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Background: The effect of low-dose gamma irradiation on healing of soft tissue allografts remains largely unknown.

Hypothesis: The authors hypothesized that soft tissue allograft healing to bone would be delayed compared with that of autograft
tissue and that low-dose (1.2 Mrad) gamma irradiation would not affect the healing response of allograft tissue after anterior cru-
ciate ligament (ACL) reconstruction.

Study Design: Controlled laboratory study.

Methods: Forty-eight New Zealand White rabbits underwent bilateral ACL reconstructions with semitendinosus tendon graft. Sixteen
rabbits were reconstructed with autografts and the remainder with allografts. The 32 allograft rabbits each received 1 irradiated allo-
graft (1.2 Mrad), with the contralateral leg receiving a nonirradiated allograft. Animals were euthanized at 2 weeks or 8 weeks postop-
eratively. Tensile stiffness, maximum load, and displacement at maximum load were measured. Tibial and femoral segments were
sectioned perpendicular to the tunnel axis allowing for histologic and histomorphometric analyses at the tendon-bone interface.

Results: There were no significant differences between the maximum load or stiffness values among all groups at 8 weeks. At 2
weeks, autograft exhibited significantly (P \ .01) lower maximum load than did the nonirradiated grafts. Regarding histology, at
both 2- and 8-week time points, autograft tendon displayed more advanced degenerative and remodeling processes in compar-
ison with irradiated allograft and nonirradiated allograft.

Discussion: The maximum load and stiffness of a healing tendon allograft in ACL reconstruction appear to be unaltered by low-
dose (1.2 Mrad) irradiation. At 8 weeks, there were no biomechanical differences in tendon-bone healing of allografts when com-
pared with autograft controls. Histologic analyses suggested a faster remodeling response in autograft specimens in comparison
with allografts at both time points.

Clinical Relevance: The findings support the contention that low-dose gamma irradiation is safe for sterilization of ACL soft tissue
allografts without compromise of graft properties at early time points.
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Allograft tendons have emerged as popular alternatives to
autograft anterior cruciate ligament (ACL) reconstruction.
Tissue that is typically used for ACL allografts includes
bone–patellar tendon constructs, as well as soft tissue grafts
such as semitendinosus, Achilles, or anterior tibialis tendons.
Although bone–patellar tendon–bone (BPTB) allografts have
the advantage of high initial fixation strength with early
bone-to-bone healing, they have a considerably lower avail-
ability in tissue banks compared with soft tissue ACL allog-
rafts. In addition, the length of BPTB allografts must
match closely with the recipient to avoid graft-tunnel length
mismatch. If significant graft-tunnel length mismatch
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occurs, adequate fixation of the bone block in the tibial tunnel
is difficult or impossible, and other less reliable and more
time-consuming methods of fixation must be substituted.6

Because of these limitations, soft tissue allografts are emerg-
ing as a popular choice for ACL reconstruction.

Potential advantages of allograft usage in ACL recon-
struction include decreased surgical time, decreased surgi-
cal morbidity, and unaltered patello-femoral tracking.7

However, the use of allograft tissue is not without associ-
ated disadvantages. Allografts have decreased osteoinduc-
tive and osteoconductive characteristics, as well as
increased incorporation times when compared with auto-
graft tissue.12,19,32 Moreover, although allograft ACL sur-
gery is considered safe, cadaveric tissue can transmit
blood-borne disease such as hepatitis, bacterial or fungal
infection, and HIV.11,33 To minimize the risk of transmis-
sion, tissue banks perform aggressive donor and graft
screening, as well as secondary graft sterilization commonly
using gamma irradiation. Initially, human tissue allografts
were irradiated with 2.5 to 5 Mrad (25-50 kGy), ‘‘high-dose
radiation,’’ which compromised graft structural integrity
and resulted in high failure rates.38 More recent secondary
sterilization protocols have employed lower irradiation
doses, typically from 1 to 1.8 Mrad (10-18 kGy), and are fre-
quently termed ‘‘low-dose radiation.’’38 These protocols
sometimes also incorporate radioprotectant solutions to fur-
ther protect allograft integrity.17 Time zero studies con-
ducted on low-dose irradiated allografts suggest that the
preimplantation biomechanical properties are not altered
when allografts are irradiated at these lower levels.3

It is well known that gamma irradiation may compro-
mise the preimplantation structural and mechanical proper-
ties of the graft in a dose-dependent manner.4,9,10,13,18,26

However, in vivo effects of irradiation on soft tissue–bone
healing and the ligamentization process are poorly under-
stood. To our knowledge, there are no published reports
on soft tissue ACL allograft healing (ie, tendon-to-bone heal-
ing) after irradiation treatment. The purpose of this study
was to biomechanically and histologically compare soft tis-
sue healing in a bone tunnel over a 2- and 8-week time
period using 3 types of ACL hamstring grafts: nonirradiated
allografts, low-level (1.2 Mrad) gamma-irradiated allografts,
and autograft controls. We hypothesized that soft tissue
allograft tendon-to-bone healing would be delayed compared
with that of autograft tissue and that low-dose (1.2 Mrad)
gamma irradiation would not affect the healing response
of allograft tissue after ACL reconstruction.

