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           Introduction 

 Despite signifi cant advances in the understand-
ing of treatment of anterior cruciate ligament 
(ACL) injuries in recent years, the failure rate 
of ACL reconstruction is still signifi cant. 
Recent prospective analysis of a multicenter 
cohort has shown failure rate after ACL recon-
struction to be 3.0 % at 2 years [ 1 ] and a sys-
tematic review of randomized- controlled trials 
showed this rate to be 3.6 % at short-term fol-
low-up [ 2 ]. Revision ACL reconstruction is 
clinically challenging and associated with 
worse clinical outcomes than primary recon-
structions [ 3 ,  4 ], and a recent systematic review 
revealed a 13.7 % overall failure rate [ 5 ]. 
Avoidable technical errors, including tunnel 
malposition, inadequate fi xation, and failure to 
address concomitant malalignment and/or liga-
mentous injuries, have been implicated in 
53–79 % of primary ACL graft failures [ 6 – 8 ]. 
The following chapter reviews these technical 
causes of ACL graft failure.  

    Tunnel Malposition 

 Proper tunnel placement is recognized to be one 
of the most critical factors in successful ACL 
reconstructions [ 9 ,  10 ] and much research has 
been devoted to determining ideal tunnel place-
ment. Tunnel malposition is believed to be the 
most common technical cause of ACL graft fail-
ure [ 8 ]. 

    Femoral Tunnel 

 The ideal femoral tunnel has traditionally been 
described as originating at the 11 or 1 o’clock 
position in the right or left knee, respectively, 
and as posterior as possible, with 1- to 2-mm of 
cortical bone comprising the back wall of the 
tunnel [ 11 ]. Recently, some have suggested plac-
ing the tunnel at the 10 or 2 o’clock position to 
improve rotatory stability [ 12 ]. Improper femo-
ral tunnel position has been implicated in 80 % 
of cases in which technical errors contributed to 
ACL graft failure [ 8 ]. The femoral attachment of 
the native ACL is near the axis of rotation of the 
knee, so even small deviations in the placement 
of the femoral tunnel will cause large changes on 
graft length-tension relationships [ 13 ]. The two 
most common errors in femoral tunnel place-
ment are tunnels that are too anterior or too high 
in the notch. 

 An anteriorly malpositioned tunnel (Fig.  5.1 ) 
is typically caused by failure to visualize and 
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 reference off of the posterior wall of the lateral 
femoral condyle, while instead referencing off 
the lateral intercondylar, or “resident’s”, ridge. 
Anterior placement of the femoral tunnel leads to 
a mismatch in graft tension in extension vs. fl ex-
ion. If the graft is tensioned in extension, it will 
become tighter in fl exion, leading either to loss of 
fl exion or graft stretching [ 14 ]. If the graft is ten-
sioned in fl exion, it will become loose in exten-
sion and lead to unacceptable postoperative 
laxity. Anterior placement of the femoral tunnel 
will also lead to a graft with less sagittal plane 
obliquity, which may lead to decreased stability 
to anterior tibial translation [ 15 ].

   A tunnel that is placed too high in the notch, 
i.e., too near the 12 o’clock position (Fig.  5.2 ), 
leads to a graft with less obliquity in the coronal 
plane, commonly referred to as a vertical graft. 
The coronally vertical graft maintains sagittal 
plane stability, but offers less resistance to rota-
tory forces and can result in a knee that remains 
rotationally unstable after ACL reconstruction 
[ 9 ,  16 ]. In addition, a graft that is vertical in the 
coronal plane causes impingement against the 
posterior cruciate ligament and increases graft 
tension in fl exion [ 17 ], which may lead to loss of 
fl exion and/or graft stretching.

   The femoral tunnel can also be malpositioned 
posteriorly, which may lead to blowout of the 
back wall of the tunnel, which can cause diffi -
culty in obtaining adequate fi xation or, if unrec-
ognized, fi xation failure altogether.  

