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ABSTRACT

The neuromuscular function of the lower extremity in 40
normal and 100 anterior cruciate ligament-deficient vol-
unteers was evaluated by physical examination, KT-
1000 arthrometer measurements, isokinetic strength
and endurance testing, subjective functional assess-
ment, and an anterior tibial translation stress test. A
specially designed apparatus delivered an anteriorly di-
rected step force to the posterior aspect of the leg while
anterior tibial translation was monitored and electro-

myographic signals were recorded at the medial and
lateral quadriceps, medial and lateral hamstrings, and
gastrocnemius muscles. Testing was done at 30&deg; of
knee flexion with the foot fixed to a scale to monitor

weightbearing, while the tibia remained unconstrained.
Results indicate that muscle timing and recruitment or-
der in response to anterior tibial translation are affected
by anterior cruciate ligament injury. These alterations in
muscle performance change with time from injury, cor-
relate with an individual’s physical activity level, affect
subjective functional parameters, and are directly re-
lated to the degree of dynamic anterior tibial laxity seen
with stress testing.

Over the last 25 years, a tremendous research effort
has been focused on the biomechanics of the
ACL.13,15, 29, 30, 42, 46, 51-53, 76 The principles learned have been
applied clinically in the hope of improving the natural his-
tory of a knee with an injured ACL. In fact, impressive
strides in treatment have followed the course of ACL re-
search. A torn ACL in an athlete is not necessarily the

&dquo;beginning of the end,&dquo; as it was once described.&dquo; The prog-
nosis for an athletic individual with an ACL injury with
proper care appears to be much improved, at least over the
short term. 16,56

Despite these clinical and biomechanical advances, our
current information base does not explain the functional
status of several types of individuals with increased ante-
rior laxity of the knee. One of these types is the athlete who
has excess anterior laxity but who functions at a very high
level of activity without evidence of instability. 51,51,11 Some
of these athletes have normal ligaments that are just not
as tight as most, while a few represent asymptomatic ACL-
deficient (ACL-D) extremities. Despite a lack of passive re-
straint, no instability is apparent, and a high level of func-
tion is maintained. Secondly, there is the individual who
has had an ACL reconstruction and has returned to a high
level of activity without instability in spite of considerable
residual anterior laxity. Paradoxically, there are those
whose laxities are within &dquo;normal parameters&dquo; yet in whom
symptoms of instability persist.22 These examples empha-
size the dual nature of knee stability: the passive restraint
system, which is composed primarily of ligaments and cap-
sule, and the dynamic system, which is composed of the
neuromuscular elements. The interaction between the dy-
namic and static systems remains unclear. An improved
understanding of the neuromuscular component of stabi-
lization is needed to augment our treatment of injuries to
the passive restraints of the knee.

This investigation was not performed to alter the current
standards in decision-making regarding nonoperative ver-
sus operative treatment of ACL tears. These decisions
should be made based on the age and activity level of the
subject while keeping in mind the known risk factors for
degenerative disease. This research was designed to aug-
ment both directions of treatment by maximizing the po-
tential of the neuromuscular control system. This was at-
tempted by studying the neuromuscular response to
anterior tibial translation (ATT) in a specifically designed
apparatus that allowed monitoring of spinal reflexes and
cortical control activity. Unfortunately, at this time, we do
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not fully understand the complexities of dynamic knee joint
control, which makes the interpretation of this data diffi-
cult and subject to criticism.

BACKGROUND

In 1944, Ivar Palmars2 wrote about the theory that liga-
ments supply the central nervous system (CNS) input that
makes neuromuscular control of knee joints possible. Sev-
eral years later, in 1956, Cohen and Cohen&dquo; popularized
the idea of an &dquo;arthrokinetic reflex.&dquo; Based on their work
with decerebrate cats, they suggested that the origin of
important protective afferent input was the knee joint cap-
sule. Cohen and Cohen decided that a quadriceps-
hamstrings tension balance was necessary for knee joint
stability. Andersson and Stener’ concurred with Cohen
and Cohen’s work after localizing important mechanore-
ceptors in the anteromedial region of the cat knee joint
capsule. Subsequently, Petersen and Stener 63 suggested
that these capsular receptors were not mechanoreceptors
but merely nociceptors responding to large joint loads.
These capsular receptors were later shown to be sensitive
to very low joint pressures and to tensile loads in the range
of fractions of Newtons. 17,36

In hopes of isolating the origin of proprioceptive afferent
input, several neuroanatomic studies have focused directly
on the ACL. Kennedy et al. 41 isolated free nerve endings in
Golgi-like receptors in the synovium covering the ACL.
Schultz et al. 71 found these same receptors on the surface
of the ACL beneath the synovial sheath. Schutte et al.’2
described an extensive network of sensory receptors in the
ACL, including Pacinian and Ruffini corpuscles and free
nerve endings. Gomez-Barrena et aI,32 isolated direct neu-
ral pathways from the ACL to spinal ganglia by using trac-
ers to study axonal transport.
Despite these anatomic advancements, the precise origin

of the afferent input needed to protect specific ligaments
and maintain joint stability is still not agreed on.2,3,25,6l.65, 73
In 1987 Solomonow et al .73 reported a direct ligament-
muscle reflex arc from their work with ACLs in cats and
humans. They suggested that ACL injury in humans in-
terrupts this ligament-muscle reflex arc, triggering a sec-
ond slower pathway needed to modulate the quadriceps
and hamstrings muscles from muscle and capsular recep-
tors. In a comparison of normal and ACL-D human ex-
tremities, Solomonow et al. were able to show a substantial
difference in the EMG activity of the ACL agonist ham-
string muscles when the ACL was severed. The meaning of
these EMG changes remains in question.
Electromyographic work by Draganich et al.20 with six

male subjects with ACL-D extremities also suggested that
the hamstrings act synergistically with the ACL. Specifi-
cally, they reported increased EMG activity in the biceps
femoris muscle from 30° to 0°, which is precisely where
ACL force and strain increase. 14,15,70,76

In contrast, work done recently by Pope et al.s5 in 1990
questioned the existence of a direct ligament-muscle reflex
arc; they attributed the activity in the posterior articular
nerve of cats after tugging on the ACL to receptors in the
periarticular tissues not in the ligament itself. Interest-

ingly, recent work by Pitman et al. 64 continues this debate.
By using an arthroscope in vivo, they demonstrated
somatosensory-evoked potentials (SSEP) in the cerebral
cortex after direct electrical stimulation of an intact ACL
in nine patients. The SSEPs represent proprioceptive input
from peripheral nerves transmitted along the posterior col-
umns.

