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Abstract

More than 100,000 anterior cruciate ligament reconstructions are done in the United States
each year. With improvements in technology and surgical ability, the number of variables
that must be considered has increased dramatically. The choice of autograft or allograft,
which is one of the most important variables, has largely become a decision to be made by
the surgeon and the patient. It is critical to understand the advantages and disadvantages
of each type of graft to make informed and intelligent decisions.

Instr Course Lect 2009;58:337-354.

Anterior cruciate ligament (ACL)
reconstruction is the sixth most
common orthopaedic procedure in
the United States; more than
100,000 are done each year.! ACL
reconstruction is rapidly evolving,
and it is essential to keep up to date
on surgical techniques. Approxi-
mately 85% of surgeons doing ACL
surgery perform fewer than 10 such
procedures each year. Success rates
among experts are no better than
85% to 90%, and they are lower if
the determining factor is a return to
sport at the preinjury level.'

As efforts continue to improve

function and return to sport, ACL re-
construction has become more com-
plex. The choice of graft, graft size,
single- or double-bundle reconstruc-
tion, tunnel placement, fixation
method, preoperative and postopera-
tive rehabilitation, and time to return
to sport are important factors and
have significant variability.

Autografts and Allografts

The selection of graft is controversial.
Each type of graft has unique proper-
ties as well as advantages and disad-
vantages. The ideal graft would repro-
duce the native anatomy and normal
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biomechanics; allow strong initial
fixation and rapid incorporation; have
a low rate of donor site morbidity;
have a low risk of disease transmis-
sion; have sufficient length, diameter,
and flexibility to accomplish the de-
sired purpose; and be cost-
effective.” The three broad catego-
ries of grafts are autografts,
allografts, and synthetic grafts. In
the autograft category, the three pri-
mary types are bone—patellar ten-
don-bone  (BPTB); hamstring,
which is composed of the gracilis
and semitendinosus tendons; and
the quadriceps tendon. Among al-
lografts, the choices are anterior and
posterior tibial, semitendinosus,
gracilis, Achilles, and quadriceps
tendons as well as BPTB. The avail-
able synthetic graft types are Da-
cron, silk, and ligament assistive de-

vice. (DVD 34.1)

Biomechanical Properties

The native ACL has an ultimate ten-
sile load of 2,160 N and a stiffness of
242 N/mm.>" No graft choice is su-
perior to any other from a mechani-
cal standpoint because all are stron-
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ger than the native ACL. Among 10-
mm  autografts (mean  cross-
sectional area = 32.3 mm?), BPTB
has an ultimate tensile load of
2977 N and a stiffness of 620
N/mm, quadrupled hamstring
(mean cross-sectional area = 52.9
mm?) has an ultimate tensile load of
4090 N and a stiffness of 776
N/mm, and quadriceps tendon
(mean cross-sectional area = 64.6
mm?) has an ultimate tensile load of
2,174 N and a stiffness of 463
N/mm.*” Among allografts, the ul-
timate tensile loads of doubled ante-
rior (mean cross-sectional area =
482 mm?and posterior (mean
cross-sectional area = 41.9 mm?)
tibial tendon are 4,122 N and 3,594
N, respectively, with a stiffness of
460 N/mm and 379 N/mm, respec-
tively;'>'" Achilles tendon (mean
cross-sectional area = 67 mm?) has
an ultimate tensile load of 4,617 N
and a stiffness of 685 N/mm.'>"?

Freezing and storage have a mini-
mal effect on the ultimate tensile
strength and load deformation me-
chanics of donor ligaments.'*'> The
effect of donor age on the biome-
chanical properties of donor liga-
ments also is minimal."

Graft Incorporation

Grafts differ in the time required for
incorporation, and this factor can af-
fect the time to return to sport. ACL
proceeds  through
three different phases: inflammation
and graft necrosis, revascularization
and cell repopulation, and graft re-
modeling. Inflammation and graft
necrosis begin almost immediately
after surgery and can continue for as
long as 2 months. The donor fibro-
blasts undergo cell death, and the re-
maining collagenous tissue becomes
a scaffold for later remodeling.'®'”
With revascularization and the mi-
gration of host fibroblasts into the

incorporation
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graft tissue, the graft itself under-
goes mechanical changes. The graft
can be as weak as 11% of normal
strength, and this phase can last as
long as 6 months after surgery.'®
Eventually, the graft is incorporated
and matures. The cellular popula-
tion and collagen fiber orientation
appear nearly normal within 12 to
18 months after surgery.'”>>

Time to incorporation varies
among the types of graft material. In
general, autografts are incorporated
more quickly than allografts. Au-
tograft BPTB is incorporated within
6 weeks, autograft hamstring within
12 weeks, and autograft quadriceps
tendon in 6 to 12 weeks.® BPTB,
hamstring, anterior and posterior
tibial, and Achilles tendon allografts
are  incorporated  as
6 months.®”'13

late as

Graft Harvesting
The potential for donor site mor-
bidity must be considered with an
autograft. Each type of autograft
presents its own challenges, and the
harvesting procedure is highly de-
pendent on the surgeon. For exam-
ple, harvesting a BPTB autograft re-
quires bony cuts into both the tibia
and the patella, with a risk of stress
fracture and articular cartilage dam-
age to the patella. Quadriceps ten-
don harvesting is difficult because of
the denser cortical bone in the prox-
imal patella, the curved patellar sur-
face, and the adherent suprapatellar
pouch. Hamstring harvesting re-
quires identifying and reflecting the
sartorial fascia and then identifying
the gracilis and semitendinosus ten-
dons to protect other structures in
the vicinity, such as the medial col-
lateral ligament. It is important to
harvest the tendon carefully to avoid
premature amputation of the graft.?
Anterior knee pain is common af-
ter ACL reconstruction. Several

studies found a tendency toward in-
creased anterior knee pain after a
BPTB autograft harvest.***” How-
ever, anterior knee pain is equally
common after BPTB autograft and
allograft ACL reconstructions and
therefore probably is not specifically
caused by donor site morbidity.'”
Anterior knee pain may be caused by
loss of motion, quadriceps weak-
ness, and inadequate rehabilitation.
An accelerated rehabilitation proto-
col with faster return of range of
motion could decrease symptom se-
verity 202!

