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 Rotational stability is crucial for the knee joint. For anterior cruciate ligament 
(ACL) injuries, evaluating rotational stability is both a diagnostic tool and a 
postoperative outcome measure. In fact, the pivot shift test is the single most 
important objective outcome after ACL reconstruction correlating with 
patient satisfaction. 

 Rotational stability of the knee has always been of interest to researchers 
and clinicians alike. However, this has recently increased since the renewed 
focus on individualized surgery and restoration of native anatomy. In addition 
to the ACL, various other anatomic structures have been suggested to play an 
important role in rotational stability of the knee such as the medial and lateral 
meniscus, the medial and lateral capsular structures, and the bony morphol-
ogy of the femur and tibia. 

 Although the importance of the pivot shift as a diagnostic test for rota-
tional laxity is undeniable, the test in its current form has limitations. It is a 
high variability among users, it is subjective, and the results are inconsistent. 
There is a strong need to more objectively measure rotatory laxity, and this 
has led researchers to attempt to standardize and quantify the pivot shift test, 
measuring aspects like acceleration and lateral compartment translation. This 
had led to a variety of interesting new measurement devices with very prom-
ising prospects for the future. 

 In the present time, where the interest in rotational stability of the knee 
is at an all-time high and the consensus regarding the responsible struc-
tures, diagnostic tests, and reconstructive methods is lacking, the timing 
of this book could not be better.  Rotatory Instability of the Knee: An 
Evidence-Based Approach  by Drs. Karlsson, Kuroda, Musahl, and 
Zaffagnini is an excellent book which objectively presents all available 
evidence with regard to rotational instability of the knee including the 
anatomy and function of the structures involved, injury mechanisms, 
in vivo biomechanics, physical examination tests, imaging, surgical man-
agement, and rehabilitation. Furthermore, it covers important history on 
this topic explaining the different schools of thought responsible for 
inspiring innovation. The author list includes some of the most well-
known researchers and clinicians from all over the world who have dedi-
cated their career to better understand and treat rotational instability of 
the knee. It concludes with an outstanding discussion of future directions. 
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Congratulations to the editors for a job well done. This book is a  must-read, 
and I am certain it will be considered one of the benchmark publications 
of its time. 

  Freddie H. Fu ,  MD ,  DSc ,  DPs 

     

    Distinguished Service Professor 
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  It is all about rotation ! 
 It is in the 1970s of the last century that rotational instability was described 

by several surgeons who all were fascinated by the study of knee anatomy 
and who then infl uenced modern ligament surgery of the knee. Donald 
Slocum described anteromedial instability, which made us believe to be able 
to treat anterior instability of the knee just by doing a “pes transfer” and thus 
by increasing the mechanical action of pes anserinus. Independently, Marcel 
Lemaire in Paris and David MacIntosh in Toronto and others believed that the 
 primary  problem  took  place in the lateral femorotibial compartment, and they 
individually developed their concepts and drew our attention to a newly dis-
covered subluxation event. While Lemaire had been working in private and 
his discovery had not immediately been taken up by his own French compa-
triots and other European knee surgeons, MacIntosh was surrounded by resi-
dents and fellows, among them Robert Galway. They called the knee sign the 
“lateral pivot shift phenomenon” which, by the way, had also been indepen-
dently observed by Ron Losee in Ennis, Montana, who made major headway 
toward understanding and surgically repairing the “trick knee.” Incidentally, 
I. MacNab, famous Torontonian spine and shoulder surgeon, with whom I 
had a chance to work during 6 months in 1975, rightly would say that in his 
experience nothing was new that had not already been described by a “crazy” 
German (forgive him the term!) in the last century. Truly in 1936, Felsenreich 
had described as the fi rst German surgeon the same phenomenon… But even 
before him, Jones and Smith in 1913 and, shortly after, Hey Groves in 1920 
had clearly described that crucial symptom of rotational knee laxity. But 
these authors seem to have become largely forgotten by many of these reports 
from the 1970s, the fate of much historical science, during the revolution of 
modern knee surgical approaches. In fact, referring back to Lose, he had cor-
responded about this strange dynamic sign, observed in a patient in 1969 with 
John C. Kennedy from London, Ontario, who himself was not easily con-
vinced of this new entity. I spent 2 years in Toronto 1973–1975, also visiting 
David MacIntosh regularly in the Athletic Injury Clinic at Hart House, 
University of Toronto, and was taught by the master himself how to elicit the 
pivot shift. I also participated at surgery where he performed his lateral extra-
articular repair putting the patient thereafter in a plaster of Paris cast (as it 
used to be called at that time) with the knee fl exed to 90° and the lower leg 
externally rotated. And probably by anchoring the strip of the  iliotibial tract 
under the proximal origin of the lateral collateral ligament, he was not at such 
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a bad spot as modern anatomical and biomechanical data regarding anterolat-
eral ligament function would confi rm today. I witnessed intense public 
debates and discussions during meetings among the two Canadian knee 
experts MacIntosh and Kennedy. David, a humble person, but very astute 
scientist, was convinced that the lateral tibial plateau traveled more impor-
tantly anteriorly than the medial and that this should be addressed corre-
spondingly, describing a surgical technique that was exclusively based on the 
principle of controlling anterolateral instability where it was at its advantage 
with extra-articular repairs by a sling, but leaving the central pillar untouched, 
similar to Lemaire in Paris. Coincidentally, this occurred without the two 
knowing of each other’s work. Only later did he then also guide the strip into 
the joint in an over the top manner to reconstruct a missing ACL. Hughston 
and Andrews in the late 1970s and early 1980s followed on these principles, 
equally addressing techniques to minimize the dynamic shift event that so 
badly destroyed the articular cartilage and meniscus of the lateral compart-
ment. In the 1980s, rightly and because of insuffi cient possibility to control 
the Lachman displacement with these extra-articular techniques, the pendu-
lum swung away from the periphery to the center with numerous proponents 
for mere direct reconstruction of the central pillar, leaving the periphery 
untouched, even when it was very lax, thus allowing for too much anterolat-
eral rotation and secondary loosening of the reconstruction.. Following 
roughly 30 years, there seemed to rein reluctance to consider the lateral extra-
articular problem with the exception of the Lyon School and some surgeons 
internationally, me included, who in their practice always maintained the tra-
ditional thinking of combining intra- and extra-articular reconstruction. Since 
a few years, it has been more generally but still only slowly accepted to pay 
attention to this issue again, stressing the importance of accurate examination 
and analysis of the pivot shift, even “going as far” as trying to grade it, which 
we attempted in a study in a paper with J. Deland. As a small detail, in this 
continuum and review of history, our description of the reversed pivot shift 
sign in 1980 may be quoted where the inexperienced examiner may fall in a 
trap in the presence of posterolateral instability which then could easily be 
mixed with a true pivot shift and lead to erroneous surgical reconstruction 
(Jakob, Hassler, Stäubli). 

 Later then, the concept of rotational laxity, by which we seniors today got 
once stimulated during our best years of research and science (Müller, Stäubli, 
Noyes, Grood, Butler, and many others), went now through an almost forgot-
ten period. And the term envelope of motion by Frank Noyes and others that 
so well described this interaction between primary and secondary restraints 
was not used any more. 

 “Those who cannot remember the past are condemned to repeat it,” attrib-
uted to W. Churchill, but already stated before by Santayana, is valid as well 
here and fulfi lls us with a certain satisfaction  that it may be right: 

•     To learn that chronic anterior or posterior instability of the knee even 
when initiated by an isolated ligament tear always slowly loosens up the 
periphery and refl ects itself in an increased freedom of rotation   
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•    To always respect rotational instability when the amount of anterior insta-
bility is marked   

•    To consider combined intra- and extra-articular reconstruction with refi n-
ing gestures or formal reconstruction of the ligamento-capsular structures 
in an aim to decrease the volume of the envelope of motion     

  Certainly, once these principles are accepted, there remains plenty of 
room, to fi nd out which is the best way to achieve that goal. Nothing stimu-
lates science as much as a new discovery or a rediscovery of anatomy. There 
is, however, more to learn, as we just witnessed over the past 12 months, 
regarding the rediscovery of the true anatomy of the “anterolateral ligament” 
or even the ACL. We may now all accept that the intelligent central and 
peripheral ligamentous and capsular structures work in concert, those recon-
struction techniques that we propose to a patient must consider both of them, 
and it may require more than an arthroscope to serve the suffering patient 
adequately. Too many operated ACL ruptures have been unable to prevent the 
development of osteoarthritis so that insurers in some countries ask serious 
and “threatening” questions regarding the indication for too frequently per-
formed ACL surgeries. If we are able to better understand and learn more, we 
may hopefully achieve superior results!  

  It is the perfect time for this book to appear shedding more light on the 
specifi c scientifi c topic in an attempt to contribute new knowledge on these 
concepts. We are sure that the editors and authors understand the work that 
they stimulated and achieved as a milestone to which, certainly, many more 
shall follow. I feel honored having been asked to write this foreword on a 
topic that has kept me busy during all my life as a clinician and modest 
scientist.  

  Roland P. Jakob   
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1.1          Introduction 

 In vitro biomechanics uses engineering sciences 
to analyze the movement and structure of bio-
logical systems outside of a living subject. These 
studies advance evidence-based medicine by 
generating knowledge to improve clinical 
decision- making and generate signifi cant basic 
knowledge about joint and tissue structure–
function. Although in vitro studies do not con-
sider some of the factors that play a role in living 
subjects, they have several advantages over clin-
ical trials. The advantages include opportunities 
to analyze characteristics such as tissue proper-
ties and kinematic response to various loading 
conditions that cannot be done in living humans, 
being less time-consuming, and being less 
expensive. 

 Despite abundant research in the fi eld of ante-
rior cruciate ligament (ACL) injuries, there is still 
no “gold standard” treatment option for these 
patients. Residual rotational laxity after recon-
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struction surgery is one of the main reasons that 
patients do not return to previous levels of activ-
ity [ 56 ,  64 ]. Recent advances in the fi eld of 
biomechanics have enabled scientists to perform 
more comprehensive analyses of knee function. 
This understanding fueled scientists to design the 
so-called individualized ACL reconstruction sur-
gery with the goal to improve outcomes in these 
patients [ 73 ]. 

 This chapter will review methods applied dur-
ing in vitro biomechanical studies and then pres-
ent the role of each knee structure in providing 
rotational stability as demonstrated by in vitro 
studies. This knowledge is needed in the manage-
ment of patients with knee ligamentous injuries 
and can help clinicians to understand the func-
tional importance of each structure.  

1.2     Methods of Biomechanical 
Studies In Vitro 

1.2.1     Models Applied in In Vitro Studies 

 Human cadaveric specimens are the best models 
for biomechanical studies. However due to lim-
ited availability and related costs, animal models 
have commonly been used as an alternative. 
Although no animal model perfectly mimics the 
human knee, large animals like pigs, sheep, 
goats, and dogs have been used as a platform for 
biomechanical studies [ 11 ,  22 ,  28 ,  32 ,  33 ,  72 ]. It 
is important that the selected model have as 
many similarities to the human knee as possible; 
for instance, porcine knees are a suitable alterna-
tive for in vitro studies in terms of anatomical 
and biomechanical characteristics of the liga-
ments and mimicking sex-specifi c characteristics 
[ 32 ,  33 ,  72 ].  

1.2.2     Methods Applied 
During In Vitro Studies 

1.2.2.1     Devices In Vitro Studies 
 Electromagnetic tracking devices [ 1 ,  4 ,  5 ] or 
surgical navigation systems (with optoelec-
tronic tracking devices) [ 12 ,  18 ,  50 ] are com-

monly used to measure joint kinematics while 
clinicians perform physical examinations on 
cadaveric knees rather than subjective grading 
of joint laxity. However, due to variability in 
performing physical examinations, more atten-
tion is directed toward utilization of standard-
ized devices to simulate physical examinations 
and thus yield more consistent results [ 55 ]. At 
the same time, the mechanical devices used in 
biomechanical studies to simulate clinical 
examinations on cadaveric knees include a 
wide variety of robotic technology. Custom-
designed mechanisms and industrial robotic 
manipulators (Fig.  1.1 ) enable researchers to 
standardize rate of loading as well as the mag-
nitude and direction of forces and moments 
applied to the knee [ 15 ,  47 ,  52 ,  53 ,  55 ]. These 
devices have a wide range of capabilities such 
as applying complex loading conditions, mea-
suring joint motion, and determining the force 
in tissues. Robotic systems are electromechani-
cal machines that have complex control sys-
tems using feedback from load cells and motion 
measurement systems to guide that application 
of loads to a knee or reproduce joint motion. 
These systems are either developed specifi cally 
for biomechanical studies [ 23 ] or were origi-
nally developed for industrial purposes and 
customized to be used in biomechanical studies 
[ 15 ,  52 ]. Most of these systems can apply load-
ing conditions to a cadaveric specimen and 
then reproduce the resultant joint motion to 
examine changes in forces and moments that 
might occur during alterations to the state of 
the joint.

1.2.2.2        Pivot-Shift Simulation 
 Physical examinations can be part of the rota-
tional laxity assessment during in vitro studies 
[ 4 ,  50 ]. The pivot-shift test is highly valued in 
assessment of rotational laxity for patients with 
ACL injury [ 35 ]. Application of individual rota-
tional loads and the combined rotational loads 
that simulate the pivot-shift test is commonly 
used in in vitro studies to assess rotational laxity. 
The in vitro simulation of the pivot-shift test typ-
ically includes application of valgus and internal 
rotation torques to the knee, and the resulting 
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anterior tibial translation is reported as the pri-
mary outcome [ 31 ,  55 ,  77 ]. This is justifi ed by 
studies that showed translation of the tibia rela-
tive to the femur is correlated with the clinical 
grading of the pivot shift [ 9 ]. The loading devices 
can apply these loads at either discrete fl exion 
angles or continuously throughout a range of 
fl exion. Application of the loads at discrete fl ex-
ion angles narrows the quantity of data obtained 
which could negatively affect the interpretation 
of the results. Moreover there is an ongoing 
debate regarding the clinical utility of static tests 
versus dynamic tests [ 54 ]. Therefore, analyzing 
knee kinematics continuously throughout the 
range of fl exion is favored compared to static 
tests [ 46 ].   

1.2.2.3     In Situ Force 
 The in situ force in a structure determines its con-
tribution to joint stability. In addition, relative 

  Fig. 1.1    Six degree of 
freedom robotic 
manipulator testing a 
human knee model. The 
robotic system applies 
determined loads and 
records kinematics. 
 UFS  universal 
force-moment sensor       

 Fact Box 1 

 Dynamic rotational laxity tests tend to bet-
ter reproduce complex loads and motions 
that the joint experiences during activity; 
therefore they are a better tool for predict-
ing long-term results. Static rotational lax-
ity tests can be easily performed; however, 
they may not be predictive when compared 
to dynamic rotational tests. 
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contributions to joint stability can be compared 
utilizing this data [ 63 ]. The two methods cur-
rently utilized to determine the in situ force in a 
structure are implantable transducers (contact 
method) [ 29 ] and estimation by noncontact meth-
ods [ 14 ,  43 ].  

1.2.2.4     Contact Method Measuring 
Tensile Force 

 In the contact method, the sensors are attached to 
the ligament to measure tensile force (e.g., buckle 
transducers) [ 41 ] or to measure the strain in the 
ligament and then estimate the force using a 
stress-strain curve and cross-sectional area (e.g., 
liquid metal strain gage and hall-effect trans-
ducer) [ 7 ,  20 ]. Measurement of the tensile force 
directly better estimates the in situ force in a 
structure since it eliminates potential debate 
associated with converting strain to force due to 
variation of cross-sectional area, shape, and 
material properties along with the length of the 
ligament. However, contact methods are limited 
since it is not always feasible to implant sensors 
in all structures due to technical limitations (e.g., 
joint capsule, posterolateral bundle (PL) of ACL). 
Moreover these methods depend on knee fl exion 
angle as well as location and angular orientation 
of the sensor within the tissue [ 21 ,  48 ].  

1.2.2.5     Noncontact Method 
to Determine In Situ Force 

 A direct, noncontact method to determine in situ 
force in a ligament utilizes a universal force- 
moment sensor (UFS), which measures three 
forces and moments along and about a Cartesian 
coordinate system. For a rigid body attached to 
the UFS, the three forces measured by the sensor 
defi ne the magnitude and direction of the external 
force applied to the body. The point of applica-
tion of the force can also be determined based on 
evaluation of the three moments measured. 

 The in situ force in knee structures can also be 
calculated in a non-direct, noncontact manner 
without dissection of the joint using the principle 
of superposition [ 14 ,  43 ]. The principle of super-
position requires three fundamental assumptions: 
(1) there is no interaction between the structures 
of interest, (2) the bony tissue is rigid relative to 

the ligaments, and (3) the position of each bone is 
accurately reproduced [ 62 ]. In this method, in situ 
force is determined by measuring the forces at the 
knee before and after removing a structure in the 
joint while reproducing the identical path of 
motion. Robotic manipulators are typically used 
to repeat the path of motion before and after 
removing a structure. The difference in forces 
before and after removal of the structure repre-
sents the in situ force in that structure. Furthermore, 
this methodology has been used to determine the 
forces in knee structures during previously 
recorded in vivo kinematics of the ovine knee 
joint [ 30 – 32 ]. Optical motion tracking systems 
were used to obtain the in vivo kinematics of the 
joint, and after sacrifi ce of the animals, a robotic 
system was utilized to reproduce the joint motion 
during serial resection of multiple knee structures. 
In the future, better methods of simulation of 
in vivo activities need to be developed with a spe-
cial focus on rotational instability.  

1.2.2.6     Simulation of In Vivo Study 
 Although simulation of clinical examinations 
in vitro provides signifi cant insight to the biome-
chanical function of the knee structures, these 
analyses may not generate insight into activities 
of daily living. Moreover, the interpretation of 
the results might be limited by ignoring the effect 
of neuromuscular function during in vivo activi-
ties. Thus, in vitro simulation of in vivo activities 
is also needed. Customized knee simulators have 
been used to reproduce the function of these 
structures during daily activities like walking [ 2 , 
 8 ,  74 ,  79 ,  80 ,  83 ]. To reproduce dynamic and 
active motions, a complex series of forces and 
torques need to be applied to simulate the combi-
nation of muscle tensions and external loads [ 51 , 
 59 ,  66 ]. 

 One example simulator is the Oxford rig 
(Fig.  1.2 ) that consists of an ankle unit and a hip 
unit and allows six degrees of freedom of motion 
at the knee [ 16 ,  45 ,  87 ]. Spherical movement of 
the tibia about the ankle center results in three 
clinically relevant motions (fl exion/extension, 
abduction/adduction, and internal/external tibial 
rotation), while the hip unit allows abduction/
adduction and fl exion/extension. Vertical loads 
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can be applied to simulate body weight by hold-
ing assemblies from the hip unit. The rig is used 
to simulate stance activities with knee fl exion, 
such as the motion during riding a bicycle, rising 
from a chair, or climbing stairs [ 87 ].

1.3          Knee Structures During 
In Vitro Assessment of 
Rotational Laxity 

 Knee motion is mechanically complex with dis-
placements in multiple planes and stability pro-
vided by several structures. The relative 

contribution of these structures to knee stability 
is described by the concept of primary and sec-
ondary restraints [ 58 ]. For every plane of knee 
motion, a primary restraint provides the greatest 
relative contribution to joint stability, while sec-
ondary restraints are engaged to a lesser degree. 

1.3.1     ACL 

 The ACL is one of the most frequently injured 
structures in the knee joint. This ligament plays a 
critical role in physiological kinematics of the 
knee joint, as its disruption eventually causes 

Vertical
Displacement

Internal/External
Rotation

Ab/Adduction

Ab/Adduction

Ankle
Assembly

Flexion/Extension

Flexion/Extension

Hip
Assembly

  Fig. 1.2    Oxford knee testing 
rig can make the ankle 
assembly allow fl exion/
extension, abduction/adduction, 
and internal/external tibial 
rotation. The hip assembly is 
allowed fl exion/extension and 
abduction/adduction. In 
addition, the hip assembly can 
move vertically relative to the 
ankle assembly       
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functional impairment and osteoarthritis [ 44 ]. 
Owing to its unique complex fi ber organization, 
the ACL has a key role in providing both anterior 
stability and rotational stability. 

 The ACL restrains internal rotation moments 
during application of anterior tibial loads, which 
results in coupled internal rotation of the tibia 
during anterior tibial translation [ 24 ]. Sectioning 
of the ACL results in a signifi cant increase of 
rotational laxity [ 42 ,  86 ]. The ACL is generally 
considered the primary restraint for rotational 
laxity of the knee. This is supported by studies 
that demonstrated in presence of an intact ACL, 
sectioning of the menisci, LCL, posterolateral 
complex, or anterolateral capsule results in no 
change in internal or external rotation [ 42 ]. 

 The ACL consists of two functional bundles, 
anteromedial (AM) bundle and posterolateral 
(PL) bundle, named according to their attach-
ment on the tibia [ 60 ]. Both AM and PL bundles 
work synergistically as a unit to provide knee sta-
bility in response to complex loads. More specifi -
cally, the PL bundle has a prominent role in 
controlling rotational and anteroposterior laxity, 
especially in lower fl exion angles (Fig.  1.3 )  [ 25 , 
 60 ,  85 ]. Increases in anterior tibial translation in 
response to combined rotational loads after cut-
ting the PL bundle are signifi cantly higher com-
pared to resection of the AM bundle [ 85 ]. These 

facts have implications for the management of 
patients with ACL injury when ACL reconstruc-
tion surgery needs to be designed to restore func-
tion of both AM and PL bundles with respect to 
the patient’s native anatomy. The optimal recon-
struction would ideally include but not be limited 
to placement of the tunnels within the native 
insertion site of the ACL with tunnel aperture 
area and graft size restoring the native ACL foot-
print size and the tension replicating the native 
ACL. A constant technique such as single- or 
double-bundle ACL reconstruction is not recom-
mended anymore due to variation of anatomy 
between individuals.

1.3.2        Anterolateral Structures 

 The role of the anterolateral structures in stability 
of the knee has been suggested for many years. 
Dissection of the anterolateral capsule or iliotib-
ial band (ITB) or both results in increased rota-
tional laxity in ACL-defi cient knees, indicating a 
secondary role of these structures in rotational 
stability [ 50 ,  71 ,  82 ,  84 ]. However resection of 
the ITB may diminish reduction of the tibia dur-
ing the pivot-shift test [ 49 ]. In addition, the ITB 
acts as an ACL agonist, suggesting that using an 
ITB graft for extra-articular reconstruction may 
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  Fig. 1.3    Anterior tibial translation in response to simu-
lated pivot-shift test performed with robotic system. To 
simulate pivot-shift test, a combined rotational load of 
10 Nm valgus and 4 Nm internal tibial torque were 

applied. Dissection of the posterolateral ( PL ) bundle of 
the anterior cruciate ligament ( ACL ) resulted in signifi -
cantly increased in anterior tibial translation when com-
pared to cutting anteromedial ( AM ) bundle       
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result in hindering its function as a restraint to the 
knee [ 84 ]. 

 Recently there was a resurgence of interest in 
terms of the role of the anterolateral capsule in 
rotational stability of the knee with studies 
reporting a distinct ligament exists in this area 
[ 13 ,  17 ,  76 ]. However, the function of this liga-
ment is questionable when considering its dimen-
sions [ 69 ]. Despite claims with regard to the 
primary role of the mid-lateral region of the knee 
capsule in rotational laxity, the presence of an 
intact ACL results in no increase of rotational 
laxity after cutting this structure [ 42 ]. However, 
more quantitative data from biomechanical stud-
ies is needed to substantiate the role of this 
structure.  

1.3.3     Lateral and Medial Menisci 

 Menisci transfer the load from the tibia to the 
femur and also stabilize the knee during motion. 
The lateral meniscus has less capsular attachment 
and posterior wedge effect compared with the 
medial meniscus [ 39 ]. The combined injury of 
either medial or lateral meniscus in ACL-injured 
patients is reported to be present in 47–68 % of 
ACL-injured patients [ 34 ,  36 ,  67 ]. Concomitant 
injury to the meniscus signifi cantly increases the 
risk of future osteoarthritis [ 44 ], which can be due 
to loss of load distribution function of menisci as 
well as associated increased rotational laxity [ 3 ,  6 ]. 

 Unlike the medial meniscus that is a restraint 
to anterior translation of the tibia, the lateral 
meniscus has been shown to control rotational 
laxity; however, in either case, increased laxity 
(rotational laxity due to lateral meniscus injury or 
anterior laxity due to medial meniscus injury) 
occurs only after the ACL is injured [ 39 ,  40 ,  53 ]. 
Therefore the lateral meniscus appears to play a 
greater role in rotational laxity of ACL-injured 
patients, especially considering that concomitant 
injury to the lateral meniscus occurs more com-
monly with ACL injury [ 36 ]. Therefore, during 
management of patients with ligamentous injury, 
clinicians should try preserve or repair menisci in 
order to maintain its functions.   

1.3.4     Other Soft Tissue Structures 

 Injuries to the posterolateral corner do not 
occur independently, but are often associated 
with a tear of the ACL [ 30 ,  37 ]. The postero-
lateral corner structures of the knee consist of 
the iliotibial tract, the lateral collateral liga-
ment, the popliteus complex, posterior horn 
of the lateral meniscus, and other soft tissues 
[ 70 ,  75 ]. The failure rate following ACL recon-
structions is thought to be increased [ 38 ] when 
injuries to the posterolateral corner are missed 
since sectioning of posterolateral corner struc-
tures has shown a signifi cant increase of the 
varus load on the ACL graft. In an ACL-injured 
knee, internal rotation increases after section-
ing the lateral collateral ligament or postero-
lateral complex, and external rotation increases 
after cutting the posterolateral complex [ 42 , 
 86 ]. Moreover, at 90° of knee fl exion, follow-
ing popliteus complex resection, internal and 
external rotation was not controlled by the 
isolated ACL reconstruction. Combined with 
a complete posterolateral corner lesion, ACL 
reconstruction was not able to control the rota-
tion at 30 and 90° of knee fl exion [ 10 ]. 

 The medial collateral ligament (MCL) is the 
primary stabilizer to valgus rotation [ 81 ] and also 
a secondary stabilizer to anterior translation [ 61 , 
 65 ]. In terms of rotational laxity, both MCL and 
ACL resist internal tibial rotation [ 65 ], but MCL 
also resists external tibial rotation [ 27 ]. Dissection 
of the MCL increases the total rotational laxity of 
the knee by increasing internal and external rota-
tion [ 12 ]. In addition, the MCL plays a signifi cant 

 Fact Box 2 

 Several structures contribute to provide 
complex multi-planar stability of the knee 
joint. The ACL is the main restraint to rota-
tional instability during the pivot-shift test. 
Combined injury to all other structures 
needs to be appropriately addressed to 
yield best outcome. 
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role during the pivot-shift test when it limits 
medial movement of the tibia when valgus torque 
is applied. Therefore in an ACL-defi cient knee, 
the lateral tibial plateau subluxes anteriorly and 
the tibia rotates internally while the axis of rota-
tion lies close to the MCL [ 49 ]. Accordingly, rup-
ture of the MCL decreases the pivot-shift grade 
of the ACL-defi cient knee due to elimination of 
the tension on the medial compartment [ 12 ]. 
Although these structures may not be the primary 
restraints, they play a role in rotational stability 
of the knee. Accordingly, clinicians need to 
assess injury to all structures and manage them 
properly.  

1.3.5     Bony Morphology 

 Several studies attempted to investigate the role 
of bony morphology related to rotational laxity 
of ACL-defi cient knees [ 19 ,  26 ,  57 ,  78 ]. 
Increasing the lateral tibial plateau slope caused 
anterior translation of the tibial resting position 
and increases in external rotation of the tibia 
[ 19 ,  26 ]. In addition, an increase of tibial slope 
is associated with a decrease in internal rotation 
in response to an internal rotation torque [ 57 ]. 
In one study when a mechanized device was 
used to simulate the pivot-shift test, an increase 
in tibial slope was associated with increased 
rotational laxity of ACL-defi cient knees [ 78 ]. 
Based on current evidence, it seems that the 
bony morphology of the lateral tibiofemoral 
compartment, particularly lateral tibial plateau 
slope, contributes to the grade of the pivot-shift 
test [ 49 ]. However, it is not clear if the slope of 
the tibial plateau is correlated with residual 
rotational laxity after ACL reconstruction 
surgery.  

1.3.6     Clinical Signifi cance 

 Taken together, the ACL plays a primary role in 
rotational stability of the knee. Injury to the ACL 
will cause increased abnormal loads to joint car-
tilage and the secondary restraints, which will 
result in an increased degeneration of these struc-

tures and osteoarthritis [ 3 ,  6 ]. On the other hand, 
due to load sharing of the structures in the knee, 
concomitant injuries to secondary restraints can 
increase the in situ force in the ACL graft tissue 
after reconstruction surgery and thereby increase 
failure rate [ 38 ]. Thus, concomitant injuries to 
other knee structures should be addressed with 
ACL injury in order to restore joint kinematics 
and yield favorable long-term outcomes.   

1.4     Simulation of Activities 
of Daily Living 

 Human cadaveric studies have simulated dynamic 
walking and evaluated kinematics, focusing on the 
anterior–posterior translation or the contact 
between the femur and tibia [ 2 ,  80 ]. In these stud-
ies, the rotational range of motion and change of 
contact area were compared between ACL- injured 
and intact knees during the gait cycle. However, 
the rotational laxity of the ACL-injured knee could 
not be assessed due to combined anterior–poste-
rior translation. Stance activities were also simu-
lated to study interaction of quadriceps muscle and 
ACL on the joint kinematics [ 68 ]. The quadriceps 
muscle was signifi cantly found to control tibial 
rotation regardless of the ACL status. Moreover, 
activation of quadriceps will result in increased 
tension of the graft between 0 and 80° of knee fl ex-
ion with little effect on full extension. These data 
can help to design appropriate rehabilitation proto-
cols after ACL reconstruction surgery. 

   Conclusions 

 In vitro studies provide insight to the contribu-
tion of the knee structures to joint stability 
by simulation of clinical examinations and 
 activities of daily living. Simulation of pivot-
shift test by applying internal rotation and val-
gus tongues is among the common methods of 
rotational laxity assessment, whereas activi-
ties of daily living are simulated by applica-
tion of force to the muscles. The function of 
the ligamentous and bony structures at the 
knee are complex. However, the ACL is the 
primary restraint to rotational laxity, and its 
two-bundle structure needs to be considered 

A.A. Rahnemai-Azar et al.



11

during reconstruction surgery. In addition, 
concomitant injuries to other structures need 
to be properly addressed to achieve promising 
outcome. Overall, signifi cant advancements in 
the understanding of rotational stability and 
treatment protocols have been made using 
in vitro studies, and they must be coupled with 
in vivo studies in the future to further improve 
clinical care for the knee. 

 In vitro studies provide feasible way to assess 
contribution of various factors in knee rotational 
stability. Based on current evidence, ACL is the 
main restraint to rotational stability during simu-
lated pivot-shift test and gait analysis: however, 
other structures play role as well. Accordingly, 
injuries to other structures and individual inher-
ent characteristics should be considered in the 
treatment of ACL-injured patients.      
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2.1         Introduction 

 The interplay between the static and dynamic sta-
bilizers of the knee joint is complex. The lateral 
side of the knee is especially reliant on these sta-
bilizers due to inherent bony instability from the 
opposing convex surfaces [ 45 ]. The joint capsule 
is a dense, fi brous connective tissue that is 
attached to the bones via attachment zones. 
Injuries frequently occur via avulsion of a bone 
fragment beneath the attachment zone or by tear-
ing of the tendon, ligament, or capsule above it 
[ 46 ]. The capsular attachment can be described 
with four zones: pure fi brous tissue, uncalcifi ed 
fi brocartilage, calcifi ed fi brocartilage, and bone 
[ 10 ]. It can vary in thickness according to the 
stresses to which it is subjected and can be locally 
thickened to form capsular ligaments and may 
even incorporate tendons [ 38 ]. 

 Biomechanically and anatomically, the struc-
tures of the anterolateral capsule have held mul-
tiple names throughout history. While there is 
disagreement in terms of anatomical descriptions, 
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the majority of past and present articles state that 
a ligamentous structure is present, whose origin is 
close to the lateral femoral epicondyle and whose 
insertion is slightly inferior to the tibial articular 
surface posterior to Gerdy’s tubercle. However, 
there is still a broad variation in the literature 
regarding both the frequency with which the liga-
ment can be identifi ed and its morphology as a 
capsular thickening or distinct ligament. There is 
a lack of  biomechanical studies in terms of the 
function of this structure. Despite the paucity of 
biomechanical studies, some researchers propose 
surgical treatment for anterolateral capsular 
injuries.

