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Reestablishing Proprioception
and Neuromuscular Control
in the ACL-Injured Athlete

C. Buz Swanik, Scott M. Lephart, Frank P. Giannantonio,
and Freddie H. Fu

Anterior cruciate ligament (ACL) injury disrupts static and dynamic knee re-
straints, compromising functional stability. Deafferentation of ACL mechan-
oreceptors alters the spinal reflex pathways to motor nerves and le spindl
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stiffness prior to joint loading is another mechanism utilized for dynamic restraint
of the knee (24). Preactivation of muscles may have a greater impact on knee
stability than previously realized.

Disruption of the ACL results in not only a mechamcal disturbance but also
a loss of joint ion, due to of sensory receplors
(mechanoreceptors) (45, 81, 87). This partial deafferentation alters reflex path-
ways to skeletal muscle, muscle spindles, and higher motor centers. There is
substantial evidence that aberrations in muscle activity subsequent to ACL injury
result from disrupted reflex pathways (11, 15, 45, 61, 92, 93). Therefore, ACL injury
not only reduces the joint’s mechanical stability but also often diminishes the ca-
pability of the dynamic restraint system, rendering lhc kne,e funcuonally unslablc

Approximately one-third of ACL-deficient il have
possibly innate compensatory mechanisms that may prevent serious pnlholuglcal
sequelae (76, 88, 96). The functionally stable ACL-deficient individual must pos-
sess sensory characlensucs and movemenl slmegxes lhal maximize the dynamic
support system, This process preserves
joint integrity and prevents functional instability.

Many researchers and clinicians seek to |den||fy the neuromuscular control

in addition to the cortical pathways for conscious and unconscious apprecna»
tion of proprioception and kinesthesia. These pathways are requlred by the
feed-forward and feedback control systems sta-
bilize joints. Feed-forward motor control is responsible for preparatory muscle
activity, while feedback motor control regulates reactive muscle activity. The
level of muscle activation, preparatory or reactive, influences muscular stiff-
ness, lhereby providing dynamic restraint for the ACL-deficient athlete. Re-
protocols should i activities that enhance muscle stiff-
ness while encouraging adaptations to peripheral afferents, spinal reflexes,
and cortical motor pattems. Four elements crucial for reestablishing neuro-
muscular control and functional stability are proprioceptive and kinesthetic
dynamic stability, prep y and reactive muscle characteristics,

and conscious and unconscious functional motor patterns.

The role of I sensory in the dynamic restraint
system of the knee is well established (17, 27, 44, 45 77, 87). Sensory feedback
from anterior cruciate ligament (ACL) receptors projects directly to cortical and
reflex pathways, mediating reactive muscle activity for dynamic restraint (27, 53).
This sensory feedback mechanism is defined as proprioception and kinesthesia
(74). Recently, the interaction between ACL receptors and muscle spindles has
received even greater attention for its contribution to dynamic restraint (18, 27,
44). Muscle spindles, with both sensory and motor nerve fibers, have been impli-
cated in the regulation of muscle tone (stiffness) (4, 43, 44, 75). Increased muscle
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that for in the ACL-deficient
similar i b to restore stability. Four
elements crucial for control and stability are
joint pmpnoceplmn and kinesthesia, dynamic slabnlny. preparatory and reactive muscle
and i and motor patterns (65).

The following text will discuss the sensory receptors and neural pathways

that contribute to normal joint stabilization. With respect to ACL-injured athletes,
deficits in joint sensation and muscle activity will be presented as wel! as the mecha-
nisms whereby dimini comrol may ¢ i sta-

ki h

P!

bility. The i for control will be

presented, followed by specific activities deslgned 10 encuurage the peripheral,

spinal, and cortical adaptations crucial for i ional stability.
Terminology

Propri ion refers to ious and of joint posilion'

ia is the sensation cf]omt motion or acceleration (74). These sig-
itted to the spinal cord via afferent (sensory) pathways. The effer-
ent (motor) response to sensory ion is termed control (48).
Two motor control mechanisms are involved with interpreting afferent informa-
tion and coordinating efferent responses (23, 50). Feed-forward neuromuscular
control involves planning movements based on sensory information from past ex-
periences (23, 59). The feedback process continuously regulates motor control
through reflex pathways. Feed-forward mechanisms are responsible for prepara-
tory muscle activity, while feedback processes are associated with reactive muscle
activity. The level of muscle activation, whether it is preparatory or reactive, largely
determines muscular stiffness properties (75, 81). From a mechanical per-
spective, muscle stiffness is the ratio of the change of force to the change in
length (4, 22, 24). In essence, stiff muscles resist stretching episodes more
effectively, have greater tone, and provide more effective dynamic restraint
to joint displacement (4, 69).




184 Swanik, Lephart, Gic io, and Fu

Joint Stabilization
Static and Dynamic Systems

In the healthy knee, static support is provided by structures such as the joint cap-
sule, cruciate and collateral ligaments, and meniscal and bony geometry. The
primary roles of these structure, stabilizing and guiding skeletal segments, are
mechanical (96). This requires all of the elements to possess complex biomechani-

cal h upon their as primary and secondary
restraints (88). C: i tissue als y role; it detects joint motion
and position, thereby mediating motor control for dynamic stability (27, 51, 83).