Donor site complications are in-
frequent but serious. The complica-
tions related to BPTB autograft in-
clude patellar fracture, patellar
tendon rupture, tendinitis, local ten-
derness, and numbness.>** The
complications associated with ham-
string autograft include injury to the
superficial branch of the saphenous
nerve, premature truncation of the
hamstring tendon graft, and residual
muscle weakness with deep flex-

ion.24,25

Disease Transmission

There is a small but significant risk
of disease transmission when al-
lografts are used. Multiple safe-
guards are in place, and the filtering
process is evolving. The American
Association of Tissue Banks (AATB)
continually updates its policies and
now requires a detailed sexual, med-
ical, and social history for every po-
tential cadaver donor. Donor tissue
is tested for human immunodefi-
ciency virus (HIV) -1 and -2, hepati-
tis B and C, syphilis, human T-cell
lymphotropic virus, and aerobic and
anaerobic bacteria. The US Centers
for Disease Control and Prevention
(CDC) has reported the occurrence
of 26 allograft-associated bacterial
infections after 1 million proce-
dures.”*?’
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Cost-Effectiveness

The popular belief that the cost of us-
ing allografts is higher than that of us-
ing autografts is a misconception.
Variables related to individual surgical
techniques affect the cost of the pro-
cedure, including the ease of au-
tograft harvest, the number of al-
lografts used (single- or double-
bundle), the recovery room time, and
the possible need for an overnight pa-
tient stay after autograft surgery be-
cause of harvest-related pain. A pro-
spective, nonrandomized  study
compared the cost of isolated ACL
reconstruction using allograft or au-
tograft. Operating room costs were
higher for autograft procedures be-
cause of the greater operating time as-
sociated with graft harvest, but this
factor did not offset the cost of the al-
lograft tissue itself. The cost of au-
tograft procedures was related to the
increased likelihood of an overnight
patient hospital stay, although this
factor was the result of surgeon pref-
erence. The authors concluded that
allograft Achilles tendon ACL was
less expensive than autograft BPTB
because of shorter surgical time and a
lower rate of overnight admission for
pain control.*®

Clinical Outcomes

No Level I prospective, random-
ized studies have compared the clin-
ical outcomes of using autograft
or allograft tissue in ACL recon-
struction. In all intermediate- and
long-term studies comparing the
use of autograft and allograft tissues
in ACL reconstruction, 85% to 90%
of all patients had a good or excel-
lent result, as measured by both
subjective and objective instru-

ments.2*>’

Using Multiple Grafts
The preferred choice of ACL grafts
for the senior author (FF) and those

Chapter 34

Figure 1 The arthroscope in the an-
teromedial portal allows an excellent
view of the femoral insertions of the AM
and PL bundles. In 90° of knee flexion,
the femoral insertion sites of the AM and
PL bundles are horizontally aligned. Am-
ple room is available on the lateral wall
of the notch to drill the tunnel nonana-
tomically. LFC = lateral femoral condyle.

at his academic institution (Univer-
sity of Pittsburgh Medical Center,
Pittsburgh, PA) has evolved with re-
search findings as well as experience
in performing 50 to 300 ACL sur-
geries per year since 1982. Original-
ly, BPTB autografts were used; in
the mid 1980s BPTB and Achilles
tendon allografts were preferred; in
the carly 1990s, soft-tissue au-
tografts; and in the late 1990s, ante-
rior tibial allografts. Since 2002,
double-bundle reconstruction using
allograft tissue has been the pre-
dominant choice for ACL recon-
struction.

Factors to consider regarding
graft selection include the patient’s
preference, lifestyle, age, sports par-
ticipation, and comorbidities, such
as an earlier trauma or hamstring in-
jury, a patellofemoral condition, or
Osgood-Schlatter disease. Allograft
soft tissue, particularly anterior tibial
tendon tissue, is generally preferred.
Long-term studies have found no
definitive advantage to using au-
tograft tissue. With allograft tissue,
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Figure 2 The footprints of the AM and
PL bundles (tibial side) are marked with
a thermal device, and their length and
width are measured.

there is no need to consider donor
site morbidity, and the risk of disease
transmission is exceedingly small. In
addition, allograft soft tissue allows
sufficient flexibility for double-
bundle ACL surgery. The ACL is re-
constructed in an anatomic fashion
with respect to tunnel location and
graft size. After measuring the inser-
tion site size of both the anterome-
dial (AM) and posterolateral (PL)
bundles in the femur and tibia, the
graft can be tailored to a specific size.

Several intraoperative steps are
key to providing the most anatomic
reconstruction possible. The injury
pattern of the torn ACL is first iden-
tified. A thermal device is used to
isolate and measure the insertion
sites of the tibia and femur (Fig-
ures 1 and 2). The minimal inser-
tion site size is 12 mm; anatomic
double-bundle reconstruction pro-
ceeds if the anatomic insertion sites
are large enough to accommodate
tunnels in both the femur and the
tibia (Figure 3). In the senior au-
thor’s practice, approximately 20%
of patients have an entire ACL inser-
tion site length of less than 12 mm
or an open physis, severe arthritic
changes, or multiple ligament inju-
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Figure 3 The final appearance of the
anatomically placed femoral and tibial
tunnels before graft passage, with dila-
tors protruding from the tibial tunnels.

ries. These patients are treated with
an anatomic single-bundle recon-
struction with tunnel placement be-
tween the anatomic insertion sites of
the AM and PL bundles (Figure 4).
Suspensory fixation on the femoral
side and interference fixation on the
tibial side are preferred. In an at-
tempt to reproduce the native ten-
sioning patterns, the PL bundle is
fixed in full extension; the AM bun-
dle then is fixed at 45° of flexion.”®
The patient uses crutches and a
brace during the first 4 weeks, un-
dergoes 3 months of supervised
physical therapy range-of-
motion exercises, and returns to
sports activities between 6 and
9 months after surgery. In the first
100 consecutive procedures over a
2-year period, allograft was used in
83 and hamstring autograft in 17.
The clinical outcomes were evaluat-
ed more than 2 years after surgery.
The average side-to-side difference
in range of motion was 2° in exten-
sion and 2° in flexion. As measured
with the KT-2000 Arthrometer
(Medmetric, San Diego, CA), the
average side-to-side difference in
anterior-posterior translation was
1 mm. Ninety-four percent of the

and
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Figure 4 Anatomic single-bundle ACL
surgery is done by placing the single tib-
ial and femoral tunnels between the ana-
tomic AM and PL insertion sites on both
the tibia and femur. The arrows point to
the intercondylar ridge. LFC = lateral
femoral condyle.

patients had a normal pivot-shift
test, and 6% had an almost normal
test. None of the patients reported
pain, swelling, or instability during
activities of daily living, and 72% re-
ported no problems during strenu-
ous or very strenuous sports activi-
ties performed on a regular basis.*

Using Hamstring Autografts

An ACL study group survey found
that BPTB autograft was the most
commonly used graft for ACL re-
construction, and hamstring au-
tograft was the second most com-
monly used (J Campbell, MD,
Hawaii, unpublished data, 2006).
The use of hamstring autograft is in-
creasing because the functional re-
sults are similar to those of BPTB
graft but morbidity rates are lower.

