) and anesthe-
sia stopped. The animal recovered for 1–2 weeks with the pain 
medication administered for at least 3 days and antibiotics (cefo-
vecin, 8 mg/kg, s.c., or ceftiofur, 4 mg/kg, s.c.) for 10 days. Loco-
motion experiments followed the EMG electrode implantation 
and lasted typically for up to 3 weeks (see below). No signs of pain 
or lameness during walking were detected after implantation of 
EMG electrodes with locomotor patterns recorded after implan-
tation indistinguishable from those collected before surgery. 

  Once collection of baseline locomotion and EMG data was 
completed, the second survival surgery was conducted to cut and 
reconnect the branch of the tibial nerve innervating SO and LG. 
The aseptic conditions, anesthesia and animal monitoring and 
postsurgery pain management were the same as in the first sur-
gery. A longitudinal skin incision was made in the popliteal re-
gion of the right hindlimb and the exposed fat pad reflected aside 
by blunt dissection. The LG-SO nerve was identified and a small 
portion (2–4 mm) cleared of surrounding tissue. The nerve was 
cut with sharp scissors between the branch point of the tibi-
al nerve and the entry point to LG. Completeness of SO and LG 
denervation was tested with mild electrical stimulation of the 
proximal nerve stump. Subsequently, proximal and distal nerve 
stumps were aligned to their original position and secured in 
place using fibrin glue (equal parts of thrombin and a 1:   1 mixture 
of fibrin and fibronectin; Sigma-Aldrich, St. Louis, Mo., USA) 
[English et al., 2005]. The cat was allowed to recover for 3–5 days 
before locomotion experiments resumed.

  The repair of the cut peripheral nerve using fibrin glue (or 10-0 
suture as used by us previously) allows for reinnervation of cat 
ankle extensor muscles – first signs of detectable EMG emerge in 
4–5 weeks [Gregor et al., 2003; Prilutsky et al., 2006; unpubl. data]. 
In this manuscript, we report data obtained during the first 3 
weeks after nerve cut and repair when SO and LG were still in a 
state of paralysis.

  Locomotion Experiments 
 Each cat was tested in 3 series of experiments, i.e. (1) before 

EMG electrode implantations, (2) after implantations and before 

denervation, and (3) after denervation, and in 3 locomotion con-
ditions, i.e. level, downslope and upslope walking. Before first 
testing in each of the 3 series of experiments, the cats were sedat-
ed (dexmedetomidine, 40–60  � g/kg, s.c.) and the right hindlimb 
was shaved. The length of each hindlimb segment (pelvis, thigh, 
shank, tarsals, digits) was measured using an anthropometer ( ta-
ble  1 ). Following shaving and segment measurements, antipa-
mezole (same dose as dexmedetomidine) was administered to re-
verse sedation.

  Prior to recordings, small (6 or 9 mm) reflective markers were 
placed on the anatomical landmarks of the right hindlimb (the 
iliac spine, greater trochanter, lateral femoral epicondyle, lateral 
malleolus, 5th metatarsophalangeal (MTP) joint and the distal 
end of the 5th digit; see cat hindlimb diagram in  fig. 1 a) using a 
double-sided adhesive tape. Marker positions during locomotion 
were recorded in 3D by a 6-camera motion capture system Vicon 
(Vicon Motion Systems, UK) at a sampling rate of 120 Hz. Posi-
tional data were recorded synchronously with the 3 components 
of the ground reaction force vector and coordinates of its point of 
application (360 Hz; Bertec Corporation, Columbus, Ohio, USA) 
and with EMG signals sampled at 3,000 Hz from SO, LG, MG and 
PL. EMG signals were collected using a 16-conductor shielded 
flexible cable that was attached to the head mounted connector. 
The recorded signals were band-pass filtered (30–1,000 Hz) and 
amplified. During each session, 30–60 trials of walking were re-
corded. Only trials during which the cat moved with a steady 
speed and hit at least one force plate with the right hindlimb were 
used for analysis. Walking cycles that were too fast (stance dura-
tion  ! 300 ms) or too slow ( 1 650 ms) were not analyzed. Postde-
nervation locomotor testing was conducted for 3–5 days each 
week starting from day 4 or 5 (when possible; week 1) and contin-
ued for 12 weeks or longer. In this report, we present results ob-
tained in weeks 1 and 2 after denervation (cats No. 1, 3, 5, 6;  ta-
ble 1 ). Data obtained in week 3 were also included into the data-
set for 2 animals (cats No. 2 and 4) because their gait in weeks 1 
and 2 was unsteady or too slow, so an insufficient number of good 
walking cycles were collected. Since no SO and LG EMG activity 
could be detected in the analyzed postdeneravation walking cy-
cles, the postdenervation data were treated as a single dataset rep-
resenting short-term effects of SO and LG paralysis.

