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Quadriceps Arthrogenic Muscle Inhibition:

Neural Mechanisms and Treatment Perspectives

David Andrew Rice, BHSc,* and Peter John McNair, PhD'

Objectives: Arthritis, surgery, and traumatic injury of the knee joint are associated with long-
lasting inability to fully activate the quadriceps muscle, a process known as arthrogenic muscle
inhibition (AMI). The goal of this review is to provide a contemporary view of the neural mech-
anisms responsible for AMI as well as to highlight therapeutic interventions that may help clini-
cians overcome AMI.

Methods: An extensive literature search of electronic databases was conducted including AMED,
CINAHL, MEDLINE, OVID, SPORTDiscus, and Scopus.

Results: While AMLI is ubiquitous across knee joint pathologies, its severity may vary according to
the degree of joint damage, time since injury, and knee joint angle. AMI is caused by a change in
the discharge of articular sensory receptors due to factors such as swelling, inflammation, joint
laxity, and damage to joint afferents. Spinal reflex pathways that likely contribute to AMI include
the group I nonreciprocal (Ib) inhibitory pathway, the flexion reflex, and the gamma-loop. Pre-
liminary evidence suggests that supraspinal pathways may also play an important role. Some of the
most promising interventions to counter the effects of AMI include cryotherapy, transcutaneous
electrical nerve stimulation, and neuromuscular electrical stimulation. Nonsteroidal anti-inflam-
matory drugs and intra-articular corticosteroids may also be effective when a strong inflammatory
component is present with articular pathology.

Conclusions: AMI remains a significant barrier to effective rehabilitation in patients with arthritis
and following knee injury and surgery. Gaining a better understanding of AMI’s underlying
mechanisms will allow the development of improved therapeutic strategies, enhancing the reha-
bilitation of patients with knee joint pathology.
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arked weakness of the quadriceps muscles is
typically observed following knee injury, after
knee surgery and in patients with arthritis.
This is partly due to muscle atrophy and partly to ongoing
neural inhibition that prevents the quadriceps from being
fully activated, a process known as arthrogenic muscle
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inhibition (AMI). AMI has been linked to articular swell-
ing, inflammation, pain, joint laxity, and structural dam-
age (1-4). The relative importance of these factors is not
clearly understood but it is generally accepted that AMI is
caused by a change in the discharge of sensory receptors
from the damaged knee joint (1,2,4-8). Anomalous joint
afferent discharge may have powerful effects on the cen-
tral nervous system, influencing the excitability of multi-
ple spinal and supraspinal pathways that combine to limit
activation of the quadriceps muscles.

Quadriceps AMI has long been of concern to clinicians
as it contributes to muscle atrophy and can delay or even
prevent effective strengthening, hindering rehabilitation
considerably. While mild AMI does not preclude strength
gains (9-11), it is likely to restrict their magnitude as a
portion of the muscle cannot be activated. During the first
few months after injury or surgery, or when joint damage
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is extensive, AMI may be severe and quadriceps strength-
ening protocols can be largely ineffective. Despite resis-
tance training, quadriceps strength may remain un-
changed or even decline significantly (12-17), an effect
attributed to AMI (12,17). As a result, quadriceps
strength deficits often remain long after the initial joint
trauma (18,19). Persistent quadriceps weakness is clini-
cally important as it may impair dynamic knee stability
(14,20), physical function (14,21-23), and quality of life
(22), increase the risk of re-injury to the knee joint (24),
and contribute to the development and progression of
osteoarthritis (OA) (25-27).

The objective of this review is to provide the reader
with a deeper understanding of AMI, with a focus on its
potential neural mechanisms and therapeutic interven-
tions that may help reduce its impact on rehabilitation.
The first section of this article describes the presentation
of AMI, including factors that may influence its severity
and time course. We then review the sensory innervation
of the knee joint and provide an outline of factors that
may alter afferent discharge in the presence of knee dam-
age. Thereafter, we examine the spinal reflex pathways
that have been implicated in AMI and discuss the poten-
tial influence of supraspinal centers on this process. Fi-
nally, we present the most promising therapeutic inter-
ventions that may help clinicians overcome AMI.

METHODS

To implement the review, an initial search of the literature
was undertaken using a variety of sources including exper-
imental papers, review papers, and conference proceed-
ings, as well as a general internet search. From this initial
search an extensive keyword list was developed (eg, quad-
riceps, knee extensors, muscle inhibition, voluntary acti-
vation, arthrogenic, arthrogenous, knee injury, knee
trauma, OA, gonarthrosis, rheumatoid arthritis, knee sur-
gery, joint receptors, articular receptors, afferent, sensory,
neuromuscular, reflex inhibition, interneuron, motoneu-
ron, supraspinal, swelling, effusion, inflammation, pain,
instability). An initial check of the keyword list was made
again in a number of databases (AMED, CINAHL,
MEDLINE, OVID, SPORTDiscus, and Scopus), where
appropriate additional keywords were added and modifi-
cations to the keyword list were made. This was supple-
mented with a review of the bibliographies of past review
papers on AMI, as well as the personal libraries of the
contributing authors. Only peer-reviewed papers pub-
lished in the English language were included in this re-
view.

RESULTS
The Presentation of AMI

AMI occurs across a wide range of knee joint pathologies,
with significant quadriceps activation deficits observed in
patients with OA (11,28,29), rheumatoid arthritis (RA)

(9), anterior knee pain (30), patella contusion (31), fol-
lowing anterior cruciate ligament (ACL) rupture (10,32)
and reconstruction (33), after meniscal damage (34) and
menisectomy (35,36), and in patients who have under-
gone knee joint arthroplasty (17,37,38).

AMI has been quantified using electromyography
(EMQ), interpolated twitch, or burst superimposition.
Interpolated twitch and burst superimposition are the
most commonly used methods and rely on electrical stim-
ulation augmenting quadriceps force production during
maximum effort contractions, thereby revealing incom-
plete muscle activation. Interpolated twitch superimposes
1 or multiple electrical stimuli on various levels of muscle
contraction, calculating activation failure using the for-
mula: 1 — (superimposed twitch force at maximum ef-
fort/superimposed twitch force at rest). Burst superimpo-
sition superimposes a train of stimuli only during
maximum contraction and calculates voluntary activation
using the formula: maximum effort torque/(maximum
effort torque + superimposed stimulus torque). Unfortu-
nately, researchers have used a number of different stim-
ulation parameters (eg, single versus multiple stimuli, dif-
ferent joint angles, estimated versus measured resting
twitch force) to quantify AMI, all of which can alter esti-
mates of muscle activation (39). Furthermore, in healthy
subjects quadriceps activation has been found to be 8 to
16% higher using burst superimposition compared with
interpolated twitch (39), while even interpolated twitch
has been suggested to overestimate true activation (40).
The heterogeneity and limitations of the methods used to
assess AMI make it difficult to compare the absolute mag-
nitude of inhibition across studies and suggest that in
many cases the magnitude of AMI may have been under-
estimated.! Nevertheless, repeated measures of interpo-
lated twitch and burst superimposition within single stud-
ies (ie, using the same stimulus parameters) provide
valuable information concerning the time course of AMI
and how its severity may vary across different patient
groups.

AMI appears to be most severe in the acute stages of
joint damage. To investigate the early progression of
AMI, Shakespeare and coworkers (36) asked patients to
perform maximum effort isometric quadriceps contrac-
tions and compared the amplitude of presurgery quadri-
ceps EMG to that recorded at various times in the first 2
weeks after menisectomy. These authors found that EMG
amplitude was typically reduced by 50 to 70% in the first
few hours post surgery. Over the next 24 hours, inhibition
tended to become more severe (80-90%) and by 3 to 4
days was still 70 to 80%. After 10 to 15 days inhibition

For the purposes of this review, the magnitude of AMI as assessed by burst
superimposition and interpolated twitch was calculated under the assumption
that full quadriceps activation equals 95%. In studies that used the same
stimulus parameters to compare quadriceps activation in healthy controls and
patients with joint pathology, the difference between the 2 groups is pre-
sented.
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had subsided somewhat but was still 30 to 50%. Similarly,
AMI is enhanced in the first 3 to 4 weeks after total knee
joint arthroplasty (TKA). Using burst superimposition,
researchers (17,38) have shown that AMI increases sub-
stantially from presurgery values of approximately 10% to
almost 30% when assessed 3 to 4 weeks after surgery.
During the same time period, quadriceps strength de-
creased by an average of 60% (range, 30-85%), with mul-
tiple linear regression analysis suggesting that AMI con-
tributed almost twice as much as muscle atrophy to the
observed weakness (38).

There is evidence that with time the severity of AMI
lessens. For instance, Snyder-Mackler and coworkers (41)
found that 9 of 12 patients with a subacute, isolated ACL
tear (average of 3 months post injury) had significant
quadriceps inhibition but that no inhibition was present
in patients with a chronic ACL rupture (average of 2 years
postinjury). Furthermore, Urbach and coworkers (33)
have shown that the magnitude of AMI is reduced in the
long term following ACL reconstruction. Before surgery
(average of 13 months post injury) patients demonstrated
mean quadriceps activation deficits 16% greater than
matched controls with no history of knee injury. Eighteen
months postsurgery quadriceps activation had improved
significantly to be 6% lower than controls. Similarly, 18
months after unicompartmental knee arthroplasty, Machner
and coworkers (37) observed a reduction in AMI to 18%
from presurgery quadriceps activation deficits that were,
on average, 28%. Over a longer time frame, Berth and
coworkers (42) found that AMI improved from ~15%
presurgery to ~6% by 33 months after TKA.

However, in the medium term (up to 6 months after
joint damage) clear reductions in AMI do not always oc-
cur with time. Following knee arthroscopy, Suter and
coworkers (34) found no significant change in the mag-
nitude of AMI when patients were assessed presurgery
and 6 weeks and 6 months postsurgery. More recently,
Berth and coworkers (43) compared the recovery from 2
different surgical approaches for TKA (subvastus versus
midvastus approach). Across both groups, AMI remained
unchanged (15-20%) from presurgery to 3 and 6 months
postsurgery.

Thus, based on the available evidence, it appears as if
AMI is most severe in the first few days after joint damage
before reducing somewhat, plateauing in the medium
term (up to 6 months), and then slowly declining in the
longer term (18-33 months). However, it is apparent that
notable levels of AMI may still be present months and in
many cases years after joint damage. To further highlight
this point, Becker and coworkers (35) have shown that
residual levels of AMI (approximately 8% compared with
healthy, age-matched controls) remain a mean of 4 years
after arthroscopic menisectomy, despite no radiological or
clinical evidence of further joint degeneration.

Following acute injury, the severity of AMI varies ac-
cording to the extent of joint damage (2,32,44). Among
patients with isolated ACL ruptures, relatively small

quadriceps activation deficits may be seen following in-
jury with AMI ranging from 3 to 8% when tested a mean
of 6 weeks to 31 months post injury (10,32,45,46). In
contrast, patients with ACL ruptured with additional
joint damage (ligamentous, capsular, meniscal, and/or
bony) demonstrate AMI of 15 to 41% several months or
in some cases years after joint damage (12,32). The rela-
tionship between joint damage and AMI is less clear in
patients with chronic joint disease. In patients with OA,
Pap and coworkers (47) assessed the magnitude of quad-
riceps AMI in relation to joint damage, scored retrospec-
tively according to the extent of cartilage degeneration
observed during articular surgery. Quadriceps activation
deficits were found to be higher in subjects with moderate
(stage II) joint damage (19%) compared with those with
greater (stage IV) deterioration (12%).

In patients with OA, researchers (21,48) have reported
a significant relationship between gender and the magni-
tude of AMI, with inhibition tending to be more severe in
women. In contrast, among ACL-injured subjects no
such relationship has been found (32,45). There does not
appear to be a significant relationship between age and the
severity of quadriceps inhibition in patients with ACL
injuries or OA (21,32).