Surgical Technique for

Hamstring Harvesting

The knee joint is flexed at 90°, and
the skin incision is made using a
3-cm vertical, transverse, or oblique
incision 4 cm medial and just distal
to the tibial tubercle. The pes anseri-
nus often is easier to feel than to see.

Two bumps that identify the ten-
dons are felt when a finger is passed
over the insertion from proximal to
distal; the higher bump is the gracil-
is tendon, and the lower one is the
semitendinosus tendon. The gracilis
is round and palpable deep to the
aponeurosis of the sartorius; the
semitendinosus is flatter and inferi-
orly located. An incision along the
superior border of this aponeurosis
exposes the two tendons. The ten-
dons become more distinct medially
and proximally, where they can be
isolated and picked up with a right
angle clamp or a tendon hook. A
Penrose drain is placed around each
tendon for easier manipulation.

The tendons, especially the semi-
tendinosus, usually have some adhe-
sions, and there may be some ana-
tomic variation. Any surrounding
tissues must be separated with scis-
sors from the tendons, with the knee
flexed at 90° and a finger around the
tendon. A hard pull on the semiten-
dinosus may be required to be sure
of cutting the proximal accessory
tendon, which is 8 to 10 cm from
the tibial insertion.

The tendon stripper does not meet
strong resistance while advancing. If
Jjamming occurs, the stripper must be
removed retrograde, and the tendon
is further released before proceeding.
The tendon insertion is left intact
while an open tendon stripper is used.
A small open-section corkscrew ten-
don stripper is slipped onto the ten-
don and gently advanced. It is impor-
tant to maintain tension on the
tendon and avoid rotating or changing
the orientation of the tendon stripper
while harvesting. This procedure is
done for both tendons. To provide an
additional length of approximately 2
cm for the graft, the tendons should
be detached as distally as possible by
separating the aponeurosis from each
side of the distal tendon insertions
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and detaching them with part of the
periosteum.

When using a closed stripper,
tendons must be transected as dis-
tally as possible. A No. 2 suture is
whipstitched at the end of the ten-
don to apply tension to the tendon
during stripping. In general, a closed
tendon stripper can harvest a longer
tendon graft with more muscular
tissue than an open stripper, and it is
easier to use. A closed stripper al-
lows the tendon length to be se-
lected before cutting. In both open
and closed tendon stripping, any
muscle fiber remnants should be
stripped from the tendon to avoid an
unnecessary increase in graft diame-
ter (Figure 5).

Complications Related to
Hamstring Harvesting

Nerve Injury

The reported incidence of injury
to the infrapatellar or main branch
of the saphenous nerve during har-
vesting of the hamstring autograft is
as high as 55%.***' This injury de-
creases anterolateral or distal skin
sensation and can cause sensory loss
or hyperalgia; pain with ambulation;
and neuropathic pain in the medial
knee, calf, and ankle. Severe nerve
pain is treated with neurolysis or
neurectomy. The likelihood of inju-
ry to the infrapatellar branch can
be decreased with blunt dissection
and an oblique or horizontal skin
incision.***** The main saphe-
nous branch is less likely to be in-
jured if the knee is bent and the hip
is externally rotated while harvesting
the gracilis tendon to decrease ten-
sion on the nerve as it crosses the
tendon.

Donor Site Pain

There is a risk of pain with kneeling
after a hamstring autograft harvest, al-
though the frequency is lower than

after a BPTB autograft (6% and 30%,
respectively, at 2-year follow-up).**
After 10 years, the risk of anterior
knee and kneeling pain is lower after
hamstring harvest than after BPTB
harvest.*> Harvest site morbidity
was found to be higher in women
(M Kurosaka, MD, San Diego, CA,
unpublished data presented at the
American Academy of Orthopaedic
Surgeons annual meeting, 2007);
activity-related soreness at the donor
site among both men and women
was resolved by 3 months.>!

Medial Collateral Ligament Injury
In the experience of one of the au-
thors (PC), the superficial medial
collateral ligament is at risk of being
damaged with the scalpel during in-
cision into the sartorius fascia, al-
though this injury is rare. This com-
plication has not yet been reported
in the literature.

Premature Graft Amputation

If the tendons are not sufficiently
freed from all fascial bands and ac-
cessory insertions before stripping,
the stripper can be misdirected and
produce a short, truncated graft. An
accessory semitendinosus insertion
diverges from the main tendon to
attach to the medial head of the
gastrocnemius-soleus complex, ap-
proximately 5 to 10 cm proximal to
the distal insertion. This band must
be cut prior to harvest.

Prodromos and associates®” sug-
gested using a posterior mini-
incision in the medial part of the
popliteal flexion crease for viewing
and cutting the proximal accessory
semitendinosus tendon. The length
of the anterior incision can be de-
creased to improve cosmesis. This
method may be useful in revision
surgery, where the tissue layers stick
together in the vicinity of an earlier
tibial tunnel. (DVD 34.2)
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Figure 5 The semitendinosus and gra-
cilis tendon have been harvested with an
open stripper through a horizontal skin
incision. The tibial tubercle and medial
joint line landmarks are marked.

Hamstring Strength Deficit

The deficit in hamstring strength is
minimal and  temporary, and
strength returns to normal after a
short period of rehabilitation.?'*-
3541 Regeneration of the tendons

and semimembranosus can be seen
on CT and MRI studies.>*26-37-46-48

Graft Characteristics

and Fixation

Four-Strand Hamstring Grafts

A four-strand hamstring graft has a
broader footprint than a single-strand
graft, but its complex structure re-
quires uniform tensioning and fixa-
tion of all strands.” Soft-tissue grafts
have a slower rate of tunnel incorpo-
ration because tendon-to-bone heal-
ing takes longer (12 weeks) than
bone-to bone healing (6 weeks).*
Hamstring grafts have a collagen
mass 65% greater than that of BPTB
graft and have larger collagen fibers.
The ultimate tensile strength of the
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hamstring graft is as high as 4,500 N
with uniform tensioning, and the
average cross-sectional area is 52.9
mm® compared with an average
cross-sectional area of 32.3 mm? for
a 10-mm BPTB graft.