METHODS

In Vivo Animal Model

This study design was based on an established model of
ACL reconstruction performed in skeletally mature, male
New Zealand White rabbits.15,29 Animals were procured
from a licensed rabbit farm and were not inbred to
strengthen the allograft model. The protocols described
below were reviewed and approved by our institutional
animal care and use committee.

Experimental Design

A total of 58 skeletally mature, male New Zealand White
rabbits with a mean weight of 3.5 kg at the time of surgery
were included in the study. Forty-eight rabbits underwent
bilateral ACL reconstruction with semitendinosus tendon
grafts. The rabbits were divided into 4 study groups (Table
1). Animals in groups 1 (5 rabbits for biomechanics, 3 rab-
bits for histology; 2-week time point) and 2 (5 rabbits for
biomechanics, 3 rabbits for histology; 8-week time point)
received bilateral ACL autograft reconstructions; grafts
were harvested and used for ACL reconstruction during
the same procedure. Animals in groups 3 (10 rabbits for
biomechanics, 6 rabbits for histology; 2-week time point)
and 4 (10 rabbits for biomechanics, 6 rabbits for histology;
8-week time point) received bilateral ACL allograft recon-
structions with an irradiated allograft placed in the left
knee and a nonirradiated allograft placed in the right
knee to serve as a control. Ten rabbits (20 tendons) were
used exclusively for semitendinosus tendon allograft har-
vest. To minimize the number of animals, tendon allografts
were also procured from rabbits designated for allograft
ACL reconstruction (groups 3 and 4). Thus, all animals
included in the experimental groups (1, 2, 3, and 4) under-
went a bilateral semitendinosus tendon harvest and auto-
graft or allograft ACL reconstruction. Each harvested
allograft was maintained in our freezer until the time of
ACL reconstruction. If the specimen was in an irradiation
group, the allograft was maintained in our freezer up
through the morning of irradiation, and throughout the
irradiation process the allograft was kept on dry ice to
prevent any additional freeze-thaw cycles. Each allograft
was then thawed intraoperatively immediately before
implantation. A summary of the study design is depicted
in Figure 1.

TABLE 1
Experimental Groups With Treatments and Time Points for Analysisa

Group No. of Animals Left Knee Treatment Right Knee Treatment Time Point (Postoperative), wk

1 8 ACLR (autograft) ACLR (autograft) 2
2 8 ACLR (autograft) ACLR (autograft) 8
3 16 ACLR (1.2 Mrad irradiated allograft) ACLR (nonirradiated allograft) 2
4 16 ACLR (1.2 Mrad irradiated allograft) ACLR (nonirradiated allograft) 8

aACLR, anterior cruciate ligament reconstruction.
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Surgical Procedure

After induction of anesthesia and administration of cefazo-
lin, the rabbit’s bilateral lower extremities were shaved,
prepared with sequential povidone/iodine (Betadine)
scrubs, and draped. A 4-cm anteromedial skin incision
was made over the knee, and the semitendinosus tendon
was harvested from its musculotendinous junction to its
insertion on the posterior proximal tibial shaft. In rabbits
assigned to groups 1 and 2 (autograft reconstruction),
a 3-0 Ethibond suture[AQ: 3] was used to place a Krakow
stitch on each end of the graft (Figure 2). In rabbits
assigned to groups 3 and 4 (allograft reconstruction), after
harvest, the grafts were immediately wrapped in saline-
soaked sterile gauze and placed in sterile specimen cups
and frozen at –20�C. Half of these grafts received second-
ary gamma sterilization to 1.2 Mrad with Cobalt 60 irradi-
ation at Steris Isomedix Inc (Libertyville, Illinois); grafts
were irradiated at –20�C, and specialized dosimeters
were used to confirm delivery of the required dose of
gamma radiation. The technique used was identical to
that used for human tissue prepared for clinical use at
our medical center. After treatment, these grafts were
maintained in a –20�C freezer until needed for subsequent
surgeries.