Importantly, AMI often occurs bilaterally after unilat-
eral knee trauma or pathology. Bilateral inhibition has
been observed in patients with isolated ACL ruptures
(10,32,33,45,46), extensive traumatic knee injuries
(12,32), OA (11,34,37), anterior knee pain (30), and fol-
lowing ACL reconstruction (33), partial menisectomy
(35), and knee arthroplasty (37). AMI in the contralateral
limb is typically less severe than that in the injured limb.
However, quadriceps activation deficits as high as 16 to
24% have been documented in the uninjured limb among
patients with extensive traumatic knee injuries (12,32),
anterior knee pain (30), and after knee arthroplasty (37).
Similar to the injured side, contralateral AMI may persist
for up to 4 years after joint damage (35). These findings
highlight the need to ensure a bilateral approach to reha-
bilitation and suggest that caution be applied when at-
tempting to quantify quadriceps weakness by comparing
the injured to the uninjured limb. Both clinicians and re-
searchers should be aware that in many cases these compar-
isons may substantially underestimate quadriceps strength
deficits associated with knee joint pathology (32).

Sensory Innervation of the Knee Joint

To better understand the mechanisms involved in AMI it
is important to appreciate the range of sensory receptors
within the knee joint and their function. Sensory recep-
tors within the knee joint can be divided into 2 major
classes, those that are innervated by large, myelinated af-
ferent fibers (group I afferents), and those that are inner-
vated by thinly myelinated or unmyelinated afferents
(group III and IV afferents) (49). Group II afferents ter-

minate in corpuscular nerve endings that are activated by
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Figure 1 Schematic diagram summarizing the proposed mechanisms contributing to quadriceps arthrogenic muscle inhibition
(AMI). Solid lines are mechanisms with stronger evidence to support their existence.

mechanical stimuli such as stretch and pressure (49-51).
Most of these nerve endings are highly sensitive, with low
firing thresholds, and include Ruffini endings, Pacini-
form corpuscles, and Golgi tendon organ-like endings.
The proportion of group II afferents in the knee joint is
relatively small. While precise data from the human
knee are not available, as few as 16% of sensory fibers
are thought to be of group II origin in the cat’s knee
joint (51).

The large majority of afferent fibers innervating the
knee joint are high-threshold, lightly myelinated (group
II) or unmyelinated (group IV) fibers (49,51,52). In hu-
mans, ~70% of fibers in the articular branch of the tibial
nerve, the largest articular nerve supplying the knee joint,
are reported to be group IV, unmyelinated afferents (52).
Group III and IV afferents terminate in free nerve end-
ings, responding to strong mechanical, thermal, and
chemical stimuli. Their major function appears to be as
nociceptors, signaling actual or potential damage to joint
structures. However, it may be that a portion of free nerve
endings also function as mechanoreceptors as experi-
ments in the cat have found that approximately 55% of
group III and 20% of group IV afferents tested are acti-
vated by nonpainful, passive movements and local me-
chanical stimulation of the knee joint (53,54).

Changes in Afferent
Discharge Due to Joint Damage

A number of factors have been identified that may alter
afferent discharge from the knee joint in patients with
arthritis or following knee injury and surgery (Fig. 1).
These include swelling, inflammation, joint laxity, and a
loss of output from articular sensory receptors due to
structural damage (2-4,53).

Swelling

Swelling is often perennial in arthritic conditions and can
also continue long after the acute phase of knee injury and
surgery. Despite aspiration of acute hemarthrosis, swell-
ing has been shown to persist for an average of 3 months
after ACL rupture and for 12 months following ACL
reconstruction (55). Swelling causes significant quadri-
ceps AMI, even in the absence of factors such as inflam-
mation, pain, and structural damage. This has been re-
peatedly demonstrated by infusing fluid into undamaged
knee joints. Direct recordings from articular nerves in
animals have shown that swelling significantly increases
both the firing frequency and the recruitment of group II
afferents (56-60). Moderate levels of joint infusion rarely
evoke pain (1,61-64), making it unlikely that a significant
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number of group III and IV afferents are stimulated by
swelling alone. However, as some of these fibers can be
activated by mechanical stimulation (53,54), a portion
may increase their discharge in response to swelling, par-
ticularly at higher intra-articular pressures or in the pres-
ence of inflammation (53,65).

By infusing fluid into human knee joints, researchers
have shown that swelling reduces quadriceps EMG activ-
ity (1,63,66-69), Hoffmann reflex (H-reflex) amplitude
(7,8,61,70-72), and force output (62,64,69,73-75). The
potency of swelling’s effect is revealed by the finding that
as little as 10 mL of fluid may cause notable inhibition
(1,64,76), while infusions between 20 and 60 mL are
capable of reducing maximum isokinetic quadriceps
torque by 30 to 40% (62,64). Several lines of evidence
suggest that swelling’s inhibitory effect is mediated by
joint afferents. Injecting local anesthetic into swollen
joints largely abolishes AMI (8,64) and an infusion as
large as 300 mL failed to provoke inhibition in a patient
with Charcot neuropathy of the knee (1). Astonishingly, a
recent case study (77) has reported absolute increases in
quadriceps torque of approximately 400% 1 to 2 hours
after aspirating 150 mL of synovial fluid from an acutely
injured knee joint. From the results presented, this ap-
pears to represent almost a 50% (from ~13% to ~60%)
increase in the quadriceps strength ratio between the in-
jured and uninjured limbs.

In swollen knee joints particularly, there is a close rela-
tionship between intra-articular pressure (IAP) and the
discharge of articular afferents. In the presence of swell-
ing, IAP is raised across all joint angles (74,78,79). Even
in the resting position, an effusion as small as 5 mL is
sufficient to lift IAP above atmospheric pressure (64). In
the swollen knee, passive movement of the joint produces
a characteristic U-shaped curve, with peaks in IAP occur-
ring in full extension and at end range flexion, with a
decrease in mid range (74,78,80,81). The modulation of
IAP with joint angle becomes progressively more pro-
nounced with greater volumes of effusion (57,64,74).
Similarly, direct recordings from animals have shown that
as the knee is moved toward the extremes of motion, in
both extension and flexion, joint afferent discharge in-
creases significantly (54,82,83), a pattern that becomes
exaggerated in the presence of an effusion (57).

Given the relationships presented above, it is perhaps
not surprising that the magnitude of AMI has been found
to vary with joint angle. Greater inhibition occurs toward
the extremes of joint motion, where IAP and afferent
discharge are greatest (74,77,84-87). In acutely injured
knee joints, quadriceps inhibition is significantly greater
in full extension (87) and toward end range flexion (77)
than in mid range. In patients with chronic, perennial
effusions, it has been demonstrated that AMI is greater in
full extension than in 90° of flexion (84). Even in the
absence of a clinically detectable effusion, patients may
exhibit more than double the amount of AMI in full

extension when compared with 30 to 40° of knee flexion
in the first few days following menisectomy (85,86).

In summary, swelling raises IAP and increases the dis-
charge of group II afferents from the knee. Swelling has a
strong inhibitory effect on the quadriceps and even small,
clinically undetectable effusions may cause significant
AMLI. Thus, clinicians should make every effort to mini-
mize the swelling associated with joint pathology. Fur-
thermore, the magnitude of AMI is modulated according
to joint angle and the greater the level of effusion, the
stronger the relationship between joint angle and inhibi-
tion is likely to be. For these reasons, in the acute stages
after injury or surgery, isometric quadriceps exercises
should be performed in 30 to 50° of knee flexion, where
IAP is lowest (64,74,88). This is likely to maximize acti-
vation of the quadriceps, allowing more effective strengthen-
ing of the muscle to take place (74,76).

Inflammation

While swelling clearly has the potential to cause severe
AM], it is not solely responsible for this process. In pa-
tients with RA, the combination of aspiration and intra-
articular corticosteroid injection has been found to in-
crease quadriceps peak torque and EMG amplitude by
approximately 30% after 14 days, an effect attributed to a
reduction in AMI (89). Torque increased by 8.8 Nm
immediately after aspiration but by a much larger 21 Nm
14 days after corticosteroid injection, suggesting that de-
creased inflammation due to the corticosteroid may have
played an important role in reducing AMI. Similarly,
Fahrer and coworkers (90) showed that after aspirating
OA knee joints, subsequent infusion of local anesthetic
led to further increases in quadriceps activation. These
findings suggest the involvement of other non-pressure-
mediated afferent impulses in the genesis of AMI.

In support of this conjecture, several studies involving
animals have examined the effects of inflammation on
joint afferent discharge using experimental models of ar-
thritis. These investigations have shown that the induc-
tion of inflammation produces potent, long-lasting
changes in the sensitivity of articular free nerve endings
supplied by group III and IV joint afferents, a process
known as peripheral sensitization (53,91,92). The activa-
tion threshold of these receptors is lowered so that normal
joint movement or nonnoxious mechanical stimulation
of articular structures results in notable group III and IV
afferent discharge (53,91,92). In addition, these sensory
receptors demonstrate increased responsiveness to nox-
ious mechanical stimuli and an augmented spontaneous
discharge when the knee joint is held in a static position
(53,91,93). Finally, the inflammatory process may acti-
vate a number of silent free nerve endings (91,92,94).
Usually insensitive to both innocuous and noxious stim-
uli, the release of inflammatory mediators “awakens”
these receptors, substantially lowering their threshold and
allowing them to respond to a wide range of mechanical
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stimuli (92,95). Collectively, these phenomena greatly
enhance the output from group III and IV joint afferents
to the central nervous system after joint damage.

As most group III and IV joint afferents are considered
to be nociceptive, inflammation can be expected to in-
crease pain in conjunction with afferent discharge (96).
However, it is important to remember that AMI can oc-
cur in the absence of pain. Furthermore, nociceptive af-
ferent output is modulated at multiple spinal and su-
praspinal sites, all of which can influence pain perception
(97). Thus, consciously perceived pain may not closely
reflect the motor effects of nociceptive afferent output (eg,
muscle inhibition), which may be largely mediated at the
spinal level and are subject to their own modulatory in-
fluences.

This is reflected in the literature, where the relationship
between pain and AMI is inconsistent. Among subjects
with anterior knee pain, those who rated their knee pain
higher on a visual analog scale tended to have higher
levels of quadriceps AMI (34). Furthermore, reduc-
tions in knee pain have been associated with an increase
in quadriceps activation post surgery (98) and in pa-
tients with RA (89) and OA (99,100). In contrast, other
studies have found a weak relationship between pain and
AMI (17,21,30,36,38,44,101). After knee surgery, a 15
mL intra-articular injection of local anesthetic was found
to significantly reduce both pain and AMI (36,101).
However, if only 10 mL of anesthetic was infused, pain
was largely eradicated while AMI remained unchanged.
Shakespeare and coworkers (36) further demonstrated
that in the first 24 hours after menisectomy, quadriceps
activation during a maximum voluntary contraction was
typically reduced by 80 to 90% compared with presurgery
measures and patients reported severe pain with muscle
contraction. However, 3 to 4 days postsurgery pain had
decreased to 7/100 on a visual analog scale, yet inhibition
was still between 70 and 80%. Two weeks after the oper-
ation, when pain was largely absent, AMI was commonly
30 to 50%. Similarly, poor correlations (r? = 0.09-0.22)
have been found between pain and AMI in patients with
OA (21) and after TKA (17,38). Finally, in patients with
anterior knee pain, nonsteroidal anti-inflammatory drugs
(NSAIDS) have been shown to significantly reduce pain
compared with placebo but have no effect on the magni-
tude of AMI (30).