    Tibial Tunnel 

 The ideal position of the tibial tunnel is in the 
middle of the native ACL footprint. Visualization 
of this landmark requires adequate debridement 
of the ACL remnants and determining the pre-
cise center of the footprint can be diffi cult, so 
placing the center of the tunnel 7 mm anterior to 
the PCL and just lateral to the medial tibial spine 
has been suggested [ 11 ]. Improper tibial tunnel 
placement has been implicated in 37 % of cases 
in which technical errors contributed to ACL 
graft failure [ 8 ]. The tibial tunnel can be malpo-
sitioned in any direction with different conse-
quences for each. 

 Anterior placement of the tibial tunnel 
(Fig.  5.3 ) has been researched most extensively 
and leads to impingement of the graft on the 
intercondylar roof with the knee in extension. 
This impingement can lead to loss of complete 
knee extension or progressive elongation and 
subsequent failure of the graft [ 18 ]. On a lateral 
radiograph with the knee in full extension, any 
portion of the tibial tunnel that is anterior to an 
extrapolation of Blumensaat’s line should alert 
the surgeon to the possibility of intercondylar 
roof impingement. A tibial tunnel that is too 
medial can lead to graft impingement against 
the PCL, whereas too lateral a tunnel can lead to 
impingement on the medial aspect of the lateral 
femoral condyle. In either of these cases, repeti-
tive impingement can lead to progressive graft 
elongation, loss of fl exion, and eventual failure. 
Finally, a tibial tunnel that is malpositioned pos-
teriorly will lead to a graft that has decreased 
obliquity in the sagittal plane and, as is seen 
with an anterior femoral tunnel, decreased 
effectiveness in resisting anterior tibial transla-
tion [ 9 ,  11 ]. A posteriorly placed tibial tunnel 
creates a graft that is excessively lax in fl exion, 
as well.

  Fig. 5.1    Radiographic appearance of an anteriorly placed 
femoral tunnel. The tunnel should appear as posterior in 
the notch as possible       
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        Tunnel Preparation 

 Failure to adequately prepare the femoral or tibial 
tunnels may be an underappreciated technical 
cause of ACL graft failure. Tunnel drilling can 
leave sharp edges at the apertures that may 
impinge upon the graft after tensioning and fi xa-
tion. At our institution, a shaver, angled 
arthroscopic rasp, or Gore-Tex smoother is rou-
tinely used to chamfer the tunnel apertures prior 
to graft passage.  

    Tunnel Enlargement 

 One technical cause of ACL graft failure that is 
specifi c to revision ACL reconstruction is fail-
ure to identify and manage tunnel enlargement, 
which can lead to both graft malposition and 
inadequate fi xation [ 19 ]. It is important to criti-
cally evaluate preoperative radiographs for evi-
dence of tunnel osteolysis (Fig.  5.4 ). A computed 
tomography (CT) scan should be obtained in 

  Fig. 5.2    ( a ) Radiographic appearance of a femoral tunnel 
placed near the 12 o’clock position in the notch, resulting 
in a vertical graft. ( b ) The subsequent failure was managed 

by placement of a new femoral tunnel near the 10:30 
position, resulting in a more oblique graft       

  Fig. 5.3    Anteriorly malpositioned tibial tunnel (A), 
which is almost entirely anterior to Blumensaat’s line 
extended (B) with the knee in full extension. The subse-
quent failure was managed with appropriate tibial tunnel 
placement (C) posterior to Blumensaat’s line       
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cases where further detail is needed. Many tech-
niques have been described to allow for revision 
ACL reconstruction in the setting of tunnel 
enlargement including using larger bone plugs, 
tying bone plug sutures around a screw and 
washer, using an endobutton, and impacting 
allograft bone struts into the enlarged tunnel 
along the bone plug to obtain a press fi t, among 
others [ 20 ]. Cases in which the degree of tunnel 
enlargement will prevent appropriate placement 
and fi xation of the ACL graft should be treated 
in a staged fashion, with initial tunnel debride-
ment and bone grafting. After a period of 3–6 
months, a repeat CT scan will typically confi rm 
incorporation of the bone graft and the second 
stage of the revision reconstruction can be car-
ried out. In the Multicenter ACL Revision Study 
(MARS) cohort, bone grafting of enlarged tun-
nels was performed at the time of the revision in 
3 % of patients for the tibia and 3 % of patients 
for the femur. It was performed as a staged pro-
cedure before revision reconstruction in 9 % of 
patients for the tibia and in 8 % of patients for 
the femur [ 8 ].

