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Context: Quadriceps dysfunction is a common consequence
of knee joint injury and disease, yet its causes remain elusive.

Objective: To determine the effects of pain on quadriceps
strength and activation and to learn if simultaneous pain and knee
joint effusion affect the magnitude of quadriceps dysfunction.

Design: Crossover study.

Setting: University research laboratory.

Patients or Other Participants: Fourteen (8 men, 6
women; age = 23.6 * 4.8 years, height = 170.3 £ 9.16 cm,
mass = 72.9 = 11.84 kg) healthy volunteers.

Intervention(s): All participants were tested under 4 ran-
domized conditions: normal knee, effused knee, painful knee,
and effused and painful knee.

Main Outcome Measure(s): Quadriceps strength (Nm/kg)
and activation (central activation ratio) were assessed after each
condition was induced.

Results: Quadriceps strength and activation were highest
under the normal knee condition and differed from the 3
experimental knee conditions (P < .05). No differences were
noted among the 3 experimental knee conditions for either
variable (P > .05).

Conclusions: Both pain and effusion led to quadriceps
dysfunction, but the interaction of the 2 stimuli did not increase
the magnitude of the strength or activation deficits. Therefore,
pain and effusion can be considered equally potent in eliciting
quadriceps inhibition. Given that pain and effusion accompany
numerous knee conditions, the prevalence of quadriceps
dysfunction is likely high.

Key Words: arthrogenic muscle inhibition, central activation
failure, voluntary activation, muscles

target removing both pain and effusion.

Key Points

» Knee pain and effusion resulted in arthrogenic muscle inhibition and weakness of the quadriceps.
» The simultaneous presence of pain and effusion did not increase the magnitude of quadriceps dysfunction.
» To reduce arthrogenic muscle inhibition and improve muscle strength, clinicians should employ interventions that

uadriceps weakness is a common consequence of

traumatic knee joint injury'? and chronic degen-

erative knee joint conditions.>* Arthrogenic mus-
cle inhibition (AMI), a neurologic decline in muscle
activation, results in quadriceps weakness and hinders
rehabilitation by preventing gains in strength.’ The inability
to reverse AMI and restore muscle function can lead to
decreased physical abilities,® biomechanical deficits,” and
possibly reinjury.’ Furthermore, researchers®® have sug-
gested that quadriceps weakness resulting from AMI may
place patients at risk for developing osteoarthritis in the
knee. In light of the substantial influence of quadriceps
AMI on these clinically relevant outcomes, we need to
improve our understanding of the factors that contribute to
this neurologic decline in muscle activity so efforts to target
and reverse it can be implemented and gains in strength can
be achieved more easily.

Joint injury and disease are accompanied by numerous
sequelae (ie, pain, swelling, tissue damage, inflammation),
so ascertaining which one ultimately leads to neurologic
muscle dysfunction is difficult. Whereas a joint effusion

can result in AML'*'? the effects of pain are less
understood despite many clinicians attributing AMI to
pain. Using techniques that introduce knee pain without
accompanying injury may provide insights into the role of
pain in eliciting AMI.

The degree of knee joint damage may play a role in the
quantity of AMI that manifests. Hurley et al'*'* demon-
strated that quadriceps AMI, measured using an interpolat-
ed-twitch technique, was greater in patients with extensive
traumatic knee injury (eg, fractured tibial plateau, ruptured
medial collateral ligament, and medial meniscectomy) than
patients with isolated joint trauma (ie, isolated anterior
cruciate ligament [ACL] rupture). Similarly, patients with
more knee joint symptoms (ie, greater number of symptoms
and increased severity of symptoms) may present with
greater magnitudes of quadriceps inhibition. Recently,
investigators'® have suggested that patients with more pain
display less quadriceps strength, supporting this tenet.
Given that effusion and pain often present simultaneously
with joint injuries and diseases, such as ACL injury and
osteoarthritis, examining both the isolated and cumulative
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effects of these sequelae appears warranted to determine if
they influence the magnitude of muscle inhibition.

