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Abstract

Objective. To determine the effect of creep developed in the anterior cruciate ligament and other viscoelastic knee structures on

the function of the flexor and extensor muscles of males and females.

Design. Static load applied to the proximal tibia of young healthy male and female subjects in a laboratory setting with maximal

voluntary knee flexion and extension performed before and after the load application.

Background. Static loads applied to various joints during occupational and sports activities are epidemiologically linked to higher

than normal rates of disability reports. The physiological and biomechanical processes active in the development of such a neu-

romuscular disorder are not known. We hypothesize that creep developed in the anterior cruciate ligament due to prolonged static

load will have pronounced impact on the reflexive activation of the associated musculature in a manner that may increase the risk of

injury. Females are expected to be exposed to higher risk than males.

Methods. Male and female groups performed maximal voluntary knee flexion and extension before and after applying 200 and

150 N, respectively, to the proximal tibia for a 10 min period. Flexion and extension forces as well as electromyograph from agonist

and antagonist muscles were measured at 35� and 90� knee flexion. Data was analyzed through repeated measures of analysis of

variance.

Results. It was found that in extension, quadriceps electromyographic activity increased significantly after anterior cruciate

ligament creep while hamstrings co-activation did not change. There was also a trend towards increased extension force after creep

was developed, with significant effect of gender (larger increase in females). Similarly, significant increase in hamstrings electro-

myographic activity and a trend towards increased force during knee flexion was observed but with no effect of gender. Electro-

myographic spasms from the flexors and extensors were recorded in 30% of the subjects during the 10 min static loading period at

90� angle and from the flexors only at 35�. Creep in the ligament was marginally greater in females than in males with a significant

effect of angle, being greater at 35� than in 90� knee flexion.
Conclusions. The results suggest that ligament creep may develop a neuromuscular disorder consisting of spasms, increased

electromyography and force in the agonist muscles without compensation from the antagonist. Static loading of a joint, therefore,

may develop a neuromuscular disorder compounded with laxity of the ligaments and subject the individual to increased risk of

injury.

Relevance

The data provides evidence that prolonged static loads applied to the anterior cruciate ligament and associated viscoelastic

structures results in unbalanced muscular activation which puts individuals at increased exposure to injury. Work and sports ac-

tivities should be scheduled while minimizing periods of static joint loading and emphasizing sufficient rest periods to allow recovery

of creep and return to balanced muscular activation and co-activation.
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1. Introduction

In addition to its role as the primary restraint against

anterior tibial displacement, the anterior cruciate liga-

ment (ACL) plays a sensory role which has been widely

reported (Baratta et al., 1988; Dyhre-Poulsen and Kro-

gsgaard, 2000; Fujita et al., 2000; Raunest et al., 1996;

Solomonow et al., 1987a; Solomonow and Krogsgaard,

2001; Tsuda et al., 2001). In earlier reports, this reflexive
activity was thought to be purely protective of the lig-

ament (Baratta et al., 1988; Solomonow et al., 1987a),

however, the current view is that the ligament contrib-

utes to the overall sensorimotor control of the joint,

with its neural input integrated with that of other sen-

sory structures to control joint coordination during

normal daily motion (Dyhre-Poulsen and Krogsgaard,

2000; Solomonow and Krogsgaard, 2001). Findings of
reflex arcs originating in ligaments have been also re-

ported in the elbow (Philips et al., 1997), shoulder

(Guanche et al., 1995; Knatt et al., 1995), the ankle

(Lewis et al., 1996), and most recently the spine (So-

lomonow et al., 1998). These reports and others point to

the concept that ligamentous tissues possess mechano-

receptors, which when under tensile load, activate some

muscles that decrease that tensile load, and simulta-
neously also inhibit other muscle groups that would

increase the stress.