While a direct ligament-muscle protection system may
be difficult to demonstrate in all animal and human models
in all joint positions, there is increasing evidence that sup-
ports a modulating system of knee joint afferent input on
motoneuron output. Alpha motoneurons are affected by
both high 14 and low3’°4$ threshold joint afferents. Flexor
reflex pathways,24 Ia interneurons,2s°33 and Ib interneu-
rons48 have all demonstrated the capability of modulating
different efferent pathways.
Even though a precise diagram of the neurocircuitry of

dynamic knee joint control is not yet agreed on by inves-
tigators, there is no doubt that the neuromuscular system
is capable of altering the strains imposed on the passive
restraints of the knee.70 White and Raphael8° reported that
a quadriceps contraction could reduce the strain produced
in the medial collateral ligament when a valgus force was
applied to the knee. Goldfuss et al.3l showed that the stiff-
ness of the medial side of the knee could be increased up to

48% with contraction of the quadriceps and hamstring
muscles. Renstrbm et al. 70 used cadavers and a Hall effect
transducer to show that the hamstring muscles could de-
crease ACL strain in all positions tested.
Timely muscle contraction, or &dquo;dynamization&dquo; of the tib-

iofemoral joint, adds a new dimension to the concept of
knee joint stability. It is this juxtaposing of the joint sur-
faces through muscle contraction or loadbearing that al-
lows the geometry of the tibiofemoral joint to become an
integral part of joint stability.38 In the unloaded knee,
which does not mimic most ligament injury situations, all
externally applied forces or moments are internally re-
sisted by ligaments and capsule.15 When the knee joint is
subjected to axial loading, joint contour becomes an im-
portant stabilizing factor that is frequently underappreci-
ated. Markolf et a1.5° tested axial joint loads up to 925 N at
0° and 20° of knee flexion in cadavers to demonstrate the

stabilizing effect of joint contact force; their work in well-
conditioned athletes showed a tenfold increase in knee joint
stiffness with muscle contraction. Work done by Wang and
Walker,&dquo; Hsieh and Walker,38 and Olmstead et al.59 con-
curred with the findings of Markolf et al. Wang and Walker
demonstrated an 80% reduction in rotatory laxity with 938
N of compressive force. This stabilizing capacity is impor-
tant for activities of daily living as well as for physically
demanding sports.
When an injury occurs to the passive restraint system,

new demands are placed on dynamic restraints, and re-
training becomes the key to adaptation. Abbott et al.,l in
their extensive review of knee ligament injuries, stated
that ligaments are the first link in the kinetic chain that
provides rich sensory input to the nervous system. Fortu-
nately, the neuromuscular &dquo;servomechanism&dquo; that modu-
lates hamstring-quadriceps activity is truly dynamic. The



91

central nervous system processes incoming afferent pro-
prioceptive input by comparing actual movement with in-
tended performance.67 The discrepancy between actual and
desired movement then can trigger efferent output to cor-
rect the error (servocontrol).
Brand12 and Wroble and Brand8l questioned the tradi-

tional view of ligaments as merely mechanical restraints
and speculated that the neurosensory function of the liga-
ments may, in fact, approach that of their mechanical ef-
fect. Because voluntary movements initiated at the cere-
bral cortex may be too slow to prevent injury, 55,66 questions
exist about short loop (spinal) reflexes that may be capable
of a more timely response.48 Triggering protective spinal
reflexes during a dangerous maneuver may play an even
greater role in knee joint stabilization than the voluntary
response.67,69 Regardless of where the afferent input origi-
nates, a timely protective response is the key to knee joint
protection in the injury situation.

MATERIALS AND METHODS

Subjects

Forty healthy, athletically active volunteers (26 men and
14 women) with no known knee injuries served as the nor-
mal control group; the average age was 23.5 years. One
hundred consecutive ACL-D individuals (70 men and 30
women) who were identified by athletic trainers and phy-
sicians were tested; the average age was 25.7 years. All
ACL tears had been arthroscopically documented. Ini-

tially, no attempt was made to eliminate combination liga-
ment injuries or those with chondral or meniscal problems;
however, all of these individuals were considered to be &dquo;re-
covered&dquo; from the injuries before their participation in this
study. To be included in the study, individuals were re-
quired to perform an isokinetic strength test with no more
than minimal discomfort. Those with significant discom-
fort from underlying knee problems were excluded. Neither
the physicians’ recommendations for treatment nor the in-
dividuals’ selection of nonoperative versus operative treat-
ment were used as selection criteria. Success of treatment
did not affect participation in this study. Several ACL-D
individuals were highly successful intercollegiate athletes,
while others could not walk without episodes of giving way.
The ACL-D individuals were subdivided into three

groups based on the time from ACL injury to evaluation. In
the acute injury group, the duration of time was less than
6 months. In the semiacute injury group the duration of
time was 6 to 18 months, and in the chronic injury group
it was greater than 18 months. All individuals had a physi-
cal examination; a subjective functional evaluation includ-
ing activity level, pain, swelling and giving way56; KT-1000
arthrometer measurements; isokinetic dynamometer
evaluation of knee flexion and extension peak torque and
endurance testing at 60° and 240° per second; and a knee
joint stress test on a specifically designed apparatus. The
subjective evaluation 56 was used to subdivide each time
group (acute, semiacute, and chronic groups) into best and
worst subsets.

