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Passive muscle tension augments the anterior 
cruciate ligament 
An in vivo study in the rat 

Arne Kristian Aune',', Lars Nordsletten' and Arne Ekeland3 

The contribution by passive muscle tension to the plex of the left knee was tested. The mean ultimate 
structural load-bearing capacity of the anterior tensile load on the anterior ligament augmented by 
(cruciate) ligament in the anesthetized rat was muscle tendons was 48 percent higher. The energy 
investigated. Using a stereomicroscope, the joint absorption at failure was 84 percent higher; and the 
capsule and ligaments of the right knee, except the stiffness 26 percent higher. The deformation re- 
anterior ligament, were cut and the menisci mained unchanged. This investigation suggests 
removed leaving the anterior ligament and the ten- that, when the strain rate is high, muscle may be 
dons of the denervated muscle to constrain the passively stretched and thus absorb energy and 
knee. The ligament was tested in tension until fail- increase the force needed to rupture the anterior 
ure, using a loading rate of 2.5 mm s-' (- 0.6 s-'). ligament. 
As a control, the femur-anterior ligament-tibia com- 
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The knee must rely on protective mechanisms in ad- 
dition to its ligaments because the load during vigor- 
o u s  activities substantially exceeds ligament strength 
( K u o  et nl. 1983, Woo et al. 1991). Hamstrings and 
gastrocnemius co-contraction have been shown to 
protect the anterior cruciate ligament against rupture 
in ;in i n  v i v o  rat model (Aune et al. 1994). But the 
effect of muscle protection in a trauma situation de- 
pends upon the magnitude of muscle contraction at 
the instant of injury (Pope et al. 1979). In some inju- 
ry circumstances muscles are already contracting at 
;I significant level. In other circumstances they are 
minimally contracted and, despite the existence of a 
reflex arc between ligament strain and hamstring 
contraction (Solomonow et al. 1987. Miyatsu et al. 
1993). the reaction time from loading until the ham- 
string contract may be too long to produce protective 
muscle contraction (Pope et al. 1979, Solomonow et 
al. 1987). However, the passive, noncontractile prop- 
erties of muscles are always present. 

The aim of this investigation was to study wheth- 
er passive muscle is tensioned sufficiently to aug- 
ment the anterior ligament loaded in tension to fail- 
ure. 

Animals and methods 

I0 male Wistar/Han/Mol SPF rats (Mdlegiircl, 
Copenhagen) with a mean weight o f  423 (410436)  
g were used. The animals were anesthetized with ;I 
combination of Hypnorm (fluanisone 5 rnglml-feii- 
tanyl citrate 0. I575 mg/niL. Jansen Pharmaceutica 
BV, Beerse, Belgium) and Dormicurn (mitlamlam 
2.5 mg/mL, Hoffmann-La Roche, Rasel. SwitLcr- 
land). The dose was 0.2 rnL/100 g body weight in- 
jected subcutaneously. The experiment confornmed to 
the Norwegian Council's Research Code f o r  the 
Care and Use of Animals for Experimental Purposes. 

An arthrotomy of the right knee was performed 
through a medial parapatellar incision. using ;I stere- 
omicroscope (Nikon SMZ-2T. Japan). The patella 
was dislocated laterally. the medial colluteral lign- 
ment divided and the medial meniscus removed. The 
cruciate ligaments were identified. and the posterior 
cruciate was cut at its femoral insertion. Then the 
posterior capsule and the lateral collateral ligament 
and capsule were divided and the lateral meniscus 
was removed. leaving only the anterior ligament. 
hamstring, gastrocnemius and patellnr tendons in- 
tact. The patella was reduced and ;I 2 mm pin h 8 a 5  

drilled from the point of insertion of the nieclial liga- 
ment transversely through the lateral lcmoral cnn- 
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Figure 1. The experimental test used to evaluate the in vivo 
load-bearing capacity of the anterior cruciate ligament aug- 
mented by passive tension from knee flexor and extensor ten- 
dons. A. Lateral view. 6. Frontal view. 

dyle. Another pin was drilled into the pelvis just 
above the hip joint. To ensure muscle relaxation, the 
ischiatic nerve was cut behind the hip joint and the 
femoral nerve was cut in the groin. The rat was sus- 
pended in a coat, leaving the right hindlimb free. A 
clamp was fixed to the lower leg with the ankle in its 
neutral position of 90'. A triangle to fix the hip and 
keep the knee flexed at 60" connected the transcon- 
dylar and the pelvic pin to a modular test apparatus 
(Figure I ) .  The ligament was tested in tension at a 
loading rate of 2.5 mm s-l (- 0.6 s-'). The left knee 
was used as a control and loaded correspondingly 
with the muscle tendons cut, leaving only the anteri- 
or ligament in a femur-tibia complex. 