The strength and stiftness of the
fixation construct primarily depend
on the bone properties and fixation
type. To optimize hamstring fixa-
tion, the graft implant complex
should be preconditioned before
femoral and tibial fixation. Aperture
fixation offers no stability advan-
tage.” On the femoral side, hybrid
fixation is the strongest type of fixa-
tion for four-strand hamstring
grafts, followed in descending order
of strength by onlay grafting,
crossed pins, and
screws.”' ™ The tibial fixation is the
weak link of the construct; it is
strongest when expandable devices
are used, followed by hybrid fixa-
tion, interference screws, and onlay
grafting.”>>?

interference

Outcomes of Single-Bundle

Hamstring and BPTB Grafts

No significant differences in activity
level, subjective assessment, or
range of motion have been identi-
fied between single-bundle ham-
string and BPTB grafts at short-,
mid-, or long-term follow-up.*
Gait analysis studies have shown
that neither single-bundle soft-
tissue grafts nor BPTB grafts control
internal rotation.>*>> The residual
pivot-shift rate (for example, mod-
erate or severe glide) is 9% to 64%
after BPTB reconstruction and
35% to 50% after a four-strand
single-bundle  hamstring recon-
struction.’>®  KT-1000 measure-
ments revealed more residual laxity
after hamstring grafts than after
BPTB grafts, but these results were
based on first-generation fixation
methods (interference screws, in-
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line staples with graft slippage) and
included two-strand grafts.**>7-0+6

A meta-analysis by Prodromos and
associates”” compared BPTB and
four-strand hamstring grafts fixed
with second-generation methods
(buttons, hybrid tibial fixation) and
found that four-strand hamstring
grafts had an overall higher stability
than BPTB grafts. Stability after
four-strand hamstring grafting was
found to be fixation dependent. The
rate of stability after four-strand
hamstring grafts with button femo-
ral fixation and second-generation
tibial fixation was higher than that of
any other graft-and-fixation combi-
nation.

No discernible radiographic dif-
ferences between hamstring and
BPTB grafts were found at 5-year
follow-up (M Kurosaka, MD, San
Diego, CA, unpublished data pre-
sented at the American Academy of
Orthopaedic Surgeons annual meet-
ing, 2007). At 10-year follow-up,
> re-
ported less moderate-grade osteoar-
thritis with four-strand hamstring
grafts than with BPTB grafts. Early
re-rupture rates were higher after
hamstring grafts than after BPTB
grafts, but late re-rupture rates were
identical. Instrumented laxity of
more than 2 mm was associated
with contralateral ACL rupture at
2-year follow-up.

Pinczewski and associates*

Anatomic ACL Reconstruction
With Double-Bundle

Hamstring Grafts

Anatomic ACL reconstruction de-
signed to replicate the AM and PL
bundles is based on the hypothesis
that a reconstructed AM bundle
controls anterior tibial translation
and a reconstructed PL bundle con-
tibial Numerous
studies have supported the use of
this method to reproduce normal

trols rotation.

knee kinematics.>*%*%~"! Improv-

ing knowledge of ACL footprint
anatomy has led to greater standard-
ization of surgical technique. The
procedure has become popular in
Japan, Europe, and, more recently,
the United States.”

Graft Preparation

A double-stranded semitendinosus
graft with a diameter between 6 and
9 mm is used for reconstructing the
AM bundle. A double-stranded gra-
cilis tendon graft is used for the PL
bundle (Figure 6). If the diameter of
the double-stranded gracilis graft is
less than 5 mm, the tendon graft can
be tripled or quadrupled.

Surgical Technique

An anatomic reconstruction is based
on drilling four tunnels in the center
of the anatomic insertion sites of the
AM and PL bundles on both the fe-
mur and the tibia (Figure 7). Using
an accessory AM skin portal helps in
positioning the tunnels in the lateral
temoral condyle. Because of length
variations, the AM bundle is ten-
sioned and fixed at 45° to 60° of knee
flexion. The PL bundle is tensioned
and fixed with the knee close to full
extension (Figure 8). Graft fixation
is achieved with a button device at
the femoral site and a hybrid inter-
ference screw and screw-post sys-
tem at the tibial site.

Outcomes of Single-Bundle and
Double-Bundle Hamstring
Reconstruction

Robotic and navigation studies
found that reconstruction of both
bundles leads to a pattern of stability
almost identical to the kinematics of
a normal knee.”””>”* Gait analysis
showed that although BPTB and
single-bundle  four-strand ham-
string reconstruction does not con-

trol tibial internal rotation,>*>® an
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anatomic two-bundle reconstruc-
tion does (AD Georgoulis, MD, Io-
annina, Greece, personal communi-
cation, 2007).

Several studies that compared
four-strand ~ hamstring  single-
bundle reconstruction with anatom-
ic double-bundle reconstruction re-
ported no differences in function or
subjective outcomes.”®** Few dif-
ferences have been found in the re-
sults of instrumented anterior sta-
bility tests, although significantly
less positive control of rotational sta-
bility (pivot shift) was present after
anatomic double-bundle ACL re-
construction (Table 1). However,
reconstruction with the double-
bundle technique was shown to im-
prove the pivot shift, using clinical
or instrumented measures.”® %

Compared with BPTB grafts, us-
ing hamstring autografts for ACL
reconstruction leads to less morbid-
ity and provides identical, if not su-
perior, anterior stability and func-
tional results. However, hamstring
graft harvesting is more demanding.

Using BPTB Autografts

BPTB autograft has long been con-
sidered the gold standard for ACL
reconstruction.””®  Although the
increasing popularity of hamstring
autograft has lowered the status of
BPTB autograft, it remains the best
graft choice in a variety of circum-
stances.

