An Experimental Study Regarding Regeneration
of the Ligament and Ligament-Bone Junction in
the Frozen Allograft
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Fig.1. Schema of the transplantation of the frozen allogra-
fts. From donor rabbits, tibial bone {ragments associated
with 5 mm of the patellar ligament were collected. Then,
the prepared grafts are stored aseptically at —80°C for at
least 2 weeks before transplantation. In forty-two recipient
rabbits, the patellar ligaments are severed and bone
defects similar in shape to that of the grafred bone are
prepared. The frozen allografts are thawed and fixed to
the bone defects. The patellar ligaments of the host side
are sutured to the ligaments of the grafted bone side, and
then the fixation is strengthened by tension band wiring.
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Fig. 2. Photograph of the mechanical testing. Six rabbits
each are sacrificed at 6, 12, and 24 weeks after transplan-
tation, and the patella, patellar ligament and tibial complex
are subjected to a tensile strength test with a universal
testing machine (a). The patellar ligament is pulled at an
angle 90 degrees against the tibia so that rupture occur in
the ligament-bone junction (b).
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Fig.3. Photomicrograph of the normal rabbit patellar ligament and ligament-bone junction. In the ligament (PL), collagen fibers
are arranged regularly and the fibrocartilage zone is present between the ligament and bone (TB) (a) (hematoxylin-eosin stain,
X25) (b) (hematoxylin-eosin stain, X40). The fibrocartilage zone is divided into the non-mineralized cartilage zone (NC) and
mineralized cartilage zone (C) (¢) (hematoxylin-eosin stain, X40). The mineralized cartilage zone is stained clearly with toluidine
blue (d) (toluidine blue stain, x40).

(a)
Fig.4. Photomicrograph of the normal rabbit patellar ligament and ligament-bone junction using polarized light microscopy. In

the ligament (PT), regular arrangement of collagen fibers can be seen. In the ligament-bone junction, so-called Sharpy fibers
entering the bone (TB) can be clearly observed (a) (hematoxylin-eosin stain, x20), (b) (hematoxylin-eosin- stain, X 40).
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Fig.5. Microangiogram of the normal rabbit patellar
ligament and ligament-bone junction. The patellar
ligament (PT) mainly receives vessels from the infrapatell-
ar pad. There is a zone void of contrast filled vessels
close to the ligament-bone junction (arrow). Endosteal
tibial vessels do not anastomose with endoligamentous
vessels. ; F, femur, T, tibia.

(a)

Fig. 6. Macroscopic findings of the grafted ligament and ligament-bone junction. At 6 weeks after transplantation (a), the
sutured area (arrow) resembled a scar tissue. ~ At 12 weeks after transplantation (b), the sutured area (arrow) is almost
undetectable and at 24 weeks after transplantation (c) the grafted ligament is regenerated to an almost normal ligament.
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Fig.7. Microangiogram of the grafted ligament and ligament-bone junction. Early graft revascularization is seen at 6 weeks (a).
At 12 weeks, grafts are extensively vascularized (b), and this increased vascularity diminishes at 24 weeks (¢). Arrows show

the ligament-bone junctions.

(a) " T ()

Fig.8. Photomicrograph of the grafted ligament and ligament-bone junption at 4 weeks after transplantation revealing a marked
growth of fibroblasts (arrows) in the sutured area of the ligament and around the grafted ligament (GL) (a) (hematoxylin-eosin
stain, X30). Few or no newly formed collagen fibers are found in the grafted ligament, and there are no viable cells in the

ligament-bone junction (b) (hematoxylin-eosin stain, x30). HL, host ligament, GB, grafted bone.
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Fig. 9. Photomicrograph of the grafted ligament and ligament-bone junction at 6 weeks after transplantation. Newly formed
collagen fibers enter the grafted ligament (GL) from the sutured area and its surrounding area (a) (hematoxylin-eosin stain,
% 30). A few fibroblasts (arrows) enter the ligament-bone junction, but in the cartilage zone (CZ) no changes are seen as
compared to the findings obtained at 4 weeks (b) (hematoxylin-eosin stain, x40). HL, host ligament.