Using the same skin incision, a 2-cm medial parapatel-
lar arthrotomy was made. The patella was dislocated later-
ally, and the native ACL was excised. A 2.0-mm drill was
used to create a tibial and femoral tunnel through the
respective ACL footprints. The semitendinosus graft was

passed through the tunnels with the use of a 3-0 Ethibond
shuttle suture. Grafts were manually tensioned, and each
suture end was secured to a collateral ligament origin
(femur) followed by tensioning of the graft with the knee
in 90� flexion and suturing at the medial collateral inser-
tion (tibia). The knee joint was subjected to 10 cycles of
flexion-extension motion to verify stability of the recon-
structed joint. The joint capsule and skin were closed in
standard fashion using 4-0 Vicryl suture. The identical
procedure was then performed in the opposite knee. Each
rabbit in groups 1 and 2 received bilateral autograft recon-
struction; each rabbit in groups 4 and 5 received an irradi-
ated allograft in the left knee and a nonirradiated allograft
in the right knee.

Wounds were not dressed or bandaged, and the legs
were not immobilized postoperatively. Rabbits were
housed in individual cages with no restrictions on their
movement. At the designated time points (2 or 8 weeks
postoperatively), all rabbits were sacrificed.

Gross (Macroscopic) Tissue Assessment

After animal sacrifice, each hind limb was disarticulated at
the hip joint and was separated from the ankle joint. The
knee joint was carefully dissected, and the graft’s insertion
sites and midsubstance were assessed for hypertrophy,
vascularity, scar tissue formation, and other signs of
inflammatory reactions. Gross changes in the joint and
surrounding soft tissues as well as synovial fluid were
noted. Healing ACL grafts designated for biomechanical
analyses were covered with saline-soaked gauze, placed
in hermetically sealed bags, and frozen at –20�C until the
day of testing. Specimens designated for histologic assess-
ment were placed in paraformaldehyde immediately after
gross examination.

Biomechanical Evaluation

On the day of the testing, specimens were thawed for 2
hours at room temperature. Throughout preparation and
testing, the tissues were kept moist with saline. All sur-
rounding soft connective tissues were dissected, leaving
only the ACL tendon graft secured to the femur (proxi-
mally) and tibia (distally). Using custom-designed grips,
each specimen was mounted on an electromechanical
materials testing system (MTS Insight 5, Eden Prairie,
Minnesota). Each specimen was positioned at an approxi-
mate flexion angle of 30� so that the longitudinal axis of
the ACL tendon graft was parallel to that of the test actu-
ator. The upper grip was connected to an in-line 250-N load
cell affixed to the test actuator. Each tendon graft was pre-
loaded to 1 N and then preconditioned between 0 and 0.5
mm (actuator displacement) at a rate of 0.1 mm/s for 10
cycles. After preconditioning, a load-to-failure test was con-
ducted using a displacement rate of 0.1 mm/s. Using the
load-displacement curve generated from the failure test
of each specimen, the following structural properties
were computed: (1) maximum load, (2) linear stiffness

Figure 1. Summary of experimental design. Forty-eight skel-
etally mature, male New Zealand White rabbits (96 knees)
underwent bilateral anterior cruciate ligament reconstruction
with semitendinosus tendon grafts. Sixteen rabbits (32
knees) were in the autograft group, whereas 32 rabbits (64
knees) were in the allograft group.
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(maximum slope of force vs crosshead displacement curve
encompassing a minimum of 40% of the total number of
data points from test initiation to maximum load), and
(3) crosshead displacement at maximum load. The location
of construct failure (eg, tunnel or graft midsubstance) was
noted.

Histologic Evaluation

After gross assessment as specified above, the distal
femur and proximal tibia were resected while preserving
the entire length of the respective bone tunnels. Samples
were fixed in paraformaldehyde and then decalcified in
a solution of formic acid/sodium citrate. Each sample
was divided into 2 portions prior to paraffin embedding
in separate histologic blocks: (1) proximal tibia and (2)
distal femur. To facilitate determination of the amount
of tissue formation between the tendon graft and bone
tunnel, the tibial and femoral segments were sectioned
perpendicular to the tunnel axis (at the midportion of
the tunnel length). Tendon-bone tissue interface tissue
sections were stained with hematoxylin and eosin and
Masson trichrome. Articular cartilage and synovial tis-
sues were not examined.

