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Abstract
Allograft indications in anterior cruciate liga-
ment reconstruction have recently expanded
from revision cases and multiligament knee
injuries to their routine use in some primary
reconstructions. The surgeon making the deci-
sion will need to consider certain issues before
employing an allograft: the potential for dis-
ease transmission, the possible immunogenic
reactions, the procurement and sterilization
protocols followed and their impact on graft
strength and performance, and finally the cost
implications. In this chapter the question of
whether the advantages of the allograft use
outweigh these risks and costs is being
explored. This subject is of great importance
as more anterior cruciate ligament reconstruc-
tions are performed and allograft sources
become more readily available.

Introduction

Although the anterior cruciate ligament (ACL) is a
common athletic injury and a large number of
ACL reconstructions, with an estimated number
of 175,000–200,000 in the USA (Hettrich
et al. 2013), are performed annually, there still
remains a considerable amount of controversy
over whether an autograft or an allograft should
be used. Allografts were in the past reserved
for revision cases or for multiligament injuries,
when the autologous tissue was not sufficiently
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available. Today, however, they are increasingly
being used for some routine primary ACL
reconstructions, especially in the USA (Granan
et al. 2012). Various allograft tissue types exist,
but the most commonly used are bone–patellar
tendon–bone (BTB), hamstrings, quadriceps,
Achilles tendon, and anterior tibialis tendon
grafts.

Reconstruction with autografts has increased
benefits of faster incorporation and no risk of
immunologic rejection or disease transmission
but leads to potential donor site morbidity, includ-
ing anterior knee pain, patellar tendinitis or even
late patellar tendon rupture, patella fracture, knee
flexion weakness, altered quadriceps function,
and saphenous nerve injury (Hu et al. 2013;
Lamblin et al. 2013). Allografts have the main
advantage of eliminating donor site morbidity
but also the benefits of providing multiple grafts,
shorter operative times, smaller incisions and
improved cosmesis, less postoperative pain, and
potentially faster rehabilitation (Siebold et al.
2003; Barrera et al. 2011; Hu et al. 2013). Unfor-
tunately, however, allografts have the major dis-
advantages of potential disease transmission,
possible immunogenicity, and slower maturation
and increased costs (Barrera et al. 2011; Lamblin
et al. 2013). To reduce the potential of disease
transmission, gamma irradiation was extensively
used in the past for allograft secondary steriliza-
tion (Hu et al. 2013). However, many published
studies have indicated that gamma irradiation sig-
nificantly decreases the biomechanical properties
and structure of allografts in a dose-dependent
pattern. Although the potential for disease trans-
mission remains the main concern, the improved
donor screening and modern processing and ster-
ilization techniques have allowed a decrease in the
use of high-dose gamma irradiation. According to
the modern standards of the tissue banks,
low-dose irradiation is limitedly used for the ter-
minal tissue sterilization after graft procurement
and before packaging.

In this chapter the incorporation process of the
allografts in ACL reconstruction will be discussed
and the effect of the various sterilization tech-
niques in allograft stability. A review of the cur-
rent evidence in the literature, which refers to the

use of allografts, in terms of immunologic reac-
tions and disease transmission, and their clinical
performance, is also included.