       Graft Choice 

 The type of graft that is chosen for the primary 
ACL reconstruction can have a signifi cant effect 
on the failure of the reconstruction. Studies 
attempting to compare allografts and autografts, 
both BTB and soft tissue, are numerous. Allograft 
reconstructions appear to undergo the same heal-
ing process as autografts, albeit at a much slower 
rate. At 6 months after surgery, allografts have 
decreased structural properties and slower incor-
poration [ 21 ], and animal models have shown 
that the center of the graft may heal incompletely 
[ 10 ]. These factors may lead to an increased risk 
of graft rupture. 

 Allografts need to be sterilized to prevent dis-
ease transmission and antigenic response in the 
host knee. Harvest, storage, sterilization, and 
processing techniques vary widely across tissue 
banks. Sterilization of grafts using ethylene oxide 
and gamma irradiation has been shown to cause 
increased clinical and mechanical failure, respec-
tively [ 22 ]. Irradiated allografts have also been 
shown to develop laxity during follow-up at a 
higher rate than hamstring autografts, which may 
lead to increased failure rates [ 23 ]. These fi nd-
ings have led to a shift in practice that most 
allografts are fresh frozen specimens. However, a 
muted immune response still occurs to the donor 
tissue, which may cause tunnel enlargement [ 10 ], 
as well as changes in graft incorporation, revas-
cularization, and remodeling [ 21 ]. 

 Even after the initial healing period, allografts 
appear to fail at a greater rate than autograft 
counterparts in certain patients. In highly active 
patients under 50 years of age, BTB allografts 
have been shown to fail 2.6–4.2 times more fre-
quently than in patients receiving BTB auto-
grafts and less active patients receiving allograft 
reconstructions [ 24 ]. Furthermore, allografts 
have been shown to fail more frequently in 
patients under 25 than BTB autografts [ 25 ]. 
Prospective, longitudinal, multicenter data also 
show allograft use to be an independent predic-
tor of graft rupture [ 26 ]. Patients in the previ-
ously mentioned studies had undergone primary 

  Fig. 5.4    Tibial tunnel enlargement in the setting of a 
failed primary ACL reconstruction       
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ACL reconstruction. It remains to be seen if 
these fi ndings hold true for revision ACL 
reconstructions. 

 When considering the differences in failure 
rate between BTB autograft vs. multiple  bundle 
hamstring autograft, data are mixed. 
A recent Cochrane review and a prospective 
cohort study with 10-year follow-up suggest that 
the failure rates between the two types of auto-
grafts are the same [ 27 ]. However, another recent 
systematic review found a twofold increase in 
graft failure after hamstring autograft recon-
struction compared to BTB [ 22 ], and hamstring 
autografts have been shown to fail more fre-
quently in patients under the age of 25 [ 25 ]. 

 To avoid increased risk of ACL graft failure, 
we recommend the use of autograft ACL recon-
struction in all patients under the age of 40 who 
wish to pursue an active lifestyle postoperatively. 
Furthermore, although the existing literature is 
inconclusive, it suggests that BTB autograft may 
have the lowest graft failure rate, especially in 
patients under 25 years of age.  

    Graft Fixation 

 The fi xation of the graft is the weakest part of the 
ACL reconstruction in the fi rst 8–12 weeks, until 
the graft is fully incorporated [ 28 ], and has been 
implicated in 7 % of cases in which technical 
errors contributed to graft failure [ 8 ]. The tibial 
fi xation site is usually weaker than the femoral 
fi xation site [ 29 ]. Failure of the fi xation sites can 
be multifactorial and may include poor host bone 
quality, interference screw divergence, suture or 
knot failure, graft-tunnel mismatch, or improper 
fi xation sizing. Interference screws have been 
shown to provide acceptable femoral and tibial 
fi xation in both BTB and hamstring grafts [ 30 ], 
provided several characteristics of the screw 
are met. 

