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Purpose: This study proposes treatment methods to provide a mechanically competent, immuno-
compatible, and sterile porcine graft for human knee ligament reconstruction. Methods: The anterior
cruciate ligament (ACL) was reconstructed by using treated porcine patellar tendon grafts or controls
of untreated porcine grafts or allografts in 20 rhesus monkeys. Animals were stratified into 2-, 6-, and
12-month postreconstruction cohorts. Serologic and histologic assessments were performed to
evaluate host immunological and cellular response. Healing and functional integrity of the ACL
reconstructions were assessed by tensile biomechanical testing. Results: Untreated porcine grafts
were acutely resorbed and rejected, whereas treated porcine grafts and allografts were incorporated
by the host as functional grafts. Temporal histologic assessment of treated porcine grafts and rhesus
grafts revealed gradual host cellular infiltration and graft collagen remodeling through a similar
mechanism of ligamentization. Biomechanical evaluations support graft functional integration with
no difference between allograft and treated graft reconstructions. Conclusion: Rhesus allograft and
treated porcine grafts presented with similar healing profiles in a long-term evaluation of ACL recon-
struction. Clinical Relevance: Immunochemical modification and sterilization of porcine patellar tendon
grafts may improve initial biocompatibility and long-term functionality of xenografts in musculoskeletal
applications. Key Words: Anterior cruciate ligament—Ligament reconstruction—Knee—Remodeling.

Rupture of the anterior cruciate ligament (ACL) is
a common traumatic injury to the knee in active

people. The healing response of ruptured ACLs is
poor, and without surgical reconstruction, the ACL

deficient knee limits patient activities and can lead to
future degenerative changes.1-4 Reconstruction of rup-
tured ACLs with autogenous patellar tendon or ham-
string has become the standard of care, but use of
these structures is not without complications. Al-
though rare, clinical complications of autogenous
grafts include donor-site morbidity, patellar fracture,
anterior knee pain, neurologic deficits, quadriceps
weakness, arthrofibrosis, and associated increases in
rehabilitation time, concomitant medications, and loss
of work.5,6 Long-term studies using patellar tendon
allografts have shown the advanced clinical utility of
allogeneic materials but source, supply, sterility, and
structural integrity concerns have limited widespread
clinical use.7,8 Furthermore, the potential risk of dis-
ease transmission from tissue allografts has been un-
fortunately shown and has heightened oversight of
allograft sourcing, processing, and clinical use.7 Con-
sidering these autograft and allograft limitations, there
exists an unmet clinical need for a safe and efficacious
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universal donor tissue for ACL reconstruction.4,8 This
study describes functional preclinical evaluation of a
novel immunochemically modified porcine bone–pa-
tellar tendon–bone construct as an ACL reconstruc-
tion device.

Previous attempts at the development of ACL re-
construction devices have been foiled by a combina-
tion of material and biological challenges. Synthetic
devices, such as Dacron, Kevlar, and carbon fiber met
with some initial clinical success but ultimately failed
because of inappropriate initial biomechanical prop-
erties, material fatigue profiles, and material shed-
ding.9-12 The abraded synthetic particles collected in
the joint space, lymph nodes, and other tissues and led
to a chronic inflammatory response.13 An effort made
in the 1980s to develop a bovine bone–patellar ten-
don–bone bioprosthetic was based on glutaraldehyde
crosslink chemistries for porcine heart valves. This
xenograft attempt also failed and was abandoned. Al-
though the mechanism of failure for the bovine-based
devices were mixed, poor biocompatibility attributed
to excess glutaraldehyde, improper biomechanical
properties preimplantation, and the lack of host inte-
gration were key variables leading to poor clinical
results.14

The major stumbling block for transplantation of
xenograft animal tissues into humans has been immu-
nological rejection. The primary cause of this rejection
has been identified as a cell and matrix surface carbohy-
drate antigen called the �-galactosyl (�-gal) epitope with
the structure Gal�1-3Gal�1-4GlcNAc-R.15 Humans
and Old World primates lack the �-gal epitope, but all
other mammals produce and incorporate many �-gal
epitopes into cellular and extracellular structures by
using the �1,3-galactosyl transferase enzyme.16 Hu-
mans, apes, and Old World monkeys continuously
produce natural anti-Gal antibodies constituting about
1% of circulating immunoglobulins and are not im-
munotolerant toward grafts expressing �-gal epitopes.
Consequently, transplantation of xenografts in these
higher species results in acute rejection by anti-Gal
antibodies.17 In this light, it is important to model host
response to implant materials in an immunologically
relevant model. Other than man, only higher primates
elicit an �-Gal immunological response toward xeno-
graft tissues, and therefore rhesus monkeys were used
in this evaluation. Previously reported studies have
characterized the critical nature of the immunological
response elicited by porcine tissues, with our efforts
examining �-Gal epitope enzymatic cleavage methods
as applied to porcine grafts for orthopaedic applica-
tions.18-20