Experimental joint-effusion and pain models are safe and
effective experimental methods that allow for the isolated
examination of their effects on muscle function. The
effusion model, whereby sterile saline is injected directly
into the knee joint capsule,” produces a clinically relevant
magnitude of the joint effusion that may be present with
traumatic injury. Effusion is thought to activate group II
afferents responding to stretch or pressure,'®'® which in
turn may facilitate group Ib interneurons and result in
quadriceps AMI.° The pain model involves injecting
hypertonic saline into the infrapatellar fat pad to produce
anteromedial knee pain similar to that described in patients
with patellofemoral pain syndrome.'® Pain is considered to
initiate  AMI through activation of group IIl and IV
afferents that act as nocioceptors to signal damage or
potential damage to joint structures.'®'® The firing of these
afferents then may lead to facilitation of group Ib
interneurons, the flexion reflex, or the gamma loop,
ultimately resulting in quadriceps inhibition.”® Thus, these
models allow us to create symptoms that are associated
with knee injury and have the added benefit of providing a
way to examine their effects in isolation.

Therefore, the purpose of our study was to determine the
effects of pain on quadriceps strength and activation and to
learn if simultaneous pain and knee joint effusion would
affect the magnitude of quadriceps dysfunction. We
hypothesized that pain alone would result in quadriceps
inhibition and that the magnitude of inhibition would be
greater when effusion and pain were present simultaneously.

METHODS

Participants

Fifteen healthy individuals originally volunteered to
participate, but after receiving a knee-effusion injection, 1
participant fainted and subsequently was removed from the
study at the discretion of the investigators. Therefore, 14
healthy participants (8 men, 6 women; age = 23.6 = 4.8
years, height = 170.3 = 9.16 cm, mass = 72.9 = 11.84 kg)
were included in the study. Participants were excluded if
they had a history of knee injury or surgery, had knee pain at
the time of the study, had an allergy to lidocaine, had any
orthopaedic or rheumatologic disorder that affected the
lower extremity, or reported being pregnant. All participants
provided written informed consent, and the study was
approved by the Institutional Review Boards of the
University of Michigan Medical School. We recorded the
age, height, weight, and dominant lower extremity of the
participants. The dominant lower extremity was defined as
the limb with which the participant would kick a ball.?!
Activity level at the time of the study was not documented,
but participants were instructed to refrain from any training
or physical activity for 24 hours before reporting for testing.

Testing Procedures

We quantified the quadriceps strength and activation of
all participants under 4 randomized conditions: normal
knee, effused knee, painful knee, and effused and painful
knee. For the normal knee condition, we quantified strength
and activation without manipulating the knee joint, whereas

for the other conditions, we quantified quadriceps strength
and activation after the induction of an experimental knee
joint effusion (effused knee), experimental knee pain
(painful knee), or experimental knee effusion and pain
(effused and painful knee). Furthermore, to assess the
reliability of our dependent measures between days,
baseline or normal knee testing occurred each day before
any injections. Each of the 4 conditions was tested on a
separate day, and testing sessions were separated by 5 to 7
days. Randomization was completed using an online
research randomization Web site (http://www.randomizer.
com). The investigators were not blinded to condition, and
order allocation was not concealed. Data collection
occurred around the same time of day (morning, afternoon,
evening) for each condition for every participant.

Quadriceps Strength and Activation Procedures

Participants were seated on an isokinetic dynamometer
(Biodex System 3; Biodex Medical Systems, Inc, Shirley,
NY) with their hips and knees flexed to 90° and their backs
supported. Their dominant lower extremities were secured
to the arm of the dynamometer with straps at both the
thighs and ankles, and their trunks were fixed to the chair
with hook-and-loop straps. Self-adhesive, 5-cm X 9-cm
electrodes (Dura-Stick II; Chattanooga Group, Hixson, TN)
were placed proximally over the rectus femoris and distally
over the vastus medialis to deliver the stimuli for
quadriceps activation testing.

On each testing day and before any injections, partici-
pants were instructed to perform 3 10-second maximal
voluntary isometric contractions (MVICs) for knee exten-
sion to familiarize them with the task. During all MVICs,
an investigator (M.V.) provided constant spoken encour-
agement to promote the participant to extend the knee as
hard as he or she could. After the practice trials, 1 of the 4
conditions was induced. In the case of the normal knee
condition, participants rested for 5 minutes and then
performed the remaining MVICs for knee extension.

