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Abstract

Purpose This systematic review intends to give an overview of the current knowledge on how allografts used for the recon-
struction of cruciate ligaments and menisci are integrated and specifically perform regarding their biomechanical function.
Methods Two reviewers reviewed the PubMed and Central Cochrane library with focus on the biomechanical integration
of tendon ligament and meniscus allografts. The literature search was conducted in accordance with the PRISMA statement
for reporting systematic reviews and meta-analyses.

Results The analysed literature on tendon allografts shows that they are more vulnerable to overstretching in the phase of
degradation compared to autografts as the revascularization process starts later and takes longer. Therefore, to avoid excessive
graft loads, allografts for cruciate ligament replacement should be selected that exhibit much higher failure loads than the
native ligaments to counteract the detrimental effect of degradation. Further, placement techniques should be considered that
result in a minimum of strain differences during knee joint motion, which is best achieved by near-isometric placement. The
most important biomechanical parameters for meniscus allograft transplantation are secure fixation and proper graft sizing.
Allograft attachment by bone plugs or by a bone block is superior to circumferential suturing and enables the allograft to restore
the chondroprotective biomechanical function. Graft sizing is also of major relevance, because too small grafts are not able to
compensate the knee joint incongruity and too large grafts may fail due to extrusion. Only adequate sizing and fixation together
can lead to a biomechanically functioning allograft. The objective assessment of the biomechanical quality of allografts in a
clinical setting is challenging, but would be highly desirable for monitoring the remodelling and incorporation process.
Conclusions Currently, indicators like ap-stability after ACL reconstruction or meniscal extrusion represent only indirect
measures for biomechanical graft integration. These parameters are at best clinical indicators of allograft function, but the
overall integration properties comprising e.g. fixation and graft stiffness remain unknown. Therefore, future research should
e.g. focus on advanced imaging techniques or other non-invasive methods allowing for in vivo assessment of biomechanical
allograft properties.
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Introduction

In meniscus and cruciate ligament surgery, the use of an
Electronic supplementary material The online version of this allograft is indicated when a regular repair of a structure,
article (https:/doi.org/10.1007/s00167-018-5185-y) contains autografting or conservative procedure is not possible,
supplementary material, which is available to authorized users. for example, in revision cases or because of the severity
or complexity of the injury [48, 103]. Clinical concerns
against the use of allografts vary between meniscus and
tendon allografts for cruciate ligament reconstruction and
comprise possible disease transmission, rejection reac-
tions of the donor tissue, delayed incorporation, and graft
Institute of Orthopaedic Research and Biomechanics, Centre costs [78]. In turn, allografts can provide the advantage of
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and selection of stronger grafts [67, 103]. Therefore, using
allografts is an accepted method particularly for the recon-
struction of the cruciate ligaments and, in fact, is the only
current option for a total meniscus replacement [85]. It is of
utmost importance for the success of allograft transplanta-
tion that it integrates both biologically and biomechanically.
While biological integration creates a viable connection to
the host tissue and in the long-term leads to cell activity
that re-establishes a matrix composition typical of the tis-
sue to be replaced, only biomechanical integration leads to a
good functional outcome. That is, the graft must experience
loads and strains similar in character and level typical of
those of the replaced tissue. By contrast, an allograft, which
is not biomechanically integrated, represents a mere space
holder that might integrate biologically but will be unable to
restore the biomechanical function of the native tissue. How-
ever, the boundary between a biomechanically integrated
and non-integrated graft is not clearly defined. Depending
on the material properties and the remodelling process of
an allograft, it is possible that it can only partially fulfil its
biomechanical function. Nevertheless, despite incomplete
restoration of the biomechanical function, a patient may still
benefit from an allograft to a certain extent. For example, an
allograft of the cruciate ligament, with its complex fan-like
structure of the fibre bundles, cannot be completely restored
by a single- or double-bundle tendon graft, but it may pro-
vide improved knee-joint translational and rotational stabil-
ity. Furthermore, it is difficult to evaluate the biomechanical
functionality of an allograft in vivo. While it is possible
to assess the mechanical properties of allografts post-mor-
tem in animal models, it is far more difficult to assess it
in patients in a clinical setting. The related literature com-
prises many studies on allograft sourcing, preservation and
sterilisation methods, operation techniques, in vitro analysis
of biomechanical and biological properties, animal models
and clinical outcome studies. This includes a variety of
review papers on different allograft properties and surgical
techniques. However, no review to date has been published
specifically focussing on the biomechanical integration of
allografts for the reconstruction of joint-related tissues.
Therefore, this review intends to provide an overview of
the current knowledge on how allografts used for the recon-
struction of ligaments and the meniscus are integrated and
perform specifically regarding their biomechanical function.