Knee testing apparatus

The testing apparatus was designed to measure ATT in
reference to the femur in response to an anteriorly directed
30-pound step force applied to the posterior aspect of the
leg, while lower extremity muscle function was recorded
using surface EMG at five muscle locations. The induced
ATT stimulated efferent activity originating at both the
spinal cord and cortical level. Because the anteriorly di-
rected force was applied to the gastrocnemius muscle belly,
care was taken to ensure that motion artifact and the ef-
fects of muscle deformation were not confused with a spinal
level reflex to the gastrocnemius muscle in response to the
displacement. This was accomplished by several trials with
and without a windowed short leg cast in place. This model
allowed for ATT but would not permit gastrocnemius de-
formation, allowing differentiation of these two factors.
Also, it is important to note that the displacing force was
applied identically in every trial. Therefore, if the gastroc-
nemius EMG activity detected was caused by the direct
stimulation of the device, the EMG pattern should have
been nearly the same in each trial, but in fact it varied
significantly.
During testing, the individuals were comfortably posi-

tioned with the knee maintained at 30° of flexion by vertical
adjustment of an ischial support specifically designed to
allow uninhibited hamstring muscle activity (Fig. 1). The
foot was fixed with the ankle at 10° to 15° of dorsiflexion
on a standard scale to monitor the weightbearing status
that was maintained in the 20- to 30-pound range. Tibial
translations, rotations, and subluxations were not re-

strained in any way. Two linear potentiometers were em-
ployed to measure ATT (Fig. 1). Relative tibial displace-
ment was quantified by placing one potentiometer on the
patella with the second placed on the tibial tuberosity.
A validation study comparing the accuracy of the KT-

1000 arthrometer with this system was performed using
machined aluminum plates of known differentials.44 In this
in vitro setting, the correlation coefficient between the KT-
1000 arthrometer and the dual linear potentiometers was
0.98; however, it is important to note that differences exist
in the degree of sensitivity of each device. The dual poten-
tiometer system was accurate to 0.01 mm throughout a full
range of displacements (-20.00 to 20.00 mm), while the
KT-1000 arthrometer measurement was accurate to 0.16
mm with a much higher level of variability.44,77,82

Electromyographic recordings

Surface EMG recordings were taken from five locations:
lateral quadriceps, medial quadriceps, lateral hamstrings,
medial hamstrings, and gastrocnemius muscles. Surface
electrodes produced more reproducible and repeatable re-
cordings than indwelling wire electrodes in previous test-
ing by Kadaba et a1.4° Bipolar electrodes (Hewlett-Packard,
Waltham, MA) were consistently placed over the midregion
of each muscle group oriented along the muscle belly, 3 cm
apart. Before electrode placement, the skin was prepared
with sandpaper and cleaned with isopropyl alcohol to en-
sure adequate surface contact. The raw EMG signal was
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Figure 1. Anterior tibial translation testing device with EMG
monitoring of gastrocnemius, quadriceps, and hamstnngs
muscles.

amplified at 100 uvolts/volt and fed into a Zenith Data Sys-
tems 286 computer (Zenith Data Systems Corp., St. Jo-
seph, MI) for storage and data analysis. The EMG record-
ings were sampled at a frequency rate of 1000 Hz over a
2.5-sec time window beginning with the onset of the an-
teriorly directed force.

Testing protocol

The ACL-D individuals always had the uninvolved extrem-
ity tested first, while the normal volunteers followed no set
pattern. After a brief orientation, during which the ante-
riorly directed step force was applied to the extremity sev-
eral times, two types of tests were performed. A relaxed test
was performed by asking individuals to relax their muscles
while the force was applied. If muscle activity was detected
on EMG at the start of the test, it was not used, and the test
was repeated. A response test was performed by asking
individuals to resist the anterior tibial force after they
sensed its onset. Ten trials of each test were recorded and
then averaged. Any trial in which the individual contracted
the leg musculature before the anterior force was applied
was repeated. To prevent anticipation of anterior force ap-
plication, randomized time intervals (ranging from 0.1 to

10 sec) were used before force application. All visual and
audio clues associated with the force application were
eliminated.

Reproducibility evaluation

A pilot study was conducted to determine the magnitude of
trial-to-trial (within a test), test-to-test (within a day), and
day-to-day variability of both EMG and ATT measure-
ments in normal individuals. These results formed the ba-
sis of the statistical differences reported for the normal con-
trol group and ACL-D individuals.

Five normal individuals (3 women and 2 men) were se-
lected and tested on 4 alternating days with 4 tests per day.
All trials were conducted by 1 examiner. A single test con-
sisted of 10 consecutive relaxed and 10 consecutive re-

sponse trials. The ATT and 5 EMGs (lateral quadriceps,
medial quadriceps, lateral hamstrings, medial hamstrings,
and gastrocnemius muscles) were recorded. The individual
was positioned in the testing apparatus according to the
standard protocol. Between tests, the individual was taken
out of the testing device, and all surface electrodes were
removed. After a period of 30 minutes, new electrodes were
applied, and the individual was repositioned and retested.

Three-factor analysis of variance found no significant
differences between trials or between tests for all param-
eters. Differences in reflex (spinal) reaction times were not
significant; however, a significant difference was found be-
tween days for both ATT and voluntary muscle reaction
time (MRT). The magnitude of the expected measurement
variability was expressed by computing 95% confidence
limits: ATT (±0.3 mm), gastrocnemius (±2.5 msec), lateral
hamstring (±5.5 msec), medial hamstring (±5.9 msec), lat-
eral quadriceps (±4.6 msec), and medial quadriceps (±5.4
msec) muscles. These &dquo;expected variations&dquo; were then used
to determine statistical significance in all other compari-
sons of ATT and MRT.