Autograft Versus Allograft

Autografts have several advantages
over allografts, and well-publicized
difficulties with the use of allografts
have had the eftect of supporting the
use of autografts. Proponents of al-
lografts have suggested that athletes
can return to play sooner because of
the lack of donor site morbidity.
However, allografts have been
shown in the animal model to have a
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Figure 6 Each tendon has been fashioned by passing a tendon loop through a but-
ton (20 mm for the semitendinosus and 15 mm for the gracilis). The free ends of the
tendons are stitched together on a 35-mm length with a continuous baseball stitch.
The semitendinosus is used for reconstructing the AM bundle, and the gracilis is used
for the PL bundle. Gr = gracilis tendon, ST = semitendinosus.

Figure 7 A, A three-dimensional CT scan of the AM and PL femoral tunnels. The av-
erage diameter of the AM tunnel is 7 mm, and the PL tunnel is 6 mm. The distance
between the centers of the tunnels is 8 to 9 mm. Both femoral tunnels are located be-
hind the resident’s ridge (also called lateral intercondylar ridge) when the notch is
viewed from the AM portal. B, CT scan showing the tibial tunnels; the PL tibial tun-
nel is posterior and slightly lateral to the AM tunnel.

longer incorporation time.*' There-
fore an allograft is at greater risk of
rupture than an autograft with early
return to play. The clinical results of
allografts used in ACL reconstruc-
tion approach those of autografts.
However, studies
shown increased laxity over time
with allograft use.**™

The risk of viral or bacterial con-
tamination of allograft tissue can be
devastating, as was revealed by highly
publicized infections from allografts
obtained under suspicious circum-
stances. The risk of infection prob-

several have

Figure 8
bundle ACL reconstruction. The PL bundle
crosses the AM bundle from behind. The

Endoscopic view of a two-

AM bundle is primarily sagittally oriented.
The PL bundle has a more transverse ori-
entation to control tibial rotation.
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Table 1

Studies of Instrumented Anterior Stability Tests

KT-1000 Measured

Side-to-Side % of Patients With

Study Surgical Techniques Difference (mm)  a Pivot Shift
Yagi et al® Single-bundle AM 1.9 25
Single-bundle PL 1.7 20
Anatomic double bundle 1.3 15
Aglietti et al>® Single bundle 2.4 42
Double-bundle transtibial 1.6 24
Anatomic double bundle 1.4 16
(outside in)
Yasuda et al*® Single bundle 2.8 50
Anatomic double bundle 1.1 12.5
Jarvela®! Single bundle 1.8 36
Anatomic double bundle 1.4 3.33
Muneta et al®® Single bundle 2.4 41.2
Anatomic double bundle 1.4 14.7
Asagumo et al®? Single bundle 1.9 19.2
Anatomic double bundle 1.7 12.7
Mean values Single bundle 2.12 34.8
(all studies) Anatomic double bundle  1.18 10.6
ably is underreported because thereis  This study heightened concern

no official monitoring system. Tiwo
infections involving Clostridium sordel-
lii were reported to the CDC in 2001.
The incident came to public attention
when one of the patients died from
sepsis. A subsequent CDC investiga-
tion into allografts used for musculo-
skeletal procedures identified 14 pa-
tients with  allograft-associated
Clostridium infections. All of the in-
tected allografts were obtained from a
single tissue bank.*® Although rec-
ommendations were made to im-
prove screening and allograft prepa-
ration procedures, these and similar
incidents continue to concern or-
thopaedic surgeons. A recent study
of all ACL allografts used by a single
surgeon found that 4.8% were posi-
tive on routine cultures, although
no clinical infections resulted.®’
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about the potential for catastrophic
infection in patients receiving al-
lograft tissue.

The host immunologic response
also is of some concern when using
intra-articular allografts, but it does
not have a significant eftect on clini-
cal outcomes. Immunogenicity de-
creases with washing and freezing;
however, there is an increased risk of
rejection with fresh osteochondral
allografts.®®

Autograft also has the advantages
of availability and cost. The increas-
ing popularity of allografts, particu-
larly BPTB allografts, has led to a
shortage during the past several
years. The cost of allografts varies
with the individual supplier. To
some extent, the cost of obtaining
allograft tissue is offset by the costs

of autograft harvesting.

The Advantages

of BPTB Autografts

The biomechanical properties of
BPTB grafts are similar to those of
the native ACL. Cooper and associ-
ates® found that the biomechanical
strength of a BPTB autograft is even
greater than previously reported. A
10-mm BPTB graft was found to
have a higher ultimate tensile load
(2,977 N) and greater stiffness
(455 N/mm) than native ACL
(2,160 N and 243 N/mm, respec-
tively). The use of interference
screws allows for secure bony fixa-
tion of the BPTB graft on both
ends. "*® Bony fixation also allows
rapid graft incorporation,
which has direct implications for
postoperative rehabilitation and re-
turn to sport.*””"

Because the tendinous portion of
the BPTB graft does not occupy the
entire cross section of the construct,
less notchplasty or roofplasty is re-
quired, and there is less graft im-
pingement than with soft-tissue
grafts. BPTB graft also has been
shown to be better suited for patients
with excessive ligamentous laxity,
young men involved in highly com-
petitive sports, and patients requiring
an ecarly aggressive rehabilitation
program.>>7%>?192 Tt also is well
suited for revision procedures after
primary grafting of hamstring au-
tograft or allograft. Shelbourne and
Urch” and Rubenstein and associ-
ates” found that contralateral BPTB
grafts can be used for revision.

Both BPTB and hamstring grafts
were successful in numerous clini-
cal studies; however, several studies
found better results when BPTB
grafts were used. In many compari-
sons of BPTB and hamstring au-
tografts, the results of KT-1000 test-
ing were significantly better in

more
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patients who received a BPTB
graft.*#6+%>195 A meta-analysis by
Freedman and associates®” reported
that the failure rate for BPTB grafts
was less than 50% of the rate report-
ed for hamstring grafts. Williams
and associates”® and Adam and asso-
ciates”" also reported better clinical
results with BPTB grafts. Less tun-
nel widening was found with BPTB
grafts; this factor has important im-
plications for revision ACL recon-
struction.®>?7-%®

BPTB grafting is well suited for
athletes such as hurdlers, who re-
quire strength in deep knee flexion.
Hamstring harvesting was found to
cause persistent weakness at high
flexion angles.”'%"

Although BPTB grafts are widely
believed to be associated with an in-
creased incidence of anterior knee
pain and pain with squatting, the
risk is minimal, especially if the pa-
tellar defect is filled with bone graft
before closure,**6>101-193

Graft Positioning
The ideal femoral tunnel position-
ing in ACL reconstruction is contro-
versial, and both double-bundle and
single-bundle techniques have been
promoted. Although double-bundle
reconstruction has some biome-
chanical advantages, the clinical ad-
vantages are less clear; allografts
usually must be used.®”'**%7 As an
alternative, the senior author has re-
cently explored the use of quadri-
ceps tendon and hamstring tendon
autograft sources for double-bundle
ACL reconstruction. Placement of
the posterolateral graft component
results in a short tunnel that can
jeopardize important posterolateral
corner structures.'?®
Single-bundle reconstruction
with a more horizontal placement
was shown to have better results
than more vertical placement on the

International Knee Documentation
Committee Subjective Knee Evalua-
tion.'”” In a recent prospective ran-
domized study, the clinical results of
single-bundle ACL reconstruction
with more horizontal graft place-
ment were found to be comparable
to those of double-bundle recon-
struction.''”

