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The objectives of this study were to evaluate the effect of
exercise on knee joint laxity. If exercise induced laxity is
physiological, incorporation of this quality into a ligament
replacement material would be indicated. Twenty recre-
ational long distance runners average age 41 (range 24 to 50
yr) were tested before and immediately after 30 minutes of
running. Using a computerized goniometer type instru-
ment (Acufex KSS), knee flexion, axial tibial rotation and
anterior-posterior tibial displacement were simultaneously
recorded, while the runners underwent tests of static as
well as dynamic knee joint laxity.
At 30 degrees of knee flexion, a maximum increase of 16

per cent in mean total anterior-posterior laxity post-exercise
was found. At the examination 30 minutes post-exercise,
laxity at 30 degrees of knee flexion was still increased. How-
ever, laxity at 90 degrees of knee flexion had decreased to
pre-exercise levels or below. Anterior tibial displacement,
recorded during eccentric quadriceps activity (O to 90
degrees of knee flexion) with weights attached to the foot,
showed a maximum of 18 per cent increase in total anterior-
posterior laxity post-exercise. It is suggested that the laxity
increase is caused in part by a true ligamentous laxity in-
crease, and in part by a decreased resting tone of the
fatigued muscles.
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Introduction
Knee joint stability under physiological conditions is
maintained by the complex interactions of several fac-
tors: ligament and other soft tissue restraints, active
muscular control and joint surface-contact forces.
Transient increased laxity or compliance following
cyclic deformation of connective tissues has been
documented in laboratory tests1'2. In vivo, muscle sub-
stance as well as ligamentous restraints would be ex-
pected to demonstrate visco-elastic behaviour as they
are composed of collagen and other structural proteins.
Therefore, a time-dependent and stress-dependent
elongation response of these tissues, when subjected
to repetitive loading, could be expected.
Recent studies have documented increased tor-

sional, valgus and anterior-posterior laxity in the knee
following exercise3. In all of these studies the laxity
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increases found were increases in passive or static lax-
ity at fixed joint positions.
An understanding of the nature and degree of laxity

changes may provide insight into a possible associa-
tion between exercise-induced laxity and subsequent
ligamentous injury. A further clinical implication is
that, if exercise-induced laxity is physiological, incorp-
oration of this quality into a ligament replacement
material would be indicated.
The objectives of this study were to evaluate the

effect of exercise on knee joint laxity, using both tests
of static laxity for determination of anterior-posterior
and torsional laxities, as well as dynamic laxity tests,
for recording of rotational and anterior-posterior tibial
displacement resulting from hamstring or quadriceps
activity. Furthermore, an assessment of the time
chronology of recovery through repeated measure-
ments was attempted.

Testing apparatus
All laxity measurements were made using a commer-
cially available laxity testing device: the Acufex Knee
Signature System (Acufex Microsurgical Inc., Norwood,
USA). Lightweight frames are attached to the tibia and
femur by means of rubber straps. A linking section,
allowing free knee joint motion, connects the tibial
and femoral frames. Two small potentiometers are in-
tegrated into this section: one measuring degrees of
knee flexion, the other axial tibial rotation relative to
the femur.
At the proximal end of the tibial frame a small

spring-loaded plate, in contact with the patella and
connected to an additional potentiometer, measures
anterior-posterior tibial displacement by measuring
the distance between the tuberositas tibiae and
patella, and hence femoral condyles. By means of a
handle with an incorporated force, sensitive strain-
gauge force can be applied to the tibia and force versus
displacement curves obtained.

All data are relayed through cables to a mini-compu-
ter and displayed as curves on the screen simultan-
eously with the performance of the test. A plotter is
supplied to give paper copies of test results if needed.
The tibial and femoral frames can be securely fixed,

allowing a variety of tests to be performed. Subjects
can be tested sitting relaxed, legs fixed at various
angles of knee flexion, or while performing isometric
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or eccentric quadriceps or hamstring exercises. The
apparatus even allows recording during walking,
jumping or the like, within range of the cables. During
the tests of rotational laxity, axial tibial rotational force
was applied manually, using a spring-loaded torque
wrench firmly secured to the subject's foot with a boot.