Dynamic support for the knce is achieved through preparatory and reflexive
neuromuscular control (22, 23, 31, 35, 40). In the knee, the primary dynamic sta-
bilizers are the i hi ings, a ius. Because of the orien-
tation and contractile propertics (concentric, eccentric, and isometric) of skeletal
muscle, a diverse array of movements can be achieved while excessive joint mo-
tion is restricted. Muscle contractions can increase knee joint stiffness 10-fold;
therefore, the level of muscle stiffness greatly enhances dynamic joint stability
(56, 67, 69).

Clinical studies addressing the role of muscle stiffness in the dynamic re-
straint system have been limited. McNair et al. (69) demonstrated that increased
I ing muscle activation also signil y i hamstring stiffness, and
that there is a moderate correlation between the degree of muscle stiffness in ACL-
deficient athletes and their functional ability. Therefore, McNair et al. concluded
that ACL-deficient athletes with greater hamstring stiffness were more functional.
Efficient regulation of muscle stiffness may embody all of the in the

Debate exists over the relative contribution of ACL afferents in the dynamic
restraint system. Solomonow et al. (89) found it necessary to use high load levels
(near failure) in order to evoke reflex hamstring activity in cats. Mechanorecep-
tors in the ACL, it would appear, contribute to the dynamic restraint system when
the knee is “overloaded” (89). Athletes who are ACL deficient but functionally
stable must compensate for the absence of ACL sensory information with second-
ary structures, thereby maintaining dynamic joint stability (10, 61, 86).

Tenomuscular Mechanoreceptors

In addition to capsuloligamentous receptors, two types of mechanoreceptors have
been identified in muscle and tendinous structures. The first, muscle spindles, are
imbedded within skeletal muscle and detect muscle length and rate of length changes
(5, 18, 36). Muscle spindles are innervated by small motor fibers called gamma
efferents, as opposed (o the large motor fibers that innervate the contractile ele-
ments of skeletal muscle (5, 36, 60). This independent arrangement of motor fi-
bers permits the muscle spindle to continuously transmit afferent signals concerning
muscle length and rate of length changes (5, 36). Muscle spindle afferents project
directly on skeletal motoneurons through very fast monosynaptic reflexes (94).
When muscle spindles are stimulated, by length changes, they t a reflex con-
traction in the agonist muscle. Increased signals from the gamma motor fibers
heighten the stretch sensitivity of muscle spindles (43, 44). This is the mechanism
(stretch reflex) whereby muscle spindles have the capacity to mediate muscle ac-
tivity (43,71, 94).

Changes in muscle length also alter muscle tension. The second type of

dynamic restraint system and thus may be the most vital element related to neuro-
muscular control.

Articular and Tenomuscular Mechanoreceptors

Articular

The dynamic restraint system is mediated by specialized cells called mechanore-
ceptors (34). A P ions by il ical deforma-
tion of tissue into frequency-modulated neural signals (34). As a stimulus
i i 50 does the frequency of di and number of acti

vated mechanoreceptors (34, 36). These signals provide sensory information con-
cerning internal and external joint forces. Three morphological types of

have been identi in the knee. Pacinian corpuscles, found in
the joint capsule, are classified as quick adapting (QA) because they cease dis-
charging shortly after the onset of a stimulus (27, 34, 82). Meissner corpuscles and
free nerve endings are located in ligaments, menisci, and capsular tissue (2, 27, 34,
51, 82). Both adapt slowly to stimuli and are therefore classified as slow adapting

the Golgi tendon organ (GTO), is responsible for monitoring
muscle tension (36). Located near the musculotendinous junction, GTOs protect
the unit by ively activating agonist and inhibiti i
muscles (41). Golgi tendon organs, therefore, have the opposite effect of muscle
spindles. When stimulated by high muscle tension, GTOs cause reflex inhibition
(relaxation) in the muscle being loaded (36, 41).

Neural Pathways of Peripheral Afferents

Determining the extent to which articular and tenomuscular sensory information
is utilized requires analysis of the reflexive and cortical pathways employed by
peripheral afferents. Sherrington (83) first outlined the conceptual role of periph-
eral receptors as a source of signals for joint sensations, mediating reflex systems
of the locomotor apparatus. Encoded signals concerning joint motion and position
are i from peri| P via afferent p: ys, to the central
nervous system (CNS) (25, 27). Ascending pathways to the cerebral cortex pro-
vide i iation of propri ion and ki ia, whereas balance
and postural control are processed at the brain stem (18, 28, 29, 36, 50). Balance is
influenced by the same peripheral afferent mechanism that mediates joint

(SA) mechanoreceptors (17, 53, 82). In healthy knees, QA ptors are
believed to provide ious and ious ki i ions in response
1o flexion, extension, rotation, and tibial translation (28, 34, 85). Conversely, SA

v recep provide i feedback and thus proprioceptive informa-
tion relative to joint position (17).

T and is partially dependent upon the individual’s inherent ability to
integrate joint position sense with neuromuscular control. Balance, therefore, is fre-
quently used to measure functional joint stability, and balance deficits may result
from aberrations in the afferent feedback loop of the lower extremity. There are also
synapses at the spinal level linking afferent fibers with efferent motor nerves. These
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pathways constitute the reflex loops between sensory information and motor re-
sponses.