Surgical Technique

The graft is harvested after the diag-
nosis of ACL deficiency is con-
firmed by a preoperative work-up
and examination under anesthesia.
Harvesting at the beginning of the
procedure allows the graft to be pre-
pared while the surgery proceeds
and the harvest incision to be used
for arthroscopic portals.

Harvesting the patellar portion of
the graft requires extreme care. A
saw can be used at an angle or hori-
zontally to soften the corners; it
should not penetrate beyond the
cortex. The osteotome should not
be levered from the sides of the graft
when harvesting. The bone graft is
harvested at a sharper angle on the
patellar side than on the tibial side,
using a smaller saw blade. Predrill-
ing the corners of the graft can re-
duce the risk of patellar fracture.
The harvested graft is taken to a ta-
ble for final preparation and preten-
sioning (Figure 9).

The tibial tunnel landmarks have
been well described, and the pos-
terior aspect of the anterior horn of
the lateral meniscus has been shown
to be important.""'~'1? If a transtibi-
al technique is used for femoral tun-
nel placement, the exterior starting
point should be far medial'*® (Fig-
ure 10). Medial collateral ligament
fibers can be subperiosteally re-
flected before the tibial tunnel is
overdrilled. A fully threaded drill bit
with a sleeve can be used to capture
bone graft for later placement in the
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Figure 9 Harvested BPTB autograft af-
ter preparation and during pretension-
ing. The leading edge (harvested from
the tibia) is bulleted, and a suture is
passed near the end of the bone. The su-
ture is placed perpendicular in the patel-
lar bone block (for the tibial tunnel) to
reduce interference screw cutting.

patellar defect.

An over-the-top guide should be
used for femoral guide pin place-
ment. Accurate placement of this
guide requires clearing the back of
the notch, then rotating the guide to
place the pin as horizontally as pos-
sible. The femoral tunnel is over-
drilled using a terminally threaded
(carrot-top) drill bit. If transtibial
drilling is planned, the drill bit
should be introduced into the notch
by pushing or oscillating it through
the tibial tunnel to reduce tibial tun-
nel expansion.

The graft is passed from the tibia
into the femur, with the bone blocks
facing anterior. With final passage of
the graft, the interference screw
guide pin can be placed on the most
anterior portion of the femoral bone
plug, as far as possible from the
tendinous portion of the graft. The
knee is hyperflexed; during screw
placement, the screwdriver handle is
pushed toward the tibia to avoid di-
vergence. The guidewire for the tib-
ial tunnel screw should pass freely
along the anterior bone block before
tibial fixation. Screw guidewires
should be removed before final
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Figure 10 A, For exterior tibial tunnel placement, the guide is placed far medial to
allow more horizontal femoral tunnel placement. B, Arthroscopic view of intra-
articular tibial guidewire placement.

- L |

Figure 12  Bone graft harvested from tibial tunnel drilling (A) is packed into the pa-

tellar defect (B).

screw tightening to avoid breakage.
The final graft position and fixation
are carefully inspected before clo-
sure (Figure 11).

Bone graft saved from tibial tun-
nel drilling should be packed into
the patellar defect; bone graft from
the initial BPTB graft preparation
also can be used (Figure 12). The
paratenon is closed over the defect
to allow room for the defect to heal
with collagenous tissue, as has been
shown in an animal model."'* Pro-
longed postoperative bracing is not
advantageous.' '

BPTB autograft has multiple ad-
vantages over soft-tissue allograft,
including lower infection rates, car-
lier incorporation, and less laxity.
BPTB grafts can be fixed with inter-
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ference screws on each end to pro-
vide the strongest possible fixation.
BPTB grafts were found to be clini-
cally superior to soft-tissue grafts in
several studies, especially in patients
who have ligamentous laxity or re-
quire deep flexion strength. Hori-
zontal graft placement, which can
casily be achieved with a BPTB
graft, may avoid the need for a
double-bundle construct. The sur-
gical technique for ACL reconstruc-
tion using BPTB autograft is repro-
ducible and successful.

Using Allograft Tissue

The use of musculoskeletal allograft
tissue in primary and revision ACL
surgery 1s expanding. Although
comprehensive data are not readily

Figure 11  Arthroscopic view of the fi-
nal graft placement and fixation.

available on the number of ACL al-
lograft reconstructions done in the
United States, cumulative tissue
bank data indicate that the number
has increased during the past 5 to
10 years. Achilles tendon and anteri-
or tibial tendon allograft tissue cur-
rently must be back ordered. The
increase has primarily occurred be-
cause the use of allografts eliminates
donor site morbidity and decreases
surgical time.

The spread of disease and infec-
tion from donor to host is a risk of
allograft use, although more groups
are becoming involved in ensuring
the safety of musculoskeletal al-
lografts used in knee surgery. The
US Food and Drug Administration
(FDA) and the AATB are the most
important agencies regulating the
quality and safety of allograft tissues.
The AATB frequently updates its
Standards for Tissue Banking.''® Or-
thopaedic surgeons using allograft
tissues should be familiar with the
AATB guidelines, use allograft tis-
sues only from an AATB-accredited
tissue bank, and understand the in-
dividual tissue bank’s processing
techniques. Although tissue bank
accreditation by the AATB is volun-
tary, the surgeon should consider a
lack of AATB accreditation as a red
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flag. The American Academy of Or-
thopaedic Surgeons established the
Tissue Banking Project Team in
February 2002 to work with the
FDA and the CDC to develop
guidelines for the safe use of muscu-
loskeletal allograft tissues.®* Final
regulations  establishing require-
ments and standards for tissue banks
became effective in May 2005.