2.2       Anatomy of the 
Anterolateral Capsule 
Structures 

2.2.1     Historical Descriptions 

 The earliest known descriptions of a pearly, 
resistant, fi brous band in the anterolateral 
 compartment were made by Segond [ 39 ]. 
Hughston later described a lateral capsular liga-
ment as a thickening of the capsule, which is 
divided into anterior, middle, and posterior thirds. 
He also divided the structure into menisco-
femoral and menisco- tibial components [ 22 ]. 
Other studies described an anterior oblique bun-
dle, which originated from the lateral collateral 
ligament and inserted at the lateral midportion of 
the tibia, blending with posterior fi bers of the 
iliotibial tract [ 7 ,  23 ]. The intimate relationship 
between the anterolateral capsule and the iliotib-
ial band was frequently mentioned in the previ-
ous literature. In fact, the capsulo-osseous layer 
has been called the “true knee anterolateral liga-
ment” [ 43 ]. Attachments between the capsulo-
osseous layer of the iliotibial band and the ACL 
create an inverted horseshoe sling (Fig.  2.1 ) 
around the posterior femoral condyle, preventing 
the anterolateral tibial subluxation that occurs 
during the pivot-shift test [ 42 ,  43 ]. Despite the 
different historical descriptions, there is no clear 

consensus in terms of the anatomy of the antero-
lateral capsule structures.

2.2.2         Development of Anterolateral 
Structures 

 Development of the anterolateral capsule has 
been observed in the fetus as early as 8 weeks. 
During O’Rahilly stage 22 and 23, the articular 
capsule becomes visible and densifi cation of the 
condylo-patellar ligaments is evident. From the 
lateral margins of the patella, the articular cap-
sule surrounds the femoral condyles and becomes 
attached to the peripheral surface of the menisci 
[ 29 ,  30 ]. The fetal appearance of intracapsular 
structures is poorly described in the current liter-
ature, and a distinct anterolateral ligament has 
not been discovered in human fetal observation 
to date.  

2.2.3     Histology 

 Histological studies have shown that parts of the 
anterolateral capsule are organized into individ-
ual bundles, most likely a combination of multi-
ple thickenings of the capsule and not a 
homogenous ligamentous entity, such as the 

 Fact Box 1 

   Anatomy of the Anterolateral Capsule 
Structures 
   1.    There is no clear consensus in terms of 

the anatomy of the anterolateral capsu-
lar structures.   

   2.    An anterolateral ligament has not been 
discovered in human fetal dissections to 
date.   

   3.    Histologically, the collagenous organi-
zation of the anterolateral capsule struc-
tures is not as aligned as the collagenous 
organization of the lateral collateral 
ligament.     
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ACL [ 8 ]. However, the femoral and tibial attach-
ments of this structure contain a consistent col-
lagenous pattern. Histologically, the transition 
between the anterolateral capsule, mineralized 
cartilage, and bone indicates a ligamentous tis-
sue. Immuno histochemistry indicates that this 
part of the capsule has peripheral nervous inner-
vation and mechanoreceptors [ 8 ]. Other studies 
describe a distinct fi brous structure in contact 
with the synovium [ 44 ] or dense connective tis-
sue with arranged fi bers and little cellular mate-
rial [ 18 ]. A more recent study [ 12 ] described the 
histology of the thickenings of the anterolateral 
capsule, as identifi ed by MRI (Fig.  2.2 ). The 
thickening appeared as a transition from loose 
connective tissue, similar to the capsule, to an 
organized structure similar to ligamentous tissue. 

In the area of the thickening, elongated nuclei 
were positioned between aligned collagen. 
Histologically, the collagenous organization of 
the anterolateral capsular structures was not as 
aligned in the same manner as the collagenous 
organization of the lateral collateral ligament 
(Fig.  2.3 ).

2.2.4         The Anterolateral Ligament 

 In the early twenty-fi rst century, studies pre-
sented several new approaches to evaluate the 
anterolateral capsular structures. In one study, 
after resection of the skin, subcutaneous fat tis-
sue, and the iliotibial band, the knee was fl exed to 
60°, and an internal tibial torque was applied. All 

ACL

Capsule-osseous
layer

  Fig. 2.1    Attachments between the 
capsulo-osseous layer of the 
iliotibial band and the  ACL  create 
an inverted horseshoe sling around 
the posterior femoral condyle, 
preventing anterolateral tibial 
subluxation that occurs during the 
pivot-shift test [ 42 ,  43 ]       
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visible distinct fi bers were isolated at the proxi-
mal tibia, posterior and proximal to Gerdy’s 
tubercle, and on the lateral femur [ 9 ]. In another 
approach, varus and internal rotational forces 
were applied between 30° and 60° fl exion to 
highlight any structure coming under tension. 

Any tissue in the anterolateral region of the knee 
that did not come under tension was resected, 
leaving only a ligamentous structure intact [ 8 ]. 
Other authors tightened the lateral joint capsule 
until a ligament became visible. In addition, they 
examined 30 patients undergoing knee arthro-

a b

  Fig. 2.2    MRI with ( a ) and without ( b ) thickening of the lateral capsule (t2 fat sat sequence). The arrows indicate the 
anterolateral capsule       

a b

  Fig. 2.3    Histologic comparison of the lateral collateral ligament (LCL) ( a ) and a thickening of the anterolateral capsule 
( b ), which was confi rmed by MRI prior to the dissection (scale = 100 µm)       
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plasty. In all 30 cases, they identifi ed and dis-
sected a ligamentous structure free from the 
lateral joint capsule [ 44 ]. Dodds et al. [ 11 ] stud-
ied disarticulated knees with only the anterolat-
eral capsular structures remaining intact. Then, 
using transillumination, they identifi ed a poten-
tial capsular thickening above and below the lat-
eral meniscus. Another study described the 
structure as a variable thickening of the knee 
joint capsule [ 41 ]. The authors found a continua-
tion of the iliotibial band, a broad, translucent 
fi brous band connecting the lateral femoral epi-
condyle to a point on the proximal tibia centered 
between Gerdy’s tubercle and the fi bular head. 

 The soft tissue attachments of the anterolat-
eral ligament are controversial in the literature. 
Some studies describe an attachment between the 
ligament and the lateral meniscus [ 8 ,  9 ,  18 ,  41 ]. 
Other studies claim that the structure does not 
insert into the rim of the lateral meniscus, 
although there were branching attachments to it 
[ 11 ]. Still others mention that the majority of 
fi bers came close to the meniscal tissue, but con-
tinued without interruption toward the tibial pla-
teau [ 44 ]. Despite a plethora of anatomical 
descriptions of the anterolateral ligament in the 
literature, there is no consensus in terms of its 
structure and biomechanical function (Fig.  2.4 ).

a

c

b

  Fig. 2.4    Dissection of the anterolateral capsule struc-
tures of the knee. The iliotibial band is carefully detached 
from the underlying tissue ( a ). In neutral tibial rotation, 
no clear anterolateral ligamentous structure is present ( b ). 
When the tibia is manually internal rotated, fi bers of the 
capsule come under tension and a ligament seems to be 

present (indicated by the dashed lines). However, macro-
scopic differentiation between a ligament and a thicken-
ing of the capsule seems to be impossible ( c ).  LCL  lateral 
collateral ligament,  FH  fi bula head,  ITB  iliotibial band, 
 ALC  anterolateral capsule.       
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2.2.5        Anatomic Considerations 
in Surgical Treatment 
of Anterolateral Instability 

 Clinical interest exists as to whether anterolat-
eral capsular injuries in ACL-defi cient knees 
should be surgically addressed at the time of 
ACL surgery. Some have postulated that a com-
bined intra- and extra-articular reconstruction 
can restore postoperative laxity and decrease the 
incidence of posttraumatic arthritis [ 15 ,  32 ]. 
Multiple techniques and grafts have been 
described [ 6 ,  24 ,  28 ,  40 ]. Mechanical and struc-
tural properties of the capsule must be deter-
mined to prevent over- constraint of the knee due 
to non-anatomical graft stiffness and placement. 
In 2001, Anderson et al. failed to demonstrate 
benefi t of extra- articular tenodesis over intra-
articular ACL reconstruction [ 1 ]. However, stud-
ies have shown excellent long-term results with 
high satisfaction and few signs of osteoarthritis 
[ 27 ,  37 ]. One randomized study reported better 
clinical results and faster return to sport at 
5 years’ follow-up in patients treated with sin-
gle-bundle ACL reconstruction plus lateral cap-
suloplasty compared with single-bundle 
four-strand hamstrings or patellar tendon [ 48 ]. 
More research is, however, required to establish 
treatment algorithms based on the individual’s 
anatomy.   

2.3     Function of the Anterolateral 
Capsule Structures 

2.3.1     Rotational Stability 

 Similar to the menisci, the anterolateral capsule 
is a secondary stabilizer of anterior translation 
and rotation of the lateral knee compartment 
[ 31 ]. Combined injury to the ACL and 
 anterolateral structures causes increased anterior 
translation in fl exion, as well as in extension, and 
increased internal rotation at 90° of fl exion [ 47 ]. 
Moreover, cadaveric navigation studies showed 
an increase in pivot-shift grade after sectioning 
the antero lateral capsule or anterolateral 

 ligament compared with isolated ACL section-
ing, suggesting its importance in the control of 
dynamic rotational laxity [ 31 ]. 

 A recent study measured changes in the length 
of a ligamentous structure in eight knees from 0° 
to 90° of fl exion during application of neutral, 
internal, and external rotation torques. Small 
metal eyelets were screwed into the bone at the 
origin and the insertion of the structure, and the 
changes in the distance between eyelets were 
measured using a monofi lament suture and a lin-
ear variable displacement transducer [ 11 ]. 
Another study measured the strain in the antero-
lateral complex using polydimethylsiloxane 
gauges [ 49 ]. Recently, a study evaluating the bio-
mechanical function of the capsular structures 
using robotic technology suggested that these 
structures are important stabilizers of internal 
rotation at higher knee fl exion angles [ 35 ]. The 
biomechanical studies are a subject of current 
controversy [ 17 ,  36 ].   

 Fact Box 2 

   Function of the Anterolateral Capsule 
Structures 
   1.    Despite a plethora of anatomical 

descriptions of the anterolateral liga-
ment in the literature, there is no con-
sensus in terms of its structure and 
biomechanical function.   

   2.    The published biomechanical studies 
are a subject of current controversy.   

   3.    The anterolateral capsule becomes an 
important restraint to anterior tibial load 
and internal rotation torque in the ACL- 
defi cient knee.   

   4.    Increased strain may lead to plastic 
deformation and, in rare cases, to tears 
of the fi brous tissue.   

   5.    More research is required to establish 
treatment algorithms based on individ-
ual anatomy.     
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2.3.2     Injury Mechanisms 
to the Anterolateral Capsule 

 The fi rst description of an injury to the lateral 
capsular ligament was an avulsion fracture [ 39 ]. 
The Segond fracture is said to result from an 
avulsion of the lateral proximal tibia due to the 
insertion of a ligamentous structure. The fact that 
the anterolateral capsule becomes an important 
restraint to anterior tibial load and internal rota-
tion torque in the ACL-defi cient knee leads to the 
assumption that in the majority of cases capsular 
structure injuries appear secondary to chronic 
ACL tears. Studies on the human glenohumeral 
joint have shown that, even under physiologic 
circumstances, strain up to 50 % or more can be 
present in the joint capsule [ 33 ]. Even if the 
thickness and stiffness of the anterolateral cap-
sule of the knee are different, a rough comparison 
to the glenohumeral joint capsule is reasonable. 
Increased strain may lead to plastic deformation 
and in rare cases to tears of the fi brous tissue.   

2.3.3     Quantifi cation of Rotational 
Stability 

 Quantifi cation of injuries to the anterolateral cap-
sule is of paramount importance. Rotatory laxity 
is mainly based on subjective grading using the 
pivot-shift test. Even though a standardized 
pivot-shift test has been proposed [ 19 ], the clini-
cal grading and the tibial translation still vary 
between examiners. A better method to test rota-
tory knee laxity is via quantitative pivot-shift 
testing. In this regard, an image analysis method 
that tracks markers on the lateral knee was found 

to accurately calculate lateral compartment trans-
lation during the pivot shift [ 2 ,  5 ,  21 ]. 
Subsequently, a computer tablet application was 
developed to aid in the processing of the image 
capture as well as in the calculation of translation 
(Fig.  2.5 ) [ 20 ,  34 ]. An inertial sensor strapped 
noninvasively to the anterior tibia is another 
quantitative pivot-shift tool (Fig.  2.5 ) [ 26 ]. This 
device is able to calculate acceleration of the 
proximal tibia during the reduction movement of 
the pivot-shift test and is sensitive to ACL inju-
ries [ 25 ]. The importance of quantitative pivot- 
shift testing does not only provide objective 
laxity parameters but more importantly provides 
side-to-side comparison of the healthy and 
injured knee (Fig.  2.6 ) [ 4 ].

2.3.4         Biomechanics Considerations 
in Surgical Treatment 
of Anterolateral Instability 

 Lateral instability of the knee is less frequent, but 
more disabling than a comparable amount of 
medial instability [ 4 ]. In an in vitro experiment 
using cadaveric knees, the pivot-shift test was 
performed preoperatively and postoperatively in 
ACL-injured knees with or without an anterolat-
eral capsular injury. Surgical treatment included 
ACL reconstruction with or without an extra- 
articular tenodesis. Tibial motion relative to the 
femur was measured by an electromagnetic 
tracking system during the pivot-shift test. This 
study showed that either an isolated ACL 
 reconstruction or a combined ACL reconstruc-
tion and extra-articular tenodesis restored intact 
knee kinematics in isolated ACL injury. However, 
an extra-articular tenodesis was necessary to 
restore intact kinematics when a lateral capsule 
lesion was present [ 3 ]. 

 Combined intra- and extra-articular recon-
struction may provide a more effi cient normal 
restoration of knee kinematics after ACL injury 
with concomitant anterolateral capsular injury. 
Some surgeons advocate extra-articular teno-
desis due to the longer lever arm of the lateral 
reconstruction, which may allow effi cient con-
trol of tibial rotation [ 13 ]. Further, extra-artic-

 Fact Box 3 

   Quantifi cation Tools for Anterolateral 
Laxity (Fig.  2.5 ) 
   1.    Image analysis to track markers on the 

lateral knee (tablet application)   
   2.    Inertial sensor strapped noninvasively to 

the anterior tibia     
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ular tenodesis has been found to decrease the 
stress on the intra-articular graft by more than 
40 %, lending credence to the possible load-
sharing role of the native structure [ 13 ,  14 ]. 
Critics cite the higher pressure on the lateral 
compartment and the restricted range of motion 
due to the anterior position of the femoral 
insertion as disadvantages of extra-articular 
tenodesis. It should be noted that the majority 
of ACL injuries can be successfully treated 
with ACL reconstruction alone. However, in 
knees with large pivot shifts and anterolateral 
laxity despite ACL reconstruction, the addition 
of extra-articular tenodesis might be consid-
ered [ 16 ]. Individualized ACL surgery is the 
goal to maximize the patient’s outcome and 
functional return. 

   Conclusions 

 Despite various anatomical descriptions of the 
anterolateral capsular structures, the evidence 
of a distinct anterolateral ligament and its bio-
mechanical function is still not well under-
stood. Further research is required to evaluate 
the infl uence of the anterolateral capsule on 
rotatory laxity of the knee. The role of addi-
tional procedures, such as an extra-articular 
tenodesis or lateral plasty, requires defi nition 
based on severity of the injury. 

 The standardized pivot-shift test enables 
the determination of rotatory knee laxity and 
can be quantifi ed using different customized 
tools. Based on the results of such tests, treat-
ment algorithms can be established. Moreover, 
rotatory laxity is not only dependent on the 
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anterolateral capsule structures. The infl u-
ences of the ACL, the medial and lateral col-
lateral ligaments, generalized joint hyperlaxity 
with hyperextension of the knee, and bony 
morphology are currently the focus of intense 
research. 

 Based on robotic testing, isolated ACL inju-
ries do not require additional extra-articular 
tenodesis procedures. The current literature 
remains unclear in terms of the more complex 
situation of chronic ACL tears, combined inju-
ries, athletes with generalized joint hyperlaxity, 
and revision surgeries. The overall goal when 
treating athletes with high-grade rotatory knee 
laxity is restoring knee kinematics and joint 
function as closely as possible to the native 
knee in order to return the athlete to sport safely 
and with long-term joint health in mind. 

 When an extra-articular tenodesis is per-
formed, over-constraining of the lateral com-
partment of the knee can be an issue, and 
restricted range of motion and higher pressure 
on the lateral compartment leading to early 
posttraumatic arthrosis are concerns that 
should be recognized. 
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3.1          Introduction 

 Anterior cruciate ligament (ACL) injuries occur 
mostly during sporting activities, and the incidence 
remains high, especially in young athletes. ACL 
injuries most commonly occur as a result of a non-
contact mechanism, predominantly during cutting 
or one-leg landing maneuvers [ 1 – 3 ]. In the past 
decade, various effective prevention programs for 
noncontact ACL injuries have been developed [ 4 –
 8 ]; however, how the different elements in these 
multicomponent programs play particular roles in 
preventing the injury is not well understood. 
Furthermore, the interplay between different com-
ponents is not entirely understood. Therefore, to 
develop more targeted injury prevention programs, 
an improved understanding of the mechanism(s) of 
noncontact ACL injuries is needed. 

3.1.1     Previously Proposed ACL 
Injury Mechanisms 

 A number of different methodological approaches 
have been used to investigate the detailed injury 
mechanisms in order to develop specifi c preven-
tion methods for ACL injuries. These include ath-
lete interviews, clinical studies, laboratory motion 
analysis, video analysis, cadaver studies, and 
mathematical simulations [ 9 ]. Several theories 
have been proposed based on such studies; how-
ever, a matter of controversy remains, with differ-
ent research groups arguing for either sagittal or 
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non-sagittal plane knee joint loading. DeMorat 
et al. and Yu and Garrett proposed that aggressive 
quadriceps loading was responsible, based on a 
cadaver study which demonstrated that aggressive 
quadriceps loading could take the ACL to failure 
[ 10 ,  11 ]. In contrast and based on a mathematical 
simulation model, Mclean et al. argued that sagit-
tal plane loading alone could not produce such 
injuries [ 12 ,  13 ]. A small prospective cohort study 
among female athletes that suggested an associa-
tion between high valgus load and increased injury 
risk led Hewett et al. to propose valgus loading as 
an important component [ 14 ,  15 ]. Moreover, video 
analyses have also shown that valgus collapse 
appears to be a main component of the injury 
mechanism among female athletes [ 2 ,  3 ]. However, 
cadaver studies and mathematical simulations 
have shown that pure valgus motion would not 
produce ACL injuries without fi rst tearing the 
medial collateral ligament (MCL) [ 16 ,  17 ]. 

 Other simulation studies have suggested that 
valgus loading would substantially increase the 
ACL force in situations where an anterior tibial 
shear force is applied [ 18 ]. Based on MRI fi nd-
ings, Speer et al. reported that bone bruises of the 
lateral femoral condyle or posterolateral portion 
of tibial plateau occurred in more than 80 % of 
acute ACL noncontact injuries. The authors con-
cluded that valgus in combination with internal 
rotation and/or anterior tibial translation (ATT) 
occurred at the time of ACL injuries [ 19 ]. 
Moreover, it has been shown that valgus loading 
induces a coupled motion of valgus and internal 
tibial rotation [ 20 ,  21 ]. 

 Although both cadaver studies and MRI stud-
ies have suggested that internal rotation is pres-
ent in ACL injury situations, video analyses have 
suggested that valgus in combination with exter-
nal rotation may be the most frequent motion 
pattern [ 3 ,  22 ]. 

 In this chapter, a more detailed description of 
the mechanism(s) of noncontact ACL injuries is 
outlined in an effort to develop more targeted 
injury prevention programs.  

3.1.2     Development of Model-Based 
Image-Matching Technique 

 Of the different approaches available to investi-
gate the ACL injury mechanisms mentioned 
above, video analysis of injury tapes is the only 
method available that allows systematic extrac-
tion of kinematic data from actual injury situa-
tions. Thus far, however, video analyses have 
been limited to simple visual inspection [ 1 ,  3 , 
 23 ], and the accuracy of these methods has been 
poor, even among experienced researchers [ 24 ]. 
In addition, it is not possible to extract a time 
course for joint angles, velocities, and accelera-
tions through simple visual inspection. It is there-
fore diffi cult to determine the exact point of ACL 
rupture. 

 In order to extract joint kinematics from 
video recordings using one or more uncali-
brated cameras, model-based image-matching 
(MBIM) technique has been developed as an 
alternative to simple visual inspection [ 25 – 28 ]. 
This technique works by matching a model to 
the background video sequences in order to 
provide an estimate of the actual three-dimen-
sional (3D) body kinematics. This is achieved 
by using a commercially available software 
called Poser ®  and Poser ®  Pro Pack (Curious 
Labs Inc., Santa Cruz, California, USA). This 
technique has been validated, using 3D motion 
analysis as the gold standard. The MBIM tech-
nique proved far more accurate than simple 
visual inspection, and the validation study 
showed that root mean square (RMS) differ-
ences for knee fl exion, abduction, and rotation 
with two or three cameras were less than 10°, 
6°, and 11°, respectively [ 24 ,  25 ]. Another 
study found this technique to be feasible for 
use in actual ACL injury situations [ 28 ]. 
Therefore, videotapes of noncontact ACL 
injury situations were analyzed using the 
MBIM technique to describe their kinematics 
and obtain a more accurate description of the 
injury mechanisms.    
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3.2     Biomechanics of Noncontact 
ACL Injuries 

 Recorded with at least two analogue cameras 
during TV broadcasts, ten ACL injury situations 
from women’s team handball and basketball 
were analyzed using the MBIM technique 
(Fig.  3.1 ), all of which occurred during game 
situations [ 26 ]. All players were handling the 
ball in the injury situation; seven were in posses-
sion of the ball at the time of injury, two had 
shot, and one had passed the ball. In six cases, 
there was player- to- player contact with an oppo-
nent at the time of injury, all resulting in the 
torso being pushed or held. There was no direct 
contact to the knee in any case. The injury situa-
tions could be classifi ed into two groups: seven 
cases occurred when cutting and three during 
one-legged landings.

3.2.1       Knee Kinematics 

 The knee kinematic patterns were remarkably 
consistent across the ten cases studies (Fig.  3.2 ). 
The knee was relatively straight at initial contact 
(IC), with a fl exion angle of 23° (range, 11–30°) 

and had increased by 24° (95 % CI, 19–29°,  p  
<0.001) 40 ms later. The knee abduction angle 
was neutral, 0° (range, −2° to 3°) at IC, but had 
increased by 12° (95 % CI, 10–13°,  p  <0.001) 
40 ms later. As for knee rotation angle, the knee 
was externally rotated 5° (range, −5° to 12°) at 
IC, but abruptly rotated internally by 8° (95 % CI, 
2–14°,  p  = 0.037) during the fi rst 40 ms. From 40 
to 300 ms after IC, however, we observed an 
external rotation of 17° (95 % CI, 13–22°,  p  
<0.001). In addition, the estimated peak vertical 
ground reaction force (GRF) occurred at 40 ms 
(range, 0–83) after IC.

   However, these analyses had limitations. The 
relatively low frame rate (50 or 60 Hz) and lim-
ited picture resolution (768 × 576 pixels) pre-
vented assessment of anterior translation of the 
tibia. In another noncontact ACL injury situation, 
a 26-year-old male elite football player was 
recorded using four high-defi nition (HD) cam-
eras including two high-speed recordings (100 
and 300 Hz) [ 27 ]. In this case, the player suffered 
a noncontact ACL injury to his right knee when 
he tried to stop after having passed the ball with 
his right leg. This case was analyzed using the 
MBIM technique, including an assessment of 
tibial translations (Fig.  3.3 ). Knee kinematics 
were strikingly consistent with the previous anal-
yses of the ten cases (Fig.  3.4 ). The knee was 
fl exed 35° at IC, with initial extension (26° of 
fl exion) until 20 ms after IC, after which the fl ex-
ion angle continued to increase. The knee abduc-
tion angle was neutral at IC, but increased by 21° 
30 ms later. The knee (tibia) was externally 
rotated 11° at IC, but abruptly rotated internally 
by 21° during the fi rst 30 ms before subsequently 
changing to external rotation. In addition, ATT 
was quantifi able; this movement started at 20 ms 
after IC where the knee was maximally extended 
and, by approximately 30 ms after IC, a 9 mm 
increase in anterior translation was detected. The 
translations plateaued by 150 ms and then shifted 
back to a reduced position between 200 and 
240 ms after IC.

 Fact Box 1 

•     A detailed description of noncontact 
anterior cruciate ligzament (ACL) injury 
mechanisms is crucial to develop ACL 
injury prevention programs.  

•   Noncontact ACL injury mechanisms are 
a matter of controversy, with either sag-
ittal or non-sagittal plane knee joint 
loading being favored.  

•   The MBIM technique has been devel-
oped for detailed video analysis of 
injury situations, a process previously 
limited to simple visual inspection.    

3 ACL Injury Mechanisms: Lessons Learned from Video Analysis
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  Fig. 3.2    Time sequences of the mean knee 
angles (°) ( black line)  of the ten cases with 
95 % confi dence intervals ( CI ) ( gray area ). 
Time 0 indicates IC and the  dotted vertical line  
indicates the time point 40 ms after IC       

  Fig. 3.1    An example of a video matched in poser, two- 
camera handball injury situation 40 ms after initial contact 
( IC ). The two top panels show the customized skeleton 
model and the handball court model superimposed on and 

matched with the background video image from two cam-
eras with different angles. The two bottom panels show 
the skeleton model from back and side views created in 
Poser       
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3.2.2         Timing of Noncontact ACL 
Injuries 

 Traditionally, it has not been possible to deter-
mine the exact timing of ACL injury from video 
analysis based on simple visual inspection [ 1 – 3 ]. 
However, using the MBIM technique, abnormal 
joint confi gurations, sudden changes in joint 
angular motion, and the timing of the GRF were 
assessable. The extracted knee kinematics during 
ACL injuries using the MBIM technique showed 
that sudden increases of valgus and internal rota-
tion angles occurred within the fi rst 40 ms after 
IC. These periods correspond to the average peak 
vertical GRF in these cases. Moreover, in the 
case recorded using HD cameras, an abrupt 

increase in ATT of 9 mm was reached 30 ms after 
IC. This corresponds to the maximum anterior 
translation in intact knees [ 29 ,  30 ]. Based on 
these results, together with the previous studies 
showing that the ACL was strained shortly 
(approximately 40 ms) after IC in simulated 
landings [ 18 ,  31 ], it appears plausible that the 
injury occurs within 40 ms for the majority of 
these cases.  

3.2.3     Hip Kinematics 

 We also analyzed hip kinematics in the above ten 
cases. In contrast to the knee kinematics, hip joint 
angles remained unchanged at an internally 

  Fig. 3.3    A football injury situation recorded using HD 
cameras. Each panel shows the customized skeleton 
model and the football pitch model superimposed on and 
matched with the background video image from each 

camera. Overview camera and rear camera had an effec-
tive frame rate after being deinterlaced of 50 Hz, frontal 
camera 100 Hz and side camera 300 Hz       

  Fig. 3.4    Time sequences of knee joint angles 
( left axis ) and anterior tibial translation ( right 
axis ) in the soccer case. Time 0 ( a ) indicates IC 
and the  dotted vertical lines  ( b ) and ( c ) indicate 
the time point 20 and 30 ms after IC, 
respectively       
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rotated position during the fi rst 40 ms after IC 
(Fig.  3.5 ).

   Lower extremities act as a kinetic chain during 
dynamic tasks and the control of hip motion 
largely affects the knee motion. Decker et al. [ 32 ] 
reported that energy absorption at the hip joint 
and hip fl exion angle at IC were less in females 
than in males during a drop landing. Schmitz 
et al. [ 33 ] reported that in a single-leg landing, 
energy absorption at the hip and the total hip fl ex-
ion displacement were lower in females, even 
though the peak vertical GRF was larger when 
compared with males. Furthermore, Hashemi 
et al. [ 34 ] reported in a cadaver study that 
restricted fl exion of the hip at 20° combined with 
low quadriceps and hamstring force levels in sim-
ulated single-leg landing was found to be con-
ductive to ACL injury. A video analysis has 
shown that ACL-injured subjects’ hip fl exion and 
abduction angle was constant during 100 ms after 
IC, whereas uninjured control subjects’ hip fl ex-
ion increased by 15° in cutting/landing maneu-
vers [ 35 ]. The study using MBIM technique also 

showed that hip joint angles remained constant 
during the fi rst 40 ms after IC. Hashemi et al. [ 36 ] 
proposed a mechanism called the “hip extension, 
knee fl exion paradox,” i.e., that a mismatch 
between hip and knee fl exion in landing is the 
cause of ACL injury. In normal conditions, the 
knee and hip fl ex together upon landing, whereas 
in unbalanced landings, the knee is forced to fl ex 
while the hip is forced to extend. Under these 
conditions, the tibia will undergo anterior transla-
tion, which will increase the risk of ACL injury. 

 There are some possible causes of the hip/
knee mismatch: (1) In the sagittal plane, an 
upright or backward-leaning trunk position at IC 
makes the center of mass posterior to the knee, 
and increased GRF may encourage more knee 
fl exion than hip fl exion and relatively act to 
extend the hip. (2) In other planes, insuffi cient 
hip abductor/external rotator strength or activa-
tion can lead to an adducted/internally rotated 
position of the hip before landing, causing knee 
valgus after landing. (3) Large hip internal rota-
tion at IC seen in our video analysis could also be 

  Fig. 3.5    Time sequences of the mean hip 
angles (°) ( black line ) of the ten cases with 95 % 
CI ( gray area ). Time 0 indicates IC and the 
 dotted vertical line  indicates the time point 
40 ms after IC       
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an explanation; ACL-injured patients could have 
limited range of motion in internal rotation [ 37 ], 
and the hip joint may be locked at a large inter-
nally rotated position. As a matter of fact, hip 
dysplasia has also been reported to be a possible 
risk factor of ACL injury [ 38 ]. It has also been 
reported that decreased range of internal femoral 
rotation results in greater ACL strain [ 39 ]. 

 For these reasons, the fact that there is limited 
hip joint movement indicates that hip energy 
absorption may be limited and the knee joint is 
exposed to larger force, which contribute to ACL 
injury.    

3.3     Mechanisms for Noncontact 
ACL Injury 

 As previously mentioned, valgus collapse in com-
bination with external rotation (i.e., knee in, toe 
out) has been frequently identifi ed as an ACL 
injury mechanism via simple visual inspection of 
injury video tapes. However, it has been debated 
whether these kinematics actually represent the 
cause for ACL injuries or simply are a result of the 
ACL being torn [ 3 ,  22 ]. The results using the 
MBIM technique showed that immediate valgus 
motion occurred within 40 ms after IC. The abrupt 
internal rotation also occurred during the fi rst 
40 ms after IC, and then external rotation was 
observed, which seems to have occurred after the 
ACL was torn. In addition, ATT started shortly 
after IC and increased abruptly until when the 
injury might have occurred. The discrepancy 
between the previous studies and the present 
results could be that the abrupt internal rotation 

and ATT observed using the MBIM technique 
analysis appeared not easily detectable from visual 
inspection alone; the external rotation that occurs 
afterward is more pronounced and therefore easier 
to observe. The internal-to-external rotation 
sequence with ATT has also been reported previ-
ously. In a recent cadaver study, the application of 
pure compressive loads led to ATT and internal 
tibial rotation of up to 8°, followed by a sudden 
external rotation of 12° [ 30 ]. The combination of 
internal tibial rotation and ATT is probably caused 
by joint surface geometry. In this regard, the con-
cave geometry of the medial tibial facet, combined 
with the slightly convex lateral tibia facet, may 
cause the lateral femoral condyle to slip back. This 
may also explain why ACL-injured patients tend 
to have greater posterior lateral tibial plateau 
slopes than uninjured controls [ 40 – 42 ]. 

 Combining the results obtained using the 
MBIM technique with previous fi ndings, the fol-
lowing hypothesis for the mechanism of noncon-
tact ACL injury is proposed (Fig.  3.6 ): (1) When 
valgus loading is applied, the MCL becomes taut 
and lateral compression occurs. (2) This com-
pressive load, as well as the anterior force vector 
caused by quadriceps contraction, causes a dis-
placement of the femur relative to the tibia where 
the lateral femoral condyle shifts posteriorly due 
to the posterior slope of lateral tibial plateau, and 
the tibia translates anteriorly and rotates inter-
nally, resulting in an ACL rupture. (3) After the 
ACL is torn, the primary restraint to anterior 
translation of the tibia is gone. This causes the 
medial femoral condyle to also be displaced pos-
teriorly, resulting in external rotation of the tibia. 
This external rotation may be exacerbated by the 
typical movement pattern when athlete plants and 
cuts, where the foot typically rotates externally 
relative to the trunk.

3.4        ACL Injury Prevention Based 
on the Proposed 
Mechanisms 

 Based on the mechanisms outlined above, the fol-
lowing strategies to prevent ACL injury are pro-
posed: (1) It is important to acquire a cutting and 

 Fact Box 2 

•     Knee kinematic patterns are consistent, 
with immediate valgus, internal rotation 
motion and ATT occurring within 40 ms 
after initial contact. Peak vertical ground 
reaction force also occurred at 40 ms 
after initial contact.  