To summarize, the release of inflammatory mediators
due to arthritis, injury, or surgery substantially increases
joint afferent discharge by sensitizing free nerve endings
innervated by group III and IV afferents. In humans, the
intra-articular injection of local anesthetic or corticoste-
roid reduces quadriceps AMI over and above aspiration,
probably by silencing some of these sensory endings.
Many of the group Il and IV joint afferents influenced by
peripheral sensitization are involved in nociceptive signal-
ing. While the presence of knee pain may be associated
with quadriceps inhibition, it appears to be a poor indi-
cator of the magnitude of AMI. Importantly, substantial

inhibition occurs in the absence of pain and reducing pain
does not necessarily lessen the severity of AMI.

Joint Laxity

Joint laxity may alter the activation of sensory receptors in
the knee joint. Structural damage or degeneration (eg, to
ligaments, capsule) leads to greater translation of the joint
surfaces during movement that is likely to increase the
activation of mechanoreceptors and nociceptors involved
in signaling the limits of joint motion (2). This has been
demonstrated in animals by surgically transecting the
ACL and directly measuring afferent activity from the
major nerves supplying the knee joint. Following ACL
transection, Gomez-Barrena and colleagues (102,103)
noted significant increases in the transmission of afferent
impulses during a range of standardized movements of
the knee joint. Immediately after transection, Gomez-
Barrena and coworkers (102) surgically reconstructed the
ACL and repeated articular nerve recordings. Reconstruc-
tion was found to partially reverse these changes, with
overall articular discharge decreasing toward baseline val-
ues. However, differences in afferent discharge were still
noted between normal and ACL reconstructed knee
joints. A recent study by the same researchers (104) sug-
gests that despite afferent discharge tending to normalize
over time, some differences still persist 9 to 18 months
after reconstruction. While direct comparison to humans
cannot be made, these studies provide evidence that joint
laxity may cause anomalous firing of sensory receptors
during joint movement. Surgical stabilization of the knee
reduces joint laxity and can perhaps normalize afferent
activity to a degree. However, abnormalities in joint af-
ferent discharge may still be apparent compared with the
uninjured knee, even in the absence of damage to other
joint structures.

Damage to Articular Receptors

Joint damage does not unequivocally lead to increased
firing of articular sensory receptors. Trauma to joint
structures (eg, ligaments, joint capsule) may simulta-
neously damage the sensory endings located within these
tissues, thus reducing the afferent output from this pop-
ulation of receptors (2,3,44,105). An anomalous increase
in joint afferent discharge (as with swelling) is strongly
associated with AMI. However, different populations of
joint afferents may have opposing effects on motoneuron
excitability. Experiments involving cats suggest that back-
ground joint afferent discharge has competing excitatory
and inhibitory influences on the quadriceps a-motoneu-
ron pool and that in the normal, undamaged knee the net
effect may be excitatory (106,107). In support of this
premise, Konishi and coworkers (3,108) have shown that
injecting undamaged human knee joints with 5 mL of
local anesthetic reduces quadriceps force output (—8.8 =
7.3%) and integrated EMG (—17.1 * 11%) during max-

imum voluntary isometric contractions. Repeating the
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procedure in an ACL-injured population had no such
effect, with quadriceps torque and EMG remaining un-
changed. These observations led Konishi and coworkers
to reiterate previous authors’ suggestions (2,44,105) that
in some cases AMI may arise due to a loss of sensory
output from receptors in the knee joint.

Spinal Reflex Pathways Implicated in AMI

Abnormal afferent discharge from the knee may alter the
excitability of reflex pathways within the spinal cord,
which in turn reduce the excitability of the quadriceps
a-motoneuron pool and prevent supraspinal centers
from fully activating the muscle (2-4,7,109). Joint af-
ferents project widely to many classes of spinal neurons
(110,111) and thus have the potential to influence quad-
riceps a-motoneuron excitability via multiple, indepen-
dent pathways. At this time, 3 spinal pathways have been
identified that may contribute to AMI (Fig. 1). These are
the following:

® Group I nonreciprocal (Ib) inhibitory pathway
o Flexion reflex
e Gamma (7y)-loop

These pathways should not be thought of as mutually
exclusive (4). Instead, it is likely that they are simulta-
neously affected by joint pathology, with the sum of their
actions governing the magnitude of AMI. While other
spinal pathways (eg, recurrent inhibition, lumbar propri-
ospinal pathways) may well be involved in AMI, their role
has not yet been explored in any detail.

Group | Nonreciprocal (Ib) Inhibition

Group I nonreciprocal (Ib) interneurons are located in
lamina VI and VII of the spinal cord (110). Their domi-
nant input is from Ib afferent fibers originating from
Golgi tendon organs located near the musculotendinous
junction. However, Ib interneurons receive widespread
convergent input from a number of peripheral sensory
receptors, including joint afferents (112). Lundberg and
coworkers (113) investigated the link between joint affer-
ent discharge and Ib interneuron activity by electrically
stimulating the posterior articular nerve of the cat knee
joint at low stimulus intensities. Ib inhibition of extensor
motoneurons was facilitated at 2 distinct latencies, sug-
gesting the existence of both disynaptic and trisynaptic
excitatory pathways from group II knee joint afferents to
Ib inhibitory interneurons. These findings were later con-
firmed by Harrison and Jankowska (112) using direct,
intracellular recordings from Ib interneurons in the lum-
bosacral spinal cord of the cat.

As swelling is known to significantly enhance the dis-
charge of group II afferents, joint effusion may contribute
to AMI by facilitating Ib inhibition of the quadriceps
motoneuron pool. This is supported by the findings of
Iles and coworkers (7), who infused uninjured human
knee joints with saline and used the spatial facilitation

technique to show that swelling enhances Ib inhibition of
the quadriceps H-reflex both at rest and during voluntary
muscle contraction. It is unknown whether an increase in
group IIT and IV joint afferent discharge also facilitates
the Ib inhibitory pathway. However, this remains a pos-
sibility as electrical stimulation of group III and IV joint
afferents has been shown to excite Ib interneurons in the
cat, probably via polysynaptic pathways (112).

Flexion Reflex

The flexion reflex is a polysynaptic pathway that typically
produces a pattern of flexor facilitation and extensor in-
hibition (114,115). As such, it has been suggested (4,116)
that enhanced flexion reflex excitability may be partially
responsible for quadriceps AMI. The interneurons in-
volved in the flexion reflex have not yet been clearly iden-
tified. However, recent evidence from studies involving
animals suggests that wide dynamic range neurons play a
major role in mediating the flexion reflex (117,118).
These interneurons are predominantly located in lamina
V of the dorsal horn and receive convergent input from a
number of peripheral afferent sources, including articular
receptors (111,119). A consequence of articular inflam-
mation and the resulting barrage of group III and IV
afferent input is that wide dynamic range neurons become
hyperexcitable (120). This process is known as central
sensitization and is characterized by long-lasting plastic
changes in synaptic efficacy (for review see (121)). As a
result, the activation threshold of wide dynamic range
neurons is progressively reduced following the onset of
knee joint inflammation and they demonstrate enhanced
activity in response to innocuous and noxious stimuli ap-
plied to the knee (120). Additionally, as inflammation
develops, there is an expansion of their receptive fields,
with neurons showing a heightened response to mechan-
ical stimuli from adjacent areas such as the thigh, or even
remote, noninflamed tissue as far afield as the contralat-
eral limb (120).

In studies involving animals, the induction of knee
arthritis is followed by a corresponding increase in flexion
reflex excitability. Flexor (biceps femoris and semitendi-
nosus) motoneurons show significantly enhanced re-
sponses to standardized pinching of both the ipsilateral
and the contralateral toes, indicating an enhanced central
excitability of the flexion reflex pathway (122). Remark-
ably, at the peak of knee joint inflammation the ampli-
tude of the electrically induced flexion reflex has been
reported to increase by an average of 545% (SEM =
174%) (109), while the number of flexor motoneurons
responding to local pressure and/or gentle flexion and
extension of the knee increased from 14 to 41%, suggest-
ing a parallel reduction in flexion reflex threshold (65).
Ferrell and coworkers (109) demonstrated that injecting a
local anesthetic into the inflamed knee returned reflex
intensity back to control values, confirming the role of
articular sensory receptors in this response.
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While evidence from studies involving humans is less
cogent, it is highly probable that the flexion reflex con-
tributes to quadriceps AMI. Leroux and coworkers (123)
examined the relationship between knee joint pathology
and flexion reflex excitability. Compared with healthy
controls, significantly lower flexion reflex thresholds were
found in patients with anterior knee pain, probably infer-
ring an amplified excitability of this pathway. Impor-
tantly, these authors showed that activation of the flexion
reflex produced concomitant inhibition of the quadriceps
during isometric contraction of the knee extensors. Re-
cently, it has been shown that flexion reflex thresholds are
lower in patients with knee OA compared with age- and
gender-matched controls (124). However, no significant
relationship was found between flexion reflex threshold
and the magnitude of AMI, assessed using burst superim-
position. This may be partly due to the insensitivity of
burst superimposition to lower levels of inhibition as sur-
prisingly only 4 of 20 subjects with OA were found to
have quadriceps activation deficits in this study. Further
research is warranted.

Gamma (y)-Loop

The y-loop is a spinal reflex circuit formed when 7y-motoneu-
rons innervate primary muscle spindles that in turn transmit
excitatory impulses to the homonymous a-motoneuron
pool via Ia afferent fibers (Fig. 2). Normal function of the
v-loop is necessary to achieve full muscle activation dur-
ing voluntary contractions. Thus, impaired transmission
along this pathway may contribute to AMI (3,44,105).
To investigate the importance of the y-loop to muscle
activation, a number of authors have used prolonged vi-
bration to experimentally attenuate the excitability of Ia
afferent fibers. A vibratory stimulus, applied to the muscle
or its tendon, temporarily blocks transmission in Ia affer-

ent fibers by increasing presynaptic inhibition, raising the
activation threshold of Ia fibers, and/or causing neuro-
transmitter depletion at the Ia afferent terminal ending
(125). In healthy subjects, prolonged vibration (20-30
minutes) causes a reduction in EMG activity (3,126,127),
motor unit firing rates (126), and muscle force output
(3,126-128) during subsequent maximum voluntary con-
tractions. However, in patients who have ruptured their
ACL, prolonged vibration has no effect on quadriceps
force output or EMG activity. This suggests a deficit in
the transmission of la input to the motoneuron pool and
has been termed y-loop dysfunction (3). Similar findings
have been confirmed in patients after ACL reconstruction up
to 20 months postsurgery (129-131). Interestingly, it has
been demonstrated that y-loop dysfunction occurs bilater-
ally in ACL-injured and ACL-reconstructed patients
(129,130) but that transmission in the contralateral y-loop
may be (at least partially) restored 18 months after surgery
(129). It is currently unknown whether y-loop dysfunction
contributes to AMI in other knee joint pathologies.

A number of potential neural mechanisms can be con-
sidered to explain y-loop dysfunction. Researchers have
suggested that structural damage to the ACL results in a
loss of excitatory feedback from ligamentous mechanore-
ceptors to quadriceps y-motoneurons and/or supraspinal
centers that diminishes a-y coactivation during strong
muscle contractions (3,4,44,105). In support of this con-
jecture, Konishi and colleagues (3,108) have shown that
injecting undamaged knee joints with 5 mL of local anes-
thetic reduced maximum isometric quadriceps torque
and integrated EMG. However, the same infusion of local
anesthetic into knee joints with an isolated ACL rupture
had no effect on quadriceps torque or EMG. Further-
more, prolonged vibration of the infrapatellar tendon in
subjects with uninjured but anesthetized knee joints did

Supraspinal centres

a motoneuron pool ‘

I Y motoneuron pool

a efferents (motor)

la afferents (sensory)

y efferents (motor)

y-loop

Muscle

Muscle spindles

Figure 2 Schematic diagram of the y-loop (shaded area). During voluntary muscle contraction, supraspinal centers coactivate the
a-motoneuron and y-motoneuron pools. The y-motoneuron pool in turn innervates muscle spindles via vy efferents, enhancing their
firing. Muscle spindles provide a tonic excitatory input to the homonymous a-motoneuron pool via la afferent fibers.
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not diminish maximum quadriceps force output or EMG
amplitude. These observations led Konishi and coworkers
(3) to conclude that excitatory output from sensory recep-
tors within the ACL may be critical to the maintenance of
normal y-loop function. Given the relatively sparse inner-
vation of the ACL compared with other structures in the
knee joint (50,51), this seems unusual. It remains to be
determined if other sensory receptors in the knee joint
could also be involved.

