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Abstract

Sport-related injuries to articular structures often alter the sensory information conveyed by joint structures to the nervous sys-
tem. However, the role of joint sensory afferents in motor control is still unclear. Here, we evaluate the role of knee joint sensory
afferents in the control of quadriceps muscles, hypothesizing that such sensory information modulates control strategies that
limit patellofemoreal joint loading. We compared locomotor kinematics and muscle activity before and after inhibition of knee
sensory afferents by injection of lidocaine into the knee capsule of rats. We evaluated whether this inhibition reduced the
strength of correlation between the activity of vastus medialis (VM) and vastus lateralis (VL) both across strides and within each
stride, coordination patterns that limit net mediolateral patellofemoral forces. We also evaluated whether this inhibition altered
correlations among the other quadriceps muscle activity, the time-profiles of individual EMG envelopes, or movement kinematics.
Neither the EMG envelopes nor limb kinematics was affected by the inhibition of knee sensory afferents. This perturbation also
did not affect the correlations between VM and VL, suggesting that the regulation of patellofemoral joint loading is mediated by
different mechanisms. However, inhibition of knee sensory afferents caused a significant reduction in the correlation between
vastus intermedius (VI) and both VM and VL across, but not within, strides. Knee joint sensory afferents may therefore modulate
the coordination between the vasti muscles but only at coarse time scales. Injuries compromising joint afferents might result in
altered muscle coordination, potentially leading to persistent internal joint stresses and strains.

NEW & NOTEWORTHY Sensory afferents originating from knee joint receptors provide the nervous system with information
about the internal state of the joint. In this study, we show that these sensory signals are used to modulate the covariations
among the activity of a subset of vasti muscles across strides of locomotion. Sport-related injuries that damage joint receptors
may therefore compromise these mechanisms of muscle coordination, potentially leading to persistent internal joint stresses and
strains.

feedback control; internal joint loading; locomotion; muscle coordination; sensory inhibition

INTRODUCTION

The central nervous system (CNS) receives rich sensory in-
formation from a variety of receptors across the body. This
information is used extensively to generate appropriate
motor commands during movement execution (1). Sensory
receptors within muscles convey information about muscle
length, velocity, and tension, mediating fast reflex loops in
the spinal cord (1) as well as allowing the estimation of body
posture and state in higher neural structures (2). The
interruption of these afferent pathways, potentially due to
neuropathies (3) or injuries (4), causes substantial impair-
ment to movement execution (5, 6) and to musculoskel-
etal function (7, 8).

Sensory information, however, also originates from
receptors within joint structures, such as ligaments, the

menisci in the knee, and the joint capsule (9). These joint
sensory afferents can carry information about stresses and
strains within the joint (10). Thus, they may be involved in
neural circuitry to maintain joint stability (11) and to limit
joint loading (12–14). Since internal joint stresses and
strains also depend on body posture, joint sensory affer-
ents may also be used by the CNS to estimate the posture
of the body or external forces during movements, thereby
facilitating task performance. According to these views,
some previous studies showed that inhibition of joint sen-
sory afferents causes significant short-term changes in
movement execution (15) as well as the development of
long-term joint conditions such as osteoarthritis (16, 17).
However, other studies found that inhibition of joint sen-
sory afferents causes no alterations in muscle activity dur-
ing movement execution (18, 19). Although joint sensory
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afferents affect the neural activity in both spinal and
supraspinal circuitries (20), how the CNS uses this sensory
information for either regulation of internal joint integrity
or for task performance, therefore, remains unclear.

We re-examine these issues in the present study, evalu-
ating the potential role of joint sensory afferents in the
regulation of joint loading and the execution of move-
ments. We take advantage of our recent work, which has
identified signatures of neural control of joint stresses in
the activation of quadriceps muscles during locomotion
in the rat. That work showed that the electromyographic
(EMG) activity of vastus medialis (VM) and vastus latera-
lis (VL) is highly correlated both across strides (i.e., the
activation of each muscle integrated across the stance
phase of locomotion covaried from one stride to the next)
and within the gait cycle (i.e., the fine time course of
muscles’ activation covaried within each stride; 21). Such
correlated activity of VM and VL is expected to minimize
the net mediolateral force on the patella (22, 23) and
therefore limit loading in the patellofemoral joint (24), in
accordance with previous results on humans (24, 25).
Activity in knee joint sensory afferents might be at least
partially responsible for these correlations, conveying in-
formation about the internal state of the knee that may
be used by the CNS to drive a coordinated activation of
the quadriceps muscles. Furthermore, because of their
slow dynamic responses (26), joint sensory afferents
might only drive correlations at relatively course time
scales, such as the across-stride correlations between
integrated EMG activity, rather than driving correlations
at fine time scales, such as the correlations between EMG
time-varying profiles within single strides.

To evaluate these possibilities, we compare the strength
of correlations between the activity of the quadriceps
muscles before and after the inhibition of knee sensory
afferents, obtained by injecting lidocaine into the knee
capsule (Fig. 1). In addition, we evaluate the role of joint
afferents in task performance, evaluating whether inhibi-
tion of knee joint afferents affects either limb kinematics

or the time course of the EMG envelopes of each individual
muscle during locomotion.

METHODS

We performed experiments on adult female Sprague–
Dawley rats (n = 12, weight = 0.30±0.02 kg), some of which
contributed also to another different study (21). All proce-
dures were approved by the Animal Care Committee of
Northwestern University.