Special Considerations with Allografts
in ACL Reconstruction

Allograft Incorporation

Due to obvious technical difficulties in biopsies,
the knowledge about graft healing process in
human subjects is limited. It appears that after
ACL reconstruction, the intra-articular region of
the tendon graft first begins its incorporation
process to the new environment (Scheffler et al.
2008). As reported the incorporation process
(ligamentization) of an ACL graft consists of four
phases: initial avascular necrosis, revasculariza-
tion, cellular repopulation, and finally remodeling
(Falconiero et al. 1998). During ligamentization,
revascularization plays a key role by acting as a
prerequisite for the other phases (Li et al. 2012).
Graft revascularization is present as early as
3 weeks after operation and increases in pre-
valence over the next 5 weeks (Li et al. 2012).
Simultaneously the intra-tunnel graft incorporation
is taking place, which develops either by bone-to-
bone or by tendon-to-bone healing (Scheffler et al.
2008). The whole process for autografts appears to
last up to 12 months, although this is not a rule
(Falconiero et al. 1998). In the case of allografts,
however, the maturation process takes longer.
Shino et al. (1988), after an arthroscopic and histo-
logical study of the remodeling process of human
allogenic tendons, found that complete remodeling
occurs by 18 months (Shino et al. 1988). Malinin
et al. (2002), however, investigated entire retrieved
ACL allografts and observed that the central por-
tions of the grafts remained acellular even at
2 years postoperatively. They postulated that the
complete remodeling and cellular replacement
might require 3 years or longer (Malinin et al.
2002). The inferior allograft maturity at 2 years
postoperatively in comparison to autograft tendons
in ACL reconstruction was also confirmed by
MRI cohort studies (Li et al. 2012). However, this
delay in allograft maturation has not been
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reflected to the clinical outcomes, as will be
demonstrated in the relevance section.

Processing, Decontamination,
and Their Effects on Allografts

Allografts are either used as non-sterilized fresh-
frozen or cryopreserved tissue or are processed
with different sterilization techniques prior to
implantation. Every sterilization method contrib-
utes changes to the biomechanical features of
grafts. Non-sterilized fresh-frozen allografts
appear to be the strongest (Guo et al. 2012).
They require meticulous serological screening of
the donor and the donor’s graft tissue to exclude
the possibility of an infection. Even so the danger
of a viral infection exists due to the time window
in which the virus is undetectable (Scheffler
et al. 2005). Reports from the Centers for Disease
Control and Prevention on disease transmission
after ACL fresh-frozen allograft reconstructions
(Centers for Disease Control and Prevention
2001), the most unfortunate that of a 23-year-old
man’s death from Clostridium sordellii contami-
nation (Kainer et al. 2004), have led to the imple-
mentation of graft sterilization methods (Yanke
et al. 2013). Except from donor screening, the
first step of the effort to stop disease transmission
is aseptic recovery. Aseptic recovery minimizes
the initial risk of contamination by infectious
agents introduced when removing tissues from
donors. Preventing the introduction of infectious
agents during recovery and processing may obvi-
ate the requirement of sterilization. It does not
however remove the existing bioburden in the
tissue. Antibiotic soaks can effectively reduce
bacterial concentration on the surface of grafts,
but they are unable to penetrate and have no effect
on viruses (Eastlund 2006).

Two types of sterilization have become most
accepted for musculoskeletal tissue allografts:
chemical sterilization, utilizing ethylene oxide
gas, and ionizing radiation, gamma or electron
beam. Ethylene oxide gas sterilization, although
an effective method, is no longer used for allo-
grafts because the associated breakdown prod-
ucts, such as ethylene chlorhydrin, may cause

chronic synovitis (Jackson et al. 1990) or even
graft failure by dissolution (Roberts et al. 1991).
On the contrary sterilization with peracetic
acid–ethanol solution seems safe and not to affect
biomechanical properties (Scheffler et al. 2005).
Gamma irradiation is a secondary sterilization
method preferred by many tissue banks.
Non-spore-forming bacteria are susceptible to up
to 0.5 Mrad of irradiation. Yeasts and molds
require doses of approximately 0.8 Mrad, while
bacterial spores may require up to 2.1 Mrad
(Yanke et al. 2013). Viruses, and most importantly
HIV, have been reported to require doses up to
4 Mrad. The latter is based on studies that assume
that HIV is present in high levels (Fideler
et al. 1994). However, after donor screening and
tissue disinfection, the risk that HIV is present in
an allograft is low (Hernigou 2000). It has been
estimated theoretically to be between 1 in 600,000
(Buck et al. 1989) and 1 in 1,667,000 (Centers
for Disease Control and Prevention 1995).
Taking into account that the objective is to achieve
a probability of 1 in 1,000,000, that virus is pre-
sent before implantation, and that 0.4 Mrad of
irradiation is required to reduce the population
by 1 log cycle (Conway et al. 1991), a dose
range of 1–2 Mrad is efficient in eradicating the
virus after donor screening and tissue disinfection
(Moore 2012). Low-dose (1.0–1.2 Mrad) gamma
irradiation decreases BTB graft stiffness by 20 %,
but it does not affect maximum load, maximum
stress, elongation, strain at maximum stress, or
other cyclic parameters (Yanke et al. 2013).
This and other studies (Samsell and Moore 2012)
indicate that treatment below 2–2.5 Mrad have
minimal impact on biomechanical properties of
the tendons. Parameters as irradiation temperature,
dose range, and prior tissue treatment rather than
the target dose alone seem to play a significant role
(Samsell and Moore 2012). On the other hand, it is
an old knowledge that using more than 3Mrads for
allograft sterilization to kill viral pathogens affects
the biomechanical properties of the tissue (Fideler
et al. 1994), by reducing crosslink density and by
causing fragmentation of collagen (McGuire and
Hendricks 2009). The use of such irradiation
levels produces an estimated 25 % or 35 % reduc-
tion in strength for fresh-frozen or freeze-dried