Ligaments and other soft tissues possess classical

viscoelastic properties such as creep, hysteresis and time

dependent stress–strain relations. If static tension is

applied to a ligament over a period of time, the ligament

will exhibit creep (stretch) such that when the tension is

removed, the ligament will not retract immediately to its
original length nor develop the same tension at a given

length as before the creep developed. After the load is

removed, a recovery period is required to attain the

original length and stiffness. This recovery period has

been reported to last anywhere from 1 to 24 h, de-

pending on the ligament and the strain it reached at the

end of loading (Crisco et al., 1997; Gedalia et al., 1999;

McGill and Brown, 1992; Solomonow et al., 2000). Such
creep is manifested as temporary laxity between the

bony structures attached by the ligament in question

(Crisco et al., 1997; Thornton et al., 1997; Ticker et al.,

1996; Woo et al., 1981, 1999a). Static load applied to the

supraspinous ligament was also shown to elicit spasms

in the paraspinal muscles as creep was developing in the

ligament (Jackson et al., 2001).

Recent reports have shown that ligamentous creep is
also associated with desensitization of the reflex arcs

initiated by the mechanoreceptors in the ligament

(Jackson et al., 2001; Solomonow et al., 1999), dimin-

ishing the reflexive muscle activity and exposing the joint

to further instability and potential injury. Clinically, the

changes in the function of the muscles and ligaments

constitute a neuromuscular disorder. The reflexive

muscular activity recovers in parallel with the recovery
of the ligament�s original length and tension (Solomo-

now et al., 2000). Therefore, it can be argued that in the

case of ligamentous laxity due to creep, not only is the

mechanical stability compromised, but the ability of

viscoelastic tissues to signal changes in joint stability is

also decreased. With desensitization of the ligament

mechanoreceptors, the reflexive muscular response is

impaired as well. Since this neuromuscular disorder di-
minishes with time, as the creep in the ligaments re-

covers to normal, it is transient in nature. Indeed, a large

study in a homogeneous population supports this idea

by finding an association between transient laxity and

rate of injury (Acasuso-Diaz et al., 1993).

Reports in the literature indicate that women have

more inherent joint laxity than men (Acasuso-Diaz

et al., 1993; Borsa et al., 2000; Gannon and Bird, 1999;
Larsson et al., 1987; Rozzi et al., 1999; Arendt and

Dick, 1995), diminished joint proprioception (Rozzi

et al., 1999), as well as increased risk of ACL injuries

(Arendt and Dick, 1995; de Loes et al., 2000; Gwinn

et al., 2000; Wojtys et al., 1998). Acasuso-Diaz et al.

(1993) and Larsson et al. (1987) postulate that the in-

creased risk of ligamentous injuries in women is asso-

ciated with their increased joint laxity. Physical
activities that can lead to temporary laxity are various

sports and occupational activities. Several reports detail

increased laxity following exercise (Crisco et al., 1997;

de Loes et al., 2000; Skinner et al., 1986; Marfleet,

1991). Similarly, individuals who spend a majority of

time in a partially flexed knee postures such skaters,

skiers, goal keepers, concrete workers, etc., have sig-

nificantly more antero-posterior knee laxity than do
workers who spend most of their time standing such

as painters (Kivimaki et al., 1994). Also, ACL injuries

are commonly thought to be associated with fatigue

(Marfleet, 1991), which occurs with prolonged muscle ac-

tivity. Given the connection between exercise and laxity,

and between laxity and ligament injuries, it is conceiv-

able that rather than muscular fatigue, the underlying

mechanism of injury may be joint laxity resulting from
ligamentous and capsular creep during exercise and the

resulting diminished reflexive muscular activity. Muscle

fatigue, if any, probably further compounds the prob-

lem by the reduced joint stiffness associated with lower

muscle forces.

