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ABSTRACT: A burst-superimposition technique was
used to assess the strength of the guadriceps femoris
muscle in three groups of patients. Group 1 comprised
twenty patienis who had had a torn anterior cruciate
ligament of the knee and had a reconstruction of the
ligament one to six months after the injury. Group 2
comprised twelve patients who had had a torn anterior
cruciate ligament for an average of three months (a
subacute tear). Group 3 comprised eight patients who
had had a torn anterior cruciate ligament for an average
of itwo years (a chronic tear). The patients in Groups 2
and 3 had not had an operation for the torn ligament,

The patients in Groups 1 and 3 had no evidence of
failure of activation of the involved quadriceps, but
nine of the twelve patients in Group 2 had reflex inhi-
bition of contraction of the muscle.

Patients who have had a reconstruction of the ante-
rior cruciate ligament demonstrate substantial weak-
ness of the quadriceps femoris muscle*™**, Although
disuse atrophy is most commonly cited as the cavse of
the weakness in these patients, others have attributed
the weakness to an inability to voluntarily activate the
quadriceps femoris muscle fully". Deficits in the perfor-
mance of the quadriceps femoris muscle have been ob-
served in the absence of any morphological changes
that are usually associated with atrophy™S, This has led
some investigators to suggest that rupture of the ante-
rior cruciate ligament disrupts the drive of the quad-
riceps femoris muscle by the central nervous system
because of a change in the firing of afferent impulses
from joint receptors's*#,

Failure of voluntary activation of the gquadriceps
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femoris muscle has been demonstrated in the presence
of a painful knee, a knee in which there is a chronic
effusion, and a normal knee in which there is an exper-
imentally induced effusion***¥, Failure of voluntary ac-
tivation has also been demonstrated in normal muscle
after fatigue®. Some investigators have suggested that
the absence of an anterior cruciate ligament interferes
with the patient’s ability to activate the quadriceps fem-
oris muscle fully***, and others have demonstrated per-
sisteat failure of voluntary activation of the quadriceps
femoris muscle for years after an injury and rehabilita-
tion'?®, Although most of these studies were done in
patients who had a rupture of an anterior cruciate liga-
ment that had not been reconstructed, the results have
been extrapolated to apply to the postoperative popu-
lation, in whom persistent weakness of the quadriceps
femoris is also a major problem.

Investigators have called this failure of voluntary
activation, reflex inhibition or arthrogenous muscle inhi-
bition*#*, Tf reflex inhibition is a cause of weakness of
the quadriceps femoris muscle after rupture of the ante-
rior cruciate ligament, with or without operative recon-
struction, then traditional, volitional exercise would not
be expected to remedy the deficit. Hurley et al. demon-
strated that a rehabilitation program of exercise of the
quadriceps femoris muscle did not affect the measured
quadriceps inhibition in patients who had had a rupture
of the anterior cruciate ligament',

Our interest in neuromuscular stimulation after re-
construction of an anterior cruciate ligament has led us
to investigate the presence of reflex inhibition of the
guadriceps in this population, The purpose of this study
was to determine whether patients who have a rupture
of the anterior cruciate ligament can fully activate the
quadriceps femoris muscle before an operation and in
the early phase of rehabilitation after reconstruction of
the ligament. We hypothesized that there would be sig-
nificant failure of voluntary activation associated with
weakness of the quadriceps femoris muscle in patients
who had a torn anterior cruciate ligament and in those
who had had a reconstruction of the ligament.

Methods
Subjects

Group 1 comprised twenty patients who had had an
arthroscopically assisted intra-articular reconstruction
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of the anterior cruciate ligament and who were tested
within three months (average, eight weeks) after the
operation. In all twenty patients, the reconstruction had
been done between one and six months after the injury.
There were five female patients and fifteen male pa-
tients, who ranged in age from fifteen 10 thirty-four
years {average, twenty-five years). In ten patients, the
reconstruction was done with an Achilles tendon allo-
graft; in five, with a patcllar ligament allograft; and in
five, with an autologous semitendinosus-gracilis graft.

Group 2 comprised twelve patients who had had a
unilateral rupture of the anterior cruciate ligament for
an average of three months (range, one to six months) (a
subacute tear). There were four men and eight women,
who ranged in age from eighteen to forty-one years
(average, twenty-five years).

Group 3 comprised eight patients who had had a
unilateral rupture of the anterior cruciate ligament for
an average of two years (range, six months to five years)
(a chronic tear). There were three men and five women,
who ranged in age from twenty-four to forty-five years
(average, thirty-one years).

A diagnostic arthroscopy and stress tests had been
performed on all patients, while they were under anes-
thesia, to rule out any concomitant ligamentous injury,
fracture, meniscal repair, or effusion of the knee; pa-
tients who had any of these conditions were excluded
from the study. The study protocol was approved by the
institutional review board of the University of Dela-
ware, and all patients gave informed consent.

Procedure

The analysis of muscle performance consisted of
tests of the strength of the quadriceps femoris muscle
on the involved side and on the uninvolved, contralat-
eral side. The testing began with a determination of the
maximum voluntary isometric contraction of the quad-
riceps femoris muscle of the uninvolved extremity. The
patients were seated and were stabilized in an electro-
mechanical dynamometer (KinCom; Chattanooga Cor-
poration, Chattanooga, Tennessee) with the knee in 60
degrees of flexion. A burst-superimposition technique
was used to measure maximum voluntary isometric con-
traction®?2. Carbon-rubber electrodes and water-soaked
sponges were placed over the proximal part of the vas-
tus lateralis and the distal part of the vastus medialis and
were secured with Velcro straps.

A ten-pulse tetanic electric train of 100 pulses per
second and 600-microsecond duration was delivered to
the resting quadriceps femoris muscle. The stimulator
{model $88; Grass Instruments, Quincy, Massachusetts)
was set to deliver a supramaximum stimulus. (During
previous testing of healthy subjects and of those in
whom the anterior cruciate ligament had been recon-
structed, we had determined that a stimulator setting of
13 and a stimulus-isolation-unit setting of 20 was supra-
maximum for all subjects tested.) Approximately two

seconds after application of the burst, the patient at-
tempted to contract the quadriceps femoris muscle max-
imally; during the attempt, the patient was encouraged
by the tester and was able to see the result on the
dynamometer. A second burst was superimposed on the
voluntary contraction 5000 milliseconds after the resting
burst to be certain that the patient had performed a
maximum contraction.

The force from each coniraction was recorded from
the dynamometer force-transducer and was sampled at
200 hertz. If the voluntary isometric contraction was a
true maximum, no increase in force (or a slight decrease
in forec) from that already produced by the voluntary
contraction was seen. If a patient had produced less than
a maximum contraction, a tetanic contraction was seen
superimposed on the voluntary coniraction. If the am-
plitude of the superimposed tetanic contraciion was
more than 5 per cent of the gravity-corrected, volun-
tary contraction, strength-testing was repeated until the
measured vahes of the force began to decline. An ade-
quate rest period of one to three minutes was allowed
between efforts to avoid fatigue.

Similar tests were conducted on the involved side.

Management and Analysis of the Data

The maximum isometric strengths of the involved
and uninvolved quadriceps muscles were compared
with the use of a two-tailed, paired t test for dependent
measures. The level of significance (alpha) was 0.05.
The recorded measurements of force were compared
with the use of a one-way repeated-measures analysis
of variance. The maximum voluntary quadriceps force
was measured as the maximum force generated before
the application of the superimposed burst. The burst
augmentation was measured as the change in muscle
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Graph of a typical isometric contraction of the quadriceps femoris
muscle in response to burst-superimposition testing in a patient who
had had a reconstruction of the anterior cruciate ligament (Group 1).
Five seconds after the resting twitch, a burst is applied. The output
force decreases and then returns to peak after the burst has been
completed.
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force output during the 100 milliseconds after the appli-
cation of the stimulus. Inhibition was defined as the
difference between the two forces multiplied by 100 per
cent divided by the peak force.

A two-way (group by contraction) repeated-meas-
ures analysis of variance was used to determine if there
was a significant difference between the initial force
and the force produced by the superimposed burst, and
if there was a difference in the response between the
groups.

Results

The patients who had had a reconstruction of the
anterior cruciate ligament {Group 1)} were able to
produce a force from a maximum voluntary isometric
contraction such that the force from the additional su-
perimposed twitch was increased less than 5 per cent
{corrected for gravity, in a single test session of no more
than four trials) (Fig. 1). Group data show that when the
stimulation was applied, there was no significant aug-
mentation of muscle force compared with the voluntary
activity of either the involved or the uninvolved quad-
riceps (p < 0.05). In fact, the group data show a measur-
able, significant decline in force when the stimulation
was-applied (p < 0.05} (Fig. 2). The maximum force from
a voluntary isometric contraction on the involved side
was 77 per cent of that on the uninvolved side.

The patients who had a chronic rupture of the ante-
rior ¢ruciate ligament (Group 3) had results that were
similar to those of the group that had had the recon-
struction in that there was a measurable decline, rather
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Graph of the peak forces of the involved quadriceps femoris
muscle, normalized to the peak force of the muscle on the unin-
volved, contralateral side before (NORMINIT) and during (NORM-
S§TIM) the application of the burst, for Group 1 (reconstructed
ligament), Group 2 (subacute tear of the ligament), and Group 3
{chronic tear).
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Graph of a typical isometric contraetion of the quadriceps femoris
muscle in response to burst-superimposition testing in a patient
who had a subacute tear of the anterior cruciate ligament {Group 2).
Five seconds after the resting twitch, a burst is applied. The output
force ingreases and then teturns to peak after the burst has been
completed,

than an increase, in force when the stimulation was ap-
plied (Fig. 2). The force of the maximum voluntary iso-
metric contraction on the involved side was 76 per cent
of that on the uninvolved side.

Nine of the twelve patients who had a subacute
rupture {Group 2) had inhibition of more than S per
cent that could not be eliminated within a single test
session (Fig. 3). The group data show a measurable,
significant increase in force (p < 0.05) when the stimu-
lation was applied to the involved quadriceps femoris
(Fig. 2). The force of the maximum voluntary isometric
contraction on the involved side was 76 per cent of that
on the uninvolved side.

Discussion

Four types of neuroreceptors have been described
in the capsule of the knee joint and in the intra-articular
structures”. All four are responsible for the primary
afferent discharges from the joint and all affect func-
tion®. Distension of the knee joint — either experimen-
tally induced or chronic — has been implicated as a
cause of diminished voluntary activation of the quad-
riceps femoris muscle'”. Some investigators have sug-
gested that an effusion distends the joint capsule and
the resultant activation of afferent impulses reflexively
inhibits the quadriceps femoris muscle. The failure of
voluntary activation of the quadriceps femoris muscle
that resulis from experimentally indoced effusion is re-
versed when the effusion is removed*”,

However, the results from studies of chronic knee
effusions are conflicting. Some have shown reversal of
the reflex inhibition after aspiration; others have not™*,
Therefore, distension of the joint may not be the most
critical factor in the failure of voluntary activation of the
quadriceps femoris.



558 LYNN SNYDER-MACKLER ET AL.

Mechanoreceptors have been identified in the an-
terior cruciate ligament, and attempts have been made
to estimate the specific contribution of the anterior
cruciate ligament to movement and position sense”,
Injury to the anterior cruciate ligament and laxity‘ of
the joint may affect receptors from which afferent im-
pulses arise and may alter the motor messages to
the quadriceps-femoris and hamstring-muscle groups.
Some investigators have reported substantial impair-
ment of proprioception in knees in which the anterior
cruciate ligament was torn, compared with propriocep-
tion in the uninjured knees, but others have reported
no such difference®®, Solomonow et al. presented ev-
idence for a direct reflex arc from the anterior cruciate
ligament to the hamstring muscles™”,

The joint capsule contains a dense aggregate of me-
chanoreceptors that are believed to play a role in pro-
prioception and protection of the joint®. In the knee
joint, Ruffini endings (mechanoreceptors) are concen-
trated in the superficial, anterior and posterior aspects of
the capsule; they detect changes in pressure and defor-
mation caused by displacement of the joint"’. In a patient
in whom the anterior cruciate ligament is ruptured, there
is increased deformation of the joint capsule as the tibia
subluxates anteriorly; this may cause inhibition of the
quadriceps femoris muscle, When a torn anterior cruci-
ate ligament has been reconstructed, and there are also
no mechanoreceptors in the graft, perhaps there is no
failure of voluntary activation of the quadriceps femoris
muscle because the joint stability has been restored and
there is less capsular deformation.

The patients in Group 1 were able to activate the
weak quadriceps femoris muscles fully after reconstruc-
tion of the anterior cruciate ligament, The group data
show that there was actually a decrease in force in the
100 milliseconds after the application of the superim-
posed burst. This represents a collision of the antidromic
electrical and orthodromic voluntary action potentials
that have come to be recognized as the hallmark of full
muscle activation (Fig. 1}, The amplitude and shape of
the resting response are equal and opposite to the su-
perimposed burst response.

Hurley et al? and Newham et al."® used a twitch-
superimposition technigue, which is similar to the burst-
superimposition technique, to investigate inhibition of
the quadriceps femoris muscle in patients who had a torn
anterior cruciate ligament. The authors demonstrated
substantial inhibition of the quadriceps femoris™® that
was most profound during isometric contractions and at
slow isokinetic velocities and that persisted even after
a period of rehabilitation®. If the patients truly have a
failure of voluntary activation of the quadriceps, then
logically a volitional training regimen would be ineffec-
tive in increasing muscle strength.

The studies of Hurley et al.”? and of Newham et al.®
did not include patients in whom the anterior cruciate
ligament had been reconstructed. Our patients who had

)

a reconstruction of the ligament (Group 1) were studied
a much shorter period of time after the injury, but our
patients who had not had a reconstruction (Groups 2
and 3) were quite similar to those of Hurley ¢t al. and of
Newham et al. Nevertheless, the patients in our Groups
2 and 3 had much less inhibition than the patients of
Hurley et al. and of Newham et al. Several differences
in the procedures in the studies may explain the dif-
ference in the extent of inhibition. The electrical stim-
ulation in the present study was much more powerful;
this may have motivated the patients to make a stronger
maximum voluntary isometric contraction. There is
some brief discomfort associated with supramaximum
stimulation. The patients were told that if they con-
tracted the quadriceps femoris muscles forcefully and
there was no significant electrical superimposition, they
would not be stimulated again during the session. Addi-
tionally, in the studies of Hurley et al. and of Newham
et al, all practice contractions were voluntary; none in-
cluded the electrical set-up. We found that some very
large forces were generated by the burst superimpo-
sitions during the first, and sometimes the second and
third, contractions. However, all patients in whom the
anterior cruciate ligament had been reconstructed were
able to eliminate the effect of the superimposition al-
most completely by the fourth trial, This may indicate
that practice alone is sufficient to overcome any in-
hibition after reconstruction of the anterior cruciate
ligament. Studies of early gains in voluntary strength
showed large increases in muscle performance before
the development of hypertrophy®. Although the neural
mechanisms of these gains in strength are not well un-
derstood, some authors have maintained that practice
alone (even mental practice) can change the program-
ming in the central nervous system for the production
of a maximum voluntary contraction®

The findings in the patients in Group 1 are similar
to those of isometric contraction in healthy subjects: the
maximum force of voluntary contraction could be pre-
dicted from submaximum efforts. In the present sfudy,
as the force of the contraction increased from trial to
trial, the tracing of the height of the superimposed
twitch decreased in a complementary fashion. In fact,
the behavior of the involved quadriceps femotis muscles
in patients who had had a reconstruction was identical
to that of the uninvolved muscles except that the in-
volved muscles were weaker.

Clinically, it is extremely pertinent that the weak
muscle could be fully activated by patients in whom a
reconstruction had been done from one to six months
after the injury, If the involved quadriceps femoris mus-
cle is not inhibited, then volitional exercise should have
the potential to strengthen the muscle to a level that
is equal to that of the uninvolved, contralateral mus-
cle; thus, these findings shed little light on the reason
why weakness of the quadriceps femoris muscle persists
after reconstruction of the anterior cruciate ligament.

THE JOURNAL OF BONE AND JOINT SURGERY

R o B



W mmg,

REFLEX INHIBITION OF THE QUADRICEPS FEMORIS MUSCLE 559

Perhaps irreversible muscle atrophy or an alteration in
muscle cells occurs, or patients are not encouraged to
contract the muscles vigorously enough during exercise.
Provision of verbal and visual feedback may improve
the performance of an exercise and increase the gain in
strength after reconstruction of an anterior cruciate lig-
ament, We, as well as others, have demonstrated that
neuromuscular electrical stimulation after reconstruc-
tion increases the strength of the quadriceps more than
a similar regimen of volitional exercise*”. Perhaps the
neuromuscular electrical stimulation overcomes the pa-
tient’s tendency not to contract the quadriceps fully.
Our finding that the patients who had a chronic tear
(Group 3) demonstrated full voluntary activation is puz-
zling in light of the findings in Group 2 and those of
previous investigators'*, It is possible that the joint
receptors in the capsule that fire in response to stretch,
thereby inhibiting the quadriceps femoris muscle, ac-
commodate to the new (stretched) capsular length and
no longer fire. However, the fact that the involved quad-
riceps femoris muscles of Group 3 continued to be
weaker than the uninvolved muscles tends to discount
this explanation. It is more likely that the affected mus-
cle fibers atrophy as a result of the subacute failure of
voluntary activation, In the chronic condition, then, the
fibers can no longer be activated by any means, even
superimposed supramaximum electrical stimulation, If
this is the case, patients who have a reconstruction long

after a chronic tear of the anterior cruciate ligament will
probably never regain full strength of the quadriceps.
However, in this study, we did not test patients who had
had a reconstruction for a chronic tear.

All patients who had had a reconstruction, regard-
less of the type of operation, were able to achieve full
activation of the involved muscle in a single test ses-
sion, even though the involved muscle was weaker
than the uninvolved, contralateral muscle. No patient
required more than four trials; most required only two.
These data suggest that, at least in patients who have
had a reconstruction, there is no reflex inhibition of the
quadriceps femoris after injury to the anterior cruciate
ligament.

Most of the patients who had had a torn anterior
cruciate ligament for six months or less before testing
-— and who had not had a reconstruction — were inca-
pable of full voluntary activation of the quadriceps mus-
cles, and therefore may not have responded well to a
rehabilitation program that relied solely on volitional
exercise, If quadriceps inhibition is a direct result of
capsular stress from joint laxity, and if irreversible atro-
phy occurs after a period of time, then a patient who has
a torn anferior cruciate ligament may be able to regain
full function of the quadriceps only if the reconstruction
is done before such atrophy occurs.

Wore: The authors thank Stuart Binder-Macleed, Ph.D., P.T.; Roger Enoka, PhD; and
Michael I, Axe, M.D,, for their valuable comments,
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