•   In the same period, hip kinematics remain 
constant in an internally rotated position.    
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landing technique avoiding knee valgus and inter-
nal rotation during knee fl exion and adequate hip 
fl exion to absorb energy from GRF, avoiding 
excessive hip internal rotation. Preventive efforts 
should focus not only on the knee joint but also on 
the hip joint. (2) As ACL injuries occur approxi-
mately 40 ms after IC, it is likely that a “feedback” 
strategy, i.e., an ACL prevention program focusing 
on correcting joint motion after landing, cannot 
prevent ACL injury; it takes at least  150–200 ms to 
react after landing at risk. Prevention efforts should 
focus on a “feed- forward” strategy that controls 
knee and hip motion before landing, i.e., training 
muscular pre-activation and neural control during 
the pre- landing phase. 

   Conclusions 

    1.      MBIM technique has enabled detailed 
video analysis of injury situations that had 
been limited to simple visual inspection.   

   2.       New mechanisms for noncontact ACL 
injuries are proposed.
•    ACL injuries are likely to occur within 

40 ms after the initial ground contact.  
•   Lateral compression caused by valgus 

loading, as well as the anterior force 
vector caused by quadriceps contrac-
tion, causes a displacement of the femur 
relative to the tibia where the lateral 
femoral condyle shifts posteriorly due 
to the posterior slope of lateral tibial 

plateau and the tibia translates anteri-
orly and rotates internally, resulting in 
an ACL rupture.  

  Hip joint angles remain constant at an inter-
nally rotated position when ACL injury 
occurs. This fact indicates that hip energy 
absorption may be limited and the knee is 
exposed to larger force, which contributes 
to the ACL injury.      

   3.       Prevention programs should focus on 
acquiring a cutting and landing technique 
that avoids knee valgus and internal rota-
tion during knee fl exion and with adequate 
hip fl exion and avoiding excessive hip 
internal rotation. Moreover, the fact that 
the ACL injury occurs 40 ms after IC sug-
gests that “feed- forward” strategies, con-
trolling knee and hip motion before 
landing, may be critical, as “feedback” 
strategies to correct inappropriate hip and 
knee motion after landing cannot prevent 
ACL injuries.          
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4.1          Laxity Assessment 

 Musahl et al. described laxity as the passive 
response of a joint to an externally applied force 
or torque in biomechanical terms [ 60 ]. Thus, 
 laxity tests for evaluating knee injury assess the 
passive limits of motion in a particular direction 
or plane. Through comprehensive laxity testing, 
it is possible to describe the range of a passive 
envelope of motion that the joint can achieve 
within the limits of the low forces typically 
employed for such testing. 

4.1.1     Determining the Passive 
Envelope of Joint Function 

 The knee joint consists of multiple hard and soft 
tissues, including the ACL, medial and lateral 
collateral ligaments, capsule, menisci, postero-
lateral complex, and bone/cartilage [ 20 ,  33 ,  37 , 
 43 ,  51 ,  55 ,  57 ,  59 ,  80 ]. In a healthy knee, these 
structures work synergistically with active mus-
cle forces to control joint motion and maintain 
knee stability during functional movements. 
During typical movements, the joint stays well 
within the limits of its passive motion envelope, 
to avoid placing tissues at risk of injury. As a 
result, there are several possible motion paths, 
and the patterns of joint motion and articular 
contact vary considerably with loading and 
activity (even during similar ranges of knee 
fl exion) [ 5 ,  56 ]. 
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 While laxity tests on cadavers or anesthetized 
patients can characterize the true passive motion 
envelope, assessment of laxity in awake subjects 
may not always reveal the true envelope of 
motion, since forces are low and there may be 
infl uences from neuromuscular activity (con-
scious or refl exive). After injury, patients often 
guard during laxity tests, due to pain or fear of 
subluxation [ 76 ]. This may further confound 
interpretation of laxity assessments.  

4.1.2     Assessing Laxity In Vivo: 
Motion in Response 
to an Applied Load 

 Anterior-posterior (A-P) knee laxity after ACL 
injury or reconstruction is assessed by measuring 
anterior tibial translation relative to the femur in 
response to an anterior tibial force applied to the 
tibia. This assessment can be performed qualita-
tively (e.g., the widely used anterior drawer and 
Lachman tests) or using a variety of instrumented 
devices such as the KT 1000 arthrometer 
(MEDmetric, San Diego, CA, USA), the 
Genucom Knee Analysis System (FARO 
Technologies Inc., Lake Mary, FL, USA), and the 
Rolimeter (Aircast Europe, Neubeuern, 
Germany) [ 9 ,  14 ,  15 ,  22 ,  52 ,  63 ,  73 ,  75 ]. 
Regardless of the method or device used, these 
assessments consider only a single degree of 
freedom of motion in response to simplistic, sub- 
physiological forces with the joint in a non- 
weight- bearing state and therefore cannot predict 
the response of the joint to the complex combina-
tion of externally applied forces and muscle 
forces generated during functional movement. 
Thus, it is not surprising that static A-P laxity 
tests are poorly correlated with all measures of 
patient symptoms or functional outcome for 
ACL-injured subjects, before or after reconstruc-
tion [ 10 ,  13 ,  27 ,  39 ,  67 ].  

4.1.3     Pivot-Shift Test 

 The pivot-shift test is commonly used for 
assessing the combined translational and 

 rotatory knee laxity in ACL-injured and ACL-
reconstructed knees [ 21 ,  46 ,  61 ]. As described 
by Galway and MacIntosh [ 21 ], the test is per-
formed by adducting the hip and passively 
fl exing the knee from full extension while 
internal tibial torque and valgus stress are 
applied manually to the knee. A positive pivot 
shift consists of a palpable anterior tibial sub-
luxation and a subsequent reduction in the tib-
ial plateau from the femoral condyle [ 21 ]. 
Thus, the pivot-shift test assesses the passive 
response of the knee to multidirectional, 
dynamic loading. While widely employed for 
clinical assessment, the classic pivot-shift test 
is qualitative, and there is considerable vari-
ability in the specifi c technique utilized, with 
limb position and applied forces differing 
widely across examiners [ 40 ]. However, 
despite this variability in technique, pivot-shift 
test measures correlate moderately with knee 
function, patient satisfaction [ 39 ,  41 ], and the 
risk for long-term osteoarthritis (OA) [ 38 ]. 
There have been numerous recent efforts to 
quantify and better standardize the pivot-shift 
test, employing noninvasive measurement 
devices, such as electromagnetic tracking [ 31 , 
 32 ], accelerometers [ 44 ,  45 ], and video-motion 
analysis using a handheld tablet [ 30 ], which 
should further improve the validity and clinical 
applications of the pivot shift. 

 However, while the pivot-shift test is a 
dynamic, multiaxial test, it still assesses only 
the passive envelope of knee motion in response 
to a specifi c set of sub-physiological loads in a 
non- weight- bearing state. It is also subject to 
guarding by the patients, perhaps to a greater 
extent than the A-P laxity tests (since the result-
ing  instability can be quite uncomfortable, espe-
cially in the acute post-injury period). Two 
recent studies of patients with acute ACL injury 
have reported signifi cant differences between 
quantitative parameters during instrumented 
pivot-shift tests performed while awake vs. 
under anesthesia [ 50 ,  62 ]. Therefore, while the 
pivot-shift exam is clearly superior to simple 
A-P laxity tests for predicting outcomes, its 
relationship to functional, dynamic knee behav-
ior remains uncertain.    
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4.2     Laxity vs. Instability 

 In the orthopedic world, the terms “laxity” and 
“instability” are often used interchangeably. 
These terms, however, have signifi cantly differ-
ent implications with regard to knee function. 

4.2.1     Clinical and Functional 
Interpretations of Stability 

 As discussed above, knee laxity tests are com-
monly used to diagnose ACL injury and evaluate 
knee condition after ACL reconstruction. 
Clinically, a knee is diagnosed as “unstable” if 
excessive laxity (as in a positive pivot shift and/or 
large side-to-side differences in A-P laxity) is 
found. This laxity-based defi nition of instability, 
however, is inconsistent with both the technical 
defi nition and the patient’s perceptions of stabil-
ity. Engineers defi ne instability as a dynamic 
response to a perturbation, resulting in large, 
unpredictable displacements. Patients are only 
likely to perceive their knee as unstable if it 
“gives way” during functional activities [ 60 ]. 
ACL-defi cient individuals may experience 
giving- way symptoms during activities of daily 
living, but they are more likely to occur during 
sport activities [ 8 ,  19 ], when forces are higher 
and neuromuscular demands are greater. Even 
patients considered “stable” by laxity assessment 
after ACL reconstruction (i.e., anterior drawer 
test, Lachman test, and the pivot-shift test are 
within normal limits) sometimes experience 
“giving-way” episodes during sport activities. 
Conversely, not all individuals with clinically 

unstable knees (failed laxity examinations) expe-
rience giving-way episodes, even during high- 
demand sport activities. Laxity tests are typically 
performed without the compressive joint forces 
required to properly engage the conforming con-
dylar surfaces, which play an important role in 
joint stabilization. Laxity tests (including the 
pivot shift) also cannot account for the ability of 
the individual to dynamically stabilize their knee 
via active muscle forces. While laxity tests may 
be effective for identifying structural defi cits, the 
results cannot predict joint behavior during 
dynamic, functional activities. Thus, it is not sur-
prising that clinical and functional outcomes, 
including the occurrence of patient-reported 
instability, are poorly or weakly correlated with 
laxity measures [ 10 ,  13 ,  27 ,  39 ,  65 ,  67 ]. It is 
therefore fundamentally incorrect to use the 
terms laxity and stability interchangeably: laxity 
is a measure of static response to sub- 
physiological loads, while true stability can only 
be assessed during dynamic, functional joint 
motion and loading.  

4.2.2     Proposed Defi nitions 
for  Functional  Stability: 
Terminal and Midrange 
Instability 

 Healthy joints rarely operate near the limits of 
their passive motion envelope. While large and 
unpredictable loads (such as those that may occur 
during impact or unpredictable events, i.e., colli-
sions, off-balance jump landings, etc.) may force 
the joint into positions that exceed its functional 
envelope, these events are rare and generally cause 
damage or structural failure. During routine move-
ments, the neuromuscular system is tuned to pro-
tect the joint from damage, and sensory elements 
in tendons, ligaments, muscles, and joint capsule 
initiate protective inhibitory refl exes as joints 
approach the limits of their soft tissue constraints. 
A joint that operates near the limits of its passive 
envelope during routine, functional loading, due to 
insuffi cient soft tissue constraints and/or compro-
mised neuromuscular function, is at high risk of 
damage. One could refer to such a joint as 

 Fact Box 1 

 Knee laxity tests assess the envelope of pas-
sive knee joint motion, typically in a single 
direction in response to simple, sub- 
physiological loading. The pivot-shift exam-
ination is a more complex laxity test that 
assesses joint motion in response to a spe-
cifi c combination of multiaxial loading. 
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  terminally  unstable, as it refers to abnormal behav-
ior of the joint at or near its end range of motion. 

 The literature suggests that there are more sub-
tle forms of joint abnormalities that can alter knee 
function without pushing the joint to its passive 
limits or any perception of instability by the patient. 
Altered rotational and translational knee motion 
and shifted regions of articular joint contact have 
been reported during functional activities after 
ACL reconstruction as well as PCL injury in 
asymptomatic individuals [ 26 ,  70 – 72 ]. Such abnor-
mal motions, while not associated with the classic 
concept of instability, may still place the joint at 
risk for damage. It has been suggested that healthy 
cartilage develops in response to loading, resulting 
in thicker regions where loads are routinely great-
est [ 11 ,  54 ,  66 ]. Since mature cartilage has a very 
limited capacity to adapt and remodel, any altera-
tion in the load distribution might be detrimental to 
the articular cartilage [ 4 ,  7 ,  12 ]. Therefore, if a con-
dition such as ACL injury alters knee kinematics 
and shifts repetitive loading during routine activi-
ties to different regions of cartilage, a degenerative 
pathway may be initiated [ 4 ,  6 ]. Increased contact 
point motion during walking has also been associ-
ated with knee osteoarthritis, suggesting that 
“micro-instabilities” below an individual detection 
threshold may also place a joint at risk [ 18 ]. Thus, 
there appear to be multiple mechanisms by which 
abnormal functional knee kinematics may be detri-
mental to joint health, even if the overall excursions 
remain well within the passive envelope of motion 
[ 6 ]. Since it does not involve motion near the joint’s 
passive limits, this  midrange  instability is most 
likely unrelated to joint laxity and is probably only 
be detectable with high-accuracy assessment of 
joint kinematics during functional movements.    

4.3     Assessment of Functional 
Biomechanics 

 In vitro studies have contributed a wealth of 
information on the basic biomechanics and pas-
sive structural properties of the knee [ 49 ,  58 ,  78 ]. 
However, these studies cannot reproduce the 
complex combination of gravitational, inertial, 
and active muscular forces that infl uence knee 
mechanics during functional activities. Cadaver 
studies also represent only “time zero” condi-
tions and cannot account for biological responses 
(such as healing, remodeling, tunnel enlarge-
ment, etc.) that can have a signifi cant infl uence 
on knee and ligament function [ 70 ]. 

 In vivo studies incorporating body-weight 
loading and active muscular control provide a 
much more comprehensive and realistic picture 
of the natural function of the knee joint as a com-
plex neuromusculoskeletal system. However, the 
studies should incorporate tasks of similar inten-
sity and joint loading as are routine encountered 
by the individuals being evaluated. The behavior 
of the knee under low-demand conditions cannot 
be simply “scaled up” to predict behavior during 
functional activities, since knee tissues are highly 
viscoelastic and respond nonlinearly to load 
magnitude and loading rate [ 16 ,  74 ]. Therefore, 
studies incorporating body-weight loading dur-
ing quasi-static activities (e.g., sequential fi xed 
knee angles [ 34 ]) or low-effort movements (e.g., 
half-speed gait [ 77 ]) may not predict knee behav-
ior during more complex, demanding tasks. The 
cartilage is also highly sensitive to shear motion, 
and increased joint contact velocity has been 
linked to knee osteoarthritis in both animal mod-
els and humans [ 3 ,  18 ]. Thus, well-designed 
studies, using state-of-the art tools to assess knee 

 Fact Box 2 

 Laxity is the passive response of a joint to 
applied forces. It does not account for the 
effects of weight-bearing, neuromuscular 
function, or viscoelasticity of joint tissues. 
Instability is an abnormal dynamic joint 
motion that can occur in response to the 

complex, high-magnitude loads encoun-
tered during activities of daily living and 
sport activities. Laxity does not predict 
dynamic knee instability. The two concepts 
are fundamentally distinct and should not 
be used interchangeably. 
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kinematics under in vivo, dynamic, high-loading, 
functionally relevant conditions, are necessary to 
evaluate the true dynamic function and stability 
of the knee [ 70 ]. 

4.3.1     Measurement Methods 
for Dynamic, In Vivo Studies 

 Several methods for the objective assessment of 
in vivo motion have been developed. The most 
common methods utilize high-speed cameras or 
skin marker-based video-motion capture systems 
[ 25 ,  64 ]. This method is noninvasive, widely 
available, and reliable and has been effective for 
identifying differences in knee kinematics after 
injury. But conventional motion analysis cannot 
achieve the submillimeter accuracy required for 
tissue-relevant measurements (such as changes in 
cartilage contact), because of the large displace-
ments of skin-mounted markers relative to the 
underlying bone [ 23 ,  24 ,  28 ,  48 ]. Magnetic reso-
nance imaging (MRI) can achieve submillimeter 
accuracy and enables direct visualization of soft 
tissue [ 17 ], but sample rates are too slow and the 
imaging environment is too restrictive for most 
functional movement tasks. 

 Dynamic radiographic imaging enables 
direct visualization and three-dimensional 

tracking of bone motion and has been gaining in 
popularity over the last decade. Biplane or ste-
reoradiographic imaging systems can generally 
obtain submillimeter resolution in all three 
movement planes. Many systems are now in 
use, with capabilities that vary based on the spe-
cifi c equipment and analysis techniques 
employed. Conventional “C-arm” fl uoroscopy 
systems are limited by low frame rates (30 Hz or 
less) and long exposure times (8ms or longer), 
but are adequate for quasi- static and low-speed 
activities [ 42 ,  69 ]. Custom- built systems 
(Fig.  4.1 ) can achieve much higher sample rates 
and have validated submillimeter accuracy for 
more physically demanding tasks, such as run-
ning [ 2 ,  53 ]. While dynamic radiographic imag-
ing is more complex, expensive, and invasive 
due to radiation exposure, it is the only currently 
available technology that can provide reliable 
assessment of tibiofemoral kinematics during a 
variety of functional activities with submillime-
ter accuracy [ 2 ]. As the applications of radio-
graphic methods continue to increase, a more 
comprehensive understanding of the nature and 
impact of various degrees and types of instabili-
ties should emerge, leading to defi nitive answers 
in terms of the relative merits of different surgi-
cal procedures for restoring dynamic joint func-
tion and stability.

  Fig. 4.1    High-speed 
stereoradiographic 
imaging system with 
instrumented treadmill, 
University of Pittsburgh. 
Biplane images are 
acquired simultaneously 
at up to 180 frame/s       
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4.3.2        Dynamic Instability After 
ACL Injury 

 Satisfactory subjective function can be achieved 
after ACL reconstruction, even with residual 
anterior static laxity [ 29 ,  36 ,  79 ]. Thus, the 
dynamic behavior of the reconstructed knee 
during functional activities may be more impor-
tant for patient outcomes and quality of life 
than static laxity. Little is known, however, 
about the relationships between static laxity 
and dynamic stability. Traditional static laxity 
assessment (using a KT-1000 arthrometer) was 
compared to high- accuracy three-dimensional 
knee kinematics during downhill running using 
a 250 frame/s dynamic stereo x-ray system 
[ 47 ]. In ACL- reconstructed knees, anterior 
static knee laxity (absolute KT value for the 
reconstructed limb) was not signifi cantly cor-
related with maximum dynamic anterior tibial 
translation (Spearman’s rho = 0.26;  p  = 0.23) 
(Fig.  4.2 ). Another recent study comparing 

instrumented Lachman test (static laxity) to 
tibial translation during gait (dynamic stability) 
also found no signifi cant relationship [ 68 ]. 
These studies raise signifi cant doubts about the 
use of static laxity testing as a surrogate mea-
sure for dynamic joint stability.

4.3.3        Factors Affecting Dynamic 
Stability After ACL 
Reconstruction 

 While most methods for ACL reconstruction are 
similarly effective for restoring laxity (anterior 
drawer, Lachman, pivot shift) to normal or near- 
normal levels, dynamic studies have shown that 
the procedures may fail to restore normal func-
tion. Tashman et al. used a 250 frame/s dynamic 
stereo x-ray (DSX) system to evaluate in vivo 
knee kinematics during s stressful task (downhill 
running) for patients who underwent traditional, 
nonanatomic single-bundle reconstruction by 

  Fig. 4.2    Relationship between dynamic anterior transla-
tion during running and static anterior knee laxity in 
ACL-reconstructed knees.  Vertical axis  is the maximum 
increase (in mm) of anterior translation of the tibia rela-
tive to the femur from foot-strike through mid-stance. 

 Horizontal axis  is the absolute static laxity of the same 
knee (also in mm), assessed using KT-1000 arthrometer 
with manual maximum force. There was no signifi cant 
correlation between static laxity and dynamic translation       
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means of transtibial drilling technique [ 71 ,  72 ]. 
While the reconstruction restored normal AP 
translation, reconstructed knees exhibited greater 
external tibial rotation (3.8 ± 2.3°) and increased 
adduction (2.8 ± 1.6°) relative to the contralat-
eral, uninjured knees (Fig.  4.3 ). These rotational 
changes were associated with shifts in the areas 
of joint contact (Fig.  4.4 ) as well as a reduction in 
medial-compartment joint space under dynamic 
loading, demonstrating clear “midrange” insta-

bility (as defi ned above) that may place the joint 
at risk for degenerative changes. Studies such as 
this contributed to the growing interest in “ana-
tomical” ACL reconstruction techniques, which 
attempt to place the graft tunnels closer to the 
native ACL insertion sites. While results of 
 clinical studies on the benefi ts of anatomic ACL 
reconstruction for restoring laxity have been 
mixed, dynamic studies show improved joint 
 stability. Abebe et al., using biplanar fl uoroscopy 
and MR imaging, reported that anatomical femo-
ral placement of the graft in single-bundle recon-
struction resulted in a more stable knee during a 
lunge (Fig.  4.5 ) [ 1 ]. Patients with nonanatomic 
antero-proximal graft placement had up to 
3.4 mm more anterior tibial translation, 1.1 mm 
more medial tibial translation, and 3.7° more 
internal tibial translation compared with the con-
tralateral side. Patients with anatomical graft 
placement had motion that more closely repli-
cated that of the intact knee, with anterior tibial 
translation within 0.8 mm, medial tibial transla-
tion within 0.5 mm, and internal tibial rotation 
within 1°.

     While there is general (but not unanimous) 
consensus about the benefi ts of more anatomic 
graft placement, the merits of double-bundle 
reconstruction for further improving knee func-
tion have yet to be fi rmly established. Rotational 
instability has been discussed as a potentially 
important indicator of surgical outcome, but 
most studies have primarily relied upon the qual-
itative pivot-shift examination to evaluate rota-
tional laxity, with inconclusive results and 
unclear relationships to dynamic function. 
Studies incorporating high-accuracy measure-
ment methods are currently underway to assess 
knee kinematics under in vivo, dynamic, high-
loading conditions (e.g., [ 35 ]). Results of these 
studies should provide signifi cant insight into 
the relative performance of anatomic/double-
bundle procedures for restoring normal joint 
motion. 

  Fig. 4.3    Knee rotational kinematics during the early to 
mid-stance phase of downhill running, ACL-reconstructed 
( red ) vs. contralateral; uninjured ( blue ).  Top : internal/
external rotation.  Bottom : abduction/adduction.  Vertical 
lines  are ±1 SE; *  p  < 0.05 (Reproduced from Refs. 
[ 71 ,  72 ])       
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    Conclusions 

 Laxity tests are useful for the diagnosis of joint 
damage, but they have limited value for predict-
ing dynamic joint stability and should not be 
used as surrogates for dynamic knee function. 
The pivot-shift test may have some merit for pre-
dicting dynamic instability, but remains limited 
by qualitative assessment and sub-physiological 
applied loads. Further development of consis-
tent, instrumented methods for standardizing 
pivot- shift measurements may improve their 
predictive value, but comparisons with dynamic 
studies are necessary to establish their validity. 

  Fig. 4.5    The increase in internal tibial rotation of the 
reconstructed knee relative to the contralateral intact knee, 
plotted as a function of fl exion (mean and 95 % confi -
dence intervals). Internal tibial rotation was increased 

(relative to the contralateral, uninjured knees) with antero- 
proximally placed grafts, while anatomically placed grafts 
more closely restored normal rotational knee motion. 
(* p  < 0.05) (Reproduced from Abebe et al. [ 1 ])       

 Fact Box 3 

 In vivo studies incorporating body-weight 
loading and active muscular control provide 
a much more comprehensive and realistic 
picture of the natural function of the knee 
joint as a complex neuromusculoskeletal 
system. Well-designed studies to assess knee 
kinematics under in vivo, dynamic, high-
loading conditions are necessary to evaluate 
the relative performance of different proce-
dures for restoring normal joint motion and 
preventing osteoarthritis after knee injury 

  Fig. 4.4    Tibiofemoral contact paths during downhill run-
ning, ACL-reconstructed ( red ) vs. contralateral, uninjured 
knees ( blue ).  Left : After nonanatomic reconstruction (with 
femoral tunnels drilled using a transtibial technique), sig-

nifi cant differences were found in both the medial and lat-
eral compartments (ANOVA;  p  < 0.05). After anatomic 
reconstruction (with femoral tunnels drilled using a medial 
portal technique), no signifi cant differences were found       
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 Studies incorporating high-accuracy kine-
matic assessment during functional activities 
have shown signifi cant dynamic instabilities 
in ACL-reconstructed knees, even when nor-
mal laxity and pivot shift have been restored. 
Long- term studies are required to establish the 
extent to which these dynamic instabilities can 
adversely affect clinical outcomes and con-
tribute to the development of osteoarthritis 
after ACL reconstruction.       
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5.1          Introduction 

 The algorithms for treatment of anterior cruciate 
ligament (ACL) injuries have continued to evolve 
in recent years [ 42 ]. These changes have been 
supported by an improved understanding of joint 
kinematics and biomechanics as well as from the 
technical developments introduced for ACL 
repair techniques [ 5 ,  42 ]. The “double-bundle 
concept,” including the recognition of partial 
tears of the ACL, has motivated new techniques 
for reconstruction or augmentation of ACL inju-
ries [ 38 – 40 ,  50 ]. Individualized ACL repair is 
now recommended by several authors depending 
on patient’s characteristics, specifi c demands, 
and surgeons’ experience [ 1 ,  42 ]. 
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 Suboptimal outcomes following ACL repair 
can be related to an inexact diagnosis and inac-
curate preoperative planning. Improved diagnos-
tic capacities are in great need in order to assist in 
the choice for the best course of treatment for 
each patient. Several attempts have been made 
and are currently under development to enhance 
the capacity of imaging assessment. One of the 
recent trends is the possibility for dynamic evalu-
ation either using radiographs [ 20 ,  51 ], ultra-
sound [ 17 ], or MRI [ 12 ,  25 ] in order to test 
simultaneously the functional capacity of the 
ligaments. Robotics [ 10 ,  64 ] and electronic 
devices [ 34 ] have also been proposed. 

 This work aims to describe the traditional fea-
tures of MRI evaluation of ACL tears but also the 
evolving possibility for dynamic and objective 
quantifi cation of knee laxity. This concept proposes 
to enhance the clinical evaluation tests by combin-
ing simultaneous MRI imaging assessment.  

5.2     The Concept of Rotatory 
Instability of the Knee 

 Clinical examination is still one of the most 
important steps when evaluating the injured knee 
[ 41 ]. Laxity evaluation and grading is considered 
a key point to success [ 2 ,  19 ]. The most frequently 
used clinical tests are the Lachman (considered 
the most sensitive) and the Pivot shift test (consid-
ered the most specifi c) [ 44 ]. However, manual 
clinical examination is diffi cult to quantify, as it is 
examiner dependent and lacks intra- tester reli-
ability [ 2 ,  26 ,  27 ,  36 ,  53 ]. Several methods to 
achieve objective instrumented assessment of the 
Lachman test [ 24 ] have been used [ 41 ]. However, 
some concerns about poor correlation with clini-
cal outcome have been reported [ 24 ]. 

 However, the pivot shift has been considered 
more specifi c than the Lachman test [ 4 ], and it 
might also be useful in the clinical diagnosis of par-
tial ACL tears [ 11 ]. Nevertheless, in a recent study, 
the clinical grading of the pivot shift has been con-
sidered as subjective and inconsistent [ 19 ]. In this 
study, weak correlations were found between the 
quantitative measurements and the clinical pivot 
shift grade [ 19 ]. Based on that results, the authors 

suggested to use a simple positive/negative grading 
and add a quantitative value to register the pivot 
shift [ 19 ]. Many descriptions of the maneuver have 
been proposed, and many devices have been devel-
oped in an attempt to objectively quantify the pivot 
shift test [ 36 ,  40 ,  41 ]. 

 If the pivot shift test remains positive after ACL 
repair, this has been correlated with poor subjec-
tive and objective outcome. In such cases, lower 
rates of return to sports and higher development of 
degenerative changes have also been reported [ 21 , 
 31 ]. One major limitation of the pivot shift test is 
that it is a non-weight-bearing examination and 
cannot mimic the true effect of rotatory knee laxity 
in dynamic weight-bearing conditions [ 39 ]. 

 Bony morphology is another aspect, which is 
known to infl uence knee stability and the pivot shift 
phenomenon. Smaller lateral tibial plateau has 
been reported to be related to higher grade pivot 
shift test [ 36 ]. It has also been suggested that an 
increased degree of posterior–inferior tibial slope is 
related to higher pivot shift grade [ 6 ]. Moreover, it 
has also been reported that the distal femoral geom-
etry can infl uence dynamic rotatory laxity [ 18 ]. 

 Besides the bony morphology, features of the 
ligament itself are also involved in this pivot shift 
phenomenon. The posterolateral (PL) bundle of the 
ACL ligament was believed to be the primary 
responsible for controlling rotational stability; how-
ever, the anteromedial (AM) also plays a relevant 
role [ 23 ,  62 ]. The relative contributions of each bun-
dle are dependent on the knee fl exion angle [ 62 ]. 

 In terms of all the abovementioned, it is neces-
sary to combine anatomical and functional 
assessment. The eradication of a positive pivot 
shift test is considered the most important goal of 
the ACL repair surgery. Therefore, the fi rst step 
should be to improve the objective quantifi cation 
of the pivot shift phenomenon. 

 MRI has proved its value in anatomic study of 
the knee. If the “power” of this imaging technol-
ogy can be combined with the dynamic evalua-
tion of the joint, this will surely provide 
improvements of pre- and postoperative assess-
ment. Moreover, this dynamic evaluation using 
the MRI device should enable joint assessment in 
different degrees of fl exion and combine ante-
rior–posterior and rotational forces.  
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5.3     Comprehensive Evaluation 
of ACL Tear on MRI 

 Previous studies have reported a general 78–100 % 
sensitivity and 68–100 % specifi city of MRI for the 
diagnosis of ACL tears [ 16 ,  47 ,  56 ,  61 ]. In recent 
studies an accuracy of approximately 95 % has 
been reported [ 3 ]. The diagnosis of proximal, par-
tial, or chronic tears has been considered as more 
challenging and accounts for most of the persistent 
errors in interpretation [ 3 ]. Sensitivity is also sig-
nifi cantly decreased in cases of multi-ligament 
injury [ 3 ,  49 ]. Recently, 3-tesla imaging has 
improved the distinction of the AM and PL bun-
dles; however, it has not signifi cantly increased the 
MRI accuracy for detection of ACL injuries [ 60 ]. 
Concerning MRI analysis, about 70 % of ACL 
tears occur in the middle part of the ligament, 
7–20 % occur near its femoral origin, and only 
3–10 % are identifi ed at the tibial insertion [ 45 ,  46 ]. 

 MRI protocols for the knee joint are designed 
to yield diagnostic images of the ACL as well as 
the menisci, bones, articular cartilage, and other 
ligamentous structures of the knee. The require-
ments for optimal meniscus and cartilage imag-
ing are more demanding than what is needed for 
diagnostic ACL imaging. In general, a protocol 
that enables proper imaging of the menisci and 
cartilage will also satisfactorily demonstrate the 
ACL. For that reason, several centers image 
patients in full knee extension, although the ACL 
is better evaluated with the knee in approximately 
30° of fl exion [ 30 ]. 

 T2 sequences are most relevant for the diagno-
sis of acute ACL ruptures [ 33 ]. However, in most 
centers, the regular protocol for knee MRI evalu-
ation includes T2-weighted sequences (or proton- 
weighted fat-suppressed) in 2–3 orthogonal 
planes and one T1-weighted sequence in either 
the sagittal or coronal plane [ 14 ,  33 ]. Lately, fast 
spin echo fat saturation sequences have proven to 
be quicker and more sensitive to injury than con-
ventional T2-weighted spin echo images and have 
been increasingly replacing these sequences [ 16 ]. 

 When evaluating an MRI examination, the 
observer must be familiar with the “normal” and 
“abnormal” features and routinely inspect the 
ACL in all planes [ 16 ]. The method of acquisition 

of sagittal images for ACL study has varied over 
time. A frequent recommendation, in order to 
achieve images closer to the long axis of the ACL, 
is to perform sagittal oblique slices at 10–15° per-
pendicular to a bicondylar line tangent to the pos-
terior margins of the medial and lateral femoral 
condyles [ 16 ]. However, several centers now 
advise that the true sagittal plane (perpendicular 
to the bicondylar line) is superior for  evaluation of 
the ACL and meniscus as well (Unpublished data, 
Mayo Clinic, Jacksonville, Fla. Presented at 
Society of Skeletal Radiology, March 2009). 

5.3.1     Acute ACL Tear 

 The changes of the ACL tissue itself, which per-
mit a high accuracy in the diagnosis of an acute 
tear, are considered the primary signs of ACL 
tear (Fact Box  1 ) [ 13 ,  29 ]. The axis of the ACL is 
abnormal if it is clearly more horizontal than a 
line projected along the intercondylar roof 
(Blumensaat line) on sagittal images (Fig.  5.1 ) 
[ 13 ]. An angle of less than 45° of the long axis of 
the ACL relative to a line parallel to the tibial 
plateau, also known as “the ACL angle,” is 
reported to be sensitive and specifi c for an ACL 
rupture [ 32 ].