The relationship between ACL creep and agonist–

antagonist muscle coordination is not known. There-

fore, the objective of this report is to explore if a
neuromuscular disorder of some of the knee muscula-

ture is elicited by an experimentally induced creep in the

ACL of normal, healthy male and female subjects. We

hypothesize that by altering the sensorimotor control of

knee stability, creep in the soft tissues including the ACL

and knee capsule will induce changes in coordination of

the knee musculature.
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2. Methods

2.1. Subjects and setup

Twenty healthy young adults (age 24.4 SD 4.5 years),

including 10 men and 10 women participated in this

study after giving their informed consent as approved by

the Institutional Review Board. For electromyographic

(EMG) recordings, the skin overlying their right rectus
femoris and biceps femoris was cleansed and lightly

abraded with rubbing alcohol prep pads, and disposable

1 cm diameter Ag/Ag–Cl electrodes were placed longi-

tudinally over the muscle bellies between the motor

point and the distal tendon with a 2.5 cm interelectrode

distance. A similar reference electrode was placed over

the fibular head. The electrodes were connected to a

custom made differential amplifier with gain of 1000,
common mode rejection ratio of 90 dB, and frequency

pass-band between 6–500 Hz.

The subjects were seated in a specially designed chair,

and the knee placed at either 35� or 90� of flexion. A
strap across the distal thigh, and another strap across

the pelvis held the subject firmly in position. After the

knee was strapped in place, the shank was secured to a

padded polypropylene cuff. The cuff was connected
through a rod to a load cell in order to measure exten-

sion and flexion force. A thin rod was affixed with two-

sided tape to the anterior tibia, and was used to connect

to a low friction linear displacement potentiometer fixed

to the thigh in order to estimate ACL creep via anterior

tibial displacement. The line of action of the transducer

was parallel to the femur. The experimental setup is
shown on Fig. 1. The two EMG signals, as well as the

flexion/extension force, and the anterior tibial displace-

ment signal were acquired by a 12 bit A/D board at a

rate of 1000 samples per second and stored in the

computer for further processing and analysis.

2.2. Protocol

After the subject was seated comfortably, their max-

imum voluntary contraction (MVC) force in isometric

flexion and extension were determined in several serial

trials in which the subject attempted to surpass the

previous mark as set on an oscilloscope (Solomonow,

1996) with 4 min intertrial rest to prevent fatigue.

Through these trials and subsequently, the subject held

his/her arms folded across the chest in order to prevent
from using their arms to improve their performance.

Verbal encouragement was given through these trials.

Maximal voluntary contraction force in flexion was as-

sessed in a similar manner. The highest MVC forces in

extension and flexion obtained by each subject was se-

lected for the analysis. An anterior load was placed on

the tibia via a padded strap attached to a cable guided

over a pulley system. The creep in the weight and metal
cable system was nil. The loads used were 200 N for

males, and 150 N for females, and were held for 10 min

while the subject was completely relaxed. Reduced loads

were applied to females due to reduced body weight.

The EMG and anterior tibial translation were recorded

continuously. After the 10 min loading period, the

Fig. 1. A photograph of a subject during the loading period showing the static load applied to the tibia via a weight and a pulley, the load cell

attached to the ankle, the displacement transducer attached to the knee and the EMG electrodes over the rectus femoris.
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Fig. 2. (a, b, c) Three typical recordings from three different subjects at 90� and 35� knee angle showing the extension and flexion MVC forces before

and after the 10 min loading session (top trace), the anterior displacement of the tibia during the 10 min loading period (second trace from top),

quadriceps EMG (third trace) and hamstring EMG (bottom trace). Note the strong continuous burst of spasms in the quadriceps EMG trace of (a)

from the 8th minute to the 11th minute. Similarly, in (b), two bursts of spasms are seen, one at about the 7th minute and the second just after the 10th

minute, with a corresponding spasm in the quadriceps. In (c) short bursts of spasms are seen in the hamstrings EMG throughout the 10 min loading

period.