  Data Analysis 
 Kinematics  
 Marker coordinates in the sagittal plane were low-pass filtered 

(4th-order, zero-lag Butterworth filter, with a cutoff frequency of 
5–8 Hz). Knee marker position was recalculated from hip and 
ankle coordinates and length of thigh and shank segments to re-
duce influence of skin movement around the knee. Linear and 
angular segment displacements, joint angles as well as their first 
(velocity) and second (acceleration) time derivatives were com-
puted using the method of finite differences; for details of kine-
matic analysis and definitions of body segments and joint angles, 
see Prilutsky et al. [2005], Gregor et al. [2006] and Maas et al. 
[2007] ( fig. 1 a). 

  Kinetics  
 Mass and moment of inertia with respect to the frontal axis 

through the center of mass of each hindlimb segment were ob-
tained from the cat mass and the measured segment length ( ta-
ble 1 ) by means of the regression equations [Hoy and Zernicke, 
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1985]. The resultant moments of force at hindlimb joints in the 
sagittal plane were computed using a standard inverse dynamics 
analysis described previously [Manter, 1938; Fowler et al., 1993; 
McFadyen et al., 1999; Prilutsky et al., 2005; Gregor et al., 2006]. 
Briefly, each hindlimb segment was considered in isolation with 
external forces and moments applied at the distal and proximal 
joints. The Newton-Euler dynamic equations of motion written 
for the most distal segment (digits), known segment mass-inertia 
parameters and the measured ground reaction forces (the normal 
and tangential components to walking surface), as well as linear 
and angular segment accelerations enabled calculations of the 
joint forces and joint moment at the proximal (MTP) joint. Anal-
ogous calculations were conducted to compute the forces and mo-
ment applied at the proximal joint (ankle) of the next tarsal seg-
ment; in these calculations, the role of external moment and forc-
es at the distal joint played the MTP joint moment and force 
components multiplied by –1. The calculations were repeated for 
the next two segments (shank and thigh), and joint moments of 
force at the knee and hip were calculated. According to selected 
sign convention, positive joint moments and velocities corre-
sponded to joint extension ( fig. 1 a).

  Joint power was computed as the product of the joint moment 
and joint angular velocity. Positive values of joint power indicate 
generation of mechanical energy at the joint, negative – energy 
absorption. 

  Measured ground reaction forces (tangential and normal com-
ponents) and computed joint moments and power during each 
walking cycle were time normalized separately for the stance and 
swing phases. These kinetic variables were averaged for each 0.5% 
of stance and 1% of swing across walking cycles of each cat and 
then across all cats for each walking condition. Kinetic data were 

checked for outliers – a variable in a particular cycle was removed 
from the data set if its values were outside of  8 2 standard devia-
tion (SD) of the mean. Such outliers were likely resulted from un-
steady gait or measurement artifacts.

  Values of the ground reaction force, joint moments and power 
were normalized by the animal mass, and maximum and mini-
mum values of these variables were determined for statistical 
analysis. 

  Electromyography 
 EMG analysis was described previously [Gregor et al., 2006; 

Maas et al., 2010] and is only briefly outlined here. EMG band-pass 
filtered signals (30–1,000 Hz, 3 dB) were full-wave rectified ( fig. 2 ). 
EMG burst onset and offset times were determined using a crite-
rion of 2 SD; when the EMG magnitude exceeded 2 SD of the mean 
EMG during muscle silent periods (most of the swing phase) for at 
least 50 ms, the muscle was considered active. The onset and offset 
times enabled identification of EMG bursts. The mean magnitude 
and duration of the bursts were computed and the mean magni-
tude normalized to the maximum of the mean EMG magnitudes 
found for each cat across all trials and walking conditions. 