Experimental Protocol

Rats were trained to maintain a stable walking gait dur-
ing treadmill locomotion: i.e., maintaining a stable speed of
walking without accelerations or decelerations that would
bring the animals to the front or the back of the moving
belt. We implanted chronic EMG electrodes in hindlimb
muscles and allowed animals to recover for at least 10 days.
We recorded movement kinematics and EMG activity of the
left hindlimb (the only one visible by the motion tracking
system) during level walking at 15 m/min, before and after
the injection of lidocaine into the knee capsule. On a differ-
ent day, the same experiment was repeated with a sham
injection for control (see Experimental Procedures). The
order of these experiments was randomized across rats to
avoid biases. At the end of data collection, animals were eu-
thanized and electrode location was verified (no misplaced
electrodes were found). We also measured the electrical im-
pedance of each electrode, and we excluded from the analy-
sis electrodes with impedance higher than 50 kX (potentially
indicating a damaged wire) and those with values close to
zero (indicating a short circuit). Because of these criteria, we
excluded the electrode associated to vastus intermedius (VI)
in one animal.

Experimental Procedures

Before each recording session, we briefly anesthetized the
animal under isoflurane (2%–3% in O2 �2 L/min) to attach
the EMG connector in the rat to the amplifier via cable. We
also secured retroreflective markers to the skin of the animal
to measure hindlimb kinematics, as described previously
(12). Markers were placed in the following anatomical loca-
tions identified by palpation (see Fig. 1A): tuberosity of
ischium (ISC), crest of ilium (IL), greater trochanter (GT),
between the lateral epicondyle of the femur and the lateral
condyle of the tibia (LEC), posterolateral extremity of calca-
neus (CAL), lateral part of the 5th metatarsal bone (M5). We
then placed the animal on the treadmill, and waited at least
30 min before starting data collection to let the effect of iso-
flurane to wear off. We recorded at least 2 min of locomotion.
After this baseline condition, the animal was lightly anesthe-
tized (for less than 5 min) as described earlier, and either lid-
ocaine or sham injection was performed. The skin overlying
the knee joint capsule was shaved and disinfected, enabling
visualization of the patellar tendon and joint capsule. A 31-G
needle was carefully inserted within the knee capsule lateral
to the patellar tendon, and either 0.05 mL of lidocaine or no
solution (sham) was injected. The sham injection controlled
for any effects of the additional isoflurane anesthesia or
knee joint site preparation. Preliminary experiments with
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Figure 1. Experimental protocol. We compared movement kinematics and
muscle activity during level locomotion before (pre) and 20 min after (post)
the injection of lidocaine into the knee capsule to temporarily inhibit knee
sensory afferents. For control, the same procedure was repeated by per-
forming a sham injection that did not inhibit knee sensory afferents. The
limb stick-figure is defined based on the anatomical placements of the
markers: tuberosity of ischium (ISC), crest of ilium (IL), greater trochanter
(GT), between the lateral epicondyle of the femur and the lateral condyle
of the tibia (LEC), posterolateral extremity of calcaneus (CAL), lateral part
of the 5th metatarsal bone (M5). Hip, knee, and ankle angles are defined
as explained in METHODS.
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injection of the same volume of colored dye confirmed that
the injection filled without spreading outside the joint
capsule.

Implantation of EMG Electrodes

The procedure to implant the EMG electrodes was
described in detail previously (12, 13, 21). Briefly, we anesthe-
tized animals with isoflurane (3% in O2 �2 L/min), shaved
their hindlimb, and prepared them for aseptic surgery. We
implanted pairs of electrodes in the quadriceps muscles:
vastus lateralis (VL), vastus medialis (VM), rectus femoris
(RF), and vastus intermedius (VI). Other muscles (up to 8
additional) were implanted in the same hindlimb but were
not analyzed in this study. Knots placed on both sides of
the muscle secured the exposed electrode sites within the
muscle belly. The electrode leads were tunneled subcuta-
neously to a connector (Omnetics nano series) on the back
of the animal. We implanted the deep muscle VI by sepa-
rating the anterior head of biceps femoris from VL to ex-
pose the femur and gently lifting VL from the bone; VI was
then clearly distinguishable from VL due to its distinct
color and fiber organization. During the first 2 days after
surgery, we administered analgesics (buprenorphine, 0.2
mg/kg, twice daily; meloxicam, 0.25 mg/kg, once daily).

Data Acquisition and Processing

Differential EMG signals were amplified (�1,000, A-M
Systems Inc., Model 3500), band-pass (30–1,000 Hz) and
notch filtered (60 Hz), and then digitized (5,000 Hz, Vicon
Lockþ , Model VL0143). The digitized signals were further
high-pass filtered offline to remove motion artifacts (50 Hz,
4th-order Butterworth). To assess potential cross talk among
EMG signals, we computed the cross-correlation between
the unrectified activities of adjacent muscles. We discarded
signals for which the absolute value of the peak cross-corre-
lation was higher than 0.3 (27, 28). This only happened for
one rat betweenmuscles VL and VI. We rectified the remain-
ing signals and computed their envelopes by low-pass filter-
ing (20 Hz, 4th-order Butterworth).