   Fact Box 1. Summary of Primary and 

Secondary MRI Signs of Acute ACL Tear   

  Primary signs  
(enable the 
diagnostic per se) 

  Secondary signs  (its 
absence does not exclude 
the diagnosis of ACL tear) 

 Non-visualization 
of the ACL 

 Pivot shift bone bruises/
osteochondral fractures 

 Rupture of the 
substance of the 
ACL noticed by 
abnormal increased 
signal intensity 

 Anterior translocation of 
the tibia 

 ACL abrupt 
angulation or wavy 
appearance 

 Segond fracture: high 
association with ACL 
injury 

 Abnormal axis of 
the ACL 

 Fracture of the tibial spine: 
less reliably associated 
with ACL tear 
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a

c d

b

  Fig. 5.1    Examples of primary signs of acute ACL tear: ACL 
abrupt angulation ( a ) and rupture of the substance of the 
ACL noticed by abnormal increased signal intensity ( blue 

arrow ) ( b ). Examples of secondary signs of acute ACL tear: 
anterior translocation of the tibia (10 mm in this example) 
( c ) and bone femoral and tibial bruises ( yellow arrows ) ( d )       

    A common fi nding of an acute ACL rupture is 
non-visualization of the ligament. Focal edema 
and/or hemorrhage are seen where the “normal” 
ACL is expected to be found. Enlargement and 
increased internal signal intensity, while preserv-
ing intact fascicles have been described as 
 interstitial tear (or delaminated tear). This type of 

tear must be differentiated from mucoid degen-
eration of the intact ACL [ 13 ,  16 ]. 

 Axial images should also be carefully 
reviewed to assess the proximal ACL close to the 
lateral wall of the intercondylar notch [ 48 ]. The 
secondary signs of acute ACL rupture are MRI 
fi ndings that do not correspond to the ACL proper 

 

H. Pereira et al.



53

but are correlated to the injury mechanism (Fact 
Box  1 ). The absence of such signs does not 
exclude the diagnosis of ACL rupture [ 7 ,  16 ]. 
However, they are useful when primary signs are 
found to be ambiguous [ 7 ]. 

 When a rotatory injury of the ACL occurs, 
there is a movement of external rotation of the 
lateral femoral condyle (LFC) relative to the 
fi xed tibia. This way, the LFC causes an impact 
to the posterolateral tibial plateau, which might 
give origin to bone bruises and/or fractures of 
one or both bones [ 35 ]. The LFC bone bruise is 
usually found close to the anterior horn lateral 
meniscus. However, if such injuries occur at 
higher degrees of fl exion, these bruises will be 
found more posteriorly. The tibial bone bruise/
fracture usually occurs at the posterolateral cor-
ner of the tibia [ 35 ]. 

 Anterior translocation of the tibia indirectly 
suggests ACL insuffi ciency [ 9 ]. If this anterior 
translocation exceeds 5 mm, an acute or chronic 
ACL tear is probable to be found [ 9 ]. A Segond 
fracture (Fig.  5.2 ) has a 75–100 % association 
with ACL tear [ 46 ]. The Segond fracture is 
described as an elliptical, vertical, 3 × 10-mm 
bone fragment parallel to the lateral tibial cortex 
about 4 mm distal to the plateau [ 8 ]. These types 
of fractures have historically been attributed to 
traction avulsion of the middle third of the menis-
cotibial capsular ligament [ 8 ]. The iliotibial band 
and lateral collateral ligament complex might 
also play a role [ 8 ].

   Tibial spine fractures occur in approximately 
5 % of adults with traumatic ACL insuffi ciency. 
The ACL insertion usually takes place immedi-
ately lateral and anterior to the tibial spine. For 
this reason, tibial spine fractures can be seen in 
patients with a normally functioning ACL. Tibial 
spine avulsion resulting in ACL insuffi ciency is 
usually related to a hyperextension injury 
 mechanism. In children, tibial spine fractures are 
often isolated, while in adults the injury is 
 frequently associated to high-energy injuries [ 55 ]. 

 In addition, there are fi ve specifi c fractures 
that are statistically associated with ACL injuries 
and should also be taken into account (table  5.1 ) 
[ 7 ,  16 ].

   One study reported that kissing bone bruises 
on the anterior femur and tibia suggest a hyper-
extension mechanism and were found in asso-
ciation with ACL tears in approximately 50 % 
[ 54 ]. Avulsion fractures of the proximal fi bula, 

  Fig. 5.2    Example of Segond fracture is diffi cult to identify on radiographs ( yellow arrows ) ( a ) but better clarifi ed on 
MRI T2 sagittal view ( b ) and axial view ( c )       

   Table 5.1    Fractures commonly associated with ACL 
injury   

 Segond fracture (high probability of ACL injury) 

 Deep-lateral femoral-notch sign fracture (high 
probability of ACL injury) 

 Tibial spine avulsion fracture (intermediate probability 
of ACL injury) 

 Fracture of the posterolateral corner of the tibia 
(intermediate probability of ACL injury) 

 Arcuate fi bular head fracture (intermediate probability 
of ACL injury) 
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also known as the arcuate sign, can indicate a 
hyperextension/varus knee injury which usu-
ally may affect the lateral collateral ligament 
complex, and the ACL might also be injured 
[ 22 ]. In severe hyperextension injuries, the 
posterior cruciate ligament might be damaged, 
and even popliteal neurovascular injuries can 
occur [ 63 ].  

5.3.2     Chronic ACL Tear 

 Chronic ACL ruptures are often associated to 
meniscal injuries and secondary osteoarthritis. 
The signs of ACL injury are basically the same 
as in the acute setting except that bone bruises 
and edema are usually no longer visible and 
T1-weighted sequences are of greater impor-
tance [ 57 ]. 

 A fragmented ACL is the most common 
MRI fi nding in the case of a chronic injury 
[ 57 ]. Complete non-visualization of the ACL 
may also occur and include the “empty notch” 
sign [ 45 ]. 

 The chronically torn ACL may attach to the 
posterior cruciate ligament (the so-called ACL 
on PCL) [ 52 ]. This phenomenon is more often 
noticed during arthroscopic observation and is 
less frequently visible on MRI [ 52 ]. The 
chronic non-displaced ruptured ACL might 
have a normal appearance once mature 
 collagenous scarring is diffi cult to distinguish 

from the normal collagenous hypointense liga-
ment [ 57 ]. 

 In the presence of a positive clinical assess-
ment (positive Lachman or pivot shift test result), 
a negative MRI should be interpreted as a possi-
ble false negative.  

5.3.3     Partial ACL Tear 

 Partial ruptures of the ACL account for 10–43 % 
of all ACL injuries [ 15 ,  29 ,  37 ,  48 ] and have 
reported an even higher percentage in the pediat-
ric population [ 43 ]. While MRI is effective in dif-
ferentiating the normal from abnormal ACL, it is 
less reliable in terms of the diagnosis of partial 
ruptures [ 28 ]. Even 3-tesla MRI devices have 
failed to overcome this  limitation [ 58 ,  59 ].   

5.4     Dynamic and Objective MRI 
Assessment of the Knee: 
Porto-Knee Testing Device 
(PKTD) 

 The PKTD (Fig.  5.3 ) is a knee laxity-testing 
device designed for the measurement of ante-
rior–posterior tibial translation and rotational 
laxity of the knee during an MRI examination 
[ 12 ]. This way it combines the assessment of 
“anatomy” and “function” during the same 
examination [ 40 ].

  Fig. 5.3    Porto-knee testing device (PKTD ® ) inside MRI equipment ( a ); CT 3D axial view representation of tibial 
internal rotation and anterior translation after load application by the PKTD ( b )       
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   PKTD is built on polyurethane which permits 
it to be used during MRI scans. The knee is 
placed under stress caused by the infl ation of 
pneumatic cuffs permitting the examiner to con-
trol the magnitude of load transmission up to 
46.7 × 10 3  N/m 2  applied in the posterior proxi-
mal calf region. 

 The PKTD enables the examiner to study at 
different degrees of knee fl exion and different 
degrees of external/internal rotation as decided by 
the footplate. When required, it can also be used 
for evaluation of PCL injuries (Fig.  5.4 ). This is 
done by changing the position of the cuff, thus 
transmitting force to be applied to the anterior 
aspect of the tibia in a posterior direction. The 
study of rotational laxity is possible once the MRI 
images are acquired with 1-mm spacing and 3D 
reconstruction.

   The measurement (in mm) is performed using a 
line that is perpendicular to the tibial slope crossing 
the most posterior point of the tibial plateau and its 
distance to a parallel line crossing the most poste-
rior point of the femoral condyle. This process is 
repeated with or without pressure for medial and 

lateral compartments, with or without rotation, 
identifying the same points as the bony landmarks 
(Fig.  5.5 ).

   The amount of anterior translation, in 
 millimeters, of the medial and lateral tibial 
 plateaus with different combination of rotation is 
 calculated by the difference of each of the two 
points (without and with pressure) (Fig.  5.6 ). The 
method can include the assessment of ACL- 
defi cient knees alone or side-to-side comparison. 
Axial images can quantify the angles relative to 
the posterior intercondylar line and the posterior 
tibial line in degrees (Figs.  5.4  and  5.6 ). This is 
another aspect of assessment of rotational laxity 
in MRI evaluation currently under intense 
research.

   It has been clinically demonstrated that 
PKTD–MRI method is reliable in the assessment 
of anterior–posterior translation (comparing to 
KT-1000) and rotatory laxity (compared with lat-
eral pivot shift under anesthesia) of the ACL- 
defi cient knee. 

 It has also shown capacity to identify partial 
ruptures (confi rmed later by arthroscopic 

  Fig. 5.4    MRI–PKTD ®  evaluation of a patient with poste-
rior cruciate ligament rupture: ( a ) sagittal view without 
load, distance between medial posterior condyle and medial 

tibial plateau; ( b ) sagittal view with the load directed poste-
riorly and with external rotation, distance between medial 
posterior condyle and medial tibial plateau       
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  Fig. 5.5    CT 3D representation of the effect of PKTD ®  effect on anterior translation for medial compartment ( a ,  b ) and 
lateral compartment ( c ,  d )       
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  Fig. 5.6    MRI–PKTD ®  evaluation of a patient with ACL 
rupture: ( a ) choice of the adequate image for bony land-
marks; ( b ) posterior intercondylar line and posterior 
tibial line without pressure (5°); ( c ) angle with load 
application in anterior direction and external rotation 
(3°); ( d ) angle with load application in anterior direc-
tion and internal rotation (12°); ( e ) sagittal view without 
load, distance between medial posterior condyle and 
medial tibial plateau (1 mm); ( f ) sagittal view without 
pressure, distance between lateral posterior condyle and 
lateral tibial plateau (5 mm); ( g ) sagittal view without 
anterior pressure but with external rotation, distance 
between medial posterior condyle and medial tibial 

 plateau (6 mm); ( h ) sagittal view without anterior pres-
sure but with external rotation, distance between lateral 
posterior condyle and lateral tibial plateau (6 mm); ( i ) 
sagittal view with anterior pressure, distance between 
medial posterior condyle and medial tibial plateau 
(8 mm); ( j ) sagittal view with anterior load, distance 
between lateral posterior condyle and lateral tibial pla-
teau (14 mm); ( k ) sagittal view with anterior load and 
internal rotation, distance between medial posterior 
condyle and medial tibial plateau (5 mm); ( l ) sagittal 
view with anterior load and internal rotation, distance 
between lateral posterior condyle and lateral tibial 
 plateau (13 mm)       
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 fi ndings). However, by putting stress on the 
ACL during the examination, the method per-
mits to simultaneously evaluate the mechanical 
behavior of partial ruptures and improve the 
visualization of “biologic”/signal features of 
the ruptured and the remaining bundle (Fact 
Box  2 ).  

 Ongoing research is now focused to improve 
the possibilities of this method to identify 
 populations with increased risk factors for ACL 
rupture [ 40 ]. 

  Conclusion 

 MRI protocols for knee study should include 
spin echo or fat-saturated fast spin echo 
images in all three planes, including T1- and 
T2-weighted sagittal images. Currently, sag-
ittal images are more frequently obtained in 
the true orthogonal plane. The examiner must 
be familiar with normal and abnormal 
appearances of the ACL in all planes. Primary 
and secondary signs of ACL rupture should 
be scrutinized. Frequently associated frac-
tures/patterns should also be checked. One 
should be aware of the lower accuracy of 

MRI for partial tears and chronic tears. There 
is much room for progress in MRI investiga-
tions of the ACL. Continued technological 
advances in imaging instrumentation, soft-
ware, and contrast agents will probably result 
in faster and more informative MRI examina-
tions in the near future. New types of 
sequences are emerging every year. 
Moreover, dynamic MRI evaluation is under 
development in order to become easier, 
faster, and more useful compared with the 
current static imaging.      
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6.1          Software Application 
for Quantifi cation 
of Rotatory Laxity 

 The pivot shift is a dynamic test that evaluates 
rotatory laxity by applying complex axial and 
rotational loads. In contrast to other physical 
examinations, the pivot shift test has been shown 
to be associated with patient-reported outcome 
and osteoarthritis after anterior cruciate ligament 
(ACL) reconstruction surgery [ 25 ,  27 ]. However 
the interpretation of this test is diffi cult as it can 
be highly variable among examiners and is sub-
jective [ 17 ]. 

 Several methods, such as surgical navigation 
systems [ 28 ] and electromagnetic tracking system 
[ 21 ], have been proposed to objectively quantify 
joint laxity during the pivot shift test in patients. 
However, their application in clinical settings is 
limited due to expense, their invasiveness, and/or 
cumbersome use. These issues limit the practical 
assessment of contralateral limb for comparison. 
Recently two software products named “PIVOT” 
and “KiRA” have been introduced that attempt to 
quantify this test by measuring lateral tibial com-
partment translation and acceleration of the tibial 
dislocation during pivot shift testing. 

6.1.1     PIVOT Software 

 Tibial translation has been suggested as a more 
realistic kinematic determinant of grading of the 
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pivot shift test, rather than rotation [ 8 ]. This is 
highlighted in a study by Bedi et al. [ 3 ] using a 
computer navigation system, which demon-
strated that anterior translation of the lateral com-
partment of the knee correlates with the grade of 
the pivot shift test. This translation is visualized 
during the pivot shift test, which is the principle 
of this specifi c software. Utilizing a digital 
 camera to record the video of examination, it then 
must be analyzed. One way to analyze this infor-
mation is by using ImageJ software (National 
Institutes of Health, Bethesda, MD, USA) 
(ImageJ software is explained in Sect.  6.2.2  of 
the current chapter). However, this method is 
time-consuming and is not applicable in routine 
clinical practice. 

 The PIVOT software, which can be installed 
on a computer tablet, records video of the pivot 
shift test and using custom software to calcu-
late the translation in less than 30 s [ 37 ]. To 
improve visualization of the image analysis 
technique, circular markers are attached to the 
skin over three bony landmarks on the lateral 
side of the knee. The following landmarks were 
selected as they are easily identifi able: (1) lat-
eral epicondyle of the knee, (2) Gerdy’s tuber-
cle, and (3) fi bular head. The color of the 
circular markers should contrast with the 
patient’s skin, and a solid colored background 

should be used to reduce the noise from the 
surroundings. 

 To obtain a quantitative pivot shift, the assis-
tant utilizes the software, which incorporates a 
tablet’s camera to record the movement of the 
markers while the examiner performs the exami-
nation (Fig.  6.1a ). The software scans the images 
in real time and utilizes custom algorithms that 
shade the entire image except the markers by 
adjusting the brightness and contrast. The soft-
ware then automatically tracks the movement of 
the markers and calculates the translation of the 
pivot point defi ned by the intersection of the line 
between markers on the fi bular head and Gerdy’s 
tubercle with a perpendicular line crossing the 
femoral condyle marker (Fig.  6.2 ). After tracking 
the markers, the software provides a reduction 
plot that represents backward reduction of the 
tibia during pivot shift testing. From this plot the 
amount of translation can be determined by 
selecting the maximum and minimum points of 
the plot at the time of the reduction (Fig.  6.1b ). 
Further, the pivot shift test can be quantifi ed in 
the contralateral knee for comparison or the 
injured knee after reconstruction surgery and 
during follow-up period. In addition, by using 
application of sterilized markers, the quantifi ca-
tion of pivot shift test can be performed 
intraoperatively.

  Fig. 6.1    ( a ) Testing setup for the PIVOT software. ( b ) 
The software interface demonstrating the reduction curve. 
The difference between the maximum and minimum 

points of the reduction curve determines the lateral com-
partment translation       
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    The validity of the software and its applica-
tion has been investigated in controlled labora-
tory settings. The maximum error of the 
software in quantifying the movement of the 
markers was determined to be less than 6 % at 
distances of tablet and the patient between 75 
and 126 cm and a deviation angle of less than 
45° [ 37 ]. Moreover, the reliability of the pivot 
software in predicting the 3D bony motion dur-
ing the pivot shift test has been evaluated in a 
cadaveric study utilizing an electromagnetic 
tracking system. It has been demonstrated that 
lateral compartment translation measured by 
PIVOT software has strong correlation with 3D 
bony motion with about three times higher 
translation in bony motion (Pearson correlation, 
0.75–0.79,  p  <0.05). Moreover, the intra-exam-
iner reliability of the methodology was also 
demonstrated to be strong (intra-class correla-
tion coeffi cient = 0.70–0.82). 

 In a group of ACL-injured patients, it was 
demonstrated that the PIVOT software can con-
sistently detect and quantify lateral compartment 
translation [ 20 ]. The quantitative results from 
PIVOT software have also been validated by clin-
ical grade of pivot shift test where the incremental 
increase in lateral compartment translation mea-
sured by software was associated with increase in 
clinical grade of the pivot shift test [ 22 ]. 

 The software has been recently utilized to 
investigate the role of different knee structures 
on rotatory laxity of the knee during the pivot 
shift test. Using quantitative pivot shift results 
from the PIVOT software, it has been demon-

strated that in ACL-injured patients, concomi-
tant injury to the medial meniscus, lateral 
meniscus, or lateral capsule, as well as an 
increased lateral tibial plateau slope, results in 
higher rotatory laxity. Overall PIVOT software 
provides an easy, noninvasive, and reliable tool 
to quantify the pivot shift test.   

6.1.2     Inertial Sensors 

 Acceleration of the tibial reduction during the 
pivot shift test has been suggested for objective 
measurement of the pivot shift test. This param-
eter has been positively correlated with clinical 
grading of the pivot shift test [ 21 ]. The accelera-
tion of the pivot shift test can be quantifi ed by 
invasive and noninvasive methods such as elec-
tromagnetic tracking systems [ 21 ], surgical navi-
gation systems [ 28 ], and triaxial inertial 
accelerometers [ 6 ,  10 ,  29 ,  32 ]. Inertial sensors 
track the position and orientation of an object 
relative to a known starting point without a need 
for external references. 

lateral epicondyle
point (L)

Gerdy’s tubercle
point (G)

Pivot point (P)

Fibula head
point (F)

  Fig. 6.2    The pivot point is defi ned of by 
intersection of the line between markers on the 
fi bular head and Gerdy’s tubercle with the 
perpendicular line crossing the femoral condyle 
marker. The translation of the pivot point during 
examination presents the lateral compartment 
translation       

 Fact Box 1 

 PIVOT software is able to measure lateral 
compartment translation during the pivot 
shift test with an acceptable accuracy. The 
actual 3D bony motion is approximately 
three times higher than the measured value 
by software. 
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 Lopomo et al. described a noninvasive meth-
odology of acquiring acceleration during the pivot 
shift test using a single commercial triaxial accel-
erometer sensor strapped to the skin and custom 
software referred to as KiRA (KiRA, Orthokey 
LLC, Lewes, DE, USA) [ 30 ]. The sensor is 
mounted noninvasively on the lateral side of the 
tibia between the lateral aspect of anterior tuber-
osity and Gerdy’s tubercle by means of a strap, 
while the main axis is aligned with the mechani-
cal axis of the tibia. This position is chosen to 
ensure the optimal stability and to minimize skin 
artifact. Moreover, in this position, the lateral 
compartment acceleration can be most easily 
acquired (Fig.  6.3a ).

   The 3D acceleration during the pivot shift test is 
sent wirelessly via standard Bluetooth 2.0 to a 
computer tablet equipped with KiRA software. 
The software is developed in order to manage the 
receiving of the data from the sensor and analyze 
the acceleration data to a patient database [ 48 ]. The 
software adjusts the acceleration modulus for the 
gravitational component and provides an accelera-
tion curve in the software interface in a live mode. 
The software automatically identifi es the appropri-
ate curve relating to the pivot shift phenomenon 
and calculates a series of acceleration components 
by analyzing the curve (Fig.  6.3b ):

    a  max : the maximum value of the limb 
acceleration  

   a  min : the minimum value of the limb acceleration  
   a  range : range of acceleration determined by the dif-

ference of  a  max  and  a  min   
  Slope: mean slope of the corresponding curve, 

which is indicative of smoothness    

 The KiRA system has been validated by an 
electromagnetic tracking system and surgical 
navigation system and has been determined to 
be a feasible method of the measurement of 
knee kinematics. Using a cadaveric specimen, 
Araujo et al. demonstrated good correlation 
between acceleration measured by the KiRA 
system and the electromagnetic tracking sys-
tem (Pearson’s correlation coefficient = 0.75) 
[ 2 ]. Similarly, the absolute 3D acceleration 
range obtained from the KiRA system demon-
strated a good positive correlation (Pearson’s 
correlation coefficient = 0.72,  p  <0.05) and 
moderate predictability (R 2  = 0.51) when com-
pared with anteroposterior acceleration simul-
taneously measured by surgical navigation 
during in vivo studies. The acceleration 
obtained from the KiRA system also corre-
lates with clinical grading of the pivot shift 
test by in vitro and in vivo studies [ 1 ]. The 

  Fig. 6.3    ( a ) Up Setup for the KiRA software and the 
inertial sensors: the sensor is tightly secured in the antero-
lateral side of the tibia between anterior tuberosity and 
Gerdy’s tubercle. The axis of the sensor is aligned with 

the mechanical axis of the tibia. ( b ) The acceleration 
curve obtained from KiRA software. The  yellow arrow  
demonstrates the acceleration range       
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KiRA system has also demonstrated fair/good 
intra-tester reliability (ICC: 0.76–0.90). 

 In a cohort of 66 patients, knees with an ACL 
injury demonstrate greater  a  max , lower  a  min , greater 
 a  range  (with mean difference of 1.6 ± 1.5 m/s 2 , 
 p  < 0.05), and greater acceleration slope (with 
mean difference of 8.6 ± 13.7 m/s 3 ,  p  < 0.05) com-
pared with intact knees [ 30 ]. Of the abovemen-
tioned parameters, a range  most clearly distinguished 
intact and ACL-injured knees. The probability of 
a correct diagnosis of ACL injury was 70 % using 
only the slope of the curve and 80 % using only 
the a range . Although the diagnosis of an ACL 
injury by only results of a pivot shift examination 
is not common in clinical practice, the currently 
reported accuracy for this methodology indicates 
necessity of improvement. 

 This methodology of quantifying of accelera-
tion with the KiRA software is user-friendly as it 
involves the use of a small sensor and uses a wire-
less connection and does not require any anatomic 
registration. In a group of 100 patients with ACL 
injuries, Berruto et al. [ 4 ] demonstrated that the 
use of KiRA is promising and reliable. They also 
found that the effi cacy of the system has a learn-
ing curve, as the specifi city of diagnosis of ACL 
injury increased signifi cantly with further use and 
experience with the device. Moreover, it needs to 
be considered that the acceleration during the 
examination is dependent on the load applied and 
technique of the pivot shift test, which underlines 
the necessity of performing a standardized 
maneuver to reduce variability [ 19 ,  38 ]. 

 Some studies suggest developing algorithms 
to establish the diagnosis of ACL insuffi ciency 
by in-depth analysis of data from pivot shift test-
ing. With regression analysis of the data obtained 
from inertial sensors during examination of both 
limbs under general anesthesia, ACL insuffi -
ciency can be diagnosed with 97 % accuracy [ 6 ]. 
The accuracy of the algorithm increased by using 
training data from more subjects. For instance, to 
reach a 97 % accuracy, the algorithm needed to 
use data from 61 subjects, whereas with data of 
less than 20 subjects, diagnostic accuracy was 
poor. Once again, it is of note that any diagnostic 
device with accuracy of less than 100 % needs to 

be complemented with other modalities to elimi-
nate potential misdiagnosis and achieve optimal 
outcome.   

6.1.3     Future Direction 
of Quantifi cation of 
Rotatory Laxity 

 By measuring six degrees of freedom of motion, 
Bull et al. demonstrated that every patient with an 
ACL injury has a different “envelope of motion” 
during the pivot shift test [ 8 ]. Kinematics of rota-
tory laxity during the pivot shift test consists of 
different aspects. 

 Objective quantifi cation of the pivot shift test 
warrants methods that are able to easily and reli-
ably measure different aspects of rotatory laxity 
during the pivot shift test in a routine clinical 
setting. The preliminary results from a cohort of 
ACL-injured patients using the PIVOT and KiRA 
systems support fi ndings from Bull et al. ,  where 
rotatory knee laxity is widely distributed in these 
patients (Fig.  6.4 ). This further emphasizes the 
need for individualized treatment of ACL-injured 
patients rather than the traditional “one fi ts all” 
treatment approach.

   The abovementioned software products do not 
represent the “gold standard” method for mea-
surement of rotatory laxity, nor do other devices 
used to measure kinematics of the pivot shift test. 
These software products, however, allow clini-
cians who desire to obtain objective quantifi ca-
tion of the pivot shift exam by providing the 
opportunity to do so portably, accurately, and 
with data recording capabilities. The ultimate 
goal of performing a quantitative pivot shift 
would be to classify patients’ rotatory laxity 

 Fact Box 2 

 Acceleration of the tibial reduction is a 
determinant of pivot shift test. The accel-
eration measured using KiRA has been 
validated and shown to have strong correla-
tion with acceleration of the bones. 
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patterns and accordingly assist in decision- 
making with respect to improving functional 
outcome.   

6.2     Software Products 
with General Application 

 Apart from the abovementioned software prod-
ucts with specifi c application in the assessment 
of rotatory laxity, other more generalized tech-
nologies exist that are designed to perform more 
daily tasks that are useful in orthopedic practice. 
These range from simple user interfaces to more 
complex research tools. 

6.2.1     Smart Phone Application 
Programs (Apps) 

 A wide range of apps designed to be used by 
smartphones and computer tablets have been 
developed in recent years due to their conve-
nience and ease of use and profi t potential [ 11 , 
 12 ]. Many are general medical apps and are not 
specifi c to orthopedics like drug references and 
BMI calculator apps. Examples of apps with 

 specifi c utilization in orthopedics include exami-
nation evaluation apps [ 46 ] (Goniometer, Knee 
Goniometer, Forearm Goniometer), outcome 
tools (OrthoScore, JointScore), radiographic 
measurement aids (iGonio, Hallux Angles), and 
apps for reference books. Some of these apps are 
free, while some require payments by users and 
others are supported by academic centers or 
industry. Few websites provide reviews of the 
apps dedicated to the fi eld of orthopedics [ 44 ]. 

 Surveys have demonstrated that medical train-
ees and faculty rely on their mobile devices to 
meet their clinical needs [ 7 ]. However, it should 
be noted that some of these resources are of vary-
ing quality without any standardization or peer 
review, which raises concerns in terms of their 
accuracy and application. Users must check the 
accuracy and validity of the software products 
before their application in clinical practice.  

6.2.2      Medical Image Processing 
Programs 

 Image processing programs began to grow sub-
stantially since digital imaging equipment was 
introduced to the medical fi eld in mid-1980s. 
Several processing programs have been devel-
oped in recent years that are applicable in the fi eld 
of orthopedics. Commonly used processing pro-
grams include ImageJ (National Institutes of 
Health, Bethesda, MD, USA) and OsiriX (OsiriX 
Foundation, Geneva, Switzerland). These soft-
ware products are easily accessible to scientifi c 
community free of charge and allow users to dis-
play, edit, and analyze images from radiological 
modalities (e.g., plain radiographs, magnetic 
resonance imaging) or other medical images 
(e.g., histology, photography) [ 13 ,  23 ]. ImageJ is 
a public domain, Java-based program and can 
process many image formats including TIFF, 
GIF, PNG, JPEG, BMP, and DICOM. 

 OsiriX, runs under Mac OS X (Apple Inc.) 
and has comparable abilities with ImageJ in 
terms of opening different fi le formats and pro-
cessing the images. The goal is to obtain quanti-

  Fig. 6.4    Results from a group of anterior cruciate liga-
ment-injured patients. Each  red dot  represents side to side 
difference of kinematics of pivot shift kinematics in one 
patient. The translation and acceleration were acquired by 
PIVOT and KiRA system, respectively.  Dashed line  rep-
resents the median number for translation and 
acceleration       
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tative knowledge from medical imaging such as 
alignment of the bones and measurement of area 
and volume of different anatomical structures. 
For instance, by utilizing this software, research-
ers were able to measure area of ACL insertion 
site or demonstrate shifting of the graft inside the 
bone tunnel by comparing the distance between 
centroid of the graft and tunnel [ 13 ,  23 ,  45 ]. 
Moreover, the open source nature of these soft-
ware programs allows the freedom to create addi-
tions or plug-ins to the main software with the 
ability to perform specifi c tasks. 

 Some programs such as Mimics (Materialise, 
Leuven, Belgium) and Geomagic (Research 
Triangle Park, NC, USA) are used for segmenta-
tion of clinical images and development of three- 
dimensional (3D) designs and models. The 3D 
models can be made from a series of two- 
dimensional medical image data or by scanning 
the physical object. These programs have a sig-
nifi cant role in investigation of anatomy and rela-
tion of the structures as well as simulation of 
realistic geometries by fi nite element modeling 
[ 26 ,  47 ]. These programs, however, require a 
relatively costly licensure from the company to 
use and are associated with a considerable learn-
ing curve.  

6.2.3     Telemedicine 

 Telemedicine is the use of information technolo-
gies to provide clinical healthcare while there is a 
distance between the patient and provider. 
Telecommunication is performed by means of 
free public communication software products 
[ 15 ] (e.g., Skype) or specifi c communication 
platforms designed for healthcare [ 9 ]. These 
technologies are applied to different areas of tele-
medicine such as teleradiology [ 16 ,  43 ], tele- 
consultation [ 5 ,  34 ], and tele-rehabilitation [ 36 ]. 

 Although telemedicine is touted to improve 
healthcare by, for example, providing healthcare 
to remote areas and reducing cost, it also limits 
the physical examination and creates opportuni-
ties for privacy violation and data breach. It is thus 

necessary that clinicians avoid any activities that 
are noncompliant with safety and privacy regula-
tions under the Health Information Portability and 
Accountability Act (HIPAA). Further, some pro-
grams require substantial bandwidths, which limit 
their use.  

6.2.4     Educational Tools 

 New technologies have made a large impact on 
medical and orthopedic education and training. 
Many educational software products allow self- 
learning with benefi ts of including multimedia 
content and interactive communications. Further, 
technology has allowed large searchable complied 
databases and textbooks, which many times are 
faster and more convenient for learning and 
research. The ease of access of bullet style refer-
ences such as Wheeless Orthopaedics and 
Orthobullets have become very popular, but many 
question their simplicity. 

 One developing sector in the fi eld of orthope-
dic education is training by virtual learning envi-
ronments or so called “virtual reality.” These 
systems were fi rst developed in the early 1940s to 
generate onboard fl ight simulation for aviators’ 
trainings. However their application is now 
expanded to different branches of science includ-
ing medicine. These systems are generally com-
posed of hardware equipped with the training 
software [ 31 ]. 

 In the fi eld of orthopedics, these systems 
have been used in simulation training of differ-
ent joints such as hip [ 39 ], shoulder [ 18 ,  33 ], 
and knee [ 24 ,  35 ]. The simulator programs 
allow trainees to repeat and rehearse in order to 
build a required surgical skill and usually pro-
vide feedback during the training session 
(Fig.  6.5 ). It is proposed in several studies that 
orthopedic surgery simulation will result in a 
decrease in surgical time, associated costs, and 
improve patient safety [ 14 ,  40 – 42 ]. However, 
further validation studies as well as research 
prospective studies must be performed to pro-
vide sound recommendations.  
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  Conclusion 

 Objective measurement of complex aspects of 
the pivot shift test has become more feasible 
by new technologies that provide clinicians 
with the ability to perform quantitative testing in 
an offi ce setting as well as an operation room. 
Portability, being noninvasive, inexpensive, and 
the possibility of its use on the contralateral 
knee make it possible that these technologies 
will soon play signifi cant roles in the care of 
patients with knee ligamentous injuries.       
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7.1         Introduction 

 Rotation of the knee is a result of a complex 
teamwork between various active and passive 
structures [ 2 ,  3 ,  13 ]. Specifi c injuries to one or 
multiple of the involved structures may cause 

some form of rotatory laxity [ 2 ,  3 ,  13 ]. In this 
regard, there are only few anatomical structures 
that are solely responsible for one  specifi c func-
tion [ 2 ,  3 ,  11 ,  13 ]. Generally, each function of the 
knee is the result of a complex  interplay of sev-
eral anatomical structures [ 2 ,  3 ,  11 – 13 ]. 

 The knee joint offers six degrees-of-freedom 
(DOF) range of motion. Rotational movement con-
sists of fl exion-extension, internal-external, and 
varus-valgus [ 2 ,  3 ,  13 ]. Translational movement is 
possible in the anterior-posterior and medial-lateral 
directions, as well as by compression and distrac-
tion of the knee joint (Fig.  7.1 ) [ 2 ,  3 ,  13 ]. Each of 
these six DOF of motion results in complex func-
tion within the envelope of motion [ 2 ,  3 ,  13 ,  14 ].