This reflexive link between lj and muscles was first dem-
onstrated by Palmar (77). By loading the medial collateral ligament, Palmar elic-
ited reflexive electromyographic (EMG) activity in the adductor muscles (77). In
the case of anterior tibial translation, loading the ACL excites the hamstring and
gastrocnemius muscles (12, 49, 89, 93). There also appears to be an inhibitory
pathway that represses quadriceps activity (16, 45, 65). These reflex pathways
contribute to dynamic stability by using the feedback process for reactive muscu-
lar activation (12, 89).

However, Johansson et al. (44) contended that articular afferent pathways
do not exert as much influence directly on skeletal motoneurons as previously
reported but rather have more frequent and potent effects on muscle spindles, which
in turn regulate muscle activation through the stretch reflex. ACL afferents, there-
fore, have some influence on the large skeletal motor nerves to the hamstrings as
well as the tenomuscular receptors, via small gamma motor nerves (43—45).
The significance of the muscle spindle system is beginning to receive atten-
tion for its role in regulating sensory information and muscle stiffness (45,
56, 60, 69, 75). .

This isti rticul link has been ibed as he “fi-
nal common input” (3, 45). The final common input suggests that muscle spindles
integrate peripheral afferent information and transmit a final modified signal to
the CNS (3, 45). This feedback loop is ible for i y ifying
muscle activity during locomotion via the muscle spindle’s stretch reflex arc (39,
75). Through coordination of reflexive and descending motor commands, muscle
stiffness is modified and dynamic knee stability is maintained (45, 56).

Preparatory and Reactive Muscle Activity

The efferent response of muscles “transforming neural information into physical

energy” is termed control (48). control is influ-
enced by proprioceptive, ki ic, visual, and vesti i ion as well as
cortical and spinal motor (50). Ti beliefs on the p ing of
afferent signals into efferent responses for dynamic stabilization were based on
reactive or feedback control p; (60). More

porary
theories emphasize the significance of preactivated muscle tension in anticipation
of movements and joint loads. The preactivation theory suggests that prior sensory
feedback (experience) concerning the task is used to preprogram muscle activa-
tion patterns. This process whereby sensory feedback from the past is “fed for-
ward” to preprogram muscle activity is described as feed-forward neuromuscular
control (22, 24, 33, 60, 71, 90). Preactivated muscles can provide quick compen-
sation for external loads and are critical for dynamic joint stability (22, 35).
Feed-forward motor control uses advance information about a task, usually
from experience, to preprogram muscle activity (23, 59). This requires building an
internal model depicting the expected conditions with all of the known task pa-
rameters (23, 47, 50). These centrally motor are i
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evaluate the results and help program future muscle patterns. Unexpected events
that occur during these movements may be identified by joint and muscle receptors
but may be used only for future planning, not for reflex stabilization.

The feedback mechanism of motor control is characterized by numerous
reflex pathways continuously adjusting ongoing muscle activity (13, 23, 60, 71).
Information from joint and muscle receptors is used to reflexively coordinate muscle
activity toward the completion of a task. This feedback procgss, however, results
in long conduction delays and is best used to maintain posture and regulate slow
movements (50). Therefore, the efficacy of reflex-mediated dynamic stabilization
is related to the speed and magnitude of joint perturbations. The relative contribu-
tion that feedback-mediated muscle reflexes provide when in vivo loads are placed
on joints is unclear.

Both feed-forward and feedback motor control can enhance dynamic stabil-
ity if the sensory and motor pathways are frequently stimulated. Each time a par-
ticular signal passes through a sequence of synapses, the synapses become more
capable of transmitting:the same signal the next time (36, 38). If these pathways
are “facilitated” enough, memory of that signal is created and can be recalled to
program future movements (36). Frequent facilitation, therefore, enhances both
the memory about tasks for preprogrammed motor control and reflex pathways for
reactive lar control. This ism has signi implications for

i ifi as well as p y and reac-

ping
tive actions for dynamic restraint.

Clinical research assessing muscle activation patterns of the knee frequently
employs landing and hopping models. These movements require both preparatory
and reactive muscle activity along with related changes in muscle sfiffness. Muscle
activity prior to landing reveals that activation occurs in a pattern from distal to
proximal, beginning approximately 132-200 ms before touchdown (90). This pre-
paratory muscle activation prior to landing is considered to be preprogrammed,
while activation after gi d L i reactive. The y muscle
activity serves several functions that contribute to the dynamic restraint system.
An increase in muscle activation levels increases the stiffness properties of the
entire tenomuscular unit (72). This increased muscle stiffness provides dynamic
support for functional stability (56, 69). Increased stiffness also heightens muscle
spindle and GTO sensilivity to stretch and tension while reducing electromechani-
cal delay (19, 35, 45, 69, 72, 81).

Muscle stiffness can modulate quickly ing upon task
(24). For example, during hopping, energy must be stored and then released ina
manner similar to a spring; therefore, preparatory muscle activity increases muscle
stiffness. During landing or deceleration tasks, energy must be absorbed; hence,
muscle stiffness remains low (24, 69). Assessing preparatory EMG activity and
muscle stiffness provides valuable information about feed-forward neuromuscular
control and its capacity for dynamic restraint.