The three-dimensional (3-D) position of markers was
tracked using a motion capture system (Vicon Lockþ ,
Model VL0143) at a frequency of 200 Hz. These signals were
low-pass filtered offline at a cut-off frequency of 10 Hz (5th-
order Butterworth). To reduce errors due to differential
movements of the skin (29), we estimated the 3-D position of
the knee by triangulation using the lengths of the femur and
the tibia (29) in the plane defined by the markers on GT,
LEC, and CAL. We then projected the 3-D positions of the
markers and of the estimated knee in the sagittal plane, and
computed the following joint angles (Fig. 1A): hip (angle
between IL, GT, and estimated knee), knee (angle between
GT, estimated knee, and CAL), and ankle (angle between
estimated knee, CAL, andM5).

We segmented the EMG envelopes and the kinematic sig-
nals into separate strides, defining the beginning of each
stride as the moment of foot-strike (i.e., when the foot
touched the ground, as determined from the trajectory of the
toe marker). To obtain consistent data for steady locomotion
in each behavioral condition, we only considered strides
with durations within 1.5 standard deviations from the mean

duration; this criterion eliminated strides in which the
animal either accelerated or decelerated across the tread-
mill. We also excluded strides with clear EMG artifacts
that could occur when the cable hit the side of the tread-
mill, as identified using Tukey outlier analysis (i.e., identi-
fying EMG values that were 1.5 interquartiles above the
upper quartile of the maxima across steps). Application of
these inclusion criteria resulted in data sets with an aver-
age of 175 strides (minimum of 30) for each animal and
condition (pre/postinjection). These strides were time nor-
malized for further analyses.

Measures of Muscle Activity and Correlation

We considered correlations between twomeasures ofmus-
cle activity: the overall activation intensity within each
stride of locomotion, and the time-varying activation profiles
within each gait cycle. The overall activation intensity of
each muscle on each individual stride was calculated as the
integral of the EMG envelope over the stance phase of loco-
motion [i.e., from foot-strike to foot-off, when all quadriceps
muscles are consistently activated (30)], resulting in one nu-
merical value for eachmuscle and stride. Note that this mea-
sure will be affected by the duration of the stance phase,
with longer stance phases having larger integrated EMGs at a
given value of mean EMG. We chose this measure as it was
likely to best reflect the overall joint stress produced during
an individual stride (i.e., longer stance phases at a given level
of EMG likely produce more persistent joint loading) and so
best reveal any potential role of joint afferents in regulating
EMGs. We then calculated the Pearson correlation coeffi-
cients between the values of this measure of integrated EMG
obtained for all strides, for each pair of quadriceps muscles
(VM-VL, VM-VI, VL-VI, RF-VL, RF-VM, and RF-VI); we used
these correlation coefficients as measures of muscle covaria-
tion across stride. We did this for each animal and experi-
mental condition (i.e., pre/postinjection of lidocaine/sham).
Thus, each animal contributed 24 correlation coefficients to
subsequent analyses: six muscle pairs, at two time points rel-
ative to injection (pre- and postinjection), and for two types
of injections (lidocaine and sham).

Changes in these correlation coefficients across conditions
could be driven either by changes in the covariance between
the integrated EMGs of pairs of muscles, or by changes in the
variability of the integrated EMGs of each individualmuscles
across strides. These two possibilities were quantified as the
numerator and denominator of the Pearson correlation coef-

ficients r: qm1m2
¼ covðm1;m2Þ

rm1
rm2

;where cov(m1,m2) indicates the

across-stride covariation of the integrated EMGs of muscles
m1 andm2, and rm1 and rm2 indicate the across-stride stand-
ard deviations of the integrated EMGs of musclesm1 andm2.

To evaluate the influence of knee joint sensory afferents
on the covariations between the time-varying activation pro-
file of quadriceps muscles within the gait cycle, we com-
puted the Pearson correlation coefficient between the EMG
envelopes of each pair of quadriceps muscles during the
stance phase for each individual stride of locomotion. We
then averaged these correlation coefficients across strides,
for each muscle pair, experimental condition, and animal.
These stride-averaged measures were then compared before
and after lidocaine and sham injections.
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To assess the influence of joint sensory afferents on the ac-
tivity of individual muscles during locomotion, we com-
puted the integral of the EMG envelopes of each muscle
along different portions of the gait cycle: from foot-strike to
mid-stance (i.e., mid-point between foot-strike and foot-off),
from mid-stance to foot-off, from foot-off to mid-swing (i.e.,
mid-point between foot-off and the next foot-strike), and
frommid-swing to the next foot-strike. For each of these por-
tions of the gait cycle, we averaged the integrated EMGs
across strides, for each animal and experimental condition.
We then compared these stride-averaged measures before
and after lidocaine and sham injections.

We also evaluated the influence of joint afferents on
limb kinematics. We calculated the range of motion (i.e.,
maximum minus minimum angle across the gait cycle) of
hip, knee, and ankle joint, as well as the values of these
joint angles at foot-strike, mid-stance, foot-off, and mid-
swing. These values were averaged across strides, for each
animal and each experimental condition. We also calcu-
lated general spatiotemporal gait parameters such as the
percentage of stance (duration of the stance phase in per-
centage of the entire stride) and the step duration (time
difference between two consecutive foot-strikes) before
and after the injections.