Comparisons were made between 2 time points of the
same treatment and at each time point among all 3 treat-
ments in a manner consistent with the literature.16,28,29

As noted by Greis et al,16 remodeling was deemed to occur
if areas of woven bone were present surrounding tendon
grafts in bone tunnels. Tendon-to-bone healing was evalu-
ated based on the density and organization of collagen
fibrils connecting the tendon graft to bone. Low-magnifica-
tion histologic images provided views of the entire cross-
section, whereas higher resolution images facilitated

investigation of interfaces between the tendon graft and
bone.

Histomorphometry

Following the methodology described by Rodeo et al,28,29

digital pictures were captured from cross-sectional (trans-
verse to the long axis of the bone) histologic sections
obtained from the midportion of femoral and tibial tunnels.
For each of the legs, the tunnel size and the graft size were
measured for both the femur and the tibia by 2 blinded
observers. As no significant differences were detected
between the latter 2 sets of measurements, histomorpho-
metric results reported herein represent the average of
the 2 data sets (Figure 3). All measurements were per-
formed using Image J software (National Institutes of
Health, Bethesda, Maryland). The amount of new growth
within the bone tunnels was determined by subtracting
the area of the tendon graft from the area of the bone tun-
nel. The percentage of new growth was determined by nor-
malizing the amount of new growth to the size of the
tunnel.

Statistical Analysis

Statistical comparisons of biomechanical and histomor-
phometric results between treatment groups at each
time point were performed using a 1-way analysis of var-
iance followed by post hoc pairwise comparisons with the
Tukey test. The time points were compared within treat-
ment using a 2-tailed, unpaired Student t test. Statistical
analyses were performed using GraphPad Prism 5.0
(GraphPad Software Inc, La Jolla, California), and statis-
tical significance was assumed for P \ .05.

Figure 2. Surgical technique for anterior cruciate ligament
(ACL) reconstruction. (A) Semitendinosus tendon graft is pre-
pared with Krakow stitch technique using 4-0 Ethibond
suture. (B) Tendon graft is passed through tunnels with use
of a 4-0 Ethibond stay suture. (C) Final ACL reconstruction.
Tendon graft is secured to collateral ligament origins with
4-0 Ethibond suture.

Figure 3. Histomorphometric evaluation. Following the
methodology described by Rodeo et al,28,29 digital pictures
were captured from cross-sectional (perpendicular) histo-
logic sections obtained from the midportion of femoral and
tibial tunnels. For each of the histologic sections per speci-
men, the tunnel size and the graft size were measured using
Image J software. The amount of new growth within the bone
tunnels was determined by subtracting the area of the ten-
don graft (A) from the area of the bone tunnel (B). The per-
centage of new growth was determined by normalizing the
amount of new growth to the size of the tunnel.
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RESULTS

Gross Observations

At the 2-week time point, irrespective of graft treatment,
knee specimens were slightly swollen with trace amounts
of synovial fluid detected. At 8 weeks, regardless of graft
treatment, there was less swelling observed when com-
pared to the 2-week time point. In all the specimens, the
grafts were intact. Because of complications after surgery,
the 8-week nonirradiated group only had 5 tendons avail-
able for biomechanical testing. The remaining biomechan-
ical test groups all had at least 7 specimens. Post hoc power
analysis revealed that these numbers were adequate:
because of the small effect size computed (0.06 for maxi-
mum load in the 8-week group), a sample size of more
than 1000 would be required to achieve a power of 80%
for this effect size. In other words, even if data from 7
specimens were available for all groups at the 8-week
time point, a statistical difference would most likely not
have been achieved for biomechanical results.

Biomechanics

A summary of biomechanical data is provided in Table 2.
For the 2-week groups, the autograft exhibited signifi-
cantly (P\ .01) lower maximum load of 18 6 8 N compared
with the nonirradiated grafts (37 6 11 N). There was no
statistical difference between the autograft group and the
irradiated allograft group (28 6 10 N) or between the irra-
diated allograft group and the nonirradiated allograft
group. The displacement at maximum load and the stiff-
ness showed no significant differences among treatment
groups. In the autograft group, 8 specimens failed via pull-
out from the femoral tunnel, 1 specimen failed via pullout
from the tibial tunnel, and 1 specimen failed at the graft
midsubstance (intra-articular portion). For the nonirradi-
ated allograft group, 3 specimens failed at the femoral tun-
nel, 1 specimen failed at the tibial tunnel, and 3 specimens
failed midsubstance. For the irradiated allograft group, 5
specimens failed at the femoral tunnel, 2 specimens failed
at the tibial tunnel, and no specimens failed midsubstance.