Test protocol
Seven different tests were performed:
1 Passive anterior and posterior tibial displacement at
30 degrees of knee flexion (Force 0-200 N)
2 Anterior tibial displacement and axial rotation
caused by maximal voluntary isometric quadriceps
contraction against resistance at 30 degrees of knee
flexion
3 Passive anterior and posterior tibial displacement at
90 degrees of knee flexion (Force 0-200 N)
4 Posterior tibial displacement and axial rotation
caused by maximal voluntary isometric hamstring
contraction against resistance at 90 degrees of knee
flexion
5 Passive internal and external tibial rotation at 90
degrees of knee flexion and 5 Newton meters of
applied torque
6 Anterior tibial displacement during eccentric quad-
riceps activity (0 to 90 degrees of knee flexion) with 10
per cent of body weight attached to the foot
7 Tibial displacement and rotation during walking
(one complete step).
During exercises 1-6 the subjects were seated on a

quadriceps extension table. All measurements were
made both prior and immediately after the running
period. In addition, tests 1 and 3 were repeated 30
minutes after completion of exercises. Since only one
knee at a time could be'tested, one knee only per run-
ner was tested to ensure that the testing could be per-
formed immediately post-exercise. The left or right
knee was chosen at random. The paired, one-tailed t-
test was used in comparing pre- with post-exercise
laxity.

Test group
Twenty recreational long distance runners (eleven
men and nine women) volunteered for the test. This
test group was chosen because they were capable run-
ners and generally in excellent physical condition, as
demonstrated by the fact that 17 of these runners had
completed one or several marathons within the last
year. The group averaged 41 years of age (range
24-50). None of the subjects had had any previous
knee injury, and at physical examination no knee ab-
normalities were found. The subjects were asked to
run at 'sub-maximum speed' for 30 minutes. Warm-
ing-up or cooling-down exercises were not allowed.
The track was flat and the temperature between 5 and
10°C.

Results
A summary of the static anterior-posterior, joint laxity
data at 30 and 90 degrees of knee flexion are given in
Table 1 and Table 2 respectively. With few exceptions,
all mean values of passive laxity showed increases

Table 1. Pre- and post-exercise values of applied force versus
anterior and posterior tibial displacement at 30 degrees of knee
flexion in 20 athletes (20 knees). Mean values and one standard
deviation

50N lOON 150N 200N

Ant./Post. Ant./Post. Ant./Post. Ant./Post.
Pre-exercise 4.0/2.2 7.1/3.8 8.7/4.9 9.7/5.8

(±2.0) (±2.8) (±5.4) (±3.7)
Post-exercise 4.8/2.4* 8.1/4.5** 10.1/5.8*** 11.1/6.7**

(±1.9) (±2.9) (±3.9) (±4.1)
30 minutes 4.6/2.0 7.8/3.6 9.4/4.9 10.4/5.8
post-exercise (±2.0) (±2.8) (±3.7) (±4.1)

Ant. anterior (millimetres); Post. posterior (millimetres)
In parentheses: one standard deviation (total ant.-post. displacement)
Pre- versus post-exercise total anterior-posterior displacement:
***P < 0.005;**P < 0.01;*P + 0.025

Table 2. Pre- and post-exercise values of applied force versus
anterior and posterior tibial displacement at 90 degrees of knee
flexion in 20 athletes (20 knees). Mean values and one standard
deviation

50N lOON 150N 200N

Ant./Post. Ant./Post. Ant./Post. Ant./Post.
Pre-exercise 2.8/1.4 5.1/2.6 7.0/3.8 7.8/4.8

(±1.4) (±2.5) (±3.4) (±3.5)
Post-exercise 3.0/1.7* 5.4/3.3* 6.8/4.6 7.6/5.7

(±1.7) (±2.9) (±3.7) (±4.2)
30 minutes 2.6/1.5 4.5/2.8 5.8/3.8 6.7/4.7
post-exercise (±1.5) (±2.5) (±3.3) (±4.0)