Statistics

We used linear mixed effect models (LMEM) to analyze
both EMG and kinematic data using the nlme package in
the R environment. LMEMs allowed us to cope with miss-
ing data, and to take into account variability at different
levels of the data set (e.g., across animals, pre/postinjec-
tion, and across injection types). After fitting the LMEMs,
we performed the analysis of variance (ANOVA) on the fit-
ted models. If there were statistically significant differen-
ces in these general tests, we performed multiple post hoc
comparisons to evaluate statistical differences between
pre- and postinjections (both for lidocaine and sham) on
the dependent variable under investigation, using two-
tail z-tests and adjusting the P values using Bonferroni
corrections.

Before fitting the LMEMs to the correlation coefficients
between the integrated EMGs, we transformed the data
with the Fisher z-transform. This transformation renders
the sample distribution of Pearson correlation coefficients
approximately normal (31). We confirmed this assumption,
as well as the assumptions of independence of residuals
and random effects (32) by visually inspecting the distribu-
tions using qq-plots and histograms. We then fit a LMEM
to the Fisher-transformed correlation coefficients for each
pair of muscles, using Time relative to injection (pre/post),
Injection type (lidocaine/sham), and their interaction as
independent variables. We also considered animal-id as a
random effect on the model intercept, effectively imple-
menting a repeated-measures analysis.

To evaluate whether the obtained differences in the cor-
relation coefficients were driven by differences in the co-
variance or by differences in the individual variances of
the integrated EMGs, we fit an LMEM to the numerator
(covariance) and an LMEM to the denominator (product of
individual standard deviations) of the population Pearson

correlation coefficients for each muscle pair. Before fitting
these models, the covariances and variances were initially
log-transformed to render the distributions approximately
normal. We fit these models to the data that showed signif-
icant differences before and after lidocaine injection (but
not sham) and, therefore, used only a fixed effect of time
relative to lidocaine injection with a random-effect of ani-
mal-id.

Similarly to the analysis on the integrated EMGs, we fitted
a LMEM to the Fisher-transformed stride-averaged correla-
tion coefficients between the EMG time-varying envelopes
of each pair of quadriceps muscles. We used Time relative to
injection (pre/post), Injection type (lidocaine/sham), and
their interaction as fixed effects (independent variables), and
animal-id as a random effect.

To evaluate the effect of the injections on individual mus-
cle activity, we fit an LMEM to the log-transformed stride-
averaged integral of the EMGs of each individual muscle for
each portion of the gait cycle. Similarly, we fit a LMEM to the
range of motions (ROM) of each joint, a LMEM to each spa-
tiotemporal gait parameter, and a LMEM to the stride-aver-
aged values of each joint angle at foot-strike, mid-stance,
foot-off and mid-stance. For all these models, we used Time
relative to injection (pre/post), Injection type (lidocaine/
sham), and their interaction as fixed effects (independent
variables), and animal-id as a random effect.

RESULTS

Reduction of VM-VI and VL-VI, but Not of VL-VM Across-
Stride Correlations, after Inhibition of Knee Sensory
Afferents

The scatter plots in Fig. 2 illustrate the covariations
between the integrated EMGs of the vasti muscles across
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Figure 2. Across-stride correlations between the integrals of the electro-
myographic (EMG) envelopes before and after lidocaine injection for a
representative animal. The (x–y) coordinates of each dot represent the
integrals of the EMG envelopes of a pair of vasti muscles along the stance
phase of one stride of locomotion. Hence, there are as many dots as the
number of strides, and the correlation coefficient between these meas-
ures indicates the strength of correlation between muscle activity across
strides. The correlation coefficients are indicated at the bottom of the
plots, showing a preferential reduction of vastus medialis (VM)-vastus
intermedius (VI) and vastus lateralis (VL)-vastus intermedius (VI) correla-
tions after lidocaine injection. Number of strides ns = 385± 10 and 210±6
[means ± standard deviation (SD) across muscle pairs] for pre- and postli-
docaine, respectively.
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strides for a representative animal, before and after the injec-
tion of lidocaine into the knee capsule. Each individual data
point indicates the values of the integrated EMGs of a pair of
muscles on one stride. In this rat, the correlation coefficient
between the integrated EMGs of VM and VL did not change
substantially after the injection of lidocaine, but there was a
reduction in VM-VI (Dr = �0.19) and VL-VI (Dr = �0.18) cor-
relation coefficients.

Similar results were obtained across animals (Fig. 3).
Analysis of variance (Table 1) showed no significant differ-
ence between the pre-lidocaine and the post-lidocaine corre-
lation coefficients between VM and VL (no significant effect
of the factor Time, i.e., pre-post injection) for both lidocaine
and sham (no significant interaction between Time and
Injection type). However, there was a significant effect of
Time and a significant interaction with Injection type for
VM-VI and VL-VI correlations. Post hoc tests revealed a sig-
nificant reduction in the strength of correlation between the
integrated EMGs of these muscle pairs after lidocaine but
not after sham injection (Table 2). Similar to VM-VL correla-
tions, we found no significant differences between the corre-
lation coefficients pre- and postinjection for the muscle pairs
RF-VM, RF-VL, and RF-VI for either injection type (ANOVA,
Table 1) for both lidocaine and sham.