The 8-week data demonstrated no significant differen-
ces in maximum load, displacement at maximum load, or
stiffness among any of the 3 ACL reconstruction specimen
types (autograft, nonirradiated allograft, irradiated allo-
graft). In the autograft group, all specimens failed at the

midsubstance. For the nonirradiated allograft group, 1
specimen failed at the femoral tunnel fixation, 1 specimen
failed at the tibial tunnel fixation, and the remainder, 3,
failed within the midsubstance. For the irradiated allograft
group, all 8 specimens failed in the midsubstance.

Histology

At 2 weeks postoperatively for the autograft tendon sam-
ples (Figure 4A), both degenerative and remodeling pro-
cesses could be seen. Thus, the tendon apparently
undergoes degenerative changes characterized by almost
complete lack of red staining of Masson trichrome, suggest-
ing a loss of ground substance; only traces of staining could
be seen in the central portion of the tendon. On the periph-
ery of the tendon (Figures 4 D and G), regular matrix was
replaced with dense connective tissue. Furthermore, rem-
nants of bone surrounded by phagocytes could also be visu-
alized. Few osteoclasts were identified at the healing
tendon-bone junction. The walls of the canal displayed
intensive bone remodeling with osteoblasts, newly formed
blood vessels, and fibroblasts. By 8 weeks, samples receiv-
ing autograft showed signs of active remodeling and regen-
eration characterized by intense Masson trichrome red
staining (Figure 5A). Dense connective tissue matrix was
deposited at the healing tendon-bone interface (Figures 5
D and G). Areas of endochondral ossification and newly
formed cartilage were also evident, especially at the border
with bone. There was also evidence of both mature lamel-
lar bone and newly formed bone.

Very different processes were observed with nonirradi-
ated allograft samples at both time points. At 2 weeks (Fig-
ure 4B), nonirradiated tendon did not show severe signs of
degeneration as was seen in the autograft sample, yet the
tendon edema was present causing the development of ten-
don bundles with infiltrates of cells (Figure 4H). Tendon
was surrounded by loose connective tissue with blood ves-
sels and cell infiltrates. Centers of ossification and inten-
sive bone remodeling were present as well as the
segments of bone surrounded by osteoclasts (Figure 4E).
By 8 weeks (Figures 5 B, E, and H), nonirradiated tendon
was totally degenerated and was replaced with newly
formed cartilage, bone, bone marrow cavities, and blood
vessels.

Irradiated allograft tendon at the 2-week time point did
not display signs of remodeling and degeneration as seen

TABLE 2
Summary of Biomechanical Data Among Groups

Maximum Load, N Displacement at Maximum Load, mm Stiffness, N/mm

2-week autograft 18 6 8a 4.9 6 2.9 9.0 6 5.2
2-week nonirradiated 37 6 11a 5.1 6 2.6 14.6 6 6.3
2-week irradiated 28 6 10 7.0 6 4.8 12.6 6 5.4
8-week autograft 28 6 18 2.3 6 0.7 17.7 6 15.2
8-week nonirradiated 31 6 16 3.3 6 2.2 14.3 6 8.7
8-week irradiated 29 6 20 3.1 6 1.5 14.9 6 7.9

aIndicates P = .003 for comparisons of the indicated groups. All other groups had P . .05.
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in the autograft tendon (Figure 4C). Tendon ground sub-
stance appeared normal (Figure 4I). The walls of the canal
displayed areas of endochondral ossification with new bone
formation that extended into mature bone (Figure 4F).
There was also evidence of chondrogenesis, formation of
new bone marrow cavities, and formation of blood vessels.

Fibers of sutures were infiltrated by single cells. By 8
weeks, irradiated allograft tendon displayed noticeable
osteogenesis characterized by newly formed bone orga-
nized around the allograft with areas of bone ingrowth
into the allograft (Figure 5C). Contrary to the autograft
tendon at the same time point, newly formed bone of the

Figure 4. Masson trichrome
staining of tendon autograft at
2 weeks after surgery. (A) Low
magnification (34) of the auto-
graft and surrounding tissues.
(B) Low magnification (34) of
the nonirradiated allograft and
surrounding tissues. (C) Low
magnification (34) of the irradi-
ated allograft and surrounding
tissues. (D, G) High magnifica-
tion (320) of the autograft and
surrounding tissues. (E, H) High
magnification (320) of the nonir-
radiated allograft and surround-
ing tissues. (F, I) High
magnification (320) of the irradi-
ated allograft and surrounding
tissues.