Pathoetiology

for preparatory muscle activity and high-velocity movements (50). The feed-forward
mechanism does not depend on reflex pathways and once initiated executes very
quick motor commands (50). Sensory information about the task is then used to

The isms predi athletes to ACL ruptures have been well documented.
Unlike traumatic ACL injuries involving large external forces, nontraumatic ACL
injuries usually involve a failure of some aspect of the dynamic restraint system
which exposes static to loads that j ize their integrity.
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There are several hanisms by which control system deficiency who are ing to joint afferents and neuromuscular char-

tual he Af ilure. acteristics in the ACL-injured athlete. _ ) .

e .IAYIT:EOR‘? e (l:el\-r;:’ fal“"m indivi appeartoll Most researchers believe that ACL disruption results in some level of deaf-
ot molion’and‘pﬂsilion se'"se (7,8, 62, 85, 86). Deconditioned individuals may ferentation to ligamentous and probably capsular mechanoreceptors (2(;, 26, 61,
lack i y to inate muscle activity and dy- 85). In the acute phase of healing, joint inflammation and pain compound sensory
namic restraint, thus predi: ing them to joint pathol, deficits (9, 53). However, this cannot account for the chronic proprioceptive and

that substantial increases in joint translation occur with muscles that are decondi-
tioned or fatigued or have low tone, compared to muscles with high baseline tone
(89). Moreover, Wojtys and Huston (93) correlated increased anterior tibial transla-
tion with hamstring reaction times after fatiguing exercise. Aberrations in joint
motion and position sense will impact feed-forward and feedback neuromus-
cular control mechanisms and diminish the capability of the dynamic restraint
system.

The speed and ity of inathletic competition require rapid
integration of sensory information by feed-forward and feedback neuromuscular
control systems. Errors within the CNS in anticipating or reacting to joint loads
can result in i muscle activity, ising dynamic stability. The
brain, at any given moment, discards 99% of all sensory information as irrelevant
(36). This may account for the inconsistencies that develop during feed-forward

ing between anticij and real-life it (36, 50). Such is the
case when an experienced athlete initiates a cutting maneuver, something that the
athlete performs routinely, and “catches” his or her foot. Greenwood and Hopkins
(33) suggested that this “jarring” sensation is similar to descending the final stair
in the dark when another step is expected. Because of safety concerns, only a
limited number of researchers have attempted these types of perturbations.
Thompson (90) induced sensory conflicts by having subjects randomize visual
input and height while landing from a jump. it was found that preparatory muscle
activity was attenuated until landing, suggesting that preactivation of the ham-
strings may be nullified if sensory i ion is confusing or misinterp (90).
Furthermore, the preprogramming of movements can occur several hundred milli-
seconds before the movements are initiated, while cognitive appreciation of an
event may take up to 120150 ms (21). Unexpected perturbations, such as high
joint loads, can occur during this period. Without adequate preparatory activity,
the static structures may be exposed to insult unless reactive muscle activity can
be initiated to contribute to dynamic restraint. There is some concern whether the
CNS can negotiate the speed and magnitude of muscle activity required to prevent
tibial subluxation during ballistic movements, such as those in athletics (89).

While many peripheral, spinal, and cortical elements contribute to the neu-
romuscular control system, dynamic joint stabilization is contingent upon both
cortically p P ivation and refl i muscle activation. Criti-
cal errors in timing, ination, itioning, and ion may disrupt the
dynamic restraint system.

Neuromuscular Characteristics of ACL-Deficient Athletes

Characteristic patterns of proprioceptive, kinesthetic, and neuromuscular deficits
have been demonstrated in ACL-injured athletes (6, 12, 61, 64 84, 85, 93). Al-
though identifying these abnormalities may be difficult in a clinical setting, a thor-

ough ¢ ciation of the iology of the is necessary to guide

deficits i with ACL-deficient knees. Research has demon-
strated that ACL-deficient athletes have diminished capability for d_el_ecling jolm‘;
i ition (7). These propri ive and ki { couple
$ﬁ:0"0\' o '( ) ility, lead to i (Figure 1) (63, 64). De-
veloping or reestablishing proprioception and kinesthesia in ACLAir‘jured al_l\_leles
will minimize the risk of reinjury. ACL ion, coupled with
rehabilitation, appears to restore some kinesthetic awareness, although not equal
to that of noninvolved limbs (10, 20, 63). o
Assessment of the reactive characteristics of dynamic stabilization focuses
on the feedback process of motor control. Beard et al. (11) repor}gd reflex ln!en-
cies in ACL-injured athletes by simulating episodes of anterior tibial translation,
eliciting hamstring activation via feedback from the ACL, capsular,_and pmbab!y
tenomuscular receptors (94). This work revealed that reflex ham§mng latency in
the involved leg was nearly twice that of uninvolved and control _llmbs,.and Beard
etal. concluded that the increased reflex latency was due to proprioceptive deficits
that may impair joint function (12). Wojtys and Huston (93), with a slr{ular model,
substantiated differences in the timing and sequence of muscle firing in the A(;L-
deficient limb. They found that increased reflex latency will diminish lhg reactive
muscle istics and must be i through joint perturbation tech-
niques under controlled intensities. o
Preprogrammed muscle stiffness, prior to the onset of anterior tibial (r.:msla-
tion, can enhance reflex muscle activity. Although if preparatory muscle stiffness