Alternatively, or perhaps concurrently, an increase in
the discharge of nociceptive joint afferents may contrib-
ute to y-loop dysfunction. Scott and coworkers (132)
have shown that low-intensity stimulation of the posterior
articular nerve in the cat, sufficient to activate group II
and III knee joint afferents, has a net excitatory effect on
extensor y-motoneurons of the calf. However, if a second,
high-intensity stimulus (activating group IV joint affer-
ents) was applied beforehand, the excitatory effect of
group Il and IIT afferents was abolished or reduced. Thus,
the discharge of group IV afferents may suppress the ex-
citatory effects of low-threshold joint receptors on exten-
sor y-motoneurons (132). Whether this occurs in hu-
mans is not known.

Finally, transmission in the afferent limb of the quad-
riceps y-loop may be impaired by an increase in Ia afferent
presynaptic inhibition. Presynaptic inhibition involves
spinal inhibitory interneurons that project to the synaptic
terminals of Ia afferent fibers, adjusting the quantity of
neurotransmitter released in response to an afferent vol-
ley, thus modulating synaptic efficacy (for review see
(133)). As activity from a wide range of peripheral recep-
tors, including joint receptors (134), can modify the ex-
citability of presynaptic inhibitory interneurons, a change
in articular afferent discharge could theoretically impair
quadriceps y-loop function via this mechanism (135).
However, the evidence supporting this theory is limited
and findings to date are conflicting. Poststimulus time
histograms from single quadriceps motor units have
shown that electrical stimulation of knee joint afferents
before femoral nerve stimulation does not change the am-
plitude of the initial, purely monosynaptic component of
the resulting H-reflex response (136). This suggests that
joint afferent discharge does not alter presynaptic inhibi-
tion of quadriceps Ia afferents. In contrast, using a mod-
ified H-reflex protocol, Palmieri and coworkers (135)
found that quadriceps paired reflex depression increased
after experimental knee joint infusion. This finding led
Palmieri and coworkers to conclude that an increase in
presynaptic inhibition may contribute to AMI. However,
this interpretation can be challenged on methodological
grounds and should be considered with caution.

In summary, y-loop dysfunction contributes to AMI in
patients with an ACL rupture and after ACL reconstruc-
tion. There is evidence to suggest that ACL injury dis-
rupts the flow of excitatory joint afferent output to the
quadriceps y-motoneuron pool and/or supraspinal cen-
ters, attenuating y-motoneuron discharge and, ultimately, Ia

afferent facilitation of the quadriceps a-motoneuron pool.
A change in joint afferent discharge could theoretically
enhance quadriceps Ia presynaptic inhibition, contribut-
ing to y-loop dysfunction. However, this has yet to be
clearly determined. Future research should investigate the
presence of y-loop dysfunction in other knee joint pathol-
ogies and aim to achieve a stronger understanding of its
underlying neurophysiological causes.

Supraspinal Influences on AMI

Joint afferents are known to have extensive supraspinal as
well as spinal projections (137-141). Research to date has
largely focused on the spinal mechanisms behind AMI.
However, supraspinal centers are highly likely to be af-
fected by changes in joint afferent discharge. Importantly,
descending pathways have widespread projections to in-
terneurons and motoneurons at the spinal level (for re-
views see (97,110,111)) and thus have the potential to
strongly influence AMI.

Changes in Corticospinal Excitability

Transcranial magnetic stimulation (TMS) of the motor
cortex has recently been used to quantify changes in cor-
ticospinal excitability associated with chronic knee joint
pathology (142,143). Fascinatingly, it was found that
quadriceps corticospinal excitability was higher in pa-
tients with chronic anterior knee pain (average duration,
3.5 years) than in healthy control subjects (143). This was
despite lower quadriceps EMG amplitude during maxi-
mal contractions and diminished patellar tendon reflexes
in subjects with joint pathology. Similarly, Heroux and
Trembly (142) investigated quadriceps corticospinal ex-
citability in chronic ACL-injured subjects (median time
since injury, 22 months) and found that resting motor
threshold was significantly lower in the injured compared
with the uninjured limb. No significant differences were
found between limbs in healthy control subjects. While
these findings show that corticospinal excitability is in-
creased, the location of the observed changes (ie, motor
cortex versus motoneuron pool) is not easily determined
using single-pulse TMS. However, as the quadriceps
a-motoneuron pool is likely to be inhibited, it is reason-
able to suggest that chronic knee joint pathology paradox-
ically increases excitability in the area of the primary mo-
tor cortex projecting to the quadriceps motoneuron pool.
While speculative, it is possible that enhanced cortical
excitability allows the central nervous system to increase
corticospinal drive to the quadriceps to counteract o-mo-
toneuron inhibition by spinal reflex pathways.

Brainstem Modulation of the Flexion Reflex

Descending brainstem pathways typically exert a tonic
inhibitory control over spinal neurons involved in pain
processing and the flexion reflex, including wide dynamic
range neurons (97,134,144). Injury or inflammation
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greatly enhances descending input from brainstem path-
ways that has both inhibitory and facilitatory components
(97,144-148). Thus, it is possible that joint damage leads
to a reduction in the effectiveness of descending inhibi-
tion (4) and/or enhanced descending facilitation to wide
dynamic range neurons, increasing excitability in the flex-
ion reflex pathway and amplifying AMI.

Investigations in animals have shown that acute arthri-
tis (3-48 hours) results in a net increase in descending
inhibition to wide dynamic range neurons (144,146-148)
that may help to limit central sensitization of wide dy-
namic range neurons and suppress flexion reflex excitabil-
ity. However, with time, descending inhibition returns to
baseline levels (146,149), subsiding as early as 1 week after
inflammation commences despite continued hyperalgesia
(149). Likewise, time-dependent changes in the efficacy
of diffuse noxious inhibitory controls (DNICs) have been
observed following the induction of experimental arthritis
in the rat (145). DNICs are considered an endogenous
form of pain control and refer to the widespread, brain-
stem-mediated inhibition of spinal and trigeminal wide
dynamic range neurons that is triggered by the stimula-
tion of peripheral nociceptors. Danziger and colleagues
(145) showed that in the acute stages of arthritis (24-48
hours) DNIC-mediated inhibition of convergent trigem-
inal neurons was enhanced compared with control condi-
tions. However, in animals with chronic arthritis (3-4
weeks), DNIC-mediated inhibition decreased to normal
levels despite continued hyperalgesia. Similarly, a reduc-
tion in the efficacy of DNIC-mediated inhibition has
been noted in humans with chronic OA of the hip (150).
These authors used a pressure algometer to induce graded
mechanical stimulation of the soft tissue overlying the
hip. The threshold for pressure-mediated pain was found
to be significantly lower in arthritic patients compared
with a healthy control group. Ischemic arm pain was then
induced in both groups, a procedure commonly used in
laboratory studies to evoke DNIC-mediated inhibition of
wide dynamic range neurons. As expected, the threshold
for pressure-mediated pain rose significantly in healthy
control subjects. However, in patients with chronic ar-
thritis, ischemia had no effect on pressure-mediated pain,
suggesting dysfunction in the descending inhibition of
wide dynamic range neurons.

However, in a similar study, Leffler and coworkers
(151) found no evidence for DNIC dysfunction among
subjects with RA. As expected, RA patients had signifi-
cantly lower pressure pain thresholds over their thigh
compared with healthy, age- and gender-matched con-
trols. In this study, DNIC-mediated inhibition was
evoked by immersing the contralateral hand in a bath of
ice cold water (the cold-pressor test), after which pressure
pain thresholds were reassessed in both groups. After cold
water immersion, pressure pain thresholds increased sig-
nificantly in both RA and healthy control subjects, sug-
gesting preserved function of DNIC-mediated inhibition
in patients with RA. These findings are at odds with the

previous observations in OA patients (150) and experi-
mental arthritis (145) described above. As suggested by
Leffler and coworkers (151), this discrepancy may relate
to the populations tested (OA versus RA versus animal
models of experimental arthritis), the duration and loca-
tion of joint disease, or differences between methods of
inducing pressure pain and DNIC-mediated inhibition.

Nevertheless, the balance of evidence suggests that
chronic joint pathology be associated with dysfunction in
the brainstem modulation of wide dynamic range neu-
rons involved in pain perception and the flexion reflex
pathway. The net effect of brainstem regulation appears
to be influenced by the stage of joint injury, suggesting a
possible role for brainstem pathways in the maintenance
of flexion reflex hyperexcitability after articular damage
(Fig. 1). In turn, this may contribute to the long-lasting
AMI that is often observed after knee injury, after surgery,
and in patients with arthritis.

Reduced Voluntary Effort

Studies investigating changes in quadriceps activation rely
on the motivation of their participants. It has been sug-
gested that reductions in quadriceps strength and activa-
tion may be partly due to a subconscious adjustment in
voluntary effort, perhaps for fear of damaging or eliciting
pain from the injured joint (4,24,116). Intuitively, this
seems reasonable and a decrease in voluntary effort may
well contribute to reduced quadriceps activation. How-
ever, it should be remembered that a strong reflex com-
ponent to AMI has been established by a number of stud-
ies (7,8,61,71). Moreover, Wood and coworkers (64)
found no evidence that a reduction in voluntary effort
contributes to AMI when utilizing an experimental model
of joint effusion. In this study, the knee joint was dis-
tended with different volumes of saline and dextran or
local anesthetic. Subjects were blindfolded throughout
the testing procedure and were kept unaware of the vol-
ume of fluid injected. Both the subjects and the tester
were unaware of the nature of fluid injected. The presence
of saline and dextran within the knee joint caused marked
reductions in maximal isokinetic torque at all velocities
tested. However, subsequent injection of anesthetic al-
most completely restored force to pre-effusion values. In
addition, when anesthetic was infused before saline solu-
tion, quadriceps torque remained stable over time. As
subjects were unaware of the nature of fluid injected, the
authors concluded that the observed reductions in quad-
riceps activation were due to reflex actions of articular
afferents, not to changes in volition.

Therapeutic Interventions That May Counter AMI

Therapeutic interventions that may counter AMI can be
divided into 2 groups, those that modulate joint afferent
discharge and those that stimulate the quadriceps muscle
directly.
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Afferent Modulation
Aspiration

In the first 3 to 5 days after menisectomy, aspiration of
fluid from the knee (range, 36-85 mL) has been found to
consistently reduce (although rarely abolish) quadriceps
AMI (24). Similarly, a recent case study showed that as-
pirating 150 mL of fluid from the knee a week after sus-
taining an acute injury produced large increases in quad-
riceps strength and activation (77). However, in patients
with chronic inflammatory arthropathies, aspiration may
have no significant effect on AMI (84) or produce mod-
erate (14-18%) increases in quadriceps strength (73,90).
This may relate to the volume of fluid aspirated in these
studies, which was typically lower than in studies in-
volving acute injury. Alternatively, it may be that
chronic joint pathology leads to changes in capsular
compliance (56,84) and/or damage to articular receptors
that reduces the afferent response to swelling. Thus, while
aspiration appears to be an effective way to reduce AMI in
patients with an acutely swollen knee joint, its clinical
benefit is questionable in patients with chronic arthritic
joint disease, particularly where effusion is expected to
reoccur within a short time frame.

