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METHODS AND PROCEDURES FOR 
LIGAMENT REPAIR 

FIELD OF THE INVENTION 

[0001] The invention relates generally to methods and 
devices for the repair of a ruptured ligament using a scaffold 
device. 

BACKGROUND OF THE INVENTION 

[0002] Intra-articular tissues, such as the anterior cruciate 
ligament (ACL), do not heal after rupture. In addition, the 
meniscus and the articular cartilage in human joints also often 
fail to heal after an injury. Tissues found outside of joints heal 
by forming a ?brin clot, Which connects the ruptured tissue 
ends and is subsequently remodeled to form scar, Which heals 
the tissue. Inside a synovial joint, a ?brin clot either fails to 
form or is quickly lysed after injury to the knee, thus prevent 
ing joint arthrosis and stiffness after minor injury. Joints 
contain synovial ?uid Which, as part of normal joint activity, 
naturally prevent clot formation in joints. This ?brinolytic 
process results in premature loss of the ?brin clot scaffold and 
disruption of the healing process for tissues Within the joint or 
Within intra-articular tissues. 
[0003] The current treatment method for human anterior 
cruciate ligament repair after rupture involves removing the 
ruptured fan-shaped ligament and replacing it With a point 
to-point tendon graft (ACL reconstruction). While this pro 
cedure can initially restore gross stability in most patients, 
longer folloW-up demonstrates many post-operative patients 
have abnormal structural laxity, suggesting the reconstruction 
may not Withstand the physiologic forces applied overtime 
(Dye, 325 Clin. Orthop. 130-139 (1996)). The loss ofanterior 
cruciate ligament function has been found to result in early 
and progressive radiographic changes consistent With joint 
deterioration (Hefti et al., 73A(3) J. Bone Joint Surg. 373-383 
(1991)), and over 70% of patients undergoing ACL recon 
struction develop osteoarthritis at only 14 years after injury 
(von Porat et al., Ann Rheum Dis. 63(3):269-73 (2004)). As 
anterior cruciate ligament rupture is most commonly an 
injury of a young athletes in their teens and tWenties, early 
osteoarthritis in this group has di?icult consequences. 

SUMMARY OF THE INVENTION 

[0004] The invention relates in some aspects to methods 
and products that facilitate anterior cruciate ligament regen 
eration or healing. Thus, in some aspects the invention is a 
device for repairing a ruptured ligament having a scaffold 
con?gured for repair of a ruptured ligament and an anchor. 
The scaffold is attached to the anchor With a suture. The 
suture has at least one free end emerging from the scaffold. 
The suture and/or anchor may be bioabsorbable and/or syn 
thetic, such as, for instance, polyglactin 910. 
[0005] In some embodiments the scaffold is made of pro 
tein, such as, for example, a synthetic, bioabsorbable, or a 
naturally occurring protein. In other embodiments the scaf 
fold is a lyophiliZed material. The scaffold may be expand 
able. In other embodiments the scaffold may be a sponge, a 
gel, a solid, or a semi-solid. The scaffold may be pretreated 
With a repair material. Repair materials include but are not 
limited to gels, liquids, and hydrogels. The repair material in 
some embodiments is collagen. 
[0006] A method of repairing a ruptured ligament is pro 
vided according to other aspects of the invention. The method 
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involves inserting a device for repairing a ruptured ligament 
as described herein into a repair site of the ruptured ligament, 
attaching the anchor to a bone near the repair site, and attach 
ing the free end of the suture to an end of the ruptured liga 
ment. 

[0007] A method of repairing a ruptured ligament that 
involves drilling a hole near a repair site of a ruptured liga 
ment, attaching a suture to the bone through the hole, and 
attaching a scaffold to the suture to secure the scaffold 
betWeen the bone and an end of the ruptured ligament is 
provided in other aspects of the invention. 
[0008] In some embodiments both ends of the suture are 
attached to the end of the ruptured ligament. In other embodi 
ments the suture is attached to a second bone site by a second 
anchor. 
[0009] The scaffold in some embodiments is made from a 
protein. The protein may be synthetic, bioabsorbable, or a 
naturally occurring protein. In some embodiments the scaf 
fold can absorb plasma, blood, or other body ?uids. 
[0010] In other embodiments the scaffold is tubular, semi 
tubular, cylindrical, or square. The scaffold is a sponge or a 
gel in some embodiments. In other embodiments the scaffold 
is a semi-solid or, alternatively, a solid. 
[0011] In yet other embodiments the scaffold is expand 
able. It may optionally ?ll the repair site. In some embodi 
ments the scaffold is bigger than the repair site and in other 
embodiments the scaffold partially ?lls the repair site. The 
scaffold may form around the ligament at the repair site. The 
scaffold may be pretreated With a repair material, such as a gel 
or a liquid. In some embodiments the repair material is a 
hydrogel. In other embodiments the repair material is col 
lagen. 
[0012] In some embodiments the ligament is ACL and the 
bone is a femur or a tibia. In some embodiments the repair is 
supplemented by forming holes in the surrounding bone to 
cause bleeding into the repair site. 
[0013] A method of repairing a ruptured ligament that 
involves drilling a hole near a repair site of a ruptured liga 
ment and attaching an anchor to the bone through the hole is 
provided in some aspects of the invention. The method 
involves attaching an anchor to the bone through the hole 
Where the anchor is attached to a scaffold and the scaffold is 
secured betWeen the bone and an end of the ruptured liga 
ment. 

[0014] In some embodiments, the ligament is ACL and the 
bone is a femur or a tibia. In some embodiments, the anchor 

is bioabsorbable, metal, plastic, etc. In other embodiments, 
the anchor is a screW. In certain embodiments, the anchor is 
attached to the bone by a suture. 

[0015] In some embodiments, the suture is a bioabsorbable, 
synthetic etc. In other embodiments, the suture is polyglactin 
910. 
[0016] In some embodiments, the scaffold is synthetic, bio 
absorbable, or a naturally occurring protein. In certain 
embodiments, the scaffold can absorb plasma, blood, or other 
body ?uids. In other embodiments, the scaffold is tubular, 
semi-tubular, cylindrical, or square. In certain embodiments, 
the scaffold is pretreated With a repair material. In some 
embodiments, the repair material is a gel or a liquid. In other 
embodiments, the repair material is hydrogel. In some 
embodiments, the repair material is collagen. 
[0017] In some embodiments, the repair is supplemented 
by forming holes in the surrounding bone to cause bleeding 
into the repair site. In certain embodiments, the scaffold is 
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expandable. It may optionally ?ll the repair site. In some 
embodiments the scaffold is bigger than the repair site and in 
other embodiments the scaffold partially ?lls the repair site. 
The scaffold may form around the ligament at the repair site. 
The scaffold may be pretreated With a repair material, such as 
a gel or a liquid. In some embodiments the repair material is 
a hydrogel. In other embodiments the repair material is col 
lagen. 
[0018] In some embodiments, the scaffold is a sponge. In 
certain embodiments, the scaffold is a gel. In other embodi 
ments, the scaffold is a semi-solid. In some embodiments, the 
scaffold is a solid. 

[0019] Each of the limitations of the invention can encom 
pass various embodiments of the invention. It is, therefore, 
anticipated that each of the limitations of the invention 
involving any one element or combinations of elements can 
be included in each aspect of the invention. This invention is 
not limited in its application to the details of construction and 
the arrangement of components set forth in the folloWing 
description or illustrated in the draWings. The invention is 
capable of other embodiments and of being practiced or of 
being carried out in various Ways. Also, the phraseology and 
terminology used herein is for the purpose of description and 
should not be regarded as limiting. The use of “including”, 
“comprising”, or “having”, “containing”, “involving”, and 
variations thereof herein, is meant to encompass the items 
listed thereafter and equivalents thereof as Well as additional 
items. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0020] The ?gures are illustrative only and are not required 
for enablement of the invention disclosed herein. 
[0021] FIG. 1. A) Diagrammatic representation of a torn 
anterior cruciate ligament. B) Diagrammatic representation 
of a scaffold device having an anchor and attached sutures. C) 
Diagrammatic representation of a scaffold device implanted 
into a repair site around a ruptured ACL. 
[0022] FIG. 2. Diagrammatic representation of a method 
for inserting a scaffold device into bone. A) Diagrammatic 
representation of a suture anchor inserted into a bone. B) 
Diagrammatic representation of a drill hole in a bone and 
sutures attached to the opposite surface of the bone. C) Dia 
grammatic representation of a staple af?xing a suture into a 
notch. D) Diagrammatic representation of an anchor With a 
central hole to alloW bone marroW bleeding to How into the 
attached scaffold. E) Diagrammatic representation of an 
anchor With a scaffold sponge sWaged directly onto it. 
[0023] FIG. 3. Diagrammatic representation of a method 
for distal ?xation of a scaffold device to bone. A) Diagram 
matic representation of a suture attached through a drill hole 
in a bone. B) Diagrammatic representation of an anchor 
inserted into a bone. 

[0024] FIG. 4. A) MRI image of ACL treated With sutures 
alone. B) MRI image of ACL treated With sutures+hydrogel. 
C) Diagrammatic representation of ACL With suture only. D) 
Diagrammatic representation of ACL With sutures+hydrogel. 
[0025] FIG. 5. A) MRI image of ACL treated With suture 
alone in the early, mid (5C) or late stage (E). B) MRI image of 
ACL treated With suture+hydrogel in the early, mid (SD) or 
late stage (P). 
[0026] FIG. 6. A) MRI image of ACL scar treated With 
suture alone. B) MRI image of ACL scar treated With suture+ 
hydrogel. 
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[0027] FIG. 7. A) Photographic representation of ACL 
treated With suture alone. B) Photographic representation of 
ACL treated With suture+hydrogel. 
[0028] FIG. 8. A) MRI image of intact ACL. B) ACL 
repaired With suture, anchor and sponge. 
[0029] FIG. 9: Graph depicting biomechanical properties 
of Suture Anchor/ Sponge Repair vs the current standard of 
care for ACL injuries (ACL Reconstruction or ACLR) at 3 
months in vivo. 