   This chapter aims to give a historical review 
and perspective as to how knee rotation is accom-
plished by a complex interplay of active struc-
tures, such as muscles and tendons, and passive 
structures, such as ligaments and joint capsule. In 
addition, the different types of rotatory injuries 
and instabilities are systematically classifi ed and 
highlighted.  

7.2     Screw Home Mechanism 
(Automatic Rotation) 

 As early as 1853, Meyer described an automatic 
external rotation during the last 20° of extension 
[ 8 ]. The terminal sulcus of the lateral femoral 
condyle is an anatomic consequence of the auto-
matic rotation [ 11 ]. In case of a chronic laxity of 
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the knee, a posttraumatic genu recurvatum can be 
observed, whereby the forces acting on the knee 
are not suffi ciently controlled when the knee 
moves from fl exion to extension. This may lead 
to hammering of the lateral femoral condyle into 
the anterior tibial plateau, which is a fi nding that 
also been described by Morscher [ 10 ]. 

 The screw home mechanism (automatic rota-
tion), which happens at end of extension, is only 
possible if the medial and lateral femoral condyle 
have different lengths [ 11 ]. In addition, the rota-
tional axes of active knee rotation (medial of PCL 
and eminence in  posterior tibial half) and auto-
matic rotation (near center of lateral tibial con-
dyle) are different [ 11 ].   

7.3     Active Rotation 

 Active rotation can be performed through activa-
tion of extensor and fl exor muscles, which depends 
on the rotation axis and “punctum fi xum” and 
“punctum mobile” [ 11 ]. Clearly, active rotation 
represents a complex interplay of several muscles 
and tendons [ 11 ]. 

7.3.1     Active Rotation (Extensor 
Muscles) 

 Active rotation through extensor muscles is 
mainly enabled by the function of the quadriceps 
muscle [ 11 ]. 

 The quadriceps muscle consists of four muscle 
bellies, including the rectus femoris, the vastus 
medialis, the vastus lateral, and the vastus inter-
medius muscles [ 11 ]. The course of the rectus 
femoris tendon and the vastus intermedius muscle 
over the patella and patellar tendon is angled by 
approximately 10–15° [ 11 ]. This orientation leads 
to an internal rotation of the tibia in relation to the 

  Fig. 7.1    The knee joint has six degrees of freedom for rotation and translation       

 Fact Box 1 

 The screw home mechanism represents an 
automatic external rotation in the last 20° of 
extension. It is passively controlled by the 
length of the medial and lateral femoral con-
dyles and actively by the popliteal tendon. 
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femur [ 11 ]. Depending on the “punctum fi xum,” 
the tibia is internally rotated (e.g., when tibia is 
hanging freely) or the femur is externally rotated 
(e.g., when the tibia is fi xed) [ 11 ]. 

 The vastus medialis and lateralis muscles are 
important structures in active knee rotation [ 11 ]. 
The vastus medialis muscle acts as an internal 
rotator of the tibia but also plays a role in deload-
ing the lateral patellofemoral joint [ 11 ]. The vas-
tus lateralis muscle limits further internal 
rotation of the tibia and deloads the lateral patel-
lofemoral joint [ 11 ]. Interestingly, the function 
of both muscles is dependent on the rotation of 
the knee [ 11 ]. In the externally rotated knee, the 
vastus medialis muscle is highly active, whereas 
in the internally rotated knee the vastus lateralis 
is more active [ 11 ].   

7.3.2     Active Rotation (Flexor 
Muscles) 

 The most important internal rotator of the knee, 
which only acts at the knee, is the popliteus mus-
cle [ 3 ,  11 ,  12 ]. Other active internal rotators all 
act on two joints (hip and knee) [ 3 ,  11 ,  12 ], which 
includes the sartorius, gracilis, semitendinosus, 
and semimembranosus muscles [ 11 ].  

 The popliteus muscle and tendon system con-
sist of three main tendon arms [ 11 ]. The fi rst ten-
don arm, which consists of synovial refl ections 

above and below the meniscus, also known as 
popliteo-meniscal fascicles, is directed toward 
the posterior wall of the lateral meniscus [ 11 ]. 
The second one represents the popliteofi bular 
ligament, which connects the fi bular head and the 
popliteus tendon [ 11 ]. It is the thickest part of the 
popliteus system [ 11 ]. The third tendon arm runs 
underneath the LCL to its insertion, which is 
slightly ventral and distal to the femoral LCL 
insertion [ 11 ]. 

 The popliteus muscle belly is located on the 
medial backside of the proximal tibia [ 11 ]. 

 A torn popliteofi bular ligament leads to 
increased rotational freedom of the popliteus ten-
don [ 11 ]. In such an injury, the popliteus tendon 
is unconstrained from the popliteofi bular liga-
ment restraints and approximately 1 cm longer, 
thereby allowing more tibial rotation [ 3 ,  11 ]. 

 The popliteus tendon has several functions:

    1.    Internal rotator of the tibia (when the femur is 
fi xed)   

   2.    External rotator of the femur (when the foot is 
fi xed)   

   3.    Near extension as a lateral stabilizer, together 
with the biceps muscle and tractus iliotibialis   

   4.    Flexor of knee due to its location posterior to 
fl exion axis      

 The most important external rotator of the 
knee, which only acts on one joint, is the biceps 
muscle. Other active external rotators are running 
over two joints, the hip and knee. 

 Fact Box 2 

 Active knee rotation via extensor muscles 
is mainly enabled by the quadriceps muscle 
and controlled by its different arms. 

 Fact Box 3 

 Active knee rotation via the fl exor  muscles 
is enabled by the popliteus  muscle, the sar-
torius, the gracilis, the semitendinosus, and 
the semimembranosus muscles. 

 Fact Box 4 

 The popliteus muscle and tendon system has 
three tendon arms, including the popliteo- 
meniscal fascicles, the popliteofi bular liga-
ment, and a third tendon arm which runs 
underneath the LCL to its insertion. The 
most important functions of the popliteus 
system are internal rotation of the tibia 
(when the femur is fi xed), external rotation 
of the femur (when the foot is fi xed), and 
lateral stabilization and fl exion of the knee. 
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 The biceps muscle, in particular the short 
head, acts as an external rotator and is an antago-
nist of the popliteal muscle [ 3 ,  11 ]. The fl exor 
function of the biceps muscle is much greater 
than the popliteal muscle [ 3 ,  11 ]. 

 Other important groups of external rotators 
are the tensor fasciae latae and gluteus maximus 
muscles, which act indirectly through a band-like 
structure, the tractus iliotibialis (ITT) [ 3 ,  11 ].  

 The ITT attaches at Gerdy’s tubercle and func-
tions as an anterolateral stabilizer of the knee joint 
[ 3 ,  11 ]. The Kaplan fi bers, which connect the ITT 
with the distal lateral femoral condyle, represent a 
dynamic ligamentous junction [ 11 ]. It diverts the 
strong forces of the tensor fasciae latae and glu-
teus maximus muscles [ 11 ]. Due to the relation of 
the ITT to the fl exion axis of the knee, it has the 
extraordinary function as being both a fl exor and 
extender [ 11 ]. During the last 30° of extension, 
the ITT acts as an extensor, in a knee fl exed more 
than 30° as fl exor and external rotator [ 11 ].    

7.4     Passive Rotational Stabilizers 

 Active rotation by the aforementioned structures 
is only possible when passive stabilizers guide 
and limit these rotational activities [ 3 ,  11 ]. The 
most important passive stabilizer of knee rotation 
includes the cruciate ligaments, the menisci, and 
the capsule-ligamentous structures, including the 
posterior capsule [ 3 ,  11 ]. 

 The ACL is considered to have two or even 
three primary functional bundles: the anterome-
dial (AM), posterolateral (PL), and intermediate 
(IM) bundles [ 2 ,  3 ]. These bundles are named 
with regard to their tibial insertions [ 2 ,  3 ]. 
During passive motion, the AM portion of the 
ACL lengthens with knee fl exion, while the PL 
portion of the ACL shortens [ 2 ,  3 ]. The PL bun-
dle is dominant at 20° of knee fl exion [ 2 ,  3 ] 
(Figs.  7.2  and  7.3 ).    

 The PCL is the strongest ligament of the knee 
and consists of multiple bundles. Most research-
ers describe two to three bundles, including the 
anterolateral (ALB), the posteromedial (PMB), 
and the intermediate bundles [ 3 ,  11 ,  12 ]. However, 
Mommersteeg et al. found six to ten bundles 
and multiple fascicles [ 9 ]. Both the lengths and 
the widths of the PCL are larger than those of 
the ACL. 

 The PCL is the primary restraint to posterior 
tibial translation and a secondary restraint to 
external tibial rotation [ 7 ,  16 ]. 

 The menisci form a mobile containment on 
the tibial plateau adapting to the rolling gliding 
and rotating movement of the femoral condyles 
[ 3 ,  11 ,  12 ]. The incongruity of femoral condyle 
and tibial plateau is compensated by the medial 
and lateral menisci [ 6 ]. In addition, the medial 
meniscus is connected to the medial collateral 
ligament. The medial posterior horn is fi xed to 

 Fact Box 5 

 The most important external rotator acting 
on only one joint is the biceps muscle. The 
fl exor function of the biceps muscle is 
greater than the popliteal muscle. Other 
external rotators are the tensor fasciae latae 
and gluteus maximus muscles, which act 
indirectly through a band-like structure, the 
tractus iliotibialis (ITT). 

 Fact Box 6 

 The tractus iliotibialis (ITT) attaches at 
Gerdy’s tubercle and functions as anterolat-
eral stabilizer of the knee joint. The Kaplan 
fi bers, which connect the ITT with the distal 
lateral femoral condyle, divert the strong 
forces of the tensor fasciae latae and gluteus 
maximus muscle. During the last 30° of 
extension, the ITT acts as an extender, 
whereas in a knee fl exed more than 30°, it 
acts as a fl exor and external rotator. 

 Fact Box 7 

 The most important passive stabilizers of 
knee rotation include the cruciate ligaments, 
the menisci, and the capsule-ligamentous 
structures, including the posterior capsule. 
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  Fig. 7.2    Laxity in 30° fl exion and ER (fi rst row. 2A) and 
IR (second row, 2B). ( a ) Medial view, ( b ) frontal view, ( c ) 
lateral view.  In 30  °   fl exion and ER  :  Tight: medial collat-
eral ligament, semimembranosus corner, lateral collateral 

ligament, popliteal corner. Loose: ACL, less loose PCL. 
 In 30° fl exion and IR  :  Tight: semimembranosus corner, 
ACL, PCL, LFTLA, arcuate ligament. Loose: MCL and 
LCL       

the posterior oblique ligament (POL) and func-
tions as an important secondary co-restraint to 
the ACL and with its parallel orientation to the 
PCL also a co-restraint for the PCL [ 3 ,  6 ,  11 ,  12 ].  

 The fi bers of the posterior capsule are orien-
tated in a V-shaped manner [ 11 ]. Medially, it is 

 Fact Box 8 

 The incongruity of the femoral condyle and 
the tibial plateau is compensated for by the 
medial and lateral menisci. 
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  Fig. 7.3    Schematic illustration of the right tibial plateau 
divided in four quadrants. Seven major passive stabilizers 
of the knee are shown. These are ACL, PCL as central 
pivot, MCL, posterior oblique ligament, iliotibial tract, 
LCL, popliteal tendon.  a  anterior,  p  posterior,  m  medial, 

 l  lateral,  PCL  posterior cruciate ligament,  MCL  medial 
collateral ligament,  POL  posterior oblique ligament,  ITT  
iliotibial tract,  ACL  anterior cruciate ligament,  LCL  lateral 
collateral ligament,  Popl.T  popliteal tendon       
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the popliteal oblique ligament, which builds a 
triangle with the semimembranosus muscle, 
whereas laterally it is the arcuate ligament [ 11 ]. 
Another important passive structure stabilizing 
the posterior capsule is the fabella and the 
structures attaching to it [ 11 ]. The most promi-
nent structures are the popliteal oblique ligament, 
the fabellofi bular ligament, and the lateral 
 gastrocnemius tendon [ 11 ]. A fabella is found in 
only 20% of all knee joints, however [ 11 ]. 

 In addition, in early textbooks and publica-
tions, a capsule-ligamentous thickening of the 
anterolateral capsule has been mentioned and 
named as the anterolateral ligament (ALL). 
Others have named it as mid-third lateral capsular 
ligament, anterior oblique band, capsule- osseous 
layer of the ITT, or lateral capsular ligament [ 1 ,  4 , 
 5 ,  11 ]. However, its clear function and anatomic 
description has been vague and inconsistent. 

 The origin of the ALL is on the lateral femoral 
epicondyle proximally and posterior to the pop-
liteus tendon insertion [ 15 ]. It inserts on the lat-
eral meniscus and tibia 5 mm distal to the 
tibiofemoral joint and posterior to Gerdy’s tuber-
cle [ 15 ]. However, still considerable variation 
exists in the description of the ALL. 

 The ALL is most tight during combined fl ex-
ion and internal tibial rotation. Hence, it serves as 
stabilizer for internal rotation in fl exion >35° 
[ 15 ]. It has no function against anterior tibial 
translation [ 15 ].  

 The ALL represents a thickening of the 
anterolateral capsule. It originates at the lateral 

femoral epicondyle proximally and posterior to 
the popliteus tendon insertion and inserts on the 
lateral meniscus and tibia 5 mm distal to the tib-
iofemoral joint and posterior to Gerdy’s tuber-
cle. It serves as a stabilizer for internal rotation 
in >35° knee fl exion.  

7.5     Classifi cation of Rotatory 
Laxity 

 Typical examples of rotatory laxities are pre-
sented and illustrated in Figs.  7.4 ,  7.5 ,  7.6 ,  7.7 , 
 7.8 ,  7.9 , and  7.10 . Also, combined rotatory lax-
ities are seen in clinical practice [ 4 ,  5 ,  11 – 13 ].

7.5.1             Anteromedial Rotatory Laxity 

 A typical fi nding of this type of rotatory laxity is 
that the medial tibia excessively rotates anteri-
orly, and the medial joint gap is opening. Injured 
structures are typically (ordered by injury sever-
ity) the semimembranosus tendon complex, the 
medial collateral ligament complex, and the ACL 
[ 11 ,  12 ].  

7.5.2     Anterolateral Rotatory Laxity 

 A typical fi nding of this type of rotatory laxity is 
that the lateral tibia excessively rotates anteri-
orly, and the lateral joint gap is opening. Injured 
structures are typically (ordered by injury sever-
ity) the lateral anterior femorotibial ligament 
(LFTLA), which is part of the ITT, the ACL, and 
the popliteal corner [ 11 ,  12 ].  

7.5.3     Posterolateral Rotatory Laxity 

 A typical fi nding of this type of rotatory laxity is 
that the lateral tibia rotates excessively 
 posteriorly, and the lateral joint gap opens. Injured 
structures are typically (ordered by injury sever-
ity) the popliteal corner, LCL, and PCL [ 11 ,  12 ].  

 Fact Box 9 

 Posterior stabilizers are the thick poste-
rior capsule, the popliteal oblique liga-
ment, the arcuate ligament, the fabella, 
and the structures attaching to it such as 
the popliteal oblique ligament, the fabel-
lofi bular ligament, and the lateral gastroc-
nemius tendon. 
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  Fig. 7.4    Several types of anteromedial laxity are shown 
here: ( a ) Lesion of posterior oblique ligament presenting 
as anteromedial laxity (+). ( b ) Combined lesion of poste-
rior oblique ligament and MCL presenting as anterome-
dial instability (+) and valgus laxity (+). ( c ) Combined 
lesion of posterior oblique ligament and ACL presenting 
as anteromedial laxity (++), anterior drawer in neutral 
rotation (+), and valgus laxity (+). ( d ) Combined lesion 

of posterior oblique ligament, MCL and ACL presenting 
as anteromedial instability (+++), anterior drawer in neu-
tral rotation (++), and valgus laxity (++). ( e ) Combined 
lesion of posterior oblique ligament, MCL, ACL, and 
LFTLA presenting as anteromedial laxity (+++), anterior 
drawer in neutral rotation (++), anterolateral laxity (+), 
valgus instability (++), lateral pivot shift (+). Genu recur-
vatum (+)       
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  Fig. 7.5    Laxity in extension. Tight: MCL ( Lcm ), posterior oblique ligament ( Lcmp ), LFTLA, LCL, popliteal corner, 
posterior capsule, ACL, and PCL.  Po  popliteal tendon       

a b c

  Fig. 7.6    Laxity in 30° fl exion and normal rotation. Less tight than in extension: MCL, semimembranosus corner, 
LFTLA, LCL, and PCL. Loose: ACL       
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NR ER IR

a b c

  Fig. 7.7    Laxity in 30° fl exion and anterior tibial transla-
tion. ( a ) In neutral rotation ( NR ). Tight: ACL. Slightly 
tight: semimembranosus corner, LFTLA. ( b ) In external 
rotation ( AR ). Tight: MCL, semimembranosus corner, 

LCL. Loose: ACL, PCL, LFTLA. ( c ) In internal rotation 
( IR ). Tight: ACL, PCL, LFTLA. Slightly tight: semimem-
branosus corner       

NR ER IR

a b c

  Fig. 7.8    Laxity in 30° fl exion and anterior tibial transla-
tion with torn MCL. After tear of MCL, anterior tibial 
translation is ( a ) in neutral rotation ( NR ): Same as in unin-

jured knee. ( b ) In external rotation ( AR ). Increased, more 
than in NR. ( c ) In internal rotation ( IR ). Same as in unin-
jured knee – both cruciates and LFTLA are tight       
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NR ER IR

a b c

  Fig. 7.9    Laxity in 30° fl exion and anterior tibial transla-
tion with torn ACL. After tear of ACL, anterior tibial 
translation is ( a ) in neutral rotation ( NR ): Increased, more 
than in uninjured knee. ( b ) in external rotation ( AR ). 

Normal, not increased as ACL is loose in this position. ( c ) 
In internal rotation ( IR ). Normal, not increased as LFTLA 
and semimembranosus corner act as stabilizer       

a b c

  Fig. 7.10    Lateral ligamentous structures in 30° fl exion. 
( a ) In anterior tibial translation. Tight: LFTLA, part of 
arcuate ligament. ( b ) In varus stress. Tight: LFTLA, LCL, 

part of arcuate ligament, popliteal tendon. ( c ) In posterior 
tibial translation. Tight: LCL, popliteal tendon, and part of 
arcuate ligament       
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7.5.4     Posteromedial Rotatory Laxity 

 A typical fi nding of this type of rotatory laxity is 
that the medial tibia excessively rotates anteriorly 
and the lateral joint gap opens. Injured structures 
are typically (ordered by injury severity) semi-
membranosus corner, MCL, ACL partially, and 
PCL [ 11 ,  12 ]. 

   Conclusion 

 A historical review and perspective are pre-
sented about how knee rotation is accom-
plished by a complex interplay of active 
structures, such as muscles and tendons, and 
passive structures, such as ligaments and joint 
capsule. The different types of rotatory injuries 
are systematically classifi ed and highlighted.       
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8.1          Introduction 

 Modern reconstruction techniques for anterior 
cruciate ligament (ACL) injury have achieved 
good results for the majority of patients; however, 
there remains a group for whom rotational insta-
bility is still an issue [ 3 ]. Lateral extra- articular 
reconstruction procedures were described to 
address anterolateral rotational laxity. Widely 
used during the 1970s and 1980s, today, lateral 
extra-articular reinforcement has again been pro-
posed as a possible solution to failure in ACL 
reconstruction. In the past 5 years, there has been 
an improvement in the understanding of the com-
plex anatomy of the lateral capsule, leading to a 
better recognition of reasons why reconstruction 
of the ALL, in combination with an intra-articu-
lar ACL reconstruction, may improve rotational 
stability in ACL-defi cient knees.  

8.2     Knee Rotation Control: 
The Rationale for Early 
Lateral Extra-Articular 
Procedures 

 ACL injury generally produces both trans-
lational and rotational abnormalities. Early 
attempts at surgical intervention, both intra- and 
extra- articular, attempted to address only ante-
rior tibial translation [ 14 ]. In 1979, Slocum and 
Larson, recognizing the importance of rotational 
 instability in the ACL-defi cient knee, introduced 

        S.   Lustig      (*) •    D.   Washer    •    O.   Reynaud    •    P.   Neyret    
  Department of Orthopaedic ,  Albert Trillat Center, 
Lyon North University Hospital ,   Lyon ,  France   
 e-mail: sebastien.lustig@gmail.com   

    T.   Lording    
  Department of Orthopaedic ,   Melbourne Orthopaedic 
Group ,   Melbourne ,  VIC ,  Australia    

  8

mailto:sebastien.lustig@gmail.com


88

the concept of rotational laxity and described 
a “rotational stability test” [ 16 ]. Their work 
focused on anteromedial rotation associated 
with medial- sided injury, and they went on to 
develop a pes anserinus transfer to hold the tibia 
in internal rotation [ 17 ]. 

 Evidence for damage to the lateral structures 
of the knee in ACL injury was described as early 
as 1879. Prior to the invention of radiographs, 
Ségond described an avulsion fracture of the 
proximal tibia during cadaveric experiments to 
reproduce ACL injury. He hypothesized that 
this avulsion, from just posterior to the iliotibial 
tract insertion, was the insertion site of the mid-
dle third of the lateral capsular ligament [ 15 ]. 
Studies have shown the incidence of ligamen-
tous injuries associated with acute anterolateral 
rotatory instability. In 36 knees, the authors 
found only four with isolated ACL injury, 26 
with ACL and additional lateral injury (to the 
lateral capsular ligament, the iliotibial tract, or 
both), and six knees with lateral capsular liga-
ment injury alone [ 11 ]. 

 Lateral extra-articular procedures were pro-
moted as having a biomechanical advantage 
over intra-articular reconstruction in terms of 
rotational control. This was due to the longer 
lever arm of a laterally based reconstruction to 
resist torque. Ellison described the ACL as, 
“the hub of the wheel” and noted, “it is easier to 
control rotation of a wheel at its rim than at its 
hub” [ 5 ].   

8.3     Recent Advances 

8.3.1     Anatomy 

 The anatomy of the knee remains incompletely 
understood, particularly in regard to the func-
tional anatomy of the lateral side. Numerous 
authors have described a structure connecting the 
lateral femoral condyle, lateral meniscus, and lat-
eral tibial plateau [ 8 ,  18 ,  20 ]. This structure has 
been described as part of the iliotibial tract, a cap-
sular thickening, or a ligament in its own right 
and has been variously referred to as the “capsulo- 
osseous layer” of the iliotibial tract, the “mid- 
third lateral capsular ligament,” the “lateral 
capsular ligament” [ 1 ], and most recently the 
“anterolateral ligament” [ 20 ]. 

 Vincent and colleagues identifi ed a structure, 
which they termed the anterolateral ligament, in 
30 consecutive total knee arthroplasties, as well 
as 10 cadaver knees [ 21 ]. At cadaveric dissection, 
the structure was found to arise from just anterior 
to the popliteus tendon insertion in nine knees or 
from the popliteus tendon itself in one. It was 
closely associated with the lateral meniscus at the 
junction of its anterior and middle thirds. Its 
insertion was onto the anterolateral proximal 
tibia, 5 mm from the articular cartilage and 
always posterior to the most posterior border of 
Gerdy’s tubercle. Histological analysis demon-
strated a distinct fi brous structure, with some 
fi bers inserting onto the meniscus. Recent pub-
lished work by Claes and colleagues has identi-
fi ed this structure in 40 of 41 cadaveric knees [ 2 ]. 
They found the structure to originate posterior 
and proximal to the popliteus tendon insertion, 
on the lateral femoral epicondyle, and noted no 
connections between this structure and the ilio-
tibial band. 

 Terry suggested that injury to the capsulo- 
osseous layer of the iliotibial band may be 
responsible for the variety of clinical fi ndings in 
the ACL-injured knee [ 19 ], and failure to address 
associated injuries is a recognized cause of failed 
ACL reconstruction [ 22 ]. Future research should 
help to standardize nomenclature and clarify the 
biomechanics of this ligament. Should this 
confi rm a role in the restraint of rotatory laxity, 

 Fact Box 1 

     1.    Evidence for damage to the lateral 
structures of the knee in ACL injury was 
described as early as 1879.   

   2.    Lateral extra-articular procedures were 
promoted as having a biomechanical 
advantage over intra-articular recon-
struction in terms of rotational control.   

   3.    This is due to the longer lever arm of a 
laterally based reconstruction to resist 
torque.     
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lateral extra-articular techniques may be shown 
to be more anatomical than once thought and 
may be able to be modifi ed to be truly anatomical 
reconstructive procedures.  

8.3.2     Combined Procedures 

 Isolated extra-articular procedures are no longer 
recommended [ 13 ]. Their role in combined pro-
cedures with modern intra-articular techniques, 
however, is less clear. 

 Engebretsen showed that an iliotibial tenode-
sis reduced the force in an ACL graft by an aver-
age of 43 % [ 6 ]. Load sharing between an intra- and 
extra-articular reconstruction has been demon-
strated, and it has been suggested that the extra- 
articular procedure may have a role in protecting 
the intra-articular reconstruction during the heal-
ing phase [ 4 ]. While these studies did not use 
anatomical intra-articular reconstructions, they 
suggest a role for extra-articular procedures in 
combined operations in some cases. 

 Monaco and colleagues compared ten ana-
tomical single-bundle reconstructions with lat-
eral extra-articular reinforcement with ten 
double-bundle ACL reconstructions using a navi-
gation system [ 9 ]. They found no difference in 
anteroposterior translation between the two 
groups but a signifi cant reduction in internal rota-
tion at 30° of knee fl exion in the extra-articular 
reinforcement group. 

 Early lateral procedures tended to use iliotib-
ial band as graft material. The strength of this 
material depends on the width harvested; how-
ever, it is generally weaker than hamstring ten-
dons and able to withstand signifi cantly lower 
maximum stresses [ 12 ]. More recently, tech-
niques have been described using hamstring ten-
don for lateral reinforcement. 

 Marcacci has described a technique of intra- 
and extra-articular reconstruction using ham-
string tendons [ 7 ]. The gracilis and semitendinosus 
tendons are stripped, but their tibial insertions 
maintained. The sutured graft is then passed 
through a tibial tunnel and over the top of the lat-
eral femoral condyle. A groove is formed in the 
lateral femur for stability and bone healing, and 

the tendons fi xed with two bone staples. The 
remaining graft is passed deep to the iliotibial 
band and secured at Gerdy’s tubercle. 

 At 11 years follow-up of 54 knees in high 
level athletes, Marcacci reported 90.7 % excel-
lent or good results using the International Knee 
Documentation Committee (IKDC) score [ 8 ]. 
Three knees (5.5 %) showed a slight pivot shift. 

 Neyret has described a technique using a 
bone-patella tendon-bone intra-articular graft 
and a gracilis tendon graft for the extra-articular 
reinforcement [ 10 ]. The gracilis is threaded 
through a drill hole in one of the bone blocks, to 
create a continuous graft. The patella tendon 
graft is passed anterograde through a femoral 
and tibial tunnel, locking the gracilis tendon in 
the femoral tunnel with the press fi t of the bony 
block. The two free limbs are then passed deep 
to the LCL and through either end of a bony tun-
nel through Gerdy’s tubercle and sutured to one 
another.    

8.4     Current Technique in Albert 
Trillat Center (Lyon) 

8.4.1     Surgical Indications 

 We have several indications for adding an extra- 
articular tenodesis to an intra-articular ACL 
reconstruction. In general, our philosophy is 
to perform the procedure in cases where the 

 Fact Box 2 

     1.    The role of extra-articular procedures in 
combined procedures with modern intra-
articular techniques is still unclear.   

   2.    Advances in understanding the complex 
lateral anatomy and biomechanics of 
the knee are crucial for the development 
of more anatomical procedures.   

   3.    Some authors report excellent or good 
results at midterm follow-up after com-
bined intra- and extra-articular ACL 
reconstruction.     
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expected failure rate is increased. Our primary 
indication for an extra-articular tenodesis is a 
3+ pivot shift on physical examination. In these 
patients, an intra-articular graft alone may not 
completely control excessive anterior tibial 
translation and internal rotation in the lateral 
compartment. These are generally patients with 
chronic ACL defi ciency. It is unusual for us to 
perform an extra-articular reconstruction in the 
acute setting. Similarly, patients with general-
ized hyper laxity are treated with the combined 
procedure. We also consider extra-articular 
augmentation in patients who plan to return to 
collision sports. The additional constraint may 
help protect these knees from the high loads 
seen in these sports and may decrease the re-
rupture rate. We also consider an extra-articular 
tenodesis in patients less than 20 years of age. 
It has been shown that these patients are at an 
increased risk of re-rupture of an isolated intra-
articular graft. Finally, we perform this proce-
dure in cases of revision ACL surgery. Objective 
laxity is greater in patients with failed ACL 
reconstructions, especially those that have 
undergone concomitant medial meniscectomies 
(because of the role of the posterior horn of the 
medial meniscus in anteroposterior laxity, 
especially in ACL-defi cient knees), and the 
addition of an extra-articular tenodesis has 
improved the results of revision ACL surgery in 
some studies.   

8.4.2     Surgical Contraindications 

 The addition of an extra-articular reconstruction 
is contraindicated in ACL-defi cient patients that 
have an associated posterolateral corner injury. In 
this situation, the lateral augmentation may fi x 
the tibia in a posterolaterally subluxed position. 
We also do not perform an extra-articular recon-
struction in skeletally immature patients because 
of the risk of injury to the femoral physis. Older 
studies have shown increased risk of lateral tibio-
femoral degeneration after an isolated extra- 
articular reconstruction. This may have been a 
result of overtensioning of the graft leading to 
overconstraint of the lateral compartment or may 
have been related to the 4–6 weeks of postopera-
tive immobilization that was standard at that 
time. We have not seen lateral tibiofemoral arthri-
tis in our extra-articular patients where the lateral 
meniscus was intact.  

8.4.3     Preoperative Planning 

 Physical examination remains the most important 
factor in deciding when to add an extra-articular 
procedure to an intra-articular ACL reconstruc-
tion. The examiner must be skilled in performing 
both the Lachman test to assess anterior translation 
and the pivot shift test to assess rotatory laxity. 
KT-1000 measurements and anterior tibial stress 
radiographs can help quantify global anterior lax-
ity, but a measurement of the translation of the 
individual tibiofemoral compartments would be 
more useful to identify patients who would benefi t 
from an extra-articular procedure. Several research 
techniques, including  computer- assisted measure-
ments, are being developed to quantitate the rota-
tory laxity of the knee, but these are not yet widely 
available. Radiographs should be obtained in all 
patients with suspected knee injuries. The pres-
ence of a Segond fracture confi rms that there has 
been injury to the ALL. In our experience, MRI 
does not help the surgeon in the decision of when 
to add an extra-articular procedure. In cases of 
revision ACL surgery, old operative reports should 

 Fact Box 3 

 Indications for adding extra-articular teno-
desis to intra-articular ACL reconstruction:

•    3+ pivot shift  
•   Generalized hyper laxity  
•   Plan to return to collision sports  
•   Age less than 20 years  
•   Revision ACL surgery (especially for 

patients that have undergone concomi-
tant medial meniscectomies)    
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be obtained to know what grafts will be available 
and what instrumentation might be required to 
remove previously placed hardware.  

8.4.4     Surgical Technique 

 Two different surgical approaches can be uti-
lized. One option is to use an extended anterior 
incision that will allow access to both the patellar 
tendon and the iliotibial band. Alternatively, two 
incisions can be used: an anteromedial one for 
harvesting the patellar tendon and a lateral inci-
sion for the extra-articular procedure. 
Subcutaneous skin fl aps are raised and a central 
10 mm strip of patellar tendon is harvested. The 
patellar bone block is 9 × 25 mm to allow for 
easy graft passage, while the 25 mm long tibial 
bone block is harvested as a trapezoid being 
10 mm wide at the tendon insertion and fanning 
out to 12 mm distally. A passing stitch of #2 rein-
forced nonabsorbable suture is placed through a 
small drill hole in each bone block. The patella 
tendon graft is then placed in a moist saline 
sponge until ready for passage. 

 Next, the lateral skin fl ap is dissected subcuta-
neously to expose the iliotibial band and Gerdy’s 
tubercle. A distally based strip of iliotibial band 
10 mm wide and 70–100 mm long is harvested 
using a scalpel and scissors (Fig.  8.1 ) . A whip 
stitch of #2 suture is placed in the proximal end 
of the graft. Next, the surgeon should identify the 
fi bular collateral ligament and its attachment on 
the femur. Dissection is carried out so that a 
clamp can be passed underneath the ligament. 

 An arthroscopic evaluation of the knee joint is 
then undertaken and any associated intra- articular 
pathology is addressed. The ACL remnant is 
debrided. A femoral tunnel guide pin is drilled with 
an outside-in guide starting just 5 mm posterior and 
proximal to the FCL femoral insertion (Fig.  8.2 ) 
and exiting inside the knee joint at the center of the 
ACL femoral attachment. The guide pin is then 
reamed up to a 10 mm diameter tunnel. Finally, a 
9 mm tibial tunnel is created in the center of the 
ACL tibial footprint using standard technique.  