 Biomechanically, using 9 mm diameter inter-
ference screws for tibial-sided bone plug fi xation 
results in higher pullout strength than 7 mm 
screws [ 31 ], while interference screws longer 

than 20 mm have been shown to provide no sig-
nifi cant increase in strength of the construct [ 32 ]. 
The clinical signifi cance of these fi ndings is 
undetermined, although the senior author has had 
good results with routine use of 9 × 20 mm inter-
ference screws for bone plug fi xation on both the 
femoral and tibial sides. It is important to note 
that screws should not exceed tunnel length, 
which may cause intra-articular abrasion and 
weakening of the graft. 

 Interference screw divergence can lead to 
inadequate graft fi xation and subsequent failure. 
The divergence angle is rarely a problem on the 
tibial side as the insertion site is under direct 
visualization. However, at the femoral fi xation 
site, there has been much written about interfer-
ence screw divergence in both BTB and ham-
string grafts. The technical diffi culties associated 
with placement of the screw lead to divergence of 
the screw from the ideal axis, which is parallel to 
the tunnel. Some studies have suggested that in 
BTB grafts, divergence as low as 10° leads to 
increased pullout [ 33 ], others have shown that 
divergence resulted in increased pullout only 
starting at angles greater than 30° [ 34 ,  35 ]. 
Regardless, care should be taken to ensure that 
the interference screw is directed as parallel as 
possible to the tunnel without damaging the graft 
itself. 

 The use of titanium endobuttons for femoral 
graft fi xation carries with it specifi c risks for graft 
failure. Ideally, the button should be deployed 
and confi rmed with intra-operative fl uoroscopy. 
The proper position for deployment is directly 
against the femoral cortex. If the button is 
deployed in the substance of the quadriceps 
(Fig.  5.5 ), it can cause underlying muscle necro-
sis and eventual graft slippage before the graft 
can fully incorporate. Alternatively, if the button 
is deployed in the femoral tunnel’s cancellous 
bone, there may initially be enough resistance to 
tension the graft intra-operatively. However, 
increased stress on the construct as the patient 
returns to activity may cause slippage through 
relatively soft cancellous bone and eventual graft 
failure [ 36 ].
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       Graft Tensioning 

 Proper graft tensioning remains a diffi cult ele-
ment in ACL reconstruction and one that may be 
an under-recognized cause of graft failure. 
Undertensioning a graft dooms ACL reconstruc-
tion in the immediate postoperative period. Grafts 
do not contract over time, and the clinical result 
will be an unacceptable amount of residual laxity 
[ 9 ]. On the contrary, overtensioning a graft can 
lead to loss of joint motion, increased pressures 
on articular surfaces, premature arthritic changes, 
decreased graft strength, myxoid degeneration, 
and infrapatellar contracture syndrome [ 37 – 39 ]. 
Thus, it is imperative that the graft be appropri-
ately tensioned at the time of surgery. 

 The optimal method of graft tensioning is 
widely debated. Many different recommendations 
have been made [ 10 ,  40 ,  41 ]. The inherent stiff-
ness of BTB grafts is 3–4 times higher than ham-
string grafts, and as a result, some have suggested 
tensioning BTB grafts with less tension than with 
hamstring grafts [ 10 ]. It should be noted that 
although there are “ideal” tensioning parameters, 
there is still high intra- and inter- surgeon variability 

in graft tensioning [ 42 ,  43 ]. The senior author 
recommends tensioning the graft with full-
strength one-hand pull with the knee in full exten-
sion and has not encountered signifi cant problems 
with graft failure, motion loss, infrapatellar con-
tracture, or progressive arthritis using this tech-
nique. It is also prudent to cycle the knee through 
a normal range of motion 15–20 times under ten-
sion in order to eliminate stress laxity, as well as 
check for isometry [ 4 ,  9 ,  10 ].  

