Effects of Cyclic Tensile Loading on Ligaments
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Fig.1. Photographs of the methods of Jumper's knee model.
(A) Two 1.2 mm Kirshner wires were inserted into the patella
and three into the tibia. (B) An original external fixator
developed by Kobayashi et al was attached to these wires.
This external fixator was composed of four rings, two rods
resembling those used for the Ilizarov external fixator, and two
air cylinders. These cylinders connected the patella to the
tibial part, and the cyclic change of pressure in the cylinder
resulted in cyclic tensile loading to the patellar ligament. (C)
Shema of the methods of Jumper’s knee model. Air
compressor and electromagnetic valve are to controle the
pressure in the air cylinder. Pressure transducer and pen
recorder are to monitor the pressure.
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Fig. 2. Normal patellar ligament near the patellar insertion.
(A) Electron micrograph of a normal patellar ligament near the
patellar insertion in transverse section. (X 20000) Small and
large diameter collagen fibrils (bimodal pattern) were
aggregated close together. (B) Histogram of the normal
patellar ligament insertion showing the distribution of the
collagen fibrils of various diameters. The collagen profile was
bimodal distribution. The large-diameter fibrils ranged from
160 nm to 320 nm, small-diameter ones from 25 nm to 150 nm.
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Fig.3. Patellar ligament near the patellar insertion
immediately after stimulation. (A) Electron micrograph of a
typical patellar ligament near the patellar insertion
immediately after stimulation. (X 20000) The dissociation of
collagen fibrils and disappearance of large-diameter fibrils
were apparent. (B) Histogram of the patellar ligament
insertion immediately after stimulation showing the
distribution of the fibrils of various diameters. The number of
the large-diameter fibrils decreased, but that of small-diameter
fibrils remained the same.
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Fig.4. Patellar ligament near the patellar insertion 1W after
stimulation. (A) Electron micrograph of a typical patellar
ligament near the patellar insertion 1W after stimulation. (X
20000) The collagen fibrils had separated further and wide
separation was seen in places. (B) Histogram of the patellar
ligament insertion 1W after stimulation showing the
distribution of the collagen fibrils of various diameters. The
large-diameter fibrils more than 200 nm disappeared.
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Fig. 5. Patellar ligament near the patellar insertion 3W after
stimulation. (A) Electron micrograph of a typical patellar
ligament near the patellar insertion 3W after stimulation. (X
20000) The small-dimeter collagen fibrils had aggregated at
the site of the separation. (B) Histogram of the patellar
ligament insertion 3W after stimulation showing the
distribution of the collagen fibrils of various diameters. The
number of small-dimeter collagen fibrils (40 to 60 nm)
incresed remarkably.
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Fig. 6. Patellar ligament near the patellar insertion 6W after
stimulation. (A) Electron micrograph of a typical patellar
ligament near the patellar insertion 6W after stimulation. (X
20000) Most of the fibrils were small-diameter with few large
fibrils present. (B) Histogram of the patellar ligament
insertion 6W after stimulation showing the distribution of the
collagen fibrils of various diameters. The collagen fibril profile
was almost unimodal and the maximum cross-sectional area of
fibrils at 60 nm and that the small fibrils occupied about more
than 90% of the total collagen fibrils.
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Fig. 7. Patellar ligament near the patellar insertion 12W after
stimulation. (A) Electron micrograph of a typical patellar
ligament near the patellar insertion 12W after stimulation. (X
20000) Most of the fibrils were small-diameter fibrils present.
(B) Histogram of the patellar ligament insertion 12W after
stimulation showing the distribution of the collagen fibrils of
various diameters. Most of the cross-sectional area was
represented in the small-diameter collagen fibril groups, which
resulted in a unimodal pattern in the collagen profile.

Fig.8. Histogram of collagen fibril density at the ligament
damaged by cyclic tensile loading. Collagen fibril density
increased slightly immediately after stimulation, but at 1week
decreased to 80%, and at 2 weeks had increased again to as
high as normal density. Between 3 and 12 weeks, the density
increased significantly as compared to those of normal
ligament. Each value is ¥ £SD (n=4). * p<0.05, *#*p<
0.001, (t-test).
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Fig.9. Percentage of the cross-sectional area covered by
collagen fibrils at the ligament damaged by cyclic tensile
loading. They decreased significantly as compared to those
of normal ligament for each interval after stimulation. Each
value isX £ SD (n=4). 3 p<0.05, (t-test).
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Fig. 10. - Immunostaining of the patellar-ligament complex after cyclic tensile loading. (A) Type I collagen in controls was negative. (X 63)
IPF, infrapatellar fat pad; L, ligament ; P, patella. (B) Type II collagen for each interval after stimulation was positive in the deep layer of
the ligament substabce near the patellar insertion where the histological changes were observed with light microscopy. (X 250)
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Fig. 11. Immunoelectron micrograph of type Il collagen fibrils at 12 weeks recognized by anti-type I collagen after immunogold labelling.
(A) Longitudinal view. The collagen fibril was labelled periodically with anti-type II collagen antibody after immunogold labelling. (X
50000) (B) Transverse view. Most of the small diameter fibrils (about 60 nm) are labelled by anti-type I collagen antibody after
immunogold labelling. (X 50000)
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Fig.12. Change in the AF value of patella-ligament-tibia
complexes. All AF values for each interval stimulation (IS,
2w, 6w, 12w) were statistically smaller than those of normal
ligaments. Each value isX £ SD (n=4). * p< 0.05, (t-test).