Intra-Articular Corticosteroid Injection

In patients with RA, intra-articular corticosteroid injec-
tion has been shown to increase quadriceps peak torque
and EMG by ~30% after 14 days, an effect attributed to
a reduction in AMI (89). However, in OA patients, cor-
ticosteroid injection was found to produce only marginal
improvements in quadriceps strength that did not reach
statistical significance (152). This may be related to the
lack of notable joint inflammation for many patients with
OA. Corticosteroid injection may be more effective in
patients with advanced OA, when inflammation is more

prevalent (153).

Nonsteroidal Anti-Inflammatory Drugs

There is conflicting evidence regarding the use of NSAIDS
to reduce AMI. Suter and coworkers (30) found that 7
days of NSAIDs (naproxen sodium, 550 mg) taken twice
daily reduced pain but failed to diminish AMI in a group
of patients with anterior knee pain. In contrast, there is
indirect evidence that NSAIDS may help to reduce AMI
after knee surgery. Ogilvie-Harris and coworkers (154)
investigated the effects of twice daily doses of a NSAID
(naproxen sodium, 550 mg) for 6 weeks compared with
placebo after arthroscopic menisectomy. Patients in the
NSAID group had significantly less pain (2 < 0.001),
swelling (P < 0.001), and quadriceps atrophy (? = 0.01)
compared with the placebo group and returned to work or
sport quicker (P = 0.002). Similarly, in a double-blind,
placebo-controlled study, Arvidsson and Eriksson (155)
showed that daily doses of an NSAID (piroxicam, 20 mg)
led to significantly increased isokinetic quadriceps torque

values compared with placebo across a range of joint an-
gular velocities at 3, 7, 11, and 21 days after open meni-
sectomy. Finally, while strength was only measured semi-
quantitatively, 10 days of twice daily NSAIDs (naproxen
sodium, 550 mg) was found to significantly improve
quadriceps strength after arthroscopy compared with pla-
cebo (P < 0.05) (156). Intuitively, it seems reasonable
that NSAIDS may help to reduce AMI, particularly in the
acute stages after joint damage or when there is a strong
inflammatory component to articular pathology. How-
ever, the use of NSAIDs may also have negative conse-
quences. NSAIDs have been shown to reduce pain but
increase knee joint loading during gait in patients with
OA (157). Furthermore, a recent observational study (158)
reported that OA patients taking diclofenac for >180 days
had a 3.2-fold greater risk of knee joint OA progression
when factors such as age, gender, body mass index, base-
line OA, follow-up time, and dosage were taken into
account.

Local Anesthetic

Following experimental joint infusion (8,64), menisectomy
(36) and in patients with OA (90), the intra-articular injec-
tion of local anesthetic has been used to partially silence af-
ferent impulses from the joint, effectively reducing AMI.
However, a more recent study found that while local anes-
thetic reduced AMI in patients with OA, the improvements
were not statistically different from placebo (99). Further-
more, the invasive and short-lasting nature of this treatment
(a few hours) makes it clinically impractical. A number of
injections would have to be administered to achieve an ap-
propriate therapeutic effect, increasing the risk of sequelae
such as joint infection.

Cryotherapy

Like local anesthetic, cryotherapy may temporarily reduce
AMI but has the added benefit of being noninvasive.
Thirty minutes of cryotherapy has been shown to reverse
the decline in quadriceps H-reflex amplitude that is seen
after swelling, an effect that lasts for at least 30 minutes
after the ice is removed from the joint (72). Hopkins (66)
showed that 30 minutes of cryotherapy negated the re-
ductions in peak torque, power, and quadriceps that
EMG caused by swelling during a semirecumbent step-
ping task performed at 36% of maximum intensity. More
recent work (69,159) has established that cryotherapy re-
duces AMI during maximum effort voluntary contrac-
tions. Icing experimentally infused knee joints for 20
minutes led to a significant increase in quadriceps peak
torque and muscle fiber conduction velocity compared
with control subjects (2 < 0.05) (69). These findings
were notable in that quadriceps torque returned to within
~6% of baseline measures. Similarly, in patients with
OA, 20 minutes of icing was found to significantly reduce
AMI compared with a control condition (159). Thus, if
cryotherapy is applied to the knee joint immediately be-
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fore quadriceps strengthening, it may provide a therapeu-
tic window during which more complete activation of
the quadriceps musculature is permitted. Yuktaran and
Kocagil (100) have shown that repeated applications of
ice may lead to improved quadriceps activation in subjects
with chronic OA. In this study, subjects received ice mas-
sage to 4 standard acupoints for a total of 20 minutes per
session, 5 sessions per week for 2 weeks. After the 2-week
treatment period, maximum effort quadriceps strength
was found to improve by 22% compared with the place-
bo/sham treatment group’s improvements of ~7% (P <
0.001).

Trancutaneous Electrical
Nerve Stimulation (TENS)

Following open menisectomy (24) and ACL reconstruc-
tion (98), high-frequency TENS has been shown to in-
crease quadriceps activation during subsequent maximal
voluntary contractions. Furthermore, Hopkins and co-
workers (160) have found that high-frequency TENS
(120 Hz, pulse width, 0.1 seconds) prevents the decline in
quadriceps H-reflex amplitude seen after the infusion of
fluid into the knee joint. Recently, the application of
high-frequency (150 Hz, pulse width, 0.15 seconds)
TENS to OA knee joints has been shown to significantly
improve quadriceps activation when applied during max-
imal voluntary contractions (2 < 0.05) (159). The im-
provement in quadriceps activation with TENS (~11%)
was greater compared with a matched control group of
OA patients (~1%) who did not receive an intervention
(P <0.05).

Low-frequency (4 Hz, pulse width, 1 second), acu-
puncture-like TENS has been reported to increase quad-
riceps force output by 71% in OA patients after 2 weeks
of treatment (20 minutes per day, 5 days per week) (100).
Such large changes in quadriceps strength in just 2 weeks
suggest a substantial improvement in voluntary activa-
tion. It remains unknown whether low-frequency TENS
may be effective in reducing AMI in patients with other
knee joint pathologies.

Altering Fluid Distribution/Capsular Compliance
McNair and coworkers (62) showed that infusing 60 mL

of saline and dextrose into undamaged knee joints re-
duced quadriceps isokinetic peak torque by approxi-
mately 30%. However, peak torque returned to preinjec-
tion levels after a 3- to 4-minute period of submaximal
flexion and extension movements of the knee. Magnetic
resonance imaging scans of the knee joint at each mea-
surement interval showed that the volume of fluid within
the joint capsule was largely unchanged, suggesting that
submaximal exercise may modulate mechanoreceptor dis-
charge by increasing the compliance of the joint capsule
and/or by redistributing fluid throughout the knee joint,
reducing local capsular strain (56,62). Thus, in patients
with an effused knee, a series of non-weight-bearing, sub-

maximal movements of the joint may serve to reduce AMI
before quadriceps strengthening.

Muscle Stimulation
Neuromuscular Electrical Stimulation (NMES)

The therapeutic advantage of NMES is that it activates
the muscle directly, circumventing the inhibited mo-
toneuron pool (4). Thus, while it is unlikely to affect AMI
itself, NMES may help to minimize quadriceps atrophy
after joint damage, thereby reducing quadriceps weak-
ness. It should be noted that in many cases, voluntary
exercise is as effective, if not more effective, than NMES
in improving quadriceps strength (for review see (161)).
However, there is some evidence (41,162-165) that after
knee injury and surgery the combination of NMES and
volitional training may achieve greater gains in quadriceps
strength when compared with volitional training alone. If
isometric protocols are used, NMES may obtain superior
results when performed with the knee partially flexed
(163) compared with full extension (162). Additionally,
the benefits of NMES appear to be dose-dependent, with
high-intensity, maximally tolerated stimulations proving
more effective than those performed at lower intensities
(41,163). A relatively unexplored alternative to NMES is
peripheral magnetic stimulation of the quadriceps. Pre-
liminary evidence (166) suggests that magnetic stimula-
tion may be significantly more comfortable and achieve
greater quadriceps activation than NMES. Further re-
search is indicated.

Transcranial Magnetic Stimulation
Urbach and coworkers (167) have shown that TMS im-

proves quadriceps activation following TKA when it is
applied during maximum voluntary quadriceps contrac-
tions. Statistically significant improvements in quadriceps
peak torque and a trend toward increased voluntary acti-
vation were found to persist up to 60 minutes after 3
single pulses of TMS were applied to the motor cortex.
While improvements were modest (<10% increase in
quadriceps torque), the dose of TMS used in this study
(single treatment session, 3 pulses, 60% of maximum
stimulator output) was low. These findings indicate a
need for further research, investigating the effect of differ-
ent stimulation parameters on AMI in subjects with knee
joint pathology and at different stages after joint damage.
The major disadvantage of transcranial magnetic stimu-
lators is their cost, which may prohibit the widespread use
of this technique in clinical settings.

DISCUSSION

AMI remains a significant barrier to effective rehabilita-
tion in patients with arthritis and following knee injury
and surgery. AMI contributes to quadriceps atrophy and
prevents full activation of the muscle, playing a major role
in the marked quadriceps weakness that is commonly ob-
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served in these patients. Moreover, AMI may delay or
prevent effective quadriceps strengthening. This is partic-
ularly apparent in the first few months after trauma or in
the case of extensive joint damage when AMI may be
severe and quadriceps strengthening protocols are often
ineffective. While the magnitude of AMI appears to di-
minish with time, it is clear that quadriceps inhibition
often persists for months or even years after acute knee
injury and surgery. This may lead to long-lasting quadbri-
ceps weakness that impairs physical function and in-
creases the risk of further joint damage.

AMI is caused by a change in the discharge of sensory
receptors in or around the damaged knee joint. Factors
that may alter afferent discharge include swelling, inflam-
mation, joint laxity, and damage to articular sensory re-
ceptors. Abnormal output from knee joint afferents may
alter the excitability of spinal reflex pathways that in turn
decrease quadriceps a-motoneuron excitability and pre-
vent full activation of the muscle. To date, 3 major reflex
pathways have been implicated in AMI. These are the
group I nonreciprocal (Ib) pathway, the flexion reflex, and
the y-loop. While it seems likely that each of these plays a
role in AMI, the relative importance of these (and possibly
other) reflex pathways remains to be discovered and may
well vary across different knee joint pathologies. The po-
tential influence of supraspinal centers on AMI is vast but
has only just begun to be explored. Preliminary findings
suggest that chronic joint pathology paradoxically in-
creases quadriceps motor cortex excitability and may be
associated with changes in the modulation of spinal inter-
neurons by descending brainstem pathways.

Some of the most promising interventions to mitigate
the effects of AMI include cryotherapy, TENS, and
NMES. Intra-articular corticosteroids and NSAIDs may
also be effective when a strong inflammatory component
is present with joint pathology. To allow the development
of improved therapeutic strategies, it is important to at-
tain a greater understanding of AMI’s underlying neural
mechanisms. This will augment current rehabilitation
practice by allowing clinicians to target AMI directly, thus
minimizing muscle atrophy and enhancing quadriceps
strength gains after knee injury, after surgery and in pa-
tients with arthritis.

ACKNOWLEDGMENTS

The authors thank Dr Gwyn Lewis for helpful comments on
an earlier version of the manuscript. Support from the Acci-
dent Compensation Corporation and Health Research
Council of New Zealand is gratefully acknowledged.

REFERENCES

1. deAndrade JR, Grant C, Dixon AS]J. Joint distension and reflex
muscle inhibition in the knee. ] Bone Joint Surg 1965;47(2):
313-22.

2. Hurley MV. The effects of joint damage on muscle function,
proprioception and rehabilitation. Man Ther 1997;2(1):11-7.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

. Konishi Y, Fukubayashi T, Takeshita D. Possible mechanism of

quadriceps femoris weakness in patients with ruptured anterior
cruciate ligament. Med Sci Sports Exerc 2002;34(9):1414-8.