  Statistics 
 Mean and SD of minimum and maximum values of ground 

reaction forces, joint moments and powers during the stance phase 
as well as the EMG burst duration and mean magnitude were com-
puted for all walking conditions before and after muscle denerva-
tion. Pre- and postdenervation values of the above characteristics 
were tested for statistically significant differences within each cat 
and across all cats using the Student t test for independent vari-
ables. Significance level was set at 0.05. In the statistical analysis, 
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  Fig. 1.  Schematic representations of the cat hindlimb.  a  Defini-
tions of joint angles and joint moment directions. Letters a, k and 
h and the corresponding arcs denote ankle, knee and hip joint 
angles; symbols M a , M k  and M h  and the corresponding arrows 
indicate the extension direction of moment and angular velocity 
at the ankle, knee and hip joints, respectively. Axes z and x indi-
cate the normal and tangential directions with respect to surface. 
 b  Schematic of the cat hindlimb with selected muscles depicted in 
mid-stance of level walking before partial denervation of ankle 
extensors. VA = Vasti; RF = rectus femoris; HA = hamstrings;

CF = crural fascia. Schematic of the crural fascia (shaded triangle) 
depicts its two features: origin on distal portion of the hamstrings 
and attachment to the calcaneus.  c  The same schematic as in  b  
shown for mid-stance of walking after denervation of SO and LG. 
Note a greater ankle dorsiflexion and smaller knee flexion. As a 
consequence, the lengths of MG, LG, PL and crural fascia are in-
creased and enable increasing the passive ankle extensor moment 
and energy transfer between the ankle and knee joints (for further 
explanations, see Discussion). 
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stance duration (indicating walking speed) was not used as a co-
variate because the stance duration increased after denervation 
only by about 10% in a small number of cases (6 out of 18;  table 1 ). 
Also, the observed increase in EMG activity of the intact ankle 
extensors and in the ankle joint moment and power magnitude 
were opposite to changes that are expected from longer stance 
times (slower walking speed; see Results and Discussion).  

  Results 

 Changes in EMG Activity of Selected Ankle Extensors 
after Denervation of SO and LG Muscles 
 Prior to denervation of SO and LG, the recorded mus-

cles demonstrated typical stance-related EMG activity 
( fig. 2 ). SO EMG was prominent during all walking con-
ditions, with the burst magnitude and burst duration in-

creasing as slope changed from –50% to +50%, as de-
scribed previously in Gregor et al. [2006]. The LG and 
MG muscles were consistently active only during upslope 
walking, whereas during level and downslope walking 
their EMG bursts were often absent or of low magnitude 
and duration. This can be explained by the relatively mi-
nor role of these muscles in slow level and downslope 
walking and by electrode location in the fast muscle com-
partments [Walmsley et al., 1978; English and Letbetter, 
1982]. Denervation of SO and LG resulted in dramatic 
increases in the magnitude and duration of the intact 
synergists MG and PL within 3 weeks – the values of 
mean normalized EMG and the burst duration increased 
by several fold (p  !  0.05;  fig. 2 ,  3 ). No EMG activity was 
noticed in SO and LG muscles during the first 3 weeks 
after denervation.

Before After 
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Level

Upslope

MG

SO

LG

MG

SO

LG

MG

SO

LG
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1
 m

V

  Fig. 2.  Examples of rectified EMG activity 
of ankle extensor muscles before and 1 
week after denervation of SO and LG mus-
cles during downslope (–50%), level (0%) 
and upslope (50%) walking of cat No. 5. 
Only 3 ankle extensors were recorded in 
cat No. 5: SO, MG and LG. Horizontal lines 
under MG recordings indicate stance 
phases.   
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  Changes in Walking Mechanics after Denervation of 
SO and LG Muscles 
 Joint Angles  
 Kinematic changes in walking resulting from partial 

denervation of ankle extensors have been reported by our 
group previously [Maas et al., 2007, 2010]. The present 
data set, which overlaps partly with the latter publication 
(3 cats), demonstrated similar results. Therefore, we do 

not report kinematic data here and only briefly state the 
main findings. One to 3 weeks after denervation, the peak 
ankle dorsiflexion angle increased by 20–30°, whereas 
the peak knee flexion angle decreased by 5–10° in mid-
stance of walking on level and sloped surfaces. As a result, 
the stretch magnitude of MTU of SO, LG and MG (com-
puted using a geometric hindlimb model and recorded 
joint angles) [Goslow et al., 1973] during the first part of 
stance increased up to 5 mm compared to predenerva-
tion (an increase of  1 50%).  