% =

AR = VHMETH S NSRS E L4 B BB
Do THHOTES L IBIWHLTELIRETH L0127
WLT, AR VREETHLNBWHERGEIBAN 29 Y E
L o 7z RE 7 WRTH 2 L FHENS,

AR =V EEDFFEMIE, T o~ F = 00
EMRE 2EEMERLTH S, Cooper®iZ 4 X DB H R
NARRIBHEOB~OAFR % LREMBECHEL T, ¥9% -
FEHERCE - AIR(URMERRE - B L) 4BD 5 % 2 %%
ECOTHSL»III Lz, £72, Niepel?ZW#HEHOBET
FHRLMBEEIROFEETRE LT, ZOWMUEAHFR LT
7. W EERE, BRI L AR TH A RL A M EOBA
THE7ZONFENA P L APEENDL Y, s ORIEEHEL
B Y BRI TH B.

WA AR RIL, WEIILEE R OEREI TH LAY, KE

Table 1. The failure site of patella-ligament-tibia complex after
tensile testing

Number of cases

Failure site 1S 2w 6w 12w

Pa-avulsion
Ti-avulsion

Ligament
Pa-avulsion+ligament
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The site of the failure of all normal patella-ligament-tibia
complex was patellar insertion, but for most of the stimulated
ligaments, it was located in the midsubstance of ligaments. Pa,
patella; Ti, tibia; N, normal; IS, immediately after stimulation;
2w, 2 weeks after stimulation; 6w, 6weeks after stimulation;
12w, 12 weeks after stimulation.
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Effects of Cyclic Tensile Loading on Ligaments Kazuo Katayama, Department of Orthopaedic Surgery, School of
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Abstract

The process of injury and repair of the ligaments in an enthesopathy model was investigated in terms of the structure of
collagen fibrils in order to analyse the pathology of enthesopathy, a refractory disease associated with athletes. The patellar
ligaments of skeletally mature Japanese white rabbits were stretched cyclically with a tensile load of 12 kgf for a duration of 4
hours (14400 times). The injured patellar ligament near the patellar insertion was examined by transmission electron
microscopy and immunohistochemistry from immediately after to 12 weeks after stimulation. Just after stimulation,
dissociation of collagen fibrils and disappearance of the large-diameter collagen fibrils were apparent. Three weeks later,
small-diameter collagen fibrils had aggregated at the site of the separation. Six weeks later, most of the fibrils were small in
diameter with only a few large fibrils present. Finally, twelve weeks later, only small-diameter fibrils were observed. The
photographs were analyzed directly with an image analyzer to obtain fibril diameter measurement, and the density and
percentage of the area covered by fibrils. It was found that collagen fibril density had increased significantly after 3 weeks
and that the percentage of the cross-sectional area covered by collagen fibrils decreased significantly during every interval
after stimulation. Immunohistochemical staining of type III collagen was not observed in the controls, but was positive for all
intervals after stimulation. Immunoelectron microscopy showed that the fine collagen fibrils (about 60nm in diameter) reacted
positively to anti-type III collagen antibody after immunogold labelling. These results indicate that the injury associated with
enthesopathy consists of the dissociation of collagen fibrils and the disappearance of large-diameter collagen fibrils, and that
repair is performed by type Il collagen fibrils. Even 12 weeks after stimulation, the injured ligament contained only small-
diameter collagen fibrils, which is different from a normal ligament, which contains both small- and large-diameter collagen
fibrils (bimodal pattern). The relation between the structure of the collagen fibrils and their mechanical properties suggests
that the appearance of small-diameter collagen fibrils during the repair process is related to a decrease in stiffness, and the
significant decrease in the percentage of the cross-sectional area covered by collagen fibrils is related to the continuing
fragility of the ligament insertion. Therefore, additional tensile loading of the lesion repaired by small-diameter collagen
fibrils would cause progressive damage leading to a chronic and refractory lesion.