The Musculoskeletal Transplant
Foundation (MTF) is a not-for-
profit organization founded in 1987
by academic orthopaedic surgeons
to provide musculoskeletal allografts
of the highest quality and safety.'"”
It is one of the largest providers of
allograft tissue in the world. In 2002,
the MTF recovered harvested tissue
from 4,431 donors and distributed
almost 300,000 units of allograft tis-
sue. No confirmed infection has
been associated with any of the
more than 2 million MTF-provided
units of transplanted tissue. The
MTPF’s high standards for screening
and selecting donors as well as for all
other processes could be used as a
template for the industry.'"”

Procurement, Sterilization,

and Storage

Understanding the allograft process
from donor selection to tissue trans-
plantation is equivalent to under-
standing the AATB Standards for Tis-
sue Banking. The suitability of each
donor is determined by a physician
using a standardized questionnaire,
physical assessment, and a review of
medical records and the autopsy re-
port, if any. Musculoskeletal tissue
donation is precluded if the donor
had a history of autoimmune dis-
ease, ingestion or exposure to toxic
substances, rheumatoid arthritis,
systemic lupus erythematosus, poly-
arteritis nodosa, sarcoidosis, or clini-
cally significant bone discase. Blood
screening for infectious disease in-

cludes tests for antibodies to HIV,
hepatitis C virus (HCV), human
T-lymphotropic virus, and syphilis,
as well as hepatitis B surface and
core antigens. Nucleic acid testing
of blood for HIV-1 and HCV, which
markedly decreases the time needed
for virus detection, was added in
2005.'"®

Tissue excision must begin within
24 hours of asystole if the body was
cooled, and it must begin within
15 hours if the body was not cooled.
Aseptic technique is used to retrieve
all tissues. All musculoskeletal tissues
are processed in a bacteriologically
and climate-controlled environment.
Tissues are cultured after harvest and
before processing.''®

An ideal secondary sterilization
method would eliminate all possi-
bility of infection while maintaining
all of the tissue’s biologic and me-
chanical properties. None of the
currently available techniques ful-
fills these requirements. Ethylene
oxide formerly was popular for ster-
ilization, but most tissue banks have
discontinued its use because of asso-
ciated graft failure and chronic syno-
719 The AATB  requires
banks that use ethylene oxide for
secondary sterilization to subse-
quently lower the amount and
breakdown products of ethylene ox-
ide to a specified level.''® Gamma
irradiation is popular for secondary
sterilization at the currently recom-
mended dose of 2.5 mrad, which is
the highest that can be used without
significantly altering the biome-
chanical properties of the graft. Al-
though a 2.5-mrad dose eftectively
climinates bacterial surface contam-
ination, a dose higher than 3 mrad is
required to kill viruses.*®'"” Antibi-
otic soaking can be used to augment
low-dose gamma irradiation, but its
effectiveness is limited by incom-
plete penetrance.*®'"” In addition,

Vitis.
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controversy remains about the clini-
cal eftects of irradiation. Rappe and
associates'® found a 33%
strophic failure rate after primary
ACL reconstructions using irradi-
ated Achilles tendon allograft, com-
pared with a 2.4% failure rate after
reconstruction using nonirradiated
tissue.

Several new techniques are now
available for sterilizing allograft tis-
sue. The Allowash process (LifeNet,
Virginia Beach, VA) uses irradiation,
ultrasound, centrifugation, and neg-
ative pressure, in combination with
reagents including biologic deter-
gents, antibiotics, alcohols, and hy-
drogen peroxide, to improve solu-
bility and remove lipids,
marrow, and blood elements.!? The
BioCleanse technique (Regenera-
tion Technologies, Gainesville, FL)
uses a low-temperature chemical
sterilization process with liquid ster-
ilants that perfuse the inner matrix
of the tissue before the tissue is irra-
diated.'" The FDA has approved
the BioCleanse process as a means
of killing implanted spores and vi-
ruses. More than 300,000 grafts have
been implanted after this process
was used, with no known infec-
tion.'”* In the Clearant process
(Clearant, Los Angeles, CA), the tis-
sue is frozen, water is extracted, and
dimethyl sulfoxide is added as a ra-
dioprotectant. The tissue is subse-
quently irradiated with 50 kGy,
which is two to four times higher
than the dose recommended for
avoiding cell damage.'’ None of
these proprietary methods is sup-
ported by animal or other data to
show its effect on biologic incorpo-
ration of allografts or eventual out-
come.

cata-

bone

Like the available sterilization
methods, the options for storing al-
lograft tissue are not perfect. The
approaches to storage include the
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use of fresh allografts, fresh freez-
ing, cryopreservation, or lyophiliza-
tion. Fresh grafts are implanted
shortly after harvest; there is a risk of
disease transmission in the absence
of secondary sterilization and stor-
age processing. Freezing fresh al-
lografts at a temperature of —80° to
—196° allows storage for 3 to 5 years,
but the process kills the cells."'*'*2
In cryopreservation, the tissue un-
dergoes controlled freezing while
cellular water is extracted by glyc-
erol and dimethyl sulfoxide; the
graft has a shelf life of 10 years, and
as many as 80% of cells remain via-
ble.!'”!?*  Lyophilization (freeze
drying) results in a residual mois-
ture level of less than 5%. This pro-
cess allows the graft to be stored at
room temperature for as long as 3 to
5 years.!19122

Infection, especially with HIV or
HCYV, is the most important risk in
using musculoskeletal allografts.
The risk of contracting HIV from a
musculoskeletal allograft is esti-
mated at 1 in 1.6 million.*®'"” In
2002, at least 6 of 38 patients tested
positive for HCV after receiving al-
lograft tissue from a donor with un-
detected virus.'> Nucleic acid test-
ing for HIV and HCV, which is now
required by the AATB, detects the
actual virus rather than its anti-
body."'® HIV is an RNA virus that
infects white blood cell DNA, and
this DNA is stable in cadaver blood
as long as 48 hours. Polymerase
chain reaction for HIV is quite ef-
fective in detecting infected white
blood cell DNA; results are available
within approximately 10 days.'*
The HCV virus is continually
cleared from the serum by immune
system enzymes so that its half-life
in cadaver blood can be a few hours.
Polymerase chain reaction for HCV
can produce a false-negative result if
the serum is obtained from the do-
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nor several hours after death.®
Nonetheless, the AATB require-
ment for HCV nucleic acid testing
can increase the safety of musculo-
skeletal allografts.

