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Context: An arthrogenic muscle response (AMR) of the so-
leus and peroneal muscles has been previously demonstrated
in individuals with chronic ankle instability (CAI), but the pres-
ence of AMR in muscles acting on joints proximal to unstable
ankles has not been previously explored.

Objective: To determine if AMR is present in the quadriceps
and hamstrings muscles of those with and without unilateral
CAI.

Design: Case control.
Setting: University research laboratory.
Patients or Other Participants: Twenty subjects with uni-

lateral CAI (12 males, 8 females: age � 19.9 � 3.7 years;
height � 170.3 � 15.6 cm; mass � 78.0 � 23.1 kg) and 21
controls (16 males, 5 females: age � 23.2 � 5.4 years; height
� 173.9 � 12.7 cm; mass � 87.2 � 24.6 kg) with no previous
ankle injuries.

Main Outcome Measure(s): The central activation ratio
(CAR), a measure of motoneuron pool excitability during max-

imal voluntary isometric contraction, for the hamstrings and
quadriceps muscles was measured in both limbs using the su-
perimposed burst technique.

Results: The CAI group demonstrated quadriceps CARs that
were significantly larger in their involved limbs (.87 � .09), as
compared with their uninvolved limbs (.84 � .08), whereas no
significant side-to-side difference was seen in the control group
(sham involved � .80 � .11, sham uninvolved � .81 � .11).
When values from both the involved and uninvolved limbs were
averaged, the hamstrings CAR was significantly lower for the
CAI group (.94 � .03) than for the control group (.96 � .03).

Conclusions: Arthrogenic inhibition of the hamstrings mus-
cles bilaterally and facilitation of the quadriceps muscle ipsilat-
eral to the involved limb were noted in subjects with unilateral
CAI. Motoneuron pool excitability appears to be altered in mus-
cles that act on joints proximal to the ankle in those with uni-
lateral CAI.
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Key Points

• Differences in motoneuron pool excitability of the quadriceps and hamstrings muscles were found between those subjects
with chronic ankle instability and control subjects.

• Proximal deficits in motor control should be considered when assessing and treating patients with lateral ankle sprains
and chronic ankle instability.

Ankle injuries are one of the most common injuries in
both the athletic and general populations.1,2 Once an
individual has suffered an ankle sprain, he or she is

more susceptible to recurrent sprains.3,4 Furthermore, 40% of
individuals suffering lateral ankle sprains will develop chronic
ankle instability (CAI), or frequent ‘‘giving way’’ of the ankle,
during functional activities.5 Chronic ankle instability may be
caused by mechanical instability, functional instability, or a
combination of the two.3 The focus of our study is neuro-
muscular deficits, which are often referred to as functional
instability. Acute sprains may result in permanent disruption
of the mechanoreceptors in the injured ligaments,5 and these
changes may lead to neuromuscular alterations in the lower
limb. Chronic ankle instability is associated with neuromus-
cular changes at the involved ankle, as well as proximally in
the ipsilateral limb6,7 and in the contralateral limb.8

Arthrogenic muscle response (AMR), an important and of-
ten-unrecognized consequence of joint injury,9 is defined as
an ongoing reflex reaction of the musculature surrounding a

joint after distension or damage to structures of that joint.10,11

Potentially involving inhibition or facilitation of a muscle’s
motoneuron pool excitability, AMR can be independent of
pain and swelling and may be present long after the acute
injury has resolved.11–13 Arthrogenic muscle response may be
associated with altered neuromuscular activation patterns
around injured joints and is thought to occur in response to
distorted articular sensory receptors after joint injury.9 Al-
though AMR has primarily been studied in the knee,10–21 it
has also been studied in the shoulder,22,23 elbow,22,23 and an-
kle.15,24–26

A common method of measuring AMR is through the cen-
tral activation ratio (CAR).27–30 The CAR is the ratio of the
force exerted in a maximal voluntary isometric contraction
(MVIC) divided by the force exerted when an MVIC is per-
formed concurrently with a superimposed burst of electric
stimulation. When performing this maneuver, ideally motor
units that are not recruited during voluntary contraction should
be contracted with supramaximal stimulation of the muscle
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fibers.31 A smaller CAR reflects a greater number of motor
units having been recruited involuntarily with the supramaxi-
mal stimulation, thus indicating that the muscle is more inhib-
ited during voluntary contraction. In theory, a CAR of 1.0
represents no muscle inhibition, whereas lower ratios represent
escalating levels of inhibition.