69 Allografts in Anterior Cruciate Ligament Reconstruction 853



BTB grafts, respectively, and with accurate
nonanatomic surgical technique or improper reha-
bilitation can lead to graft failures (Buck et al.
1990). Such high doses are, however, unnecessary
with tissue banking standards that include donor
screening, aseptic procurement and processing,
antibiotic decontamination, and terminal steriliza-
tion with low-dose irradiation before packaging.
Tissue banks that perform terminal sterilization
do so at 1–2.5 Mrad; the addition of cross-linking
and scavenging methods would have potentially
even greater protective effect (Seto et al. 2008).
Another option instead of gamma radiation is to
use electron beam, which allows improved control
of dose application and shorter irradiation times.
High-energy electrons cause in this case chemical
changes similar to gamma irradiation. However,
significant decrease in structural properties remains
a problem with high doses, although the potential
of fractionation of radiation dosages is promising
(Hoburg et al. 2011).

Commonly accepted allograft storage methods
used include cryopreservation, fresh freezing, and
lyophilization (McGuire and Hendricks 2009).
Cryopreservation maintains viable tissues and
cells by cryoprotected freezing but adds expenses
(McGuire and Hendricks 2009). Lyophilization or
freeze-drying includes freezing the tissue and then
dehydrating it under high vacuum at a low temper-
ature. Freeze-drying of allografts has been shown
to reduce antigenicity of grafts and minimize the
effect of free radicals because both antigens and
radicals are less active at these conditions (Woo
et al. 1986; Hoburg et al. 2011). As is shown also in
the next chapter, there is growing evidence that the
process of freeze-drying may decrease the risk of
viral transmissions. Before freeze-drying, allo-
grafts go through multiple ethyl alcohol washes,
which also may contribute to these properties.
Freeze-drying cannot achieve terminal sterilization
and thus eliminate the risk of disease transmission,
but it may reduce risk of graft-to-host reactions
without compromising graft structure (Hoburg
et al. 2011).

The BioCleanse (Regeneration Technologies,
Alachua, FL) is another sterilization process that
is currently under discussion. It is considered safe
since it has passed FDA approval for use on soft

tissue grafts, but adds significant expense to the
procedure (McGuire and Hendricks 2009). It uses
a pressure chamber, where a repeated cycle of
chemical sterilants and detergent washes followed
by vacuum removal of the residues takes place.
This method is reportedly effective against a
broad range of viruses, including enveloped and
nonenveloped RNA and DNA viruses. A study,
comparing BioCleanse-treated BTB allografts
with untreated controls identified no significant
biomechanical differences between them (Jones
et al. 2007).

It is obvious however that as the processing
techniques vary among different tissue banks and
until a uniform system would be established,
surgeons should become familiar with them and
ask their supplier how exactly the graft they intend
to use was processed (McGuire and Hendricks
2009).