Materials and methods
Quality of methodology
This study was conducted in accordance with the PRISMA

statement for reporting systematic reviews and meta-anal-
yses [59, 68].

Eligibility criteria

Study type

e Any clinical study (randomised controlled trial, non-
randomised comparative or case series) or controlled
laboratory study written in the English language. Stud-
ies that do not contain new data, simulation or computa-
tional studies, case reports and operative techniques were
excluded.

Participants

e Any human of any age
e Any animal species of any age

Intervention

e Ligament allograft transplantation using any allograft-
preservation method and any grafting technique.

e Tendon allograft transplantation using any allograft-
preservation method and any grafting technique.

e Meniscal allograft transplantation using any allograft-
preservation method and any grafting technique.

Comparator

e If a comparator group exists, it should be a reasonable
treatment compared to the tendon or meniscus allograft-
transplantation procedure or represent a different tendon
or meniscus allograft-transplantation methodology, for
example, a different allograft fixation or sterilisation
technique.

Outcome measure

e The primary outcome measure of this systematic review
was the biomechanical integration of an allograft at a
minimum of 2 weeks post-intervention. This integra-
tion was evaluated either directly by mechanical test-
ing or indirectly by medical imaging or clinical scoring.
Regarding the latter, the Lysholm, International Knee
Documentation Committee (IKDS) and Tegner activity
index were considered.

Search strategy
The search strategy applied maximum sensitivity to reduce

the risk of failing to identify eligible studies. The presented
search strategy was developed using a combination of
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keywords and medical subject heading, which were selec-
tively explored to maximise the inclusion of potentially
relevant studies. The search strategy for PubMed (MED-
LINE, Table 1—see Online Appendix) was adapted for
the Cochrane library (CENTRAL, Table 2—see Online
Appendix). To obtain all relevant studies, the results of the
database search were combined with an additional literature
search in End-Note using the keywords “allograft*” AND
“biomechanic*” AND “knee” for the MEDLINE library.

Selection and appraisal mode

Results of database searches were transferred into End-Note,
where duplicates were removed and references were updated
when necessary. Our pre-defined criteria were applied to
assess the eligibility of the remaining studies. Two inde-
pendent reviewers evaluated the remaining abstracts for
eligibility, and any discrepancies were resolved by discus-
sion. Lastly, the reference lists of the selected papers were
reviewed to include relevant studies that were not found dur-
ing the described selection process. The detailed selection
process with the related numbers of studies are presented in
Fig. 1. The full papers of the remaining studies were then
reviewed. Data from eligible studies were extracted. Poten-
tially redundant publications, that is, when the same patient
cohort or participants were used in more than a single study,
were only included when different outcomes were reported
[42]. In case of similarity, only the most recently published
study was analysed.