Table 1

Summary of the mean (SD) normalized data of all subjects

Male Female

35� 90� 35� 90�

Before creep

Quads agonist* EMG 1.00 (0.00) 1.00 (0.00) 1.00 (0.00) 1.00 (0.00)

Quads antagonist EMG 0.14 (0.063) 0.16 (0.06) 0.15 (0.10) 0.17 (0.10)

Extension force* 1.00 (0.00) 1.00 (0.00) 1.00 (0.00) 1.00 (0.00)

Hams agonist* EMG 1.00 (0.00) 1.00 (0.00) 1.00 (0.00) 1.00 (0.00)

Hams antagonist EMG 0.27 (0.34) 0.33 (0.25) 0.25 (0.23) 0.24 (0.14)

Flexion force* 1.00 (0.00) 1.00 (0.00) 1.00 (0.00) 1.00 (0.00)

After creep

Quads agonist EMG 1.10 (0.29) 1.05 (0.28) 1.27 (0.48) 1.16 (0.32)

Quads antagonist EMG 0.14 (0.06) 0.14 (0.08) 0.16 (0.09) 0.17 (0.08)

Extension force 1.01 (0.14) 0.98 (0.13) 1.19 (0.37) 1.08 (0.18)

Hams agonist EMG 1.05 (0.22) 1.13 (0.32) 1.08 (0.27) 1.13 (0.20)

Hams antagonist EMG 0.29 (0.38) 0.34 (0.26) 0.27 (0.17) 0.29 (0.17)

Flexion force 1.01 (0.05) 1.20 (0.36) 1.05 (0.15) 1.00 (0.15)

Displacement (mm) 4.31 (1.73) 3.53 (1.85) 6.36 (2.67) 4.55 (1.53)

Items marked with * are normalizing factors and hence have a mean of 1.00 and standard deviation of 0.00.
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subjects again performed a maximum voluntary iso-
metric extension, waited 30 s and then a maximum

isometric flexion. Subjects were requested to walk nor-

mally for a 30 m track, after the end of the test, report

their impression of knee stability and then rest while

supine on a mat for a 20 min period to allow recovery of

the majority of the creep developed in the ACL.

The same protocol was repeated for each subject two

weeks later at the second knee angle. The angle used
initially was randomized amongst the subjects.

2.3. Signal processing and statistical analysis

The acquired EMG signals were processed via a

mean absolute value (MAV) algorithm with a time

window width of 200 ms. The algorithm consisted of an

absolute value function applied to the digitally recorded
signals, followed by averaging 100 points before and

100 points after the point in time over which the win-

dow was centered. The algorithm was applied from the

101st to the 11 899th points in each signal. The peak

force and peak MAV for each muscle in each contrac-

tion were used, yielding agonist and antagonist activity

values for each muscle and peak flexion and extension

forces. Then, peak force and MAV levels were nor-
malized by dividing each value by the value obtained

from the same muscle during its agonist function prior

to the loading period (e.g., before ACL creep). In ad-

dition, the anterior tibial displacement from the linear

potentiometer was divided into two parts: Initial dis-

placement, calculated as the displacement occurring

within 5 s of load application, and displacement due to

creep, calculated as the difference in displacement at the
end of the 10 min period minus the initial displacement.

Analysis of variance with repeated measures was used to

discern if there were effects of creep, angle and gender

on the post-creep flexion and extension force, quadri-

ceps agonist activity, quadriceps antagonist activity,

hamstrings agonist activity and hamstrings antagonist

activity.

3. Results

Typical recordings of quadriceps and hamstrings

EMG signals, force and anterior displacement of the

tibia from three different subjects at 35� and 90� knee
flexion are shown in Fig. 2. In general, 12–15 mm of

tibial translation occurred, 3–5 mm of which was due to
creep that developed within 5 s after the load was ap-

plied. During the 10 min loading period random EMG

discharge was evident in 6 (4 males, 2 females) out of the

20 subjects (e.g., 30%). The discharge amplitude, fre-

quency and timing was unpredictable and conforms to

the definition of spasms (e.g., non-voluntary, unpre-

dictable muscle activity). The spasms were evident in the

EMG traces of the hamstrings and/or quadriceps at
knee angles of 90�, but always in the hamstrings at knee

angles of 35�. In the rest of the subjects the EMG traces

during the loading period were quiet.

After the test, all subjects reported various levels of

knee instability while walking over a 30 m track. In

some subjects (1 male, 2 females) sensation of instability

was accompanied with discomfort which disappeared

after the 20 min rest period. In one female subject the
sensation of instability lasted for 2 days after the test.