DETAILED DESCRIPTION OF THE INVENTION 

[0030] Aspects of the invention relate to devices and meth 
ods for repairing a ruptured ligament. A device of the inven 
tion for the repair of a ruptured ligament includes a scaffold 
Which is con?gured for the repair of a ruptured ligament, an 
anchor and may include a suture. The scaffold alloWs the 
subject’s body to develop a netWork of capillaries, arteries, 
and veins. Well-vasculariZed connective tissues heal as a 
result of migration of ?broblasts into the scaffold. A device of 
the invention provides a connection betWeen a ruptured liga 
ment, or forms around a torn ligament, and promotes the 
repair of the ruptured or torn ligament While maintaining the 
integrity and structure of the ligament. 
[0031] The device of the invention provides a three-dimen 
sional (3-D) scaffold for repairing a ruptured or torn ligament. 
The scaffoldprovides a connectionbetWeen the ruptured ends 
of the ligament and ?bers, or forms around a torn ligament, 
after injury, and encourages the migration of appropriate 
healing cells to form scar and neW tissue in the scaffold. The 
scaffold is a bioengineered substitute for a ?brin clot and is 
implanted, for example, betWeen the ruptured ends of the 
ligament fascicles, or placed around a torn ligament. This 
substitute scaffold is designed to stimulate cell proliferation 
and extracellular matrix production in the gap betWeen the 
ruptured ends of the ligament or the tear in the ligament, thus 
facilitating healing and regeneration. 
[0032] Methods and devices of the invention may be used to 
treat either intra-articular or extra-articular injuries in a sub 
ject. Intra-articular injuries include, but are not limited to, 
meniscal tears, ligament tears and cartilage lesion. Extra 
articular injuries include, but are not limited to, the ligament, 
tendon or muscle. Thus, the methods of the invention may be 
used to treat injuries to the anterior cruciate ligament, the 
meniscus, labrum, for example glenoid labrum and acetabu 
lar labrum, cartilage, and other tissues exposed to synovial 
?uid after injury. 
[0033] An injury may be atom or ruptured ligament. A torn 
ligament is one Where the ligament remains connected but has 
been damaged causing a tear in the ligament. The tear may be 
of any length or shape. A ruptured ligament is one Where the 
ligament has been completely severed providing tWo separate 
ends of the ligament. A ruptured ligament may provide tWo 
ligament ends of similar or different lengths. The rupture may 
be such that a ligament stump is formed at one end. 
[0034] An example of a ruptured anterior cruciate ligament 
is depicted in FIG. 1A. The anterior cruciate ligament (ACL) 
(2) is one of four strong ligaments that connects the bones of 
the knee joint. The function of the ACL is to provide stability 
to the knee and minimize stress across the knee joint. It 
restrains excessive forWard movement of the loWer leg bone, 
the tibia (6), in relation to the thigh bone, the femur (4), and 
limits the rotational movements of the knee. An anterior cru 
ciate ligament (2) is ruptured such that it no longer forms a 
connection betWeen the femur bone (4) and the tibia bone (6). 
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The resulting ends of the ruptured ACL may be of any length. 
The ends may be of a similar length, or one end may be longer 
in length than the other. 
[0035] A scaffold of the device of the invention can be any 
shape that is useful for implantation into a subject. The scaf 
fold, for instance, can be tubular, semi-tubular, cylindrical, 
including either a solid cylinder or a cylinder having holloW 
cavities, a tube, a ?at sheet rolled into a tube so as to de?ne a 
holloW cavity, liquid, an amorphous shape Which conforms to 
that of the repair space, a “Chinese ?nger trap” design, a 
trough shape, or square. 
[0036] Other shapes suitable for the scaffold of the device 
as knoWn to those of ordinary skill in the art are also contem 
plated in the invention. 
[0037] In aspects of the invention, a device for repairing a 
ruptured or torn ligament includes a scaffold and an anchor, 
such that the scaffold is con?gured for repair. A scaffold that 
is con?gured for repair is one that is capable of being inserted 
into an area requiring repair and promotes regeneration of the 
ligament. A scaffold of the invention is capable of insertion 
into a repair site and either forming a connection betWeen the 
ends of a ruptured ligament, or forming around a torn liga 
ment such that, in either case, the integrity and structure of the 
ligament is maintained. Regeneration offers several advan 
tages over reconstruction, previously used in ligament repair, 
including maintenance of the complex insertion sites and 
fan-shape of the ligament, and preservation of remaining 
proprioceptive ?bers Within the ligament substance. 
[0038] Examples of devices and systems useful according 
to the invention are depicted in FIGS. 1-3. An example of a 
device is depicted in FIGS. 1B and 1C. For example, a scaf 
fold (14) is attached to a suture (12) and an anchor (8). The 
anchor (8) may, as shoWn in FIGS. 1B and 1C, be attached to 
the suture (12) through an eyelet (10) of the anchor (8). The 
anchor (8) is attached (12) into a bone such as the femur (4) or 
a tibia (6). 
[0039] A scaffold (14) may function either as an insoluble 
or biodegradable regulator of cell function or simply as a 
delivery vehicle of a supporting structure for cell migration or 
synthesis. Numerous matrices made of either natural or syn 
thetic components have been investigated for use in ligament 
repair and reconstruction. Natural matrices are made from 
processed or reconstituted tissue components (such as col 
lagens and GAGs). Because natural matrices mimic the struc 
tures ordinarily responsible for the reciprocal interaction 
betWeen cells and their environment, they act as cell regula 
tors With minimal modi?cation, giving the cells the ability to 
remodel an implanted material, Which is a prerequisite for 
regeneration. 
[0040] Synthetic matrices are made predominantly of poly 
meric materials. Synthetic matrices offer the advantage of a 
range of carefully de?ned chemical compositions and struc 
tural arrangements. Some synthetic matrices are not degrad 
able. While the non-degradable matrices may aid in repair, 
non-degradable matrices are not replaced by remodeling and 
therefore cannot be used to fully regenerate ligament. It is also 
undesirable to leave foreign materials permanently in a joint 
due to the problems associated With the generation of Wear 
particles, thus degradable materials are preferred for Work in 
regeneration. Degradable synthetic scaffolds can be engi 
neered to control the rate of degradation. 
[0041] A scaffold is preferably made of a compressible, 
resilient material Which has some resistance to degradation 
by synovial ?uid. Synovial ?uid as part of normal joint activ 
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ity, naturally prevents clot formation. This ?brinolytic pro 
cess Would result in the premature degradation of the scaffold 
and disrupt the healing process of the ligament. The material 
may be either permanent or biodegradable material, such as 
polymers and copolymers. The scaffold can be composed, for 
example, of collagen ?bers, collagen gel, foamed rubber, 
natural material, synthetic materials such as rubber, silicone 
and plastic, ground and compacted material, perforated mate 
rial, or a compressible solid material. 

[0042] A scaffold may be a solid material such that its shape 
is maintained, or a semi-solid material capable of altering its 
shape and or siZe. A scaffold may be made of expandable 
material alloWing it to contract or expand as required. The 
material can be capable of absorbing plasma, blood, other 
body ?uids, liquid, hydrogel, or other material the scaffold 
either comes into contact With or is added to the scaffold. 

[0043] A scaffold material can be protein, lyophiliZed 
material, or any other suitable material. A protein can be 
synthetic, bioabsorbable or a naturally occurring protein. A 
protein includes, but is not limited to, ?brin, hyaluronic acid, 
elastin, extracellular matrix proteins, or collagen. A scaffold 
material may be plastic or self-assembling peptides. A scaf 
fold material may incorporate therapeutic proteins including, 
but not limited to, hormones, cytokines, groWth factors, clot 
ting factors, anti-protease proteins (e. g., alphal -antitrypsin), 
angiogenic proteins (e.g., vascular endothelial groWth factor, 
?broblast groWth factors), antiangiogenic proteins (e.g., 
endo statin, angiostatin), and other proteins that are present in 
the blood, bone morphogenic proteins (BMPs), osteoinduc 
tive factor (IFO), ?bronectin (FN), endothelial cell groWth 
factor (ECGF), cementum attachment extracts (CAE), ket 
anserin, human groWth hormone (HGH), animal groWth hor 
mones, epidermal groWth factor (EGF), interleukin-1 (IL-1), 
human alpha thrombin, transforming groWth factor (TGF 
beta), insulin-like groWth factor (lGF-l), platelet derived 
groWth factors (PDGF), ?broblast groWth factors (FGF, 
bFGF, etc.), and periodontal ligament chemotactic factor 
(PDLLGF), for therapeutic purposes. A lyophiliZed material 
is one that is capable of sWelling When liquid, gel or other 
?uid is added or comes into contact With it. 

[0044] Many biological materials are available for making 
the scaffold, including collagen compositions (either col 
lagen ?ber or collagen gel), compositions containing gly 
cosaminoglycan (GAG), hyaluran compositions, and various 
synthetic compositions. Collagen-glycosaminoglycan (CG) 
copolymers have been used successfully in the regeneration 
of dermis and peripheral nerve. Porous natural polymers, 
fabricated as sponge-like and ?brous scaffolds, have been 
investigated as implants to facilitate regeneration of selected 
musculoskeletal tissues including ligaments.A scaffold, such 
as a sponge scaffold, may also be made from tendon (xe 
nograft, allograft, autograft) or ligament or skin or other 
connective tissue Which could be in the native state or pro 
cessed to facilitate cell ingroWth or other biologic features. 