Immunogenicity and Disease
Transmission

Cellular-mediated and humoral immune responses
have been reported in the literature with allograft
tissue (Harner and Fu 1993; McGuire and
Hendricks 2009). In the past tunnel enlargement
has been associated with the use of allograft tissue
for ACL reconstruction (Wilson et al. 2004; Bach
et al. 2005). A subclinical immune response was
postulated responsible for this difference (Fahey
and Indelicato 1994). However, allogenic tissue
processing and decontamination with the removal
and neutralization of antigens by washing and
freezing processes significantly decrease immuno-
genicity (Bach et al. 2005; McGuire and Hendricks
2009). No significant local or systemic immune
responses affecting graft healing or clinical out-
come have been recorded in a number of studies
comparing autografts and frozen allografts
(Arnoczky et al. 1986; McGuire and Hendricks
2009). Wilson et al. (2004) reviewed the literature
regarding tunnel enlargement after ACL surgery
and stated, “Based on the current literature, it is
difficult to conclude that there was an increased
risk of tunnel lysis with allograft tissue as com-
pared to autograft.” Sporadic cases of acute
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synovitis after surgery with fresh-frozen allografts
have been also recorded, without serious conse-
quences or need for reoperation (Guo et al. 2012).
There is no mention of these conditions in the
meta-analyses (Prodromos et al. 2007; Krych
et al. 2008; Carey et al. 2009; Foster et al. 2010;
Tibor et al. 2010; Hu et al. 2013; Kraeutler et al.
2013; Lamblin et al. 2013) that evaluate the use of
allografts in ACL reconstruction. Consequently, it
seems that recipient immune reactions have limited
or benign effects on clinical outcome. Tissue
typing and host immunosuppression, both com-
mon processes with solid organ transplantation,
seem unnecessary for tendon allografts (McGuire
and Hendricks 2009).

Although the risk is relatively low, allograft
tissue-related viral transmission is an acknowl-
edged subject of concern (McGuire and
Hendricks 2009). With proper donor screening
and serology testing, the estimated HIV risk is
lower than 1:1,600,000 (Buck et al. 1989;McGuire
and Hendricks 2009). There have been only three
documented HIV cases in the literature as a conse-
quence of frozen allograft tissue implantation from
a HIV-positive donor (Simonds et al. 1992). Four
patients received fresh-frozen allografts and three
of these patients tested positive for HIV. Two
patients received fresh-frozen femoral head allo-
grafts, and the third patient received a fresh-frozen
BTB allograft for ACL reconstruction. None of the
42 recipients of freeze-dried grafts obtained from
this donor became infected with HIV (Simonds
et al. 1992). No freeze-dried allograft recipient
was transformed to HCV positive in another
case of a HCV-infected donor in the literature
(Tugwell et al. 2005). In contrast, from the eight
patients who received cryopreserved or fresh-
frozen tendon–bone, four were tested positive for
HCV. Freeze-drying and the washes used with it
may have fundamental differences with the other
graft storage options as cryopreservation and freez-
ing. It seems that freeze-drying process has
contributed to the prevention of viral disease trans-
mission at least in these two cases (McGuire and
Hendricks 2009).

The propensity for bacterial infections with
fresh-frozen allografts has been emphasized by
the Centers for Disease Control and Prevention

(Centers for Disease Control and Prevention
2001; Kainer et al. 2004). This has led some to
consider routine intraoperative cultures of allograft
tissue before implantation. Positive routine cultures
in ACL allografts have a reported incidence of
5.7–13.25% (Fowler et al. 2011). In a retrospective
study of 115 cases (Fowler et al. 2011), no patient
with a culture-positive allograft developed a clini-
cal infection postoperatively, whereas in another
study of 247 patients (Guelich et al. 2007), 67 %
grew organisms of high pathogenicity and 33 % of
low pathogenicity, but the two cases of septic
arthritis had negative intraoperative cultures.
Routine preimplantation culture of soft tissue allo-
grafts thus cannot be recommended given the lack
of correlation with clinical infection. Antibiotic
treatment is not indicated only with the presence
of a positive preimplantation allograft culture. In
contrast, clinical signs of septic arthritis should be
aggressively treated (Fowler et al. 2011). It is worth
noticing that no difference in the infection rate
between autografts and allografts (irrespective of
the method of processing) has been recognized in
the available meta-analyses. Furthermore, Maletis
et al. (2013b) after a prospective cohort study of
10,626 cases from the Kaiser Permanente Anterior
Cruciate Ligament Reconstruction Registry
found no difference in the incidence of infection
between allografts and BTB autografts (Maletis
et al. 2013b).