After the experimental condition was achieved, partici-
pants were instructed to perform 3 additional MVICs for
knee extension. These contractions were initiated within 2
minutes after the experimental condition was induced. In
addition to spoken feedback from the investigators, visual
feedback was provided whereby they were encouraged to
reach a target line on a computer screen that was set to a
torque value 10% above that of their MVICs recorded
during the familiarization trials. ** A 2-minute rest was
provided between contractions to minimize the effects of
fatigue. The torque signal generated from the dynamometer
was exported to a separate data-acquisition unit (MP100;
BIOPAC Systems, Inc, Goleta, CA) for real-time data
acquisition. The average torque value calculated over the 3
repetitions was normalized to the participant’s body mass
(kg) and used to quantify quadriceps strength (Nm/kg).

During the performance of the MVICs, we also assessed
quadriceps activation, which is a measure used to quantify
AMI. Using the burst-superimposition technique, we
delivered a supramaximal electrical stimulus (GRASS
S88 and SIUST; Astro-Med, Inc, West Warwick, RI) with
a train of 100 pulses per second, pulse duration of 600
milliseconds, train duration of 100 milliseconds, and
maximal voltage of 130 V*-* to the participants while
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Table 1.
Experimental Knee Condition

Effect Sizes (95% Confidence Intervals) for Quadriceps Strength and Activation Between the Normal Knee Condition and Each

Knee Condition

Measure Effused Painful Effused and Painful
Torque 0.49 (—-0.28, 1.22) 0.46 (—0.30, 1.20) 0.71 (—0.05, 1.47)
Central activation ratio 0.64 (—0.29, 1.21) 0.48 (—0.14, 1.38) 0.73 (—0.06, 1.47)
Pain rating —1.32 (—2.09, —0.47) —3.05 (—4.03, —1.89) —2.92 (—3.89, —1.79)

they performed the previously described MVICs for knee
extension. The central activation ratio (CAR) was calcu-
lated for each repetition using the following equation:
MVIC torque )

superimposed burst torque

CAR—(

where MVIC torque was the peak torque recorded before
the delivery of the electrical stimulus, and superimposed-
burst torque was the maximal torque value elicited via the
electrical stimulus. A CAR equal to 1.0 represents maximal
voluntary activation, but a CAR equal to 0.95 represents
complete or normal activation.?® The average CAR over the
3 repetitions was used to quantify quadriceps AMI.

Experimental Knee-Effusion Procedures

To induce the experimental knee-joint effusion, the area
superolateral to the patella of the dominant lower extremity
was cleaned with alcohol and povidone-iodine. All
participants’ lower extremities were placed in extension
while they lay supine in the dynamometer chair, which was
fully reclined. We used a sterile syringe with a 25-gauge,
1.5-inch needle to inject 3 mL of 1% lidocaine subcutane-
ously to anesthetize the skin. After the lidocaine was
released from the syringe, the needle was guided into the
knee joint capsule, a 60-mL syringe was attached, and 60
mL of sterile saline was injected into the subcapsular
synovial cavity.”?® After the injection, we performed a
sweep test to confirm the saline was in the knee joint
capsule. All injections were performed by the same
investigator (B.D.), a certified physician assistant.

Experimental Knee-Pain Procedures

To induce experimental knee pain, participants were
positioned as described for the knee-effusion injection. An
area inferior and medial to the patella was cleaned with
alcohol and povidone-iodine. We used a sterile syringe with
a 25-gauge, 1.5-inch needle to inject 0.3 mL of 5%
hypertonic saline into the medial infrapatellar fat pad. After
being injected with the hypertonic saline, participants were
instructed verbally to rate their pain on a scale of 0 (no
pain) to 10 (worst pain). Participants who rated their pain
as 5 or more did not receive a second injection of
hypertonic saline. Participants who rated their pain as less
than 5 on the scale were injected with another 0.3-mL bolus
of 5% hypertonic saline. Nine of 14 volunteers required the
second injection of hypertonic saline. The described
procedures were similar to those used in previous
investigations.'>?”-?® Participants were not informed in
advance of the criterion used to determine the need for
administration of a second injection.

For the effused and painful condition, we followed the
procedures described for both conditions. The injection for

effusion always preceded the injection for pain because the
pain resolved more quickly than the effusion.

Pain Ratings

After each experimental condition, participants were
instructed to complete a short-form McGill Pain Question-
naire. The visual analog scale (10-cm line) included on this
form was used to estimate the overall intensity of pain
participants experienced in their knees due to the injection
or injections. The pain rating was taken approximately 1
minute after the injection, which was before the completion
of the quadriceps strength and activation assessment.