[0045] In aspects of the invention, a scaffold is composed of 
a sponge or sponge-like material. A sponge scaffold may be 
absorbable or nonabsorbable. A sponge scaffold may be col 
lagen, elastin, extracellular matrix protein, plastic, or self 
assembling peptides. A sponge scaffold may be hydrophillic. 
A sponge scaffold is capable of compression and expansion 
as desired. For example, a sponge scaffold may be com 
pressed prior to or during implantation into a repair site. A 
compressed sponge scaffold alloWs for the sponge scaffold to 
expand Within the repair site. A sponge may be lyophiliZed 
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and/ or compressed When placed in the repair site and 
expanded once in place. The expansion of a sponge scaffold 
may occur after contact With blood or other ?uid in the repair 
site or added to the repair site. A sponge scaffold may be 
porous. A sponge scaffold may be saturated or coated With a 
liquid, gel, or hydrogel repair material prior to implantation 
into a repair site. Coating or saturation of a sponge scaffold 
may ease implantation into a relatively unde?ned defect area 
as Well as help to ?ll a particularly large defect area. A sponge 
scaffold may be composed of collagen. In a preferred 
embodiment, a sponge scaffold is treated With hydrogel. 
Examples of scaffolds and repair materials useful according 
to the invention are found in US. Pat. No. 6,964,685 and US 
Patent Application Nos. 2004/0059416 and 2005/0261736, 
the entire contents of each are herein incorporated by refer 
ence. 

[0046] An important subset of natural matrices are those 
made predominantly from collagen, the main structural com 
ponent in ligament. Collagen can be of the soluble or the 
insoluble type. Preferably, the collagen is soluble, e.g., acidic 
or basic. For example, the collagen can be type I, II, III, IV, V, 
IX or X. Preferably the collagen is type I. More preferably the 
collagen is soluble type I collagen. Type I collagen is the 
predominant component of the extracellular matrix for the 
human anterior cruciate ligament and provides an example of 
a choice for the basis of a bioengineered scaffold. Collagen 
occurs predominantly in a ?brous form, alloWing design of 
materials With very different mechanical properties by alter 
ing the volume fraction, ?ber orientation, and degree of cross 
linking of the collagen. The biologic properties of cell in?l 
tration rate and scaffold degradation may also be altered by 
varying the pore siZe, degree of cross-linking, and the use of 
additional proteins, such as glycosaminoglycans, groWth fac 
tors, and cytokines. In addition, collagen-based biomaterials 
can be manufactured from a patient’s oWn skin, thus mini 
miZing the antigenicity of the implant (Ford et al., 105 Laryn 
goscope 944-948 (1995)). 
[0047] A device of the invention may also include one or 
more anchors. An anchor is a device capable of insertion into 
a bone such that it forms a stable attachment to the bone. In 
some instances the anchor is capable of being removed from 
the bone if desired. An anchor may be conical shaped having 
a sharpened tip at one end and a body having a longitudinal 
axis. The body of an anchor (8) may increase in diameter 
along its longitudinal axis. The body of an anchor may 
include grooves suitable for screWing the anchor into posi 
tion. For example, as depicted in FIG. 1C, the anchor (8) is 
screWed into the femur bone (4). An anchor may include an 
eyelet (10) at the base of the anchor body through Which one 
or more sutures may be passed. The eyelet (10) may be oval or 
round and may be of any siZe suitable to alloW one or more 
sutures to pass through and be held Within the eyelet (10). 
[0048] An anchor may be attached to a bone by physical or 
mechanical methods as knoWn to those of ordinary skill in the 
art. An anchor includes, but is not limited to, a screW, a barb, 
a helical anchor, a staple, a clip, a snap, a rivet, or a crimp-type 
anchor. The body of an anchor may be varied in length. 
Examples of anchors, include but are not limited to, IN 
FASTTM Bone ScreW System (In?uence, Inc., San Francisco, 
Calif.), IN-TACTM Bone Anchor System (In?uence, Inc., San 
Francisco, Calif.), Model 3000 AXYALOOPTM Titanium 
Bone Anchor (Axya Medical Inc., Beverly, Mass.), OPUS 
MAGNUM® Anchor With Inserter (Opus Medical, Inc., San 
Juan Capistrano, Calif.), ANCHRONTM, HEXALONTM, 
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TRINIONTM (all available from Inion Inc., Oklahoma City, 
Okla.) and TWinFix AB absorbable suture anchor (Smith & 
NepheW, Inc., Andover, Mass.). Anchors are available com 
mercially from manufacturers such as In?uence, Inc., San 
Francisco, Calif., Axya Medical Inc., Beverly, Mass., Opus 
Medical, Inc., San Juan Capistrano, Calif., Inion Inc., Okla 
homa City, Okla., and Smith & NepheW, Inc., Andover, Mass. 
[0049] An anchor may be attached directly to a scaffold 
Where the anchor is sWaged directly onto the scaffold. FIG. 
2E depicts such an example. The anchor (8) is attached 
directly to the scaffold (14) by its base end and the anchor (8) 
is attached to the femur (4) by its sharpened end. 
[0050] An anchor may be attached indirectly to a scaffold 
using a suture to secure it in position. FIG. 2A depicts such an 
example. A suture (12) is passed through the eyelet (10) of the 
anchor (8) and held Within the eyelet (10) to attach the scaf 
fold (14). The ?rst end (16) and the second end (18) of the 
suture are free and emerge from the scaffold (14). The anchor 
(8) is attached to the femur (4) by its sharpened end. 
[0051] An anchor may be composed of a non-degradable 
material, such as metal, for example titanium 316 LVM stain 
less steel, CoCrMo alloy, or Nitinol alloy, or plastic. An 
anchor is preferably bioabsorbable such that the subject is 
capable of breaking doWn the anchor and absorbing it. 
Examples of bioabsorbable material include, but are not lim 
ited to, MONOCRYL (poliglecaprone 25), PDS II (polydiox 
anone), surgical gut suture (SGS), gut, coated VICRYL 
(polyglactin 910, polyglactin 910 braided), human autograft 
tendon material, collagen ?ber, POLYSORB, poly-L-lactic 
acid (PLLA), polylactic acid (PLA), polysulfone, polylac 
tides (Pla), racemic form of polylactide (D,L-Pla), poly(L 
lactide-co-D,L-lactide), 70/30 poly(L-lactide-co-D,L-lac 
tide), polyglycolides (PGa), polyglycolic acid (PGA), 
polycaprolactone (PCL), polydioxanone (PDS), polyhy 
droxyacids, and resorbable plate material (see eg Orthope 
dics, October 2002, Vol. 25, No. 10/Supp.). The anchor may 
be bioabsorbed over a period of time Which includes, but is 
not limited to, days, Weeks, months or years. 
[0052] An anchor may have a central hole (24) through 
Which ?uids, such as blood, may pass. The hole (24) may 
alloW such ?uids to ?oW onto the attached scaffold. FIG. 2D 
depicts such an example. The anchor (8) is attached to the 
femur (4) and includes a central hole (24) through Which 
blood can pass. Blood is able to pass through the central hole 
(24) in the anchor (8) and onto the scaffold (14) Which 
absorbs the blood. 

[0053] In aspects of the invention, an anchor (8) may be 
attached to a scaffold (14) using a suture (12). FIG. 1B illus 
trates an example of an anchor attached to a scaffold using a 
suture. A suture (12) is passed through the eyelet (10) of an 
anchor (8) such that the anchor (8) is attached to the scaffold 
(14) by the suture (12). The suture (12) has at least one free 
end. In some embodiments, a suture has tWo free ends, a ?rst 
end (16) and a second end (18). 
[0054] A suture (12) is preferably bioabsorbable, such that 
the subject is capable of breaking doWn the suture and absorb 
ing it, and synthetic such that the suture may not be from a 
natural source. A suture (12) may be permanent such that the 
subject is not capable of breaking doWn the suture and the 
suture remains in the subject. A suture (12) may be rigid or 
stiff, or may be stretchy or ?exible. A suture (12) may be 
round in shape and may have a ?at cross section. Examples of 
sutures include, but are not limited to, VICRYLTM polyglactin 
910, PANACRYLTM absorbable suture, ETHIBOND® 
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EXCEL polyester suture, PDS® polydioxanone suture and 
PROLENE® polypropylene suture. Sutures are available 
commercially from manufacturers such as MITEK PROD 
UCTS division of ETHICON, INC. of WestWood, Mass. 
[0055] A suture (12) may be attached to one or both ends of 
a ruptured ligament by its ?rst end (16) and/or its second end 
(18). FIG. 1C illustrates an example of a device of the inven 
tion inserted into a repair site of a ruptured ligament. A suture 
(12) is passed through the eyelet (10) of the anchor and the 
?rst end (16) and second end (18) are tied to the ends of the 
distal ACL (2). The anchor (8) is attached to the femur (4) by 
its sharpened end. The scaffold (14) attached to the anchor (8) 
by the suture (12) is held in position in the repair site (26). The 
anchor (8) may be attached to either the tibia bone (6) or the 
femur bone (4) to secure the scaffold (14) in position. 
[0056] A staple (22) is a type of anchor having tWo arms 
that are capable of insertion into a bone. In some instances, 
the arms of the staple fold in on themselves When attached to 
a bone or in some instances When attached to other tissue. A 
staple may be composed of metal, for example titanium or 
stainless steel, plastic, or any biodegradable material. A staple 
includes but is not limited to linear staples, circular staples, 
curved staples or straight staples. Staples are available com 
mercially from manufacturers such as Johnson & Johnson 
Health Care Systems, Inc. PiscataWay, N.J., and Ethicon, Inc., 
Somerville, N]. A staple may be attached using any staple 
device knoWn to those of ordinary skill in the art, for example, 
a hammer and staple setter (staple holder). 
[0057] In some embodiments, a staple may be used to hold 
the suture securely in position. A suture may be attached to a 
bone using a staple as depicted in FIG. 2C. A suture (12) is 
held in place in the femur (4) With a staple (22) such that the 
?rst end (16) and the second end (18) of the suture (12) are 
free. 
[0058] Aspects of the invention relate to methods of repair 
ing a ruptured or torn ligament. In some embodiments, a 
device of the invention is inserted into a repair site of the 
ruptured or torn ligament. In certain embodiments, a hole is 
drilled into a bone at or near a repair site of a ruptured or torn 
ligament and a suture is attached through the hole to the bone. 
[0059] A repair site (26) is the area around a ruptured or 
torn ligament (2) into Which a device of the invention may be 
inserted. A device of the invention may be placed into a repair 
site (26) area during surgery using techniques knoWn to those 
of ordinary skill in the art. A scaffold (14) of the invention can 
either ?ll the repair site (26) orpartially ?ll the repair site (26). 
A scaffold (14) can partially ?ll the repair site (26) When 
inserted and expand to ?ll the repair site (26) in the presence 
of blood, plasma or other ?uids either present Within the 
repair site (26) or added into the repair site (26). 
[0060] A scaffold (14) may form around a ruptured or torn 
ligament (2) at the repair site (26). For example, a scaffold 
(14) may be formed into a tube shape and Wrapped around a 
ligament, a scaffold (14) may be positioned behind the liga 
ment such that the ligament is held Within the scaffold (14), or 
a scaffold (14) may be a “Chinese ?nger trap” design Where 
one end is placed over a stump of a ruptured ligament and the 
second end placed over the other end of the ruptured ligament. 
[0061] Aspects of the invention provide methods of repair 
ing a ruptured ligament (2) involving drilling a hole (20) at or 
near a repair site (26) of a ruptured ligament (2). A bone at or 
near a repair site is one that is Within close proximity to the 
repair site and can be utiliZed using the methods and devices 
of the invention. For example, a bone at or near a repair site of 
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a torn anterior cruciate ligament is a femur (4) bone and/ or a 
tibia (6) bone. A hole can be drilled into a bone using a device 
such as a Kirschner Wire (for example a small Kirschner Wire) 
and drill, or microfracture pics or aWls. One or more holes 
may be drilled into a bone surrounding a repair site to promote 
bleeding into the repair site. The repair can be supplemented 
by drilling holes into the surrounding bone to cause bleeding. 
Encouraging bleeding into the repair site may promote the 
formation of blood clots and enhance the healing process of 
the injury. 
[0062] A hole (20) may be drilled into a bone on the oppo 
site side to the repair site (26). A suture (12) may be passed 
through the hole (20) in the bone and attached to the bone. A 
scaffold (14) is attached to the suture (12) to secure the 
scaffold (14) betWeen the bone and an end of a ruptured 
ligament (2). A ruptured ligament (2) provides tWo ends of the 
ligament that Were previously connected. A scaffold (14) may 
be attached to one orboth ends (16, 18) of a ruptured ligament 
(2) by one or more sutures (12). A suture (12) may be attached 
to a second bone site at or near the repair site. The suture may 
be attached to the second bone using a second anchor (8). 
[0063] An example of such a method is depicted in FIG. 2B. 
A hole is drilled (20) into the opposite side of the femur bone 
(4). The suture (12) is attached to the opposite side of the 
femurbone (4) using the ?rst end (16) and the second end (18) 
through the hole (20). 
[0064] Another example is depicted in FIG. 3A. A hole (20) 
is drilled into the tibia (6) near the end of the ruptured liga 
ment (2) and a suture is attached to the tibia (6) through the 
hole (20). 
[0065] A scaffold of the device can be pretreated With a 
repair material prior to implantation into a subject. The scaf 
fold may be soaked in a repair material prior to or during 
implantation into a repair site. The repair material may be 
injected directly into the scaffold prior to or during implan 
tation. The repair material may be injected Within a tubular 
scaffold at the time of repair. Repair material includes, but is 
not limited to, a gel, for example a hydrogel, a liquid, or 
collagen. A liquid includes any material capable of forming 
an aqueous material, a suspension or a solution. A repair 
material may include additional materials, such as groWth 
factors, antibiotics, insoluble or soluble collagen (in ?brous, 
gel, sponge or bead form), a cross-linking agent, thrombin, 
stem-cells, a genetically altered ?broblast, platelets, Water, 
plasma, extracellular proteins and a cell media supplement. 
The additional repair materials may be added to affect cell 
proliferation, extracellular matrix production, consistency, 
inhibition of disease or infection, tonicity, cell nutrients until 
nutritional pathWays are formed, and pH of the repair mate 
rial. All or a portion of these additional materials may be 
mixed With the repair material before or during implantation, 
or alternatively, the additional materials may be implanted 
proximate to the defect area after the repair material is in 
place. 
[0066] In certain embodiments, a repair material may 
include collagen and platelets. In some embodiments, plate 
lets are derived from the subject to be treated. In other 
embodiments, platelets are derived from a donor that is allo 
geneic to the subject. In certain embodiments, platelets may 
be obtained as platelet rich plasma (PRP). In a non-limiting 
example, platelets may be isolated from a subject’s blood 
using techniques knoWn to those of ordinary skill in the art. As 
an example, a blood sample may be centrifuged at 700 rpm for 
20 minutes and the platelet-rich plasma upper layer removed. 
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Platelet density may be determined using a cell count as 
known to those of ordinary skill in the art. The platelet rich 
plasma may be mixed With collagen and used as a scaffold. 
The platelet rich plasma may be mixed With any one or more 
of the scaffold materials of the invention. 

[0067] An example ofa gel is a hydrogel. A hydrogel is a 
sub stance that is formed When an organic polymer (natural or 
synthetic) is crosslinked via covalent, ionic, or hydrogen 
bonds to create a three-dimensional open-lattice structure 
Which entraps Water molecules to form a gel. A polymer may 
be crosslinked to form a hydrogel either before or after 
implantation into a subject. For instance, a hydrogel may be 
formed in situ, for example, at a repair site. In certain embodi 
ments, a polymer forms a hydrogel Within the repair site upon 
contact With a crosslinking agent. Naturally occurring and 
synthetic hydro gel forming polymers, polymer mixtures and 
copolymers may be utiliZed as hydrogel precursors. See for 
example, US. Pat. No. 5,709,854. In certain embodiments, a 
hydrogel is a gel and begins setting immediately upon mix 
ture and takes approximately 5 minutes to suf?ciently set 
before closure of the defect and surgery area. Setting time 
may vary depending on the mixture of gel used and environ 
mental factors. 

[0068] For instance, certain polymers that can form ionic 
hydrogels Which are malleable may be used to form the 
hydrogel. For example, a hydrogel can be produced by cross 
linking the anionic salt of alginic acid, a carbohydrate poly 
mer isolated from seaWeed, With calcium cations, Whose 
strength increases With either increasing concentrations of 
calcium ions or alginate. Modi?ed alginate derivatives, for 
example, Which have an improved ability to form hydrogels 
or Which are derivatiZed With hydrophobic, Water-labile 
chains, e.g., oligomers of e-caprolactone, may be synthe 
siZed. Additionally, polysaccharides Which gel by exposure to 
monovalent cations, including bacterial polysaccharides, 
such as gellan gum, and plant polysaccharides, such as car 
rageenans, may be crosslinked to form a hydrogel.Additional 
examples of materials Which can be used to form a hydrogel 
include polyphosphaZines and polyacrylates, Which are 
crosslinked ionically, or block copolymers such as PLURON 
ICSTM (polyoxyalkylene ether) or TETRONICSTM (nonionic 
polymeriZed alkylene oxide), polyethylene oxide-polypropy 
lene glycol block copolymers Which are crosslinked by tem 
perature or pH, respectively. Other materials include proteins 
such as ?brin, polymers such as polyvinylpyrrolidone, hyalu 
ronic acid and collagen. Polymers such as polysaccharides 
that are very viscous liquids or are thixotropic, and form a gel 
over time by the sloW evolution of structure, are also useful. 

[0069] Another example of a gel is hyaluronic acid. Hyalu 
ronic acid, Which forms an injectable gel With a consistency 
like a hair gel, may be utiliZed. Modi?ed hyaluronic acid 
derivatives are particularly useful. Hyaluronic acid is a linear 
polysaccharide. Many of its biological effects are a conse 
quence of its ability to bind Water, in that up to 500 ml of Water 
may associate With 1 gram of hyaluronic acid. Esteri?cation 
of hyaluronic acid With uncharged organic moieties reduces 
the aqueous solubility. Complete esteri?cation With organic 
alcohols such as benZyl renders the hyaluronic acid deriva 
tives virtually insoluble in Water, these compounds then being 
soluble only in certain aprotic solvents. When ?lms of hyalu 
ronic acid are made, the ?lms essentially are gels Which 
hydrate and expand in the presence of Water. 
[0070] A gel may be provided in pharmaceutical acceptable 
carriers knoWn to those skilled in the art, such as saline or 

Dec. 10, 2009 

phosphate buffered saline. Such carriers may routinely con 
tain pharmaceutically acceptable concentrations of salt, buff 
ering agents, preservatives, compatible carriers, supplemen 
tary immune potentiating agents such as adjuvants and 
cytokines and optionally other therapeutic agents. 
[0071] As used herein, the term “pharmaceutically accept 
able” means a non-toxic material that does not interfere With 
the effectiveness of the biological activity of the scaffold 
material or repair material. The term “physiologically accept 
able” refers to a non-toxic material that is compatible With a 
biological system such as a cell, cell culture, tissue, or organ 
ism. The characteristics of the carrier Will depend on the route 
of administration. Physiologically and pharmaceutically 
acceptable carriers include diluents, ?llers, salts, buffers, sta 
biliZers, solubiliZers, and other materials Which are Well 
knoWn in the art. The term “carrier” denotes an organic or 
inorganic ingredient, natural or synthetic, With Which the 
scaffold material is combined to facilitate the application. 
The components of the pharmaceutical compositions also are 
capable of being co-mingled With the device of the present 
invention, and With each other, in a manner such that there is 
no interaction Which Would substantially impair the desired 
pharmaceutical ef?cacy. 
[0072] The devices of the invention may be used in surgical 
procedures. The folloWing is an example of a surgical proce 
dure Which may be performed using the devices and methods 
of the invention. The affected extremity is prepared and 
draped in the standard sterile fashion. A tourniquet may be 
used if indicated. Standard arthroscopy equipment may be 
used. After diagnostic arthroscopy is performed, and the 
intra-ar‘ticular lesion identi?ed and de?ned, the tissue ends 
are pretreated, either mechanically or chemically, and the 
scaffold introduced into the tissue defect. The scaffold is then 
bonded to the surrounding tissue using the methods described 
herein. This can be done by the addition of a chemical agent 
or a physical agent such ultraviolet light, a laser, or heat. The 
scaffold may be reinforced by placement of sutures or clips. 
The arthroscopic portals can be closed and a sterile dressing 
placed. The post-operative rehabilitation is dependent on the 
joint affected, the type and siZe of lesion treated, and the 
tissue involved. 
[0073] The device of the invention may be used With arthro 
scopic equipment. The device of the invention may be used by 
insertion through an open incision. The scaffold is compress 
ible to alloW introduction through arthroscopic portals, inci 
sions and equipment. The scaffold can also be pre-treated in 
antibiotic solution prior to implantation. 
[0074] A subject includes, but is not limited to, any mam 
mal, such as human, non-human primate, mouse, rat, dog, cat, 
horse or coW. In certain embodiments, a subject is a human. 
[0075] The invention also includes in some aspects kits for 
repair of ruptured or torn ligaments. A kit may include a 
scaffold of the invention having at least one anchor attached 
to the scaffold and instructions for use. The scaffold may 
further include one or more sutures that attach an anchor to 

the scaffold. A kit may further include a container that con 
tains a repair material as described herein. 

EXAMPLES 

Example 1 

[0076] Bilateral ACL transections Were performed in six 
animals and repaired With a four stranded, absorbable suture 
repair using a variation of the Marshall technique. For each 
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animal, one of the repairs Was augmented With placement of 
a collagen-platelet rich hydrogel at the ACL transection site, 
While the contralateral knee had suture repair alone. No post 
operative immobilization Was used. The animals survived for 
four Weeks and then underWent in vivo magnetic resonance 
imaging folloWed by euthanasia and immediate biomechani 
cal testing. Six control knees With intact ACLs from three 
additional 30 kg pigs Were also tested biomechanically as an 
intact ACL control group. 
[0077] The supplementation of suture repair With a col 
lagen-platelet rich hydrogel resulted in formation of a large 
scar mass in the region of the ACL Which Was perfused by the 
injection of IV gadolinium, suggesting the formation of a 
vasculariZed repair tissue in the ACL defect. 
[0078] Despite suture resorption during the in vivo time 
course, load at yield, stiffness and displacement at yield all 
improved When collagen-platelet rich hydrogel Was used to 
augment the suture repairs. The use of suture repair alone, or 
suture repair augmented With a collagen-platelet poor hydro 
gel did not shoW improvement in any of these parameters. 
[0079] Biomechanical healing of the porcine ACL after 
complete transection and suture repair can be enhanced at an 
early time point With use of a collagen-platelet rich hydrogel 
placed in the Wound site at the time of primary repair. 
[0080] Developing a technique for primary repair of the 
ACL may change the focus of treatment of this injury from 
resection and reconstruction toWard repair and regeneration. 

Example 2 

Experimental Design 

[0081] Seven 30 kgYorkshire pigs underWent bilateral ACL 
transection and suture repair. 
[0082] Five of the animals Were treated on one side With 
suture repair on one side and suture repair augmented With 
collagen-platelet rich plasma containing an average of 
954K+/—93K platelets/mm3 on the contralateral side (n:5). 
An additional tWo animals had suture repair on one side and 
suture repair augmented With collagen-platelet poor plasma 
(n:2) With a platelet counts less than 20 K/mm3 on the con 
tralateral side (n:5). Sides Were randomiZed to suture alone 
and augmented repair. All outcomes Were measured after four 
Weeks in vivo. Just prior to euthanasia, the animals had in vivo 
MRI of both knees With gadolinium contrast to assess perfu 
sion of the ACL Wound site. Immediately after euthanasia, the 
knees Were harvested and ex vivo MRI performed, folloWed 
immediately by biomechanical testing of the ACL complex as 
previously described (Murray, M. M.; Spindler, K. P.; Devin, 
C.; Snyder, R. B.; Muller, 1.; Ballard, P.; Nanney, L. B.; and 
ZurakoWski, D.: Healing of an intra-articular tissue defect 
using a stabiliZed provisional scaffold. Journal of Bone & 
Joint SurgeryiAmerican Volume, submitted for publication, 
2005). Intact ACLs (n:6) Were used as a control group for the 
biomechanical studies. 

Manufacture of Acid Soluble Collagen Used in the Hydro 
gels: 
[0083] Rat tails Were obtained from control breeder rats 
undergoing euthanasia. The rat tail tendons Were sterilely 
harvested, minced, and solubiliZed in an acidi?ed pepsin 
solution to obtain the acid soluble collagen. Collagen content 
Within the slurry Was adjusted to approximately 10 mg/ml 
using a hydroxyproline assay and additional 0.01N HCl to 
adjust the content as needed. Before combining With the 
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platelet component of the hydrogel, the collagen slurry Was 
mixed With 30% 0.1M HEPES, 20% 10>< Ham’s P10, 30% 
Penicillin/streptomycin/amphoptericin B and 30% sterile 
Water. The collagen slurry Was then neutraliZed to a pH of 7.4 
using 7.5% sodium bicarbonate. 

PRP Preparation: 

[0084] Whole blood Was draWn from the jugular vein of 
each pig into tubes containing sodium citrate immediately 
prior to surgery. The blood Was centrifuged to isolate the 
platelet-rich plasma (PRP) fraction at 100 g for 14 minutes. 
This resulted in an approximately 2>< enrichment of the plate 
let concentration of the blood from a range of 495 to 567 
K/mm3 to 780 to 2300 K/mm3. To make the platelet poor 
plasma (PPP), the anticoagulated blood Was centrifuged at 
200 g for tWenty minutes, resulting in platelet counts of 
18K/mm3 and 14K/mm3 in the tWo samples. The PRP or PPP 
Was added to the collagen slurry to keep the plasma-collagen 
ratio at 1:1. The mixture Was kept on ice until use. 

Surgical Procedure: 

[0085] IACUC approvals Were obtained for this study prior 
to any surgical procedures. The pigs Were pre-medicated With 
telaZol 4.4-6.6 mg/kg intra-muscular (IM), xylaZine 1.1-2.2 
mg/kg IM, and atropine 0.04 mg/kg. They Were intubated and 
placed on iso?urane 1-3% for anesthesia maintenance. After 
anesthesia had been obtained, the pigs Were Weighed and 
range of motion of each knee measured using a goniometer. 
The pigs Were then placed in the supine position on the 
operating room table. Both hind limbs Were shaved, prepared 
With chlorhexidine folloWed by betadyne paint and sterilely 
draped. To expose the ACL, a four-centimeter incision Was 
made over the medial border of the patellar tendon. The 
incision Was carried doWn sharply through the synovium. All 
sharp dissection after the skin incision Was done using elec 
trocautery for hemostasis. The fat pad Was released from its 
proximal attachment and partially resected to expose the 
intermeniscal ligament. The intermeniscal ligament Was 
released to expose the tibial insertion of the ACL. A Lachman 
maneuver Was performed prior to releasing the ACL to verify 
knee stability. TWo #1 Vicryl sutures Were secured in the distal 
ACL stump using a modi?ed Kessler stitch and the ends 
clamped. The ACL Was transected completely using a No. 12 
blade. Complete transection Was veri?ed visually and With a 
repeat Lachman maneuver. An absorbable suture anchor 
(TWinF ix AB 5.0 Suture Anchor With DuraBraid Suture 
(U SP#2); Smith & NepheW, Inc, Andover Mass.) Was placed 
at the back of the femoral notch. The knee Was irrigated With 
500 cc of sterile normal saline to remove all synovial ?uid. 
Hemostasis Was carefully achieved using pressure and a solu 
tion of 1:10,000 of epinephrine as needed. Once hemostasis 
had been achieved, a strip of Gelfoam Was presoaked in one 
batch of the collagen-PRP mixture, and threaded onto sutures 
and up into the region of the proximal ACL stump in the 
notch. The sutures Were tied With the knees in resting ?exion 
(approximately 70 degrees) and a second batch of the col 
lagen-platelet mixture Was placed on top of the Gelfoam in 
the experimental knees. The knee Was closed after the gel 
reached a soft set (approximately 10 minutes). The knee Was 
left in resting extension While the suture repair alone Was 
performed on the contralateral knee (approximately 1 hour). 
The procedure Was identical in the suture repair alone knees, 
With the exception of the placement of the Gelfoam sponge 
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and collagen-PRP hydrogel. In the collagen-PPP group, the 
procedure Was identical to the PRP group, With the substitu 
tion of the platelet poor plasma for the platelet rich plasma in 
the collagen-platelet hydrogel. The incisions Were closed in 
layers. 
[0086] The animals Were not restrained post-operatively, 
and Were alloWed ad lib activity. Once the animals recovered 
from anesthesia, they Were permitted to resume normal cage 
activity and nutrition ad lib. Banamine 1.1 mg/kg IM once and 
a Fentanyl patch 1-4 ug/kg transdermal Were provided for 
post-operative analgesia. All animals Were Weight bearing on 
their hind limbs by 24 hours after surgery. After four Weeks in 
vivo, the animals Were again anesthetiZed and underWent in 
vivo MR imaging using the protocol detailed beloW. 
[0087] After the magnetic resonance images had been 
obtained, the animals Were euthaniZed using Fatal Plus at 1 
cc/ 10 lbs. There Were no animals Which had any surgical 
complications or dif?culty Walking normally, redness, 
Warmth and sWelling of the knee, fever or other signs of 
infection that Would have necessitated early euthanasia. The 
knees Were retrieved and taken for immediate ex vivo MR 
imaging and same-day biomechanical testing. The knees 
Were kept at 40 C. until biomechanical testing and kept moist 
using a saline spray and moist Wraps. 

Magnetic Resonance Imaging 

[0088] In vivo magnetic resonance imaging Was performed 
at 1.5 Tesla (GE Medical Systems, MilWaukee, Wis.) With a 
dedicated surface coil at the speci?ed time points. Scanning 
Was performed With the knees held in 30 degrees of ?exion. 
Conventional MR images included T1 and 3D FSE proton 
density sequences. Multisection-multiechoT2 sequence for 
mapping T2 relaxation time Were obtained With the folloWing 
imaging parameters: TRITE, 4000/ 14-98 in 14-msec incre 
ments for a total of 7 echo images With a 3-mm slice thick 
ness. Perfusion Was evaluated by using spoiled gradient echo 
sequence (TR/TE:200/2 ms, ?ip angle:60, 3 mm slice thick 
ness, and 0.625 mm in plane resolution) With an intravenous 
contrast agent (Magnevist; Berlex, Wayne, N.J.) injected 10 s 
after the start of scan. Five images Were obtained per slice, 78 
s apart. Post contrast T1 -Weighted images Were obtained (TR/ 
TE:500/ 9 ms) in the coronal and sagittal planes With a 3-mm 
slice thickness. 
[0089] Ex vivo magnetic resonance imaging Was con 
ducted on a 4.7 Tesla microimaging system (BiospecTM, 
Bruker BioSpin MRI, Inc., Karlsruhe, Germany). The system 
consisted of three-axis self-shielded magnetic ?eld gradients, 
With 30 G/cm maximum gradient amplitude in all three chan 
nels. The six-Week treated and intact knee specimens Were 
placed in the radiofrequency coil (ID. 72 mm) With the knee 
?exed 30 degrees as veri?ed by goniometer. After the T2 
localiZers imaging on three orthogonal axes, spin-echo proton 
density Weighted images (PD-WIs) Were subsequently 
acquired in the sagittal and axial planes at the ACL site. The 
pulse sequence used Was a conventional spin-echo sequence 
With folloWing parameters: repetition time (TR):2 sec, echo 
time (TE):10 msec, band Width:100 kHZ, ?eld of vieW:50 
mm, matrix siZe:256><256, slice thickness:1 mm (gapless), 
number of slices:15, affording a total scan time of approxi 
mately 8.5 minutes. 

Biomechanical Testing 

[0090] The bone-ligament-bone ACL complex from both 
knees for each pig Was tested in uniaxial tension. After eutha 
nasia, the hind limb of each pig Was amputated through the 
midshaft of the femur and tibia and the skin and overlying 
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muscle removed. The joint capsule, MCL, lateral collateral 
ligament and the posterior cruciate ligament Were kept intact 
during the embedding process and preserved until just prior to 
mechanical testing to facilitate correct spacing and alignment 
of the femur and tibia during mounting of the knee in the 
mechanical test apparatus. The ACL Was maintained in a 
hydrated state throughout preparation and mechanical testing 
by Wrapping the dissected knee in gauZe and irrigating repeat 
edly With 0.9% saline. Temperature Was maintained at room 
temperature to alloW comparison With other published stud 
ies. The femur and tibia Were cut to four inches in length and 
the ends embedded in cylindrical molds using polymethyl 
methacrylate (PMMA) resin. One or tWo transversely ori 
ented, self-tapping dryWall screWs Were placed unicortically 
in the proximal femur and distal tibia prior to embedding to 
prevent inadvertent pullout of the femur and/ or tibia from the 
PMMA during. mechanical testing. A specially designed jig 
Was used to position the femur and tibia in the cylindrical 
molds With the knee ?exed to 300 to align the femoral and 
tibial attachments of the ACL coaxial With the line of action of 
the load actuator. A goniometer Was used to measure the 
overall alignment and orientation of the femur, tibia and ACL 
complex before embedding. After approximately 30 minutes 
cure time, the specimens are positioned in the grips and the 
remaining soft tissue attachments sectioned so that only the 
ACL Was capable of resisting distraction across the knee joint 
during mechanical tensile testing. 
[0091] All mechanical testing Was conducted using an 
Interlaken Series 3300 Load frame (Eden Prairie, Minn.) 
controlled by an MTS TestStar IIm Digital Controller (Eden 
Prairie, Minn.). All test parameters Were preprogrammed and 
all phases of testing Were executed automatically so as to 
maintain consistency during testing of all the specimens. 
Once the specimen Was locked in the grips, the force and 
displacement transducers Were Zeroed. Close-range digital 
images of the bone-ligament-bone ACL complex Were 
acquired at 3 HZ using a high resolution digital camera With a 
macro lens (PixeLINK PLA662 Megapixel FireWire camera, 
PixeLINK, OttaWa ON, Canada) so that the portion of the 
ACL that failed (i.e. midsubstance at repair site, femoral or 
tibial attachment sites) could be observed directly. Before 
conducting the tensile test, the bone-ligament-bone ACL 
complex Was preconditioned With ten cycles of loading and 
unloading at a strain amplitude of approximately 3%, at a rate 
of5 mm/min (Sakai, T.;Yasuda, K.; Tohyama, H.;AZuma, H.; 
Nagumo, A.; Majima, T.; and Frank, C. B.: Effects of com 
bined administration of transforming groWth factor-beta1 and 
epidermal groWth factor on properties of the in situ froZen 
anterior cruciate ligament in rabbits. Journal of Orthopaedic 
Research, 20(6): 1345-51, 2002) to eliminate any “slack” in 
the test setup and to minimize viscoelastic effects (creep and 
stress-relaxation). Immediately after preconditioning, each 
specimen Was tested to failure in uniaxial tension at 20 
mm/min (Sakai, T.; Yasuda, K.; Tohyama, H.; AZuma, H.; 
Nagumo, A.; Majima, T.; and Frank, C. B.: Effects of com 
bined administration of transforming groWth factor-beta1 and 
epidermal groWth factor on properties of the in situ froZen 
anterior cruciate ligament in rabbits. Journal of Orthopaedic 
Research, 20(6): 1345-51, 2002; Katsuragi, R.; Yasuda, K.; 
Tsujino, 1.; Keira, M.; and Kaneda, K.: The effect of non 
physiologically high initial tension on the mechanical prop 
erties of in situ froZen anterior cruciate ligament in a canine 
model. American Journal ofSporZs Medicine, 28(1): 47-56, 
2000). The applied actuator displacement and resultant force 
data Were acquired at 10 HZ. After mechanical testing Was 
completed, the proximal and distal portions of the ruptured 
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ACL Were explanted from the bone and submitted for further 
gross and microscopic analysis. 
[0092] The tangent modulus (maximum slope of force 
displacement curve), maximum load at failure and total Work 
to failure (area under force-displacement curve) Were deter 
mined from the force-displacement curve measured for each 
bone-ligament-bone ACL complex tested. Data Was analyZed 
using MATLAB (The Math Works, Natick, Mass.). The yield 
load represents the point along the normaliZed force-dis 
placement curve Where the mechanical behavior of the ACL 
complex departed from “linear” behavior and for the pur 
poses of this analysis Was de?ned as the point Where the 
tangent modulus declines by at least 2% from its maximum 
value. The ultimate load Was deduced from the maximal 
normalized load sustained by the ACL complex prior to fail 
ure. The Work to failure Was derived by integrating the total 
area under the force-displacement curve. 

Magnetic Resonance Imaging 

[0093] In vivo MRI demonstrated a large mass of scar tissue 
in the area of the ACL transections treated With suture and 
collagen-platelet hydrogel, With a smaller mass seen in the 
region of the ACL When sutures alone Were used (FIG. 4). In 
the knees treated With suture and the collagen-platelet hydro 
gel, the tissue in the region of the ACL appeared to be devel 
oping linear densities consistent With collagen fascicles 
Within the mass, coursing from femur to tibia. The fat pad 
anterior to the scar mass in the knees treated With suture and 
collagen-platelet hydrogel also enhanced strongly immedi 
ately on perfusion of the knee With the IV gadolinium con 
trast, Whereas the knee treated With suture repair alone had 
less visible enhancement (FIG. 5). The difference in scar siZe 
and perfusion betWeen the knees treated With suture alone and 
the knees treated With suture and collagen-platelet hydrogel 
Was seen on the post-gadolinium coronal images as Well 

(FIG. 6). 

Biomechanics 

[0094] Failure Mode: In the ligaments treated With absorb 
able suture repair alone or suture repair augmented With 
platelet poor hydrogel, the mode of failure Was intra-sub 
stance in 6 out of 6 ligaments, While in those treated With 
suture repair+PRP-hydro gel, the repaired ligaments failed at 
the bone-ligament junction in 2 out of 5 cases (FIG. 7; Table 
1). In the intact ligaments, failure Was at the bone-ligament 
junction in 6 out of 6 cases. The absorbable suture material 
used in the suture repairs appeared to be completely resorbed 
at the four Week time point. 
[0095] Load at Yield: After four Weeks in vivo, the suture 
repairs augmented With collagen-PRP hydrogel had a load at 
yield almost three times as high as the repairs performed With 
suture repair alone (Table l). The yield load of the collagen 
PRP group reached 65% of the yield load of the intact ACLs 
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(l 79+/—37N) during these four Weeks in vivo. The strength of 
the suture repair+PRP-hydrogel Was signi?cantly greater 
than that of the suture repairs alone, but both groups Were still 
signi?cantly loWer than the intact ACL at four Weeks 
(ANOVA, p<0.000l for group, Bonferroni-Dunn correction 
post-hoc testing p<0.008 for all comparisons). 
[0096] Maximum Load After four Weeks in vivo, the suture 
repairs augmented With collagen-PRP hydrogel held a maxi 
mum load that Was tWice as high as the repairs performed With 
suture repair alone (Table l). The maximum load of the col 
lagen-PRP group reached 57% of the maximum load of the 
intact ACLs (l79+/—37N) during these four Weeks in vivo. 
The strength of the suture repair+PRP-hydrogel Was signi? 
cantly greater than that of the suture repairs alone, but both 
groups Were still signi?cantly loWer than the intact ACL at 
four Weeks (ANOVA, p<0.000l for group, Bonferroni-Dunn 
correction post-hoc testing p<0.008 for all comparisons). 
[0097] Displacement at Yield: While the mean value of 
displacement at yield Was loWer in the repairs augmented 
With collagen-PRP hydrogel than in the suture repairs alone 
(Table l), differences betWeen the four groups Were not found 
to be signi?cant (ANOVA, p>0.07 for group, p>0.008 for all 
comparisons). 
[0098] Stiffness: After four Weeks in vivo, the stiffness of 
the suture repairs augmented With collagen-PRP hydrogel 
Was tWice as high as the repairs performed With suture repair 
alone (Table l). The stiffness of the collagen-PRP group 
reached 50% of the stiffness of the intact ACLs during these 
four Weeks in vivo. The stiffness of the suture repair+PRP 
hydrogel Was signi?cantly greater than that of the suture 
repairs alone, but both groups Were still signi?cantly loWer 
than the intact ACL at four Weeks (ANOVA, p<0.000l for 
group, Bonferroni-Dunn correction post-hoc testing p<0.008 
for all comparisons). 
[0099] Energy to Failure: The energy to failure in the suture 
repair+PRP-hydrogel groups Was not statistically different 
from that in the group treated With suture repair alone using 
the multiple group comparison model (ANOVA, Bonferroni 
Dunn post hoc testing p>0.04). The difference betWeen the 
suture repair+PRP-hydrogel group and the intact ligaments 
Was also not signi?cant (p>0.08). In contrast, the ligaments 
treated With suture repair alone had a signi?cantly loWer 
energy to failure than the intact ligaments (p<0.00l). 
[0100] The effect of platelet depletion on biomechanical 
parameters: When platelet poor plasma Was used in the col 
lagen-platelet hydrogel, there Was no signi?cant difference 
found betWeen the collagen-PPP groups and the suture 
repairs alone. This Was true for all biomechanical parameters 
including the load at yield (p>0.50), maximum load (p>0.45), 
displacement at yield (p>0.70), stiffness (p>0.25) and energy 
to failure (p>0.39). The collagen-PPP group had signi?cantly 
loWer yield load, maximum load and stiffness When com 
pared With the collagen-PRP group (p<0.006 for all compari 
sons). 

TABLE 1 

Biomechanical Properties of the ACL Four Weeks after Transection and Repair 

Surgery/ Failure Energy 
Retr At B-L Load@Yield Maximum Stiffness Displ@Yield to Fail 

Group completed jn (N) Load (N) (N/mrn) (mm) (N * mm) 

Intact ACL n = 6 100% 142 +/— 38 179 +/— 37 48.6 +/— 7.9 4.7 +/— 0.7 492 +/— 204 

Suture Alone 11 = 7 0% 33 +/— 18 42 +/— 24 9.8 +/— 8.7 9.4 +/— 3.7 161 +/— 83 
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TABLE l-continued 
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Biomechanical Properties of the ACL Four Weeks after Transection and Repair 

Surgery/ Failure Energy 
Retr At B-L Load@Yield Maximum Stiffness Displ@Yield to Fail 

Group completed jn (N) Load (N) (N/mm) (mm) (N * mm) 

Suture + PPP n = 2 0% 19 +/— 4 25 +/— 9 4.4 +/— 2.2 10.7 +/— 0.8 145 +/— 112 
Suture + PRP n = 5 40% 93 +/— 10 103 +/— 12 24.2 +/— 4.9 6.1 +/— 1.3 337 +/— 122 

All values represent the mean +/— the standard deviation of the mean. 

[0101] This study demonstrates that the biomechanical out 
comes of strength and stiffness after primary repair of the 
ACL can be enhanced With use of a collagen-platelet rich 
hydrogel placed as a substitute provisional scaffold in the 
ligament defect. This is a critical ?nding as prior research into 
stimulation of healing in articular tissue defects has focused 
on overcoming cellular de?ciencies rather than scaffolding 
de?ciencies. In this study, no cells (except the platelets and 
White blood cells contained in the platelet-rich plasma) Were 
transplanted, yet a highly cellular repair tissue Was seen 
Within the defect after only four Weeks. This suggests that at 
least in the ACL, there is a sul?cient intrinsic and/ or extrinsic 
cellular response from the environment around the transected 
ACL to stimulate histologic healing of the defect if an appro 
priate scaffold is provided. 
[0102] The advantages of this large animal model of com 
plete ACL transection and suture repair are multiple. The 
suture repair provides initial mechanical stability, and the use 
of absorbable suture that has minimal strength at the end 
points of interest prevents the need for searching through (and 
possibly destroying) the scar mass to release suture and alloW 
for testing of the scar mass itself. Use of a large animal model 
alloWs for easy identi?cation of the structures of interest, both 
at the time of ligament transection and retrieval, and ease of 
mechanical repair for surgeons versed in repair of human 
ligaments. Additional testing looking at the results of a com 
plete ACL transection left unrepaired for a period of time 
before surgical treatment Would be bene?cial, as most 
patients Will not be able to undergo immediate repair; hoW 
ever, the costs of multiple animal surgeries and the additional 
housing Were beyond the ?nds available for this project. 
[0103] The collagen-platelet rich hydrogel used here also 
has several major advantages over prior tissue engineered 
implants. There is no required cell or tissue harvest prior to 
implantation (other than phlebotomy). The collagen form 
used to mix With the platelet-rich plasma is similar to that 
used currently in plastic surgery procedures (Cooperman, L. 
S.; Mackinnon, V.; Bechler, G.; and Pharriss, B. B.: Injectable 
collagen: a six-year clinical investigation. Aesthetic Plastic 
Surgery, 9(2): 145-51, 1985; Patel, M. P.; Talmor, M.; and 
Nolan, W. B.: Botox and collagen for glabellar furroWs: 
advantages of combination therapy. Annals of Plastic Sur 
gery, 52(5): 442-7; discussion 447, 2004) Where it is obtained 
either autologously or as a xenograft (Patel, M. P.; Talmor, 
M.; and Nolan, W. B.: Botox and collagen for glabellar fur 
roWs: advantages of combination therapy. Annals of Plastic 
Surgery, 52(5): 442-7; discussion 447, 2004; Sclafani, A. P.; 
Romo, T., 3rd; Parker, A.; McCormick, S. A.; Cocker, R.; and 
1acono, A.: Autologous collagen dispersion (Autologen) as a 
dermal ?ller: clinical observations and histologic ?ndings. 
Archives ofFacial Plastic Surgery, 2(1): 48-52, 2000). Thus, 
future clinical application is likely to be relatively loW risk, as 