  Ground Reaction Forces  
 Denervation of SO and LG did not change the general 

pattern of ground reaction forces applied to the hindlimb. 
Before and shortly after denervation, the tangential forc-
es changed from decelerating (directed opposite to cat 
walking direction) during downslope walking to deceler-
ating in early stance and accelerating in late stance during 
level walking and to only accelerating during upslope 
walking ( table 2 ;  fig. 4 ). The pattern of the normal forces 
changed only slightly after denervation. However, dener-
vation resulted in a decrease in the peak magnitude of 
tangential force during late stance of level (by 0.3 N/kg;
p  !  0.05) and upslope (by 0.42 N/kg; p  !  0.05) walking 
and in a decrease in the peak magnitude in the normal 
force (by 0.68, 0.6 and 0.37 N/kg during downslope, level 
and upslope walking, respectively; p  !  0.05) ( table  2 ; 
 fig. 4 ).
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  Fig. 3.  Normalized mean EMG magnitude 
and burst duration of MG and PL before 
and 1–3 weeks after denervation of SO and 
LG muscles during level and slope walk-
ing. Mean burst EMG values were normal-
ized to the maximum mean burst EMG 
found in each cat across all experimental 
conditions.  *  p  !  0.05; significant differ-
ences between pre- and postconditions or 
between postvalues and zero (for MG, 
mean EMG during downslope condition 
in which no consistent bursts could be 
identified). MG data were obtained from
5 cats; numbers of analyzed cycles for 
downslope, level and upslope conditions 
before denervation are 0, 30 and 47, and 
after denervation 71, 113 and 63. PL data 
were obtained from 2 cats; the correspond-
ing numbers of analyzed cycles are 21, 29 
and 20, and 33, 53 and 24. 

Table 2.  Maximum and minimum values of tangential (Fx) and 
normal (Fz) ground reaction forces during downslope (–50%), lev-
el (0%) and upslope (50%) walking before and after denervation 
of SO and LG muscles

Downslope Level Upslope

Fx max. before – 1.0180.18 3.0080.41
after – 0.7180.17* 2.5880.34*

min. before –1.9280.22 –0.7280.20 –
after –1.6080.16* –0.6380.16* –

Fz max. before 3.8780.38 4.7980.56 5.1780.41
after 3.1980.34* 4.1980.32* 4.8080.33*

D ata are means 8 SD given in N/kg. Data of 6 cats (total 
number of analyzed cycles for different walking conditions 
ranged between 102 and 147).

* p < 0.05, postdenervation value is significantly different from 
the corresponding value before denervation.
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  Joint Moments  
 Denervation of SO and LG had greater effects on ankle 

and knee joint moments than on the hip moments. The 
main result of denervation of two major ankle extensors 
was the preservation of the peak magnitude of the ankle 
extensor moment in the stance phase of the 3 slope con-
ditions. The peak moment values after denervation oc-
curred closer to mid-stance with the moment magnitude 
significantly greater (up to 30%) than the pre-injury val-
ues at maximum difference (p  !  0.05) ( table 3 ;  fig. 5 ). The 
peak knee extensor moments decreased significantly in 
level and upslope conditions after denervation (for up to 
25%; p  !  0.05) ( table 3 ;  fig. 5 ). Denervation of SO and LG 
also affected the pattern of the knee moment – the flexion 
phase of the moment in early stance became slightly lon-
ger in downslope and level walking (zero-crossing instant 
shifted by several percents of stance time; p  !  0.05) ( ta-
ble 3 ;  fig. 5 ). 