Although not significant, it was noted that the ATT val-
ues for the relaxed test were consistently lower during the
first 3 to 4 trials of the initial test as compared with the
remaining and subsequent tests. A series of 5 to 7 &dquo;pretri-
als&dquo; was routinely used to allow the individual to become
acclimated to the testing device and to allow the ATT time
to equilibrate.

Data analysis

The MRTs were calculated by measuring the time delay
between the onset of the 30-pound stimulus and muscle
activity. Three regions of the EMG signal were analyzed
after movement artifact was identified by pattern recog-
nition and were disregarded in the data analysis (espe-
cially in the gastrocnemius EMG recordings). Attention
was focused on spinal cord reflex, intermediate response,
and voluntary muscle activity.23°43 Each of these responses
has specific time and shape characteristics that were used
to identify these portions of the EMG recording after ATT;
electrical stimulation was not used in this study. Mechani-
cally and electrically evoked somatosensory potentials
have been compared in human upper extremities by Pratt
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TABLE 1

Activity level, strength, displacements, and subjective evaluation versus time from injury

a 10 = Competitive jumping, turning, twisting sports.
8 = Recreational jumping, turning, twisting sports.
6 = Jog, bike, swim, occasional pivoting sports.
4 = No jumping, turning, twisting sports; swim, bike, jog regularly.
2 = No jumping, turning, twisting, occasional jog, swim, bike.
0 = Couch potato.

b Significant difference at P = 0.05 level; in each subgroup best is compared with worst. Best and worst are determined by subjective
evaluation. Chronics are best/worst 15% = 8/50; semiacutes are best/worst 25% = 5/20; and acutes are best/worst 15% = 5/30.

c Strength = (Peak torque/Body weight) x 100%.

TABLE 2
Muscle recruitment preference (in percent) in response to

anterior tibial translation (response test)

a Spinal cord.

et al. 68 In general, mechanically induced potentials were of
lower amplitude and contained fewer components, suggest-
ing that the electric stimulus activated more fibers syn-
chonously. There was less temperal dispersion with the
mechanical potentials, suggesting that they originated
from a more uniform fiber population.
The initial spinal cord reflex appears to be monosynaptic,

bypasses muscle spindle receptors, resembles a tendon tap
reflex on manual physical examination,43 and it occurred
between 20 and 119 msec after the onset of ATT in this

study. The large range in reflex response time may be ex-
plained by the level of presynaptic inhibition present and
by the level of motoneuron excitability. This initial spinal
reflex on the EMG recording was usually monophasic,
while the amplitude was approximately 5% of that seen in
voluntary activity. The initial spinal level response ap-
pears to be similar to an H-reflex that requires an electric
stimulus to be delivered to the afferent nerve in a reflex arc,
sufficient to depolarize the large sensory fibers but insuf-
ficient to activate the smaller motor fibers. Deschuytere et
aI.l9 have previously recorded H-reflex activity from the
quadriceps, hamstrings, and gastrocnemius muscles.
During the early phase of ATT, if the motor nerves are

depolarized instead of the sensory fiber, and antidromic
conduction occurs along the motor nerve, a biplasic re-
sponse of larger amplitude similar to an F-wave (electrical
stimulation) may result.43 During preliminary testing, the
possibility that this response was generated solely by a di-
rect stimulation of the muscle fibers was ruled out by the
application of a short leg cast and by repeat testing. The
cast allowed ATT but did not allow deformation of the gas-
trocnemius muscle.
The intermediate response appears to be a spinal reflex

with interneuronal input from centers higher than the spi-
nal cord and resembles the late response produced elec-
trically.23 It is very reproducible, occurring between spinal
cord and voluntary activity. This response is biphasic,
larger in amplitude than the spinal cord reflex but smaller
in amplitude than voluntary activity and routinely occurs
just before voluntary activity (130 to 170 msec). Interest-
ingly, Pitman et al.64 reported SSEP occurring with 38.6 to
81.6 msec, which may represent the afferent portion of this
loop if the signal reached the cerebral cortex.
Voluntary muscle activity was identified by the time of

occurrence (220 to 360 msec) and pattern of activity. It was
always biphasic, of the largest amplitude and of longest
duration.
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TABLE 3
Muscle timing in response to anterior tibial translation normal (control) group

d Spinal cord.
b Significant difference (P = 0.05).

TABLE 4
Male/female comparison of ACL-deficient and normal

a Strength = (Peak torque/Body weight) x 100%.
b Significant difference at P = 0.05 level.

Because most traditional EMG testing data are gener-
ated electrophysiologically, mechanically induced EMG
muscle activity requires careful interpretation. Therefore,
only those signals that were reproducible were analyzed
and incorporated into the data base.

Statistics

All data were first tested for normality, and nonparametric
and parametric hypothesis testing was then applied when
appropriate. The analysis of data included t-test compari-
sons between dominant and nondominant lower extremi-
ties in both the normal and ACL-D groups. Comparative
results between the ACL-D subgroups and the control
group were statistically compared using multiway analysis
of variance with Bonferroni’s correction factor for repeated
measures. Tukey’s post hoc tests were also incorporated

when appropriate. In several instances where the data vio-
lated the definition of &dquo;normality,&dquo; the Friedman test (a
robust, nonparametric measure) was used. In all tests, a P
value of less than 0.05 was considered significant.

Results summary-normal controls

1. The average ATT with muscles relaxed was 5.4 mm
when a 30-pound anteriorly directed step force was applied
to the proximal leg (Table 1).

2. Quadriceps strength averaged 86% of body weight
(torque foot-pounds/body weight pounds), while the ham-
strings averaged 47% (Table 1).

3. The average activity level for the normal group was 5.6
(scale 0 to 10) (Table 1).

4. At the spinal cord level, the initial response to ATT was
usually seen in the gastrocnemius muscle, while the ham-
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TABLE 5
Muscle timing in response to anterior tibial translation

° Spinal cord.
b Significant difference (P = 0.05); leg dominance not considered.