opposed to treatment methods Which require an additional 
procedure to procure cells for expansion (Adachi, N.; Sato, 
K.; Usas,A.; Fu, F. H.; Ochi, M.; Han, C. W.; NiyibiZi, C.; and 
Huard, 1.: Muscle derived, cell based ex vivo gene therapy for 
treatment of full thickness articular cartilage defects. Journal 
ofRheumatology, 29(9): 1920-30, 2002; Bellincampi, L. D.; 
Closkey, R. E; Prasad, R.; ZaWadsky, 1. P.; and Dunn, M. G.: 
Viability of ?broblast-seeded ligament analogs after autog 
enous implantation. J Orthop Res, 16(4): 414-20, 1998), or 
stem cells, or implanted recombinant growth factors or even 
viral vectors for gene therapy (Adachi, N.; Sato, K.; Usas, A.; 
Fu, F. H.; Ochi, M.; Han, C. W.; NiyibiZi, C.; and Huard, 1.: 
Muscle derived, cell based ex vivo gene therapy for treatment 
of full thickness articular cartilage defects. Journal ofRheu 
matology, 29(9): 1920-30, 2002; Evans, C. H., and Robbins, 
P. D.: Genetically augmented tissue engineering of the mus 
culoskeletal system. Clin Orthop, (367 Suppl): 8410-8, 1999; 
Menetrey, 1.; KasemkijWattana, C.; Day, C. S.; Bosch, P.; Fu, 
F. H.; Moreland, M. S.; and Huard, 1.: Direct-, ?broblast- and 
myoblast-mediated gene transfer to the anterior cruciate liga 
ment. Tissue Eng, 5(5): 435-42, 1999). 
[0104] The use of Gelfoam as a carrier for the collagen 
platelet hydrogel may also have contributed to the strength of 
the enhanced repairs. While We did not run a control group 
With Gelfoam alone in this Example, the collagen-PPP repairs 
Were performed using Gelfoam and had mechanical proper 
ties inferior to that of the collagen-PRP group, suggesting that 
the platelets in the PRP group are more critical in stimulating 
healing of the ACL transection than the carrier itself. In addi 
tion, While this is the ?rst time healing of a complete transec 
tion of the ACL has been demonstrated biomechanically, the 
recovery of biomechanical strength in the defect remained 
incomplete at four Weeks. 

Example 3 

[0105] In this example, We demonstrate biomechanical 
healing using a sponge, With anchor and suture in the absence 
of additional repair material/PRP. We conclude that biome 
chanical healing of the porcine ACL after complete transec 
tion and immediate suture repair using a collagen sponge is a 
novel treatment for this injury that is signi?cantly better than 
the current standard of care (ACL reconstruction). 
[0106] Complete ACL transections Were performed in ?ve 
30 kg Yorkshire pigs and repaired With a four stranded, 
absorbable suture repair using a suture anchor in the femur. In 
each animal, the repair Was augmented With threading a col 
lagen sponge onto the suture anchor before tying the sutures. 
No post-operative immobilization Was used. The animals 
Were survived for three months and then underwent in vivo 
magnetic resonance imaging folloWed by euthanasia and 
immediate biomechanical testing. Six control knees With 
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intact ACLs from three additional animals Were used as an 
intact ACL control group. The supplementation of suture 
anchor repair With a collagen sponge resulted in formation of 
a large scar mass in the region of the ACL. Load at yield, 
maximum load and ACL tangent modulus Were all signi? 
cantly higher in the suture anchor repairs augmented With 
collagen sponge than in ACL transections treated With the 
current standard of care (ACL reconstruction) at the same 
time point. 

Experimental Design 

[0107] Five 30 kg female skeletally immature 4-month-old 
Yorkshire pigs underWent ACL transection and suture anchor 
repair. All animals Were treated on one side With suture 

anchor repair augmented With collagen sponge (n:5). All 
animals Were euthaniZed after fourteen Weeks. Just prior to 
euthanasia, the animals had in vivo MRI of both knees With 
gadolinium contrast to assess perfusion of the ACL Wound 
site. Immediately after euthanasia, the knees Were harvested 
biomechanical testing of the ACL complex performed as 
previously described. Intact ACLs (n:6) from a separate 
group of age-matched, gender-matched and Weight-matched 
animals Were used as a control group for the biomechanical 
studies. 

Surgical Procedure: 

[0108] Institutional Animal Care and Use Committee 
approvals Were obtained for this study prior to any surgical 
procedures. The pigs Were pre-medicated With telaZol 4.4-6.6 
mg/kg IM, xylaZine 1.1-2.2 mg/kg IM, and atropine 0.04 
mg/kg. They Were intubated and placed on iso?urane 1-3% 
for anesthesia maintenance. After anesthesia had been 
obtained, the pigs Were Weighed and placed in the supine 
position on the operating room table. Both hind limbs Were 
shaved, prepared With chlorhexidine folloWed by betadyne 
paint and sterilely draped. No tourniquet Was used. To expose 
the ACL, a four-centimeter incision Was made over the medial 
border of the patellar tendon. The incision Was carried doWn 
sharply through the synovium using electrocautery. The fat 
pad Was released from its proximal attachment and partially 
resected to expose the intermeniscal ligament. The interme 
niscal ligament Was released to expose the tibial insertion of 
the ACL. A Lachman maneuver Was performed prior to 
releasing the ACL to verify knee stability. TWo #1 Vicryl 
sutures Were secured in the distal ACL stump using a modi 
?ed Kessler stitch. The ACL Was transected completely at the 
junction of the middle and proximal thirds using a No 12 
blade. Complete transection Was veri?ed visually and With a 
repeat Lachman maneuver that became positive in all knees 
With no signi?cant endpoint detected after complete transec 
tion. All knees Were irrigated With sterile saline to remove 
synovial ?uid before suture anchor placement. An ab sorbable 
suture anchor (TWinFix AB 5.0 Suture Anchor With Dura 
Braid Suture (USP#2); Smith and NepheW, Inc, Andover 
Mass.) Was placed at the back of the femoral notch. The knee 
Was irrigated With 500 cc of sterile normal saline to remove all 
synovial ?uid. Hemostasis Was carefully achieved using pres 
sure and a solution of 1:10,000 of epinephrine as needed. 
Once hemostasis had been achieved, a collagen sponge Was 
threaded onto sutures and up into the region of the proximal 
ACL stump in the notch. The sutures Were tied With the knees 
in resting ?exion (approximately 70 degrees of ?exion). The 
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additional collagen sponge ?lled the intercondylar notch. The 
incisions Were closed in multiple layers With absorbable 
sutures. 

[0109] The animals Were not restrained post-operatively, 
and Were alloWed ad lib activity. Once the animals recovered 
from anesthesia, they Were permitted to resume normal cage 
activity and nutrition ad lib. Buprenex 0.01 mg/kg IM once 
and a Fentanyl patch 1-4 ug/ kg transdermal Were provided for 
post-operative analgesia. All animals Were Weight bearing on 
their hind limbs by 24 hours after surgery. After three months 
in vivo, the animals Were again anesthetiZed and underWent in 
vivo MR imaging using the protocol detailed beloW. 
[0110] After the magnetic resonance images had been 
obtained, the animals Were euthanized using Fatal Plus at 1 
cc/ 10 lbs. No animals had any surgical complications of dif 
?culty Walking normally, redness, Warmth and sWelling of the 
knee, fever or other signs of infection that Would have neces 
sitated early euthanasia. The knees Were retrieved and taken 
for immediate ex vivo MR imaging and same-day biome 
chanical testing. The knees Were kept at 4 degrees C. until 
biomechanical testing and kept moist using a saline spray and 
moist Wraps. 
[0111] The six intact control knees Were obtained from age 
gender- and Weight-matched animals after euthanasia folloW 
ing surgical procedures to the chest. The hind limbs Were 
froZen at —20 degrees C. for three months and thaWed over 
night at 4 degrees C. before mechanical testing. All other 
testing conditions for these knees Were identical to those in 
the experimental groups. 
[0112] Magnetic Resonance Imaging: In vivo magnetic 
resonance imaging Was performed at 1.5 Tesla (GE Medical 
Systems, MilWaukee, Wis.) With an eight-channel phased 
array coil at the speci?ed time points. Scanning Was per 
formed With the knees placed maximum extension (betWeen 
30 and 45 degrees of ?exion). Conventional MR included 
multiplane T1, FSE PD and T2 Weighted images. Field of 
vieW (FOV): 16-18 cm, matrix: 256><256, (repetition time/ 
echo time) TR/TE: 400/16, 2500/32, 3000/66 msec, echo 
train length (ETL): 8, bandWidth (BW): 15 kHZ, slice thick 
ness: 3, interslice gap: 1 mm). Perfusion Was evaluated by 
using spoiled gradient echo sequence (TR/TEI200/2 ms, ?ip 
angle:60, 3 mm slice thickness, and 0.625 mm in plane 
resolution) With an intravenous contrast agent (Magnevist; 
Berlex, Wayne, N.J.) 0.2 ml/kg injected 10 s after the start of 
scan. Five images Were obtained per slice, 78 s apart. Post 
contrast T1-Weighted images Were obtained (FOV: 16 cm, 
matrix: 256><256, TR/TE: 400/9 msec, slice thickness: 3 mm, 
interslice gap: 1 mm) in the coronal and sagittal planes. 
[0113] Biomechanical Testing: The bone-ligament-bone 
ACL complex from both knees for each pig Was tested in 
uniaxial tension as previously described. In brief, testing Was 
performed With the knee ?exed at 30 degrees of ?exion and at 
room temperature. Immediately after preconditioning, each 
specimen Was tested to failure in uniaxial tension at 20 
mm/min. Close-range digital images Were acquired at 3 HZ 
using a high resolution digital camera With a macro lens 
(PixeLINK PLA662 Megapixel FireWire camera, PixeLINK, 
OttaWa ON, Canada) to determine failure mode. The yield 
load, displacement at yield, tangent modulus (maximum 
slope of force-displacement curve), maximum load at failure, 
displacement at failure and total Work to failure (area under 
force-displacement curve) Were determined from the force 
displacement curve measured for each bone-ligament-bone 
ACL complex. The yield load represented the point along the 