. Young A. Current issues in arthrogenous inhibition. Ann

Rheum Dis 1993;52(11):829-34.

. Harding AEB. An investigation into the cause of arthritic mus-

cular atrophy. Lancet 1929;213(5505):433-4.

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

limiting factor in joint rehabilitation. J Sport Rehabil 2000;9:
135-59.

. Iles JF, Stokes M, Young A. Reflex actions of knee joint afferents

during contraction of the human quadriceps. Clin Physiol 1990;
10(5):489-500.

. Spencer JD, Hayes KC, Alexander IJ. Knee joint effusion and

quadriceps reflex inhibition in man. Arch Phys Med Rehabil
1984;65:171-7.

. Bearne LM, Scott DL, Hurley MV. Exercise can reverse quadri-

ceps sensorimotor dysfunction that is associated with rheuma-
toid arthritis without exacerbating disease activity. Rheumatol-
ogy (Oxford) 2002;41(2):157-66.

Hurley MV, Jones DW, Wilson D, Newham D]J. Rehabilitation
of quadriceps inhibited due to isolated rupture of the anterior
cruciate ligament. ] Orthopaed Rheumatol 1992;5:145-54.
Hurley MV, Newham DJ. The influence of arthrogenous muscle
inhibition on quadriceps rehabilitation of patients with early,
unilateral osteoarthritic knees. Br ] Rheumatol 1993;32:127-31.
Hurley MV, Jones DW, Newham DJ. Arthrogenic quadriceps
inhibition and rehabilitation of patients with extensive traumatic
knee injuries. Clin Sci (Lond) 1994;86(3):305-10.

Keays SL, Bullock-Saxton ], Keays AC. Strength and function
before and after anterior cruciate ligament reconstruction. Clin
Orthop Relat Res 2000;(373):174-83.

Keays SL, Bullock-Saxton JE, Newcombe P, Keays AC. The
relationship between knee strength and functional stability be-
fore and after anterior cruciate ligament reconstruction. J Or-
thop Res 2003;21(2):231-7.

Rossi MD, Brown LE, Whitehurst M. Early strength response of
the knee extensors during eight weeks of resistive training after
unilateral total knee arthroplasty. J Strength Cond Res 2005;
19(4):944-9.

Rossi MD, Brown LE, Whitehurst M, Charni C, Hankins ]J,
Taylor CL. Comparison of knee extensor strength between limbs
in individuals with bilateral total knee replacement. Arch Phys
Med Rehabil 2002;83(4):523-6.

Stevens JE, Mizner RL, Snyder-Mackler L. Quadriceps strength
and volitional activation before and after total knee arthroplasty
for osteoarthritis. ] Orthopaed Res 2003;21:775-9.

Meier W, Mizner RL, Marcus RL, Dibble LE, Peters C, Lastayo
PC. Total knee arthroplasty: muscle impairments, functional
limitations, and recommended rehabilitation approaches. J Or-
thop Sports Phys Ther 2008;38(5):246-56.

Palmieri-Smith RM, Thomas AC, Wojtys EM. Maximizing
quadriceps strength after ACL reconstruction. Clin Sports Med
2008;27(3):405-24, vii-ix.

Felson DT, Niu J, McClennan C, Sack B, Aliabadi P, Hunter
DJ, et al. Knee buckling: prevalence, risk factors, and associated
limitations in function. Ann Intern Med 2007;147(8):534-40.
Fitzgerald GK, Piva SR, Irrgang JJ, Bouzubar F, Starz TW.
Quadriceps activation failure as a moderator of the relationship
between quadriceps strength and physical function in individu-
als with knee osteoarthritis. Arthritis Rheum 2004;51(1):40-8.
Ericsson YB, Roos EM, Dahlberg L. Muscle strength, functional
performance, and self-reported outcomes four years after arthro-
scopic partial meniscectomy in middle-aged patients. Arthritis
Rheum 2006;55(6):946-52.

Yoshida Y, Mizner RL, Ramsey DK, Snyder-Mackler L. Exam-
ining outcomes from total knee arthroplasty and the relationship



D.A. Rice and P.J. McNair

263

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

between quadriceps strength and knee function over time.
Clinical Biomech 2008;23(3):320-8.

Stokes M, Young A. The contribution of reflex inhibition to
arthrogenous muscle weakness. Clin Sci (Lond) 1984;67(1):
7-14.

Brandt KD, Dieppe P, Radin EL. Etiopathogenesis of osteoar-
thritis. Rheum Dis Clin North Am 2008;34(3):531-59.
Mikesky AE, Mazzuca SA, Brandt KD, Perkins SM, Damush T,
Lane KA. Effects of strength training on the incidence and pro-
gression of knee osteoarthritis. Arthritis Rheum 2006;55(5):
690-9.

Slemenda C, Heilman DK, Brandt KD, Katz BP, Mazzuca SA,
Braunstein EM, et al. Reduced quadriceps strength relative to
body weight: a risk factor for knee osteoarthritis in women?
Arthritis Rheum 1998;41(11):1951-9.

Hassan BS, Mockett S, Doherty M. Static postural sway, propri-
oception, and maximal voluntary quadriceps contraction in pa-
tients with knee osteoarthritis and normal control subjects. Ann
Rheum Dis 2001;60(6):612-8.

Petterson SC, Barrance P, Buchanan T, Binder-Macleod S, Sny-
der-Mackler L. Mechanisms underlying quadriceps weakness in
knee osteoarthritis. Med Sci Sports Exerc 2008;40(3):422-7.
Suter E, Herzog W, De Souza K, Bray R. Inhibition of the
quadriceps muscles in patients with anterior knee pain. ] Appl
Biomech 1998;14(4):360-73.

Manal TJ, Snyder-Mackler L. Failure of voluntary activation of
the quadriceps femoris muscle after patellar contusion. J Orthop
Sports Phys Ther 2000;30(11):655-60; discussion 61-3.
Urbach D, Awiszus F. Impaired ability of voluntary quadriceps
activation bilaterally interferes with function testing after knee
injuries. A twitch interpolation study. Int J Sports Med 2002;
23(4):231-6.

Urbach D, Nebelung W, Becker R, Awiszus F. Effects of recon-
struction of the anterior cruciate ligament on voluntary activa-
tion of quadriceps femoris a prospective twitch interpolation
study. ] Bone Joint Surg Br 2001;83(8):1104-10.

Suter E, Herzog W, Bray RC. Quadriceps inhibition following
arthroscopy in patients with anterior knee pain. Clin Biomech
(Bristol, Avon) 1998;13(4-5):314-9.

Becker R, Berth A, Nehring M, Awiszus F. Neuromuscular
quadriceps dysfunction prior to osteoarthritis of the knee. J Or-
thop Res 2004;22(4):768-73.

Shakespeare DT, Stokes M, Sherman KP, Young A. Reflex in-
hibition of the quadriceps after meniscectomy: lack of associa-
tion with pain. Clin Physiol 1985;5(2):137-44.

Machner A, Pap G, Friedman A. Evaluation of quadriceps
strength and voluntary activation after unicompartmental ar-
throplasty for medial osteoarthritis of the knee. ] Orthopaed Res
2002;20:108-11.

Mizner RL, Petterson SC, Stevens JE, Vandenborne K, Snyder-
Mackler L. Early quadriceps strength loss after total knee arthro-
plasty. The contributions of muscle atrophy and failure of vol-
untary muscle activation. ] Bone Joint Surg Am 2005;87(5):
1047-53.

Bampouras TM, Reeves ND, Baltzopoulos V, Maganaris CN.
Muscle activation assessment: effects of method, stimulus num-
ber, and joint angle. Muscle Nerve 2006;34(6):740-6.

Kooistra RD, de Ruiter CJ, de Haan A. Conventionally assessed
voluntary activation does not represent relative voluntary torque
production. Eur J Appl Physiol 2007;100(3):309-20.
Snyder-Mackler L, De Luca PF, Williams PR, Eastlack ME,
Bartolozzi AR 3rd. Reflex inhibition of the quadriceps femoris
muscle after injury or reconstruction of the anterior cruciate
ligament. ] Bone Joint Surg Am 1994;76(4):555-60.

Berth A, Urbach D, Awiszus F. Improvement of voluntary quad-
riceps muscle activation after total knee arthroplasty. Arch Phys
Med Rehabil 2002;83(10):1432-6.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Berth A, Urbach D, Neumann W, Awiszus F. Strength and
voluntary activation of quadriceps femoris muscle in total knee
arthroplasty with midvastus and subvastus approaches. ] Arthro-
plasty 2007;22(1):83-8.

Newham DJ, Hurley MV, Jones DW. Ligamentous knee in-
juries and muscle inhibition. ] Orthopaed Rhuematol 1989;
2:163-73.

Chmielewski TL, Stackhouse S, Axe MJ, Snyder-Mackler L. A
prospective analysis of incidence and severity of quadriceps in-
hibition in a consecutive sample of 100 patients with complete
acute anterior cruciate ligament rupture. ] Orthop Res 2004;
22(5):925-30.

Urbach D, Nebelung W, Weiler HT, Awiszus F. Bilateral deficit
of voluntary quadriceps muscle activation after unilateral ACL
tear. Med Sci Sports Exerc 1999;31(12):1691-6.

Pap G, Machner A, Awiszus F. Strength and voluntary activation
of the quadriceps femoris muscle at different severities of osteo-
arthritic knee joint damage. ] Orthop Res 2004;22(1):96-103.
Petterson SC, Raisis L, Bodenstab A, Snyder-Mackler L. Dis-
ease-specific gender differences among total knee arthroplasty
candidates. ] Bone Joint Surg Am 2007;89(11):2327-33.

Grigg P. Properties of sensory neurons innervating synovial
joints. Cells Tissues Organs 2001;169(3):218-25.

Halata Z, Rettig T, Schulze W. The ultrastructure of sensory
nerve endings in the human knee joint capsule. Anat Embryol
(Berl) 1985;172(3):265-75.

Heppelmann B. Anatomy and histology of joint innervation.
J Peripher Nerv Syst 1997;2(1):5-16.

Hines AE, Birn H, Teglbjaerg PS, Sinkjaer T. Fiber type com-
position of articular branches of the tibial nerve at the knee joint
in man. Anat Rec 1996;246(4):573-8.

Grigg P, Schaible HG, Schmidt RF. Mechanical sensitivity of
group III and IV afferents from posterior articular nerve in nor-
mal and inflamed cat knee. ] Neurophysiol 1986;55(4):635-43.
Schaible HG, Schmidt RF. Activation of groups III and IV sen-
sory units in medial articular nerve by local mechanical stimula-
tion of knee joint. ] Neurophysiol 1983;49(1):35-44.

Frobell RB, Le Graverand MP, Buck R, Roos EM, Roos HP,
Tamez-Pena J, et al. The acutely ACL injured knee assessed by
MRI: changes in joint fluid, bone marrow lesions, and cartilage
during the first year. Osteoarthritis cartilage/OARS, Osteoar-
thritis Research Society. 2008 Aug 27.

Ferrell WR. The effect of acute joint distension on mechanore-
ceptor discharge in the knee of the cat. Q J Exp Physiol 1987;
72(4):493-9.

Ferrell WR, Nade S, Newbold PJ. The interrelation of neural
discharge, intra-articular pressure, and joint angle in the knee of
the dog. ] Physiol 1986;373:353-65.

Grigg P, Hoffman AH. Properties of Ruffini afferents revealed
by stress analysis of isolated sections of cat knee capsule. ] Neu-
rophysiol 1982;47(1):41-54.

Wood L, Ferrell WR. Response of slowly adapting articular
mechanoreceptors in the cat knee joint to alterations in intra-
articular volume. Ann Rheum Dis 1984;43(2):327-32.