Reduction of Across-Strides Correlations Is Driven by
Decreased Covariations among the Vasti Muscles

We evaluated whether the reduction in the correlation
coefficients between VM and VI, and between VL and VI
obtained after the injection of lidocaine was driven by a
reduction in the across-stride covariation of the inte-
grated EMGs of the two muscles (i.e., numerator of the
Pearson correlation coefficient; see METHODS), or by an
increase in the across-stride variability of each individual
muscle’s integrated EMGs (denominator of the Pearson
correlation coefficient). Figure 4 illustrates the postinjec-
tion values of variability (standard deviations) and cova-
riances of the integrated EMGs for each pair of vasti
muscles, normalized to their preinjection values. The
injection of lidocaine did not cause any consistent effect
on the product of the standard deviations for any muscle
pair, with some animals showing an increase and others
a decrease of this measure following the injection.
Accordingly, we found no significant differences between
the products of the standard deviations of the integrated
EMGs obtained pre- and those obtained postlidocaine
injection (ANOVA, VM-VL: Ptime = 0.4284; VM-VI: Ptime =
0.7318; VL-VI: Ptime = 0.9682). Neither was there a signifi-
cant difference between the pre- and postinjection values
of the covariances between the integrated EMGs of VM
and VL (ANOVA, Ptime = 0.2890), hence resulting in no
change in the correlation coefficient following lidocaine
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Figure 3. Across-stride correlations among the integrals of the electro-
myographic (EMG) envelopes of the quadriceps muscles before and after
lidocaine and sham injections. The box-whisker plots report the correla-
tion coefficients between the integrated EMG envelopes of each pair of
quadriceps muscles before (black) and after the injection of lidocaine (or-
ange, top) and sham (green, bottom) for all animals (boxes: first quartile,
median, and third quartile; whiskers: 1.5 interquartile ranges above and
below the first and the fourth quartile; diamonds: means across animals).
Notice the reduction of vastus lateralis (VL)-vastus intermedius (VI) and
vastus medialis (VM)-VI correlation coefficients after lidocaine but not after
sham injection. nlidocaine = 12, 8, 8, 12, 12, 8 and nsham = 9, 6, 6, 9, 9, 6 ani-
mals contributed to VM-VL, VM-VI, VL-VI, rectus femoris (RF)-VM, RF-VL,
RF-VI correlations, with an average number of strides ns = 169 ±94 and
166 ±56 for lidocaine and sham, respectively. Due to the inclusion criteria
(see METHODS) not all animals contributed to each bar. Significance levels:
���P< 0.001.

Table 2. Post hoc tests to compare the correlation coeffi-
cients between the integrated EMG envelopes across
time-to-injection

VM-VI VL-VI

Lidocaine Sham Lidocaine Sham

P value <0.001 1 <0.001 1
Effect sz. �0.26 �0.03 �0.31 �0.01
CI (�0.41; �0.11) (�0.21; 0.14) (�0.45; �0.16) (�0.18; 0.16)

Bonferroni-corrected P values (significant in bold), effect sizes
(effect sz.), and confidence intervals (CI) of the post hoc tests compar-
ing the difference between post- and preinjection correlation coeffi-
cients (i.e., post minus pre injection Fisher-transformed correlation
coefficients). Theposthoc testswereperformedonly for thosemuscle
pairs whose correlation coefficientswere significantly affected by the
factor Time (see ANOVA in Table 1). EMG, electromyography; VI,
vastus intermedius;VL, vastus lateralis;VM, vastusmedialis.

Table 1. ANOVA of the correlation coefficients between
the integrals of the EMG envelopes of each pair of quad-
riceps muscles

VM-VL VM-VI VL-VI RF-VM RF-VL RF-VI

Time 0.54 0.02 0.01 0.79 0.86 0.81
Injection 0.09 0.99 0.85 0.22 0.45 0.57
Time:Injection 0.33 0.05 0.01 0.72 0.28 0.44

P values (significant in bold) associated to the factors Time (pre/
postinjection), Injection (lidocaine/sham), and their interaction, for
each pair of quadriceps muscles. Number of animals nlidocaine = 12,
8, 8, 12, 12, 8 and nsham = 9, 6, 6, 9, 9, 6 for vastus medialis (VM)-
vastus lateralis (VL), VM-vastus intermedius (VI), VL-VI, rectus
femoris (RF)-VM, RF-VL, RF-VI, respectively. Number of strides
ns = 169 ± 94 and 166 ± 56 (means ± SD) for lidocaine and sham,
respectively.
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injection for this muscle pair as discussed earlier (Fig. 3).
On the other hand, there was a consistent reduction of the
covariances between the integrated EMGs of VM and VI,
and between those of VL and VI after the injection of lido-
caine for all but one animal, leading to a significant differ-
ence between their pre- and postinjection values (VM-VI:
P = 0.007; VL-VI: P < 0.001).

No Effect of Knee Joint Sensory Afferents Inhibition on
the Correlations among the Activation Time Profiles of
the Quadriceps Muscles within the Gait Cycle

We then evaluated the effects of knee joint sensory affer-
ents inhibition on the correlations between the time-varying
profile of quadriceps muscles activity within the gait cycle of
each individual stride (Fig. 5). This measure of correlation
characterizes the fine time scale, moment-to-moment, cova-
riation between muscles within each stride, in contrast to
the correlation between the integrated activity of muscles
across strides described in the previous sections. We found
no differences in the correlation coefficients between the
EMG envelopes of any pairs of quadriceps muscles for both
lidocaine and sham (ANOVA, Table 3). Although the interac-
tion term between Time and Injection is close to significance
for VM-VL (P = 0.06), post hoc tests confirm that the strength
of correlation between the EMG envelopes of these two
muscles is not significantly affected by the injection of either
lidocaine (P = 0.56) or sham (P = 0.17).

