Effect of Cyclic Tensile Loading on Ligament and
Ligament-bone Junction
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Fig.5. Photomicrograph of infrapatellar fat pad after 4 hr 6 kgf cyclic tensile loading. (A) Immediately after the stimulation hemorrhage
in the infrapatellar fat pad was apparent (arrowhead) (HE stain, X 250). (B) Significant fibrosis was completed by 2 weeks (HE stain, X
250).
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Fig.1. Photograph of the original external fixator and its control unit. (A) Two 1.2 mm Kirshner wires were inserted into the patella and
three into the tibia, and our original external fixator was attached to these wires. This external fixator was composed of four rings, two
rods like Ilizarov external fixator, and two air cylinders. (B) Air compressor (AC) gave pressure to air cylinders (C), and electromagnetic
valve (EV) controled the pressure in the air cylinder. The electromagnetic valve was driven by a power amplifier (PA), and the cyclic
change of the amplitude into the PA was controled by a twin timer (T) and HC relay (HCR).
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Fig.2. Shema of the procedure in which cyclic tensile loading
was applied to the patellar ligament and ligament-bone
junction. Kirshner wires were inserted into the patella and the
tibia, and our original external fixator (EF) was attached to
these wires. Air cylinders (C) connected the patellar part of
the external fixator to its tibial part, and the cyclic change of
pressure in the air cylinders gave rise to cyclic tensile loading
to the patellar ligament and ligament-bone junction. Air
compressor (AC) and electromagnetic valve (EV) were
designed to control the pressure in the air cylinder. Pressure
transducer (PT) and recorder (R) were to monitor the
pressure.
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Fig.3. Typical load-deformation curve of tensile testing. Six
normal knees, four knees after 12 kgf tensile stimulation X 10,
and four knees at each interval after 4 hr of 12 kgf tensile
stimulation were used for mechanical testing. They were
tested for the tension failure at a deformation rate of 20
mm/min. Yielding load, maximal load, and AF value, that was
inclination of the lineal part, as the property of stiffness, were
calculated from the load-deformation curve.
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Fig.4. Photomicrograph of the normal rabbit patellar ligament and ligament-bone junction. (A) In the ligament-bone junction,
fibrocartilage zone was recognized between the ligament (L) and bone (Bo) (HE stain, X 25). (B) The fibrocartilage zone was divided into
the non-mineralized fibrocartilage zone (NC) and mineralized fibrocartilage zone (MC) by tide mark (arrowhead) (HE stain, X 160). (C)
In the ligament, collagen fibers were arranged regularly and spindle shaped fibroblasts were recognized between dense closely packed
collagen fascicles (HE stain, X 250). (D) Using polarized light microscopy, regularly arranged collagen fibers could be clearly observed
(HE stain, X 160).

Fig.5. Photomicrograph of infrapatellar fat pad after 4 hr 6 kgf cyclic tensile loading. (A) Immediately after the stimulation hemorrhage
in the infrapatellar fat pad was apparent (arrowhead) (HE stain, X 250). (B) Significant fibrosis was completed by 2 weeks (HE stain, X
250).
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Fig. 6. Photomicrograph of ligament bone junction after 4 hr 6
kgf cyclic tensile loading. (A) Indistinction of tide mark which
is between non-mineralized fibrocartilage zone (NC) and
mineralized fobrocartilage zone (MC) is observed 2 weeks
after the stimulation (HE stain, X 63). L, ligament; Bo, bone.
(B) At the non-mineralized fibrocartilage zone chondrocyte
proliferation is observed 2 weeks after the stimulation (HE
stain, X 250). (C) These changes vanish by 6 weeks (HE

" stain, X 250).

Fig.7. Photomicrograph of ligament and ligament-bone
junction near the patella insertion just after 12 kgf cyclic
tensile loading. (A) Low power photomicrogrph (HE stain, X
63). High power photomicrograph of area (b) and (c) in Fig. A
were shown in Figs. B and C. (B) In the deep layer of the
ligament substance near the patellar insertion, hemorrhage
between collagen fascicles (arrowhead) was observed (HE
stain, X 250). (C) Normal dense closely packed collagen
structure was destroyed, and dissociation and microrupture of
collagen fibers were apparent under the white arrow (HE
stain, X 250).
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Fig.8. Photomicrograph at the site of hemorrhage. (A) Polynuclear leucocytes infiltrated 24 hr after the stimulation (HE stain, X 250).
(B) Mononuclear inflammatory cells infiltrated 72 hr after the stimulation, and then a gradual fibroblastic proliferation was observed (HE
stain, X 250). (C) By 2 weeks inflammatory cells disappeared and irregulerly arranged newly formed fibrous tissues were apparent (HE
stain, X 250). (D) They were well oriented in the longitudinal axis and show normal appearance of the patellar ligament at 6 weeks (HE
stain, X 250).
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Fig.9. Photomicrograph at the site of dissociation of collagen fibers. (A) Immature more plump-shaped fibroblasts proliferate 72 hr to 2
weeks after the stimulation without inflammatory process. The newly formed collagen fibers were longitudinally aligned but not closely
packed at 2 weeks (HE stain, X 250). (B) At 6 weeks the cell population was decreased and normal ligamentous structures were repaired
(HE stain, X 250).
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Fig. 10. Photomicrograph of patellar ligament substance near
the patellar insertion site using polarized light. (A)
Dissociation of collagen fibers was clearly distinguished from
normal dense closely packed collagen fibers just after
stimulation (HE stain, X 160). (B) At two weeks the alignment
of collagen fibers was still irregular (HE stain, X 160). (C) At6
weeks uniformly and regularly aligned collagen fibers were
apparent (HE stain, X 160).