Statistical Analysis

We used 2 separate 1 X 4 repeated-measures analyses of
variance to compare quadriceps strength and activation
across the 4 conditions. Similarly, we used a repeated-
measures analysis of variance to compare the pain ratings
across the 4 conditions. Bonferroni multiple-comparisons
procedures were employed post hoc. The o level was set at
equal to or less than .05 for all tests. Effect sizes (95%
confidence intervals [Cls]) were quantified for each
condition between the normal knee condition and the
experimental knee condition (effused, painful, or effused
and painful) using the Cohen d ([group mean normal —
group mean at experimental condition]/the pooled standard
deviation). To establish between-sessions reliability of our
dependent measurements, intraclass correlation coefficients
(ICC) (2,1) = standard error of the mean were calculated
using the torque and CAR data recorded at each session
before the delivery of any injections.

RESULTS

Effect sizes and their 95% Cls for quadriceps strength and
activation are presented in Table 1. The between-sessions
reliability for our measurements was high (MVIC =0.924 =
0.192; CAR=0.91 = 0.027), suggesting that our comparison
across days can be considered with confidence.

Strength and Activation

We noted differences between conditions for both
quadriceps strength (F5 39 = 7.56, P < .001) and activation
(F330 = 6.21, P = .001; Figures 1 and 2). The quadriceps
strength recorded during the normal knee condition (2.49 =
0.70 Nm/kg) differed from the other 3 knee conditions
(effused: 2.16 = 0.69 Nm/kg, P = .04; painful: 2.15 *
0.71, P = .01; effused and painful: 1.96 = 0.77, P =.009)
and was greatest under the normal knee condition.
Similarly, the CAR was highest under the normal knee
condition (0.88 = 0.09) and differed from the 3
experimental knee conditions (effused: 0.81 = 0.11, P =
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Figure 1.

.01; painful: 0.83 = 0.11, P =.03; effused and painful: 0.79
* 0.11, P=.02). We did not note differences among the 3
experimental knee conditions for either quadriceps strength
or activation (P > .05).

Pain

We found differences between conditions for intensity of
pain (F5339 = 35.16, P < .001; Table 2). The intensity of
pain was lower under the normal knee condition than under
the 3 experimental knee conditions (effused: P = .02;
painful: P < .001; effused and painful: P < .001). The
intensity of pain was greater during the painful condition
than the effused condition (P = .005) but not the effused
and painful condition (P = .98). In addition, the intensity of
pain was lower during the effused condition than the
effused and painful condition (P = .001).

DISCUSSION
We used experimental knee pain and effusion models to
examine the effects that pain and effusion may have on

1.0 a

Quadriceps peak torque for each knee condition. 2 Indicates difference from the other 3 knee conditions (P < .05).

quadriceps muscle strength and activation. Both the effused
knee and painful knee groups demonstrated quadriceps
muscle dysfunction, but the amounts of quadriceps
activation and strength deficits were not magnified when
these 2 stimuli were present simultaneously.

Reports are conflicting about whether the presence of
pain results in quadriceps dysfunction. Shakespeare®’ noted
that quadriceps inhibition can occur in the absence of
perceived pain in patients after meniscectomy, whereas
Arvidsson et al*® found that reducing pain via epidural
injections of lidocaine can increase quadriceps electromyo-
graphic activity in patients after ACL reconstruction.
Similarly, pain has been shown to be both related®' and
unrelated®? to quadriceps strength and activation in patients
undergoing total knee arthroplasty. Our study was different
from those earlier reports because we examined a cause-
and-effect relationship between pain and quadriceps
activation and strength. We showed that moderate amounts
of pain created a small magnitude of quadriceps AMI (5.7%
change from the normal knee condition) and also resulted in
a decline in quadriceps strength (13.7% change from the
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Figure 2. Quadriceps central activation ratio (CAR) for each knee conditions. ? Indicates difference from the other 3 knee conditions (P <

.05).
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Table 2. Overall Pain Rating for Each Condition?