Ant. anterior (millimetres); Post. posterior (millimetres)
In parentheses: one standard deviation (total ant.-post. displacement)
Pre- versus post-exercise total anterior-posterior displacement:
* P < 0.025

post-exercise, even if changes were not always statisti-
cally significant. A graphic presentation of the central
data from these tables is given in Figure 1 and Figure 2,
illustrating the different patterns of laxity increases
following exercise and laxity decreases following the
recovery period.
Quadriceps active, anterior tibial displacement at 30

degrees of flexion (test 2) did not demonstrate
lengthening after exercise; a pre-exercise mean dis-
placement of 7.9±2.0 mm was found, post-exercise
7.8±2.0 mm. Tibial axial rotation during this exercise
increased slightly, but the difference was not statisti-
cally significant (5.5±2.6 mean pre-exercise degrees of
tibial rotation versus 6.0±3.0 degrees post-exercise).
Hamstring active, posterior tibial displacement at 90
degrees of knee flexion (test 4) decreased by 6.3 per
cent from pre- to post-exercise (from 3.8±1.1 mm to
3.6±1.2 mm); tibial axial rotation also decreased
slightly during this manoeuvre (from 3.6±1.8 to
3.3±1.7 degrees of rotation or 7.0 per cent). These dif-
ferences are not statistically significant.

Passive axial tibial rotation at 90 degrees of knee flex-
ion increased only insignificantly from 17.9±4.9
degrees to 18.8±6.3 degrees post-exercise (5.0 per
cent).

Anterior-posterior tibial displacement measured
during walking showed only a moderate post-exercise
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Figure 1. Force (Newton) versus anterior and posterior tibial
displacement at 30 degrees of knee flexion: percentage increase
or decrease ofmean values relative to pre-exercise mean values
(20 knees)
--- Immediately post-exercise
-30 minutes post-exercise

Figure 2. Force (Newton) versus anterior and posterior tibial
displacement at 90 degrees of knee flexion: percentage increase
or decrease of mean relative to pre-exercise mean values (20
knees)
--- Immediately post-exercise
-30 minutes post-exercise

increase (6.3 per cent). However, a significantly
(P < 0.025) increased axial tibial rotation post-exer-
cise was observed with walking (15 per cent). Figure 3
illustrates anterior tibial displacement pre- and post-
exercise during eccentric quadriceps activity. The
maximum mean increase (18 per cent) over pre-exer-
cise levels was found at 30 degrees of knee flexion.

Discussion
Weisman et al. studied effects of competitive exercise
on the medial collateral ligament in vivo and found a
mean increase in compliance of 22.8 per cent6. Stoller
et al. determined the effects of exercise on torsional
knee laxity and found significant laxity increases of 14
per cent, peaking between 10 to 20 minutes after exer-
cise and returning to normal after 60 minutes5. In con-
trast, post-exercise rotational laxity in our study
increased by only 4.9 per cent. However, we applied
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Figure 3. Pre- and post-exercise, anterior tibial displacement
during eccentric quadriceps activity with 10 per cent of body
weight attached to the foot (anterior tibial displacement with
eccentric loaded quadriceps activity (0 to 90 degrees of knee
flexion) relative to tibial displacement during unloaded, passive,
relaxed knee flexion). Mean values and one standard deviation
(20 knees)

pre-exercise
--- post-exercise

considerably less torque and the rotational laxity tests
were performed within the first five minutes post-
exercise. We may therefore have missed the peak
values.
Using Stryker's knee laxity tester, Steiner et al.

tested a group of distance runners and found post-
exercise, passive, antero-posterior laxity increases be-
tween 18 and 20 per cent at 20 degrees of knee flexion4.
In comparison we found increases between 15 and 16
per cent at 30 degrees of knee flexion. Skinner et al.,
using a knee arthrometer (KT 1000) to quantify
anterior-posterior knee laxity, found less anterior-
posterior laxity increase post-exercise (11 per cent)3.
However, their exercise protocol was somewhat dif-
ferent, with recovery periods interspersed, making
direct comparisons difficult.
Based on these studies and the findings of the pres-

ent study, it seems fairly conclusive that exercise does
increase knee joint laxity, both torsional, valgus-varus
and anterior-posterior laxity. However, the cause of
this laxity increase is unclear. Theoretically, there are
at least two possible sources. It could be caused by
ligamentous laxity resulting from the exercise, by de-
creased muscle resting tone from fatigue, or possibly
by the combined influence of these factors.
Animal studies have documented that ligaments res-