Ligamentous Injury x
Proprioceptive

(== Detict

j Decreased Neuromuscular

e Control

Repetitive Injury

Figure 1— Functional stability paradigm depicting the influence of mechanical insta-
bility and proprioceptive deficits on functional stability, which predisposes the knee to
repetitive injury. Reprinted by permission from S.M. Lephart & T.J. Henry, 1996,
“The Physiological Basis for Open and Closed Kinetic Chain Rehabilitation for the
Upper Extremity,” Journal of Sport Rehabilitation, 5(1): 78.
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is inadequate, the ACL may be jeopardized at high joint loads. McNair et al. (69)
found that hamstring stiffness was not significantly different in the involved and
uninvolved limbs of ACL-deficient athletes. However, there was a positive corre-
lation between hdmslnng stiffness and functional ability, implying that high muscle
stiffness prior to injury provides additional dynamic restraint and greater func-
tional ability in athletes subsequent to ACL i injury (69)

Because tibial ion also lengthens the

scles, i
preparatory muscle stiffness reduces the eleclromechamcal delay reqmmd to de-
velop muscle tension (22, 89). M muscle activation can drasti-

cally improve the stretch sensitivity of lhe muscle spindle system (19, 40, 56).
Enhancing stretch sensitivity and stiffness could i improve the reactive cnpabulmet
of the hamstrings by providing additional sensory feedback and superimposing
stretch reflexes onto desccndlng motor commands (22, 46, 70). Research has shown
that the stretch reflex can increase muscle stiffness one to three times (37, 66).
Whether muscle stiffness increases stretch i
cal delay, it appears to be crucial for dynamic restraint and functional ability in
ACL-deficient athletes.

ACL-deficient athletes exhibit characteristic EMG patterns while walking
and running. The feed forward process of motor control is responsible for com-
pensatory ion and agonist inhibition during ion. Sev-
eral profiles have demonslraled increased lateral hamstring activity during the stance
phase ol‘ walking and cunmg maneuvers (12, 16 49, 61, 84). Increased hamsmng

ACI y iting anterior tibial
and rotation (16, 69). It has been shown that dunng the “swing to slnke transition
phase of gait, quadriceps activity (61). Prep inhi-
bition, prior to heel slnke prevents excesswe anlenor shearing forces at ground
contact. H i 1and i ition reflect p: 'y mecha-
nisms to anticipated joint loads that preserve joint cthbnum and stability (89).

Reestablishing Proprioception, Kinesthesia,
and Neuromuscular Control

Activities designed to reslore neummuscular control following ACL injury are
intended to p that focus on modulat-
ing pain and inflammation and restoring flexibility, voluntary strength, and endur-
ance. The objective of newromuscular conirol aciivities is 10 integrate peripherai
sensations relative to joint position and process these signals into efferent motor
responses. In the ACL-injured knee, these dynamic mechanisms compensate for a
lack of static restraints and can produce a functionally stable joint. In order to
restore and induce dynamic muscle activation necessary for functional stability,

one must employ si positions of ility that i muscle reac-
tive stabilization. Although there are inherent risks in placmg the knee in positions
of vulnerability, if it is done in a and progi fashion,

lar adaptations will occur and subsequenlly permit the athlete to return to compe-

tition with confidence that the dynamic mechanisms about the knee will protect
the joint from subluxation and reinjury.

Four elements are crucial to reestablishing neuromuscular control and func-

tional stability: proprioceptive and kinesthetic sensation, dynamic joint stabiliza-

tion, reactive control, and ional motor patterns (62). Several
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afferent and efferent characteristics contribute to efficient regulation of these ele-

ments for of control and stability. These

i include the itivity of peripheral receptors and facilitation of
afferent palhways, muscle snffness the onset rate and magnitude of muscle activ-
ity, , reflex muscle acti ion, and y
muscle activation. Specific ili produce ions that en-

hance the efficiency of these characteristics. These techniques include closed ki-
netic chain activities, balance training, eccentric and high-repetition/low-load
exercises, reflex facilitation through reactive training, stretch-shortening activi-
ties, and biofeedback training.

Modifying Afferent/Efferent Characteristics

The objective of ilitation is to develop and reestablish affer-
ent and efferent characteristics that enhance dynamic restraint capabilities to in
vivo loads. The plasticity of the neuromuscular system permits rapid adaptations

during bili that enhance prep y and reactive muscle activity (38,
41). Although clinical research commues several exercise techniques show prom-
ise for inducing i ptations in the system.

Reliable kinesthetic and proprioceptive information is the foundation on
which feedback and feed-forward neuromuscular control is based. Altered periph-
eral afferent i ion may disrupt prep y and reactive muscle activity,
affecting motor conlrol and l‘uncnonal smb:llly Closed kinetic chain exermscs create

axial loads that late articular while leng
changes excite tenomuscular receptors (17, 34, 45). Chronic alhleuc parucnpalmn
may enhance proprioceptive and ki ic acuity by frequently affer-

ent pathways from peripheral receptors. Highly conditioned athletes demonstrate
greater f joint than sedentary controls (62, 66). Whether this
a congenital anomaly or a training adaptation, greater awareness of joint motion and
position may improve feed-forward and feedback neuromuscular control (62).

It is evident that muscle stiffness has a significant role in preparatory and
reactive dynamic joint restraint; therefore, exercise modes that increase muscle
stiffness should be Research by and Bowles (14) and Pousson
et al. (80) has established that eccentric loading increases muscle tone and stiff-
ness. Chronic overloading to muscle and tendon may result in connective tissue
proli ion, thus itizing GTOs and i i muscle spindle acuvny (4!)
Such impact the far and of stiffness
(14, 32, 72, 80). Eccentric loading is accomplished by activities such as forward
and bagkward stair climbing and backward downhill walking. Stretch-shortening
activities, emphasizing the landing phase, also impose eccentric loads on the ham-
string group.