Knee Condition Mean = SD
Normal 0.00 = 0.00
Effused 2.17 + 2.33°
Painful 5.22 + 2.42°
Effused and painful 5.46 * 2.64°

2 0 = no pain, 10 = worst pain.
b Indicates different from the normal knee condition only.
¢ Indicates different from the normal and effused knee conditions.

normal knee condition). Henriksen et al'> noted decrements
in isometric and isokinetic knee-extension strength ranging
from 5% to 15% after the induction of experimental knee
pain, which was consistent with our data. Considering that
pain accompanies numerous knee joint injuries and
conditions, the prevalence of AMI and quadriceps strength
deficits with joint trauma is likely high. Our finding that the
magnitude of inhibition resulting from pain was not large
agrees with data suggesting that pain contributes to a small
but substantial portion of the AMI present after total knee
arthroplasty.’' Notably, the relationship between pain and
AMI may be mediated by the severity of the pain
experienced, but that connection requires future study.
Knee-extension strength has been positively correlated with
pain intensity, so we would hypothesize a similar relation
between AMI and pain.'?

Contrary to our hypothesis, the interaction of pain and
effusion did not result in different magnitudes of AMI
(change from the normal knee condition was 5.7% in the
painful condition, 7.6% in the effused condition, and 10%
in the effused and painful condition) or quadriceps strength
declines (change from the normal knee condition was
13.7% in the painful condition, 13.6% in the effused
condition, and 21.8% in the effused and painful condition),
suggesting that the 2 stimuli did not have an additive effect.
Given that severity of injury can influence the degree of
AML,"* we expected that a more noxious stimuli provided
to the knee would increase quadriceps AMI and decrease
quadriceps strength. Although the pain and effusion in our
study were both experimentally induced and may account
for the lack of difference, the degree of pain (5/10 on a
visual analog scale) and the size of the effusion (60-mL
joint effusion) were moderate. Thus, we suggest our
findings have meaning for clinical populations with knee
injury. The lack of difference between the effused and
painful condition and each of the other 2 conditions also
could be attributed to a lack of statistical power. However,
the effects were small when we examined effect sizes for
comparisons between the effused and painful condition and
the painful condition (CAR =0.16, MVIC = 0.27) and the
effused and painful condition and the effused condition
(CAR = 0.28, MVIC = 0.27). Therefore, based on our
results, we suggest that pain and effusion have no additive
effect on quadriceps strength and activation. Unexpectedly,
our results indicated that our participants experienced some
pain during the effused condition, but this level of pain was
less than that during the painful and the effused and painful
conditions. Researchers® using the effusion model have
indicated that the effusion is painless, and we were
anticipating similar outcomes. Group III and IV afferents
(nocioceptors) have been found to respond to local
mechanical stimulation of the joint, and their stimulation

may have contributed to this outcome.* Thus, the presence
of pain in both the effused and painful condition and the
effused condition may help explain why quadriceps
strength and activation did not differ between these groups.

Although not a main purpose of our study, knee joint
effusion led to declines in quadriceps strength and
activation. This result was not novel; many investiga-
tors' %1233 have noted that effusion leads to AMI. However,
AMI in these previous investigations was quantified using
the H reflex. We quantified AMI in our study using the
CAR, which was recorded while volunteers performed
muscle contraction, rather than the H reflex, which is
measured under static conditions. Thus, the finding that
effusion leads to quadriceps inhibition during a quadriceps
contraction is worth highlighting.

Our participants presented with an average CAR of 0.89,
which is lower than the 0.95 considered to be complete
activation for healthy adults.”® Therefore, before experi-
mentally altering their knees, some of our participants
would be considered to have incomplete quadriceps
activation. The reason behind this is unclear, but it could
be due to not truly completing a maximal quadriceps
isometric contraction during testing. We encouraged
maximal contraction by providing both visual and oral
feedback during testing and thus had to assume participants
were completing the MVICs to the best of their abilities.
Given that we used a crossover design and all participants
completed all conditions, we suggest our results comparing
the conditions are not hindered. Although not reported as
part of this study, we collected data for each participant in a
normal knee condition each day before inducing any
experimental condition and found that the baselines were
not different from each other (P = .96 for quadriceps CAR).
Thus, whereas the magnitude of CAR of the normal knee
was lower than expected for healthy adults, we are
confident that the change resulting from the effusion or
pain or both models was accurate.

The computed effect sizes listed in Table 1 suggest that the
injections resulting in pain or effusion or both led to small to
moderate changes in quadriceps torque and CAR when
compared with the normal knee condition. These findings led
us to conclude that pain or effusion or both resulted in
statistical differences and potentially clinically meaningful
differences in our dependent measures. However, the wide
95% Cls suggest that we cannot rule out a large increase or
decrease in torque or CAR due to the injections. This wide
variation likely can be attributed to our small sample size. In
future investigations, using a larger sample may be necessary
to definitively conclude the effects of pain or effusion or both
on quadriceps torque and the CAR.