Table 1 shows the mean and standard deviations of

the normalized data pooled from all the subjects. Since

the trials at 35� and 90� of flexion were performed on

different sessions, the data for each subject was nor-

malized within session, and the statistical analysis refers

to the changes from before to after creep, and not to

absolute values. Hence, the MVC flexion and extension
forces before ACL creep, as well as the corresponding

agonist quadriceps and hamstrings EMG activities be-

fore ACL creep are set as normalizing factors, with

mean value of 1.00, and standard deviation of 0.00. The

EMG activity of the quadriceps (agonist) in MVC ex-

tension increased significantly following creep (p6 0:01),
with no significant effect of angle and gender, indicating

that the increase was similar at both angles in men and
women. There were no changes noted in the hamstrings

(antagonist) EMG co-activation due to ACL creep,

gender or angle. There was an increase in force after

ACL creep at both 90� and 35�, although the increases

were trends (p6 0:09) with a significant effect of gender,

indicating that women had greater increases than men.

Increases were found for hamstrings (agonist) EMG

activity during flexion in all groups post-creep, yielding
a significant effect of creep (p6 0:02) with no effect of

gender or angle. There was a trend to increased flexion

force (p6 0:06), with no significant effect of gender or

angle. The antagonist quadriceps co-activation EMG

did not show any difference due to ACL creep, gender or

angle (Table 2).

The results of the anterior displacement reflecting

ACL creep demonstrate a significant effect of angle, with

Table 2

Results of the statistical analysis (p values)

Parameter Effect of

creep

Effect of

angle

Effect of

gender

Quads agonist activity 0.01 0.48 0.21

Quads antagonist activity 0.60 0.76 0.46

Extension force 0.09 0.34 0.04

Hamstrings agonist activity 0.02 0.89 0.41

Hamstrings antagonist activity 0.35 0.78 0.49

Flexion force 0.06 0.26 0.27

Anterior displacement – 0.045 0.09

Results of ANOVAANOVA on the change from before creep to after creep

values for each parameter.

Bold figures represent significance.
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anterior displacement at 35� being greater than at 90�
(p6 0:05), and a trend of women to have greater ante-

rior displacement than men (p6 0:09).

4. Discussion

The most important finding in this study is that creep

developed in the ACL due to static anterior load on the
proximal tibia develops a neuromuscular disorder con-

sisting of spasms and increased contractile ability of the

flexors and extensors and in trends of a corresponding

increase in their torques. Increased EMG activity and

corresponding force in the flexors and extensors is not

accompanied by compensation from the corresponding

antagonist co-activation. The increased force and EMG

activity is also more prominent in women than in men.
It was also found that the anterior displacement of the

tibia after the 10 min interval of loading was greater at

35� of flexion than at 90�, with trends of greater creep in
women than in men.

The reader should note that the load applied to the

knee via the tibia was limited to 150–200 N for safety

and ethical reasons such that the subjects will not be

exposed to high risk of knee injury yet the effect of the
load will elicit some response. Under normal daily,

sports and occupational activities much larger loads are

sustained by the knee joint. An individual weighing 60

kg transmits his full weight through one knee when

going up or down a staircase. Landing from a jump can

result in up to 6 times body weight impact forces

through the knee. Similarly, when loading/unloading

cargo, worker�s are subjected to more than body weight
loads through the knee. The loads selected in this study,

therefore, are light to mild in comparison to loads de-

veloped in sports and occupational activities and may

have not generated the optimal responses with respect to

creep magnitude or neuromuscular changes. Also, in the

design and testing stages of this study, the first women

tested complained of discomfort and feeling of insta-

bility caused by a 200 N load. Subsequently, we used a
150 N load in women. Previous studies comparing the

laxity of men and women (Acasuso-Diaz et al., 1993;

Borsa et al., 2000; Gannon and Bird, 1999; Larsson

et al., 1987; Rozzi et al., 1999) demonstrated greater

laxity in the females when compared with similar ante-

rior loads; our study showed gender-related trends,

which would have been significant had we used the same

load for both males and females. For safety reasons,
reduced loads were applied to females, yet the results

confirm their greater susceptibility to the effects of creep.