Fig. 11. Photomicrograph of patellar ligament substance near
the patellar insertion site examined by electron microscopy in
transverse section. (A) Small and large diametric collagen
fibrils were arranged closely, that was in a bimodal
distribution, in normal ligament (X 2200). (B) Collagen fibrils
are dissociated and some space among fibrils was present just
after 4 hr of 12 kgf stimulationm (X 2200). Small diametric
fibrils were gradually increased, and then (C) many small
diametric fibrils were filled among a small number of large
diametric fibrils (X 2200).
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Fig. 12. Photomicrograph of patellar ligament substance near
the patellar insertion site examined by electron microscopy in
longitudinal section. (A) Normal ligament contains straightly
aligned and closely arranged collagen fibrils (X 2200). (B)
Collagen fibrils were irregulaerly aligned just after stimulation
(X 2200). (C) Two weeks later fine collagen fibrils without
stripes (black arrow) were arranged (X 2200).
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Table 1. The failure mode of patella-ligament tibia complex after tensile testing

Number of cases

Failure mode

Cont 12 kgf X 10

Time after 4 hr 12 kgf stimulation

IS 24 hr 72 hr 2w 6w
Pa-avulsion 6 4 1 2 1 1 1
Ti-avulsion 1
Ligament 1 1 1
Pa-avulsion+ligament 2 2 2 2 2

Pa, patella ; Ti, tibia ; Cont, control ; 12 kgf X 10, 12 kgf tensile stimulation X 10 times ; IS, immediately after

stimulation ; w, week.

T I il ] 1

I T
12ket o oanr72hr 2w 6w

Cont x10

Fig. 13. Change in the maximum tensile load of patella-
ligament-tibia complexes. X &= SD were shown. The values in
immediately (immediately after the stimulation, IS), 24 hr, 72
hr, 2 weeks (w), 6 w after 4 hr of 12 kgf stimulation, that just
after 12 kgf tensile stimulation X 10 times (12 kgf X 10)
showed no significant difference statistically as compared to
those of normal ligament (t-test).

*
—e—

T T T T T 1
Cont 12kaf (g og4hr 72hr 2w 6w
X10

Fig. 14. Change in the yielding load of patella-ligament-tibia
complexes. ¥ = SD were shown. The yielding load
immediately after 4 hr of 12 kgf stimulation was significantly
different as compared to those of normal ones (t-test, *
p<0.05), but they recovered to normal after 24 hr (24 hr, 72 hr,
2w, and 6 w).
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Cont 1><21‘Bgf IS 24hr 72hr 2w 6w

Fig. 15. Change in the AF value of patella-ligament-tibia
complexes. ¥ + SD were shown. The AF value of normal
ligaments and those of 12 kgf X 10 had no significant
difference statistically (t-test). All AF value in each interval
after 4 hr of 12 kgf stimulation (IS, 24 hr, 72 hr, 2 w, and 6 w)
were statistically smaller than those of normal ligaments (t-
test, * p<0.05).
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Abstract

Many athletes suffer from overuse syndrome at the ligament and ligament-bone junction, i.e. enthesopathy, which is
chronic and refractory to treatment because the etiology is unclear. In this study we established an original experimental
model and clarified the effect of cyclic tensile loading on the ligament and ligament-bone junction. Using our original
external fixator, the patellar ligament was stretched cyclically. The Tensile load was 6 and 12 kgf, the cycle 60 hertz, and the
duration 4 hours. In both groups, immediately 24, 72 hours, 1, 2, 6 weeks after stimulation the patellar ligament and ligament-
bone junction were examined histologically, and in the 12 kgf group tensile testing was performed. Maximum load, yielding
load, and AF value, the linear inclination of load-deformation curve, were calculated. Immediately after 6 kgt stimulation,
hemorrhage in the infrapatellar fat pad was apparent and significant fibrosis had occurred by 2 weeks. Chondrocyte
proliferation at the non-calcified fibrocartilage layer of the patellar insertion was observed after 2 weeks, but there were no
changes in the ligament substance. After 12 kgf stimulation, in the deep layer of the ligament substance near the patellar
insertion, hemorrhage and dissociation of collagen fibers were apparent. The hemorrhage was gradually replaced. by fibrous
tissue accompanied with inflammation, and the dissociation of collagen fibers was repaired without inflammation. At 6
weeks, closely packed collagen fibers were formed, but using electron microscope smaller diametric fibrils were seen to have
increased in number. The failure mode of all normal ligament-bone complexes was the avulsion of patellar insertion, but most
of these after stimulation shifted to the ligament substance. Maximum load after stimulation showed no significant difference
as compared with normal ligament (38.3 &= 7.8 kgf) (X £ SD). Yielding load just after stimulation (21.3 £ 8.6 kgf) was
significantly lower than that of the normal (32.0 = 5.9 kgf) (p<0.05), but it recovered to normal after 24 hours. AF value at
each interval after stimulation was significantly decreased as compared with that of the normal (16.1 & 3.1 kgf/mm) (p<0.05).
From this study, 12 kgf cyclic tensile loading, that is only 32% of the maximum failure load, caused some damage to the
ligament and ligament-bone junction, where the pathology of a jumper’s knee usually occurs. The damage hadn’t regenerated
completely even at 6 weeks. Therefore, we could expect that additional tensile loading in the period of such repairing process
would make more progressive damage leading to a chronic and refractory lesion. In the future, our experimental model may
contribute to the establishment of treatments for enthesopathy in athletes.