 A passing suture is then placed through both 
tunnels and a second passing stitch placed 
through the femoral tunnel and exiting out the 
anteromedial portal. With the patellar bone block 
leading, the graft is then passed proximal to distal 
until the tibial bone block is just about to enter 
the femoral tunnel. The strip of iliotibial band is 
then passed underneath the FCL (Fig.  8.3 ) and 
then pulled into the femoral tunnel (Fig.  8.4 ). 
With the leg held in 30° of fl exion and neutral 

  Fig. 8.1    A distally based strip of iliotibial band 10 mm 
wide and 70–100 mm long is harvested using a scalpel 
and scissors       

  Fig. 8.2    A femoral tunnel guide pin is drilled with an 
outside-in guide starting just 5 mm posterior and proximal 
to the FCL femoral insertion       

 

 

8 Knee Rotation: The Lyon School



92

rotation, tension is applied through the iliotibial 
band sutures. The tibial bone plug is then press fi t 
into the femoral tunnel with the aid of a bone 
tamp. This provides secure fi xation for both the 
patellar tendon graft and the extra-articular 
reconstruction. The leg is then brought out into 
full extension, and the patellar bone plug is ten-
sioned and secured with a 9 mm tibial interfer-
ence screw. The split in the iliotibial band is 
closed with #1 absorbable suture, and if neces-
sary, a limited lateral retinacular release is per-
formed to avoid increased pressure on the lateral 
facet of the patella.    

8.4.5     Postoperative Management 

 Patients who have undergone the combined intra- 
and extra-articular ACL reconstruction undergo 
the same rehabilitation protocol at isolated intra- 
articular ACL reconstruction patients. The knee 

is immobilized in a hinged brace at 0° for the fi rst 
2 weeks while the patient is at rest. The patient is 
allowed range of motion as tolerated. Weight 
bearing is progressed as pain, swelling, and quad-
riceps strength allows. Full range of motion is 
expected by 6 weeks. After the fi rst 6 weeks, no 
brace is required. Closed-chain exercises are 
emphasized the fi rst 3 months. In patients with 
isolated ACL reconstructions, assuming normal 
motion, no effusion and suffi cient strength, run-
ning, and sports-specifi c conditioning is allowed 
at 3 months. In patients with no severe laxity, 
return to play can be allowed at 6 months because 
the extra-articular augmentation protects the 
ACL graft during pivoting activities.  

8.4.6     Complications to Avoid 

 All complications that can occur with an iso-
lated intra-articular ACL reconstruction can 

  Fig. 8.3    The strip of iliotibial band is passed underneath the FCL       
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happen with this combined procedure. These 
include infection, stiffness, errors in tunnel 
placement, and residual laxity. The extra-articu-
lar ACL reconstruction described above should 
not be performed as an isolated procedure as it 
will not adequately control anterior tibial trans-
lation nor completely restore normal knee kine-
matics in young, active patients. Care must be 
taken to avoid over-constraining rotational lax-
ity. We believe that appropriately tensioning the 
graft and maintaining the knee in neutral rota-
tion during fi xation can avoid this complication. 
Graft placement is also critical. The starting 
point for the outside-in femoral tunnel is 
extremely important to reproduce the femoral 
attachment point of the ALL. The surgeon must 
also insure that the tibial bone block achieves 
excellent fi xation in the femoral tunnel while 
being fully seated. Appropriately trimming the 
graft and trialing with tunnel sizers prior to graft 
passage can minimize these problems. The clo-

sure of the IT band split can over-tension the 
lateral retinaculum, causing lateral patellar facet 
overload. Performing a lateral retinacular 
release can help avoid this complication. Finally, 
pain and lateral tenderness can occur if the 
extra-articular reconstruction is passed superfi -
cial to the FCL. Making sure the graft passes 
beneath the FCL will avoid this complication. 

   Conclusions 

 Lateral extra-articular reinforcement in con-
junction with intra-articular reconstruction 
may be an important option in the control of 
rotational laxity of the knee. Advances in 
understanding the complex lateral anatomy 
and biomechanics of the knee may allow the 
development of more anatomical procedures. 
Improved diagnostic techniques should help to 
identify patients most likely to benefi t. Further 
research is needed to clarify the indications for 
this procedure in high- risk and revision cases.

  Fig. 8.4    The strip of iliotibial band is then pulled into the femoral tunnel       
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   1.     Lateral extra-articular reinforcement in 
conjunction with intra-articular reconstruc-
tion may be an important option in the con-
trol of rotational laxity of the knee.    

   2.     Advances in understanding the complex 
lateral anatomy and biomechanics of the 
knee is crucial for the development of 
more anatomical procedures.    

   3.     We describe a personal technique com-
bining BTB ACL reconstruction with 
extra-articular reinforcement using ilio-
tibial band graft.    

   4.     Improved diagnostic techniques should 
help to identify patients most likely to 
benefi t.           
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9.1          Historical Perspective 

 The 1970s brought about a drastic shift in the 
clinical treatment of anterior cruciate ligament 
(ACL) injuries. Previously, the diagnosis of ACL 
insuffi ciency was diffi cult and not obvious or 
reproducible during conventional physical exam-
ination. During this period, the main technique 
used to make the clinical diagnosis of an ACL 
tear was the anterior drawer sign. The anterior 
drawer test was performed by applying an ante-
rior stress to the tibia with the knee fl exed to 90° 
and the foot placed in internal, external, and neu-
tral rotation. However, this test was often insuf-
fi cient with a high false-negative rate for isolated 
ACL injury. The anterior drawer test was often 
only “positive” when associated with signifi cant 
meniscal or capsular injury [ 2 ]. 

 When a positive anterior drawer sign was 
demonstrated, conventional treatment of this era 
was to reduce the drawer at 90° of fl exion and 
attempt to restore tension in the joint capsule [ 6 , 
 11 ,  12 ]. This required a long phase of immobili-
zation and rigorous rehabilitation. At the time, 
the ACL itself was rarely repaired or recon-
structed. Instead, the procedure would render the 
joint stable through capsular contracture or fi bro-
sis, while the ACL itself remained nonfunctional 
or absent. As a result, patient function did not 
typically return to the level of the uninjured knee 
with an intact ACL [ 2 ]. 

 In 1976, Joseph Torg authored “Clinical diag-
nosis of anterior cruciate instability in the ath-
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lete,” which was published in the American 
Journal of Sports Medicine. This landmark paper 
provided the fi rst clearly defi ned description of 
the Lachman test, a knee examination technique 
used to determine the status of the ACL in an 
attempt to improve clinical diagnosis and under-
standing of ACL instability. In many ways, the 
theories and perspectives outlined here drove the 
early phases of developing our current under-
standing of knee laxity and instability [ 14 ]. 

 It is important to put Torg’s work into histori-
cal perspective, realizing that his purported view 
on the importance of proper diagnosis of ACL 
insuffi ciency went against mainstream thought at 
the time. However, it was also clearly acknowl-
edged the “enigma” presented by the ACL. Great 
diversity of opinion surrounded ACL injury, such 
as injury mechanisms, effi cacy of diagnostic 
techniques, and treatment and management pro-
tocols. This is evident in observations published 
by Helfet [ 5 ] who stated that “occasionally, when 
operating for a torn medial cartilage, one fi nds 
that the anterior cruciate ligament has been torn 
from its insertions in the tibia… but this knee 
does not demonstrate anterior-posterior instabil-
ity preoperatively or postoperatively, and removal 
of the cartilage cures all symptoms. It is not pos-
sible to diagnose the coincidental rupture of the 
cruciate ligament before operations.” Elsewhere 
in the publication, Helfet stated that “isolated 
ruptures of the cruciate ligament are rare and of 
little clinical signifi cance.” 

 Furthermore, in 1970, Smillie [ 13 ] published on 
various issues surrounding the use of the drawer 
sign in clinical examination. He stated, “the drawer 
sign is ‘minimal’ in isolated ruptures of the anterior 
cruciate ligament,” and went on to say that “if the 
sign is ‘maximal,’” it is likely that “the medial liga-
ment has been involved,” therefore defi ning limita-
tion at the time in diagnosing isolated ACL ruptures 
on clinical examination. Smillie also recognized 
that it is diffi cult to perform the drawer sign follow-
ing acute injury because of factors such as pain, 
hemarthrosis, and muscle spasms. Finally, he stated 
that when an isolated rupture of the ACL occurred, 
“the anterior cruciate ligament alone is not the fac-
tor controlling instability, and a repair does not nec-
essarily improve function. When rupture is 

associated with a tear of the medial meniscus, treat-
ment is meniscectomy, the ruptured ligament being 
ignored.” 

 Helfet and Smillie summarized the thought pro-
cess at the time, which was a lack of understanding 
of isolated ruptures of the ACL and their clinical 
signifi cance due to limitations in diagnosing an iso-
lated ACL tear with intact menisci, capsule, and 
collateral ligaments. On the other hand, supporters 
of the Lachman test and its theories challenged this 
concept and looked further. They believed that the 
ultimate key to advancing the understanding of 
ACL injury and subsequent treatment was to 
improve clinical diagnostic techniques. 

 Supporters of the Lachman test also rejected 
the thought process of the previously mentioned 
authors, believing that the authors’ statements 
regarding the ACL were a gross oversimplifi cation 
of the problem. The supporters believed that 
ACL defi ciency posed a greater long-term 
problem than was understood at the time and 
pointed to several publications in support of 
their ideas. 

 In 1955, O’Donoghue reported on the end 
results of patients with major ligamentous knee 
injuries and their progression to medial com-
partment disease [ 12 ]. The study found that 50 
out of 69 patients (72 %) had tears of the ACL 
and based on the analysis of these cases, 
O’Donoghue concluded that ACL instability 
ultimately caused signifi cant disability. Surgical 
repair of the ligament was therefore warranted 
and recommended. 

 In addition to O’Donoghue’s study, supporting 
evidence was found in a study by Kennedy et al. [ 9 ] 
around the same time. Kennedy had recently stud-
ied 50 patients with ACL tears and concluded that 
isolated tears of the ligament do occur. He found 
that there is a high incidence of associated medial 
meniscal damage in knees with ACL tears (40 % of 
patients in his study). However, he still concluded 
that an acceptable result could be seen in a high per-
centage of patients with or without ACL repair. 

 Thirdly, Allman in 1971 [ 3 ] was quoted as 
saying that, in some individuals with ACL tears 
that are not surgically repaired, the injury begins 
a cascade of events that causes progressive dis-
ability and disruption of integral structures within 
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the knee, leading to “the beginning of the end.” 
The author goes on to describe the defi cit in 
indications for surgical versus nonsurgical cases 
that was characteristic of the time, but most 
importantly the author stressed the functional 
importance of the ACL. 

 In turn, Torg clearly believed that a deeper 
understanding of the ACL was required and 
would undoubtedly lead to improved 
management of athletes with traumatic knee 
injuries. In his paper, he begins with a description 
of the anterior drawer test, which at that time 
was the classic clinical examination used to 
diagnose ACL ruptures. He then describes the 
Lachman test, the focus of his paper, and the 
paradigm- shifting clinical test for orthopedic 
surgeons everywhere. 

 At the time of Torg’s publication, it differed 
from other reports in two ways. First, it was 
understood that the ACL was of great clinical 
signifi cance, and, second, the necessity of 
improving clinical diagnostic methods to more 
accurately and fully understand the entire spectrum 
of the injury was advocated. In pushing the 
understanding of the day, Torg was able to 
emphasize that a better diagnosis and treatment 
plan was possible by improving one of the most 
important tools available to physicians everywhere: 
the clinical examination.  

9.2     The Anterior Drawer Test 

 In 1976, classic orthopedic teaching relied on 
the anterior drawer test to make a clinical diag-
nosis of ACL defi ciency. The test was per-
formed with that patient supine and the affected 
knee at 90° of fl exion. The examiner would 
then attempt to translate the tibia anteriorly 
with respect to the femur by pulling on the pos-
terior surface of the proximal end of the tibia 
(Fig.  9.1 ). A positive anterior drawer sign 
resulted when anterior translation of the tibia 
with respect to the femur was observed. This 
test was unquestionably relied upon, despite the 
fact that its origins were “obscure.” In “Clinical 
diagnosis of anterior cruciate instability in the 
athlete,” clinical experience with 172 ACL 

 ruptures was described. Through that experi-
ence, it is concluded that the anterior drawer 
test was unreliable [ 14 ].

   Torg believed there to be three main causes 
for false-negative anterior drawer tests or sce-
narios where ACL injury was either unrecog-
nized or underappreciated (Fact Box  1 ). First, 
in the setting of acute ACL injury, there are 
typically an accompanying tense hemarthrosis 
and reactive synovitis in the joint space. These 
conditions preclude knee fl exion to 90°, thus 
making it diffi cult to perform the drawer test 
with accuracy. Second, acutely following 
injury, the body experiences protective muscle 
spasms, such that in “the well- muscled, well-
conditioned athlete” this would “generate con-
siderable force” [ 14 ]. The resultant problem 
would be extreme diffi culty in attempt to ante-
riorly translate the tibia against the opposed 
hamstring spasm. The vector analysis clearly 
demonstrates this issue. Third, the anatomy of 
the medial compartment of the knee when 
fl exed to 90° versus relatively extended pres-
ents the main barrier to effective anterior trans-
lation of the tibia when performing the drawer 
test. The convex posterior surface of the medial 
femoral condyle is more congruent with the 
more concave medial tibial plateau in fl exion. 
In addition, the presence of the posterior horn 
of the medial meniscus further prevents ante-
rior translation of the tibia due to the support-
ing effect it produces against the posterior 
aspect of the medial femoral condyle (Fig.  9.2 ).

  Fig. 9.1    The Anterior Drawer Test       
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    Based on these observations, the study by 
Torg concluded that “signifi cant ‘anterior 
drawering’ occurred only after peripheral sepa-
ration of the posterior horn of the medial menis-
cus or disruption of the medial capsular and/or 
posterior oblique ligaments” [ 14 ]. This observa-
tion that combined injury to the ACL and medial 
meniscus resulted in greater joint instability was 
novel and began to advance our understanding of 
the effects produced by combined knee ligament 
injuries.  

9.3     The Lachman Test 

 In response to the problems with the anterior 
drawer test presented above, “Clinical diagnosis of 
anterior cruciate instability in the athlete” proposed 
a new method for diagnosing ACL ruptures known 
as the Lachman test. The test received its name 
from John W. Lachman, MD, who was chairman 
and professor of Orthopaedic Surgery at Temple 
University at the time of the publication. For sev-
eral years prior to the publication of “Clinical diag-
nosis of anterior cruciate instability in the athlete,” 
Lachman had been teaching this “simple, reliable, 
and reproducible clinical test to demonstrate ante-
rior cruciate ligament instability” [ 14 ]. 

 The Lachman test is performed with the 
patient supine and “the knee held between full 
extension and 15° of fl exion.” The examiner 
would stabilize the femur with one hand and with 
the other hand apply fi rm pressure to the poste-
rior aspect of the proximal tibia, attempting to 
translate it anteriorly relative to the femur 

90° 80°
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M M
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  Fig. 9.2    Diagram displaying the relationship between 
the medial femoral condyle, medial meniscus, and the 
tibia with the knee in 90° of fl exion and viewed in a 
sagittal plane. Medial meniscus causes a “door stopper” 
effect preventing effi cient anterior translation of the tibia 
during the anterior drawer test.  MM  medial meniscus 
(Reproduced with permission from Torg et al. [ 14 ])       

  Fact Box 1: Causes of False-Negative 
Anterior Drawer Tests [ 14 ]   

 1. Acute hemarthrosis precluding knee fl exion 
to 90° 

 2. Protective muscle spasms preventing anterior 
tibial translation 

 3. Anatomical confi guration of knee in fl exion 
preventing effective anterior tibial translation 
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(Fig.  9.3 ). A positive test, correlating with an 
anterior cruciate ligament tear, was described as 
the feeling of a “proprioceptive and/or visual 
anterior translation of the tibia in relation to the 
femur with a characteristic “mushy” or “soft” end 
point.” This is in stark contrast to the “hard” end 
point characteristic of a negative Lachman test, 
indicating that the ACL is intact [ 14 ].

   Furthermore, visual assessment is a valuable 
diagnostic indicator of ACL insuffi ciency. When 
viewed from the lateral aspect of the knee, 
anterior translation occurring in the presence of a 
positive test would eliminate the normal slope of 
the infrapatellar tendon between the patella and 
its insertion on the anterior aspect of the proximal 
tibia [ 14 ]. 

 The Lachman test was developed to avert the 
previously mentioned issues that were associated 
with anterior drawer test (Fact Box  2 ). First, the 
reduced degree of fl exion allowed the knee to 
assume a comfortable position even in the 
presence of hemarthrosis or reactive synovitis 
and decreased the likelihood of guarding, which 
precludes the execution of a proper test. Second, 
the effect of hamstring spasm is virtually negated 
as the force required to translate the tibia 
anteriorly is applied in a vector perpendicular to 
the pull of the hamstring muscle complex. Third, 
with the knee in relative extension, the contact 
area is between the tibial plateau, the medial 
meniscus, and the distal weight-bearing surface 
of the femur. Because this surface is relatively 
fl at compared to the posterior femoral condyle, 

obstruction of anterior tibial translation is greatly 
reduced (Fig.  9.4 ). The Lachman test is able to 
overcome the diffi culties associated with 
performing the anterior drawer test, giving the 
clinician greater acuity for diagnosing isolated 
ACL injury [ 14 ].

9.3.1        The Grading System 

 Nearly a decade after initial publication detailing 
the Lachman exam, Torg and colleagues 
established a grading system to assess the degree 
of joint instability for ACL disruption based on 
the extent of anterior tibial translation. The 
grading system ranges from I (least severe) to 
grade IV (most extensive injury and instability). 
The degree of anterior translation corresponding 
to each level was quantifi ed using a knee 
arthrometer [ 4 ]. 

 A grade I tear is defi ned as a positive 
Lachman test with the proprioceptive detection 
of a “soft” or “mushy” end point upon anterior 
tibial translation. Further appreciation of the 
positive test could be seen when placing the 
thumb on the joint line during the examination 
and comparing the difference between the 
injured leg and the contralateral side. In Torg’s 
study, grade I tears were associated with an 
anterior displacement of between 1 and 6 mm. A 
grade II tear was determined based on detection 
of the soft end point described above as well as 
visible anterior tibial translation. A 
distinguishing characteristic of a grade II tear 
was the disappearance of the normal slope of the 
infrapatellar tendon between the patella and its 
insertion on the anterior aspect of the proximal 

  Fig. 9.3    The Lachman test       

  Fact Box 2: Benefi ts of Lachman 
Test [ 14 ]   

 1. Eliminates effect of acute hemarthrosis on 
successfully performing exam 

 2. Negates force generated by hamstring 
spasms 

 3. Produces optimal anatomical confi guration 
for anterior tibial translation 
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tibia. Grade II tears involved a  displacement 
between 3 and 9 mm. A grade III tear was seen 
when the tibia displays passive anterior 
subluxation without a need for the examiner to 
provide a force. Placing a 4 × 4 × 6 in. block 
underneath the tibia just distal to the joint 
reproduces the same degree of subluxation. 
Similar to a grade II tear, the slope of the 
infrapatellar tendon will disappear as well. 
Grade III tears were associated with tibial 
translation ranging from 6 to 16 mm. A grade IV 
injury is defi ned in patients who were able to 
actively displace the tibia anteriorly by 
contracting the quadriceps muscle while either 
sitting or standing with the knee in fl exion. The 
force produced through the muscle contraction 
alone is suffi cient to translate the tibia anteriorly. 
Grade IV tears demonstrate anterior displace-
ment ranging from 10 to 20 mm [ 4 ]. 

 This grading system was to serve as a basis to 
guide treatment and management of patients 
with varying degrees of knee instability. In a 
proposed algorithm, grade I tears could be 
treated with a conservative course of bracing and 
rehabilitation. Grade II tests were generally 
indicative of injury to a combination of 

structures, usually one or both menisci in 
addition to the ACL. In such cases, arthroscopy 
was suggested as the proper course of treatment, 
along with bracing and subsequent rehabilitation. 
In some cases, an extra- articular cruciate 
substitution procedure was performed. Grade III 
tears required ACL repair or reconstruction as 
well as meniscal repair in the young active 
patient. Finally, a grade IV tear necessitated 
ACL repair or reconstruction and possibly 
medial capsular repair or reefi ng due to the 
extreme degree of instability [ 4 ].  

9.3.2     External Verifi cation 

 Following the publication of “Clinical diagnosis 
of anterior cruciate instability in the athlete” in 
1976, multiple other authors have validated the 
Lachman test in clinical application. In 1983, 
DeHaven [ 3 ] found that the Lachman test is 
“much more reliable” than the anterior drawer 
test in diagnosing isolated anterior cruciate tears, 
being positive in 85 % of patients without 
anesthesia and nearly 100 % in patients with 
anesthesia. In the same year, Larson [ 10 ] also 

Femur Tibia
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  Fig. 9.4    When the knee is in extension, the confi gura-
tion of the joint components are changed such that the 
“door stopper” effect caused by the medial meniscus is 
relieved, allowing anterior tibial translation to occur 
unobstructed.  MM  medial meniscus (Reproduced with 

permission from Torg et al. [ 14 ]) (Figures reproduced 
with permission from: Torg JS, Conrad W, Kalen V.  Am 
J Sports Med  Volume 4, Issue 2. Pp. 84–93, ©1976 by 
SAGE Publications. Reprinted by Permission of SAGE 
Publications)       

 

E.J. Kropf et al.



101

noted that the Lachman test is “one of the most 
accurate and sensitive tests” used to diagnose 
ACL injury. Johnson [ 7 ] notes that the Lachman 
test can “greatly increase the accuracy of the 
clinical examination.” 

 In 1982 Jonsson et al. [ 8 ] reported fi ndings 
comparing the accuracy of the anterior drawer 
and Lachman tests performed on unanesthetized 
patients following acute ACL rupture. Their 
results showed that the Lachman test had a 
much higher diagnostic accuracy, with 39 out of 
45 patients having a positive Lachman test 
whereas only 15 out of 45 had a positive anterior 
drawer test. Jonsson et al. concluded that the 
Lachman test is a “valuable diagnostic tool” and 
should be regularly utilized to evaluate the 
status of the ACL. 

 More recently, Benjaminse et al. [ 1 ] in 2006 
concluded that the Lachman test has a high 
diagnostic accuracy from a meta-analysis of over 
2,000 patients. This study pooled results from 
varied publications between 1980 and 1995. The 
Lachman test has had great longevity in the 
accurate clinical diagnosis of ACL injuries 
worldwide. 

   Conclusions 

 Four decades ago, “Clinical diagnosis of ante-
rior cruciate instability in the athlete” empha-
sized the importance of complete and accurate 
clinical diagnosis, sought to improve exam 
skills, and opened the door to a greater under-
standing of combined knee injury patterns. 
This publication clearly noted differences in 
knee laxity patterns with various combined 
knee ligament injuries. The Lachman test has 
become a key component of the physical 
examination to effectively and effi ciently 
diagnose varied degrees of knee instability. 
Treatment algorithms have been developed 
and advanced throughout the subsequent 
decades based on the clinical information 
afforded by the Lachman test. 

 The “Torg School of Thought” was integral 
to the advancement of the fi eld of ACL man-
agement and surgery. The limitations of con-

ventional wisdom and physical exam testing 
were challenged. This drove forward our under-
standing of knee instability, clinical diagnostic 
testing, and the appreciation for combined knee 
ligament injuries. Torg’s contributions serve as 
a strong foundation to our current day under-
standing of knee laxity and instability. 

 The Lachman test, originally described in 
1976 by Dr. Joseph Torg, has become a key 
method to diagnose ACL insuffi ciency. The 
Lachman test still drives treatment algorithms 
today. The widespread clinical application of 
this simple and reproducible test has improved 
our ability to diagnose and quantify ACL 
injury. These works represent key advances in 
the early understanding of knee laxity and 
rotational instability.       
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10.1          Introduction 

 While anterior cruciate ligament (ACL) recon-
struction is one of the most commonly performed 
procedures in sports medicine, it has taken centu-
ries to achieve the level of understanding required 
to perform these procedures in their current fash-
ion [ 16 ,  38 ,  48 ]. In fact, the ACL has garnered 
signifi cant interest from scientists and clinicians 
since the early 1800s. Early descriptions of its 
function and subsequent case reports of injury 
began to appear in the literature in the late 
1830s [ 48 ]. However, it was not until the early 
1900s that the fi rst ACL repair was performed. At 
the time, concerns existed about the ability to 
perform a suture repair of remnant ACL fi bers, 
and various reconstruction techniques were pro-
posed by Hey Groves and O’Donoghue in subse-
quent years [ 24 ,  38 ,  45 ]. However, these early 
surgical descriptions received little attention as 
they were followed by a controversial debate 
over the role of operative versus nonoperative 
treatment of ACL injuries, with many surgeons 
concluding that operative intervention was 
unwarranted. It was not until the late 1960s that a 
renewed  interest for ACL repair was seen after 
poor outcomes were noted following nonopera-
tive treatment.          R.  M.   Degen      (*) •    T.  L.   Wickiewicz    •    R.  F.   Warren    

   A.  D.   Pearle    •    A.  S.   Ranawat      
  Sports Medicine and Shoulder Service,  
 Hospital for Special Surgery ,   535 East 70th Street , 
 New York ,  NY   10021 ,  USA   
 e-mail: degenr@hss.edu; ranawatanil@hss.edu  

  10

mailto:degenr@hss.edu
mailto:ranawatanil@hss.edu


104

10.2     ACL Repair 

 In the early 1970s, John Marshall (Fig.  10.1 ) 
began his surgical career at Hospital for Special 
Surgery (HSS) as chief of the sports medicine 
service. Based on prior interests stemming from 
his time as a veterinarian studying the ACL in 
dogs, he began similar research, closely 
studying the functional role and signifi cance of 
the ACL in humans. Through this early research, 
Marshall taught us much of what is known 
about the ACL today. His early cadaveric 
studies contributed to the identifi cation of two 
distinct bundles of the ligament, while 
subsequent sectioning studies helped determine 
its role in resisting anterior tibial translation 
and tibial rotation [ 19 ,  21 ].

   Dr. Marshall was also intrigued by the work of 
his colleagues, including John Feagin, who pub-
lished some of the earliest results following ACL 
repair, and Anders Alm, who investigated the use 
of the medial third of the patellar tendon for ACL 
reconstruction [ 1 ,  17 ]. In combination with their 
early treatment successes, Dr. Marshall also 
noted associations with further intra-articular 
injuries in patients treated conservatively, with 
poor functional outcomes, and began attempting 
primary surgical repair of these injuries [ 54 ]. 
This was a technically challenging procedure that 

involved passing multiple sutures through the 
remnant fi bers of the ACL, with the sutures then 
passed through bone tunnels in the femur and 
tibia and tied to tension the repair and approxi-
mate the torn ends (Fig.  10.2 ) [ 37 ]. The authors 
noted that this was much simpler for femoral 
peel-off injuries rather than mid-substance tears. 
Although early results reported by Marshall et al. 
identifi ed good outcomes in a series of 70 pri-
mary repairs, with high rates of return to sport 
(93 %), residual laxity was identifi ed on anterior 
drawer testing in all patients [ 36 ]. Around the 
same time, MacIntosh also described good suc-
cess with suture repair of the femoral origin 
behind the lateral condyle, the so-called over-the- 
top repair [ 35 ]. Unfortunately, further follow-up 
studies of both Marshall and MacIntosh’s series 
of patients revealed relatively poor and unpre-
dictable outcomes following primary suture 
repair in isolation, with high rates of residual lax-
ity and reinjury [ 28 ]. Consequently, it was felt 
that repair alone was insuffi cient and further 
research into alternative reconstruction strategies 
began.

   Marshall went on to describe a modifi cation 
of the “over-the-top” procedure, whereby a 
central strip of the iliotibial band was harvested 
and left attached to Gerdy’s tubercle distally, 
with the proximal end of the IT band passed 

  Fig. 10.1    Dr. John 
Marshall ( left ) and 
Dr. Russell Warren 
( right )       
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behind the lateral femoral condyle through the 
joint, exiting anteriorly through a drill hole in the 
tibia [ 37 ]. This resulted in an extra-articular-
based augmentation of their repair, which 
quickly became common practice at the time. 
While this augmentation was initially performed 
in the minority of patients undergoing primary 
repair in the initial surgical series (<10 %), high 
rates of recurrent instability or failure lead to 
increased use of augmentation as isolated repair 
was felt to be insuffi cient [ 18 ]. Similarly 
encouraged by the potential for achieving some 
degree of healing of the native ACL, Warren and 
Wickiewicz continued a series of primary suture 
repair cases that were augmented with a 
semitendinosus tendon reconstruction, much 
like the IT band augmentation, fi xed in the over-
the-top position [ 49 ]. This also involved a period 
of 6 weeks postoperative cast immobilization. 
Both of these augmented repairs produced 
improved results compared with repair in 
isolation. Additionally, the added benefi t of the 
actual repair of the native ACL remnant was felt 
to add little compared to the IT band or 
semitendinosus augmentation. Consequently, 
primary repair was largely abandoned in favor of 
reconstructive techniques.  

10.3     Extra-articular Procedures 

 Around the same time as the transition to 
augmented repair, concern existed that perhaps 
rotatory instability, attributable to capsular injury, 
may be a more signifi cant contributing factor to 
residual knee instability. Helfet remarked that, 
while the cruciate ligaments may act as checkreins 
to anterior-posterior translation, it is possible that 
they may simply act as “guide ropes” that 
ultimately rely on capsular structures to limit 
translation [ 23 ]. If true, this would allow 
restoration of stability with extra-articular 
 reconstruction or tenodesis alone. As such, 
several other extra-articular procedures were 
described around that time to restrict rotation and 
restore knee laxity. Nicholas described the “Five-
One” procedure in 1972, which involved a pes 
anserinus transfer, medial meniscectomy, 
posteromedial capsular reefi ng, posterior MCL 
advancement, and vastus medialis advancement 
[ 41 ]. In addition, this procedure was followed by 
a period of casting for 6 weeks. While certainly 
limiting rotation, this procedure failed to address 
the increased anterior tibial translation and also 
resulted in signifi cant motion loss and was 
eventually abandoned. Similarly, both Lemaire 

  Fig. 10.2    ACL suture 
repair with sutures 
passed through remnant 
fi bers ( a ) and 
subsequently passed 
through bone tunnels 
and tied to 
re-approximate the torn 
ends ( b ) (Reprinted with 
permission from Kaplan 
et al. [ 28 ])       
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and MacIntosh described lateral extra-articular 
tenodeses, using a strip of fascia lata laterally to 
limit tibial translation or subluxation attributed to 
anterolateral rotation [ 8 ,  27 ,  31 ]. While these 
extra-articular tenodeses were successful in the 
describing surgeons’ hands, both Kennedy and 
subsequently Warren and Marshall reported 
inferior results when relying solely on these 
procedures, recommending reconstruction of the 
ACL itself [ 29 ,  55 ]. Moving forward, these extra-
articular procedures were instead recommended 
as augments to intra- articular reconstruction in 
patients where instability could be attributed to 
more complex rotatory instability [ 48 ]. 

 Thereafter, MacIntosh described an extra- 
articular- based reconstruction using a continuous 
strip of the extensor mechanism, including quad-
riceps tendon, prepatellar fascia, and patellar ten-
don [ 38 ]. Similar to the modifi ed “over-the-top” 
procedure, the tibial insertion of the patellar ten-
don was left intact and the graft passed retrograde 
through the joint, exiting posterior to the lateral 
femoral condyle where it was sutured to a perios-
teal window or stapled to the distal femur for 
fi xation. Marshall suggested a modifi cation for 
this quadriceps tendon substitution (QTS) graft, 
as the region or prepatellar fascia was frequently 
quite thin [ 37 ]. They suggested incorporating a 
folded-down strip of quadriceps tendon or syn-
thetic material to augment this region, with the 
resultant procedure commonly referred to as the 
“Marshall MacIntosh” procedure, popularized in 
the late 1970s [ 14 ,  38 ,  48 ]. 

 Kornblatt et al. reviewed the experience fol-
lowing the “Marshall MacIntosh” procedure, or 
quadriceps tendon substitution procedure, at 
HSS [ 30 ]. They noted that 20 % of patients were 
classifi ed as failures at an average of 4 years of 
follow- up, with 40 % of patients demonstrating 
some form of a residual positive pivot shift test. 
In a similar study, the authors investigated the 
addition of a lateral sling procedure in conjunc-
tion with reconstruction using this quadriceps 
tendon substitution graft. They reported that 
clinical failure rates dropped to 4 %, with a 
residual pivot shift detectable in only 11.5 % of 
patients, leading them to recommend the routine 
use of a lateral sling procedure when this type of 

ACL reconstruction was performed [ 30 ]. 
However, the results of this fi rst study led to a 
change in clinical practice, with adoption of 
intra-articular reconstructions in subsequent 
years.   