A limitation of our study was that pain was only
quantified directly after the experimental conditions were
induced. Pain levels likely decreased from when the pain
rating was quantified to the time when the last MVIC took
place. Researchers!® using methods to induce pain similar
to those we described found knee pain peaked (5.8/11 on a
visual analog scale) approximately 3 minutes after injection
of hypertonic saline and declined (2/11 on a visual analog
scale) approximately 10 minutes postinjection. Given that
testing took about 10 minutes to complete from the time of
the injection to the last MVIC, the pain rating likely had
declined by the time we recorded the last MVIC or CAR,
which may have influenced our results. However, our
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findings still illustrate that the pain produced by the model
employed resulted in quadriceps weakness and activation
failure despite a possible decline in the magnitude of pain
throughout testing. Further research is needed to determine
if the magnitude of pain influences the magnitude of deficits
in quadriceps strength and activation.

CONCLUSIONS

Knee pain and effusion resulted in quadriceps AMI and

weakness. However, the simultaneous presentation of pain
and effusion did not appear to increase the magnitude of
quadriceps dysfunction. Based on our results, we conclude
that clinicians who want to reduce AMI and improve
muscle strength should employ interventions that target the
removal of both pain and effusion.

REFERENCES

1.

10.

11.

13.

14.

Palmieri-Smith RM, Thomas AC, Wojtys EM. Maximizing quadri-
ceps strength after ACL reconstruction. Clin Sports Med. 2008;27(3):
405-424, vii-ix.

. Hurley MV. Muscle dysfunction and effective rehabilitation of knee

osteoarthritis: what we know and what we need to find out. Arthritis
Rheum. 2003;49(3):444-452.

. Palmieri-Smith RM, Thomas AC, Karvonen-Gutierrez C, Sowers

MEF. Isometric quadriceps strength in women with mild, moderate,
and severe knee osteoarthritis. Am J Phys Med Rehabil. 2010;89(7):
541-548.

. Hurley MV, Scott DL, Rees J, Newham DJ. Sensorimotor changes

and functional performance in patients with knee osteoarthritis. Ann
Rheum Dis. 1997;56(11):641-648.

. Hopkins JT, Ingersoll CD. Arthrogenic muscle inhibition: a limiting

factor in joint rehabilitation. J Sport Rehabil. 2000;9(2):135—-159.

. McAlindon TE, Cooper C, Kirwan JR, Dieppe PA. Determinants of

disability in osteoarthritis of the knee. Ann Rheum Dis. 1993;52(4):
258-262.

. Palmieri-Smith RM, Kreinbrink J, Ashton-Miller JA, Wojtys EM.

Quadriceps inhibition induced by an experimental knee joint effusion
affects knee joint mechanics during a single-legged drop landing. Am
J Sports Med. 2007;35(8):1269—1275.

. Suter E, Herzog W. Does muscle inhibition after knee injury increase

the risk of osteoarthritis? Exerc Sport Sci Rev. 2000;28(1):15—-18.

. Palmieri-Smith RM, Thomas AC. A neuromuscular mechanism of

posttraumatic osteoarthritis associated with ACL injury. Exerc Sport
Sci Rev. 2009;37(3):147—153.

Spencer JD, Hayes KC, Alexander 1J. Knee joint effusion and
quadriceps reflex inhibition in man. Arch Phys Med Rehabil. 1984;
65(4):171-1717.

Hopkins JT. Effect of knee joint effusion on quadriceps and soleus
motoneuron pool excitability. Med Sci Sports Exerc. 2001;33(1):
123-126.

. Palmieri RM, Ingersoll CD, Edwards JE, et al. Arthrogenic muscle

inhibition is not present in the limb contralateral to a simulated knee
joint effusion. Am J Phys Med Rehabil. 2003;82(12):910-916.
Hurley MV, Jones DW, Newham DJ. Arthrogenic quadriceps
inhibition and rehabilitation of patients with extensive traumatic
knee injuries. Clin Sci (Lond). 1994;86(3):305-310.