Wood L, Ferrell WR. Fluid compartmentation and articular
mechanoreceptor discharge in the cat knee joint. Q ] Exp Physiol
1985;70(3):329-35.

Hopkins JT, Ingersoll CD, Krause BA, Edwards JE, Cordova
ML. Effect of knee joint effusion on quadriceps and soleus mo-
toneuron pool excitability. Med Sci Sports Exerc 2001;33(1):
123-6.

McNair PJ, Marshall RN, Maguire K. Swelling of the knee joint:
effects of exercise on quadriceps muscle strength. Arch Phys Med
Rehabil 1996;77:896-9.

Torry MR, Decker MJ, Randall WV, O’Conner DD, Steadman
JR. Intra-articular knee joint effusion induces quadriceps avoid-
ance gait patterns. Clin Biomech 2000;15:147-59.



264

Quadriceps arthrogenic muscle inhibition

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Wood L, Ferrell WR, Baxendale RH. Pressures in normal and
acutely distended human knee joints and effects on quadriceps
maximal voluntary contractions. Q J Exp Physiol 1988;73(3):
305-14.

He X, Proske U, Schaible HG, Schmidt RF. Acute inflamma-
tion of the knee joint in the cat alters responses of flexor
motoneurons to leg movements. ] Neurophysiol 1988;59(2):
326-40.

Hopkins JT. Knee joint effusion and cryotherapy alter lower
chain kinetics and muscle activity. J Athl Train 2006;41(2):
177-84.

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 ] Sports Med 2007;35(8):1269-75.

Torry MR, Decker MJ, Millet PJ, Steadman JR, Sterret WI. The
effects of knee joint effusion on quadriceps electromyography
during jogging. ] Sports Sci Med 2005;4(1):1-8.

Rice D, McNair PJ, Dalbeth N. Effects of cryotherapy on arth-
rogenic muscle inhibition using an experimental model of knee
swelling. Arthritis Rheum 2009;61(1):78-83.

Hopkins JT, Stencil R. Ankle cryotherapy facilitates soleus func-
tion. J Orthop Sports Phys Ther 2002;32(12):622-7.

Kennedy JC, Alexander IJ, Hayes KC. Nerve supply of the hu-
man knee and its functional importance. Am J Sports Med 1982;
10(6):329-35.

Hopkins J, Ingersoll CD, Edwards J, Klootwyk TE. Cryotherapy
and transcutaneous electric neuromuscular stimulation decrease
arthrogenic muscle inhibition of the vastus medialis after knee
joint effusion. J Athl Train 2002;37(1):25-31.

Geborek P, Moritz U, Wollheim FA. Joint capsular stiffness in
knee arthritis. Relationship to intraarticular volume, hydrostatic
pressures, and extensor muscle function. ] Rheumatol 1989;
16(10):1351-8.

Jensen K, Graf BK. The effects of knee effusion on quadriceps
strength and knee intraarticular pressure. Arthroscopy 1993;
9(1):52-6.

Rice DA, McNair PJ, Dalbeth N. The effects of cryotherapy on
arthrogenic muscle inhibition using an experimental model of
knee swelling. Arthritis Care Res 2009 (in press).

Young A, Stokes M, Iles JF. Effects of joint pathology on muscle.
Clin Orthop 1987;(219):21-7.

Reeves ND, Maffulli N. A case highlighting the influence of
knee joint effusion on muscle inhibition and size. Nature clinical
practice. 2008;4(3):153-8.

Jayson MI, Dixon AJ. Intra-articular pressure in rheumatoid
arthritis of the knee. I. Pressure changes during passive joint
distension. Ann Rheum Dis 1970;29(3):261-5.

Levick JR. Joint pressure-volume studies: their importance, de-
sign and interpretation. ] Rheumatol 1983;10(3):353-7.
Eyring EJ, Murray WR. The effect of joint position on the
pressure of intra-articular effusion. ] Bone Joint Surg Am 1964;
46:1235-41.

Funk DA, Noyes FR, Grood ES, Hoffman SD. Effect of flexion
angle on the pressure-volume of the human knee. Arthroscopy
1991;7(1):86-90.

Clark FJ, Burgess PR. Slowly adapting receptors in cat knee
joint: can they signal joint angle? ] Neurophysiol 1975;38(6):
1448-63.

Dorn T, Schaible HG, Schmidt RF. Response properties of thick
myelinated group II afferents in the medial articular nerve of
normal and inflamed knee joints of the cat. Somatosens Mot Res
1991;8(2):127-36.

Jones DW, Jones DA, Newham DJ. Chronic knee joint effusion
and aspiration: the effect on quadriceps inhibition. Br J Rheu-
matol 1987;26:370-4.

Krebs DE, Staples WH, Cuttita D, Zickel RE. Knee joint angle:
its relationship to quadriceps femoris activity in normal and

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

postarthrotomy limbs. Arch Phys Med Rehabil 1983;64(10):
441-7.

Shakespeare DT, Stokes M, Sherman KP, Young A. The effect of
knee flexion on quadriceps inhibition after meniscectomy. Clin
Sci 1983;65:64P.

Stratford P. Electromyography of the quadriceps femoris mus-
cles in subjects with normal knees and acutely effused knees.
Phys Ther 1982;62(3):279-83.

Alexander C, Caughey D, Withy S, Van Puymbroeck E, Munoz
D. Relation between flexion angle and intraarticular pressure
during active and passive movement of the normal knee. ] Rheu-
matol 1996;23(5):889-95.

Geborek P, Mansson B, Wollheim FA, Moritz U. Intraarticular
corticosteroid injection into rheumatoid arthritis knees im-
proves extensor muscles strength. Rheumatol Int 1990;9(6):
265-70.

Fahrer H, Rentsch HU, Gerber NJ, Beyeler C, Hess CW,
Grunig B. Knee effusion and reflex inhibition of the quadriceps.
A bar to effective retraining. ] Bone Joint Surg Br 1988;70(4):
635-8.

Coggeshall RE, Hong KA, Langford LA, Schaible HG, Schmidt
RF. Discharge characteristics of fine medial articular afferents at
rest and during passive movements of inflamed knee joints.
Brain Res 1983;272(1):185-8.

Schaible HG, Schmidt RF. Time course of mechanosensitivity
changes in articular afferents during a developing experimental
arthritis. ] Neurophysiol 1988;60(6):2180-95.

Schaible HG, Schmidt RF. Effects of an experimental arthritis
on the sensory properties of fine articular afferent units. J Neu-
rophysiol 1985;54(5):1109-22.

Schepelmann K, Messlinger K, Schaible HG, Schmidt RF. In-
flammatory mediators and nociception in the joint: excitation
and sensitization of slowly conducting afferent fibers of cat’s
knee by prostaglandin I2. Neuroscience 1992;50(1):237-47.
Schaible HG, Richter F. Pathophysiology of pain. Langenbecks
Arch Surg 2004;389(4):237-43.

Schaible HG, Ebersberger A, Von Banchet GS. Mechanisms of
pain in arthritis. Ann NY Acad Sci 2002;966:343-54.

Millan MJ. Descending control of pain. Prog Neurobiol 2002;
66(6):355-474.

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

Hassan BS, Doherty SA, Mockett S, Doherty M. Effect of pain
reduction on postural sway, proprioception, and quadriceps
strength in subjects with knee osteoarthritis. Ann Rheum Dis
2002;61(5):422-8.

Yurtkuran M, Kocagil T. TENS, electroacupuncture and ice
massage: comparison of treatment for osteoarthritis of the knee.
Am ] Acupuncture 1999;27(3-4):133-40.

YoungA, Stokes M, Shakespeare DT, Sherman KP. The effect of
intra-articular bupivacaine on quadriceps inhibition after meni-
sectomy. Med Sci Sports Exerc 1983;15:154.

Gomez-Barrena E, Nunez A, Ballesteros R, Martinez-Moreno E,
Munuera L. Anterior cruciate ligament reconstruction affects
proprioception in the cat’s knee. Acta Orthop Scand 1999;
70(2):185-93.

Gomez-Barrena E, Nunez A, Martinez-Moreno E, Valls J, Mu-
nuera L. Neural and muscular electric activity in the cat’s knee.
Changes when the anterior cruciate ligament is transected. Acta
Orthop Scand 1997;68(2):149-55.

Gomez-Barrena E, Bonsfills N, Martin JG, Ballesteros-Masso R,
Foruria A, Nunez-Molina A. Insufficient recovery of neuromus-
cular activity around the knee after experimental anterior cruci-
ate ligament reconstruction. Acta Orthop 2008;79(1):39-47.
Johansson H, Sjolander P, Sojka P. Receptors in the knee joint
ligaments and their role in the biomechanics of the joint. Crit

Rev Biomed Eng 1991;18(5):341-68.



D.A. Rice and P.J. McNair

265

106.

107.

108.

109.

110.
111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Baxendale RH, Ferrell WR. The effect of knee joint afferent
discharge on transmission in flexion reflex pathways in decere-
brate cats. ] Physiol 1981;315:231-42.

Grigg P, Harrigan EP, Fogarty KE. Segmental reflexes mediated
by joint afferent neurons in cat knee. ] Neurophysiol 1978;
41(1):9-14.

Konishi Y, Suzuki Y, Hirose N, Fukubayashi T. Effects of lido-
caine into knee on QF strength and EMG in patients with ACL
lesion. Med Sci Sports Exerc 2003;35(11):1805-8.

Ferrell WR, Wood L, Baxendale RH. The effect of acute joint
inflammation on flexion reflex excitability in the decerebrate,
low-spinal cat. Q J Exp Physiol 1988;73(1):95-102.
Jankowska E. Interneuronal relay in spinal pathways from pro-
prioceptors. Prog Neurobiol 1992;38(4):335-78.

Schomburg ED. Spinal sensorimotor systems and their supraspi-
nal control. Neurosci Res 1990;7(4):265-340.

Harrison PJ, Jankowska E. Sources of input to interneurones
mediating group I non-reciprocal inhibition of motoneurones in
the cat. ] Physiol 1985;361:379-401.

Lundberg A, Malmgren K, Schomburg ED. Role of joint affer-
ents in motor control exemplified by effects on reflex pathways
from Ib afferents. ] Physiol 1978;284:327-43.

Lundberg A, Malmgren K, Schomburg ED. Reflex pathways
from group II muscle afferents. 1. Distribution and linkage of
reflex actions to alpha-motoneurones. Exp Brain Res 1987(FRA
article);65(2):271-81.

McCrea DA. Supraspinal and segmental interactions. Can
J Physiol Pharmacol 1996;74(4):513-7.

Engelhardt M, Reuter I, Friewald J. Alterations of the neuromus-
cular system after knee injury. Eur J Sports Traumology Related
Res 2001;23(2):75-81.

You HJ, Colpaert FC, Arendt-Nielsen L. Long-lasting descend-
ing and transitory short-term spinal controls on deep spinal dor-
sal horn nociceptive-specific neurons in response to persistent
nociception. Brain Res Bull 2008;75(1):34-41.

You HJ, Dahl Morch C, Chen J, Arendt-Nielsen L. Simulta-
neous recordings of wind-up of paired spinal dorsal horn noci-
ceptive neuron and nociceptive flexion reflex in rats. Brain Res
2003;960(1-2):235-45.

Millan M]J. The induction of pain: an integrative review. Prog
Neurobiol 1999;57(1):1-164.

Neugebauer V, Schaible HG. Evidence for a central component
in the sensitization of spinal neurons with joint input during
development of acute arthritis in cat’s knee. ] Neurophysiol
1990;64(1):299-311.

JiRR, Kohno T, Moore KA, Woolf CJ. Central sensitization and
LTP: do pain and memory share similar mechanisms? Trends
Neurosci 2003;26(12):696-705.