Results
Allografts for ligament reconstruction

The main biomechanical function of ligaments is the passive
stabilisation of joints. Ligaments are predominantly exposed
to tensile loads occurring when joints are moved or external
loads are acting on the joint. Whereas many ligamentous
lesions can heal without surgical intervention because of
sufficient vascularisation, tears of the anterior (ACL) and
posterior cruciate ligaments (PCL) most frequently require
surgical reconstruction using auto- or allografts. The most
frequently used source for ACL and PCL reconstructions are
tendons harvested from the hamstring muscles or the patella
extensor complex. To avoid donor-site morbidity or in the
case of revision surgery, allograft tendons harvested from
human donors is the method of choice. Allograft choices
comprise quadriceps, patellar, Achilles, hamstring, anterior
and posterior tibialis tendons, fascia lata and hybrid grafts
combining autograft and allograft [6, 21, 28, 29, 33, 38,
62, 67,76, 77, 79, 84, 96, 100, 101, 103-105]. However,
allografts bear the risk of disease transmission, infection
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check — 11
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-113

Fig. 1 Flow diagram of the study selection process

and immunogenic issues. Therefore, allografts are normally
processed to overcome these issues.

A number of different methods exist to preserve, sterilise
or decellularise tendon grafts. Freezing and cryopreserva-
tion [16, 39, 72, 74, 86, 95], irradiation [20, 22, 37, 40,
41, 87-89, 91], gas-sterilisation [8], lyophilising [72] and
other methods [17, 44, 80] have been described and tested
for potential effects on material properties. These studies
revealed that care must be taken to choose processing meth-
ods that do not or minimally compromise their biomechani-
cal properties, which would be, of course, highly undesir-
able. For example, DiBartola et al. and Wang et al. showed
in their recent meta-analyses of a large number of publica-
tions that Gamma irradiation might negatively affect ten-
don allograft strength, particularly when the irradiation dose
exceeds 2.5 Mrad [22, 102]. Other processing regimens, like
gas sterilisation, may preserve strength but decrease stiff-
ness [8], which might be tolerable, provided the allograft
properties are sufficiently comparable to the ACL or PCL.
Lyophilisation appears to be a good option to preserve a
tendon allograft, because on the one hand it did not display
any significant changes in biomechanical properties com-
pared to cryopreserved tendons, and, on the other hand, it
does not require maintenance of an expensive biobank for
storage [72]. The problem of graft selection and processing
methods is even more complex, considering that the influ-
ence of the sterilisation method on mechanical properties
also depends on the type of tendon used for allografting [37].
In conclusion, surgeons are advised to carefully study the
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current literature to select the processing method of choice
for their specific cases.

Three phases of graft integration can be distinguished:
inflammatory response with degeneration, tissue maturation
with revascularisation and finally graft healing with tissue
remodelling. West et al. described these phases in a review
paper citing a number of studies that histologically and bio-
mechanically investigated the graft incorporation process
in animal models [103]. During the first phase of inflam-
mation, the graft degenerates accompanied by cell death in
autografts, while viable cells are normally lacking in the
allografts. This process of degeneration is associated with a
loss of strength and stiffness [14, 65, 103]. This weakening
continues during the second phase when blood vessels start
to revascularise the tissue. An early study by Butler et al.
in primates demonstrated that after 7 weeks, the strength
of an autograft was diminished to only 16% of that of an
intact ACL and the stiffness to 24% of the ACL [15]. A few
studies have compared the autograft and allograft. A clinical
study using magnetic resonance imaging (MRI) showed that
allograft revascularisation is slower and initiates later than in
autografts [70], which suggests that healing and remodelling
might be delayed in allografts. This leads to a slower recov-
ery of biomechanical properties, which was demonstrated by
Jackson et al. in a goat model. They reported an increase of
failure load of autografts from 265 N at 6 weeks to 1337 N
after 6 months. The corresponding increase observed in the
allograft group was from 241 N to 578 N during the same
time period [43]. The difference in stiffness increase between
both groups was even more pronounced. This agrees with a
clinical study of Li et al., who found greater antero-posterior
(ap) laxity for allografts than for autografts [58] and with
an experimental study in sheep showing higher failure load,
stiffness and ap-drawer after 1 year for autograft compared to
allografts [24]. However, 6 months is a relatively early time
point and the graft remodelling process continues after this
for a considerable time. Therefore, the third phase of graft
integration starts when the vascularisation process has pro-
gressed to an extent that new cells invade and deposit a col-
lagenous matrix that enhances the biomechanical properties.
However, this last phase appears to persist for at least 1 year,
as Bosch et al. demonstrated in a 2-year study on sheep with
bone-patellar tendon-bone autografts for PCL reconstruction
[14]. Both elastic modulus and maximum stress achieved the
final level after 1 year and did not change substantially until
2 years post-op. Given that allografts heal slower because
of the later onset of revascularisation, tissue remodelling
probably takes longer than a year to reach the final state for
allografts. This should be taken into consideration for ade-
quate rehabilitation procedures. Furthermore, it should be
noted that the biomechanical properties, regardless whether
autograft or allograft, never regain the level of that at the
time of implantation [9]. This might also be influenced by