A finding that appeared in both flexion and extension

was that the agonist muscles increased their activity

levels significantly, with no matching changes in antag-

onist co-activation. The end results were increases in

maximal flexion and extension forces. One could assert

that the creep in both the ACL and the capsular struc-
tures induced by the 10 min loading period reduced the

neural inhibition of the agonist muscle, allowing greater

maximum contractile activity, and hence a greater force

output. This explanation supports the concept that lig-

aments and capsular viscoelastic structures that have

undergone creep are neurologically desensitized. Earlier

studies focused on reflexive activation of muscles pri-

marily responsible for reducing ligamentous or capsular
loads (Baratta et al., 1988; Dyhre-Poulsen and Kro-

gsgaard, 2000; Raunest et al., 1996; Solomonow et al.,

1987a; Solomonow and Krogsgaard, 2001). The present

study provides evidence that changes in the mechanical

properties of ligaments can also have significant neuro-

physiological effect manifested by increased contraction

intensity of the agonist musculature as well, primarily by

reducing its neural inhibition. Recent work with the
cruciate ligaments of humans supports the assertion that

ligaments may have inhibitory effect on muscles under

conditions which do not challenge joint or ligament

stability (Dyhre-Poulsen and Krogsgaard, 2000; So-

lomonow and Krogsgaard, 2001; Fischer-Rasmussen

et al., 2001). The reduced inhibitory effect of a ligament

subjected to creep, however, should be considered as a

neuromuscular disorder since it is likely to create a risk
of injury. Increase quadriceps force, for example, in the

range of 0–60� of flexion will increase the loads on the

already lax ACL and may result in its rupture.

EMG spasms were observed in 30% of the subjects

participating in this study. Spasms are defined as a non-

volitional random and unpredictable muscular activity

which indicate tissue damage (Pederson et al., 1956).

The spasms appeared in the hamstring and/or quadri-
ceps when the ACL was loaded at a knee angle of 90�.
At this angle, the ACL can benefit from reduction in

stress if the hamstrings or quadriceps contract (Hirok-

awa et al., 1991, 1992; Renstrom et al., 1986). At knee

angles of 35�, however, spasms appeared only in the

hamstrings. Knee angles near 35� were shown to induce

maximal strain in the ACL, with additional increase

in strain if the quadriceps contract Hirokawa et al.,
1991, 1992; Renstrom et al., 1986). Contraction of the

hamstrings at this angle has a direct effect on reduc-

ing the anterior displacement of the tibia and therefore,

the strain in the ACL (Hirokawa et al., 1991; Renstrom

et al., 1986). Hamstrings spasms at 35� of knee flexion,
therefore, reduce the stress/strain in the ACL whereas

spasms in the quadriceps and/or hamstrings will have

the same effect in a more flexed position, mostly at an-
gles larger than 60–70� flexion (Hirokawa et al., 1991;

Renstrom et al., 1986). The fact that spasms were ap-

parent in 30% of the subjects further emphasizes the

issue of necessary and sufficient stimulus. The loads

applied, as indicated before, were mild due to safety and

ethical considerations. With larger loads, one could

anticipate spasms in most subjects.
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The fact that spasm appeared in some of the subjects
points out that some type of injury or damage was

elicited in the ACL due to the creep developed within.

Most likely the damage was in the bonding of the col-

lagen molecules (Thornton et al., 1997; Woo et al., 1981)

which in turn stimulated the pain receptors in the liga-

ment and in turn triggered the spasms. The fact that

spasms are triggered by damage to ligaments was ex-

perimentally documented (Pederson et al., 1956) and
well known clinically. Creep of ligamentous tissues,

therefore, may be associated with a transient damage.

The results we obtained have significant implications.

Athletes or workers who spend considerable time in

positions in which the ACL is under significant static

tensile load may be at increased risk of ligament injury.