Our recent development activities have focused on
methods to treat porcine bone–patellar tendon–bone
constructs to overcome anti-Gal–mediated rejection,
attenuate immunological recognition on implantation
in humans while assuring sterility, viral inactivation,
and mechanical properties appropriate for an ACL
reconstruction device.17-19,21,22 Optimized tissue treat-
ments include rigorous decellularization, enzymatic
cleavage of the �-gal epitope with recombinant �-
galactosidase, low-level glutaraldehyde cross-linking,
and terminal sterilization by irradiation. We hypothe-
size that these optimized treatments will provide an
immunocompatible xenograft ACL reconstruction de-
vice that will provide initial structural support, serve
as a dynamic scaffold with gradual cellular remodel-
ing, and replacement by host tissue.1,23-26

The current study used a rhesus monkey (Old World
monkey) ACL reconstruction model to assess the safety,
immunocompatibility, and efficacy of the xenograft de-
vice.27-29 Investigational objectives of this study were
(1) evaluation of the safety, immunocompatibility, and
biocompatibility of the xenograft as compared with
untreated porcine control and rhesus patellar tendon
allograft; (2) a temporal investigation of host cellular
infiltration and integration of graft ligament and bone;
and (3) assessment of device long-term efficacy
through biomechanical testing of the regenerate fem-
oral-anterior cruciate-tibial constructs.

METHODS

Study Design

A unilateral rhesus ACL reconstruction model was
implemented with 2-, 6-, and 12-month sacrifice time
points and clinical, serologic, histologic, and biome-
chanical evaluations. Twenty skeletally mature rhesus
monkeys weighing 4.3 � 0.3 kg were used in this
evaluation. Three animals were reconstructed with
treated grafts for the 2-month cohort, with an addi-
tional 5 at each 6 and 12 months. Controls consisted of
1 untreated porcine and 1 rhesus allograft at 2 months
and 5 rhesus allografts at 12 months. Three animals
from the 6-month time point and all 10 animals from
the 12-month time point were allocated for biome-
chanical testing followed by histologic assessment.
Although the rhesus knee is small, scaling to the
human has proven merit and the tetraped gait of pri-
mates closely emulates human knee range of motion
and flexion.29 Animal care and management were in
strict adherence to current animal care and welfare
guidelines.
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Tissue Processing

Patellar tendons were harvested from fresh frozen
stifles of 6- to 8-month-old pigs, thawed, and pulse
lavaged to remove cellular components. Removal of
the �-gal epitope by enzymatic treatment using re-
combinant �-galactosidase was verified by enzyme-
linked immunosorbent assay (ELISA) with an �-gal–
specific antibody and homogenized treated porcine
tendon as solid-phase antigen as previously reported.18

Cross-linking of the devices was accomplished with
0.10% glutaraldehyde for 12 hours followed by a
glycine endcapping to block unreacted glutaraldehyde
molecules. The final packaged devices were termi-
nally sterilized by electron beam irradiation at 17.8
kGy (validated sterility assurance of 10�6) and stored
frozen at �70°C until use.

Treated porcine bone–patellar tendon–bone grafts
and fresh frozen rhesus bone–patellar tendon–bone
control devices were thawed and each device cut into
bone-tendon constructs. The test and control devices
were prefabricated into 30-mm long by 4-mm wide
tendon grafts with proximal 5 mm diameter by 7 mm
in length bone plug ends. Final test articles were
rinsed and wrapped in sterile gauze with 0.1% baci-
tracin until implantation.

Surgical Procedures

All animals were sedated by using intravenous ket-
amine HCl and diazepam (10 mg/kg and 0.5 mg/kg,
respectively) as a preanesthetic with operative anes-
thesia maintained by intubation and administration of
isofluorane gas. The surgical placement of the device
parallels human ACL reconstruction techniques by
using an open approach and unilateral ACL recon-
struction. The knee joint was exposed by using an
anteromedial incision and lateral displacement of the
patella. The ACL was subsequently removed. The
ACL insertion sites on the femur and tibia were visu-
ally located and used as reference for initial guide pin
drilling of the femoral and tibial tunnels. Anatomic
insertion placement was verified before the tunnels
were overdrilled with a 4.5-mm drill. The treated
porcine device (or control) was pulled into place with
a guide suture and the proximal graft bone plug inter-
ference fit normograde into the femoral site. After
tensioning the graft in 30° flexion, the opposing free
tendon end of the graft (preloaded with nonresorbable
suture by using single-loop locking stitch pattern) was
sutured to the tibia through a pilot hole drilled trans-
versely across the proximal tibial tubercle. The fem-
oral bone plug was impacted into the tunnel and

trimmed flush with the femoral surface. The combi-
nation of press-fit femoral insertion and suture attach-
ment for tibial fixation was used to minimize hardware
complications from a reconstruction in this small
knee. Range of motion and laxity testing of the sur-
gically implanted knee compared with the nonoper-
ated was used to assess the intraoperative placement
and integrity of surgical reconstruction. The incision
was closed in layers by using resorbable sutures and
standard methods. Soft wound dressing without cast-
ing or other immobilization was used postoperatively.
Analgesic (oxymorphone) was administered intramus-
cularly after surgery and for 3 days postoperatively.
Postoperative assessment used daily objective mea-
surements of swelling, lameness, and activity and used
an ordinal scoring system and blinded evaluator. An-
imals were caged independently until 7 weeks post-
operatively and then moved to sex-matched group
housing to increase activity and as part of an environ-
mental enrichment program. Range of motion and
laxity were assessed at 6 and 12 months by blinded
evaluator through anterior drawer test and endpoint.
Clinically acceptable outcome was normal or near
normal as compared with the contralateral limb.

Serologic Methods

Blood samples were taken presurgically and on
days 10, 14, 21, 28, 42, 56 and at 3, 6, 9, and 12
months for analysis of anti-Gal and anti–non-Gal an-
tibodies (i.e., antibodies to pig tendon proteins). Stan-
dard clinical chemistries and hematologic and sero-
logic panels were also performed preoperatively and
quarterly.

Serum immunoglobulin (Ig) anti-Gal IgG and IgM
activity was determined by ELISA by using standard
methods and synthetic �-gal epitopes coupled to bo-
vine serum albumin (�-gal-bovine serum albumin) as
the solid-phase antigen.18 Primate sera were assayed
in serial 2-fold dilutions with peroxidase coupled rab-
bit antihuman IgG or IgM used as secondary anti-
body.18,19 The titer was presented as the reciprocal of
serum dilution displaying half-maximal binding in
ELISA.

Serum anti–non-Gal activity was determined by
using homogenized treated porcine patellar tendon as
the solid phase antigen, as previously performed for
porcine cartilage implants. This assay system moni-
tors the production of antibodies to pig tendon anti-
gens other than the �-gal epitope. Primate serum was
depleted of any anti-Gal activity by adsorption to 30%
rabbit red cells (vol/vol) for 1 hour at 4°C.25 Subse-
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quently, serum samples in 2-fold serial dilutions were
measured for IgG or IgM binding to the treated tendon
with horseradish peroxidase-conjugated rabbit antihu-
man-labeled secondary antibodies. Titer increase was
calculated and reported as with anti-Gal titers.

Histologic Methods

After sacrifice, the naive and reconstructed limbs
were partially dissected, exposing the knee capsule
and ACL, photographed, and evaluated for gross
pathological changes. The specifics of implant histo-
logic areas of interest included intra-articular graft and
bone tunnel insertion sites of the femur and tibia.
Intra-articular specimens from all time points were
dissected from femoral and tibial components, pro-
cessed in paraffin, sectioned longitudinally at 4 �m
thick, and stained with hematoxylin and eosin, tolu-
idine blue, and Masson’s trichrome. Matching femoral
and tibial specimens were processed undecalcified
embedded in methacrylate and sectioned at a mini-
mum of 2 levels either axially or longitudinally along
bone tunnels through ground specimens. Alternately,
two of the five 6-month specimens were sectioned in
oblique sagittal plane as intact femoral-ACL-tibial
constructs. Histology as separate femoral and tibial
components on three 6-month and all 12-month spec-
imens was performed postbiomechanical testing. His-
tologic analysis was aided by metabolic bone labeling
with oxytetracycline (intramuscularly, 25 mg/kg) 2
weeks postoperatively and calcein (intramuscularly,
10 mg/kg) 13 and 3 days presacrifice. Plastic embed-
ded sections were stained with toluidine blue, he-
matoxylin and eosin, Massons’s trichrome, or left
unstained for metabolic bone label analysis and polar-
ized light microscopy. All sections were evaluated
qualitatively for signs of rejection, cellular response
and type, graft to host bone integration, bone forma-
tion at the periphery of the tunnels, graft remodeling
and maturation, and the presence of Sharpey-like fi-
bers. Assessments were conducted in a blinded fash-
ion by both veterinary and human transplant patholo-
gists.

Biomechanical Testing

Tensile testing to failure of operated and unoperated
femoral-ACL-tibial constructs from 6- and 12-month
postoperative test groups was conducted according to
previously established methods and fixtures.30-32 Test-
ing used servo-hydraulic test frame (Shore Western
Inc., Monrovia, CA ). Specifics for tensile, axial test-
ing to failure include storage of specimens at �80°C

until testing; ambient air testing, load along the liga-
ment axis at 30° of flexion, 100% ligament length
strain rate per second, and data acquisition for load
and displacement collected at 500 Hz.

Measured physical characteristics of reconstructed
and control ligaments were collected and include in-
tra-articular length of an average of anterior and pos-
terior bundles (by micrometer) and average graft cir-
cumference midsubstance (by tensioned suture loop
and micrometer). Testing yielded structural property
values for ultimate load, yield load, ultimate displace-
ment, yield displacement and stiffness, and standard
derived material properties for ultimate strength, yield
strength, ultimate strain, yield strain, and modulus.
The study values are reported in mean and standard
deviation. Descriptive statistics were compiled for all
collected variables. Intergroup comparisons were con-
ducted by an analysis of variance, with post hoc
testing performed by a Tukey t test at P � .05.

RESULTS

Clinical Observations

The porcine grafts and surgical intervention were
well tolerated with all animals returning to normal
function at 7 weeks and placed in group housing with
unrestricted cage activity by 8 weeks postoperatively.
Range of motion and laxity at 6 and 12 months were
considered to be clinically acceptable in all animals.

Serologic Assessments

There were no adverse findings from standard clin-
ical chemistry, serologic, and hematologic panels in
any animals. Titers for both anti-Gal antibody and
anti–non-Gal antibody are reported in reciprocal dilu-

FIGURE 1. Anti-Gal and anti–non-Gal IgG titers for rhesus im-
planted with untreated and treated porcine grafts for ACL recon-
struction. Error bars represent standard deviation of reciprocal
titers.
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tion at 50% maximal binding. Figure 1 presents anti-
body titers for 1 untreated porcine engrafted animal
(pPT-untreated) and all 13 treated graft (pPT-treated)
reconstructed animals.

Anti-Gal titer in monkey engrafted with untreated
porcine ligament increased by �200-fold within 2
weeks postimplantation. However, in monkeys grafted
with the treated ligament (pPT treated), anti-Gal titers
were attenuated by greater than 95% as compared with
the monkey engrafted with untreated porcine graft.
This result confirms previously published studies and
supports the efficacy of �-galactosidase in epitope
cleavage and attenuation of immunological recogni-
tion.25 The small increase in anti-Gal titers in monkeys
engrafted with treated pig ligament is likely to be the
result of an immune response to �-gal epitopes on the
small number of porcine bone marrow cells remaining
in cancellous bone interstices. Anti-Gal titers resolved
to preimplantation range by 8 to 12 weeks postimplan-
tation. The robust anti-Gal response to untreated por-
cine tissue, indicating acute rejection, resolves only in
coordination with a rapid destruction and resorbtion of
the graft. Anti–non-Gal titers were comparatively
minimal and yielded no adverse hematologic or sys-

temic changes. The decrease in anti–non-Gal antibody
titers observed after 9 and 12 months, in comparison
to those measured after 3 and 6 months suggest a
decrease in the amount of pig tissue by ligamentiza-
tion by the host’s cells and matrix. Thus, the amount
of stimulation by porcine protein antigens is lower
after 9 and 12 months. Additionally, anti-Gal and
anti–non-Gal IgM titers were monitored, with only
nominal changes observed (data not shown).

Gross Pathology

Treated xenograft and allograft reconstructions ex-
hibited a structural appearance resembling native graft
with similar healing profiles including re-establish-
ment of synovial sheath and proximal attachment vas-
cularization (Fig 2A and B). In contrast, the untreated
graft was replaced by unorganized granular tissue. No
degenerative articular changes or adverse synovial
changes were present in any of the treated porcine
engrafted or control allograft animals as assessed vi-
sually or by qualitative histopathology and ordinal
scoring.

Implant Histopathology

Graft Histopathology: Two-Month Specimens
Rhesus Allograft: Grafts exhibited a fibroblastic

reorganization of the collagen, more pronounced pe-
ripherally and less cellular in the central portion. New
blood vessel formation was evident in focal fibrovas-
cular regions. Sparsely distributed and limited regions
exhibited a more histiocytic infiltrate and rare lym-
phocytes. Implant periphery exhibited additional
blood vessel formation as well as synovial formation
(Fig 3A). Bone tunnels exhibited graft integration
with the host bone and peripheral revascularization.

Untreated Porcine Graft: Only remnants of the
porcine graft were observed. This elimination of the
xenograft is attributed to immunologically mediated

FIGURE 2. Gross pathology of the rhesus knee: (A) native ACL in
a nonoperative left knee and (B) 6-month postoperative treated
graft reconstruction showing re-establishment of ligament intra-
articular morphology and bony insertions.

FIGURE 3. Graft histology at 2 months: (A) intra-articular portion of an allograft showing peripheral synovial formation with vascular
structures and a reorganization of the graft with modest fibrovascular infiltrate, (B) granular reorganization of an untreated graft with a
lymphocytic infiltrate and resorption of engrafted porcine tendon, and (C) peripheral synovial formation and fibrovascular organization of
treated graft with fibroblastic remodeling in alignment with the collagen fibrils (all photomicrographs, H&E stained, 100�).
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graft resorption. The proximal portion of the untreated
porcine graft presented with granulation tissue con-
taining lymphocytic infiltrate and immune-mediated
destruction of the porcine ligament (Fig 3B). Bone
tunnels exhibited advanced resorption of the graft,
more pronounced in the tibial tunnel, and character-
ized by a mixed lymphocytic infiltrate and osteoclastic
remodeling of graft at host bone junction.

Treated Porcine Graft: The macro-architecture of
the treated grafts revealed a large central portion of
unadulterated porcine graft with a periphery of reorga-
nized collagen. The slight to mild infiltrate was primarily
fibrohistiocytic with interspersed regions of fibrovascular
reorganization and blood vessel formation. Sparsely dis-
tributed areas exhibited mild lymphohistiocytic infil-
trates. Implant periphery exhibited additional blood ves-
sel formation as well as synovial formation (Fig 3C).
Bone tunnels exhibited tendon-to-host bone integra-
tion and consolidation as well as graft bone-to-host
bone cancellous remodeling.

Graft Histopathology: Six-Month Specimens
Treated Porcine Graft: Graft histopathology re-

vealed a contiguous reconstruction from femoral to

tibial insertion sites characterized by remodeled and
mature collagen, interspersed spindle-shaped fibroblasts,
and viable tenocytes with minimal to no inflammatory
cell infiltrates. Peripheral regions exhibited fibrovascular
regeneration supporting periligamentous vasculariza-
tion. The graft tendon to host bone interface showed
direct apposition with host bone remodeling and
Sharpey-like fibers at interface. Graft bone to host
bone integration was mature with near seamless mar-
gin at some junctions and re-establishment of lacunae
and marrow-filled interstices. Histopathology demon-
strated increased remodeling and maturation of tendon
graft collagen and advanced graft tendon and bone
integration in host bone tunnels as compared with
2-month specimens (Fig 4A-C).