Woolf CJ, Wall PD. Relative effectiveness of C primary afferent
fibers of different origins in evoking a prolonged facilitation of
the flexor reflex in the rat. J Neurosci 1986;6(5):1433-42.
Leroux A, Belanger M, Boucher JP. Pain effect on monosynaptic
and polysynaptic reflex inhibition. Arch Phys Med Rehabil
1995;76(6):576-82.

Courtney CA, Lewek MD, Witte PO, Chmell SJ, Hornby TG.
Heightened flexor withdrawal responses in subjects with knee
osteoarthritis. J Pain 2009 (in press).

Shinohara M. Effects of prolonged vibration on motor unit ac-
tivity and motor performance. Med Sci Sports Exerc 2005;
37(12):2120-5.

Bongiovanni LG, Hagbarth KE, Stjernberg L. Prolonged muscle
vibration reducing motor output in maximal voluntary contrac-
tions in man. ] Physiol 1990;423:15-26.

Kouzaki M, Shinohara M, Fukunaga T. Decrease in maximal
voluntary contraction by tonic vibration applied to a single syn-
ergist muscle in humans. ] Appl Physiol 2000;89(4):1420-4.
Jackson SW, Turner DL. Prolonged muscle vibration reduces
maximal voluntary knee extension performance in both the ip-

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

silateral and the contralateral limb in man. Eur J Appl Physiol
2003;88(4-5):380-6.

Konishi Y, Aihara Y, Sakai M, Ogawa G, Fukubayashi T.
Gamma loop dysfunction in the quadriceps femoris of patients
who underwent anterior cruciate ligament reconstruction re-
mains bilaterally. Scand ] Med Sci Sports 2007;17(4):393-9.
Konishi Y, Konishi H, Fukubayashi T. Gamma loop dysfunc-
tion in quadriceps on the contralateral side in patients with rup-
tured ACL. Med Sci Sports Exerc 2003;35(6):897-900.
Richardson MS, Cramer JT, Bemben DA, Shehab RL, Glover ],
Bemben MG. Effects of age and ACL reconstruction on quad-
riceps gamma loop function. J Geriatr Phys Ther 2006;29(1):
28-34.

Scott DT, Ferrell WR, Baxendale RH. Excitation of soleus/gas-
trocnemius gamma-motoneurones by group II knee joint affer-
ents is suppressed by group IV joint afferents in the decerebrate,
spinalized cat. Exp Physiol 1994;79(3):357-64.

Rudomin P, Schmidt RF. Presynaptic inhibition in the verte-
brate spinal cord revisited. Exp Brain Res 1999;129(1):1-37.
Quevedo J, Eguibar JR, Jimenez I, Schmidt RF, Rudomin P.
Primary afferent depolarization of muscle afferents elicited by
stimulation of joint afferents in cats with intact neuraxis and
during reversible spinalization. ] Neurophysiol 1993;70(5):
1899-910.

Palmieri RM, Weltman A, Edwards JE, Tom JA, Saliba EN,
Mistry DJ, et al. Pre-synaptic modulation of quadriceps arthro-
genic muscle inhibition. Knee Surg Sports Traumatol Arthrosc
2005;13(5):370-6.

Marchand-Pauvert V, Nicolas G, Burke D, Pierrot-Deseilligny
E. Suppression of the H reflex in humans by disynaptic autoge-
netic inhibitory pathways activated by the test volley. J Physiol
2002;542(Pt 3):963-76.

Baumeister J, Reinecke K, Weiss M. Changed cortical activity
after anterior cruciate ligament reconstruction in a joint position
paradigm: an EEG study. Scand ] Med Sci Sports 2008;18(4):
473-84.

Clark FJ. Central projection of sensory fibers from the cat knee
joint. ] Neurobiol 1972;3(2):101-10.

Ochi M, Iwasa J, Uchio Y, Adachi N, Sumen Y. The regenera-
tion of sensory neurones in the reconstruction of the anterior
cruciate ligament. ] Bone Joint Surg Br 1999;81(5):902-6.
Pitman MI, Nainzadeh N, Menche D, Gasalberti R, Song EK.
The intraoperative evaluation of the neurosensory function of
the anterior cruciate ligament in humans using somatosensory
evoked potentials. Arthroscopy 1992;8(4):442-7.

Schaible HG, Schmidt RF, Willis WD. Enhancement of the
responses of ascending tract cells in the cat spinal cord by
acute inflammation of the knee joint. Exp Brain Res 1987;
66(3):489-99.

Heroux ME, Tremblay F. Corticomotor excitability associated
with unilateral knee dysfunction secondary to anterior cruciate
ligament injury. Knee Surg Sports Traumatol Arthrosc 2006;
14(9):823-33.

On AY, Uludag B, Taskiran E, Ertekin C. Differential cortico-
motor control of a muscle adjacent to a painful joint. Neurore-
habil Neural Repair 2004;18(3):127-33.

Cervero F, Schaible HG, Schmidt RF. Tonic descending inhi-
bition of spinal cord neurones driven by joint afferents in normal
cats and in cats with an inflamed knee joint. Exp Brain Res
1991;83(3):675-8.

Danziger N, Weil-Fugazza J, Le Bars D, Bouhassira D. Alter-
ation of descending modulation of nociception during the
course of monoarthritis in the rat. ] Neurosci 1999;19(6):2394-
400.

Danziger N, Weil-Fugazza J, Le Bars D, Bouhassira D. Stage-
dependent changes in the modulation of spinal nociceptive neu-
ronal activity during the course of inflammation. Eur ] Neurosci
2001;13(2):230-40.



266

Quadriceps arthrogenic muscle inhibition

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Ren K, Dubner R. Enhanced descending modulation of noci-
ception in rats with persistent hindpaw inflammation. ] Neuro-
physiol 1996;76(5):3025-37.

Schaible HG, Neugebauer V, Cervero F, Schmidt RE. Changes
in tonic descending inhibition of spinal neurons with articular
input during the development of acute arthritis in the cat. ] Neu-
rophysiol 1991;66(3):1021-32.

Tsuruoka M, Willis WD. Descending modulation from the re-
gion of the locus coeruleus on nociceptive sensitivity in a rat
model of inflammatory hyperalgesia. Brain Res 1996;743(1-2):
86-92.

Kosek E, Ordeberg G. Lack of pressure pain modulation by
heterotopic noxious conditioning stimulation in patients with
painful osteoarthritis before, but not following, surgical pain
relief. Pain 2000;88(1):69-78.

Leffler AS, Kosek E, Lerndal T, Nordmark B, Hansson P. So-
matosensory perception and function of diffuse noxious inhibi-
tory controls (DNIC) in patients suffering from rheumatoid
arthritis. Eur ] Pain (London) 2002;6(2):161-76.

Jones A, Doherty M. Intra-articular corticosteroids are effective
in osteoarthritis but there are no clinical predictors of response.
Ann Rheum Dis 1996;55(11):829-32.

D’Agostino MA, Conaghan P, Le Bars M, Baron G, Grassi W,
Martin-Mola E, et al. EULAR report on the use of ultrasonog-
raphy in painful knee osteoarthritis. Part 1: prevalence of inflam-
mation in osteoarthritis. Ann Rheum Dis 2005;64(12):1703-9.
Ogilvie-Harris DJ, Bauer M, Corey P. Prostaglandin inhibition
and the rate of recovery after arthroscopic meniscectomy. A ran-
domised double-blind prospective study. ] Bone Joint Surg
1985;67(4):567-71.

Arvidsson I, Eriksson E. A double blind trial of NSAID versus
placebo during rehabilitation. Orthopedics 1987;10(7):1007-14.
Rasmussen S, Thomsen S, Madsen SN, Rasmussen PJ, Simon-
sen OH. The clinical effect of naproxen sodium after arthros-
copy of the knee: a randomized, double-blind, prospective study.
Arthroscopy 1993;9(4):375-80.

Hurwitz DE, Ryals AR, Block JA, Sharma L, Schnitzer TJ, An-
driacchi TP. Knee pain and joint loading in subjects with osteo-
arthritis of the knee. ] Orthop Res 2000;18(4):572-9.

Reijman M, Bierma-Zeinstra SM, Pols HA, Koes BW, Stricker
BH, Hazes JM. Is there an association between the use of differ-

159.

160.

161.

162.

163.

164.

165.

166.

167.

ent types of nonsteroidal antiinflammatory drugs and radiologic
progression of osteoarthritis> The Rotterdam Study. Arthritis
Rheum 2005;52(10):3137-42.

Pietrosimone BG, Hart JM, Saliba SA, Hertel J, Ingersoll CD.
Immediate effects of transcutaneous electrical nerve stimulation
and focal knee joint cooling on quadriceps activation. Med Sci
Sports Exerc 2009;41(6):1175-81.

Hopkins JT, Ingersoll CD, Edwards J, Klootwyk TE. Cryother-
apy and transcutaneous electric neuromuscular stimulation de-
crease arthrogenic muscle inhibition of the vastus medialis after
knee joint effusion. ] Athl Train 2002;37(1):25-31.

Bax L, Staes F, Verhagen A. Does neuromuscular electrical stim-
ulation strengthen the quadriceps femoris? A systematic review
of randomised controlled trials. Sports Med 2005;35(3):191-
212.

Fitzgerald GK, Piva SR, Irrgang JJ. A modified neuromuscular
electrical stimulation protocol for quadriceps strength training
following anterior cruciate ligament reconstruction. J Orthop
Sports Phys Ther 2003;33(9):492-501.

Snyder-Mackler L, Delitto A, Bailey SL, Stralka SW. Strength of
the quadriceps femoris muscle and functional recovery after re-
construction of the anterior cruciate ligament. A prospective,
randomized clinical trial of electrical stimulation. J Bone Joint
Surg Am 1995;77(8):1166-73.

Snyder-Mackler L, Ladin Z, Schepsis AA, Young JC. Electrical
stimulation of the thigh muscles after reconstruction of the an-
terior cruciate ligament. Effects of electrically elicited contrac-
tion of the quadriceps femoris and hamstring muscles on gaitand
on strength of the thigh muscles. ] Bone Joint Surg Am 1991;
73(7):1025-36.

Stevens JE, Mizner RL, Snyder-Mackler L. Neuromuscular elec-
trical stimulation for quadriceps muscle strengthening after bi-
lateral total knee arthroplasty: a case series. ] Orthop Sports Phys
Ther 2004;34(1):21-9.

Han TR, Shin HI, Kim IS. Magnetic stimulation of the quadri-
ceps femoris muscle: comparison of pain with electrical stimula-
tion. Am J Phys Med Rehabil 2006;85(7):593-9.

Urbach D, Berth A, Awiszus F. Effect of transcranial magnetic
stimulation on voluntary activation in patients with quadriceps

weakness. Muscle Nerve 2005;32(2):164-9.



	Quadriceps Arthrogenic Muscle Inhibition: Neural Mechanisms and Treatment Perspectives
	METHODS
	RESULTS
	The Presentation of AMI
	Sensory Innervation of the Knee Joint
	Changes in Afferent Discharge Due to Joint Damage
	Swelling
	Inflammation
	Joint Laxity
	Damage to Articular Receptors

	Spinal Reflex Pathways Implicated in AMI
	Group I Nonreciprocal (Ib) Inhibition
	Flexion Reflex
	Gamma ()-Loop

	Supraspinal Influences on AMI
	Changes in Corticospinal Excitability
	Brainstem Modulation of the Flexion Reflex
	Reduced Voluntary Effort

	Therapeutic Interventions That May Counter AMI
	Afferent Modulation
	Aspiration
	Intra-Articular Corticosteroid Injection
	Nonsteroidal Anti-Inflammatory Drugs
	Local Anesthetic
	Cryotherapy
	Trancutaneous Electrical Nerve Stimulation (TENS)
	Altering Fluid Distribution/Capsular Compliance

	Muscle Stimulation
	Neuromuscular Electrical Stimulation (NMES)

	Transcranial Magnetic Stimulation

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES


