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Electrical Stimulation of the Thigh Muscles
After Reconstruction of the Anterior Cruciate Ligament

ErreCTs oF ELECTRICALLY ELICITED CONTRACTION OF THE QUADRICERS FEMORIS AND HAMSTRING MUSCLES
ON. GAIT AND ON STRENGTH OF THE THIGH MUSCLES*
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From the Departments of Physical Therapy and Health Sciences, Sargent College of Allied Health Professions, Boston

ABSTRACT: The effects of neuromuscular electrical
stimulation on the strength of the thigh muscles and on
gait were examined in ten patients after reconstruction
of the anterior cruciate ligament. The patients were ran-
domly assigned fo one of two treatment groups: neu-
romuscular electrical stimulation and velitional exercise,
or volitional exercise alone. A four-week course of elec-
trically elicited co-contraction of the thigh muscles re-
sulted in significant attennation of the characteristic loss
of strength of the quadriceps as compared with volitional
exercise. There was no significant difference between
groups in any measure of performance of the hamstring
muscles. In the group that received neuromuscular elec-
trical stimulation, the values for cadence, waiking ve-
locity, stance time of the involved limb, and flexion-
excursion of the knee during stance were significantly
different from those of the volitional exercise group.
Flexion-excursion of the knee during stance was directly
and significantly correlated with strength of the quad-
riceps femoris muscle. Flexion of the knee during stance
was qualitatively different in the involved extremity as
compared with the uninvolved extremity in all patients.
There is a rapid flexion of the knee at weight acceptance
that is maintained throughout stance and probably re-
flects stabilization of the joint by muscular coactivation
to compensate for weakness of the quadriceps. The pa-
tients who received neuromuscular electrical stimulation
had stronger quadriceps muscles and more normal gait
patterns than those in the veolitional exercise group.

The treatment of patients after reconstruction of the
anterior cruciate ligament has changed drastically in the past
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decade****®, Currently, the treatment regimen usually con-
sists of early active motion of the knee joint and strength-
ening of the thigh muscles, as these patients have marked
weakness of the quadriceps femoris****, However, exercise
of the quadriceps femoris may cause increased tension on
the graft when the muscles are contracted in isolation, re-
sulting in ligamentous laxity"****%!, This presents a dilemma
to the clinician, since exercises to improve the strength of
the quadriceps, which is necessary to recovery, may provoke
the very instability of the joint that the operation was in-
tended to correct.

Co-contraction of the hamstrings and quadriceps has
been suggested as a means of ameliorating the effects of
isclated contraction of the quadriceps on the graft while
allowing strengthening of the muscles™. Unfortunately, it
is extremely difficult to teach a patient to perform co-con-
iraction at an intensity sufficient to provide overload to the
muscles. In an effort to counter this motor-learning problem,
investigators have begun to use electrically elicited co-con-
traction of the quadriceps and hamstrings in the rehabili-
tation of these patients''. Neuromuscular electrical stimu-
lation has been shown to improve the torque-generating
capability of the quadriceps femoris after operations on the
knee ligaments''~'*?*%_ Preliminary evidence suggests that
neuromuscular electrical stimulation may be more effective
in increasing isometric strength of these muscles than vo-
litional co-contraction and that this type of training may be
applicable to other types of contractions (concentric, ec-
centric, and isokinetic)'!**%*7 The ability to generalize
gains in strength from neuromuscular electrical stimulation
to other types of contractions may result in more carryover
to function than occurs with volitional strength-training.
Electrically elicited co-contraction has been shown to de-
crease strain on the graft and to increase strength of the
periarticular muscles in studies of both humans and pri-
mates'"*. Strength, however, is only one component of
recovery. It is not clear if this mode of training alters func-
tional outcomes.

Decreased strength of the thigh muscles has been
shown to be associated with decreased walking velocity,
single-limb support time, and stride length in patients who
have a torn anterior cruciate ligament and have had transfer
of the pes anserinus™. In similar studies of arthritic patients,
decreased flexion of the knee during stance was correlated
with weakness of the quadriceps® . The relationship between
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Schematic drawings showing placement of the elecrrodes for neuro-
muscular electrical stimulation o the quadriceps femoris and hamstring
muscles.

weak muscles of the thigh and diminished flexion of the
knee during the stance phase of gait has also been suggested
by biomechanical models of gait™®s# % It is therefore
reasonable to expect that increases in muscle strength caused
by electrically elicited contractions will similarly improve
gait.

In the assessment of the merits of a given rehabilitation
program, the costs as well as the benefits associated with
each program must be considered. Volitional exercises can
be carried out by the patient at home or with minimum
supervision in a clinical setting. Treatment with neuromus-
cular electrical stimulation, however, is clinic based, more
labor intensive, and therefore more costly. In order for such
a rehabilitation program to be both cost and labor effective,
it must demonstrate its ability to allow earlier or easier
protected return 1o function, in addition to the provision of
increased range of motion and increased muscl€ strength.

The purpose of this investigation was to ascertain the
effects of electrically elicited co-contraction of the thigh
muscles on several parameters of gait and on isokinetic
performance of muscles in patients who had had reconstruc-
tion of the anterior cruciate lipament. To determine whether

training with neuromuscular electrical stimulation can alter '

functional outcomes, a comparison was made of the char-
acteristics of gait between invoived and uninvolved extrem-
ities. after exercise with volitional or electrically elicited
co-contractions. Flexion of the knee during stance as well
as cadence, velocity, and stance time were measured to
assess functional recovery early in the rehabilitation of these
patients.

Clinical Material

Ten patients who had recently had reconstruction of
the anterior cruciate ligament were randomly assigned to
one of two treatment groups: neuromuscular electrical stim-
ulation and volitional exercise (five patients) or volitional
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exercise alone (five patients). The ages of the patients ranged
from eighteen to twenty-eight years. There were four women
and six men. Eight patients had grafts of the tendon of the
semitendinosus muscle augmented by the Kennedy liga-
rnent-augmentéation device (3M, St. Paui, Minnesoia). In
fhe remaining itwo patients, the central one-third of the pa-
tellar ligament was used as a bone-ligament-bone free graft.
All patients were thoroughly familiarized with the purposes
and procedurgs of the study and gave informed consent
before they were admitted to the study. The investigation
was approved by the Boston University Charles River Cam-
pus Institutional Review Board.

Procedures and Instrumentation
Training Profgram

The patients in the neurornuscular electrical-stimula-
tion group were treated three days each week from the third
through the sixth postoperative week. The patient’s post-
aperative orthotic device was removed, and four electrodes
were comnected to the same circuit and placed to provide
simultaneous, forceful contractions of the guadriceps and
hamstring muscles with minimum discomfort. For stimu-
lation of th¢ quadriceps femoris, electrodes were placed
distally over the vastus medialis and proximally over the
vastus lateralis. For stimulation of the hamstrings, the elec-
trodes were placed distally over the short head of the biceps
femoris and proximally over the muscle bellies of the medial
hamstrings (Fig. 1). The patients were positioned sitting,
with the knee in 60 degrees of flexion. An isokinetic dy-
namometer (Cybex II; Lumex, Ronkonkoma, New York),
was fixed in the isometric mode, and the thigh and ankle
cuffs were secured. The electrical stimulator was then turned
on, and the amplitude of the current was increased until the
maximum tolerable contraction was attained. Treatment
consisted of fifteen maximum, electrically elicited co-con-
tractions of the quadriceps femoris and hamstring muscles
during each session.

The clinical electrical stimulator that was used in this
study (VersaStim 380; Electro-Med Health Industries.
Miami, Flgrida) delivers a 2500-hertz (pulse duration, 400
microseconds) triangular, alternating current at a 50 per cent
duty cycle’ of seventy-five bursts per second. On-off times
were fifteen seconds on (inclusive of a three-second ramp)
and fifty seconds off. Tolerance to glectrical stimulation
generally increases as patients become accustomed to it.
Therefore; the amplitude of the current was increased from
contractioh to contraction, as tolerated, during each treat”
ment. Torque output was monitored with the dynamometer
to ensure that no net knee-extension torque was produced
by the electrically elicited contraction.

Botly groups of patients were instructed in volitional
co-contraction of the muscles of the thigh. On the days when
the patierits did not receive treatment, they exercised voli-
tionally. The patients were asked to assume a position of
60 to 90 degrees of flexion of the knee and to perform fiftee!
co-contractions (fifteen-second contraction, ﬁfty-second
rest) twiq;:e each day, seven days each week. They were
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TABLE i

|
GRAVITY-CORRECTED AVERAGE AND PEaK TORQUE VALUES (IN NEWTON-METERS)
fOR THE NEUROMUSCULAR ELECTRICAL-STIMULATION AND VOLITIONAL Exercise Grours*

1
Quadriceps ! Hamstrings
Velocity Torque Invelved Uninvolved | Involved Uninvolved
90 degrees/sec.
Ele%trical Average 65.8 = 10,8 105.4 + 19.1 41,0 £ 5.6 60.6 = 1.6
stimulation Peak 1'4.8 = 21.0 173.0 = 30.% 75.2 = 11.1 94.8 + 13.9
Volitional Average 36,8 £ 6.5 96.6 = 11.2 | 382 = 11.0 576 = 7.0
exercise Peak 63.6 = 11.3 168.8 = 233 61.0 = 15.7 82.8 £ 140
210 degrees/sec,
Electrical Average 46.8 = 6.0 76.2 = 12.9 . 394 £33 45.0 = 6.2
stimulation Peak 95.2 = 14.4 139.4 = 243 68.4 = 9.3 824 = 12.3
Yolitional Average 26.6 x 4.5 714 = 114 ! 288 =78 390 = 3.4
exercise Peak 56.4 = 11.4 130.8 = 20.3 | 534 = 14.0 79.2 = 8.1
* Values are given as means and standard errofs.

instructed to remove the postoperative orthotic device and
to watch and palpate the quadriceps during the contraction.
The volitional exercise group was also seen three times each
week to evaluate the performance of the exercise regimen.
All patients kept an exercise log to check compliance with
the exercise program. In addition to the experimental pro-
tccol, all patients received the following treatment: passive
range-of-motion exercises with use of the isokinetic dyna-
mometer, thirty repetitions per treatment at 10 degrees per
second; isokinetic exercises for the hamstrings at progres-
sively increasing speeds of contraction, beginning in the
second postoperative week; and isokinetic cycling at ninety
revolutions per minute for ten minutes per treatment. be-
ginning in the fifth postoperative week. This was a standard
regimen for rehabilitation after reconstruction of the anterior
cruiiate ligament for patients in our clinic and others at the
time when the study was undertaken®*%%,

Analysis
Gait Analvsis

Instrumentation: The gait analysis was performed in
the Motion Analysis Laboratory of the NeuroMuscular Re-
search Center at Boston University in the eighth posfoper-
ative week. Small, rigid segments were attached to the shank
and the thigh, The segments were instrumented by infrared
light-cmitting diodes, monitored by the Watsmart optoelec-
tri¢ camera system (Northern Digital, Waterloo, Ontario,
Canada), Two cameras were calibrated with the use of a
standard calibration frame piaced in three different locations
along the walkway. The calibration procedure uses the 1.43-
c'ubic-meter-calibration frame instrumented with infrared
light-emitting diodes that are separated by known, fixed
distances as a reference for the distances measured during
the gait analysis. The cameras were located two meters apart
and provided a field of view of one full stride (heel-strike
t ipsilateral heel-strike). Errors in calibration were all less
than three millimeters. The variables of interest were ob-
Served at a sampling frequency of 100 hertz and were re-
torded on an IBM AT microcomputer. An instrumented
foot-switch system was used to identify specific events in
the gait cycle. The output from the foot-switches was con-
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nected to a twelve-bit analog-to-digital converter (Wat-
scope, Northem EDigital) and was sampled at a frequency
of 300 hertz. Kinematic data were transferred to a VAX
11/750 (Digital,fMaynard, Massachusetts) and were pro-
cessed with the TRACK rigid-body-analysis software (Hu-
man Rehabilitation and Biomechanics Laboratory,
Massachusetts Institute of Technology, Cambridge, Mas-
sachusetts). This program calculates the six degrees of free-
dom of a rigid segment, such as the shank or the thigh, in
an inertial referf:nnce system and uses that information to
calculate the kinematics of the joint. Additicnal analysis
was performed with the ANAGAIT anatomical reference-
frame softwareg' (Motion Analysis Laboratory, Neuro-
Muscular Research Center). This program uses the calcu-
lations of the angles made by TRACK and caiculates angles
in a joint coordinate system, resulting in the calculation of
actual anatomical angles. For the knee, this system is based
on the work of Grood and Suntay™. The foot-switch data
were analyzed With software developed by the Neuro-
Muscuiar Reseatch Center.

Procedure:! Four pentagonal arrays of five infrared
light-emitting dipdes were attached to points on the thigh
and leg bilaterally. Segments were attached so that the Z-
axes of the arrays were aligned with the shaft of the femur
or tibia. Foot-switches were affixed bilaterally to the plantar
sutface of the héel, the mid-part of the sole, and the great
toe. The patient then stood in the center of the walkway,
and a three-second static trial was recorded. The patient
subsequently walked five times along a ten-meter walkway,
and five three-second walking trials were recorded. The
criterion for trials selected for analysis was the presence of
a complete data set. Data were then processed with the
TRACK and ANAGAIT software to determine angles of
flexion of the Knee during stance. The stride period was
determined from the foot-switch data and was verified by
examination of displacement of the Y-axis of the left-shank
segment with rdspect to the ground (the walkway) during
the gait cycle. The stride length was similarly determined,
and the velocity;of walking was calculated from these data.
The stance time and cadence were determined from the foot-
switch data.
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TABLE II

ARTHROMETRIC MEASUREMENTS
OF ANTERIOR TISIOFEMORAL DISPLACEMENT {IN MILLIMETERS)*

& Mos. 1Yr. Normal
Case Preop. Intraop. Postop. Postop. T Knees
1 8/10 213 2/3 35 446
2 12/14 34 35 516 56
3 11415 24 5 MNA 35
4 13/15 2/4 214 34 33
3 14/16 2/3 35 4/6 4/6
& 12/15 23 68 6/8 37
7 10413 23 446 37 46
8 14/20 34 446 46 4/
9 12/15 2/3 34 34 I3
10 1416 2/ 314 34 34

* Measurements were obtained with 2 twenty-pound (eighty-ine-
newton) anterior drawer test and at the examiner’s maximum manual force,
with the knee in 30 degrees of flexion.

t NA = not available.

Measurement of Muscle Performance

Instrumeniation: Isokinetic muscle performance at 90
and 210 degrees per second was assessed one day after the
gait analysis. For the purposes of this study, strength was
defined as the maximum force or torque that a muscle group
can generate at a specified velocity®™, Muscle performance
was tested in the Department of Physical Therapy, Sargent
College, Boston University. Measurements of muscle per-
formance were recorded with an isokinetic dynamometer
{KINCOM; Chattanooga Corporation, Chattanocoga, Ten-
nessee). The dynamometer was calibrated before the testing
of each patient. Average and peak torque were calculated
with the KINCOM software.

Procedure: The patient was placed in the sitting po-
sition, and the axis of rotation of the dynamometer was
aligned with that of the knee. The lever arm of the dyna-
mometer was secured with a Velcro strap just proximal to
the level of the malleoli. Stabilization was provided by
additional Velcro straps at the thigh, pelvis, and thorax.
The patient was ailowed a short period of familiarization at
each test speed. The analysis of muscle pérformance con-
sisted of isokinetic measurements of peak and average
torque in a range of motion from 45 to 90 degrees of flexion
of the knee, measured at 90 and 210 degrees per second.
The order of the muscle-performance tests was randomized.
Isokinetic muscle performance was measured with three
trials at each velocity. Maximum voluntary peak and av-

crage torque were defined as the maximum values of the
three trials,

Analysis of Joint Laxity

Joint laxity was measured preoperatively, intraopera-
tively after reconstruction, and at three, six, and twelve
months postoperatively. Measurements were made by one
of us (A. A. 8.} using a KT-1000 arthrometer (MedMetric,
San Diego, California). Anterior drawer testing was per-
formed with the knee flexed 30 degrees. The anterior dis-
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placement of the tibia on the femur was measured in
millimeters at twenty pounds (eighty-nine newtons) and at
the examiner’s maximum manual force.

Dara Management and Analysis

The range of raw measurements of torque varied widely
among the patients, making meaningful comparison difficult
(Table I). Therefore, average and peak torque values for
the involved knee were normalized to the comesponding
values for the contralateral, uninvolved extremity, so that
the data could be presented in a manner facilitating com-
parison among patients.

The statistical analysis was based on a post-test design®,
Two groups were defined: neuromuscular electrical stimu-
lation and volitional exercise. The statistical study included
an analysis of variance to determine the differences in mea-
sured variables for gait between involved limbs by group
{(group effect). Similarly, an analysis of variance was used
to analyze the variables of muscle performance normalized
to the contralateral extremity. An analysis of covariance
was used to compare raw data on torque for the involved
limbs by group, with torgue vaiues for the contralateral limb
as covariates. Significance was accepted for p < 0.05. The
kinematic data were also analyzed descriptively, and mea-
sured variables for stance were correlated with strength of
the quadriceps femoris with use of a Pearson product mo-
ment. The reliability of the torque and kinematic data (de-
fined as trial-to-trial variability of the measurements) was
determined with an intraclass correlation coefficient (for-
mufa 2,1}. '

Results

The exercise logs showed that all patients complied
with the home gxercise program. All patients completed the
treatment programs. There were no missed treatments in
either group. For technical reasons, usable kinematic data
were obtained for only six patients; this occurred because
of a problem with the linearity of the camera. All of these
patients had hagd grafts of the tendon of the semitendinosus
muscle and ligament augmentation. The temporal (foot-
switch) data on which the statistical analysis of stance time,
cadence, and velocity was based were unaffected by the
problem with the camera and were obtained for all ten pa-
tients. Data on flexion and extension of the knee showed
trial-to-trial variability averaging 2 degrees, similar to that
reported by others”**. The reliability of the torque mea-
surements was.0.98, as determined by the intraclass cor-
relation coefficient.

Joint Laxity

The arthrometric measurements are summarized in Ta-
ble iI. There was no evidence of tibiofemoral laxity (as
measured by comparison of the laxity of the involved knee
with that of the uninvolved knee} in any patient for as much
as twelve months after the operation. The correlation be-
tween joint laxity and extension of the knee in stance phase
was —0.37 and was not significant,
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TABLE III

AVERAGE AND PEaX TORQUES FOR THE VOLITIONAL EXERCISE
AND NEUROMUSCULAR ELECTRICAL-STIMULATION GROUPS*

Velocity Torgue Quadriceps Hamstrings
{Per cent) (Per cent)
90 degrees/sec.
Voliticnal Average 46.7 = 3.1 74.0 = 10.4
exercise Peak 43,5 £ 3.7 1.2 £ 78
Electrical Average 70.11 + 6.0 68.6 £ 2.3
stimulation Peak 68.7F = 5.4 78.9 = 3.3
210 degreesisec.
Volitional Average 43.7 £ 2.8 75.8 = 8.0
exercise Peak 46,4 = 2.8 72.8 = 11.2
Electrical Average 68.9% = 4.8 870 = 83
stimulation Peak 7108 = 4.3 84,1 = 4.8

* Values for the involved limbs were normalized to thosz of the
uninvolved limbs. Values are given as means and siandard errors. .

+ Significantly different from the volitional exercise group (p' << 0703).

¥ Significantly different from the volitional exercise group (p < 0.01).

Anglysis of Muscle Performance

The values for average isokinetic torque and peak
torque of the quadriceps femoris at both 90 and 210 degrees
=er second were significantly greater in the nevromuscular
clectricai-stimuiation group than in the volitional exercise
group (p < 0.05) (Table I and Fig. 2). At the test velocity
of 90 degrees per second, the peak torque of the quadriceps
femoris, normalized to that of the uninvolved extremity,
was 69 per cent in the neuromuscular electrical-stimutation
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group and 44 per cent in the volitional exercise group; nor-
malized values for average torque were 70 per cent in the
neuromuscular ¢lectrical-stimulation group and 47 per cent
in the volitional exercise group. At the test velocity of 210
degrees per second, the peak torque of the quadriceps fe-
moris, normalized to that of the uninvolved extremity, was
71 per cent in the neuromuscular electrical-stimulation
group and 46 per cent in the volitional exercise group; nov-
malized values for average torque were 69 per cent in the
neuromuscular electrical-stimeuiation group and 44 per cent
in the volitional exercise group. There were no significant
differences between the two groups in any measures of
performance of the hamstring muscles (Table Iib).

Gait Analysis
Temporal Analysis

Foot-switch data from all ten patients were analyzed.
With regard to normalized stance timne, there was a signif-
icant difference (p << 0.05) between the two groups (neu-
romuscular electrical-stimulation group, 50 per cent, and
volitional exercise group, 43 per cent). The average cadence
of the neuromuscular electrical-stimulation group was sig-
nificantly faster than that of the volitional exercise group
(57.5 compared with 51.4 strides per minute) (p < 0.03),
Walking velocity was also significantly slower in the vo-
litional exercise group than in the neuromuscular electricai-
stimulation group {1.15 compared with 1,43 meters per
second) (p < 0.05) (Table IV).

I

A ES

0 100

® VE
200 300

VELOCITY (m./s)
FiG. 2
Graph showing isokinetic torque of the quadriceps femoris as a function of contraction velocity. ES = electrical stimuiation and VE = volitional

eXercise.
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Kinematic Analysis

Normai kinematics for flexion and extension of the
uninvolved knees can be seen in the tracings in Figures 3,
A and B and 4, A and B. As the heel leaves the ficor, the
knee begins to flex in rerminal stance (pre-swing). Flexion
increases as the foot comes off the ground (RT in Fig. 4,
B), to a maximum of approximately 80 degrees after toe-
off as the swing limb advances. Midway through the swing
phase, the knee extends again, and it reaches full extension
at heel-strike (RT in Fig. 4, B). The knee begins to flex o
a maximum of 15 to 25 degrees and returns to full extension
after mid-stance.