(c)

Fig. 10. Photomicrograph of the grafted ligament and ligament-bone junction at 12 weeks after transplantation. It shows regular
arrangement of collagen fibers in the sutured area and grafted ligament (a) (hematoxylin-eosin stain, Xx40). In the
ligament-bone junction, a growth of viable fibrocartilage cells is seen from the ligament zone to the non-mineralized cartilage
zone (NC). In the mineralized cartilage zone (C) also a growth of cartilage cells is observed partially (b) (hematoxylin-eosin
stain, x40), (c¢) (toluidine blue stain, X40). B, bone zone.
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Fig.11. Photomicrograph of the grafted ligament and
ligament-bone junction at 24 weeks after transplantation.
The grafted ligament is regenerated to almost normal
ligaments (a) (hematoxylin-eosin stain, X40). In the
ligament-bone junction, the non-mineralized and mineralized
cartilage zones (NC, C) are replaced with newly formed
viable cells. - Arrows show a newly formed mineralized
cartilage zone (b) (hematoxylin-eosin -stain, - x40); (c)
(toluidine blue stain, X 40). B; bone zone.
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Fig. 12. Microphotograph of the grafted ligament and
ligament-bone junction using polarized light. At 6 weeks
after transplantation arrangement of the ligament is not
regular but in the ligament-bone junction, Shapy fibers can
be seen (a) (hematoxylin-eosin stain, X40). At 12 weeks
normal findings of the patellar ligament and ligament-bone
junction are shown. In the ligament and the ligament-bo-
ne junction, irregular arrangement of collagen fibers is
seen (b) (hematoxylin-eosin stain, X20). At 24 weeks
after transplantation in the ligament-bone junction, Sharpy
fibers entering into the bone can be clearly observed again
(c) (hematoxylin-eosin stain, xX40). GL, grafted ligament,
GB, grafted bone.
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Fig. 13. Changes in maximal strength of the ligament-bone
junction. Means+tstandard deviations are shown. The
difference in the ratio between 6 and 12 week and that
between the 12 and 24 week were statistically significant
(t-test, p<0.001).
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Fig. 14. Photomicrograph of the ligament-bone junction after mechanical testing. On the control side, rupture is occured between
the mineralized cartilage zone (C) and the bone zone (B) (a) (hematoxylin-eosin stain, x100). At 6 weeks, rupture occurs
between the ligament zone (L) and the non-mineralized cartilage zone (NC) (b) (hematoxylin-eosin stain, x40). At 12 weeks,
rupture occurs between the non-mineralized cartilage zone and the mineralized cartilage zone (c) (hematoxylin-eosin stain,
x100). At 24 weeks, rupture occurs between the mineralized cartilage zone and the bone zone (d) (homatoxylin-eosin stain,

X 100).
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Abstract

The changes occuring in the ligament and ligament-bone junction transplanted with the allograft bone have not been elu-
cidated. We conducted the following experiments to observe how the ligament and ligament-bone junction in the frozen
allograft are regenerated morphologically and functionally. A bone fragment of the tibia with patellar ligament was resected
from the knee of a rabbit and stored aseptically at —80°C. In forty-two adult rabbits, the patellar ligaments were severed and
bone defects similar in shape to that of the grafted bone were prepared. The frozen allografts were thawed and used to fix
the bone defects. The patellar ligament of the host side were sutured to the ligament of the grafted bone side. The animals
were sacrificed at 4, 6, 9, 12, 18, 24 weeks after transplantation, and the reconstructed ligament and ligament-bone junction
were assessed microangiographically, histologically and biomechanically. Microangiographically, eatly graft revasculariza-
tion was seen at 6 weeks. At 12 weeks, the ligament-bone junction was extensively vascularized, and this increased vascular-
ity diminished at 24 weeks. Histologically, at 4 to 6 weeks, newly formed collagen fibers entered the grafted ligament from
the sutured area and its surrounding area. At 12 to 24 weeks, the graftd ligament showed almost normal morphology. In the
ligament-bone junction of the grafted bone, there were no viable cells at 4 to 6 weeks. At 9 to 12 weeks, an increase in viable
fibrocartilage cells in the non-mineralized cartilage zone was seen and the appearance of the newly formed mineralized carti-
lage zone at 18 to 24 weeks after transplantation. Biomechanically, at 6 weeks after transplantation the ratio of the maximal
tensile strength of the ligament-bone junction of the grafted bone against that of the control side was 98.4% on average. It
decreased to 51.7% at 12 weeks and increased to 91.3% at 24 weeks. From this study, it was revealed that the ligament and
ligament-bone junction transplanted with frozen allograft bone were nonviable for some time after transplantation, then
underwent a healing process leading to the restoration of an almost normal vascular pattern and four-layered structure, so-
called enthesis. The present results confirm that the ligament and ligament-bone junction in the frozen allograft are regener-
ated to almost normal structures both morphologically and functionally.