Training techniques that emphasize low loads and high repetitions cause
similar connective tissue adaptations as those found with eccentric training. How-
ever, increased muscle stiffness resulting from this rehabilitation technique may
be attributed to fiber type transition (32,41, 57, 58). Slow-twitch fibers have longer
cross-bridge cycle times and can maintain the prolonged, low-intensity contrac-
tions necessary for postural control (58). Goubel and Marini (32) found that in
animal models, low-load/high-repetition training resulted in higher muscle stiff-
ness compared to strength training. However, Kyrolainen and Komi (58), in a ret-
rospective analysis of power- and endurance-trained athletes, inferred that muscle
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stiffness was greater in power-trained individuals because the onset of muscle
preactivation (EMG) was faster and higher prior to joint loading. It appears that
endurance training may increase stiffness by increasing the baseline motor tone
and cross-bridge formation time, while power training enhances the rate and mag-
nitude of muscle tension during preactivation. Both of these adaptations readily
adhere to existing principles of ACL rehabilitation, where early strength exercises
focus on low loads with high repetitions, progressing to shorter, more exploslve
gl
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In the lower ity, joint compression is believed to maximally stimulate
articular receptors and can be accomplished with closed chain exercises through-
out the nvanlnble ROM (17 34, 45) Early joint repositioning tasks enhance con-
scious p and y leading to

appreciation of joint motion and position. Applymg a neoprene sleeve may pro-
vide additional proprioceptive and Kii by cutane-
ous receptors (8, 63). Partial weight bearing, in pools or with unloading dcvlces.

sport-specific activities. Research assessing the efficacy of low-load/hi
training versus high-load/low- -repetition |rammg would be beneficial for opumnz-
ing muscle stiffness and 2 in ACL-deficient athletes.

Training adaptations may accounl for the vigorous reflex responses (tendon—
tap) in sprint- and power-trained subjects relative to sedentary and endurance-
trained subjects (54, 55, 91). McComas (68) suggested that strength training
increases descending (cortical) drive to the large motor nerves of skeletal muscle
and the small efferent fibers to muscle spindles. As discussed earlier, increasing
muscle spindle activity increases their sensitivity to stretch, resulting in shorter
reflex latencies (41). Melvill-Jones and Watt (70) suggested that stretch reflexes
are superimposed on preprogrammed muscle activity from higher centers, illus-
lraung the concomitant use of feed-forward and feedback processing for regulat-
ing preparatory and reactive muscle stiffness. Walla et al. (92) round that
ACL-deficient athletes’ reflex h control well with
rating scores. Therefore, reactive neuromuscular control in ACL-deficient athletes
may improve function if muscle stiffness is enhanced.

A limited number of clinical training studies have been directed at improv-
ing reaction times (42). Ihara and Nakayama (42) significantly reduced the latency
of muscle reactions over a 3-week period by inducing perturbations to athletes on
unstable platforms. Similar modifications to the spinal stretch reflex have been
investigated for their role in motor control (95). Although it was once believed that
the speed of stretch reflexes could not be directly enhanced, efforts to do so have
been successful in animal and human studies (94, 95). This has significant impli-
cations for reestablishing the reactive capability of the dynamic restraint system.
Reducing the electromechanical delay between joint loading and protective muscle
activation can increase dynamic stability and function.

Biofeedback training provides instantaneous sensory feedback concerning
muscle activation patterns and may help athletes correct errors by consclously
altering muscle activity (10, 30). The objective of biofeedback training is to reac-
quire voluntary muscle control and promote functionally specific motor patterns,
eventually converting these patterns from conscious to unconscious control (10).
Using biofeedback for discriminative hamstring control may help the ACL-injured
athlete reestablish preparatory and reactive muscle activity for dynamic joint sta-
bility (23, 30).

Elements for Neuromuscular Control and Functional Stability

Proprioception and Kinesthesia. The objective of kil ic and proprio-
ceptive training is to restore the ies of injured 1i; and
enhance the sensitivity of secondary pcnpheml afferents (65). It is unknown to
what degree this occurs in conservatively managed athletes; however, ACL recon-
struction with extensive ilitation does appear to joint motion and
position sense (8, 63).

the closed chain envil without subjecting the knee to

loads (52). A multitude of closed kinetic chain exercises emphasizing hamstring
activation increase hamstring stiffness and muscle spindle srrelch sensitivity. Thc
closed kinetic nature of these ises causes joint thus

joint congruency and proprioceptive feedback while minimizing joint shear forces
(78). To induce adaptations in muscle stiffness, exercises should be done with high
repetitions and low rest intervals, focusmg on the eccentric phase. Increased musclc
stiffness will increase the stretch itivity of receptors, provit
additional sensory information concerning joint motion and position. Techmqucs
believed to increase muscle stiffness include stiff-leg deadlifts and lunges, pro-
gressing from no weight to weight assisted. Early kinesthetic training may begin
to reestablish reflex pathways from articular afferents to skeletal motor nerves, the
muscle spindle system, and cortical motor control centers, while enhancing muscle
stiffness increases the stretch sensitivity of tenomuscular receptors.