No Effect of Knee Sensory Afferents Inhibition on the
Activity of Individual Quadriceps Muscles

We next evaluated whether inhibition of knee joint sen-
sory afferents influenced the activity of individual muscles
within the gait cycle. Figure 6 (top) illustrates that the time
course of the EMG envelopes of the quadriceps muscles
are minimally affected by the injection of lidocaine into
the knee capsule. Postlidocaine, the activity of the vasti
muscles seems to be slightly higher than prelidocaine after
mid-stance (VM and VL) or at the beginning of the stance

phase (VI). However, these differences are not statistically
significant, likely due to variability across animals (Fig. 6,
bottom). Indeed, the pre- and postinjection integrated EMGs
are not significantly different for any muscle, any portion of
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the gait cycle, and independently on the injection type
(ANOVA results presented in Table 4). Notice we did not per-
form these analyses at swing-init for VM, VL, and VI, as the
vasti muscles are inactive in this portion of the gait cycle
(Fig. 6).

No Effect of Knee Sensory Afferents Inhibition on
Movement Kinematics

Consistent with the lack of change in individual muscle
activity after lidocaine injection, inhibition of knee sensory
afferents caused no significant alterations in movement ki-
nematics. Figure 7 illustrates the average limb-stick figures
(see Fig. 1 for anatomical interpretation) at different
moments of the gait cycle, and suggests minimal differences
between pre- and postinjection kinematics for both lidocaine
(Fig. 7A) and sham injections (Fig. 7B). Accordingly, the spa-
tiotemporal gait parameters (Fig. 7, boxplots) were not
affected by any of the injections, with no significant differen-
ces between pre- and postinjection for percentage of stance
(ANOVA: Ptime = 0.9503, Ptime:inj = 0.3304) and step duration
(ANOVA: Ptime = 0.6975, Ptime:inj = 0.9815).

The analysis of individual joint angles further confirms
these results, suggesting that the inhibition of knee sensory
afferents does not affect limb kinematics (Fig. 8, ANOVA
results reported in Table 5). Indeed, we observed small
changes in limb kinematics following both lidocaine and
sham injections. The pre- and postinjection values of the hip
angle were significantly different to one another at foot-
strike for both lidocaine and sham injections, and nonsignifi-
cantly different at mid-stance, foot-off, and mid-swing. The
knee angles pre- and postinjection of lidocaine as well as
sham were significantly different to one another at foot-
strike, mid-stance, and foot-off, but not at mid-swing.
Finally, the preinjection values of the ankle angle were not
significantly different from the postinjection values at any
point of the gait cycle for both lidocaine and sham. Finally,
we found no significant differences between the pre- and
postinjection joint range of motions (ROM, Fig. 8 boxplots)
for the hip (ANOVA: Ptime = 0.6949, Ptime:inj = 0.6087), knee
(ANOVA: Ptime = 0.6031, Ptime:inj = 0.0871), and ankle
(ANOVA: Ptime = 0.3188, Ptime:inj = 0.4137).

DISCUSSION

We examined whether joint sensory afferents originating
from the knee modulated the correlations between quadri-
ceps muscles activity during locomotion in the rat. Injection
of lidocaine into the knee capsule was used to silence knee
joint sensory afferents. There was no significant change in
the correlations between the time-varying profiles of muscle
activity within the gait cycle for any quadriceps muscle pair.
Similarly, there was no significant change in the across-
stride correlations between the integrated EMGs of VL and
VM, nor between the integrated EMGs of RF and any of the
vasti muscles. On the other hand, the inhibition of knee joint

Table 3. ANOVA of the correlation coefficients between
the time-profiles of the EMG envelopes of each pair of
quadriceps muscles

VM-VL VM-VI VL-VI RF-VM RF-VL RF-VI

Time 0.57 0.37 0.34 0.31 0.68 0.19
Injection 0.91 0.80 0.83 0.22 0.04 0.99
Time:Injection 0.06 0.78 0.79 0.15 0.17 0.36

P values associated to the factors Time (pre/postinjection),
Injection (lidocaine/sham) and their interaction, for each pair of
quadriceps muscles. n and ns as in Fig. 5. EMG, electromyography;
VI, vastus intermedius; VL, vastus lateralis; VM, vastus interme-
dius; RF, rectus femoris.
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Figure 6. Activity of individual quadriceps muscles before and after the injection of lidocaine. Top: electromyographic (EMG) envelopes of the quadri-
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sensory afferents caused a significant reduction in the
across-stride correlations between the integrated EMGs of
VM and VI, and between those of VL and VI. This reduced
correlation strength originated from a lower across-stride
covariation between the integrated EMGs of these muscles,
and not from an increased variability of the integrated EMGs
of the individual muscles. Taken together, these results sug-
gest that knee joint sensory afferents contribute to the coor-
dinated activity between VI and the other vasti muscles
across strides.