Arthrogenic muscle inhibition is present in the ipsilateral
peroneal and soleus muscles of subjects with CAI.32 Although
peroneal muscle dysfunction has frequently been associated
with CAI, the role of soleus dysfunction is less understood.
Multiple authors have demonstrated concurrent changes in the
motoneuron pool excitability of the soleus and quadriceps
muscles.33–36 Three groups assessing the effects of artificial
knee effusion have shown soleus muscle facilitation and quad-
riceps muscle inhibition with knee effusion.36–38 Building on
these findings, soleus inhibition associated with CAI may be
related to accompanying quadriceps facilitation. Furthermore,
using the principle of reciprocal inhibition,39,40 it is plausible
that facilitation of the quadriceps motoneuron pool may be
related to inhibition of the hamstrings motoneuron pool.

Our purpose was to examine subjects with and without uni-
lateral CAI for the presence of AMR in their quadriceps and
hamstrings muscle groups. Our hypothesis was that, in com-
parison with healthy subjects, subjects with CAI would exhibit
quadriceps facilitation and hamstring inhibition.

METHODS

A case-control design was used to evaluate the group and
side differences in the quadriceps and hamstrings muscles of
subjects with and without unilateral CAI. The dependent var-
iables were the CAR of the quadriceps and hamstrings muscle
groups, as measured using the superimposed burst technique.
The 2 independent variables each had 2 levels: (1) group (CAI,
control) and (2) side (involved, uninvolved). Each control sub-
ject was side matched to a subject in the CAI group, so that
one limb was assigned as sham involved and one as sham
uninvolved. An equal proportion of right and left limbs were
classified as involved and uninvolved in the CAI group and
as sham involved and sham uninvolved in the control group.
Power for this investigation was determined from a similar
study that evaluated the AMR of the lower leg musculature in
subjects with CAI.32

Subjects

Twenty volunteers (12 males, 8 females; age � 19.9 � 3.7
years; height � 170.3 � 15.6 cm; mass � 78.0 � 23.1 kg)
with a history of unilateral CAI were tested in the experimen-
tal group. Twenty-one volunteers (16 males, 5 females; age �
23.2 � 5.4 years; height � 173.9 � 12.7 cm; mass � 87.2
kg � 24.6 kg) with no significant history of lower extremity
conditions, knee injury, or low back pain within the last year;
no history of surgery in the lower extremity; and no neuro-
logic deficits comprised the control group. All subjects read
and signed informed consent forms before initiation of testing.
The informed consent form and protocol were approved by
the Human Investigations Committee at our university.

Subjects completed 2 ankle questionnaires, the Ankle Insta-
bility Instrument (AII) and the Foot and Ankle Instability Dis-
ability index (FADI), including the FADI Sport Subscale, to
determine inclusion criteria. The AII is reliable and valid in
the assessment of patients with CAI.41 To be classified into

the CAI group, subjects had to have a history of ankle sprain
and must have answered yes to at least 4 other ankle symptom
questions. Additionally, volunteers reporting bilateral ankle
sprains or any fracture to the lower extremity or significant
knee injuries were excluded. The FADI is also reliable and
valid in detecting self-reported disability in those with CAI.42

Subjects had to self-report disability on at least 2 items on the
FADI to be included in the study.

Instruments

Isometric torque data collection was performed using the
Biodex System 3 Pro isokinetic dynamometer (Biodex Medi-
cal Systems Inc, Shirley, NY). The data were exported, in real
time, from the Biodex System 3 using a custom-made cable
to the BIOPAC 150 system (DA100B; BIOPAC Systems Inc,
Santa Barbara, CA). The AcqKnowledge software (version
3.7.1; Harvard Apparatus Institute, Holliston, MA) was used
to collect and analyze data on a Lenovo ThinkPad T42 laptop
computer (Lenovo Corp, Morrisville, NC). The S88 dual-chan-
nel Grass Stimulator (Grass Telefactor, West Warwick, RI)
with the SIU8T transformer stimulus isolation unit was used
to deliver the superimposed burst to the quadriceps and ham-
strings muscle groups.

Subject Preparation

The skin over the quadriceps and hamstrings stimulation
sites was cleaned with alcohol before electrode placement. To
stimulate the quadriceps muscle, 2 carbon electrodes (12 � 8
cm) were applied with a thin layer of conducting gel. The first
pad was placed on the proximal quadriceps muscle about 5
cm from the inguinal crease. The second pad was placed over
the vastus medialis.