Figure 5. Masson trichrome
staining of tendon autograft at
8 weeks after surgery. (A) Low
magnification (34) of the auto-
graft and surrounding tissues.
(B) Low magnification (34) of
the nonirradiated allograft and
surrounding tissues. (C) Low
magnification (34) of the irradi-
ated allograft and surrounding
tissues. (D, G) High magnifica-
tion (320) of the autograft and
surrounding tissues. (E, H) High
magnification (320) of the nonir-
radiated allograft and surround-
ing tissues. (F, I) High
magnification (320) of the irradi-
ated allograft and surrounding
tissues.
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irradiated allograft showed a considerable amount of calci-
fication as indicated by red staining (Figures 5 F and I).

Histomorphometry

A summary of histomorphometric data is provided in Table
3. As no significant differences were detected between his-
tologic sections obtained from the midportion of femoral
and tibial tunnels, histomorphometric results reported
herein represent the average of the 2 data sets. At 2 weeks,
there was no significant difference between the grafts with
the autograft at 44% 6 12% new growth, irradiated allo-
graft at 43% 6 18% new growth, and the nonirradiated
graft at 37% 6 10% new growth. Histomorphometric anal-
ysis of the 8-week specimens also demonstrated no statisti-
cal difference between any of the grafts. The percentage
new tissue growth for autografts, irradiated allografts,
and nonirradiated allografts were, respectively, 43% 6

18%, 42% 6 14%, and 44% 6 21%.

DISCUSSION

Soft tissue allografts have become a popular alternative in
ACL reconstruction procedures as they circumvent the
problem of graft-tunnel mismatch, often experienced
when using BPTB allografts, and allow for decreased sur-
gical time, decreased surgical morbidity, and unaltered
patellofemoral tracking.6 Low-dose gamma irradiation
has emerged as an effective means for sterilization of soft
tissue allografts—dosages as low as 1.0 to 1.5 Mrad can
inactivate most microorganisms—but questions surround-
ing its impact on healing remain.8,34

The principal findings of this study demonstrated no
significant difference in biomechanical outcomes at 8
weeks among autograft, allograft, and low-dose irradiated
semitendinous allograft tendon in a rabbit model of ACL
reconstruction. Differences were seen between groups at
2 weeks postoperatively; at this early time point, we noted
lower ultimate load to failure in the autograft group in
comparison with the nonirradiated allograft group.
Regarding histologic findings, several differences were
noted between treatment groups, the most striking being
that remodeling surrounding autograft tendon ACL con-
structs appeared faster and more prominent than that

surrounding irradiated tendon ACL allograft constructs.
At 2 weeks, autografts had almost complete loss of red
staining, tendon degeneration, and intensive remodeling
along the walls of the tendon canal. In contrast, irradiated
and nonirradiated allografts displayed no tendon degener-
ation. Irradiated specimens demonstrated chondrogenesis
and osteogenesis along the bone tunnel walls, but nonirra-
diated specimens had intensive bone remodeling similar to
that of their autograft counterparts. By 8 weeks, autograft
tendon tissue appeared relatively intact, with minimal sep-
aration into large bundle and remodeling at desired loca-
tions. Irradiated samples, in contrast, were beginning to
experience severe remodeling and calcification. Thus, it
seems that the irradiated allograft tendon group undergoes
the remodeling process slower with a degenerative stage.
Although qualitative histologic examinations revealed var-
iations in remodeling and tendon degeneration among
groups, quantitative histomorphometric analysis did not
demonstrate significant differences between any of the
graft types at either postoperative time point.

The findings of faster and more prominent histologic
remodeling in autograft tissue and decreased biomechani-
cal properties at 2 weeks in autograft ACL constructs are
supported by prior literature on graft incorporation. Jack-
son et al19 used a goat patellar tendon ACL reconstruction
model to demonstrate that allograft incorporation is much
slower and less robust at 6 months in comparison with that
of autograft controls. The authors concluded that allograft
ACL constructs should be protected for a longer duration
than are their autograft tissue counterparts.19 By the
same token, the decreased biomechanical properties of
the 2-week autograft may be explained by earlier degener-
ation, as compared with allograft tissue. As noted by Amiel
et al,1,2 tendon grafts used for ACL reconstruction first
undergo a process of necrosis and degeneration with
a resultant decline in biomechanical properties followed
by revascularization, cellular repopulation, and remodel-
ing. Because the autograft group experienced degenerative
changes earlier on, they may have been more predisposed
to graft pullout at 2 weeks after operation.5 A more secure
method of fixation for ACL grafts is unlikely to have had
a major effect on overall healing of grafts within bone tun-
nels, particularly because the majority of the 8-week grafts
failed at the intrasubstance portion rather than the
osseous-tendinous junction during testing; in addition, in
all specimens, grafts were intact at time of dissection.
The method of fixation, however, may affect bone healing
based on the device used. For example, interference screw
fixation may have an effect on bone integration based on
compression of the graft against the bone and by limitation
of surface area of bone contacting the graft.