We previously showed that the activity of VM and VL
are strongly correlated during locomotion. The integrals of
their EMG envelopes were highly correlated across strides,
and the time profiles of these envelopes were highly corre-
lated within the gait cycle of each individual stride (21).
Since VM and VL have opposite actions on the mediolat-
eral forces on the patella (22), such strong correlations are
consistent with a strategy that limits the mediolateral
loading on the patellofemoral joint (12, 13, 24, 33): varia-
tions in the lateral force applied by VL on the patella are
compensated by similar variations in the medial force
applied by VM. The fact these muscles’ activity is corre-
lated both across strides and within each individual stride

suggests that patellar loads are minimized both at a coarse
time resolution, from one stride to the next, and at a fine time
resolution, from moment-to-moment within each stride.
Here, we hypothesized that these correlations depended on
knee joint sensory afferents. Indeed, sensory receptors within
the knee (9) provide the CNS with critical information about
strains in ligaments, stresses between bones and within carti-
laginous structures, as well as about deformations of the joint
capsule, which could all be involved in feedback circuitries
that aim at limiting joint loading (34) and maintaining
dynamic joint stability (11). If the strong correlations between
the activity of VM and VL originate from such feedback loops,
inhibiting knee joint sensory afferents should cause a reduc-
tion in the strength of these correlations.

However, we found no change in the strength of VM-VL
correlation either across-strides or within the gait cycle fol-
lowing the inhibition of knee joint sensory afferents, suggest-
ing that the regulation of stresses and strains in the
patellofemoral joint is implemented by different neural
mechanisms. For example, spinal reflexes mediated by mus-
cle spindles (35) or Golgi tendon organs (36) may compensate
for excessive differences between the length or tension of
VM and VL, resulting in the coordinated activity of these two

Table 4. ANOVA of the individual quadriceps activity

VM VL VI RF

Stance Swing Stance Swing Stance Swing Stance Swing

Init End Init End Init End Init End Init End Init End Init End Init End

Time 0.62 0.66 0.59 0.28 0.46 0.36 0.32 0.99 0.87 0.55 0.88 0.40 0.23
Injection 0.49 0.09 0.42 0.24 0.89 0.14 0.82 0.81 0.54 0.13 0.05 0.17 0.01
Time:Injection 0.89 0.78 0.12 0.95 0.81 0.18 0.74 0.58 0.54 0.57 0.40 0.07 0.90

P values associated with the factors Time, Injection, and their interaction term, for each muscle and portion of the gait cycle. Number
of animals nlidocaine = 12, 12, 9, 8 and nsham = 9, 9, 7, 9 for vastus intermedius (VM), vastus lateralis (VL), vastus intermedius (VI), and rec-
tus femoris (RF), respectively; number of strides ns = 173 ± 96 and 170± 57 (means ± SD) for lidocaine and sham, respectively. The vasti
muscles are silent between foot-off and mid-swing, and therefore this portion of the gait cycle was not analyzed for these muscles.
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Figure 7. Gait parameters before and after lidocaine and sham injection. The average limb-stick figures suggest minimal differences in the pose of the
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muscles. Alternatively, last order spinal interneurons might
project to the motoneurons of both VM and VL. This hypo-
thetical common premotor drive to VM and VL was indeed
previously measured (25) and could originate from both spi-
nal or cortical systems (37). Additional work is necessary to
dissect the neural circuitry underlying the regulation of
patellofemoral joint loading, particularly relevant to uncover
the potential neural bases of patellofemoral pain (24).

Although knee joint sensory afferents did not appear to
drive correlations between VM and VL, our results suggested
that these afferents contribute to the across-stride correla-
tion between the integrated EMG envelopes of VI and those
of the other vasti muscles. The reduced correlation strength
between the integrated EMG envelopes of VI and those of
both VM and VL after the injection of lidocaine suggests the
existence of feedback loops mediated by knee joint sensory
afferents that coordinate the activations of these pairs of
muscles. Joint sensory afferents may lead to common pre-
synaptic drives to VI-VM and to VI-VL, coupling the activity
of these muscle pairs and potentially resulting in previously
described muscle synergies (38–41) mediated by sensory
feedback (42). These circuitry are likely polysynaptic (26)

and may involve either the a or the c systems (11).
Interestingly, VI and VL are coupled through long latency
force feedback in the cat, whereas VM and VL are not (the
connection between VM and VI was not determined; 43);
although the contribution of this inhibitory feedback to the
correlations described here is unclear, those results are con-
sistent with the specificity of sensory feedback pathways
among vasti muscles suggested by the present study.
Furthermore, our results are consistent with previous studies
demonstrating that feedback circuitry in the spinal cord
respond to stresses and strains in joint structures such as the
anterior cruciate ligament (34, 44) and themeniscus (45).

The functional role of these correlations between VI and
the other vasti muscles is not obvious. One possibility is that,
like the correlations between VM and VL, they contribute to
stabilization of knee joint structures, including the patellofe-
moral joint. Although VI has a limited influence on the
mediolateral loading on the patella [its line of force hasmini-
mal components on that axis (46)], the across-stride correla-
tion between VI and the other vasti muscles could help lock
the patella in the femoral groove or increase patellofemoral
contact forces to prevent patellar displacement during strong

Table 5. ANOVA of joint angles

Hip Knee Ankle

Foot-Strike Mid-Stance Foot-off Mid-Swing Foot-Strike Mid-Stance Foot-off Mid-Swing Foot-Strike Mid-Stance Foot-off Mid-Swing