For the hamstrings, a 5 � 5-cm adhesive electrode pad was
placed in line with the ischial tuberosity just inferior to the
gluteal fold. The second electrode was placed slightly medial
and distal to the first electrode on the bulk of the hamstring
musculature, as identified during submaximal isometric con-
traction against manual resistance.

Testing Procedures

A coin toss randomized the order of side and muscle group
testing for each subject. For quadriceps muscle testing, the
subject was secured in an upright sitting position in the dy-
namometer with waist and shoulder straps and the test knee at
90� of flexion. For hamstrings testing, the subject was tested
in the sitting position reclined to 45� with the test knee at 45�
of flexion. The subject then performed submaximal isometric
contractions and was stimulated with submaximal stimulatory
twitches for familiarization with the procedures. All subjects
were given 3 minutes of rest between trials to avoid fatigue.
Verbal encouragement and visual feedback from the software’s
real-time display of force output were provided during con-
traction to motivate the subject.

After becoming familiar with the procedures, the subject
was asked to perform an MVIC for either knee extension or
knee flexion for at least 3 seconds. Once the force plateau was
visually identified on the computer screen by the investigator,
a superimposed burst (SIB) of electric stimulation was admin-
istered. The stimulator delivered one 100-millisecond train of
10 square-wave pulses at 125 V, with an interpulse duration
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The central activation ration (CAR) incorporates torque signal mea-
surements from (1) a maximal voluntary isometric contraction
(MVIC) and (2) MVIC and a superimposed burst (SIB) of electric
stimulation. The CAR is calculated as the ratio of the mean of the
plateau (x̄) during the MVIC over the peak in the combined
MVIC�SIB force. In this example for the quadriceps, the CAR is
calculated as 1.87/2.47 and is equal to 0.76.

Central Activation Ratios in Subjects With and Without Chronic
Ankle Instability (Mean � SD)

Muscle Central
Activation Ratio

Subjects With Chronic
Ankle Instability*

Involved
Limbs

Uninvolved
Limbs

Healthy Controls

Involved
Limbs

Uninvolved
Limbs

Quadriceps† .87 � .09 .84 � .08 .80 � .11 .81 � .11
Hamstrings‡ .93 � .03 .95 � .03 .95 � .02 .96 � .02

*Subjects with chronic ankle instability had unilateral instability. For the
control group, 1 limb was assigned as sham involved and 1 as sham
uninvolved, so that an equal proportion of right and left limbs were clas-
sified as involved and uninvolved in both the chronic ankle instability
and control groups.
†Significant group-by-side interaction (P � .03).
‡Significant group main effect (P � .05).

of 600 �s and a carrier frequency of 100 pulses/s, to elicit the
SIB in the quadriceps.30 To elicit the SIB in the hamstrings,
one 100-millisecond train of 10 square-wave pulses at 100 V,
with an interpulse duration of 600 �s and a carrier frequency
of 60 pulses/s, was applied. These settings were chosen after
extensive pilot testing revealed that the same stimulation set-
tings could not be used for both muscle groups.

The electric stimulation caused a transient increase in
torque, called the SIB torque, over the MVIC torque (Figure).
The CAR was calculated as the ratio of the MVIC torque
signal over the combined MVIC�SIB torque signal; the
MVIC and SIB values were then identified using the Acq-
Knowledge software. Subjects performed 3 trials each for the
hamstrings and quadriceps muscle groups in each limb. The
subject was able to discard and repeat any trial if he or she
did not perceive that maximal effort was exerted when the SIB
was applied.

Statistical Analysis

Independent t tests were used to compare the results of the
FADI, FADI Sport, and AII scores among the groups. Intra-
class correlation coefficients (3,1) and standard error of mea-
surement (SEM) were calculated across all subjects to estab-
lish intrasession reliability and precision in the CAR measures
for the quadriceps and hamstrings muscle groups. Lastly, 2
separate, mixed-model, 2 � 2 analyses of variance were cal-
culated, one for the quadriceps data and one for the hamstrings
data. The between-subjects factor was group (CAI, control),
and the within-subjects factor was side (involved, uninvolved).
The a priori � level was set at P � .05.

RESULTS

The CAI and control groups were significantly different in
terms of ankle disability status as assessed by the FADI, FADI

Sport, and AII (P 	 .05). The CAI group scored 90.5% �
10.2% on the FADI, 75.6% � 11.8% on the FADI Sport, and
5.2% � 1.3% on the AII; the control group scored 99.8% �
0.5% on the FADI, 99.7% � 1.4% on the FADI Sport, and
0.05% � 0.2% on the AII.