TABLE IV -
TEMPORAL VARIABLES FOR Gart¥

Stance Time of Walking
Group Involved Limb Cadence Veloeity
(Per cem of Gait Cycle) (StridesiMin.} (MiSec.)
Yolitional 427 = 2.4 514 +=22 115 =002
exercise
Electrical 4951 = 0.3 7.5t = 1.0 1.437 = 0.07
stimuiation

* Values are given as means and standard deviations.
+ Significantly different from the volitional exercise group (p < 0.05).

The Hexion-extension trajectory of the involved knees
was qualitatively and quantitatively different from that of
the uninvolved knees. The major ditference was in the nature
of the flexion during stance phase. Rather than having the
characteristic flexion-extension motion, the knee remained
flexed throughout the stance phase. The involved knee con-
tinued to flex as the limb proceeded from the stance phase
to the swing phase (Fig. 3, A). The trajectory shows an
almost total elimination of pre-swing extension in the in-
volved knee (Fig. 3, A). The trajectory of the uninvolved
knee shows the characteristic flexion-extension sequence
during the stance phase (Fig. 3, B). The sharp Onset of
flexion that occurs during pre-swing is delayed until after
heel-strike of the contralateral imb (double asterisk, Figs.
3, A and B and 4, A and B), while the reverse is true for
the uninvolved knee. Some patients had constant flexion of
the knee through most of the stance phase (Fig. 3. A), while
others had it only briefly (single asterisk, Fig. 4, A). None
of the patients had the normal flexion-extension trajectory
for the involved knee, while all of them had the normal
trajectory for the uninvolved knee. There was significantly
less fiexion-excursion in the volitional exercise group than
'Bn the neuromuscular electrical-stimutation group (p <

.03).

Performance measures for the quadriceps femoris and
flexion-excursion of the knee during stance were highly
correlated at both 90 degrees per second (r = 0.93. p <
0.01) and 210 degrees per second (r = 0.8%. p = 0.02).
Chi-square statistics for this correlation matrix were signif-
icant at p = 0.013, and Bonferroni-adjusted probabilities
were also significant at p < 0.05.
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Discussion
Strength Analysis

Persistent weakness of the quadriceps femoris has been
a consistent finding in retrospective studies of outcome after
reconstruction of the anterior cruciate ligament. Recovery
of strength of the quadriceps after reconstruction of the
anterior cruciate ligament has been reported to increase from
approximately 40 per cent in the first six months after the
operation to almost 80 per cent at twenty-four months (Fig.
3.

The decrease in performance of the quadriceps femoris
that was found in our patients after reconstruction of the
anterior cruciate ligament was significantly attenuvated by
the addition of neuromuscular electrical stimulation to the
treatment regimen. The torque generated by the quadriceps
femoris in the neuromuscular electrical-stimulation group
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Giraphs showing flexion-extension and flexion trajectories of the involved
(4) and uninvolved (B} knees of a patient in the volitional exercise group.
RH = right heel-strike, LH = left heel-strike, RT = right toe-off, and
LT = left we-off.
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was approximately 70 per cent of that of the contralateral
limb, by all measures. Studies of patients in the early post-
operative phase have shown normalized isometric strength
of the quadriceps femoris, ranging from 30 to 50 per cent,
which is analogous to that of the volitional exercise group
in this study'" (Fig. 5). In retrospective studies of patients
as many as eight years after the operation, regardless of the
rehabilitative regimen, normalized isometric torque has av-
eraged only about 85 per cent of that of the contralaterat
limb***%_ In intra-articular repairs, which may be more
representative of the patients in this study, isokinetic torque
has been even more attenuated — 50 to 60 per ceat of that
of the uninvolved quadriceps femoris®. Conversely, in the
only other study we are aware of in which a regimen of
neuromuscular electrical stimalation similar to ours was
used, Delitto et al. reported normalized values for isometric
performance of the quadriceps femoris of 78.8 per cent in
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the neuromuscular ¢lectrical-stimulation group and 51.7 per
cent in the volitional exercise group eight weeks after the
operation''. Their patients trained isometrically, as did those
in our study. The patients in the neuromuscular electrical-
stimulation group in the present study had strength of the
quadriceps femoris in a range usually seen months to years
postoperatively (Fig. 5).

This finding is further underscored when studies con-
cerning knees that have a ruptured anterior cruciate ligament
are considered'®'”*, The literature suggests that weakness
and atrophy of the quadriceps femoris persist in patients
who have a ruptured anterior cruciate ligament. In all stud-
ies, there has been diminished performance of the quadi-
ceps femoris. Measurements of the quadriceps femoris by
cross-sectional area with computerized tomography have
been either decreased or unchanged in the area of the
knee'”*""  Histochemical analysis of specimens from mus-
cle biopsy has given equivocal results; investigators have
found selective type-1I atrophy™, selective type-I atrophy?®,
more generalized airophy', and no consistent morpholog-
ical alterations'-”. However, only the vastus lateralis was
sampled in most of these studies, and the sampling tech-
niques were rarely adequate to justify the authors’ conclu-
sions”*. In most studies of impaired function of the quad-
riceps after injury to the anterior cruciate ligament, none of
these measures correlated wetl with any other. The relevance
of this literature to patients in whom the ligament has been
reconstructed is clear when it is realized that the anterior
cruciate ligament is also absent in these patients and has
been replaced by aneural, avascular graft material. Con-
versely, the intact anterior cruciate ligament has been shown
to be rich in Golgi and Ruffini receptors!®*,

A series of experiments by Elmqvist et al. and Lor-
entzon et al. emphasized the seeming paradox of the lack
of correlation between cross-sectional areas of the quadri-
ceps femoris, morphological measures, and muscle per-
formance'"*". Their work, in combination with that of Bar-
atta et al. and Solomonow et al., suggested that activation
of the morphologically normal motor units is altered by
disruption of the sensory feedback caused by a tear of the
ligament’**°, They also suggested that the major cause of
diminished performance of the quadriceps femoris is altered
utilization of motor units.

If activation is reduced, it is reasonable to assume that
motor units with higher excitation thresholds may be more
affected than more easily excited motor units. In this case,
muscles more rich in typé-II fibers would be affected by
sporadic, discordant activation of these fibers. Elmqvist et
al. provided empirical evidence for this theory by demon-
strating that the greatest decrease in electromyographic ac-
tivity in the quadriceps in patients who have a ruptured
anterior cruciate ligament occurs in the rectus femoris, the
part of the quadriceps with the greatest percentage of type-
II fibers"’.

Unlike the quadriceps femoris, the hamstring muscles
do not typically display severe or persistent atrophy in this
populations of patients®*®. Persistent atrophy of the ham-
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strings has not been observed in the long-term follow-up
studies of patients who have had reconstruction of the an-
terior cruciate ligament>*%%. Although slight deficits in
strength have been documented in the early postoperative
phase in these patients, full strength usually returns within
the first six months®#°. The present study supports the find-
ing that the hamstrings are minimally affected by the im-
mobilization and trauma that are associated with this
operation.

There was no significant difference in performance of
the hamstring muscles between groups, and the torque pro-
duced by the involved hamstrings averaged 80 per cent of
that of the uninvolved extremity, which is consistent with
the findings in other studies of the early postoperative phase
after reconstruction of the anterior cruciate ligament. This
may be attributed to the fact that patients in both groups
were allowed to exercise the hamstrings throughout the
available range of motion, beginning in the second post-
operative week. All of our patients participated in a regular
postoperative protocol, which included isokinetic exercises
for the hamstrings at various velocities of contraction {ex-
cluding the two test velocities). Contraction of the ham-
strings decreases the strain on the anterior cruciate ligament
or the graft, and it is encouraged during all phases of re-
habilitation.