the collagenous structure of ligaments and tendons, which
differ significantly [10]. Therefore, selecting grafts that are
stronger than the tissue to be replaced might to some extent
counteract the detrimental effect of graft weakening. This
appears to be already accomplished when comparing native
ACL failure load (2160 N) with those of allograft options
like quadrupled hamstring (4090 N), doubled Tibialis Ante-
rior (4122 N) and Achilles tendon (4617 N) [7]. Therefore,
assuming the minimum failure load in the degradation phase
in the worst case is only 10% of the initial value, the indi-
cated allografts can still bear loads of approximately 400 N.
Such loads do not occur during normal activities and should
be avoided during the most vulnerable phase of graft incor-
poration. Therefore, care should be taken in rehabilitation
programmes and a prolonged return to sports should be con-
sidered [69]. With respect to the study of Muramatso et al.,
who found the peak of allograft revascularisation delayed
by 12—18 months compared to autografts, a return to sports
should be postponed accordingly [70].

Other factors with an impact on the biomechanical inte-
gration of an allograft are the type of graft placement [47,
63, 71], initial graft fixation [26, 50, 53, 94] and the tech-
nique of graft tensioning [36, 64]. Each of these parameters
affect the extent of graft load, loading characteristic during
joint motion and joint forces [12, 13, 92]. Excessive loads
acting on the graft after implantation can cause tissue over-
stretching, resulting in increased knee laxity. Specifically,
during the second phase of allograft incorporation, when
degradation has significantly weakened the graft and the
fixation in the bone tunnels is still in the healing phase, high
loads can cause irreversible stretching and/or loosening of
the fixation. Therefore, it is of utmost importance to select
an implantation technique that avoids too high a static or
dynamic load. Several authors have tested a variety of fixa-
tion techniques and implants for initial fixation strength and
stiffness. The failure loads ranged over 471-1323 N and the
stiffness over 61-223 N/mm, depending on the graft type
and fixation technique [43, 51, 52, 103]. Therefore, any of
the tested fixation techniques are secure provided the graft
force does not exceed approximately 400 N. To avoid high
graft forces, it is important to which preload in which flexion
position the graft is tensioned. For example, when choosing
a non-isometric placement with a posteriorly located femoral
insertion, preloading in 30° flexion could result in increased
forces in extension. In this case, a preloading in the exten-
sion position would be recommended, thereby decreasing
tension while flexing the knee joint. However, any graft
placement too far from an isometric position would result
in a slack graft with increasing flexion [82]. Again, consid-
ering that allografts are even more vulnerable to undesired
overstretching than autografts, surgeons should consider
favouring a near isometric rather than an anatomic place-
ment, which would avoid excessive graft loads. Another

@ Springer



1712

Knee Surgery, Sports Traumatology, Arthroscopy (2019) 27:1708-1716

factor compromising graft ingrowth is a possible mismatch
between the sizes of the graft and bone tunnel, particularly
occurring when the graft diameter varies from distal to prox-
imal. While the larger diameter might fit efficiently into the
bone tunnel, a graft portion of a smaller diameter lacks bone
contact, with the consequence of impeded graft ingrowth.
Lord et al. suggested in an in vitro study to compress auto-
grafts or allografts prior to implantation, which allows the
use of bone tunnels of smaller diameters. This would lead to
a better fit of the graft along the entire tunnel and simultane-
ously to the preservation of the bone stock without compro-
mising graft mechanical properties [60].