  Joint Power  
 Ankle positive power (energy generation rate) increased 

during the second half of stance in all 3 walking condi-
tions after denervation of SO and LG (p  !  0.05) ( table 4 ; 
 fig. 6 ). This effect was especially apparent during upslope 
walking where the peak generated power after injury ex-
ceeded the control values by 42%. However, the duration 
of the ankle power generation phase slightly decreased (by 
6 and 4% of stance time for level and upslope conditions; 
p  !  0.05) ( table 4 ;  fig. 6 ). The peak of ankle negative pow-
er (energy absorption rate) also became greater after de-
nervation during level and upslope conditions (p  !  0.05) 
( table 4 ;  fig. 6 ). The peak rate of energy generation at the 
knee (positive power) decreased after injury in level and 
downslope conditions (p  !  0.05) ( table 4 ;  fig. 6 ); the knee 
joint mostly absorbed energy during downslope walking 
( fig. 6 ). At the hip joint, denervation mostly influenced the 
peak negative and positive power, i.e. it decreased in 
downslope and level conditions and increased in upslope 
conditions, respectively (p  !  0.05) ( table 4 ;  fig. 6 ). 
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  Fig. 4.  Mean tangential and normal ground reaction forces ap-
plied to the right hindlimb during the stance phase of walking. 
The forces are shown for downslope, level and upslope walking 
before (thick continuous line) and 1–3 weeks after (dashed line) 

denervation of SO and LG. Tangential positive forces correspond 
to the direction of cat progression. Forces were normalized by 
mass of the cat. SD values are shown for one direction to avoid 
clutter. PC = Paw contact; PO = paw off. Mean data of 6 cats.     
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  Discussion 

 The goal of this study was to examine joint moment 
and power at the ankle, knee and hip joints after denerva-
tion of two major ankle extensors, SO and LG. Based on 
previously reported kinematic and EMG data, we hy-
pothesized that short-term compensatory changes in 
movement mechanics in response to paralysis of two an-
kle extensors enable the motor system to maximally pre-
serve mechanical output of the ankle. Our major findings 
are consistent with the hypothesis. First, during level and 
slope walking within 1–3 weeks after injury, the peak an-
kle extensor moments did not decrease and the moment 
magnitude in mid-stance became greater than that before 
injury. Second, after injury, the ankle joint moment dur-
ing the push-off period of stance generated more me-
chanical energy and at a greater rate than before the in-
jury. The above results cannot be explained by slightly 
slower walking speed after denervation in several walk-
ing conditions ( table 1 ) because MG and PL EMG activ-

ity ( fig. 2 ,  3 ) as well as the ankle moment and power mag-
nitude ( tables 3 ,  4 ;  fig. 5 ,  6 ) are expected to decrease at 
slower speeds. In the following discussion, we propose 
several explanations for these observations.

  Activity Enhancement of Intact Synergists 
 Partial denervation of ankle extensors or knee flexors 

leads to enhanced activation of intact synergists (see In-
troduction). Consistent with these observations is a dras-
tic increase in the EMG magnitude of MG with a smaller 
increase in PL after SO-LG nerve cut observed in this 
study ( fig. 2 ,  3 ). Given a nearly linear relation between 
EMG and force of MG measured during level and slope 
walking [Kaya et al., 2003], such changes in EMG of MG 
are expected to increase the moment of force of this mus-
cle at the ankle by several times. The increase in duration 
of MG and PL bursts after SO-LG nerve cut ( fig.  2 ,  3 ) 
could also contribute to the shift of the ankle moment-
time profile to the right, i.e. later in stance ( fig. 5 ). Are the 
rise in activity and the moment of MG and PL sufficient 

Table 3.  Maximum and minimum values of joint moments in stance during downslope (–50%), level (0%) and 
upslope (50%) walking before and after denervation of SO and LG muscles

Joint Variable Denervation Downslope Level Upslope

Ankle max. before 0.2080.06 0.2280.05 0.3380.06
after 0.2080.06 0.2480.04 0.3580.07*

values at max.
difference

before 0.1180.05 0.1580.04 0.2380.06
after 0.1680.07* 0.2080.03* 0.2980.06*

T0-crossing before 88810 9186 9483
after 8889 9682* 9682*

Knee max. before 0.2080.05 0.2280.04 0.2080.05
after 0.1980.08 0.1880.03* 0.1580.03*

min. before –0.0380.01 –0.0480.01 –0.0980.04
after –0.0380.01 –0.0480.02 –0.1080.05