This increased risk is not simply due to the mechanical

aspect of ACL creep, but because of the decreased
sensory ability of the ligaments to signal their stress

state. This phenomenon is analogous to the desensiti-

zation of spinal ligaments after prolonged cyclical (So-

lomonow et al., 1999) or static (Jackson et al., 2001)

lumbar flexion. The viscoelastic nature of the ligaments

also mean that given a reasonable recovery time where

the ligament is free from a tensile load, it will regain its

original length and tautness. Crisco et al. (1997) found
that after cyclic loads, 2 h were not sufficient to recover

the ligamentous stiffness following exercise. Measure-

ments taken 24 h later, however, showed complete re-

covery. Similarly, models of creep and reflexive activity

recovery in the spinal ligament–muscle complex suggest

that the majority of the creep recovers in the first 30 min

of rest (McGill and Brown, 1992) but 24 h are necessary

to recover completely (Crisco et al., 1997; Solomonow
et al., 2000). It can hence be speculated that 24 h may be

needed in order to allow complete recovery from liga-

mentous creep in the knee as well. Rest periods, there-

fore, are crucial for the safety of joints.

There are several reports of a relationship between

muscle fatigue and ligament injuries, sometimes attrib-

uted to overuse. Without direct links, several of these

reports cite fatigue as a causal agent of injuries (Mar-
fleet, 1991; Pettrone and Ricciardelli, 1987; Troup,

1984). Other reports cite increases in ligament laxity

following exercise (Crisco et al., 1997; Larsson et al.,

1987; Skinner et al., 1986) or other prolonged occupa-

tional activities (Kivimaki et al., 1994). It may be sug-

gested that the perceived and reported increase in

susceptibility to injury attributed to fatigue may in fact

be due to increased ligamentous laxity, and the resulting
decreased sensitivity of sensory tissue signaling. Upon

impending instability, the musculature is slow or unable

to react reflexively––not due to fatigue, but because of

lack of afferent input signaling the instability.

Among the notable findings in this study is the trend

towards increased anterior displacement in women, and

exacerbated increase in anterior force in women fol-

lowing ACL creep. These findings may help explain the
reported higher incidence of injuries in females, since

they are more likely to increase their agonist muscle

activities as a response to ligamentous laxity, and are

more prone to ligamentous sensory desensitization; their

knees are rendered more likely to be injured during

exercise.

Statistically, the increases in maximal flexion and

extension force after the ACL was subjected to creep
were trends (p < 0:09). Simultaneously, the respective

agonist muscles, the quadriceps and hamstrings, dem-

onstrated significant increase (p < 0:05) in EMG level

during maximal extension and flexion, respectively.

Since the EMG vs. force relationship may be non-linear,

the increases in force were not as pronounced as that of

the EMG (Solomonow et al., 1987b). Again, with larger

loads on the knee, one could anticipate a more signifi-
cant increase in force.

The results suggest that relatively short static loading

of the ACL may cause a transient neuromuscular dis-

order that may increase the risk of knee injury. The data

available from recovery studies (Crisco et al., 1997;

Gedalia et al., 1999; McGill and Brown, 1992; So-

lomonow et al., 2000) strongly supports the concept that

athletes or workers should allow at least a 24-h of rest
between intense periods of activities that exposes the

ligaments to creep. If repetition of such activities does

not include sufficient rest time to allow the ligament to

restore itself to its normal resting length, periods of

activity will begin with residual creep that may com-

pound the problem. Frequent repetitions of activity

without allowing ligaments to recover to their rest-

ing length may develop a cumulative trauma disorder
(Kumar, 1990), chronic inflammation and long term

disability (Safran, 1985; Woo et al., 1999b).

In summary, the results of this study suggest that

ligament creep has a significant effect on neuromuscular

functions, moreover, that this effect is a decrease of

agonist inhibition, as evidenced in increased agonist

muscle activities and resultant forces without change in

antagonist muscle co-activation. It is suggested that
prolonged ligament tension subjects joints to increased

risk of instability and potential injury due to its own

laxity, and by increased agonist activity without com-

pensatory antagonist co-activation.
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