What Is the Clinical Evidence?

Since the first description by Shino et al. in 1984
(Shino et al. 1984; Siebold et al. 2003) of the
replacement of the ACL by an allogenic tendon
graft, numerous case series were reported, and over
50 comparative studies have evaluated the clinical
results of allografts and autografts in the past
30 years. Some studies have shown comparable
success with both autograft and allograft tissues
(Rihn et al. 2006) in ACL reconstruction, whereas
other studies have found an unacceptable increased
failure rate (Pallis et al. 2012). It appears that how
irradiation affects clinical outcomes is dependent
not only on the target dose but also on the specific
use, the accuracy of surgical technique, and the
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patient compliance to the rehabilitation instruc-
tions. Most of these publications, however, are
low-quality, underpowered studies, or different
graft sterilization techniques have been used in
those studies. To our knowledge only eight system-
atic reviews of the clinical outcomes of allograft
versus autograft for ACL reconstruction have been
published so far; five of them were conducted over
3 years ago, between 2007 and 2010 (Prodromos
et al. 2007; Krych et al. 2008; Carey et al. 2009;
Foster et al. 2010; Tibor et al. 2010), and three
(Prodromos et al. 2007; Krych et al. 2008;
Tibor et al. 2010) identified differences in laxity
in favor of autografts. Specifically, the study by
Prodromos et al. (2007) is also the only meta-
analysis in the literature that compares irradiated
with nonirradiated allografts, showing worse out-
come for the former. However, all these findings
are either inconclusive (Krych et al. 2008) or
compromised by methodological limitations
(Prodromos et al. 2007; Samsell and Moore 2012)
and by the limited availability of comparative clin-
ical trials (Tibor et al. 2010).

Since 2010 several studies have been
published adding data and making the previous
systematic reviews obsolete. This new knowledge
has been presented in meta-analysis from three
recent studies (Hu et al. 2013; Kraeutler et al.
2013; Lamblin et al. 2013). In the best designed
study, Hu et al. (2013) systematically reviewed all
the level I and II prospective studies that evaluated
the clinical outcomes of BTB autograft versus
BTB allograft and soft tissue autograft versus
soft tissue allografts for primary ACL reconstruc-
tion. The analysis excluded studies that included
gamma-irradiated allografts. Nine studies, with
410 patients in the autograft and 408 patients in
the allograft group, were determined to be appro-
priate. Hu et al. (2013) found no significant dif-
ferences between allograft and autograft on the
outcomes of instrumented laxity measurements,
Lachman test, pivot shift test, objective Interna-
tional Knee Documentation Committee (IKDC)
Scores, Lysholm scores, and clinical failures.
However, a subgroup analysis of Tegner scores
involving only BTB grafts reported a statistical
difference in favor of autografts. The authors

concluded that there was insufficient evidence to
identify which of the two types of grafts was
significantly better for ACL reconstruction,
though the subgroup analysis indicated that recon-
struction with BTB autograft might allow patients
to return to higher levels of activity in comparison
with BTB allograft (Hu et al. 2013). In another
recent meta-analysis, this time reviewing studies
with level of evidence from I to III, Lamblin
et al. (2013) compared autografts again with
nonirradiated but also nonchemically treated allo-
grafts. The authors excluded also those studies
that compared BTB with soft tissue grafts. With
a similar pool size as the analysis by Hu
et al. (2013), they found no significant differences
between autografts and allografts in Lysholm
scores, IKDC scores, Lachman examinations,
pivot shift testing, KT-1000 measurements, or
failure rates. Lamblin et al. (2013) concluded
that the results after autograft ACL reconstruction
are comparable to those using nonchemically
processed nonirradiated allograft tissue. Still
none of these newer studies have stratified out-
comes according to age or other confounding
variables such as activity level. Furthermore the
minimum follow-up set at the eligibility criteria
was 2 years in both of them.