Hurley MV, Jones DW, Wilson D, Newham DJ. Rehabilitation of
quadriceps inhibition due to isolated rupture of the anterior cruciate
ligament. J Orthop Rheumatol. 1992;5:145—154.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

. Henriksen M, Rosager S, Aaboe J, Graven-Nielsen T, Bliddal H.

Experimental knee pain reduces muscle strength. J Pain. 2011;12(4):
460-467.

. Halata Z, Rettig T, Schulze W. The ultrastructure of sensory nerve

endings in the human knee joint capsule. Anat Embryol (Berl). 1985;
172(3):265-275.

. Heppelmann B. Anatomy and histology of joint innervation. J

Peripher Nerv Syst. 1997;2(1):5-16.

. Grigg P. Properties of sensory neurons innervating synovial joints.

Cells Tissues Organs. 2001;169(3):218-225.

. Bennell K, Hodges P, Mellor R, Bexander C, Souvlis T. The nature

of anterior knee pain following injection of hypertonic saline into the
infrapatellar fat pad. J Orthop Res. 2004;22(1):116—121.

Rice DA, McNair PJ. Quadriceps arthrogenic muscle inhibition:
neural mechanisms and treatment perspectives. Semin Arthritis
Rheum. 2010;40(3):250-266.

Peters M. Footedness: asymmetries in foot preference and skill and
neuropsychological assessment of foot movement. Psychol Bull.
1988;103(2):179-192.

Krishnan C, Williams GN. Evoked tetanic torque and activation level
explain strength differences by side. Eur J Appl Physiol. 2009;
106(5):769—774.

Lewek MD, Rudolph KS, Snyder-Mackler L. Quadriceps femoris
muscle weakness and activation failure in patients with symptomatic
knee osteoarthritis. J Orthop Res. 2004;22(1):110-115.

Mizner RL, Stevens JE, Snyder-Mackler L. Voluntary activation and
decreased force production of the quadriceps femoris muscle after
total knee arthroplasty. Phys Ther. 2003;83(4):359-365.

Farquhar SJ, Chmielewski TL, Snyder-Mackler L. Accuracy of
predicting maximal quadriceps force from submaximal effort
contractions after anterior cruciate ligament injury. Muscle Nerve.
2005;32(4):500-505.

Jackson DW, Evans NA, Thomas BM. Accuracy of needle placement
into the intra-articular space of the knee. J Bone Joint Surg Am. 2002;
84(9):1522—-1527.

Bennell K, Wee E, Crossley K, Stillman B, Hodges P. Effects of
experimentally-induced anterior knee pain on knee joint position
sense in healthy individuals. J Orthop Res. 2005;23(1):46-53.
Bennell KL, Hinman RS. Effect of experimentally induced knee pain
on standing balance in healthy older individuals. Rheumatology
(Oxford). 2005;44(3):378-381.

Shakespeare DT. Reflex inhibition of the quadriceps after meniscec-
tomy: lack of association with pain. Clin Physiol. 1985;5(2):137—
144.

Arvidsson I, Eriksson E, Knutsson E, Arner S. Reduction of pain
inhibition on voluntary muscle activation by epidural analgesia.
Orthopedics. 1986;9(10):1415-1419.

Stevens JE, Mizner RL, Snyder-Mackler L. Quadriceps strength and
volitional activation before and after total knee arthroplasty for
osteoarthritis. J Orthop Res. 2003;21(5):775-779.

Mizner RL, Petterson SC, Stevens JE, Vandenborne K, Snyder-
Mackler L. Early quadriceps strength loss after total knee
arthroplasty: the contributions of muscle atrophy and failure of
voluntary muscle activation. J Bone Joint Surg Am. 2005;87(5):
1047-1053.

Hopkins JT, Ingersoll CD, Edwards JE, Klootwyk TE. Cryotherapy
and transcutaneous electric neuromuscular stimulation decrease
arthrogenic muscle inhibition of the vastus medialis following knee
joint effusion. J Athl Train. 2002;37(1):25-32.

Schaible HG, Schmidt RF. Activation of groups III and IV sensory
units in medial articular nerve by local mechanical stimulation of
knee joint. J Neurophysiol. 1983;49(1):35-44.

Address correspondence to Riann M. Palmieri-Smith, PhD, ATC, School of Kinesiology, University of Michigan, 4745G CCRB, 401
Washtenaw Avenue, Ann Arbor, MI 48109-2214. Address e-mail to riannp@umich.edu.

Journal of Athletic Training 191




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'AP_Press'] Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