Time 0.03 0.07 0.15 0.13 0.02 0.02 0.04 0.07 0.70 0.16 0.60 0.97
Injection 0.26 0.59 0.74 0.86 0.88 0.82 0.92 0.17 0.41 0.65 0.27 0.90
Time:Injection 0.36 0.67 0.70 0.46 0.71 0.95 0.45 0.95 0.36 0.99 0.87 0.40

P values (significant in bold) associated to the factors Time, Injection, and their interaction term, for each joint andmoment of the gait cycle.
Number of animals nlidocaine = 12 and nsham = 9; number of strides ns = 238±114 and 236±71 (means ± SD) for lidocaine and sham, respectively.
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quadriceps contractions. Alternatively, the covariation of all
the vasti muscles could reflect a more general strategy to
share muscle effort across close synergists (47, 48) during the
generation of knee extension torque. Although additional bio-
mechanical analyses and perturbations will be necessary to
test these ideas, our results suggest that knee joint afferents
are at least partially responsible for these correlations between
VI and the other vasti muscles.

We examined correlations between quadriceps muscles
at two different levels of temporal resolution: across-stride
correlations among integrated EMGs over the stance phase
of locomotion, and correlations among the time profile of
the EMG envelopes within the gait cycle. The former mea-
sure provides information about muscle coordination at a
coarse time scale, evaluating covariations across repetitions
of the same movement (i.e., repeated strides). Similar
across-repetition correlations of motor-related variables
(e.g., muscle activity or movement kinematics) are used as
measures of motor coordination in current motor control
theories (49), including to evaluate the risk of knee osteoar-
thritis (50). However, previous studies have suggested that
correlations between muscle activity are also expressed at a
much finer time scale, for example in the firing rates of
vasti motor units (25). We found here that lidocaine only
affected correlations at coarse time scales; the fine time
scale correlations between time-varying EMG profiles were
unaltered by lidocaine. These results might reflect the slow
temporal dynamics of joint sensory afferents in response to
changes in joint loads (26), so that joint afferents only signal
changes in joint load at the course time scales necessary to
drive across-stride correlations. Finer time scale correlations
might be driven either by other sensory afferents with faster
dynamics, such as muscle proprioceptors, or by feedforward
pathways in spinal or supraspinal systems. Future experi-
ments evaluating the effect of lidocaine on the coherence
between motor unit firing rates, or evaluating the effect of
manipulating the activity of other sensory afferents might
help further elucidate these possibilities.

Neither the activity of any individual muscle within the
gait cycle (Fig. 6) nor the across-stride variability of this ac-
tivity (Fig. 4) was affected by the injection of lidocaine, sug-
gesting that joint sensory afferents have minimal influence
on the activity of individual quadriceps muscles. This result
is consistent with previous studies on humans, in which
injection of intra-articular local anesthetic (lidocaine or
bupivicaine) into the knee or the ankle joints did not alter
muscle activation patterns (18, 19). Similarly, we observed no
specific effect of lidocaine on limb kinematics during loco-
motion; although there were small changes in limb kinemat-
ics after lidocaine injections, these changes were similar to
those observed after sham injections (Fig. 8), suggesting that
they were likely due to nonspecific factors such as fatigue
over the time course of the experiment. Thus, we found no
evidence that knee joint afferents played a substantial role in
task performance (15).

It is important to note that we examined the potential role
of knee joint sensory afferents in a single behavioral condi-
tion (treadmill locomotion on a level surface) and only after
temporary inhibition (transient inhibition lasting �1 h). It is
possible that knee afferents would play a more significant
role in other task conditions in which joint stresses or strains

might be especially large (e.g., jumping or landing).
Similarly, joint sensory afferents might play a more impor-
tant role in long-term alterations in muscle activations; e.g.,
they might signal persistent alterations in joint stresses
caused by injuries or normal aging, driving adaptations in
muscle activity over days. Consistent with this possibility,
the chronic inhibition of joint sensory afferents has been
shown to contribute to the development of joint diseases
such as osteoarthritis (16, 17). We also note that, although
there are many similarities between the knee joint of rats and
humans, in rats the patella sits within a very deep intercondy-
lar groove across the entire range of motion whereas in
humans the patella is stabilized only by the lateral facet of the
groove and primarily during knee flexion. Performing the
present study on rats allowed us to more easily record the ac-
tivity of VI during dynamic movements, showing that joint
sensory afferents may be involved in muscle coordination.
Nonetheless, additional experiments should be performed to
evaluate these results on humans.

Our results also suggest that damage to internal joint
structures containing sensory receptors (i.e., ligaments,
joint capsule) should be considered sensorimotor, and not
only biomechanical injuries. Injuries compromising knee
joint receptors [e.g., anterior cruciate ligament (ACL) rup-
ture (51)] might affect the coordination between the vasti
muscles. To the extent that such coordination is involved
in regulating joint stresses or strains, the loss of this sensory
feedback might contribute to the development of long-term
conditions like osteoarthrosis (16, 52). Recent studies have
also shown that these injuries alter the activity of higher
neural areas (53). Whether these changes reflect the lost
sensory feedback from the knee joint, adaptive neural con-
trol strategies to compensate for the altered joint mechan-
ics (12, 13), or maladaptive changes (54, 55) due to joint pain
or other factors remains unclear. In any case, these observa-
tions suggest that rehabilitation strategies following joint
injuries should not only consider the mechanical conse-
quences of the injury, but their potential effect on sensory
processing and neural control.
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