TABLE 6
Muscle timing in response to anterior tibial translation

a Spinal cord.
b Significant difference (P = 0.05) when compared with the normal group; leg dominance not considered.

strings were most often recruited first during the inter-
mediate and voluntary phases (Table 2).

5. There was no significant difference in the muscle re-
cruitment order or MRT between dominant and nondomi-
nant extremities in the spinal cord reflex or intermediate
response; however, during voluntary activity the medial
hamstrings were statistically faster on the dominant ex-
tremity (Table 3).

6. There was no significant difference between male and
female normals in terms of age, activity level, hamstrings

strength, ATT, and subjective evaluation score; however,
the quadriceps strength of normal men was significantly
better than that of women (Table 4).

Uninvolved extremities-ACL-D individuals

1. The spinal cord response to ATT of the uninvolved
extremity was not significantly different from normal
(Table 5).

2. The intermediate response in the gastrocnemius
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Figure 2. A, quadriceps muscle strength versus time from
injury. B, hamstrings strength versus time from injury.

muscle and the voluntary activity of both medial and lat-
eral hamstrings and quadriceps muscles were slower than
normal (Table 5).

ACL-D individuals

1. There was no difference in ATT (in millimeters) be-
tween the best and worst subjectively rated ACL time
groups (acute, semiacute, and chronic groups) during the
muscles-relaxed test (Table 1).

2. During the muscles-tensed test, the best semiacute
and chronic ACL-D extremities had significantly less ATT
than the worst ACL-D extremities at those time periods
(Table 1).

3. In the best ACL-D subgroups, the activity level rose
from the semiacute to chronic states, while in the worst
ACL-D subgroups it decreased minimally (Table 1).

4. There were no significant differences between male
and female ACL-D individuals in terms of age, activity
level, hamstrings strength, ATT, and subjective evalua-
tion ; only quadriceps muscle strength (corrected for body
weight) was significantly better in men than women (Table
4).

5. The majority of acute ACL-D individuals used a
muscle recruitment order different from normal (Table 6).

6. Most semiacute and chronic ACL-D individuals used
a normal muscle recruitment order in response to ATT at
the spinal cord, intermediate response, and voluntary lev-
els (Table 6). Also, chronic ACL-D individuals used their
hamstrings first to resist ATT almost twice as frequently
as acute ACL-D individuals.

7. Chronic ACL-D individuals remained slower in their
MRT in all five muscle groups during the intermediate re-
sponse and voluntary activity when compared with nor-
mals (Table 6).

8. The quadriceps strength (peak torque foot-pounds/
body weight pounds) of normals, the best acute ACL-D in-
dividuals, and the best chronic ACL-D individuals was not
statistically different (Fig. 2).

9. The hamstrings strength (peak torque foot-pounds/
body weight pounds) of the best ACL-D subgroups at each
time interval was as good or better than normal, while in
the worst ACL-D subgroups, the hamstrings strength was
less than normal (Fig. 2).

10. The best subset of each ACL-D interval (acute, semi-
acute, chronic groups) favored initial use of the hamstrings
to prevent ATT during voluntary activity (Table 7).

11. Those ACL-D individuals who recruited the ham-

strings first during voluntary activity showed the largest
decrease in laxity between their muscles-relaxed and
muscles-tensed tests. Interestingly, this hamstring-first
group also showed a higher average subjective score than
those using their quadriceps or gastrocnemius muscles
first (Table 8).

12. The ACL-D extremity showed a statistically slower
MRT at the spinal cord level than the uninvolved extremity
for both hamstrings and quadriceps muscles (Table 9).

13. Voluntary muscle activity in all five muscle groups
tested was slower in the ACL-D extremity than in the un-
affected extremity of the individual (Table 9) and was also
slower than normal (Table 10). The unaffected extremity
voluntary activity was slower than normal in both ham-
strings and quadriceps muscles (Table 5).

14. The dominant ACL-D extremities showed slightly
more ATT and were stronger than the nondominant ACL-D
extremities; these differences were not significant (Table
11).

15. Increased activity levels among the ACL-D individu-
als correlated well with decreased laxity in the muscles-
tensed test (Fig. 3).

16. The ACL-D individuals who used the gastrocnemius
muscle first in the intermediate response were minimally
more stable during the muscles-relaxed test and were less
symptomatic in terms of pain, swelling, and giving way
(Table 12).

17. In ACL-D women, the intermediate medial ham-

string and the voluntary gastrocnemius responses were
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TABLE 7
Muscle timing-best and worst of ACL time groups versus average muscle response times (msec)’

a Significant at P = 0.05 level; best in terms of subjective evaluation compared with worst in each subgroup.
b Significant with the normal control group only.
~ Significant with both groups 1) best versus worst, and 2) normal control groups.

TABLE 8
ACL-deficient subjects-voluntary activity analysis of initial muscle recruitment versus anterior tibial displacement, strength, activity

level, and subjective evaluation

a Significant with gastrocnemius only.
b Strength = (Peak torque/Body weight) x 100%.
c Significant with both groups.

significantly slower than in ACL-D men. Women with nor-
mal extremities demonstrated faster intermediate lateral

quadriceps and voluntary medial hamstring response than
did men with normal extremities (Table 13).

DISCUSSION

Dynamic protection of the knee joint during injury-
producing activities requires the recognition of the dan-
gerous force through peripheral or central receptors, af-
ferent transmission to either the spinal cord or higher
centers in the CNS, processing of the signal, and then an
appropriate response. Beard et a1.8 defined these proprio-
ceptive abilities in terms of static awareness of joint posi-
tion in space, kinesthetic awareness (detection of limb

movement and acceleration), and closed-loop efferent ac-
tivity that is required for a reflex response and the regu-
lation of muscle stiffness. The speed of a protective re-
sponse is determined by the site of the afferent reception
(central versus peripheral site) and the location of the
signal-processing center (spinal cord versus cerebral cor-
tex). The location of the afferent signal processing center
(spinal cord versus cortex) is important because it deter-
mines the distance a signal must travel to generate an ef-
ferent response. Visual afferent input to the cortex can pro-
duce a more timely voluntary response than peripheral
afferent input because an injury-producing situation may
be recognized in advance; peripheral mechanoreceptors
cannot begin their afferent signal until the onset of the
injury-producing force. While cortical recognition may be
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TABLE 9
Muscle timing in response to anterior tibial translation

a Spinal cord.
b Significant difference (P = 0.05); leg dominance not considered.