Graft Histopathology: Twelve-Month Specimens
Treated Porcine Graft and Rhesus Allograft:

The intra-articular graft histopathology revealed a
prominent peripheral synovium in both rhesus allo-
graft- and xenograft-reconstructed specimens. The pe-
ripheral collagen of the graft matrix exhibited limited
vascularization interspersed with spindle-shaped fi-
broblasts. The central portion of the grafts was less

FIGURE 4. Treated porcine
graft at 6 months: (A) sagittal
specimen of the complete fem-
oral-ACL reconstruction-tibial
complex showing graft at the
center of the specimen with
femoral tunnel (left) and tibial
tunnel (right) (toluidene blue,
10�); (B) higher magnification
of A, showing graft bone fu-
sion with a bridging union of
woven and subchondral bone
overlaid with cartilage at the
left lower margin (the central
core of collagen shows remod-
eling with peripheral interface
anchors to newly formed bone
at the tunnel walls [Toluidene
blue, 100�]); and (C) tendon
bone interface at a higher mag-
nification than B. Flurochrome
labels show active bone forma-
tion at bone interfaces (calcein
label, 400�).
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cellular than the periphery and exhibited some focal
regions of acellularity. Advanced remodeling and
maturation of the peripheral and central portions of the
grafts was evident by polarization birefringence.
These findings were uniformly found in both treated
graft and rhesus allograft groups (Fig 5A-D). A focal,
mild, mixed plasmacytic infiltrate was found in 1
xenograft device and appears to be superimposed on
the otherwise normal organizing ligamentous tissues.
Bone tunnel histopathology for both treated graft and
rhesus allograft presented with mature graft integra-
tion in bone tunnels as compared with 6-month spec-
imens (Fig 6).

Biomechanical Testing

Failure mode for all specimens was consistently intra-
articular graft midsubstance. Average reconstructed lig-

ament lengths closely approximated control ACLs at
both 6 and 12 months. Hypertrophy of the rhesus recon-
structions was more pronounced at 12 months as com-
pared with treated porcine grafts. Table 1 (online only;
available at www.arthroscopyjournal.org) summarizes
structural and material property results. Ultimate load
increase 67% and corresponding stiffness increased 58%
for porcine graft specimens in the 6- and 12-month
interval. Changes in material property yield strength be-
tween 6- and 12-month time points was 64%, although
nominal changes were found in ultimate strength. This
finding highlights the transition between elastic and plas-
tic regions and regenerate construct materials properties.
Although not statistically significant, there were no rel-
ative differences in structural or material properties at 12
months between treated porcine grafts and rhesus allo-
grafts.

FIGURE 5. Treated porcine
graft and rhesus allograft at 12
months: (A) peripheral section
of the treated graft showing sy-
novium (top) and different
collagen organizations with in-
terspersed linearly aligned fi-
broblasts (100� H&E), (B)
same field as A under polariza-
tion showing collagen matura-
tion and ligament-like collagen
crimp periodicity (100� polar-
ized), (C) rhesus allograft pe-
ripheral section showing vascu-
larized synovium and maturing
collagen with spindle-shaped fi-
broblast infiltrate (100� H&E),
and (D) same field as C with
peripheral polarization support-
ing collagen maturation (100�
polarized).

FIGURE 6. Treated porcine
graft at 12 months: (A) longitu-
dinal intra-tunnel section with
host bone (left) zone of attach-
ment with Sharpey-like fibers
and tendon fibers aligned along
load transfer (100� H&E) and
(B) tibial tunnel exit showing
differential zones of graft tendon
(lower) fibrocartilage and host
bone (40� trichrome).
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To allow comparison of our biomechanical results
to published studies, the standard convention of re-
porting biomechanical properties in percent of con-
tralateral, intact limb was applied to our data. A linear
trend of return to intact ACL strength was observed
and increased from 43% to 58% over the 6- to 12-
month interval for treated grafts.

DISCUSSION

Although several studies have investigated the use
of xenograft tissues in functional and orthotopic in-
vestigations, few have successfully evaluated implant
site and host systemic response to untreated and mod-
ified materials in an immunologically relevant model
of discordant xenotransplantation. Although the pri-
mary objectives of treated xenograft immunological
acceptance and graft functional patency as compared
with allograft were achieved, this investigation is not
without limitations including small group sample size
limiting rigorous statistical comparison both biome-
chanically and histologically and specimen artifact
from postbiomechanical histologic assessment.

Histologic and serologic results at 2 months post-
operatively support an acute humoral and local immu-
nologically mediated rejection of the untreated por-
cine graft with normal healing showed comparing
treated porcine graft and rhesus allograft. Postprocess
analysis of treated grafts showed an effective removal
of cellular debris, as assessed by embedding, section-
ing, and photo-microscopy and a 2-log efficacy in
�-gal epitope cleavage by �-galactosidase, as assessed
by immunoassay. Although a discrete rejection thresh-
old level of �-gal epitopes has not been derived for
graft materials, a clear relationship exists between the
presentation of �-gal epitopes, resulting immunolog-
ical rejection, and limited functional integrity of xeno-
graft materials.