There also is a risk of allograft-
associated bacterial infection. The
CDC called for reports of bacterial
infections associated with musculo-
skeletal allograft after a postopera-
tive death in 2001. Three days after a
23-year-old man received an osteo-
chondral femoral condyle graft, he
developed pain at the surgical site
that rapidly progressed to shock, and
he died the next day. Premortem
blood cultures grew C sordellii. An-
other patient who received a fresh
femoral condyle graft and a frozen
meniscal allograft from the same do-
nor developed septic arthritis; cul-
tures for anacrobic bacteria were not
obtained. The body of the donor
had been refrigerated 19 hours after
death, with tissue procurement
23.5 hours after death. C sordellii also
was cultured from nonimplanted
donor tissue. As of March 2002, the
CDC had identified 26 musculo-
skeletal allograft-associated bacterial
infections."®* Thirteen of the 26 pa-
tients had infection with various
species of Clostridium, of whom 11
had received tissues processed by
the same tissue bank. All of these tis-
sues had been processed aseptically,
but none were terminally sterilized.
Of the remaining 13 patients, 11
were infected with gram-negative
bacilli (5 of whom had a polymicro-
bial infection) and 2 had a culture-
negative infection. Evidence impli-
cated the allograft in 8 of the 13
patients. Three patients had received
grafts that reportedly had undergone
gamma irradiation, but 8 patients re-
ceived allografts that were not ter-
minally sterilized."** The CDC in-
vestigation determined that spore-
forming bacteria are potential

pathogens, and a sporicidal method
must be used for aseptically pro-
cessed tissue to be considered ster-
ile. Health care providers should be
aware of the risk of bacterial infec-
tion.124,125

The only absolute indication for
the use of allograft tissue in primary
or revision ACL reconstruction is
the unavailability of autogenous tis-
sue. Most patients have a favorable
outcome regardless of whether al-
lograft or autograft is used. Surgeons
who prefer autogenous tissue cite
the risk of infection, the potential
for an immune response, and possi-
bly a greater risk of failure in an ath-
letically active patient with the use
of allografts. Surgeons who prefer
allograft tissue cite comparable knee
stability, the absence of donor site
morbidity, and less postoperative
pain, as well as smaller incisions and
a shorter surgical procedure.

The difficulty in reaching a con-
sensus is primarily the result of a
lack of long-term data comparing
the outcomes of Achilles or BPTB
autograft with those of exactly the
same allograft tissue, when used in
primary ACL reconstruction with
the same surgical technique and re-
habilitation protocol in a uniform
patient population. The outcome of
a BPTB allograft in a collegiate foot-
ball player cannot be compared with
that of a soft-tissue allograft in a 50-
year-old tennis player. Surgeons
currently must rely on animal stud-
ies and the few available clinical out-
come data, which are difficult to in-
terpret because of differences in
patient populations. Allograft stud-
ies cannot be considered together
because of differences in surgical
and rehabilitation techniques, tissue
processing, patient populations, and
outcome measurement tools. Many
different types of allograft tissues are
used, including BPTB, Achilles ten-
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don, and the currently popular soft-
tissue-only graft. Singhal and associ-
126 recently reported a failure
and reoperation rate of more than
50% in patients younger than
25 years after endoscopic ACL re-
construction using an anterior tibial
allograft fixed with interference
screws, followed by an accelerated
rehabilitation program. Luper and
associates'”’ reported a failure rate
higher than 20% in patients younger
than 40 years after reconstruction
with a BPTB allograft; the allograft
material, a prolonged incorporation
time, high Tegner scores, and mini-
mal postoperative pain may consti-
tute a formula for early failure.

Animal studies evaluated the his-
tologic incorporation and biome-
chanical properties of allograft and
autograft ligament at different stages
of healing, finding similar revascu-
larization and incorporation.'*® !
The biomechanical differences be-
tween allograft and autograft ACL
reconstruction were studied in goat
and dog models. Allograft ligaments
probably are weaker than autograft
ligaments during graft incorpora-
tion, but this factor has not been
shown to lead to a clinically signifi-
cant increase in graft failure. Al-
lografts can require 1.5 times as long
as autografts for incorporation, but
completely incorporated allograft
ligament tissue appears to be histo-
logically and functionally similar to
autograft tissue.

The comparative studies are few
and of poor design, and they have
not shown consistent differences in
objective  or  subjective
comes.'””" Concern remains as to
the long-term functioning of al-
lografts, particularly soft-tissue al-
lografts in young, athletically active
patients. Nonetheless, no significant
clinical differences in patient out-
comes or satisfaction were found 3

ates

out-

to 5 years after allograft or autograft
reconstruction.

Allograft tissue is particularly
useful in revision ACL reconstruc-
tion.”>'*? If autograft tissues were
used for the index surgery, the au-
tograft options for additional sur-
gery are limited. Because revision
ACL reconstruction frequently in-
volves existing hardware and tunnel
lysis, the ability to order a patient-
specific allograft type and size is at-
tractive. The greater tensile strength
of a larger soft-tissue graft may be
optimal for a salvage operation.
BPTB, Achilles tendon, or anterior
or posterior tibial tendon allograft
tissue can be used in revision ACL
reconstruction.

The advantages of allografts over
autografts include availability, a
shorter procedure, and the elimina-
tion of donor site morbidity. Disease
transmission remains a concern,
although allograft safety has improved
dramatically during the past 15 years.
It is mandatory that tissue from an
AATB-accredited tissue bank be used.
The surgeon must be familiar with
the processes of the bank supplying
the graft because banks use different
procedures for donor screening, tis-
sue harvesting, tissue processing,
safety purification, and secondary
sterilization. Implantation of allograft
tissue can cause infection with signifi-
cant morbidity and mortality.

Summary

No one type of graft can be consid-
ered the gold standard in ACL sur-
gery. The challenge for the ortho-
paedic surgeon is to select the best
graft for an individual patient, with an
understanding of the rationale for
each option and the variables that af-
fect postoperative management, such
as the shorter incorporation time of
BPTB autografts and the increased
flexibility of allograft in double-
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bundle surgery. Any graft tissue has a
higher ultimate tensile strength than
the native ACL ligament.
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