The intrasession reliability estimate for the quadriceps CAR
measures was .77, and the SEM was 0.05. For the hamstrings,
the intrasession reliability estimate was .61, and the SEM was
0.02.

The CAR results, as detailed in the Table, were notable for
the quadriceps; a significant group-by-side interaction (P �
.03) was evident. Tukey post hoc comparisons revealed that,
for the CAI group, the quadriceps CAR was significantly
greater in the involved limbs (.87 � .09) than in the unin-
volved limbs (.84 � .08), whereas no significant side-to-side
difference was seen in the control group (sham involved �
.80 � .11, sham uninvolved � .81 � .11, P � .22).

A significant group main effect was found for the ham-
strings CAR measures (P � .05). When values from both the
involved and uninvolved limbs were averaged, the hamstrings
CAR was significantly lower for the CAI group (.94 � .03)
as compared with the control group (.96 � .03). However, we
were only able to obtain valid hamstrings CAR measures in
29 (15 with CAI, 14 controls) of our 41 subjects.

DISCUSSION

Subjects with and without unilateral CAI were evaluated for
AMR in the quadriceps and hamstrings muscle groups. As
hypothesized, the CAI group exhibited quadriceps facilitation
and hamstrings inhibition. The CAI group demonstrated facil-
itation of the quadriceps muscle in the involved limb in com-
parison with the uninvolved limb and both limbs of the control
group. Interestingly, the CAI group also had bilateral inhibi-
tion of the hamstrings compared with the control group. These
motoneuron pool responses are likely due to the residual ef-
fects of CAI that stem from a loss of, or change in, sensory
information emanating from the injured ankle joint. It is un-
clear if these changes represent a coping mechanism—an ef-
fort to protect the injured ankle while still retaining some sem-
blance of lower extremity function.

Quadriceps Facilitation

Previous authors32 have shown soleus and peroneal muscle
inhibition in subjects with CAI. The soleus muscle and quad-
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riceps muscle motoneuron pools are reciprocally linked.35–37

For example, with an artificial knee effusion, the soleus is
facilitated and the quadriceps is inhibited.36–38 An earlier find-
ing of soleus muscle inhibition, combined with our current
finding of quadriceps facilitation in those with CAI, provides
further evidence of the reciprocal relationship between soleus
and quadriceps motoneuron pool excitability. The functional
relationship between the quadriceps and soleus may exist be-
cause both muscles are knee extensors in the closed chain.43–45

As one muscle is inhibited, its agonist may be facilitated in
an effort to maintain normal joint mechanics.

Soleus muscle inhibition in those with CAI was previously
demonstrated using Hoffmann-reflex measures,31 as opposed
to the SIB maneuver used to assess quadriceps muscle acti-
vation in our study. The relationship between the SIB and the
Hoffmann-reflex has yet to be established. However, they are
both techniques used to estimate motoneuron pool excitability.
One limitation of our present study is that soleus inhibition
could not be verified. Future researchers should evaluate so-
leus and quadriceps motoneuron pool excitability in subjects
reporting CAI.

Hamstrings Inhibition

Our finding of hamstrings inhibition in the CAI group may
have 2 potential explanations. The first is reciprocal inhibi-
tion,27 which may result from the inhibition of the soleus mus-
cle, leading to a facilitation of the quadriceps muscle. Artificial
effusions have provided evidence that the soleus muscle be-
comes facilitated when the quadriceps muscle is inhibited.36–38

Currently, we have no reason to believe that the opposite may
occur. Our findings support facilitation in the quadriceps mus-
cle. These findings, coupled with earlier research showing so-
leus muscle inhibition, strengthen the argument. If the quad-
riceps is facilitated to compensate for the potential decrease in
closed chain soleus function, the hamstrings must, according
to reciprocal inhibition, be inhibited to allow for smoother co-
ordinated muscle contraction of the quadriceps. The presence
of hamstrings inhibition in our CAI group begins to address
that theory.

A second plausible explanation for hamstrings inhibition re-
lates to their secondary role as hip extensors. The gluteus max-
imus, the primary hip extensor, has been shown to have altered
activation patterns in both limbs in subjects recovering from
severe unilateral ankle sprains.46 Similarly, we identified bi-
lateral decreases in motoneuron pool excitability of the ham-
strings in subjects with unilateral CAI. Although we tested
hamstrings activation during knee flexion, it may be that ham-
strings inhibition also manifests itself in hip extension.