Marked weakness and atrophy of the hamstrings may
not occur for two other reasons. First, three of the four
hamstring muscles are biarthrodial, crossing the hip and
knee joints. Therefore, even when the knee is immobilized,
the hamstrings are active in controlling the position and
motion of the hip joint. Basmajian reported that major ac-
tivity in biarthrodial muscles can be maintained when mo-

n the volitional exercis
tion:

e (VE) and neuromuscular electricat-stimulation (ES)
al exercise was used for rehabilitation of the quagriceps.

tion at one of the joints is eliminated’. Second, neuro-
physiological responses of the joint to stress may actually
result in facilitation of the hamstrings. Solomonow et al.
identified a primary fast refiex arc between the anterior
cruciate ligament and the hamstring muscies and a secondary
reflex arc from the mechanoreceptors of the capsule and the
muscle that activate the hamstrings and inhibit the
quadriceps®. Both reflexes are activated by strain on the
joint. In knees that have a rupture of the anterior cruciate
ligament (including those that have had reconstruction), pre-
sumabily this primary reflex arc is lost. The secondary reflex
arc then would result in inhibition of the quadriceps femoris
when strains are placed on the joint capsule. As the ham-
strings are presumably facilitated by this reflex arc, the lack
of atrophy of the hamstrings reported in aimost all long-
term studies of patients who have had a tear of the anterior
cruciate ligament also supports this interpretation. This is
true even when the lower exiremity has been immobilized,
and it may expiain the discrepancy between the natural
course of the response of the twa groups of thigh muscles
after operations on the knee. _

The effect of neuromuscuiar electrical stimulation on
the quadriceps femoris in our patients may have been due
to neurophysiological differences between electrically elic-
ited and voluntary contractions. Electrically elicited con-
tractions are physiologically different from volitional
contractions in their frequencies of activation, patterns of
depolarization, and perhaps even in the order in which motor
units are recruited. The predominant mechanism by which
generation of force is increased in large muscles is recruit-
ment. Recruitment of motor units continues to at least 80
per cent of maximum volitional contraction in these
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muscies'>23341  Peak firing rates fluctuate at around
twenty-five pulses per second for all types of motor units,
and rate coding is not a major means of increasing produc-
tion of force in large muscles™*. Type-1I mascle fibers
have been shown to be capable of firing at sixty puises per
second under certain conditions, although they do not reg-
ularly fire at frequencies of more than twenty-five pulses
per second. The relatively low firing rate in type-11 fibers
that is seen during high-intensity contractions of the muscle
(usually about twenty-five pulses per second and reported-
Iy as low as seven to twelve pulses per second) suggests
that the fibers may not be fully fused (tetanized), even at
high intensities of contraction'>* and that there is a potential
for the muscle to generate larger levels of force".

Electrical stimulation can be used to activate muscle
fibers at frequencies of stimulation far greater than both the-
critical fusion frequency (the minimum firing rate that pro-
duces a tetanic response) and the normal firing rate for these
fibers. Higher production of force is possible with use of
neuromnuscular electrical stimulation as compared with vo-
litional contraction, given the higher firing rates that occur
in electrically elicited contractions'®. There is direct and
indirect evidence that neuromuscular electrical stimulation
activates large-diameter nerve fibers (innervating type-
H meotor units) before it activates small-diameter nerve
fibers® 51925563963 This pattern of recruitment varies to
some degree with the geometry of the tissues and is by no
means unequivocal®’. However, electrical activation is often
the opposite of that described by the size principle of Henne-
man et al. and Lischer et al., which states that the order
of recruitment within a pool of motor neurons progresses
from the smallest to the largest motor neuron™*,

The use of neuromuscular electrical stimulation to ac-
tivate muscie could short-circuit the effects of reflex inhi-
bition of the quadriceps. External activation of the motor
units most easily activated by electrical stimulation may
have an effect on subsequent voiuntary utilization of these
same motor units. Volitional muscle-strengthening may be
unable to overcome the effects of this reflex inhibition during
volitional exercise, regardless of the level of the rebabili-
tative training. Lorentzon et al. questioned whether there is
any clear ““scientific rationale for pure strength training’’
{such as traditional volitional exercise programs) in these
patients™, Neuromuscular electrical stimulation may then
prevent what some investigators have termed ‘‘learned
disuse’"®,

Electrically elicited muscle contraction may be better
able to augment muscle strength in patients who have weak-
ness. If type-1 motor units are activated more easily and at
higher firing rates with neuromuscular electrical stimulation
than with volitional activation, then neuromuscular electri-
cal stimulation may be more effective than voluntary ex-
ercise for the training of type-1I motor units. Even at low
levels of contraction, more large fast-twitch motor units wiil
be activated with an electrically elicited muscle contraction
than with a voluntary contraction. Type-II motor units are
not activated in large muscles such as the quadriceps except
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at high levels of voluntary contraction. Therefore, neuro-
muscular electrical stimulation in conjunction with volun-
tary exercise may be a useful treatment for patients who are
weak.

Functional Measures

The temporal variables of gait that were measured in
this study (cadence, stance time, and walking velocity) dem-
onstrated an improvement in function accompanying the
increased strength of the quadriceps femoris in the neuro-
muscular electrical-stimulation group. Although both the
volitional exercise and the neuromuscular electrical-stimu-
lation group had cadences that were slightly slower than
normal values for their age and sex, the neuromuscular
electrical-stimulation group approached normal cadences of
fifty-eight strides per minute in women and sixty-one strides
per minute in men***4*, Stance times of the involved limb
were normal in the neuromuscular electrical-stimulation
group, with very little variability between patients, but they
were significantly decreased in the volitional exercise group.
Correlations between cadence and stance time and strength
of the quadriceps femoris accounted for only 25 per cent of
the differences in these vartables (r = (.5). Factors other
than strength of the quadriceps — most notably, pain and
confidence of the patient — also have an effect on stance
time and cadence, but were beyond the scope of this study.

The results of the kinematic analysis indicate that there
is a significant effect of strength of the quadriceps femoris
on flexion-excursion of the knee during stance. The values
for flexion-excursion of the knee during stance were similar
to reported age-matched normal values for this population
(22.3 degrees) in the uninvolved extremities in both groups
(Figs. 3, B and 4, B), The values for flexion-excursion of
the involved extremity in the volitional exercise group were
significantly less than normal, while the values for the neu-
romuscular electrical-stimuiation group approached nor-
mal’®***32 (Figs. 3, A and 4, B).

None of the patients had full extension of the knee of
the involved extremity at any time in the gait cycle, although
all but one were capable of full passive and active extension
of the knee. (One knee lacked less than 5 degrees of ex-
tension.) Correlations between laxity and range of motion
of the knee joint and maximum extetision of the knee during
stance were less than 0.3 and not significant. Therefore, it
appears that these factors did not affect flexion-extension
trajectories of the knee in this group of patients. Although
flexed-knee stance is more demanding on the quadriceps
femoris™*®, the moment arm of the quadriceps tendon (mea-
sured as the horizontal distance between the point of tibio-
femoral contact and the center of the patella) is greatest at
15 degrees of flexion of the knee, increasing the mechanical
advantage of the quadriceps femoris at this angle®. Perhaps
this factor makes slight flexion a point of maximum stability
for patients who have a weak quadriceps. The ability of the
hamstrings to control motion of the tibia may also be en-
hanced by having the hamstrings contract closer to the op-
timurn length (a point slightly greater than the resting length



1034

of the muscle) throughout stance.

The norma! stance phase invelves flexion of the knee
during the first portion and then full extension that coincides
with the transition to the swing phase between heel-off and
toe-off (Figs. 3, A and 4, B). Since returning the knee to
full extension before heel-off necessitates a larger force of
the quadriceps than maintaining the knee at a fixed angle
of flexion, patients who have a weaker quadriceps resort to
this solution. This finding is similar to the ‘‘quadriceps-
avoidance gait’” pattern recently reported by Berchuck et
al. in patients who had a torn anterior cruciate ligament®.
The flexion of the knee that occurs during weight acceptance
is controlled by eccentricaily contracting quadriceps femoris
muscles. Although the hamstrings are also coniracting at
this time, their function may be more of a stabilizing one
than one of actively flexing the femur on the tibia. This
mechanism may have a latency of a few milliseconds, which
is manifested by a rapid flexion of the knee, with the amount
of flexion remaining relatively constant throughout the
stance phase. Fixing of the knee in stight flexion reflects
the decreased support provided by the flexed, involved knee.
This finding is corroborated by that of decreased stance times
of the involved limb in the weaker patients. The double-
support phase during the stance phase of the involved ex-
tremity (the time-interval from left to right in Fig. 3, A) is
shorter than the corresponding interval for the uninvolved
limb (the period from right to left in Fig. 3, B). This dif-
ference in timing is also reflective of the over-all shorter
stance time of the invelved extremity in these patients. Con-
versely, in the uninvolved extremities, there are character-
istically normal curves of flexion of the knee for the stance
phase, rapid flexion of the knee at weight acceptance fol-
lowed by extension at mid-stance, and flexion again during
terminal stance (pre-swing). The trajectories of flexion of
the involved knees in the stance phase in our patients were
remarkably similar to those of the arthritic patients described
by Stauffer et al.*’. Those authors also reported a reduction
in the amount of flexion-excursion of the knee during stance
that was correlated with strength of the thigh muscies.

Patients who have stronger quadriceps femoris muscles
have less flat curves of flexion (Fig. 4, A) than those who
have weaker quadriceps femoris muscles (Fig. 3, A). This
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suggests that, for the weaker patients, a guasi-static ap-
proximation may be an appropriate model for the stance
phase of gait, while the stronger patients deviate from the
static model, presumably due to the introduction of dynamic
effects.

Although functional outcome has been measured in-
directly in patients after reconstruction of the anterior cru-
ciate ligament, with use of functional scales, apparently no
previous investigators have directly examined a functional
variable such as gait in patients in the early postoperative
phase. The results of those other studies have been re-
markably similar to the findings of the present study. Ar-
vidsson et al. found a direct correlation between isokinetic
peak torque of the quadriceps femoris at 120 degrees per
second and functional recovery at five to ten years afier
reconstruction®. Odensten et al. demonstrated a significant
correlation between isokinetic performance of the quadri-
ceps femoris at 120 degrees per second and return to the
level of mobility before the injury (r = 0.62)*7. Seto et al.
showed a direct correlation between strength of the thigh
muscles and functional outcome five years after intra-artic-
ular reconstruction of the anterior cruciate ligament®. The
average torques of the quadriceps femoris and hamstring
muscles, at 240 and 120 degrees per second, were all highty
correlated (0.74 < r < 0.80) with functional outcome, as
measured by a knee-function scale that was a modification
of the scale of Lysholm and Gillquist®®*.

Over-all, the patients in the neuromuscular electrical-
stimulation group in the present study had a more normal
gait pattern than did the patients in the volitional exercise
group. The quadriceps femoris muscles were stronger, the
temporal gait patterns were nearly normal, and the kine-
matics were more like those of the uninvolved knee. The
knees of these patients were stronger in the eighth post-
operative week than reported averages for such patients
years after the operation®™ %, Qur results suggest that the
use of neuromuscuiar electrical stimulation translates, at
least in the immediate postoperative period, not only into
an increase in muscle strength but also into an improvement
in the functional use of the muscles. This may represent a
partial compensation for the loss of the anterior cruciate-
ligament receptors.

References

1. Arms, S, W.; Popg, M. H.; Jounson, R. I.; FIsCHER, R. A.; ARvIDSSON, INGA; and ErixssoN, Ervar: The Biomechanics of Anterior Cruciate
Ligament Rehabilitation and Reconstruction. Am. J. Sports Med., 12: 8-18, 1984,

. ARVIDSsON, 1.; Eriksson, E.; Hicamark. T.; and JoHnsow, R. J.: Isokinetic Thigh Muscie Swength After Ligament Reconstruction in the Knee
g?lgt:l Fei;lésl from a 5-10 Year Follow-up After Reconstructions of the Anterior Cruciate Ligament in the Kaee Joint. Internat. J. Sports Med.,

. BaraTrta, R.; SoromoNow, M.; ZHou, B. H.: LEtson, D.: CEUINARD, R.; and D'AmBrosta. R.; Muscular Coactivation. The Role of the
Antagonist Musculature in Maintaining Knee Stability. Am. J. Sports Med., 16: 113-122, 1988,

. BasManaw, I. V.: Lower Limb. {# Muscles Alive: Their Functions Revealed by Electromyography, edited by J. V. Basmajian and C. J. De Luoca.
Ed. 5, pp. 310-353. Baltimore, Williams and Wilkins, 1985.

- BERCHUCK, MATTHEW; ANDRIACCHI, T. P.; BacH, B. R.; and REIDER, BRUCE: Gait Adaptations by Patients Who Have a Deficient Anterior
Cruciate Ligament. J. Bone and Joint Surg., 72-A: 871-877, July 1990,

- BrackBurN, T. A,, JR.: Rehabilitation of Anterior Cruciate Ligament Injuries. Orthop. Clin. North America, 16: 241-249, 1985,

. BLOMSTRAND, E., and ExBLOM, B.: The Needle Biopsy Technique for Fibre Type Determination in Human Skeletal Muscle — A Methodological
Study. Acta Physiol. Scandinavica, 116; 437-442, 1982.

. Canric, M.; APPELL, H.-J.; and REsic, A.: Fine Structural Changes in Electrostirmulated Human Skeletal Muscle. Evidence for Predominant
Effects on Fast Muscle Fibres. Enropean J. Appl, Physiol., 57; 1-5, 1988.

. CampseLL, D. T., and STANLEY, J. C.; Experimental and Quasi-Experimental Designs for Research, pp. 25-27. Chicago, Rand McNally, 1966.

. ggﬁmsfti-\ﬁ%zzRM (grké?]Nirg,é(g?Lm; and DixoN, A. S1. J.; Joint Distension and Reflex Muscle Inhibition in the Knee. J. Bone and Joint Sutg.,

(2]

CND D0 ~ddh A B

[

THE IOURNAL OF BONE AND JOINT SURGERY



——_

38.
39

40,
H.

46.
47.
48.
49.
3.
31,
32,
33.
54,

ELECTRICAL STIMULATION OF THE THIGH MUSCLES 1035

. DELITTO, ANTHONY; ROsE, 8. 1.; MCKOWEN, . M.; LerMan, R. C.; Taomas, 1 Al and SEvVELY. R. A.: Electrical Stimulation Versus Yoluntary

Exercise in Strengthening Thigh Musculature Ater Anterior Cruciate Ligament Surgery. Phys. Ther., 68: 660-663, 1988.