10.4     Intra-articular 
Reconstruction 

 While fi rst described in Germany [ 1 ], and subse-
quently in North America [ 15 ], the central third 
bone-patellar tendon-bone autograft was adopted 
as the primary graft choice at HSS after review of 
the Marshall MacIntosh outcomes. This decision 
was based on previous literature that had demon-
strated excellent tensile stress of this graft [ 13 ,  42 ] 
and positive early clinical results [ 15 ]. Following 
adoption of this graft for primary ACL reconstruc-
tion, an ensuing review of clinical outcomes dem-
onstrated improved failure rates of only 5 %, with 
residual pivot shift tests noted in 16 % of patients, 
both of which were signifi cant improvements 
when compared with the outcomes following the 
Marshall MacIntosh procedure [ 43 ]. An additional 
follow-up study reviewed the role of the lateral 
sling procedure in patients who had undergone 
ACL reconstruction with bone-patellar tendon-
bone autograft. They found that there was no con-
ferred benefi t by adding this procedure, with the 
added risk of approximately 40 % of patients expe-
riencing lateral-sided knee pain postoperatively 
[ 44 ]. Consequently, the authors recommended 
reconstruction with  autogenous patellar tendon-
bone autograft without a lateral sling tenodesis 
unless clinically indicated. These clinical results 

 Fact Box 1: ACL repair 

     (a)    Primary ACL repair using primitive 
suturing techniques resulted in high 
failure rates with residual laxity.   

   (b)    Augmentation with IT band tenodesis 
did improve clinical success rates.   

   (c)    The role of ACL repair with all- 
arthroscopic, modern-day repair tech-
niques remains to be determined.     
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lead to the popularization and widespread use of 
this graft as a primary choice for many surgeons 
across the United States.  

10.5     Arthroscopic or 
Arthroscopically Assisted 
Reconstruction 

 Technologic advances allowed for the develop-
ment of arthroscopic equipment in the early 
1980s. This was roughly around the time that 
intra-articular reconstructions were accepted as 
the primary method of treatment for ACL rup-
tures. As arthroscopic equipment became readily 
available and surgeon’s experience with this 
technology improved, efforts were made to 
 incorporate this technology to improve surgical 
accuracy of tunnel placement during ACL recon-
struction while also reducing the degree of inva-
siveness of the procedure. The arthroscope was 
fi rst used as part of a two-incision technique to 
reconstruct the ACL in 1985. It was used to visu-
alize the tibial tunnel as it was being drilled, 
while the femoral tunnel was created in an out-
side- in fashion with a rear-entry guide ensuring a 
high, posterior femoral tunnel [ 14 ]. 

 Results of the fi rst cases of arthroscopically 
assisted reconstructions combined with early 
range of motion performed at HSS revealed 
excellent outcomes with 93 % of knees having 
less than 4 mm of translation and 84 % having 
less than 3 mm of translation on arthrometric 
measurements using the KT-1000 [ 12 ]. Good to 
excellent outcome scores were achieved in 87 % 
of patients utilizing the HSS rating system. 
More importantly, the rates of postoperative 
patellofemoral pain and the need for 
manipulation for postoperative stiffness were 
reduced by 42 % and 33 %, respectively, when 
compared with open reconstructions with 
postoperative immobilization performed at the 
same hospital. The researchers concluded that 
arthroscopically assisted reconstructions were 
benefi cial as they conferred a similar stabilizing 
effect to open reconstruction, with a reduction 
in postoperative stiffness with the morbidity of 
the arthrotomy obviated, as well as improved 

visualization of the anatomic placement of the 
bone tunnels. 

 With time, all-arthroscopic reconstructions 
became the standard of care in subsequent 
years as training improved and technologic 
advances made it feasible. This was fi rst made 
feasible by rear-entry femoral drill guides that 
allowed outside- in drilling of the femoral tun-
nel under arthroscopic visualization in the mid- 
to late 1980s. In the early 1990s, the transition 
was made to a single-incision transtibial recon-
struction [ 25 ]. By the mid- to late 1990s, a 
single- incision, arthroscopic ACL reconstruc-
tion was considered the standard of care. This 
was subsequently improved with the invention 
of arthroscopic drills and offset guides allow-
ing for inside-out drilling in a more anatomic 
position [ 14 ].  

10.6     Hamstring Reconstruction 

 While excellent results have been demonstrated 
following arthroscopic ACL reconstruction with 
patellar tendon autograft, the procedure is not 
without risks. Patellofemoral pain, patellar frac-
tures, and patella baja are all potential compli-
cations that have resulted in ongoing study into 
alternative graft sources to reduce associated 
complications. Lipscomb is credited with the 
fi rst report of using both the semitendinosus and 
gracilis hamstring tendons for reconstruction of 
the ACL [ 34 ]. While cyclic loading studies 
demonstrated equivalent mechanical properties 
to patellar tendon autograft, limited clinical data 
was available when this graft was fi rst adopted. 
At HSS, Williams et al. reported on the 2-year 
outcomes of patients who underwent ACL 
reconstruction using quadrupled hamstring 
autograft [ 56 ]. They identifi ed a reduction in 
tibial translation on the Lachman and pivot shift 
tests in 89 % of patients, with a 7 % re-rupture 
rate. Factoring in clinical outcome scores, a 
total of 11 % of patients were considered fail-
ures. Objective arthrometric data revealed 
higher rates of increased translation compared 
with patients reconstructed with patellar tendon 
autograft; however, these measures did not 
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correlate with subjective outcome scores. While 
successful outcomes were achieved using ham-
string autograft, they were slightly inferior to 
those with patellar tendon autograft with mini-
mally higher rates of re-rupture. This may relate 
to poor fi xation devices for hamstring autografts 
at the time, nonspecifi c rehabilitation protocols 
extrapolated to hamstring reconstruction, or 
may relate to the nonanatomic positioning of 
reconstruction grafts. A retrospective analysis 
of the effect of graft choice on postoperative 
infection rates was also performed at our institu-
tion. Interestingly, hamstring autografts were 
associated with higher rates of postoperative 
infection (1.4 %) compared with patellar tendon 
autograft (0.49 %) and allograft reconstructions 
(0.44 %), although the exact reasons for this are 
unclear [ 3 ].   

10.7     Secondary Stabilizers 

 In addition to the importance of anatomic ACL 
reconstruction to restoring knee stability, there 
are several secondary stabilizers that also restrict 
translation that must be considered at the time of 
surgical reconstruction. Injuries to these struc-
tures, or variations in local anatomy, can poten-
tially expose the reconstruction to undue stress 
that may result in early failure [ 4 ,  43 ]. 

 Previous cadaveric studies performed at HSS 
have demonstrated the importance of meniscal 
preservation. Sectioning of the medial meniscus 
in an ACL-defi cient knee resulted in a further sig-
nifi cant increase in anterior tibial translation 
compared with isolated ACL transection [ 33 ]. 
Consequently, it was theorized that meniscal 
preservation can be protective of the reconstruc-
tion and prevent excessive translation [ 33 ]. The 
lateral meniscus did not appear to have the same 
effect on anterior tibial translation when sec-
tioned in an ACL-defi cient knee [ 32 ]. However, a 
more recent follow-up study in our lab performed 
with the assistance of computer navigation to 
track translation identifi ed that the lateral menis-
cus does play an important role in resisting lateral 
compartment translation in response to combined 
translation and rotatory forces [ 39 ]. Additional 
work in a cadaveric model following single- 
bundle ACL reconstruction has demonstrated that 
both medial and lateral meniscectomies alone, or 
in combination, can limit the ability of the ACL 
reconstruction to resist the pivot shift [ 47 ]. 

 The collateral ligaments have also been shown 
to play an integral role in resisting both transla-
tion and rotational moments about the knee. 
Sectioning studies of both the medial collateral 
ligament and lateral collateral ligament (as part 
of the posterolateral ligament complex) in con-
junction with ACL transection lead to signifi -
cantly greater anterior tibial translation [ 51 ,  52 ]. 
Recognizing these injuries and either performing 
delayed reconstruction to allow collateral liga-
ment healing or combined repair or reconstruc-
tion of these ligaments will reduce loads placed 
on the ACL reconstruction. 

 In conjunction with the recognized effect of 
LCL and posterolateral corner injuries, the ilio-
tibial (IT) band has been shown to contribute to 
tibial translation and rotation. This was initially 
demonstrated by Bach et al., where they demon-
strated that hip abduction, which reduces the ten-
sion in the IT band, resulted in a greater degree of 
pivot shift in ACL-defi cient knees [ 2 ]. More 
recently, a cadaveric study with sequential release 
of the IT band following ACL transection resulted 
in signifi cantly greater anterior tibial translation 
in both the medial and lateral compartments and 

 Fact Box 2: ACL reconstruction 

     (a)    Central third patellar tendon autograft 
provided improved stability and lower 
failure rates compared with extra-
articular-based reconstructions.   

   (b)    Early results with patellar tendon auto-
graft suggest lateral IT band tenodesis 
may be unnecessary.   

   (c)    Tunnel placement is key to restore 
ACL isometry and prevent early fail-
ures or residual instability.   

   (d)    Caution should be employed with trans-
tibial femoral tunnels as they contribute to 
vertical, nonanatomic reconstructions 
with poor rotational control.     
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a correspondingly higher grade of pivot shift test 
[ 50 ]. Combined with injury to the anterolateral 
capsule, these results may provide support for 
anterolateral ligament reconstruction. 

 Finally, variations in bony morphology can 
also contribute to both anterior tibial translation 
and the magnitude of the pivot shift. Increased 
slope changes the resting position of the tibia, 
shifting this anteriorly, although cadaveric testing 
did not identify an associated increase in the 
magnitude of anterior tibial translation [ 53 ]. 
However, increased tibial slope was shown to 
increase anterior translation during a simulated 
pivot shift examination, although the exact mech-
anism is unclear [ 53 ]. A follow-up study to quan-
tify the magnitude of this effect demonstrated 
poor correlation between slope and kinematic 
testing [ 20 ]. However, this follow-up study did 
identify that increased lateral femoral condyle 
width and length are associated with increased 
translation and pivot shift grade following ACL 
injury. These patients are considered “lateral 
compartment dominant” and should be consid-
ered as high risk for clinical instability following 
ACL injury and potentially even following recon-
struction. These patients may potentially repre-
sent a population that would benefi t from additive 
extra-articular tenodesis.   

10.8     ACL Isometry 

 As arthroscopic equipment and skill improved in 
the mid- to late 1990s, the use of a posterior inci-
sion became superfl uous, and reconstructions 
were largely completed with all-inside tech-
niques. However, failure rates were higher than 

anticipated, with as few as 40 % of patients report-
ing that their reconstructed knee felt “normal” 
[ 9 ]. Subsequently, increased attention has been 
placed on the accuracy of surgical reconstruction. 
As our knowledge has improved in terms of the 
complexity of the anatomical origin and insertion 
of the ACL, as well as the function of its two indi-
vidual bundles, there has been improved recogni-
tion that single-bundle transtibial reconstructions 
often place the graft in a vertical, nonanatomic 
position [ 10 ,  22 ]. A comparative study performed 
at our institution investigated the effect of drilling 
technique on both tunnel placement and accuracy. 
While both the transtibial and anteromedial (AM) 
portal drilling techniques were capable of accu-
rately restoring femoral footprint anatomy, this 
came at the expense of tibial footprint restoration 
for the transtibial group [ 10 ]. Tibial tunnel place-
ment was signifi cantly more posterior in the 
transtibial group in order to gain access to the 
femoral footprint for drilling of the femoral tun-
nel, thereby leaving the graft much more vertical 
compared with the AM portal group. This has 
been shown to reduce the ability to resist rota-
tional forces, often associated with a residual 
pivot shift after reconstruction. 

 Follow-up studies have identifi ed similar fi nd-
ings. One study utilized computer navigation soft-
ware (Fig.  10.3 ) to track postoperative motion 
following both a conventional, transtibial single- 
bundle reconstruction and a horizontal single- 
bundle reconstruction, more consistent with an 
AM portal reconstruction technique [ 11 ]. This 
study identifi ed an improved ability to resist both 
translational and rotational forces with a horizon-
tal graft, suggesting that AM portal techniques 
aimed at more anatomic reconstruction may con-
fer improved joint stability in single-bundle recon-
struction. Similar fi ndings were noted in a 
cadaveric study comparing tibial translation fol-
lowing ACL reconstruction with a fi xed femoral 
tunnel and three different tibial tunnels. The more 
anterior tibial tunnel reconstructions better resisted 
translation and rotation [ 5 ]. The only caveat to this 
point is that increasingly anterior tibial tunnels 
must be observed for the risk of potential graft 
impingement in extension and increased risk of re-
rupture. Finally, an additional study assessed the 

 Fact Box 3: Secondary stabilizers 

     (a)    Menisci and collateral ligaments are 
important secondary stabilizers.   

   (b)    Meniscal preservation and collateral 
ligament repair should be considered 
to protect ACL reconstruction.   

   (c)    Increased tibial slope may also contribute 
to instability and reconstruction failure.     
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effect of both tunnel position and graft size on 
time-zero knee kinematics [ 5 ]. This study identi-
fi ed that  restoration of native footprint anatomy 
with the reconstruction was most important and 
that a larger graft could not overcome the deleteri-
ous effect of a malpositioned tunnel during single-
bundle ACL reconstruction [ 6 ].

   Surgical navigation software has also been uti-
lized to assess the isometry of different ACL 
reconstructions, simulating reconstruction of the 
anteromedial (AM) bundle and the posterolateral 
(PL) bundle, a central reconstruction, and the con-
ventional transtibial reconstruction (PL tibia to 
AM femur). In this study, Pearle et al. identifi ed 
that all reconstructions are anisometric; however, a 
reconstruction that replicates the AM bundle posi-
tion demonstrates the most favorable isometric 
profi le. While achieving an AM tunnel position on 
both the tibia and femur is often challenging via 
transtibial drilling, these data suggest that  mirroring 
the orientation of the AM bundle may be advanta-
geous in a single- bundle reconstruction [ 46 ].

10.9       Double-Bundle 
Reconstruction 

 Improved restoration of native ligament orienta-
tion, with either an AM bundle reconstruction or 
central single-bundle reconstruction, has been 

shown to provide improved time-zero knee kine-
matics and laxity [ 6 ]. With the recognized differ-
ences in the behavior of the different bundles, 
double-bundle reconstruction has been theorized 
to offer the advantage of a more dynamic recon-
struction, with improved ability to resist both rota-
tional and translational loads in all positions of 
knee fl exion. Unfortunately, most clinical compar-
isons have been made between this technique and 
the conventional transtibial, nonanatomic recon-
struction. A study in the HSS biomechanics labo-
ratorium was subsequently performed utilizing a 
matched-pair cadaveric model to compare the 
effect of a double-bundle reconstruction with an 
anatomical, AM portal single-bundle reconstruc-
tion on translation and pivot shift kinematics [ 7 ]. 
Both the double- bundle and center-center single-
bundle reconstructions adequately reduced ante-
rior translation with Lachman testing [ 7 ]. However, 
the double- bundle reconstruction was signifi cantly 
better at reducing the time-zero pivot shift by 
reducing the anterior translation of the lateral tibial 
plateau more than the single-bundle reconstruc-
tion. This difference was magnifi ed in the presence 
of concomitant meniscal pathology, leading 
authors to conclude that double-bundle reconstruc-
tion may be indicated in patients with “at-risk” 
knees, with either concomitant meniscal pathology 
or a high- grade pivot shift preoperatively [ 7 ]. 
However, these results should be interpreted with 

  Fig. 10.3    Computer 
navigation tracking 
devices used to assess 
in vitro translational 
kinematics following 
surgical reconstruction       
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caution, as there is limited clinical data to support 
the use of double-bundle reconstructions. The only 
randomized study comparing single- and double- 
bundle reconstruction was unable to detect clini-
cally signifi cant differences in outcome measures 
or translation testing postoperatively [ 26 ]. 
Additionally, similar studies in the HSS 
 biomechanics laboratorium have suggested the 
 possibility that double-bundle reconstructions may 
over-constrain the kinematics of the knee com-
pared with single-bundle reconstructions [ 40 ].  

10.10     Future Directions 

 Interestingly, we have come full circle, with much 
of the current research focusing on renewed meth-
ods of performing historic procedures. This 
includes a renewed interest in studying the poten-
tial role and outcomes with ACL repair using 
modern surgical techniques, as well as further 
study of anterolateral ligament reconstruction, 
mirroring the concepts of Lemaire and MacIntosh’s 
lateral extra-articular tenodeses. Additionally, fur-
ther cadaveric work with computer- assisted navi-
gation will continue to provide useful information 
regarding optimal reconstruction techniques. 
Together, the information gained from these areas 
will provide exciting information in years to come, 
which will undoubtedly continue to improve the 
surgical reconstructive techniques. 

   Conclusion 

 ACL injuries and the techniques of associated 
surgical management continue to evolve. While 
methods of repair and reconstruction have 
improved over the past few decades, the ideal 
reconstruction method remains elusive and 
continual study is required to improve on exist-
ing techniques in order to provide our patients 
with the best possible clinical outcome.      
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11.1         Introduction 

 In the evaluation of ligamentous injury, orthopedists 
estimate the amount of displacement, endpoint feel, 
and rotation when performing the Lachman and 
pivot shift examinations. These exams and the 
reported results depend on experience, training, and 
ability [ 51 ]. The subjective nature of physical exam-
ination makes the need for objective and standard-
ized clinical measures of knee laxity obvious. 

 Researchers in the late 1970s developed 
arthrometry to quantify their physical examination 
fi ndings in order to better study knee kinematics. 
Instrumented measurement of knee motion can 
assist the surgeon to diagnose and document patho-
logic laxity in the injured knee compared with the 
normal side. Postoperative measurements can 
grade knee laxity with respect to the contralateral 
and presumed normal knee. Objective quantitative 
ligament testing devices provide the opportunity to 
compare populations of patients more accurately. 

 The fi rst quarter century of knee ligament 
arthrometry was dominated by the fi rst generation 
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of devices and methods which focused on mea-
suring single-plane AP translation due to the 
technological limitations of the time. The second 
generation of arthrometry includes robotics, 
multiple- plane measurements, and smartphone 
applications and may bring about a more sophis-
ticated and nuanced understanding of knee joint 
kinematics. This chapter gives specifi c details 
and comparisons about each of these fi rst- and 
second-generation devices.  

11.2     Assessing Knee Laxity 

 There are many techniques for assessing knee 
laxity [ 71 ]:

•    Manual clinical testing/physical examination: 
This is the oldest known technique for assess-
ing knee laxity and will remain a critical com-
ponent of evaluating ligament function. There 
are no associated costs or side effects, and 
results are immediate. However, there is limited 
ability to compare results between surgeons. 
Measurements are inexact, idiosyncratic, and 
patient factors (cooperation, muscle guarding) 
can compromise results. Arthrometry devices 
provide a more objective and reliable measure-
ment of displacement in response to a specifi ed 
load. The portable devices can be used in the 
clinic and operating room. Results from differ-
ent devices cannot be generalized or compared 
with each other, and each device has shortcom-
ings. The next generation of arthrometry may 
obviate some of these defi ciencies.  

•   Intraoperative navigation: An examination 
under anesthesia eliminates issues related to 
guarding and cooperation. Data derived from 
computer navigation can be accurate and pre-
cise but require invasive techniques. An 
important fl aw is that data are garnered only 
from the limb undergoing operation.  

•   Stress radiography: This is also an excellent 
technique which provides reproducible results 
but requires additional equipment, personnel, 
radiation exposure, and associated costs.  

•   Computerized systems with mechanical load 
application: This represents at least one branch 
of the next generation of ligament arthrometry. 

These systems are not yet generally available 
for clinical use and remain in development.     

11.3     First-Generation Knee 
Ligament Arthrometry 

11.3.1     UCLA Instrumented Clinical 
Testing Apparatus 

 The fi rst arthrometer device was designed and 
tested by a researcher and mechanical engineer at 
UCLA named Keith Markolf in 1978 [ 47 ]. This 
device, and later a similar portable device [ 46 ], 
measured tibial translation in both anteroposte-
rior (AP) and varus/valgus planes and provided a 
response curve over tibial displacement. The 
response curve to displacement was an important 
feature to this device and provided the examiner 
with stiffness data (Fig.  11.1 ).

   To use this device, the reclining patient’s knee 
was fl exed to 20° and the distal femur (encom-
passing the condyles and patella) was clamped to 
a weighted base. The foot was secured in a plate 
that controls rotation, thus allowing measure-
ments in internal and external tibial rotation. 
A spring-loaded plunger was applied to the tibial 
tubercle and force is applied to the tibia via an 
instrumented load cell. Continuous force vs. dis-
placement data was garnered on a graph plotter. 
Sagittal motion was measured at 200 N of applied 
anterior force, and anterior stiffness (slope of the 
anterior loading curve) was calculated at 
100 N. The inclusion of stiffness as a measure-
ment did not yield data that was clinically useful. 

 As with all arthrometric devices, an accurate 
test requires (a) patient cooperation to relax mus-
cles and remove guarding as a confounding fac-
tor and (b) multiple preliminary trials to center 
the device at the resting state of the knee. 

 An in vitro study, in which selective support-
ing structures were released and then put through 
biomechanical testing, showed a mean transla-
tion of 6.6 mm (±2.5 mm) with a force of 100 N 
before ACL failure. Maximal anterior displace-
ment occurred in all cadaver knees at 30° of fl ex-
ion [ 48 ]. This result was duplicated and verifi ed 
14 years later by Bach et al. using the KT-1000 
arthrometer [ 5 ]. 
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 The UCLA device was able to correctly diag-
nose ACL defi ciency with up to 95 % accuracy 
and compared favorably to other arthrometers 
[ 65 ] but was not manufactured and thus not avail-
able outside of the UCLA research laboratories. 
Although it was used primarily as a research 
device at UCLA, Markolf’s design established 
several principles which many other subsequent 
arthrometers have incorporated.  

11.3.2     Genucom Knee Analysis 
System 

 The Genucom knee analysis system was devel-
oped by the FARO Medical Technologies 
Company in the early 1980s. It contained an elec-
trical goniometer and a computer which provided 
digital measurements of knee motion in 6 degrees 
of freedom. Using this device, the patient was 
placed in a seated position with the tibia secured. 
An electronic goniometer measured knee joint 
displacement in the AP plane and a dynamometer 
measured forces and moments on the knee joint 
in six planes. Numerical and graphical data was 
displayed on a digital screen. 

 Early studies validated the Genucom device with 
respect to physical examination [ 52 ] and provided 
evidence of reliability [ 33 ,  49 ]. However, other 
researchers reported issues with intra-observer con-
sistency and variability due to the application of the 

device [ 79 ]. The attempt to measure knee motion 
accurately and reliably in six planes was laudable, 
but this was an ambitious undertaking that ulti-
mately became a victim in an era of computational 
and design limitations. A series of studies which 
compared different arthrometer designs ultimately 
showed the Genucom device to have less reliability 
and clinical utility than other similar arthrometers 
[ 1 ,  59 ,  69 ,  72 ]. Clinicians have largely abandoned 
this device and it is no longer available.  

11.3.3     Stryker 

 The Stryker Knee Laxity Tester was introduced in 
the mid-1980s. This was a simple analog device 
which measures anterior and posterior displace-
ment of the tibial tubercle with respect to the patella. 
While some clinicians championed its clinical use 
[ 9 ], others reported that the Stryker device had 
issues with sensitivity and interobserver reliability 
[ 36 ]. The Stryker device is no longer manufactured 
and has long been abandoned for clinical use.  

11.3.4     Shino Knee Testing 
Apparatus [ 66 ] 

 Introduced in 1987, this apparatus was a heavy 
steel frame which contains a chair and linked mea-
surement device that captures the thigh and leg 

  Fig. 11.1    UCLA 
Instrumented clinical 
testing apparatus is the fi rst 
knee ligament arthrometer. 
This device provides a 
continuous force vs. 
displacement response 
curve. Sagittal plane tibial 
motion and the fi rmness of 
the end point both 
anteriorly and posteriorly 
can be assessed       
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independently. Knee fl exion angle was adjustable, 
though recommended at 20°. The patient reclined 
to allow muscular relaxation. The tibia was 
 controlled by a clamp just below the tibial tuber-
cle, and anterior and posterior forces were applied 
to the tibia manually by a lever connected to a gear 
system. Displacement was amplifi ed by a gear sys-
tem, quantifi ed by a strain gauge load cell, and 
then fed into a computer to produce a graph. 

 The gear system was a unique feature, which 
allowed the examiner to apply forces exceeding 
200 N without signifi cant effort. Shino et al. 
reported an average ACL injured-to-normal differ-
ence in anterior displacement of 6.7 mm ± 3.3. 
Edixhoven et al. developed a comparable appara-
tus, with similar limitations stemming from the 
stationary nature of the device [ 23 ]. Neither is cur-
rently available on the market (Fig.  11.2 ).

11.3.5        KT-1000 

 Dale Daniel and colleagues established a weekly 
acute knee clinic in 1981 that was populated by 

patients who presented to any of the San Diego 
facilities with an acute knee injury. This clinic 
captured most, if not all of acutely injured knees 
with hemarthrosis. The KT-2000 and the subse-
quent KT-1000 models were developed in part-
nership by Dale Daniel and engineer Lawrence 
Malcolm with the goals of (a) assisting the clini-
cian in diagnosing ligament disruption by detect-
ing pathologic laxity, (b) documenting the 
amount of pathologic  laxity, and (c) measuring 
the ability of ligament surgery to reestablish nor-
mal knee motion [ 18 ]. The KT-1000 calculates 
the amount of displacement occurring at the joint 
line. The initial intention was to build a measur-
ing device that would capture translation of the 
tibia in the AP plane, translation of the tibia in the 
medial/lateral plane, and rotation of the tibia 
about the proximal/distal axis [ 55 ,  56 ]. Technical 
design and computational limitations of that time 
forced the developers to limit their aims to mea-
suring AP tibial translation only. 

 Dale Daniel provided the clinical setting 
for bench-to-bedside research, methodology, 
and scientifi c vision. Lawrence Malcolm was 
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  Fig. 11.2    Shino knee 
testing apparatus. 
 1  Chair,  2  Four 
adjustable metal shells 
with sand fi lled pads to 
clamp distal thigh, 
 3  Four sand fi lled pads 
to clamp proximal tibia, 
 4  Hinged foot holder to 
allow full rotation of 
tibia,  5  Legrest,  6  Lever 
that allows adjustment 
of the angle of fl exion of 
the knee,  7  Two 
displacement 
transducers,  8  Lever to 
adjust anteroposterior 
force,  9  Lever to adjust 
height and angle of chair       
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an engineering professor at the University of 
California in San Diego who built prototypes 
and ultimately the KT-1000. He formed the 
Medmetric Company and devoted his time and 
energy on knee ligament arthrometry. 

 Physical therapist Mary Lou Stone was a key 
player in the research and development of knee 
ligament arthrometry. In order to minimize bias 
in the study, she gathered all arthrometry data 
independently apart from the primary investiga-
tors (pre- and postoperatively). 

 The KT-2000 preceded the KT-1000 and is 
similar in all ways except the addition of a graph 
plotter that records force displacement relation-
ships on an x-y plotter. The KT-1000 had a sim-
ple analog dial, which made this device even 
more portable and easy to use. 

11.3.5.1     Examination Technique 
 Obtaining precise, accurate, and reproducible 
data from the KT-1000 requires that the exam-
iner uses and positions the device in a reli-
able and standardized fashion. It also requires 
a cooperative patient who is able to relax the 
quadriceps and core musculature during the 
examination. 

 The patient is positioned in a supine position 
with the knees held supported in a slightly fl exed 
position (between 20° and 40°) so that that patella 
is well seated in the trochlea. A fi rm thigh support 
is placed proximal to the knee joint and a foot rest 
limits and equalizes tibial external rotation. The 

KT-1000 is placed on the anterior leg and secured 
by two Velcro straps (Fig.  11.3 ). The uninvolved 
knee is always tested fi rst to establish normal 
values for the patient, followed by the involved 
knee. The proximal sensor pad is lined up with 
the inferior border of the patella and the distal 
pad lays distal to the joint line at the tibial tuber-
cle (Fig.  11.4 ). This device measures relative 
motion in millimeters between these two sensor 
pads. The examiner then determines the zero 
point or resting state of the knee by performing 
multiple anterior and posterior translations of the 
leg. A consistent resting state is found and the 
device is calibrated to measure bidirectional 
laxity from this point.

    With the patella stabilized, the handle on the 
device is pulled to effectively translate the tibia 
anteriorly. A characteristic audible tone is heard 
at 15 lb (67 N), 20 lb (89 N), and 30 lb (133 N), 
respectively. For the musically curious, the tones 
are G5, Ab4, and C5. To test a manual maximum 
displacement, the patella is again stabilized man-
ually, while the proximal anteromedial leg is 
grasped and pulled anteriorly with fi rm force 
(Fig.  11.5 ). This is repeated multiple times until a 
consistent anterior translation amount is mea-
sured. Estimated force generated by this test 
ranges from 135 to 180 N, depending on the 
examiner’s effort and strength.

   The examiner utilized the analog display to 
record the tibial translation at 15 lb, 20 lb, and 
30 lb and at manual maximum for each knee 
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  Fig. 11.3    Components of 
the KT-1000: ( A ) Force 
handle, ( B ) Patellar sensor 
pad, ( C ) Tibial tubercle 
sensor pad, ( D ) Velcro 
straps, ( E ) Arthrometer 
body, ( F ) Displacement 
dial, ( G ) Thigh support, 
( H ) Foot support. ( 1 ) The 
stabilizing hand rests 
against the lateral thigh 
and applies 2–5 lb of 
pressure on the patellar 
sensor pad to keep it in 
contact with the patella. ( 2 ) 
and ( 3 ), Posterior and 
anterior forces are applied       
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(Fig.  11.4 ). The side-to-side difference at the 
manual maximum is calculated and is the most 
reliable clinical parameter. Compliance index, 
defi ned as the difference in tibial displacement 
between the two displacement forces (15 and 20 
lbs), was studied extensively and found to be less 
useful [ 60 ]. 

 It is crucial that the effort and strength used on 
the uninvolved knee matches that of the involved 
or injured knee. Consistent arthrometer placement 
and angle of force vector when displacing the leg 

is also important, as malpositioning and varying 
the angle of displacement can yield inconsistent 
and inaccurate data [ 38 ]. Practice and experience 
with the KT-1000 have been shown to improve 
the reliability of measurements [ 7 ,  8 ]. The ability 
of the patient to avoid guarding and quadriceps 
contraction is critical to obtaining a reliable, 
precise, and accurate result. The two greatest 
sources of measurement error with this device are 
lack of muscle relaxation and inability to stabilize 
the patellar sensor pad. 

  Fig. 11.5    KT-1000, maximum manual measurement. 
The limbs are positioned with the included thigh and foot 
supports. While the patellar sensor pad is stabilized with 

one hand, the other hand applies a strong anterior 
displacement force directly to the proximal calf. Care is 
taken to avoid extending the knee       

  Fig. 11.4    The KT-1000 positioned on knee of patient with drawn anatomical landmarks ( left ). The analog dial displays 
the amount of displacement in both anterior and posterior directions ( right )       
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 Arthrometric examination under anesthesia is 
often undertaken to obviate the challenges posed 
by patient guarding and apprehension. Multiple 
independent studies have shown that arthrometric 
data taken under anesthesia is improved in all 
variables, including displacement and side-to- 
side differences [ 18 ,  32 ,  78 ].   

11.3.5.2     KT-1000 vs. MRI 
 Sensitivity rates for MRI detection of a complete 
ACL tear range from 67 to 97 % [ 17 ,  58 ,  74 ,  77 ], 
with larger magnets tending to be more sensitive. 
Differentiating a complete from a partial ACL 
tear on MRI is much less specifi c. This is a key 
distinction because complete tears more often 
result in clinical instability necessitating surgical 
intervention, in comparison with partial tears. 

 KT-1000 has a similar sensitivity to MRI and 
greater specifi city in terms of partial vs. complete 

ACL tears. Using arthroscopy as the standard of 
measurement, partial tears can be differentiated 
from complete tears with a sensitivity of 80 % 
and a specifi city of 100 % [ 62 ]. 

 Liu et al. [ 41 ] reported in 1995 that a 0.5 T 
magnet is 97 % sensitive in detecting ACL pathol-
ogy but only 82 % for complete rupture. KT-1000 
testing was found to be much more accurate 
(97 %), with the conclusion that the diagnosis and 
the decision to reconstruct a complete ACL tear 
can be reliably made clinically without a preop-
erative MRI. Most clinicians, however, continue 
to complete a preoperative MRI to evaluate for 
concomitant meniscal and chondral injury. MRI 
is best used as an adjunct to arthrometry, as 
pathologic knee laxity and dysfunction is more 
closely tied to patient satisfaction than intra- 
articular appearance on imaging.  