The limitations of our assessment technique for the ham-
strings must be acknowledged. To our knowledge, ours is the
first study to use the SIB maneuver on the hamstrings. We
were only able to obtain valid measures of the CAR in 29 of
our 41 subjects, and this may have reduced the statistical pow-
er needed to identify a significant group-by-side interaction,
as was seen in the quadriceps. We could not identify a plau-
sible neurophysiologic explanation for why an agonist muscle
group (eg, quadriceps) would have a unilateral motoneuron
pool activation response and an antagonist muscle group (eg,
hamstrings) would have a bilateral response. Additionally, the
intrasession reliability of the hamstrings measure was only
moderate (intraclass correlation coefficient � .61). We rec-
ognized the subjects were sitting on the electrode pads in the

hamstrings protocol and that pad pressures may have varied
across subjects. Another issue we must consider is that only
100 V was used to stimulate the hamstrings. This value is
important because not all subjects may have had fully stimu-
lated muscle fibers, which may account for some subjects hav-
ing an undetectable SIB. Also, inhibition may have been un-
derestimated, because it is uncertain if there was actually a
supramaximal stimulus; however, we did detect torque values
with SIB that were clearly greater than the MVIC. The study
was limited to 100 V because, in the pilot testing, stimulation
values greater than 100 V caused ‘‘cross-talk’’ stimulation into
other muscles, particularly the thigh adductors. In some sub-
jects, the SIB may have been unable to fully stimulate the
hamstrings in order to produce an appreciable burst; in others,
it may have elicited an appreciable burst but not a supramax-
imal stimulus.

A final potentially confounding factor in acquiring usable
tracings for the hamstrings is the possibility of synergistic
muscle contribution of the gastrocnemius, a secondary knee
flexor. The contribution of the gastrocnemius to knee flexion
may have been more than adequate to diminish any effect of
the SIB on the hamstrings. Some subjects may have been more
capable than other subjects of ‘‘shutting off’’ the gastrocne-
mius during contraction. We did not monitor the gastrocne-
mius during our testing sessions. Further refinements of the
methods used to assess the CAR in the hamstrings using the
SIB maneuver, perhaps with subjects lying prone, are war-
ranted.

Clinical Implications

Mounting evidence demonstrates proximal neuromuscular
changes in those with ankle instability. Such changes have
been identified in both the ipsilateral and contralateral limbs
of individuals with unilateral ankle injuries. Proximal changes
ipsilaterally after acute ankle sprain have been shown in al-
tered electromyographic and strength measures of the hip ex-
tensors.46 Contralateral changes associated with acute ankle
sprain have been illustrated via altered activation patterns of
the hip extensors46 and impaired postural control in the limb
contralateral to the acutely sprained ankle.47 In those with
CAI, ipsilateral proximal changes have previously been dem-
onstrated via reduced strength of the hip and knee extensors48

and altered knee and hip kinematics during jump landings7

and dynamic balance tasks.6 Contralateral changes in postural
control in subjects with CAI have also previously been
shown.8 The current findings add to this existing body of lit-
erature, showing changes in proximal and contralateral neu-
romuscular control related to CAI. Clinicians should be cog-
nizant of these issues when designing rehabilitation programs
for patients with acute ankle sprains or CAI. Rehabilitating the
entire lower extremity on the side of impairment should be
emphasized, and treatments that have been shown to reverse
the effects of arthrogenic muscle inhibition, such as cryother-
apy, transcutaneous electric nerve stimulation,10 and joint ma-
nipulation,49 should be used immediately before therapeutic
exercise is performed in an effort to activate motor units that
may have been previously inhibited. Consideration must also
be given to assessing and restoring function to the limb con-
tralateral to the side of injury.

Although the differences in quadriceps CAR were statisti-
cally significant between the involved and uninvolved limbs
of CAI subjects, the magnitude of differences was only 3%.
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Similarly, the significant difference between CAI and control
groups for hamstrings CAR was only of a 2% magnitude.
Some may question the physiologic importance of a difference
this small. Further research is needed to assess the functional
consequences of such deficits. Lastly, the potential limitation
of the assessment of motoneuron pool excitability in an open
kinetic chain task must be acknowledged, as it is unclear what
the consequences of the identified differences in CAR are in
closed kinetic chain functional activities.

In conclusion, we demonstrated bilateral arthrogenic inhi-
bition of the hamstrings and ipsilateral facilitation of the quad-
riceps in subjects with unilateral CAI. In those with unilateral
CAI, motoneuron pool excitability appears to be altered in
muscles that act on joints proximal to the ankle.
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