The load in the test apparatus was measured with 
a load cell connected to a microcomputer via an am- 
plifier (Nordsletten and Ekeland 1993). The load- 
deformation curves were recorded on-line i n  Work- 
BenchMac (Strawberry Tree Incorporated. Sunny- 
vale, CA, U.S.A.).The failure mode was classified 
using the stereomicroscope. 

Student's paired I-test (two-tailed) was used for 
statistical evaluation. P < 0.05 was considered 
significant. 

Results 

Passive muscles had a pronounced effect on the 
structural capacity of the anterior ligament. The 
deformation to ligament failure elongated the mu\-  
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Figure 2 Typical load-deformation curves demonstrating the 
differences between the structural capacity of the rat anterior 
cruciate ligament tested with the muscles intact (A), and with 
tendons cut in a femur-tibia complex (8) The arrow indicates 
the load elongation curve for the passive muscles after 
ligament failure 

Table 1. Results for the right anterior cruciate ligament 
tested in tension in the intact rat hindlimb augmented by 
passive muscle tendons and for the left ligament tested in a 
femur-ligament-tibia complex. Mean, SD 

Muscle Ultimate Energy Linear Ultimate 
augmented tensile absorption stiffness deformation 

load at failure N/mm mm 
N Jx 1 0-' 

_. ~ 

Yes 45.8 7.78 9.4 2.8 19.8 4.ff 3.2 0.6 
No 31.0 3.8 5.1 1.0 15.2 2.2 2.7 0.4 

BPO.OO1,  bP0.004. ' P0 .03  

cles sufficiently to create tension. and at the moment 
of failure, the load decreased rapidly to represent that 
of muscle tension (Figure 2). All ligaments failed in 
their substance. The mean ultimate tensile load for 
the ligament augmented by muscle tendons was 48 
percent higher than for the femur-ligament-tibia 
complex. The energy absorption at failure was 84 
percent higher and linear stiffness 26 percent higher. 
The deformation remained unchanged (Table I ). 

Discussion 

The method gave reproducible results with a liga- 
ment mode of failure in all knees tested. The strength 
of the anterior cruciate depends on the orientation of 
the specimen during testing. The knee flexion angle 
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w;is therefore kept constant at 60". At this flexion 
angle. the ligament was loaded axially as observed 
after resecting the medial femor;il condyle in a pilot 
study. thus testing in the orientation of iiiaxiniuni 
strength (Woo el al. I99 I ). 

The strength of ligaiiients and tendons depends on 
the londiiig rate (Noyes et al. 1974). Crowninshield 
and Pope ( 1976). calculating the strain rates during a 
4 i ing  injury mechnnim on the basis of a rat model. 
fiiund that strain rates beyond 0.5 SK' probably oc- 
curred during ligament injuries. Our loading rate of  
2.5 nim s I was equivalent to a strain rate of about 
60 percent per sec for the anterior cruciate ligament 
of 70-week-old male Wistnr rats. 

The knee and hip flexion angle during testing 
conlormecl to the habitual llexed position of  the rat 
hiriclliinh (Evans et al. 1960). keeping the musclcs at 
their resting length. At their resting length, muscles 
do not produce any passive tension (Crawford and 
James 1980). When the muscle is stretched beyond 
its rehting length. passive tension develops in the 
piirallel mcl serial elastic components (Keele et aI. 
IOX7). Our experiment showed that, during deforma- 
tion to cruciate failure, the muscles Lire elongated 
siil'ficicntly to elicit passive tension. Monoarticular 
mti\cles arc not  stretched enough for the possive ten- 
\ion to play any important role (Craw ford and James 
I%W). For hiarticular muscles the extreinez o f  the 
length-tension relationship may be reached (Craw- 
lord iind James 1980). For example. when ;I skier 
tall\ backwards from loss of balance, the knee is 
llrxecl and the hip extended elongating the recttis 
lemoris. Trauma situations with hip and dorsal foot 
Ilexion ;ind knce extension may tension the gastroc- 
nemius and hamstrings suhstantially und thus in- 
crease the muscular augmentation of the knee. 

On the hasis o f  i n  vitro studies of the anterior cru- 
ciate ligament, ;in inherent biological safety margin 
of ;I I :5 ratio of  normal activity force to ultimate 
load has been proposed (Noyes el al. 1974). In vitro 
studies are incomplete as this biological safety mar- 
gin is higher in vivo due to contracting muscles 
(Aune et d.  1994). The results of our  experiment i n -  
ply that muscle protection should be considered. 
even in  the absence of contraction at the instant of 
injury. 