Dynamic Stabilization. The cb)ecnve of dynam|c joint s(ablhzauon exer-
cises is to ion. Efficient
coactivation reslores the force couples necessary to balance joint mrces and
increase joint congruency, thereby reducing the loads imparted onto static struc-
tures. Dynamic stabilization from muscles requires anticipating and reacting
to joint loads. This includes placing the joint in positions of vulnerability where
dynamic support is cslabhshed under controlled conditions. Balance
and stretch. tening both require prep: 'y and reactive muscle
activity through feed-forward and feedback motor control systems, while closed
kinetic chain exercises are excellent for inducing coactivation and compression.

Early dynamic joint stabilization exercises begin with balance training con-
sisting of partial weight bearing on stable surfaces progressing to partial weight
bearing on unstable surfaces, ultimately balancing with full weight bearing on
unstable surfaces. Exercises such as kickers also require balance and can begin on
stable surfaces, progressing to unstable platforms (Figure 2).

Shde board training nnd basic strength exercises may be used to stimulate
hamstring/ ion while it ing muscular Strength
exercises focus on eccentric and endurance- -type activities in a closed kinetic ori-
entation, further enhancing dynamlc stability through increases m pmparamry muscle
stiffness and reactive ics. Strength and bal can b

and executed with light external forces to increase the level of difficulty (Figure 3).

Biofeedback may also assist athletes trying to develop quadriceps and ham-

string coauwanon during strength exercises. Biofeedback provides information

muscle activation and voluntary muscle activation by fa-
cilitating efferent pathways. Reeducating selective muscle activation is necessary
for dynamic stabilization and neuromuscular control.

Stretch-shortening exercises, which are necessary for conditioning the neu-
romuscular apparatus to respond more quickly and forcefully, develop explosive
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ure 2 — Kickers: The athlete stands on either the involved or uninvolved limb,
with an efastic band fixed to the distal aspect of the contralateral leg. While attempting to
balance, the athlete executes short kicks with either knee extension o hip flexion.

Figure 3 — One-legged squats: The athlete squats while an elastic band, fixed distal to
the knee, applies an external load.
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Figure 4 — Calf pushes: With the knees slightly bent, the athlete initiates ankle plan-
tar flexion without knee flexion. As the calf pushes are repeated, emphasis should be
placed on absorbing energy in the calf.

ile prop while permitting eccentri of the knee
joint (1). Stretch-shortening exercises need not be withheld until the late stages of
rehabilitation. There are multiple plyometric exercises with varying degrees of inten-
sity. Low-impact p icactivities may once weight bearing is achieved.
Examples of these low-impact exercises are stiff-legged bunny hops and calf pushes
(Figure 4). :

Double-leg bounding is an effective intermediate stretch-shortening exer-
cise because the uninvolved leg can be used for assistance. Stretch-shortening
activities are made more difficult with alternate-leg bounding, then single-leg
hopping. Activities such as hopping with rotation, lateral hopping, and hopping
onto various surfaces are instituted, using a mirror if possible (Figure 5). The use
of a mirror will enable the athlete (o internalize proper kinematics, further facili-
tating specific movement patterns. One exercise that bridges the gap between lat-
eral movements and plyometrics is the lateral box jumps (Figure 6). The athlete
performs the lateral box jump standing lateral to the box and jumping onto the box
from both sides. Plyometric training requires preparatory muscle activation and
may facilitate reflexive p: for reactive lar control.

Reactive Neuromuscular Control.  Reactive neuromuscular training focuses
on stimulating the reflex pathways from articular and tenomuscular receptors to
skeletal muscle. Although preprogrammed muscle stiffness can enhance reflex la-
tency, the objective is to induce ici d joint p i i ing reflex
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re 5 — Hopping progression: The athlete is positioned on a surface divided into i
four squares. Hopping between squares becomes progressively more difficult by in- Figure 6 — Lateral box jumps: The athlete stands on a box and hops off laterally. In
cluding lateral and diagonal hops, eventually progressing to hops with rotation and more advanced stages, the athlete lands only on the involved leg or bounds up from
landings on various surfaces. the landing back onto the box.
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igure 7 — Multidirectional leg reaction drills: The athlete is seated in a comfortable
osition of knee flexion. A clinician randomly applies multidirectional forces to the
ower extremity while the athlete attempts to maintain the position of the leg.

Eif =yt

|

Figure 8 — Foot push pass: While the athlete is seated, a clinician rolls a ball toward
the athlete, varying the speed and direction. The athlete’s goal is to receive the ball

with the foot and then pass it back.
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stabilization. The efficacy of reactive exercises was
over a decade ago (42). Persistent use of these reflex pathways may decrease re-
sponse time and develop reactive strategies to unexpected events (36).

During early rehabilitation, clinicians can include rhythmic stabilization
exercises (Figure 7) and fool pass drills (Figure 8). These exercises are designed to
enhance lower mily ination and reaction to light joint
loads. The intensity of rhythmic stabilization is increased by applying greater joint
loads. Foot pass drills can begin with large balls and progress to smaller balls, or
light balls progressing to heavier balls.

Unstable platforms are used to induce perturbations to the joint and alter the
athlete’s center of gravity manually while he or she attempts to maintain balance.
These ises can facilitate ions to reflex p ys mediated by periph-
eral afferents and resulting in quadriceps and hamstring muscle activation. Ball toss-
ing may be incorporated in conjunction with balance exercises todisrupt concentration
and induce unconscious, reactive adaptations. Walking and running in sand also re-
quire similar reactive muscle activity and may enhance reflexive Jjoint stabilization.