. DE Luca, C. 1.: Control Properties of Motor Units, {n Muscles Alive: Their Functions Revealed by Electromyography, edited by 1. V. Basmajian

and C. 1. De Luca. Ed. 5, pp. 125-167. Baltimore, Williams and Wilkins, 1985.

_ DE Luca, C. J.. LEFEVER, R. §.; McCUE, M. P.: and XeNakis, A. P.: Behaviour of Human Motor Units in Different Muscles During Linearly

Varying Contractions, [. Physiol., 329: 113-128, 1982,

_ DE Luca, C. J.; LEFEVER, R. 8.5 MCCUE, M. P.; and XENAKIS, A. P.: Conttol Scheme Governing Concurrently Active Human Motor Units

During Voluntary Contractions. J. Physiol., 32% 129-142, 1982.

. DUCHATEAU, JACQUES, and HAINAUT, KaRL: Training Effects of Sub-Maximal Electrostimulation in a Human Muscle. Med. and Sci. Sports and

Exer., 201 99-104, 1988.

. EDSTREM, L.: Selective Atrophy of Red Muscle Fibres in the Quadriceps in Long-Standing Knee-Joint Dysfunction. Injuries to the Anterior Cruciate

Ligament, J. Neurol. Sci., 11: 551-558, 1970,

. BLMQVIST, L.-G.; LORENTZON, RONNY: JOHANSSON, CurisTER; and FuoL-MEYER, A. R.1 Does a Tom Anterior Cruciate Ligament Lead to Change

in the Central Nervous Drive of the Knee Extensors? European J. Appl. Physiol., 58: 203-207, 1988.

. ERIKSSON, EJNAR, and HAGGMARK, Tom: Comparison of Isometric #Muscle Training and Electrical Stimulation Supplementing Tsometric Muscle

Training in the Recovery After Major Kunee Ligament Surgery. A Preliminary Report. Am. J. Sposts Med., 7: 169171, 1979,

_ GARNETT, R.. and STEFHENS, J. A.; Changes it the Recruitment Threshold of Motor Units Produced by Cutanecus Stimulation in Man. J. Physiol.,

311: 463-473, 1981,

. GouLD, NaTHANIEL; DONNERMEYER, Dennis; Gamuon, G. G.; POPE, MaLcoLM, and AsHIKAGA, Taxa: Transcutanecus Muscle Stimulation to

Retard Disuse Atrophy After Open Meniscectomy. Clin. Orthop., 178: 190-197, 1083.

_ Groob, E. S.. and SUNTaY, W. L1 A Joint Coordinate System for the Clinical Description of Three-Dimensional Motiens: Application t©@ the

Knee. . Biomech. Eng., 105: 136-144, 1983,

_ HMAcoMagk, T.; Jansson, E.; and ERIKSSON, E.: Fiber Type Area and Metabolic Potential of the Thigh Muscle in Man After Knee Surgery and

Immobilization. Internat. J. Sports Med., 2: 12-17, 1981,

_ HENNEMAN, ELwooD; SoMIEN, GEORGE: and CaRPENTER, D. O.: Functional Significance of Celi Size in Spinal Moteneurons. . Neurophysiol.,

28: 560-580, 1963.

 HENNING, C. E.; LyNch, M, A.; and GLICK, K. R.. Jr.; An in Vivo Strzin Gage Stody of Elongation of the Anterior Cruciate Ligament. Am.

1. Sports Med., 13: 22-26, {985,

. HULTMAN, Eric, and SiodoLm, Hans: Energy Metabolism and Contraction Force of Human Skeletal Muscle in Situ During Elecirical Stimulation.

I. Physiol., 345: 535-332, 1983,

. Jounson, D. H.: Controlling Shear During Isokinetic Knee Extension. §. Orthop. and Sports Phys. Ther., 4t 23-31, 1982, ) .
" KaDABa, M. P.; Ramakrisanan, H. K.; WooTTEN, M. B.; GaINgy, J.: GORTON, G.: and COcHran, G. V, B.: Repeatability of Kinematic,

Kinetic, and Electromyographic Data in Normal Adult Gait, J. Orthop. Res., 7: 349-860, 1989,

. KaIN, C. C.; McCarTHY, J. A.; ARMS, S.; Popg, M. H.; STEADMAN, 1. R.; MaNsgE, P. R.; and SHIVELY, R. A.: An in Vivo Analysis of the

Effect of Transcutaneous Electrical Stimulation of the Quadriceps and Hamstrings on Anterior Cruciaie Ligament Deformation, Am. 1. Sports
Med., 16: 147-152, 1988,

 Kanosug, K. YosHIDA, M.: Axazawa, K.; and Funtr, K. The Number of Active Motor Units and Their Firing Rates in Voluntary Contraction

of Human Brachialis Muscle. Japanese J. Physiol., 29: 427-443, 1979,

. KertELkaMp, D. B.; Jounson, R. 1. SmioT, G. L.; CRAC, £. Y. §.. and WALKER, MaLcoLm: An Electrogoniometric Study of Knee Motion

in Normal Gait, J. Bone and Joint Surg., 52-A: 775-790, June 1970.

. KNAFLITZ, MARCO; MERLETT], ROBERTO; and DE LUCa, C. 1.« Inforence of Motor Unit Recruitment Order in Voluntary and Electrically Elicited

Contractions. J. Appl. Physicl., 68: 1657-1667, 1990,

 KNUTTGEN, H. G., and Kragmsr, W. J.: Terminology and Measurement in Exercise Performance. §. Appl. Sport Sci. Res., 1; 1-10, 1987.
| KURULKES, C. G., and CLaMann, H. P.: Comparison of the Recruitrment and Discharge Properties of Motor Units in Human Brachial Biceps and

Adductor Pollicis During Isometric Contractions. Brain Res.. 219: 45-53, 1981.

. LAL H. S.: DE Domsrico, G.; and STRAUSS. G. R.: The Effect of Different Electromotor Stimulation Training Intensities on Strength Improvement.

Australian J. Physiother., 33: 151-164. 1988,

 LEXELL, JaN; TAYLOR, CHARLES: and SIOSTROM, MICHAEL: Analysis of Sampling Errors in Biopsy Techniques Using Data from Whole Muscle

Cross Sections. J, Appl. Physiol,, 59: 1228-1233, 1985.

. LoPrestt, C.: KiRKENDALL, D, T.: STREET, G. M.; and DUDLEY, A. W.: Quadriceps Insufficiency Following Repair of the Anterior Cruciate

Ligament. J. QOrthop. and Sports Phys. Ther., 9; 245-249, 1988.

. LORENTZON. RONNY; ELMQuisT, L.-G.; SIOSTROM, MICHAEL; FaGeRLUND, MARKKU: and FUGLMEYER, A. R.; Thigh Musculzture in Relation to

%ﬁg{; Alzgggiur Cruciate Ligament Tear: Muscle Size, Morphelogy, and Mechanical Outpur Before Reconstruction. Am. J. Spors Med,, 17

LusCHER, H.-R.: RUENZEL, PauL; and HENNEMaN, ELwooD: How the Size of Matoncurones Determines Their Susceptibility to Discharge.
Narre, 282: 859-861, 1979.

LysHoLM, I., and GiLiquist, J.: Evaluation of Kaee Ligament Surgery Results with Special Emphasis an Use of a Scoring Scale. Am. §. Sports
Med., 10: 150-154, 1982. =

MeLeop, W. D., and BLACKRURN, T. A.: Biomechanics of Knee Rehabilitation with Cycling. Am, I. Sports Med., 8: 175-180, 1980.
MiLNgR-Brows. H. 8.: STEIN, R. B.: and YEMM, R.: Mechanisms for Increased Force During Voluntary Contractions. fn Proceedings of the
Physiological Society. J. Physiol., 226: 18P-19P, 1972.