T0-crossing before 1186 1385 2788
after 19816* 1487* 3389

Hip max. before 0.0780.02 0.1280.03 0.3980.08
after 0.0780.03 0.1180.04* 0.3780.10

min. before –0.2680.03 –0.1880.04 –0.1680.05
after –0.2580.07 –0.1880.04 –0.1580.05*

T0-crossing before 2387 47817 6885
after 2688* 43812* 70811*

D ata are means 8 SD given in Nm/kg. T0-crossing = Time instance (in % of stance time) when the moment 
crosses zero. Values at maximum difference occurred at the instant indicated by arrows in figure 5. Data of 5 
cats (cat No. 3 was excluded from the data set due to its atypical kinematic patterns); total number of analyzed 
cycles for different walking conditions ranged between 52 and 116. 

* p < 0.05, postdenervation value is significantly different from the corresponding value before denervation.
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to fully account for the ankle moment changes after pa-
ralysis of SO and LG muscles? During level and slope 
walking with slow to medium speeds, 0.4–0.7 m/s (as in 
this study), the contribution of SO force to the total Achil-
les tendon force and the ankle extensor moment may be 
greater or comparable with the contribution of the two 
gastrocnemius heads and PL [Fowler et al., 1993; Gregor 
et al., 2001; Kaya et al., 2003]. Even at maximum walking 
speeds close to walk-trot transition speeds (1.2 m/s; 2–3 
times greater than in the present study) at which the gas-
trocnemius motor unit recruitment and developed force 
are much higher [Walmsley et al., 1978], the summed 
contribution of the two gastrocnemius heads to the peak 
Achilles tendon force does not exceed 50% [Herzog et al., 
1994]; the contributions of each MG and LG head could 
be approximately 25%. The other 50% of the peak Achil-
les tendon force is provided by SO and PL. Based on the 
above discussion, one can assume that during uninjured 
walking in conditions and with speeds investigated in 
this study, the contribution of SO force to the ankle mo-
ment can be between 25 and 60% and the individual con-
tributions of LG, MG and PL between 13 and 25%. This 

means that even at the lowest possible contribution of SO 
to the ankle extension moment, 25% (SO must contribute 
much more than that during level and downslope condi-
tions) [Walmsley et al., 1978; Gregor et al., 2001; Kaya et 
al., 2003] denervation of SO and LG would eliminate 50% 
of the peak ankle extension moment. Doubling the activ-
ity of intact MG and PL could only barely compensate for 
this loss. Another ankle extensor, flexor hallucis longus, 
can exert an extensor moment at the ankle as strong as 
the SO muscle [Lawrence et al., 1993]. However, whether 
this mostly postural muscle with a relatively small mo-
ment arm at the ankle (up to 7 times smaller compared
to MG-LG and PL) [Young et al., 1993; Burkholder and 
Nichols, 2004] increases its activity after LG-SO denerva-
tion, and hence, can contribute effectively to ankle exten-
sor moment during locomotion, is unknown. The fact 
that ankle yield in early stance increases substantially af-
ter denervation of two ankle extensors [Maas et al., 2007, 
2010] suggests that the active moment at the ankle pro-
duced by MG, PL and flexor hallucis longus does not suf-
fice. Thus, other mechanisms are likely contributing to 
the high ankle extensor moment after injury.

Table 4.  Maximum and minimum values of joint power in stance during downslope (–50%), level (0%) and up-
slope (50%) walking before and after denervation of SO and LG muscles

Joint Variable Denervation Downslope Level Upslope

Ankle max. before 0.1180.08 0.2680.06 0.5580.13
after 0.2280.09* 0.3980.10* 0.7880.21*

min. before –0.9280.32 –0.3980.16 –0.1980.17
after –1.0380.36 –0.5080.16* –0.4580.25*

T0-crossing before 5289 3285 2284
after 5486 3886* 2684* 

Knee max. before 0.3080.19 0.5080.16 0.5080.12
after –0.0280.10* 0.2580.10* 0.4680.12 

min.1 before –0.2980.20 –0.1180.07 –0.0480.03
after –0.108 0.13* –0.0380.04* –0.0680.05*

Hip max.1 before 0.0880.04 0.1780.06 0.6280.36
after 0.1380.08* 0.1680.04 0.9180.50*

min. before –0.7080.19 –0.5280.13 –0.3780.17
after –0.5080.23* –0.3480.07* –0.2380.13

T0-crossing before – – 6885
after – – 72810*

D ata are means 8 SD given in W/kg. T0-crossing = Time instance (in % of stance time) when the power
crosses zero. Data of 5 cats (cat No. 3 was excluded from the data set due to its atypical walking patterns); total 
number of analyzed cycles for different walking conditions ranged between 92 and 156.