    Failure to Address Malalignment 

 Failure to address lower extremity malalignment, 
particularly genu varum deformity, can lead to 
increased stress on the reconstructed graft and 
contribute to graft failure (Fig.  5.6 ). Failure to 

  Fig. 5.5    Deployment of the femoral-sided endobutton 
within the substance of the quadriceps       

  Fig. 5.6    Genu varum in the setting of failed primary ACL 
reconstruction, which should be treated with limb realign-
ment prior to, or concurrent with, revision ACL 
reconstruction       
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address concomitant limb malalignment has been 
implicated as a cause of failure in 4 % of failed 
ACL reconstructions requiring revision [ 8 ]. 
Varus malalignment is classifi ed as primary 
varus, double varus, or triple varus [ 44 ]. 
Distinction between these different groups is 
important in the ACL defi cient knee, as it 
 determines whether correction of alignment will 
improve the success of ACL reconstruction. In 
the primary varus knee, tibiofemoral geometry 
and possible medial meniscus damage or carti-
lage wear results in the weight bearing line 
(WBL) crossing through the medial compart-
ment. In the double varus knee the WBL crosses 
further medial within the medial compartment 
and damage to the lateral ligamentous structures 
leads to separation of the lateral tibiofemoral 
joint during gait [ 44 ]. This opening of the lateral 
tibiofemoral compartment is seen as a varus 
thrust during early stance phase [ 45 ]. In the triple 
varus knee the addition of posterolateral ligamen-
tous insuffi ciency causes increased external tibial 
rotation and hyperextension in addition to the lat-
eral tibiofemoral compartment separation and a 
far medial WBL [ 45 ].

   Valgus high tibial osteotomy (HTO) is an 
accepted treatment option for patients with osse-
ous varus alignment and medial compartment 
arthritis. The use of HTO has also been recom-
mended in the double or triple varus ACL defi cient 
knee in an order to protect the ACL graft. Multiple 
cadaver studies demonstrate increased force within 
the ACL with increasing varus alignment [ 46 ]. In 
order to protect the graft from excessive forces and 
potential failure, ACL reconstruction alone should 
not be performed in the varus knee in the setting of 
lateral joint opening or posterolateral ligamentous 
laxity. In the double varus knee, combined valgus 
HTO, either staged or concurrent, is recom-
mended. In the triple varus knee, valgus HTO 
should be performed fi rst followed by combined 
ACL and posterolateral corner (PLC) reconstruc-
tion if the patient has continued instability follow-
ing the osteotomy [ 44 ]. In primary varus knees, 
valgus HTO has not been shown to enhance stabil-
ity or protection of the graft from excessive forces 
and is not recommended in the absence of medial 
compartment arthrosis [ 47 ].  

    Failure to Address Concomitant 
Injuries 

 ACL tears are commonly associated with injury 
to other structures in the knee. In the multiliga-
mentous injured knee, isolated ACL reconstruc-
tion fails to restore joint stability. Recognition 
and management of associated ligamentous inju-
ries is important for successful ACL reconstruc-
tion. Failure to recognize and address these 
combined injuries can subject the ACL graft to 
increased forces and contribute to graft failure. 
Unaddressed ligamentous laxity has been impli-
cated in 3 % of cases in which technical errors 
contributed to graft failure [ 8 ]. 

    Posterolateral Corner 

 The most commonly missed concomitant injury 
is to the PLC. Failure to address the associated 
posterolateral rotatory instability will result in 
increased hyperextension and varus forces across 
the knee, which may contribute to ACL graft fail-
ure [ 48 ]. Recommended management of PLC 
injuries associated with ACL tears involves pri-
mary repair of the PLC or reconstruction with 
allograft or autograft [ 49 ].  