TABLE 10
Muscle timing in response to anterior tibial translation

a Spinal cord.
b Significant difference (P = 0.05); leg dominance not considered.
c Significant difference (P = 0.05); leg dominance considered.

advantageous in many situations, local stimuli at the spi-
nal cord level may prove to be adequate to generate a pro-
tective muscle response. This dynamic local response may
not generate any limb movement. In fact, a generalized
limb stiffening through muscle cocontraction may be all
that is needed to prevent knee joint injury.

Purposeful muscle activity can be classified as auto-
matic, semiautomatic, or voluntary, depending on the level
of cortical involvement.28 Automatic or reflex responses

originating at the spinal cord are usually generated by local
stimuli and can be characterized as gross, quick move-
ments that require no cortical input or sensory feedback.
Semiautomatic movement (rhythmic behavior) usually re-
quires supraspinal initiation and termination but proceeds
automatically in terms of neural control (i.e., chewing,
walking). These semiautomatic motions are intermediates
between reflex and voluntary activity. They are controlled
by neural networks in the spinal cord and brain stem.&dquo;
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TABLE 11 1
ACL-deficient extremities-dominant versus nondominant

a Strength = (Peak torque/Body weight) x 100%.
’ Spinal cord.
c Significant at the P = 0.05 level.

Figure 3. Activity level versus knee laxity with muscles
tensed. Activity levels 0 through 10 are defined in Table 1.

These neural networks are &dquo;pattern generators,&dquo; composed
of reciprocal connections between pools of neurons waiting
to be triggered.&dquo;

Voluntary movements, which have the most cortical con-
trol, are affected by attention and motivation. They are
learned and require practice for perfection. Once learned,
complicated voluntary movements can be used to form a
motor program by which complex tasks are accomplished
without thinking about each step (i.e., typing). The amount
of conscious effort needed to accomplish a task is an im-
portant determinant of the speed at which it can be ac-
complished.
The speed of limb movement is an important factor in

many athletic activities. Several studies have focused on
the level of neuromuscular activity during rigorous sports,
such as skiing, and have asked this question: &dquo;Can muscles
react fast enough to offer protection to the static restraints
of the knee joint?&dquo;5,21,55 Ligament injuries can occur in a
fraction of a second. Yasuda et al. 84 recently reported that
peak strains occur in the ACL at 40 to 70 msec after the
application of a damaging valgus force to the knee. Con-
sequently, most investigators would agree that a voluntary
response to a damaging force is too slow to protect liga-
ments.28 More specifically, Pope et al.65 concluded that a
musculoprotective reflex initiated by pain or tendon
stretch could not be quick enough to protect knee ligaments
from injury. However, this work did not take into account
the anticipation of the damaging force, allowing activation
of a voluntary response before the injury-producing event.
If the injury situation can be anticipated and a coordinated
muscle response formulated before the peak strain pro-
duced by a damaging force, adequate voluntary protection
may be available to the static restraints of the knee. In the
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TABLE 12
ACL-deficient subjects intermediate analysis-imtial muscle recruitment versus anterior tibial displacement, strength, activity level,

and subjective evaluation

a Significant with hamstring only.
b Significant with both groups.
c Strength = (Peak torque/Body weight) x 100%.

TABLE 13
Muscle timing in response to anterior tibial translation gender comparison-ACL-deficient and normal patients’ average response

times (msec)

d Spinal cord.
b Significant difference at P = 0.05 level.

event that injury anticipation is not possible, fortunately, Yet it is fair to say that we can only speculate on the sig-
spinal cord reflexes require less time than voluntary ac- nificance of these changes in MRT. However, since Yasuda
tivity. In fact, spinal cord level responses may occur fast et al. 84 reported peak strains occurring in an ACL injury
enough to provide gross protection to the knee joint (Table experiment as early as 40 msec after the application of a
3, SC reflex), and they may play an even greater protective valgus force, it seems reasonable that differences in MRT
role by provoking a muscle pattern generator.28 Intrinsic of this magnitude should be considered until better indi-
receptors of muscles can activate tonic stretch reflexes in cators of significance are available.
the gamma innervation system of muscle. Gamma activa- While it may seem difficult to believe that a 20- to 40-
tion can set the muscle spindle at a more active level, msec delay in MRT might be a factor in knee joint protec-
thereby reflexively increasing muscle control .48,60,67 This tion, no actual joint motion may be needed to prevent in-
heightened sensitivity may play an even greater role after jury. In fact, the split-second activation of the muscles
an ACL tear because of the reported decline in proprio- crossing the knee joint may only be needed to stiffen the
ception.6 6 extremity to resist deforming forces.
The MRTs recorded in the three regions of the EMG re- In the event of an ACL injury, there is evidence sug-

cording (spinal cord reflex, intermediate response, and vol- gesting that the CNS can adjust and reprogram with time
untary activity) constitute a large ingredient of this paper. to protect the unstable joint. O’Connor et al.58 reported the
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effects of dorsal root ganglionectomy before, and 52 weeks
after, sectioning of the ACL in dogs. The group of dogs that
experienced 52 weeks of CNS reconditioning after section-
ing of the ACL before the dorsal root ganglionectomy did
much better during gait analysis and in the prevention of
osteoarthritic degeneration with time.