Our second research question addressed the se-
quence of host cellular response and graft incorpora-
tion. Histologic results from 6- and 12-month time
points show graft maturation and remodeling (i.e.,
ligamentization) from the graft periphery toward the
central core, leading to a gradual replacement of
the initially engrafted matrix with host collagen. Al-
though there was a mild and transient anti-Gal and anti–
non-Gal immunological recognition of the treated por-
cine graft material, local host response and cellular
infiltration did not differ significantly as compared
with rhesus allograft implants. In both treated graft
and rhesus allograft reconstructions, sparsely dis-
tributed central regions of relatively unremodeled

tendon were present even at the 12-month time
point. These findings parallel human ACL recon-
struction studies with biopsy histology and support
a functional integration of graft tissue before com-
plete graft remodeling.23-26

The third research objective is an assessment of
long-term efficacy through temporal mechanical eval-
uation and comparison of treated grafts to rhesus
allograft. Six- and twelve-month time points were cho-
sen to evaluate a return to normal ACL strength and
results corroborated by comparison to native ACL and
autograft primate characterization and reconstruction
studies presented by Butler et al.,27 Clancy et al.,28 and
Noyes and Grood.29 Figure 7 presents our time course
percent intact results for ultimate load as compared
with findings from published autograft reconstruction
studies in non-human primate. The mechanical
strength of all biological ACL reconstruction grafts go
through a period of decreasing strength postopera-
tively. The magnitude and duration of this decrease is
generally thought to be smaller with autograft as com-
pared with allograft. In successful grafting, there is a
significant recovery of graft structural properties, al-
though no studies have documented a full return to
normal ACL properties in studies monitoring healing
for up to 2 years. Postmortem biomechanics support
the functional efficacy of the treated xenograft device
with biomechanical properties of the treated porcine
grafts increasing in the 6- to 12-month interval and
comparing favorably with published values for au-
tograft and allograft reconstructions in multiple spe-
cies.27-29,33,34

FIGURE 7. Temporal comparison of percent strength of recon-
structed to intact anterior cruciate reconstructions for non-human
primate studies. Current study: treated xenograft, Clancy 1981:
vascularized autograft, and Butler 1989: composite vascularized
and free autografts.
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CONCLUSION

In summary, porcine bone–patellar tendon–bone
constructs can be treated to reduce xenograft immu-
nological recognition, enabling the natural process of
ligamentization and functional graft incorporation.
Treatments do not adversely affect the biomechanical
properties of the graft. Immunochemically modified
and sterilized porcine tissue may be substituted for
allograft tissue and are currently under investigation in
an approved human clinical trial at our facility.

Acknowledgment: The authors thank Thomas Hansen
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TABLE 1. Structural and Material Properties of Primate Biomechanical Tensile Test Groups

Time Postsurgery

6 Months 12 Months
6- � 12-Month

Controls

Xenograft
(Right Limb Operative)

(n � 3)

Xenograft
(Right Limb Operative)

(n � 5)

Rhesus PT
(Right Limb Operative)

(n � 5)

Control ACL
(Left Limb Unoperated)

(n � 13)

Structural properties
Ult. load (N) 225.6 � 54.9 338.0 � 80.0 391.4 � 141.1 576.0 � 156.0
Yield load (N) 105.0 � 74.4 288.0 � 100.6 297.1 � 117.0 491.5 � 158.6
Ult. displacement (mm) 5.17 � 0.59 4.02 � 0.88 4.02 � 1.20 4.63 � 0.80
Stiffness (N/mm) 77.9 � 11.2 135.5 � 27.1 150.5 � 50.0 181.2 � 45.6

Material properties
Ult. strength (MPa) 25.7 � 9.2 23.4 � 9.0 19.6 � 5.7 67.9 � 17.2
Yield strength 12.2 � 6.2 19.5 � 8.0 15.9 � 6.6 58.1 � 17.5
Ult. strain (%) 50 � 7 40 � 12 48 � 13 52 � 11
Modulus (MPa) 89.6 � 24.3 92.7 � 32.0 85.0 � 27.7 223.5 � 73.2

Abbreviation: Ult., ultimate.
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