In one of the few studies examining effects of low-dose
gamma irradiation in an ex vivo ACL reconstruction
model, McGilvray et al22 noted no detrimental effects of
low-dose (1.5 Mrad) irradiation when compared with a non-
irradiated control. High-dose irradiation (2.5 Mrad) did
compromise bulk tendon load at failure and ultimate
strength by 26.9% and 28.9%, respectively (P \ .05). To
our knowledge, no studies have examined the effects of

TABLE 3
Summary of Histomorphometric Dataa

Total New Growth, %

2-week autograft 44 6 12
2-week nonirradiated 37 6 10
2-week irradiated 43 6 18
8-week autograft 43 6 18
8-week nonirradiated 44 6 21
8-week irradiated 42 6 14

aNo statistical differences were noted among groups at either
time point, nor within each group between time points.
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1.2 Mrad of irradiation, the same dose used in this study
and the dose currently used by our allograft tissue bank
supplier (Allosource, Centennial, Colorado).

To date, several authors have investigated allograft heal-
ing after irradiation treatment.14,21,31 The majority of these
studies, however, have examined allograft healing in situa-
tions with bone-to-bone interfaces (eg, BPTB ACL allograft
reconstruction)14,31 or in models that are not subject to the
strains, stresses, or the intrasynovial environment of an
ACL.21 Mae et al,21 using a rat patellar tendon model (not
ACL model), reported a significant difference in preimplan-
tation properties between nonirradiated patellar tendon
grafts and those receiving 2.5 Mrad treatment. The authors
noted no differences at healing time points of 12 and 24
weeks after implantation. Schwartz et al,31 in a study inves-
tigating effects of gamma irradiation in an in vivo goat ACL
reconstruction healing model, found significant differences
in the preimplantation anterior load ratio of 4 Mrad irradi-
ated versus nonirradiated patellar tendon grafts. At 6
months postoperatively, although they found no difference
in modulus, maximum stress, or biochemical composition,
the authors reported a significant decrease in stiffness
and maximum force in the irradiated group. Goertzen
et al14 performed ACL allograft reconstruction in foxhounds
using both a 2.5-Mrad gamma-irradiated BPTB graft and
a nonirradiated control. At 12 months after implantation,
the authors found no significant difference in maximum
load to failure. Microangiography studies did, however,
show a slight hypervascularity in the irradiated group. To
our knowledge, however, no studies have compared biome-
chanical properties or tendon-to-bone healing using a soft
tissue graft.

Several authors have examined tendon graft healing in
ACL reconstruction performed with bone-to-bone fixation
(ie, BPTB) compared with ACL reconstruction using soft
tissue fixation (ie, hamstring). Both bone healing and soft
tissue healing undergo a biological healing response
involving the formation of fibrovascular tissue and even-
tual bony incorporation at the healing interface, beginning
around day 20 after implantation and taking up to 12
months to complete.29,30 The difference between the 2
types of graft incorporation is rate and strength of healing,
which has substantial clinical significance with regard to
rehabilitation and return to activity. Several soft tissue
models have noted sufficient tendon-to-bone healing in
using the semitendinosus tendon in an animal model in
as little as 3 weeks, as well as up to 24 weeks.15,18 In
a study by Park et al,23 bone-to-bone healing was directly
compared with tendon-to-bone healing in a rabbit model.
The authors reported faster and stronger incorporation of
bone-to-bone graft early on in the study period (up to 8
weeks); however, they noted that by 12 weeks, there
were no significant biomechanical differences between
the groups.23 Clinically, Pinczewski et al24 recently per-
formed a 10-year prospective study comparing BPTB
ACL reconstruction to quadruple hamstring ACL recon-
struction. The authors noted similar subjective, objective,
and functional outcomes in both groups.

Very few clinical studies have examined differences in
outcomes between patients receiving irradiated ACL