Regarding the donor age of tendon allografts, typically,
younger donors are preferred because of supposedly better
tissue biomechanical properties. However, there is evidence
that the mechanical properties of tendon allografts are inde-
pendent of age, with either no or only a weak correlation
between age and modulus or ultimate tensile load at least
for donors younger than 65 years [11, 27, 35, 54]. This is
supported by Gagliano et al., who recently reported that the
ageing process does not alter tendon structure or tenocyte
biological activity [32]. These studies suggest that allografts
can also be harvested from donors aged up to 65 years with
little risk of inferior material properties.

Taken together, the existing literature illustrates the
advantages and disadvantages of autografts and allografts
used for the reconstruction of the cruciate ligaments. From
a biomechanical point of view, it should be noted that, when
deciding upon using an allograft, it is most important to con-
sider the greater vulnerability during the phase of maturation
and revascularisation, because this process starts later and
takes longer than in autografts. Choosing a graft placement
and tensioning technique that avoids the incurrence of exces-
sive loads is essential for an autograft while being even more
important for allografts.

Meniscus allografts

The main biomechanical function of the semilunar-shaped
menisci is the homogeneous distribution of the knee-joint
load on the articular cartilage to protect it from premature
degeneration. In the case of an injury, any further treatment
depends on the lesion severity and pattern. Additionally, the
condition of the adjacent knee cartilage plays an important
role. Possible surgical treatment options include meniscal
resection and repair, but also its replacement with scaf-
folds and auto- or allograft transplantation [48, 56, 57, 93].
Meniscus replacement options are clinically indicated for
young patients with pain in the affected knee, ACL-deficient
patients who had previous meniscectomy and patients that
may benefit from the prevention of early cartilage degenera-
tion, for example, young athletic patients who underwent
total meniscectomy [34, 93]. Contraindications are advanced
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chondral degeneration (IRCS <III), osteophytes, synovial
disease and inflammatory arthritis, but also obesity and skel-
etal immaturity [61]. Meniscal transplantation has the same
general risks associated with meniscal repair, and additional
risks specific to the transplant itself, including disease trans-
mission and injury to the patellar tendon because of an ante-
rior approach [57]. Particularly in patients with mature oste-
oarthritis, the outcomes are worse, leading to an increased
failure rate or revision surgery of the knee [45]. Meniscal
allografts are available cryopreserved, fresh frozen, and lyo-
philized. These types of allograft differ in terms of viable
graft cells, immunogenicity and sterilisation options [66,
83]. A recently published study compared cryopreserved and
fresh-frozen allografts, indicating superior biomechanical
performance of the cryopreserved menisci [3]. However,
it should be noted that a meniscal allograft procedure is a
bridging operation and not a permanent solution.
Biomechanical studies have demonstrated the ability
of meniscal allografts to improve the contact mechanics
[5, 23, 49, 73, 75]. Although the native mean pressure on
the tibial plateau was not completely restored, the maxi-
mum contact pressure was reduced by up to 75% com-
pared with the knee after meniscectomy. The initial and
long-term mechanical integration also depends on the
graft fixation method [56]. This can be achieved with or
without the attached bone. Normally, bone plugs or bony
bridges are applied where the meniscal attachments are
directly inserted. In an arthroscopic intervention, the bony
fixation of the attachments is combined with a capsular
suture of the graft through transosseous tunnels. Paletta
et al. investigated the meniscal horn fixation, concluding
that an insufficient anchorage would lead to biomechanical
results comparable to meniscectomy [75]. Alhalki et al.
underlined these findings in their study while investigat-
ing the impact on meniscotibial contact mechanics during
three different fixation methods [4]. However, not only
the fixation method plays an important role during menis-
cal transplantation, but also the placement of the fixation.
Sekaran et al. used human cadaver knees and varied the
placement of the meniscal insertions [90], finding a sig-
nificant increase in the contact pressure when the inser-
tions of the meniscal attachments were non-physiological.
In a biomechanical study, the partial replacement of the
meniscus using an allograft was investigated in a porcine
knee model [73]. The authors demonstrated that the tibi-
ofemoral contact pressure could be restored after partial
meniscectomy with four horizontal sutures securing the
meniscal allograft. Clinical data with a follow-up of 23
months when fixing the allograft exclusively with sutures
revealed an extrusion of the allograft under reduced body
weight [97]. The authors concluded that this supported
the bony block anchorage method. In addition to the fixa-
tion of the graft, its sizing plays an additional key role
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for the success of the biomechanical integration [23, 81].
Generally, too small grafts are unable to restore the joint
congruency, whereas too large grafts may fail because of
extrusion [23]. Consequently, a stable fixation method
including ligamentous and bony attachments in combina-
tion with the correct sizing are crucial for restoring the
physiological load distribution.