. MINKOFF, JERRY, and SuikrbMaN, O. H.: Considerations Pursuant to the Rehabilitation of the Anterior Cruciate Injured Knee. Exer. and Sport Sci.

43.

b3 Murray, M. P.; Kory, R. C.; and SEPIC, S. B.. Walking Pafterns of Normal Women. Arch. Phys. Med. and Rehab., 51: §37-630, 1970.

Rev., 15: 297-345, 1987.
MuRRaY, M. P.: DROUGHT, A. B.; and Kory, R, C.: Walking Patterns of Normal Men. J. Bone and Joint Surg., 46-A: 335-360, March 1964.

Noess, L. A., and RaopEs, E. C.: The Effect of Electrical Stinulation and Isokinetic Exercise on Muscular Power of the Quadriceps Femoris.

1. Orthop. and Sports Phys, Ther., 8: 260-263. 1986.

Moves, F. R.; KetLer, €. §.; Groop, E. 8. and BuTLER, D. L.: Advances in the Understanding of Knee Ligament Injury, Repair, and

Rehabititation. Med. and Sci. Sports and Exer., 16: 427-443, 1984,

CRENSTEN, MAGNUS; TEGNER, YELVERTON; LYSHOLM, JACK; and GILLQUIST, JaN: Knee Function and Muscle Strength Following Distal Tieotibial

Band Transfer for Antero-Lateral Rotatory Instability. Acta Orthop. Scandinavica, 54: 924-928, 1983.

PauLos, LonMIE; NovEs, F. R.; GRoop, EDWARD; and BUTLER, D. L. Knee Rehabilitation After Anterior Cruciate Ligament Reconstruction and

Repair. Am. §. Sports Med,, 9: 140-149, 1981.

PERRY. JACQUELIN; ANTONELL(, DaNieL; and FORD, WILLIAM: Analysis of Knee-Joint Forces During Flexed-Knee Stance. I. Bone and Joint

Surg., 57-A: 961-967, Oct, 1975,

PeaRY, JACQUELIN; FOX, J. M.; BorTano, M. A SKINNER, §. R.; BarnEs, L. A.; and CERNY, Kay: Functional Evaluation of the Pes Anserinus

Transfer by Electromyography and Gait Analysis. J. Bone and Joint Surg., 62-A: 973-080, Sepi. 1980.

RENSTROM, P.: ARMS, 5. W.; STANWYCK, T. §.; Jounson, R. I.; and PopE, M. H.: Strain within the Anterior Criciate Ligament During Hamstring

and Quadriceps Activity. Am. J. Sports Med., 14: 83-87, 1986. .

SAUNDERS, J. B. DEC., M.; Inman, V. T and ERERHART, H. D.: The Major Determinants in Normal and Pathological Gait. I. Bone and Joiot

Surg., 35-A: 543-358, July 1933. .

gggmﬂfz, 9J P.: Reliability and Validity of the WATSMART™ Three-Dimensional Opioelectric Motion Analysis System. Phys. Ther., 69: 679-
. 1989,

ScuULTZ, R. A.; MiLLER. D. C.; KERE, C. S.; and MicHEL1, LyLE: Mechanoreceplors in Human Cruciate Ligaments. A Histological Study. J.

Bone and Joint Surg., 66-A: 1072-1076, Sept. 1984.

VOL. 734, NO. 7. AUGUST 1991

i



1036 LYNN SNYDER-MACKLER, ZVI LADIN, A. A. SCHEPSIS, AND J. C. YOUNG

55. SETO, J. L.; OROFING, A. S.; Morrssey, M, C.; MEDEIROS, J. M.; and Mason W, J.: Assessment of Quadriceps/Hamstring Strength, Knee
Liga:lnent Stggility, Functional and Sports Activity Levels Five Years After Anteriof Cruciate Ligament Reconstruction. Am. J. Sports Med., 16:
170-180, 1988. Z

56. SINACORE, D. R.; DELITTO, ANTHONY; KING, D. S.; and Rosg, 8. J.: Type U FibeftActivation with Electrical Stimulation: A Preliminary Report.
Phys. Ther., 70: 416-422, 1990. :

57. SmGER, K. P.; Gow, P. }.; Otway, W, F.; and WiLLIaMS, M.: A Comparisonyof Electrical Stimulation, Isometric, Isotonic and Isokinetic
Strength Training Programmes. New Zealand J. Sports Med., 11: 61-63, 1983. ¢

58. leNslgEgé S. Rg.; ANTONELL!, DANIEL; PERRY, JACQUELIN; and LesteR, D. K.: Fundtional Demands o the Stance Limb in Walking. Orthopedics,
8: 355-361, 1985. ;

39, SoLoMONOW, MosHE: External Control of the Neuromuscular System. IEEE Trans{ Biomed. Eng., 31: 752-763, 1984.

60. SoLoMonow, M.; BaratTa, R.; ZHOU, B. H.; Sijon, H.; Bosg, W.; BecK, C.; fnd D’AMBROSIA, R.: The Synergistic Acticn of the Anterior
Cruciate Ligament and Thigh Muscles in Maintaining Joint Stabitity. Am. J. Spord Med., 15 207-213, 1987.

61. S;;;JFFER. R. N.; CHa0, E. Y. S.; and Gvory, A. N.: Biomechanical Gait Analygis of the Diseased Knee Joint. Clin. Orthop., 126: 2462585,
1977. :

62. STEADMAN, J. R.; Rehabilitation of Acute Injuries of the Axterior Cruciate Ligamefre. Clin. Orthop., 172: 129-132, 1983,

&3. STEPHENS, 1. A.; GARNETT, R.; and BULLER, N. P.: Reversal of Recruitment Ordr of Single Motor Units Produced by Cutaneous Stimulation
During Voluntary Muscle Contraction in Man. Nature, 272: 362364, 1978,

64, ‘TiroNE, 1. E., and ANTIcH, T, I.: A Biomechanical Analysis of Anterior Crucia
Year Followup. Am. J. Sports Med., 16: 332.335, 1988. 13

65. TIBONE, J. E.; AnTicH, T. 1.; FanToN, G. 8.; Movnes, D. R,; and PERRY, J.:
Am. J. Spotts Med., 14: 276-284, 1986. :

66. VEGsO, . 1.; GENUARIO, S, E.; and Torg, J. §.: Maintenance of Hamstring Stren
37: 376-379, 1985. - :

&7. WIGERSTAD-LOSSING, 1.; GriMBY, G.; JONSSON, T.; MORELLI, B.; PETERSON, L.jand RENsTROM, P.: Effects of Electrical Muscle Stimulation
Combined with Voluntary Contractions After Knee Ligament Surgery. Med. and Snr. Sports and Exer., 20: 93-98, 1988,

Ligament Reconstruction with the Patellar Tendon. A Two
nctional Analysis of Anterior Cruciate Ligament Instability.

Following Knee Surgery. Med. and Sci. Sports and Exer.,

68. WINTER, D. A.: Overall Principle of Lower Limb Support During Stance Phase of|Gait. I. Biomech., 13: 923-927, 1930,
69. WINTER, D. A.: Knee Flexion During Stance As # Determinant of Inefficient Walling. Phys. Ther., 63: 331-333, 1983,

THE JOURNAL OF BONE AND JOINT SURGERY