The third and the most recent of the 2013 meta-
analysis compared BTB autografts and allografts
and has the largest pool of 5,182 patients
(Kraeutler et al. 2013). In order to increase the
power of the analysis, the authors have included
heterogenous data that are both comparative
and non-comparative studies with different
surgical techniques and both irradiated and
nonirradiated allografts. Outcomes on subjective
IKDC, Lysholm, Tegner, single-legged hop, and
KT-1000 arthrometer were statistically significant
in favor of autografts. Reflecting the methodolog-
ical limitations, the return to preinjury activity
level (in contrast to the Hu et al. (2013) study),
overall IKDC, pivot shift, and anterior knee pain
were significant in favor of allografts, although
allograft BTB demonstrated a threefold increase
in rerupture rates. There was no significant differ-
ence between the two groups for Cincinnati Knee
scores. The authors advocated the use of BTB

856 A. Kouzelis et al.



autografts based on graft rupture, knee laxity, and
overall patient satisfaction, but they have also
stressed the need of more high-quality random-
ized controlled trials with specified age and activ-
ity level to draw reliable conclusions (Kraeutler
et al. 2013).

The Scandinavian national ACL registries, that
is, the Danish, the Swedish, and the oldest Norwe-
gian, generate also useful data about ACL recon-
structions. No association between graft failure and
use of allografts has been revealed after a prospec-
tive cohort study of 12,193 primary ACL recon-
structions performed between 2005 and 2010 of the
Danish knee ligament reconstruction registry. On
the contrary, the use of allograft tissue for the revi-
sion procedure resulted in a higher risk of
re-revision (Lind et al. 2012). A 2012 cross-
sectional ACL reconstruction registry comparison
between the Norwegian Knee Ligament Registry
(NKLR) with 11,217 patients registered and the
US Kaiser Permanente Anterior Cruciate Ligament
Reconstruction Registry (KPACLRR) with 11,050
patients has shown that between 2005 and 2010 in
the NKLR, allograft was used less (0.2 % vs. 41%)
for primary ACL reconstructions than in the KP
ACLRR. A similar distribution of graft usage was
found in the revision cohorts (Granan et al. 2012). In
contrast with the USA where allografts are widely
used in ACL reconstruction, a similar approach of
the Scandinavian surgeons to patients seems to exist
as shown also by the Swedish registry. The 2010
annual report depicts a scarce use of allografts in
primary reconstructions with figures up to 30 per
year and a relatively larger scale use in revision
surgery and multiple ligament reconstructions
(Swedish ACL Register 2011). With so small num-
bers any statistical correlation is not possible. In the
USA, however, the Multicenter Orthopaedic Out-
comes Network (MOON) after a prospective study
of 980 patients has found that the use of allografts
compared with autografts in ACL reconstruction is
a risk factor for subsequent surgery (Hettrich
et al. 2013). Kaeding et al. (2011) from the same
consortium have found that both graft type and
patient age are significant predictors of graft failure.
The odds of graft rupture with an allograft recon-
struction were four times higher than those of

autograft reconstructions. For each 10-year
decrease in age, the odds of graft rupture increased
2.3 times. Patients in the age group of 10–19 years
had the highest percentage of graft failures
(Kaeding et al. 2011). These associations were
also confirmed by a recent retrospective cohort
study of 9,817 primary ACL reconstructions from
the KP ACLRR (Maletis et al. 2013). In terms of
clinical performance based on IKDC and Knee
Injury and Osteoarthritis Outcome Score (KOOS)
results at two and six postoperatively, a MOON
cohort study of 448 patients has also found that
the use of allografts is a predictor of worse outcome
(Spindler et al. 2011). As far as the question which
allograft is best, to the best of our knowledge, the
only study to date is that of Siebold et al., who have
compared fresh-frozen patellar versus Achilles ten-
don allografts for primary ACL reconstruction. The
Achilles tendon-bone allograft seemed to be advan-
tageous as its failure rate was 4.8% compared to the
10.4 % rerupture rate of the patellar tendon allo-
grafts. On the contrary, no significant difference
between the two groups was found in subjective
(as assessed by Cincinnati Knee Score and
Lachman, pivot shift, and varus/valgus stress tests)
and objective (assessed by KT-1000 arthrometer
testing, IKDC, and Cincinnati Sports Activity
Score) clinical outcomes (Siebold et al. 2003).
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