pond to physiological stresses in the form of training
in running machines or long term jumping exercises
by increasing strength, and conversely that immobil-
ization causes a reduction in strength7-9. The fact that
insufficiency of the cruciate or collateral ligaments
cause symptoms can be taken as indirect evidence that
these ligaments are subjected to significant loading in
vivo by many activities of daily living.
More direct evidence has been provided by Henning

et al.10. In an in vivo study of the load-elongation
characteristics of grade II anterior cruciate ligament
sprains using strain gauges, they found significant
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elongation of the anterior cruciate ligament with many
activities not normally considered strenuous (jogging,
walking, quadriceps exercise). Maximum elongation
was found with down-hill running.
While these studies indicate that ligaments are sub-

jected to significant stress under physiological condi-
tions, they do not prove that this stress can actually
produce significant elongation of the ligamentous re-
straints of the knee.

Theoretically, capsular structures and ligaments in
and around the knee could be expected to demon-
strate visco-elastic behaviour, responding with elong-
ation phenomena to repetitive stress, as a primary
constituent of these structures is collagenous tissue.
Although no definite proof of this theory has been
supplied, several studies indicate that the laxity in-
crease observed post-exercise is indeed caused by an
increase in ligamentous laxity, rather than the result of
decreased muscle resting tone caused by muscular
fatigue.

Steiner et al. measured anterior-posterior laxity be-
fore and during general anaesthesia and found no dif-
ference4, indicating that functionally complete muscle
relaxation can be obtained during testing of an un-
anaesthetized individual, and that the influence of
muscle tonus can therefore be disregarded. However,
only 12 knees were tested in 11 individuals, so this ob-
servation may, therefore, not be universally true.
Also suggestive of a ligamentous response, rather

than a muscle response, are the findings of Stoller et
al.5. They found differences in the rate of return to nor-
mal laxity due to physical modalities - application of
ice, heat or ultrasound to the knee - not the muscula-
ture around the knee. In our study, the post-exercise
anterior-posterior laxity increase observed with
eccentric quadriceps activity would also be difficult
to explain if an increased ligamentous laxity is not
assumed.
In an in vitro study using cadaver knees, Markolf et

al. determined the effect of joint load on anterior-pos-
terior laxity at 20 degrees of flexion, and found
changes of about one millimetre with a change in joint
load of 100 Newton'. A decrease in joint load of 100
Newton due to muscle fatigue post-exercise could ac-
count for the increased laxity observed in our study.

In part, the results of this study and the study by
Skinner et al. indicate a modifying influence of muscle
tonus on post-exercise laxity in vivo3. Skinner et al. sub-
jected the athletes' right knees to both sprinting and
isokinetic exercises, whereas the left knee was sub-
jected to sprinting exercises only with a recovery
period, while the contralateral knee was isokinetically
exercised. Under these circumstances, they found
post-exercise laxity increase in the left knee only. This
suggested that increased joint load, due to increased
resting muscle tone in the isokinetically exercised
muscles, caused the lack of post-exercise laxity in-
crease in the right knees.

In our study, explaining the pattern of antero-
posterior post-exercise laxity increases at 30 and 90

degrees of knee flexion and the subsequent laxity de-
creases after 30 minutes of recovery would be difficult if
a modifying influence of muscle tone was not assumed
(Figure 1 and Figure 2). More uniform increases
throughout the range of applied force, regardless of
the direction of the force applied, would be expected,
as would a more uniform decrease following the re-
covery period.

Pre- and post-exercise values for peak force during
isometric quadriceps and hamstring exercises were
not measured in our study. A possible explanation of
the lack of increase in post-exercise antero-posterior
laxity during these tests could be a decrease in quadri-
ceps and hamstring force because of fatigue, as indi-
cated by Sherman et al., who found 30 per cent to 35
per cent reduced quadriceps and hamstring strength
after a marathon'2. The unchanged laxity could there-
fore represent an actual increase, in that it was caused
by exertion of less muscular force.

In conclusion, exercise induces transient significant
increase in knee joint laxity. The exact mechanism of
the increased laxity is unknown. The most probable
explanation seems to be a true ligamentous laxity in-
crease, modified by alterations in muscle tone.
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