An animal study investigating the biomechanical inte-
gration of meniscal allografts suggested an inferior out-
come of grafted knees versus meniscectomised knees
regarding the tensile modulus of the femoral cartilage
compared to non-operated controls [25]. In turn, some
authors suggested that a meniscal allograft procedure
improved the weight-bearing function of the knee [5, 16,
19, 46, 75, 98]. Aagaard et al. investigated the effect of pri-
mary versus delayed, secondary meniscus allograft trans-
plantation in two separate studies [1, 2]. In their 6-month
follow-up studies using a sheep model, they found similar
results in image analysis and histologic scoring, indicat-
ing a better chondroprotective effect when the menisci are
primarily implanted.

From a clinical perspective, the evaluation of the biome-
chanical integration is challenging. Because of the anatomi-
cal and biomechanical differences, Yoon et al. investigated
the differences between a lateral and a medial allograft pro-
cedure [106]. They did not observe any difference in clinical
scores in the long-term of up to 125 months. In addition
to the known knee scoring systems, clinical imaging using
either MRI or sonography could be applied to evaluate the
success of a grafting procedure. Overall, most of the stud-
ies discussed here reported good results in the short and
medium terms with a follow-up of <2 years [18]. Addition-
ally, in a 10-year follow-up, approximately 75-90% of the
patients experienced good results [56]. MRI investigations
revealed problems, including graft shrinkage, cartilage and
meniscus degeneration, and extrusion [2]. A recently pub-
lished review concluded that meniscus allograft interven-
tions do not prevent cartilage damage, but protect it at least
from further accelerated degeneration [85]. Furthermore,
there is clinical evidence clearly showing reduced pain after
allograft treatment [34, 55]. This is particularly the case for
total meniscectomised knee joints, where significant pain
relief and functional improvement are observed in the major-
ity of the patients [56]. Long-term follow-up studies reported
success rates of allograft transplantation of approximately
70% [56, 99].

Taken together, clinical studies support the use of menis-
cal allografts to provide symptomatic pain relief and func-
tional recovery. This indicates that meniscus allografts may
at least in part restore the contact mechanics. To achieve
this, a combination of proper graft fixation and correct siz-
ing is essential. However, it is still not possible to assess the

biomechanical properties of meniscal allograft integration
in vivo.

Conclusion

Biomechanical considerations are important for the suc-
cessful integration of both tendon and meniscal allografts.
In ACL replacement by tendon allografts, maturation takes
considerably longer than in autografts. A good functional
integration of meniscus allografts strongly depends on
biomechanical parameters, including fixation and sizing.
Although the objective assessment of the biomechanical
quality of allografts in a clinical setting is challenging, it
would be highly desirable to monitor the remodelling and
incorporation process more accurately. Currently, indica-
tors like ap-stability after ACL reconstruction or meniscal
extrusion represent only indirect measures for biomechani-
cal graft integration. These parameters are at best clinical
indicators of allograft function, but the overall integration
properties comprising, for example, fixation and graft stiff-
ness, remain unknown. Therefore, future research should
focus, for example, on advanced imaging techniques [30, 31]
or other non-invasive methods allowing for in vivo assess-
ment of biomechanical allograft properties.
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