Normal extremities

The spinal cord reflex generated in response to ATT was
usually seen first in the gastrocnemius muscle (Table 2).
This was somewhat a surprise to the investigators since the
hamstrings and the quadriceps muscles are usually con-
sidered the primary muscle stabilizers of the knee. In this
investigation, the gastrocnemius muscle appears to play an
even greater role in ACL-D extremities. It had been iden-
tified as a primary knee stabilizer in a previous gait study
of ACL-D knees.45

Intermediate and voluntary response to ATT usually fa-
vored the initial use of the hamstrings (Table 2). There was
very little difference in MRT between the dominant and
nondominant extremities at the spinal cord and cortical
levels except for the voluntary activity of the medial ham-
strings ; this was statistically faster on the dominant ex-
tremity (Table 3).

In normal extremities, the degree of ATT during the
muscles-tensed test correlated statistically with the indi-
vidual’s lifestyle: the more active the individual, the tighter
the knee. Those participating in competitive, jumping,
twisting sports (high-activity level) demonstrated the least
ATT (Fig. 3).

Uninvolved extremities-ACL-D individuals

A normal pattern of muscle recruitment and timing was
seen at the spinal cord level in response to ATT (Table 5);
however, when cortical level EMG activity was examined,
differences began to appear. The intermediate response of
the gastrocnemius muscle was significantly slower when
compared with normal response, while the voluntary re-
sponse in both the hamstrings and quadriceps muscles was
also significantly slower. A quadriceps-hamstrings-
gastrocnemius recruitment pattern was favored in inter-
mediate response, while normals preferred initial use of
the hamstrings. The voluntary response favored the initial
use of the hamstrings (Table 5), which was similar to the
normal responses. Interestingly, the voluntary recruit-
ment of both the hamstrings and quadriceps muscles in
these uninvolved extremities was slower than normal.
The slowing of the MRT in the uninvolved extremity was

unexpected but can be explained in several ways. One pos-
sibility is that the decreased activity of the ACL-D indi-
viduals as a group affects the normal conditioning of these
protective responses, thus producing slower MRTs in their
uninvolved extremities. More importantly, the initial use
of the quadriceps muscle in the intermediate response may
be suggestive of a more profound problem: a quadriceps-
dependent extremity. Since the quadriceps muscle is an
ACL antagonist muscle, its initial recruitment in the in-
termediate response may actually represent a risk factor

for ACL injury and may not represent a postinjury alter-
ation in muscle recruitment order. Preseason testing of
several athletic groups at risk for ACL injury may resolve
this question.

ACL-D extremities

Intermediate response activity apparently undergoes a
dramatic shift during the 18 months after an ACL tear.
Acute injuries (less than 6 months from injury) favor the
initial use of the quadriceps muscle (55% quadriceps and
30% hamstrings), while the semiacute ACL tears (6 to 18
months postinjury) shift over to the hamstrings (65% ham-
strings and 20% quadriceps muscle) (Table 2). This pattern
of hamstring substitution in ACL-D individuals has been
reported in walking, stair climbing, and more stressful ac-
tivities.39,83 These findings also agree with EMG work by
Branch et al.11 that showed decreased activity of the ACL
antagonist muscle (quadriceps) and increased activity of
the ACL agonist muscle (hamstrings) in the gait cycle of the
ACL-D individuals an average of 66.5 months after injury.

Regardless of the time from injury, ACL-D individuals as
a group usually showed spinal cord and cortical level re-
sponses to ATT slower than normal and slower than the
uninvolved extremity (Tables 9 and 10). We do not know
whether this pattern of generalized MRT slowing is pecu-
liar to ACL injury or reflective of knee trauma in general.

Other investigators have indicated that loss of the ACL
can result in a slower MRT. Beard et al.8 studied the la-
tency of the hamstring reflex in 30 individuals with a uni-
lateral ACL injury and in 20 normal individuals. The mean
latency in the injured extremity was almost twice that in
the uninjured extremity (99 msec versus 53 msec). In the
normal patients, the mean interlimb differential in ATT
was 4.2 mm, and the average reflex hamstring latency was
43.2 msec. Twenty-nine of the 30 ACL-D individuals dem-
onstrated an increase in reflex hamstring contraction la-
tency with a mean noninjured-injured latency differential
of 46.4 msec. Beard et al. reported a significant correlation
between the hamstrings reflex latency and the frequency
of giving-way episodes, and they suggested that a relative
increase in reflex hamstring contraction latency is a meas-
ure of proprioception and can be used to provide objective
data for decision-making for ACL-D individuals. Interest-
ingly, the reflex response to passive tibial movement was
reported to be significantly slower in a recently injured
ACL-D extremity than in the contralateral extremity or a
normal extremity.

In this investigation, the generalized MRT slowing in
ACL-D individuals is most impressive at the voluntary
level in the best subjectively rated, chronic ACL subgroup
(Table 7). This group averaged a knee rating score of 91 on
a scale of 100 (Table 1) and represents primarily highly
competitive intercollegiate athletes. These individuals
have the advantage of year-round, intense, sophisticated
training. If these athletes cannot return their MRTs to nor-
mal 18 months after injury, it seems either that the train-
ing and conditioning of the athlete need alteration to better
address deficits in MRT, or that the goal of normal MRT is
unattainable after ACL injury. If the afferent arm of the
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protective reflex system has truly been damaged, as some
have suggested,32>73 then normal neuromuscular function

may not be achievable. Further investigation of training
techniques after ACL injury may answer this question.
Muscle recruitment patterns in response to ATT appear

to change with time from injury. Acutely injured ACL-D
extremities initiate their intermediate and voluntary re-
sponse most often in the antagonist quadriceps muscles,
while normals favor the agonist hamstrings (Table 6). This
seemingly unwanted quadriceps response may be the re-
sult of postinjury dysfunction caused by the loss of protec-
tive afferent input previously originating in the
ACL.32, 39, 41, 71-73