During the later stages of ilitation, reactive activity in-
corporates trampoline hopping. The athlete begins by hopping and landing on both
feet, progressing to hopping on one foot, and hopping with rotation (Figure 9). The
most difficult reactive tasks include hopping while catching a ball (Figure 10) and
hopping off a trampoline onto various landing surfaces such as artificial turf, grass,
and dirt. All reactive exercises should induce joint perturbations in order to facili-
tate reflex muscle activation. Reflex-mediated muscle activity is a crucial element
of the functionally stable joint and should complement preprogrammed muscle
activity.

Functional Activities. The last element requires adaptations to
preprogrammed, functionally specific motor patterns. These activities incorporate
all of the available resources for stimulating peripheral afferents, muscle
coactivation, and reflex and preprogrammed motor control. Emphasis should be

placed on sport-specific techniques, including positions and maneuvers where the
ACL is With ition and intensity, muscle activity (pre-
paratory and reaclive) gi y p from i to ious motor
control (50). R ishil ly specific ires within a

controlled setting can decrease the risk of injury upon completion of rehabilitation.

Functional activities begin with restoring normal gait. Verbal instruction can
assist athletes during gait training (partial weight bearing). Emphasis is placed on
normal ki ics and i i ivation. This can include back-
ward (retro) walking, which further facilitates hamstring activation and balance
(73). If a pool or unloading device is available, crossover walking and figure eights
can begin, progressing to jogging and hopping as tolerated. Functional activities
with partial weight bearing help restore motor patterns without compromising static
restraints. Weight-bearing activities are continued on land with the incorporation
of ion and ion and pivot . Drills including jogging,
cutting, and cariocas are initiated, with the speed of maneuvers gradually increased.

‘The most difficult functional activities are designed to simulate the demands
of the individual's sport and position. Activities such as shuttle runs, carioca cross-
overs, retro sprinting, and forward sprinting are implemented with sport-specific
drills such as fielding a ball, receiving a pass, and dribbling a soccer ball. It is
necessary to understand the afferent and efferent characteristics that contribute to




200 Swanik, Lephart, Giannantonio, and Fu

Figure 9— Trampoline hopping: The athlete first bounces on both feet, then progresses
to hopping off of two feet and landing on one foot. Finally, the athlete hops with rota-
tion.
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Figure 10 — Trampoline and ball tossing: To intentionally disrupt concentration, the
clinician tosses a ball to the athlete while she is bouncing on a trampoline.

)mnl sensation, dynamlc stabilization, reflex activity, and functional motor pattern
inorder to control and stability (see Table 1).

Summary

Disruption of the ACL can It both the static and dynamic restraining
mechanisms of the knee. Static support depends upon the biomechanical proper-
ties of articular structures, while dynamic restraint is mediated by articular and
tenomuscular mechanoreceptors, via cortical and reflex pathways. Muscle spindles

have received special considerat

n for their capacity to integrate peripheral afferent
information and reflexively modify muscle activity. The efferent response to pe-
ripheral afferent i ion is termed - control. Feed-forward and
feedback neuromuscular control both utilize sensory information for preparatory
and reactive muscle activity. The <Icgree of muscle activation greatly determines
the stiffness of the muscle, which in turn assists dynamic restraint by resmmg
changes in muscle length. To control and

stability, clinicians may use ilitati i including closed kinetic chain
activities, balance training, eccentric and high-repetition/low-load exercises, re-
flex facilitation through rcacuve training, stretch-: shnrlcnmg aclwmes. and bio-
feedback training. These techniques produce in the y of
peripheral P and ili afferent p: ys, agonist,
coactivation, muscle stiffness, lhe onset rate and magmlude of muscle activity,
reflex muscle , and discri 'y muscle §
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Table 1 The Elements, Rehabilitation Techniques, and Afferent/Efferent Charac-
teristics Necessary for Restoring Proprioception and Neuromuscular Control in the
ACL-Injured Athlete

Rehabilitation
Elements technigues

Afferent/efferent
characteristics.

Proprioception  Joint repositioning
and kinesthesia  Functional range of
motion
Axial loading
Closed kinetic chain exercises

Peripheral receptor sensitivity
Facilitate afferent pathways

Dynamic Closed kinetic chain exercises  Agonist/antagonist coactivation
stability and translatory forces Muscle activation rate and amplitude
High repetition/low resistance  Peripheral receptor sensitivity
Eccentric loading Muscle stiffness
Stretch-shortening exercises
Balance training

Reactive Reaction to joint perturbation  Reflex facilitation
Stretch. i ics Muscle activation rate and amplitude

p
control Balance reacquisition

Functional Biofeedback
motor patterns  Sport-specific drills
Ce J i

Discriminatory muscle activation
Arthrokinematics
Coordi

participation

These afferent and efferent characteristics regulate the following four ele-
ments, which are critical to control and stability: prop-
rioception and kinesthesia, dynamic stabilization, reflex muscle activation, and
functional motor control. Each phase of traditional rehabilitation protocols can
incorporate some aspect of all fonr elements, depending upon each individual’s
tolerance to By i ing these elements into the reha-
bilitation of an ACL-i m_|ured athlete, clinicians can maximize the contributions of
the dynamic restraint mechanisms to functional stability.
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