    Medial Structures 

 Injuries to the medial collateral ligament (MCL), 
oblique popliteal ligament, and posterior horn of 
the medial meniscus may occur concurrently 
with ACL tears. The posterior horn of the medial 
meniscus is an important secondary stabilizer to 
anterior translation of the knee [ 50 – 52 ]. The 
common longitudinal tear in the posterior horn 
leads to anterior tibial translation that is no differ-
ent than that seen with total medial menisectomy 
[ 52 ]. The loss of stability associated with this 
type of meniscal injury increases forces experi-
enced by the ACL graft and may predispose it to 
failure. Current data recommends concurrent 
repair of medial meniscal tears at the time of 
ACL reconstruction when possible. If the tear is 
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deemed irreparable, an attempt should be made 
to preserve as much meniscal tissue as possible. 

 Multiple studies have demonstrated excellent 
outcome with nonoperative management of the 
MCL in combined ACL/MCL injuries [ 53 – 56 ]. 
In a prospective randomized study, patients with 
combined ACL and grade III MCL tears were 
treated with ACL reconstruction and MCL repair 
or bracing. At 27 months, there were no differ-
ences between the MCL repair and bracing with 
regard to patient outcome scores, postoperative 
stability, or return to activities [ 55 ]. In general, 
conservative treatment of MCL tears in combined 
ACL/MCL injuries can lead to successful ACL 
reconstruction and has not been associated with 
increased risk of graft failure.   

    Improper Notchplasty 

 Notchplasty, while controversial, can be an 
important component of successful ACL recon-
struction. Notchplasty serves to improve visual-
ization of the posterior wall and prevent graft 
impingement within the notch, especially during 
extension. The amount of notchplasty required is 
dependent on the anatomy of the patient. Patients 
with an A-frame or narrow notch will require 
more extensive resection. 

 The technique of notchplasty involves widen-
ing of the anterior portion of the intercondylar 
roof and medial edge of the lateral femoral con-
dyle. This can be performed with an osteotome or 
a burr under good visualization. The resection 
should resemble a funnel, wider anteriorly and 
narrower posteriorly, as it is the anterior notch 
upon which the graft will impinge during exten-
sion [ 9 ]. Resection of the lateral femoral condyle 
should be carried out until the posterior wall of 
the condyle and the over the top position can be 
easily seen. Adequate visualization of the poste-
rior wall serves to prevent anterior placement of 
the femoral tunnel, the most common technical 
error in ACL reconstruction and a cause of graft 
failure [ 8 ,  10 ]. Adequate notchplasty can be 
ascertained prior to graft passage by passage of a 
dilator or probe through the tibial tunnel. The 
knee is then carried through full range of motion 

and potential sites of impingement can be 
 identifi ed and rectifi ed prior to graft placement. 
It is the current practice of the senior author to 
only remove enough bone from the notch to allow 
adequate visualization of the posterior wall of the 
lateral femoral condyle in most cases. However, 
in patients who have sustained non-contact ACL 
injuries, notch impingement may have contrib-
uted to failure of the native ACL, so the size and 
shape of the notch is closely evaluated and very 
narrow or A-frame shaped notches are more 
aggressively resected, even if it is not needed for 
adequate visualization. 

 Errors in notchplasty can lead to graft failure. 
Under-resection of the notch leads to impaired 
visualization, which can subsequently lead to 
improper tunnel placement. Failure to adequately 
widen the notch can also result in graft impinge-
ment. Grafts used in reconstruction are larger in 
size than the native ACL. Repetitive abrasion of 
the graft along the roof and/or medial aspect of 
the lateral femoral condyle with fl exion and 
extension may weaken the graft overtime and 
increase the risk of failure. Over-resection during 
notchplasty is also problematic. A cylindrical, 
rather than funnel-shaped, notchplasty causes lat-
eralization of the femoral tunnel and changes the 
isometry of the graft [ 9 ]. Resection of the poste-
rior notch beyond what is needed for visualiza-
tion of the femoral tunnel serves to only alter 
knee kinematics without reducing the risk of 
graft impingement. This change in knee kinemat-
ics has been shown to increase forces seen in the 
ACL graft, potentially predisposing it to failure 
[ 57 ,  58 ]. It is recommended that minimal bone be 
removed from the posterior notch.     
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