Lorentzon et al.47 documented profound quadriceps dys-
function in chronic ACL-D individuals that was caused by
&dquo;nonoptimal quadriceps activation&dquo; during voluntary ac-
tivity secondary to impaired afferent input. There is no
doubt that body movement control is dependent on feed-
back from peripheral receptors and the existence of

learned, pattern behavior. If there is a defect in afferent
input system to the CNS, or if a recent injury necessitates
a pattern of integrated muscle response that has not been
used previously, then muscle control could be diminished
or ineffective.35 Since semiacute and chronic ACL-D ex-
tremities favor initial intermediate and voluntary response
in the hamstrings (Table 6), there may be a learnable but
slower compensatory mechanism that uses secondary af-
ferent receptors other than those in the ACL.
The work of Solomonow et a1.73 on the synergistic action

of the ACL and thigh muscles concluded that there is a
primary, fast-to-respond reflex arc from the mechanore-
ceptors in the normal ACL to the hamstrings. Further-
more, Solomonow et al. reported that when this arc is in-
terrupted by an ACL injury, a secondary, slower reflex arc,
originating from mechanoreceptors in muscle and joint
capsule, takes control and inhibits the quadriceps muscles.
These findings are in agreement with Birac et al.l° and
Berchuck et a1.9 who, through EMG studies, characterized
the ACL-D gait pattern by its quadriceps avoidance. Also,
Andriacchi et al.4 reported increases in hip flexion in
ACL-D extremities during a sidestep cutting maneuver.
Increased hip and knee flexion (approximately 90°) would
put the hamstrings in a better position to stabilize the
ACL-D extremity. All of these findings are supported by the
work of Basmajian’ who showed that men can be trained
to alter muscle recruitment order with proper training us-
ing biofeedback.
The role of the secondary stabilizers of the knee, includ-

ing the menisci, should not be overlooked when analyzing
the use of a particular muscle recruitment pattern. The role
of these secondary structures in generating afferent input
for protective muscle activity remains under investigation.
Variables other than those investigated in this study may
improve our understanding of the muscle recruitment pat-
terns reported here.
When the members of each ACL time group were ranked

on the basis of their total subjective functional score, a best
and worst subgroup could be identified (Table 1). A higher
subjective functional rating correlated well with better
hamstrings and quadriceps strength and a higher activity

level. The ATT in the muscles-tensed test was significantly
less in the best subgroup of the semiacute and chronic
ACL-D extremities. This ATT control correlates with the

higher muscle strength (Table 1) and faster MRT (Table 7)
seen in these &dquo;best&dquo; subgroups. However, the apparent lack
of knee motion produced by these initial muscle responses
may indicate that the MRT is not as important as the abil-
ity to coordinate the nearly simultaneous activation (co-
contraction) of antagonist muscles to stiffen the knee. This
possibility is currently being investigated.
The best ACL-D individuals in terms of their total sub-

jective functional score favored the same voluntary recruit-
ment order as most normals-hamstrings-quadriceps-
gastrocnemius muscles (Table 7)-while the worst ACL
subgroup at each time interval (acute, semiacute, and
chronic intervals) favored their ACL antagonist quadriceps
muscle first in their voluntary response. Also, hamstrings
and quadriceps strength in the best chronic groups was as
good as or better than in the normal group (Table 1). The
degree of ATT in the muscles-relaxed test did not appear
to affect the subjective outcome. In fact, ATT in the
muscles-relaxed test showed no significant difference be-
tween the best and the worst of each ACL-D time interval.

Interestingly, in the muscles-tensed test, ATT was signifi-
cantly less in the semiacute and chronic groups, suggesting
that the active ability to stabilize the knee is somewhat
dependent on time from injury (Table 1).
The muscle recruitment order in response to ATT may be

partially dependent on the integrity of the secondary re-
straints in terms of their mechanical characteristics and

afferent input. Grigg and Greenspan34 showed that joint
afferents act as capsular stretch receptors with the level of
input frequently proportional to the muscle torque gener-
ated. These studies implied that the afferent input is re-
lated to the function of the tissues to which it is associated.
Those ACL-D individuals who responded first with their
gastrocnemius muscle (70 men and 30 women) during the
intermediate response (intermediate response, Table 13)
showed statistically the least ATT in the muscles-relaxed
test. The significance of these findings remains unclear.
There were gender differences noted in both the subjec-

tive and objective evaluations (Tables 4 and 13). The most
impressive difference is the greater quadriceps strength of
men even when corrected for body weight (normals, 18.0%;
ACL-D, 9.5%). Unfortunately, these differences do not eas-
ily explain the epidemic of ACL injuries recently reported
in women. 49
Hamstring rehabilitation has been recognized as an in-

tegral factor in the recovery from ACL injury and from sur-
gery for some time. Unfortunately, excellent hamstrings
and quadriceps strength alone is obviously not enough. 14
This shortcoming may be explained by the work of Barrack
et al.~ that showed that the decline in proprioceptive ability
of an ACL-D extremity does not correlate with strength
loss, lending support to the belief that proprioceptive loss
was the cause of, rather than the result of, ACL injury.

Despite all the technical improvements in our treatment
of a torn ACL in the last 20 years, the challenge remains:
to return an ACL-D or reconstructed extremity to a normal
pattern of function. To accomplish this goal, rehabilitation
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and training must focus on more than muscle strengthen-
ing. Muscle timing, coordination, and integration need to
be addressed.

CONCLUSIONS

1. Significant differences exist between normal and
ACL-D lower extremities in terms of muscle recruitment
order at the spinal cord and cortical level in response to an
ATT.

2. The timing of many muscle responses to an ATT in
ACL-D extremities is delayed.

3. In ACL-D extremities, both muscle timing and recruit-
ment order change with time from injury.

4. Muscle timing and recruitment order in the ACL-D
extremity directly affect the individual’s physical activity
level, subjective functional performance, and dynamic
ATT.
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