* p < 0.05, postdenervation value significantly different from the corresponding value before denervation.
1 First minimum or maximum value in stance.
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  Contribution of Passive Tissues to Ankle Extensor 
Moment 
 Contributions of passive tissues to resultant ankle 

joint moment are relatively small within the joint range 
of motion typical for normal locomotion. The measured 
passive ankle moment as a function of ankle and knee 
joint angles in the cat [Maas and Sandercock, 2008, fig. 3] 

predicts the passive ankle moment contribution of ap-
proximately 0.1, 0.12 and 0.1 Nm (or 13, 16 and 9% of peak 
ankle extension moment during walking) [Gregor et al., 
2006] ( table  3 ) at mid-stance of downslope, level and 
upslope walking, respectively. After partial denervation 
of ankle extensors and the subsequent changes in ankle 
and knee joint angles in mid-stance [Maas et al., 2007, 
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  Fig. 5.  Mean moments of force at 3 hindlimb joints during 
downslope, level and upslope walking before (thick continuous 
line) and 1–3 weeks after (dashed line) denervation of SO and LG 
muscles. Positive values correspond to extensor moments. Mo-
ments were normalized by mass of the cat. SD values are shown 
for one direction to avoid clutter. The arrows indicate time in-

stances of the maximum difference between the pre- and postde-
nervation moments for the ankle joint (table 3). PC = Paw contact; 
PO = paw off. Stance and swing times were normalized separate-
ly which is indicated by interruption of the time axis (see stance 
and swing times in table 1). Mean data of 5 cats.     
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fig.  3–5], the passive ankle moment is expected to in-
crease substantially to estimated 0.4, 0.3 and 0.35 Nm (or 
60, 40 and 30% of peak ankle moment) ( table 3 ).

  The contribution of passive tissues to ankle extensor 
moment was also examined qualitatively in 3 cats of the 
present study (2 cats with denervated LG and SO and 1 
intact cat). The cats were sedated (dexmedetomidine, 40–

60  � g/kg, s.c.), placed on the left side of the body, and the 
right hindlimb was positioned so as to approximate leg 
posture in mid-stance during level walking after dener-
vation of SO and LG (ankle angle approximately 70 °, knee 
angle approximately 120 ° and hip angle approximately 
120 °). Force application to the distal tarsals in the direc-
tion of the hip joint by the hand whilst restricting move-
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  Fig. 6.  Mean power at 3 hindlimb joints during downslope, level 
and upslope walking before (thick continuous line) and 1–3 weeks 
after (dashed line) denervation of SO and LG muscles. Positive 
and negative powers correspond to mechanical energy generation 
and absorption, respectively. Powers were normalized by mass

of the cat. SD values are shown for one direction to avoid clutter. 
PC = Paw contact; PO = paw off. Stance and swing times were 
normalized separately which is indicated by interruption of the 
time axis (see stance and swing times in table 1). Mean data of 5 
cats.     
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ment of the pelvis revealed a very high hindlimb resis-
tance which did not allow any significant ankle dorsiflex-
ion. No difference in resistance was noticed among the 3 
animals. When the knee joint was placed at a flexion an-
gle  ! 50 °, dorsiflexion could continue without resistance. 

  Thus, the contribution of passive tissues to the ankle 
extensor moment appears to increase substantially after 
denervation of SO and LG due to a greater ankle dorsi-
flexion and a smaller knee flexion during stance, and 
hence, higher MTU lengths [Maas et al., 2010]. This ankle 
resistance to dorsiflexion is likely caused by passive in-
sufficiency of two-joint muscles crossing the ankle and 
knee (LG, MG and PL) ( fig. 1 b, c).