allografts and those receiving nonirradiated ones.25,27,35

Sun et al35 used a prospective randomized study design
to examine clinical outcomes of arthroscopic ACL recon-
struction with irradiated BPTB allograft compared with
nonirradiated allograft and autograft. At an mean of 31
months after surgical follow-up, the authors found that
the failure rate among patients receiving an irradiated
BPTB allograft (2.5 Mrad) was significantly higher
(34.4%) than the rate among patients receiving an auto-
graft (6.1%) or a nonirradiated allograft (8.8%). These
unsatisfactory clinical results led the senior surgeon to dis-
continue the use of irradiated BPTB allograft in ACL sur-
gery.35 In 2 separate studies, the same authors also
investigated clinical outcomes in patients undergoing
ACL reconstruction with hamstring autograft, nonirradi-
ated hamstring allograft, and irradiated (2.5 Mrad) ham-
string allograft. In both studies, the cohort undergoing
ACL reconstruction with irradiated allografts demon-
strated significantly decreased anterior and rotational sta-
bility in the operated knee, but no clear difference in
functional testing could be found.36,37 Similarly, Rappe
et al25 performed a retrospective cohort study of patients
undergoing ACL reconstruction with nonirradiated and
irradiated (2.0-2.5 Mrad) Achilles allografts. At a minimum
of 6-month postoperative follow-up, the authors noted
a 2.4% catastrophic failure rate among patients receiving
nonirradiated grafts versus a 33% failure rate among
patients receiving irradiated grafts. These results also
led the authors to discontinue the use of irradiated allog-
rafts in ACL reconstruction. It should be noted, however,
that the dose of irradiation employed in the aforemen-
tioned studies was higher, almost double, than current
low-dose gamma irradiation sterilization protocols and
the 1.2 Mrad used in this study. Furthermore, as discussed
previously, biomechanical testing has shown compromised
structural properties in tendon grafts exposed to irradia-
tion doses above 2.0 Mrad.38

A second study also involving 102 patients undergoing
ACL reconstruction with either autograft BPTB or allo-
graft BPTB irradiated with 2.5 Mrad found no difference
in clinical outcome.27 Thirty-nine patients (mean age, 44
6 8.4 years) received allografts, whereas 63 patients
(mean age, 25.3 6 9.3 years) received autografts. The
authors followed patients for a mean 4.2 years and found
no difference in subjective scores or age-adjusted KT-
1000 arthrometer measures. Regarding return to sport,
66.7% of the allograft group and 77.8% of the autograft
group returned to the same or more strenuous level of
sports (P = .25). They concluded that irradiation can be
used to sterilize BPTB allograft without adversely affect-
ing clinical outcome.

The major strength of the current study is the use of
a previously established in vivo model with ability to evalu-
ate both biomechanical and histologic properties of soft tis-
sue autograft and allograft up to 8 weeks after
implantation. There are several limitations to the study,
however. First, this is an in vivo animal model, and rabbit
healing after ACL reconstruction, although validated in
numerous previous studies, may be different than that of
humans. Rabbits are not able to undergo immobilization
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or limb protection after surgery, which could have affected
graft healing. In addition, graft fixation was different than
that of humans. Second, allograft rabbits all received an
irradiated graft in the left knee and a nonirradiated graft
in the right knee. Although rabbits are quadrupeds, and
issues such as paw dominance are less likely to be clinically
significant, subtle differences could have existed. Third, we
did not histologically evaluate the intra-articular portion of
the graft and therefore are unable to comment on the neoli-
gamentization process that likely occurs during healing of
the tendon graft in vivo. In this initial study, our principal
histologic assessment was incorporation of tendon grafts
in the bone tunnels. We plan to examine the intra-articular
portion of the grafts in future studies. Finally, our study
only examined outcomes up to 8 weeks postoperatively,
and therefore we cannot comment on possible differences
that may be present at longer follow-up time points. How-
ever, a detailed analysis of published biomechanical data
from rabbit ACL reconstruction studies in which healing
time points up to 1 year were analyzed revealed that the
majority of healing occurs by 8 weeks after surgery. For
instance, Labs et al20 reported that at 8 weeks of healing,
the magnitudes of maximum load and tensile stiffness
were 84% and 78%, respectively, of grafts examined at 32
weeks. Thus, for comparative purposes, we believe that an
8-week time point provided a reasonable assessment of
long-term healing potential of rabbit ACL grafts.

CONCLUSION

The principal findings of this study demonstrated no
observed biomechanical or histomorphometric differences in
healing between autograft, allograft, and low-dose irradiated
allograft at 8 weeks after implantation. Histologically, it
appears that low-dose irradiated allograft tendons undergo
remodeling later than do autograft and nonirradiated allo-
graft tendons without a substantial degenerative stage that
is seen in autograft soft tissue tendon grafts. Such findings
support the contention that low-dose gamma irradiation is
safe for sterilization of ACL soft tissue allografts without
compromise of graft properties at early time points. Although
the current study did not find detrimental effects of gamma
irradiation at the tested level (1.2 Mrad), higher doses may
have negative effects on healing.3,7,8,11,21,30 Additional stud-
ies are needed to fully delineate these effects.
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