  Tendon Action of Two-Joint Muscles 
 The stiff link between the foot and thigh during stance 

possibly created by passive denervated LG and active MG 
and PL has the potential for transfer of mechanical en-
ergy between the ankle and knee joints which can assist 
the injured ankle in absorption and generation of energy 
(so-called tendon action of two-joint muscles); see e.g., 
Lombard [1903] and Prilutsky and Zatsiorsky [1994]. 
During the yield phase of walking, the foot touching the 
ground tends to rotate towards flexion under the action 
of ground reaction forces ( fig.  1 b, c). The foot rotation 
displaces the attachment points of LG, MG and PL on the 
calcaneus downwards. If these muscles resist their length 
change either passively (LG) and/or by active contraction 
(MG and PL), they transmit calcaneus motion to the fe-
mur (as a towline) forcing the knee joint to flex by apply-
ing tension at the muscle origin on the femur. The knee 
flexion is resisted by knee extensors, and if knee flexion 
occurs, the knee extensors absorb energy originating 
partly from the ankle flexion. Thus, the tendon action of 
LG, MG and PL could enable intact and larger knee ex-
tensors to assist injured ankle extensors in the necessary 
dissipation of mechanical energy. 

  An increase in negative power at the ankle and a de-
crease in negative power at the knee during the yield 
phase of level and upslope walking after partial denerva-
tion of ankle extensors ( fig.  6 ) are consistent with the 
above scenario of tendon action of LG, MG and PL and 
transfer of mechanical energy from the ankle to the knee; 
for more elaborate explanations of this mechanism, see 
Prilutsky and Zatsiorsky [1994] and Prilutsky et al. [1996]. 
Force measurements of cat gastrocnemius and PL and ki-
nematic analysis during normal level walking revealed 
that the amount of energy transferred from the ankle to 
the knee during the yield phase of stance was 7–22% of 
negative work done by the ankle moment (area under the 

negative power;  fig. 6 ) [Prilutsky et al., 1996]. It is likely 
that after partial denervation of ankle extensors and di-
minishing their ability to dissipate energy, the amount of 
energy transfer from ankle to knee is increased. This hy-
pothesis will be tested in the future by measuring forces 
of the two-joint muscles and employing the approach de-
scribed in Prilutsky et al. [1996]. 

   During the propulsion phase in stance, the tendon ac-
tion of LG, MG and PL could promote additional ankle 
extension by transferring energy generated by intact knee 
extensors to the ankle. In this possible scenario, knee ex-
tension produced by vasti and rectus femoris muscles dis-
places the origin of LG, MG and PL on the femur up-
wards, which through the tendon (towline-like) action 
pulls on the calcaneus and assists in ankle extension 
( fig. 1 b, c). Thus, mechanical energy generated by knee 
extensors would be transmitted distally through two-
joint LG, MG and PL and used in ankle extension. If the 
two-joint muscles are shortening during this phase, they 
also generate energy and deliver it to the ankle. An in-
crease in ankle power and energy generation accompa-
nied by a reduction in knee positive power during the 
propulsion phase of stance ( fig. 6 ) is also consistent with 
the above explanation. The amount of mechanical energy 
transmitted from knee to ankle after partial denervation 
of ankle extensors could increase compared to the report-
ed values for normal level walking (7–14% of positive 
work of ankle moment) [Prilutsky et al., 1996] given the 
diminished abilities of ankle extensors to generate energy 
and the observed increase in positive ankle power and 
work ( fig. 6 ). 

  The crural fascia (originating proximally from the dis-
tal hamstrings, overlying the gastrocnemius and termi-
nating on the calcaneus) could also contribute to energy 
transfer from knee to ankle, resulting from the injury-
related enhancement of knee extension and ankle dorsi-
flexion in stance and thus fascia stretch [Carrasco and 
English, 1999; Stahl, 2010].

  Concluding Remarks 

 Changes in mechanics of locomotion after peripheral 
nerve injury of selected ankle extensors obtained in this 
study appear to preserve mechanical output of the in-
jured ankle joint. These changes could result from un-
modified spinal reflex responses of intact ankle extensors 
to changed kinematics (e.g., stretch of MG fascicles) 
[Maas et al., 2010] in a manner similar to reflex actions 
stabilizing locomotion during external perturbations. 
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