11.3.5.3     KT-1000 and ACL Defi ciency 
 Independent in vitro sectioning studies [ 13 ,  20 ] 
have shown that the mean difference with 89 N 
of anterior translation between an ACL intact 
and defi cient state is 6.7 mm with a fairly wide 
range of increase in anterior displacement 
(Fig.  11.6 ). In vivo results are similar. The 
arthrometric parameters of normal and abnormal 

 Fact Box 1 

 The two greatest sources of measurement 
error with the KT-1000 are lack of muscle 
relaxation and inability to stabilize the 
patellar sensor pad. 
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  Fig. 11.6    Effect of 
anterior cruciate ligament 
(ACL) sectioning on 
anterior displacement. The 
difference of anterior 
displacement between the 
ACL intact knee followed 
by transection of ACL on 
65 fresh cadaveric 
specimens       
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knees were established in a series of classic stud-
ies by Daniel et al. and Malcom et al. [ 20 ,  45 ]. 
Normal subjects can have a side-to-side differ-
ence of up to 2 mm [ 20 ] and were found to have 
a wide range of normal laxity and minimal 
 side-to-side differences. The mean difference in 
a normal subject in the manual maximum test 
was 0.8 mm, whereas the range of displacement 
in these normal knees was 5–15.0 mm. Absolute 
translations were not nearly as helpful as the 
side-to-side differences due to these wide ranges. 
A side-to-side difference of 3 mm or greater at 
89 N or at manual maximum was considered 
diagnostic of ACL insuffi ciency.

   The average maximum displacement and 
manual side-to-side difference for chronic and 
acute ACL injuries are similar [ 5 ,  20 ,  21 ]. Daniel 
et al. reported a side-to-side difference of 5.6 mm 
for a chronic ACL injury and 5.0 mm for an acute 
injury. 

 Absolute displacement can also be helpful; a 
maximum manual translation of greater than 
10 mm is sensitive for ACL injury, whereas the 
side-to-side difference of greater than 3 mm is 
both sensitive and specifi c [ 5 ,  21 ]. The primacy 
of maximum manual displacement clinical util-
ity has been verifi ed in several studies [ 5 ,  60 , 
 70 ,  80 ].  

11.3.5.4     Surgical Results 
 Direct primary ACL repair has largely been aban-
doned in part due to arthrometric data that showed 
persistent laxity after repair. Higgins and Steadman 
reported KT-1000 data on 24 skiers who under-
went non-augmented ACL repair [ 31 ]. Maximum 
manual side-to-side differences after ACL repair 
showed a wide range (4.5–13.5 mm ± 2.3), placing 
a signifi cant portion of these patients above the 
threshold for a failed surgery. Although some 
patients reported good outcomes, repair proved to 
produce unreliable and unpredictable outcome. 

 Multiple studies have reported preoperative and 
postoperative arthrometry data [ 2 – 4 ,  24 ,  29 ,  30 ], 
with Daniel’s group being the fi rst to do so [ 45 ]. In 
a classic series of outcome-based studies, Bach 
et al. reported on 2-year (minimum) and subse-
quently 5- to 9-year postoperative KT-1000 data [ 3 , 
 4 ]. At a mean of 36 months, mean maximum man-
ual side-to-side differences were reduced from 

6.5 mm preoperatively to 1.1 mm postoperatively. 
Mean data for the longer-term study was similar, 
with only 4 % of postoperative patients having a 
maximum manual side-to-side difference greater 
than 5 mm. Bach et al. reported a strong correlation 
between a postoperative side- to- side difference of 
greater than 5 mm and a demonstrable pivot shift, 
representing failure of reconstruction. 

 Three independent meta-analyses [ 27 ,  28 ,  40 ] 
have reported in favor of patellar tendon auto-
graft compared with hamstring autograft in terms 
of postoperative maximum manual side-to-side 
difference. Both graft choices improved clinical 
laxity; however, patellar tendon autografts were 
more likely to result in reconstructions with nor-
mal Lachman, normal pivot shift, KT-1000 man-
ual maximum side-to-side difference <3 mm, and 
fewer results with signifi cant fl exion loss. In con-
trast, hamstring grafts had a reduced incidence of 
patellofemoral symptoms, kneeling pain, and 
extension loss. Improved arthrometric scores cor-
related with patient satisfaction and patellar ten-
don autograft. Other studies have also shown 
greater residual laxity for hamstring grafts but 
could not show a difference in outcome scores or 
return-to-play rates [ 24 ]. More recent studies 
have reported equivalent outcomes including 
KT-1000 arthrometer side-to-side differences 
between hamstring and patellar tendon groups 
[ 14 ,  34 ,  35 ], ostensibly due to updated techniques 
and fi xation devices.  

11.3.5.5     Limitations 
 There are multiple limitations to the KT-1000. 
Although not steep, there is a learning curve to 
using the KT-1000. Inter-user reliability can be as 
high as 95 %, with experience being the most 
important factor that increases reliability [ 7 ,  8 ]. 

 The direction and rate at which force is applied 
are uncontrolled and thus affect interobserver 
reliability. Multiple factors, such as patient size, 
patient cooperation, clinician experience, and 
even hand dominance of the examiner [ 64 ], can 
infl uence the results. 

 Patient factors can skew KT-1000 data. There is 
an assumption that the contralateral knee is normal 
and can serve as a control for the injured knee. If 
the contralateral knee is reported to be functional 
and asymptomatic, this is most likely an acceptable 
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control. If there has been previous injury and/or 
surgery, the validity of side-to-side difference data 
is limited [ 62 ]. The inability of the patient to com-
pletely relax the quadriceps and core musculature 
and avoid guarding precludes the ability to com-
plete a KT-1000 examination. Examination under 
anesthesia may need to be considered for some. 
Another patient factor is obesity. Motion of the soft 
tissue envelope of a very large leg may obfuscate 
motion at the joint line, thereby invalidating the 
arthrometry data. Finally, ipsilateral PCL injury 
renders KT-1000 testing nonspecifi c, as the resting 
state of the knee is in posterior subluxation which 
increases overall sagittal translation. 

 The clinical relevance of anterior displacement 
measures has been challenged. Arguably the most 
important outcome with knee ligament injuries is 
patient satisfaction. Ligament arthrometry provides 
objective and numerical data for an outcome that is 
subjective. This has been studied extensively in the 
postoperative patient after ACL reconstruction. 
Kocher et al. reported that instrumented knee laxity 
and Lachman examination had no signifi cant rela-
tionships with any subjective variables of symp-
toms and function postoperatively. The pivot shift 
examination, not KT-1000 data, however, had sig-
nifi cant associations with satisfaction, giving way 
sensation, overall knee function, sports participa-
tion, and Lysholm score [ 37 ]. Other researchers 
have also reported on the lack of correlation 
between arthrometric data and functional scores 
postoperatively [ 22 ,  68 ]. Multiple researchers have 
reported no correlation between KT-1000 data and 
restoration of functional kinematic patterns [ 14 ,  15 , 
 54 ], presumed to be due to the purely sagittal plane 
measurements inherent to KT-1000 testing. There 
is also no correlation between anterior displace-
ment measures and the development of osteoarthri-
tis after ACL reconstruction [ 76 ]. 

 Perhaps the most important limitation of the 
KT-1000 is that it only measures AP laxity and does 
not measure rotation. Thus, a normal KT-1000 result 
can be seen with a malpositioned graft that may 
restrict AP motion while allowing a pivot shift phe-
nomenon. This is a valid criticism, though it must be 
tempered by the understanding that the fi rst quarter 
century of arthrometry by all researchers and devel-
opers was dominated by single-plane measurements 
due to design and computational limitations. 

 Despite these challenges, arthrometry remains 
one of the few objective measures that knee sur-
geons have to evaluate knee motion. The con-
cepts of objective and reliable measurements of 
knee motion continue to be explored and refi ned. 

 The success of the KT-1000 stems from its 
reliability, portability, affordability, mass 
production, ease of use, and the simple goal of 
measuring one plane of motion. The KT-1000 is 
considered the standard of arthrometric testing 
devices and was a required component in 
research manuscripts by most journals for many 
years. This device has helped shape our 
understanding of knee motion and has been used 
in hundreds of articles. A search on MEDLINE 
in July of 2015 yielded 819 articles reporting the 
use of the KT-1000. A similar search on PubMed 
produced 881. While the use of the KT-1000 
continues in many clinical settings throughout 
the world, the Medmetric Corporation is defunct 
and the KT-1000 device is no longer 
manufactured.   

11.3.6     Kneelax 

 The Kneelax arthrometer is essentially a modern-
ized version of the KT-1000. Mechanically similar 
in appearance and technical operations, the data 
are processed and displayed on a computer screen. 
Side-to-side differences were not found to be 
 signifi cantly different between the Kneelax and 
the KT-1000 in a validation study [ 53 ]. This device 
is available on the European market.  

11.3.7     Vermont Knee Laxity Device 
(VKLD) 

 The VKLD was developed to evaluate AP dis-
placement of the tibia relative to the femur during 
non-weight bearing, weight bearing, and the transi-
tion between these two conditions [ 75 ]. The patient 
is secured to a reclined seat with the feet secured to 
independent footplates which can be used to simu-
late weight bearing. Reliability and accuracy data 
for this device are sparse but support its use [ 67 ]. 
The developers of the VKLD are credited with 
being the fi rst to broach the relationship between 
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knee laxity measurements and weight bearing. This 
device is not available on the market.  

11.3.8     CA-4000 Electrogoniometer 

 Previously called the Acufex Knee Signature 
System, this is an electrogoniometer that mea-
sures tibial AP translation, varus/valgus angula-
tion, internal/external rotation, and fl exion angle. 
The device is strapped to the thigh and calf and 
the subject is seated with the knee at 30° fl exion. 
The examiner then applies external forces with a 
handheld load cell while an electronic goniome-
ter provides data. This examination can be 
repeated with the patient performing functional 
activities on an exercise machine [ 69 ]. 

 The CA-4000 was unique in that it measured 
four degrees of freedom and allowed functional 
testing. Although most studies have reported 
good accuracy and reliability compared with 
other arthrometers [ 26 ,  59 ,  61 ], this device is no 
longer available on the market.  

11.3.9     Dyonics Dynamic Cruciate 
Tester 

 The Dyonics device measured AP displacement 
and is one of the fi rst computerized arthrometers. 
Only one study has evaluated this device [ 1 ], 
reporting a higher false-positive result than other 

arthrometers. The Dyonics arthrometer was 
available for a brief period in the 1990s and is not 
currently available on the market.  

11.3.10     Rolimeter 

 The Rolimeter is a compact, lightweight, and 
relatively simple device that measures sagittal 
translation. This is a steel device that has two 
pads which contact the patient connected by a bar 
(Fig.  11.7 ). Like the KT-1000, the Rolimeter is 
secured to the anterior tibia and manually stabi-
lized at the patella. A stylus at the level of the 
tibial tubercle provides displacement data. Inter- 
and intra-tester reliability is high in both experi-
enced and inexperienced users, though ultimately 
some experience optimizes results [ 50 ]. It has 
been shown to be at least as accurate as the 
KT-1000 in its ability to differentiate an ACL- 
defi cient knee from a normal. Maximum manual 
side-to-side difference data from the Rolimeter 
and the KT-1000 correlated strongly to KT-1000 
data, which validates the Rolimeter as a method 
to assess anterior laxity of the knee [ 6 ,  57 ]. The 
Rolimeter has many advantages. The simple 
design lends this device to sterilization and can 
be used intraoperatively. It is also relatively inex-
pensive and easy to use. Perhaps the biggest 
advantage of all is that the Rolimeter is currently 
the only fi rst-generation arthrometer available on 
the market.     

Adjustment knob

Stylus White indicator

Patella end

Stylus foot

Tibia strap

  Fig. 11.7    Rolimeter. This 
device is centered over the 
patella and secured to the 
leg. The stylus is placed 
over the tibial tubercle, 
allowing a measurement of 
translation between the 
patella and the tibial 
tubercle       
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11.4     Second-Generation Knee 
Ligament Arthrometry 

 Single-plane arthrometry represents the fi rst gen-
eration whereas robotics, multiple-plane mea-
surements, and smartphone applications represent 
the second generation. Robotic systems have the 
potential to apply standardized and reproducible 
magnitude, direction, and rate of force to the leg. 
The increased complexity and power of modern 
software combined with the miniaturization of 
hardware leads to the ability to measure knee 
motion with much more precision, accuracy, and 
sophistication than when arthrometry was fi rst 
described in 1978. 

 Several methodologies have been identifi ed 
and developed to quantify pivot shift test. 
However, clinical professionals are still lacking a 
“gold standard” method for the quantifi cation of 
knee joint dynamic laxity. 

11.4.1     Quantitative Pivot Shift 
Application 

 As the presence of pivot shift postoperatively cor-
relates most closely with a poor patient satisfac-
tion [ 39 ], measuring pre- and postoperative pivot 
shift is an obvious target. Tsai et al. have devel-
oped an image analysis technique for quantita-
tively assessing the pivot shift using universally 
available handheld computers [ 73 ]. This method 
holds great promise, remains in development, and 
is discussed in an earlier chapter of this book.  

11.4.2     KneeKG 

 The KneeKG system [ 44 ] is a noninvasive naviga-
tional technique for assessing three- dimensional 
(3D) knee kinematics. This technique holds great 
promise in the clinic and gait lab and will be 
discussed in a later chapter in this book.  

11.4.3     Rotameter 

 The Rotameter device and method is based on the 
dial test with the patient lying prone and the knee 
fl exed to 30° [ 42 ]. Unique from fi rst-generation 
arthrometers, the Rotameter only measures rota-
tion in degrees in conjunction with applied torque 
and does not measure sagittal translation. The 
patient’s leg is secured in a boot, which is fi xed to 
a handlebar that allows transfers of different 
torques to the knee. The developers have reported 
high inter- and intra-observer reliability and have 
compared this device favorably to digital naviga-
tion. A clinical trial [ 43 ] with postoperative 
Rotameter data revealed a very small range (1° or 
less) and no signifi cant rotational differences 
between the operated and contralateral knees. This 
device is discussed in a later chapter in this book.  

11.4.4     GNRB 

 The GNRB knee laxity testing device (GeNouRoB, 
Montenay, France) is a computerized system that 
applies an anteriorly directed load to the knee 
to evaluate anterior laxity. A linear jack exerts 
gradually increasing thrust forces according to 
the examiner: 67, 89, 134, 150, or 250 N on the 
upper section of the calf. A displacement trans-
ducer (0.1 mm precision) records the relative 
displacement of the anterior tibial tubercle with 
respect to the femur. Associated software is 
able to compare not only side-to-side differ-
ences in the absolute amount of anterior tibial 
translation but also differences in the slope 
between 100 N and the maximum force applied 
[ 12 ]. This system has compared favorably with 
the KT-1000 [ 16 ], may be able to identify par-
tial ACL tears [ 63 ], and even showed greater 

 Fact Box 2 

 The success of the KT-1000 stems from 
its reliability, portability, affordability, 
mass production, ease of use, and the sim-
ple goal of measuring one plane of 
motion. The KT-1000 is considered the 
standard of arthrometric testing devices 
and was a required component in research 
manuscripts by most journals for many 
years. 
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 reproducibility than TELOS stress radiography 
[ 10 ]. This device is available to purchase in 
Europe.  

11.4.5     Robotic Knee Test (RKT) 

 The RKT system developed by Branch et al. 
evaluates rotation stability by applying rota-
tional torques to the knee with a computer-
driven motor and measures kinematics with an 
electromagnetic measuring system [ 11 ]. Intra-
rater correlation was measured at 0.97, making 
this a very reliable and reproducible instrument. 
This device is not devised for intraoperative use 
and is not yet available on the market. The RKT 
system will be discussed in a subsequent chap-
ter of this book.  

11.4.6     SmartJoint 

 Ferretti et al. have developed a smartphone-
based arthrometer which is secured to the 
leg by way of a dedicated leg support. 
Maximum manual testing provides tibial 
translation data much in the same way as the 
KT-1000, with comparable and reliable data 
[ 25 ]. In the near future, a mobile phone 
arthrometer application may be a reliable 
alternative to the KT-1000 for measuring ante-
rior tibial translation. 

   Conclusions 

 Instrumented measurements can be used to 
document knee laxity, establish the diagnosis 
of cruciate ligament dysfunction, assess post-
operative laxity restoration, and provide a 
means to compare results over a variety of 
parameters. The fi rst generation of arthrome-
try focused on measuring single-plane AP 
translation due to the technological limitations 
of the time. Because fi rst- generation arthrom-
etry measures AP translation only, it provides 
static information and can be infl uenced by 
both patient (guarding, cooperation) and clini-
cian (experience) factors. The second genera-
tion of arthrometry promises to bring greater 

accuracy, precision, portability, and the ability 
to measure multiple planes and rotation. 
 Ligament arthrometry is an important part of a 
clinical evaluation. Regardless of the device 
used, arthrometry is not meant to displace the 
importance of history, physical examination, 
imaging, and other diagnostics. When used in 
conjunction with history, physical exam, and 
imaging, the clinician can better understand the 
injured knee and formulate an appropriate plan 
in sync with the patient’s goals.        
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12.1          Historic Methods 

 The evolution of knee surgery has been predi-
cated on the development, refi nement, and evalu-
ation of new surgical techniques. Historically, 
empiric assessment was used to document the 
relative effi cacy of treatment. This unscientifi c 
approach often resulted in erroneous conclusions 
by researchers. 

 The problem lies not in veracity but rather in 
human nature, subjective interpretation of vari-
ables, and the diffi culty of evaluating results. 
Even the most consciousness researcher, espe-
cially the surgeon, is subject to bias. The knowl-
edge and perceptual ability of the examiner is an 
important variable. Experienced examiners fre-
quently produce appreciable differences in 
translation and rotation when evaluating the 
limits of knee motion. Even when the examiners 
produce the same displacement, the correct 
interpretation depends on accurate perception of 
the motion. 

 The complexity of the knee and the number of 
criteria used to assess results make accurate evalu-
ation even more diffi cult. Anderson et al. [ 1 ] found 
that the problem was exacerbated by the number 
of operative procedures and diverse methods of 
evaluation described in the 1980s. They [ 1 ] 
reported that, during that decade, 52 articles were 
published in the  American Journal of Sports 
Medicine  and the  Journal of Bone and Joint 
Surgery American  on conservative or operative 
treatment of the ACL-defi cient knee. Twenty- eight 
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different operative procedures were described, 
including primary repair, fi ve extra- articular pro-
cedures, 13 intra-articular procedures, and 9 com-
bined intra- and extra-articular reconstructions. 
The results of these procedures were rated as good 
or excellent in the majority of cases, although they 
were evaluated with 38 different rating scales. 

 The consensus among the researchers who 
have compared rating scales is that the differ-
ences are suffi ciently great to preclude predicting 
results from one scale based on another and that 
inconsistency among these scales created an 
impediment to progress in the fi eld.  

12.2     Development of the IKDC 
Standard Knee 
Evaluation Form 

 The consensus was that a uniform scale was vital 
to the evaluation of treatment. Under the leader-
ship of John Feagin from the United States and 
Werner Mueller from Switzerland, and the aus-
pices of the American Orthopaedic Society for 
Sports Medicine and the European Society of 
Knee Surgery and Arthroscopy, the International 
Knee Documentation Committee (IKDC) was 
formed in 1987 to develop a standardized, inter-
national documentation system. 

 The initial objectives of the committee were to 
develop a form that was one page, including only 
the essential reproducible criteria necessary to 
evaluate results and to develop a form simple 
enough to be used by any clinician, both with and 
without research assistance. Second, the form was 
developed only for acute ACL injuries, but it was 
anticipated that this would serve as a foundation for 
a more comprehensive evaluation system, allowing 
for a valid scientifi c analysis of knee function. The 
fi rst step was to agree on standard terminology to 
document knee motion and function. Next, the 
clinical examination of the limits of knee motion 
was critiqued, and a core of measurements was 
adopted. Finally, methods for documentation of 
activity, evaluation of limb function, and assess-
ment of symptoms were evaluated, and a format 
was designed to record these observations.  

12.3     Development of Standard 
Terminology 

 The discrepancy in the implied meaning of terms 
used in the literature has been an impediment to 
international communication. To improve com-
munication, the IKDC met in New York in 
August 1987 to discuss standard terminology [ 6 ]. 
Noyes, Grood, and Torzilli [ 24 ] submitted defi ni-
tions of terms for motion, position of the knee, 
and injuries of the ligaments. The committee cri-
tiqued, revised, and adopted a standard set of 
defi nitions. The following defi nitions are among 
those adopted [ 24 ]:

    Motion : the act or process of changing position. 
Motion is described as the rate and direction 
of change.  

   Displacement : the net effect of motion; a change 
in position between two points without regard 
to the path followed. Displacement may be 
described by a change in translation or in rota-
tion, each of which has three degrees of 
freedom.  

   Translation : motion of a rigid body in which all 
lines remain parallel to their original orienta-
tion. By convention, knee translation is 
described as motion of the tibia relative to the 
femur. Translation of the tibia may be medio-
lateral, anteroposterior, or proximodistal. 
Translation is measured in millimeters. The ref-
erence point normally used to measure transla-
tion is midway between the medial and lateral 
margins of the joint.  

   Rotation : a type of motion or displacement in 
which all points move about an axis. Rotations 
of the knee may be fl exion-extension, internal- 
external, and abduction-adduction.  

   Range of motion : the displacement occurring 
between two limits of movement for each 
degree of freedom. Range of motion does not 
indicate the extremes of motion. For motion 
other than fl exion-extension, range of motion 
depends on the angle of knee fl exion.  

   Limits of knee motion : the extreme positions of 
movement possible for each of the 6 degrees 
of freedom. The term  limits of knee motion  is 
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more specifi c than  range of motion . It  indicates 
where motion begins and ends and includes 
range of motion. There are 12 limits of motion, 
two for each 6 degrees of freedom. Ligament 
injury increases the limits of knee motion. The 
European system describes the limits of fl ex-
ion and extension with three numbers: the 
maximum extension, neutral position, and 
fl exion.  

   Coupled motions : a displacement or motion in 1 
or more degrees of freedom caused by a load 
applied in another degree of freedom. Coupled 
motions occur during the clinical examina-
tion. An anterior displacement force applied 
during the Lachman test causes anterior trans-
lation and internal rotation of the tibia. A pos-
terior displacement force results in posterior 
translation and external rotation. The amount 
of motion depends on the force applied and 
the constraints of the coupled motion. For 
example, constraint of rotation during the 
Lachman test signifi cantly diminishes anterior 
translation.  

   Laxity : a lack of tension; looseness, referring to a 
normal or abnormal range of motion. In the 
fi rst context, laxity is used to describe a lack 
of tension in a ligament and, in the second, as 
a looseness of a joint. This ambiguous term 
should be used to indicate lack of tension in 
the ligament. The degree of laxity should be 
specifi ed as either normal or abnormal. Laxity 
should not be used in the context of looseness 
of a joint; the motion should be specifi ed. The 
term  anterior translation  is preferable to  ante-
rior joint laxity .  

   Instability  is another ambiguous term that has 
been used in two ways. First, it is used to 
describe the symptoms of giving way and, 
second, as the sign of increased joint motion. 
Rather than use  instability  to refer to symp-
toms, it is preferable to describe the event (i.e., 
giving way with activity). It is incorrect to 
designate a specifi c anatomic structure as the 
cause of ACL instability; rather, instability 
should only be used in the general sense to 
indicate excessive motion of the tibia as the 
result of traumatic injury.    

12.4       Limits of Knee Motion 
Evaluation 

 The methods of examination that have been used 
to determine the limits of knee motion are quali-
tative and clinician specifi c. Even experienced 
examiners may produce and perceive appreciable 
differences in displacement. Accurate assess-
ment of translation and rotation is more demand-
ing in ligament injuries, which increase more 
than one limit of motion. In these circumstances, 
clinicians have diffi culty identifying either the 
starting or ending positions for the tibia. 

 The objectives of the second IKDC meeting in 
Zurich, Switzerland, in 1988 were, fi rst, to agree 
on the clinical tests essential to evaluation of 
knee motion limits and, second, to identify the 
conditions that maximize the accuracy and repro-
ducibility of measurements. 

 The consensus was that reproducibility 
depends on specifying the conditions of the tests. 
Clinical and laboratory studies confi rm that the 
position of the knee at the initiation of testing 
affects displacement. The site of measurement 
must be identifi ed, and the magnitude, direction, 
and point of application of force should be speci-
fi ed. Measurements in translation should be 
reported in millimeters and rotation in degrees. 
Changes in any of these conditions will result in 
different interpretations of the tests. 

 Subsequently, the IKDC convened in Jackson 
Hole, Wyoming, in July 1988 for its third meet-
ing. The objective of this meeting was to deter-
mine the accuracy of the clinical tests and 
conditions for testing adopted at the Zurich 
 meeting. Three studies were performed to assess 
the reproducibility of clinical measurements, dif-
ferences in test techniques, and clinical accuracy 
in estimating knee displacement [ 24 – 26 ]. 

 Fact Box 1 

 The discrepancy in the implied meaning of 
terms used in the literature has been an 
impediment to international communication. 
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 Ten patients were examined by eleven IKDC 
members to determine the reproducibility of clin-
ical measures [ 24 ]. Nine of the ten patients had 
sustained a ligament injury. The examination 
technique and recording system were standard-
ized and reviewed by the examiners before test-
ing. The patients also underwent an instrumented 
knee examination with the KT-1000, KSS, and 
Genucom. 

 The examiners estimated anteroposterior 
translation in millimeters and rotation in degrees, 
at both 25 and 90° of fl exion. A thigh support was 
used to facilitate relaxation and standardize test-
ing at 25° of fl exion. When testing at 90° of fl ex-
ion, the sole of the foot supported the limb. The 
sagittal knee profi le or quadriceps active drawer 
test was used to evaluate the normal anatomic 
position. 

 Varus-valgus stress tests were measured at 0° 
and 25° of fl exion. The pivot shift and reverse 
pivot shift tests were performed with the tibia in 
internal, neutral, and external rotation. These 
tests were graded in the following manner: 
0 = none, 1 = glide, 2 = moderate, and 3 = severe. 

 The results of this study demonstrated that, 
even with benefi t of standardized test techniques, 
a signifi cant discrepancy existed in the examin-
er’s estimation of displacement. The greatest dif-
ferences occurred in the evaluation of 
anteroposterior translation. One clinician 
recorded a side-to-side difference of greater than 
3 mm in all eight patients, and another examiner 
only reported one patient with a side-to-side dif-
ference of greater than 3 mm. Analysis of the 
data revealed that the correlation between the 
examiners was better for total anteroposterior 
translation than for either anterior or posterior 
displacement. 

 The second study was performed to identify 
the differences in examination techniques con-
tributing to the discrepancy in estimation of dis-
placement. Another objective of this study was to 
determine the accuracy of the clinicians’ estimate 
of tibiofemoral displacement [ 25 ]. In this study, 
11 members of the IKDC examined two cadaver 
knees that were instrumented with a device to 
measure three-dimensional motion. The examin-
ers’ estimation of joint displacement was 

 compared with the actual measurements recorded 
by the instrumented spatial linkage system. The 
ACL and MCLs were cut in one knee. The exam-
ination included estimation of anteroposterior 
displacement, mediolateral joint opening, and 
internal/external rotation. 

 The examiners were accurate in diagnosing 
injuries of these ligaments. Nine of the ten exam-
iners correctly diagnosed a complete tear of the 
ACL and MCL, and the other two diagnosed par-
tial tears of the ACL and MCL. 

 The examiners were not as accurate with the 
rotation tests. Seven of the eleven examiners mis-
interpreted the external tibial rotation associated 
with MCL injury as injury to the posterolateral 
ligaments. This error indicated that the examiners 
were incapable of determining if the medial tibial 
plateau came forward or the lateral tibial plateau 
went back. The tests that assess rotation are not 
accurate, even for experienced examiners. 

 The actual measurements of anterior tibial 
translation produced during the Lachman tests 
range from 7 to 16 mm. The discrepancy in dis-
placement related to differences in the position of 
the knee at the initiation of testing (range of fl ex-
ion of 2–25°) and the magnitude of displacement 
forces. The constraint of coupled motions did not 
signifi cantly infl uence the measured displacement. 
Only three examiners estimated anterior displace-
ment within 2 mm of the measured value, fi ve esti-
mated the displacement between 2 and 4 mm, and 
the estimates of two examiners were more than 
5 mm different from the measured value. 

 Signifi cant differences in displacement were 
produced by the examiners for both internal/exter-
nal rotation and mediolateral joint opening. The 
knee fl exion angle at the initiation of testing varied 
widely among the examiners. Some examiners 
started the mediolateral opening test with the fem-
oral condyle in contact with the tibial plateau, and 
others did not. Even so, the examiners were more 
accurate in estimating medial joint opening; either 
of the examiners estimated  displacement within 
3 mm of the measured displacement. 

 In summary, only six of the examiners esti-
mated true anteroposterior displacement within a 
range of 2 mm, tibial rotation within 5 mm, and 
medial joint opening within 3 mm. 
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  These studies demonstrate that limb posi-
tion, site of measurement, and application of 
force should be standardized. Even under the 
best circumstances, large variations may exist 
in clinicians’ estimates of displacement. 
Consequently, instrumented or stress radiogra-
phy measurements should be used to report 
clinical results. The rotation tests are even more 
diffi cult to assess than either anterior posterior 
or mediolateral displacement. Evaluation of 
rotary subluxation is subject to error and the 
rotational test cannot be validated.  

12.5     Analysis of the Pivot 
Shift Test 

 In the third study conducted at the Jackson Hole 
meeting, each member of the IKDC performed 
their versions of the pivot shift test on the instru-
mented cadaveric limbs [ 25 ]. Like the anteropos-
terior displacement tests, the beginning test 
position varied between examiners, although it 
was typically close to extension. The difference 
in maximum anterior translation of the medial 
tibial plateau recorded during the pivot shift 
ranged from 6 to 17 mm, and the maximum sub-
luxation of the lateral plateau ranged from 14 to 
20 mm among the examiners. 

 Analysis of the data confi rmed that the exam-
iners constrain knee motion when performing 
the pivot shift test. The coupled knee motions of 

anterior translation and internal tibial rotation 
were induced to produce anterior subluxation. 
The examiners who internally rotated the tibia 
most in performing the test also limited anterior 
translation of the medial tibial plateau. One 
examiner performed the test in internal, neutral, 
and external rotation. The greatest translation of 
both the medial and lateral tibial plateaus 
occurred in neutral and external rotation of the 
tibia. The committee recommended avoiding 
internal tibial rotation when performing the 
pivot shift test. 

 The variability of measurement indicated the 
pivot shift could only be considered a qualitative 
test. At that time, in vivo measurement devices 
were not available to quantitate displacement in 
millimeters; consequently, the committee recom-
mended grading the pivot shift: negative; 1+, 
glide; 2+, clunk; 3+, gross. 

 After analyzing the data of these three stud-
ies, the committee recommended but did not 
validate instrumented or radiographic measure-
ment of the Lachman test, at 25° of fl exion, total 
anteroposterior translation at 70° of fl exion, and 
medial and lateral joint opening at 20° of fl exion, 
and the qualitative, pivot shift, and reverse pivot 
shift tests.  

12.6     Documentation of Activity 

 By consensus, the committee agreed that limi-
tation of knee function may be masked by 
involuntary low-activity levels. The criterion 
“return to sports” was considered imprecise 
because different activities place different 
demands on the knee. The IKDC fi eld tested a 
comprehensive form evaluating the level of dif-
fi culty, intensity, and exposure. Intensity 
describes the level of activity as occupational, 
light recreational sports, vigorous recreational 
sports, or competitive sports. Exposure, the 
best estimate of the number of hours per year at 
a given functional level and intensity, was 
recorded only for participation of more than 
50 h/year. 

 Changes in activity may occur for knee-related 
or non-knee-related reasons. A decline in athletic 

 Fact Box 2 

 The reproducibility of the clinical exami-
nation depends on specifying the condi-
tions of the tests, including magnitude and 
direction of force, site of measurement, and 
point of application of force. However, 
even in the best of circumstances, large 
variations may exist in clinician’s estimates 
of displacement. Consequently, objective 
estimation of pathologic knee laxity by cli-
nicians is qualitative, at best, and therefore 
cannot be validated. 
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activity and participation is inherent with aging, 
and a question was included to specify the rea-
sons for any changes in activity. 

 After fi eld testing the comprehensive form, 
the committee selected the minimum criteria nec-
essary to evaluate activity. The functional tests 
are as follows: I, strenuous; II, moderate; III, 
light; and IV, sedentary. These are based on the 
demands that certain activities place on the knee. 
Assessment of activity is equally important for 
patients who do not participate in sports. Heavy 
manual work was assigned a level II rating, light 
work a level III rating, and activities of daily liv-
ing a level IV rating. 

 The level of activity at which the patient is 
able to perform, without signifi cant symptoms, is 
recorded before injury, before treatment, and 
after treatment. Credit is not given for participa-
tion in activities that cause signifi cant symptoms 
(i.e., “knee abusers”). Two questions were 
included in the IKDC form to determine how the 
knee affected activity. One of these questions – 
“How does your knee affect your activity 
level?” – was graded 0–3.  

12.7     Symptoms and Impairment 

 The committee recognized that the magnitude of 
symptoms and impairments is diffi cult to quanti-
tate, and the collection of data is prone to bias. 
Even so, this important category has been 
included in every rating scale. 

 The symptoms and impairments were evalu-
ated in the fi eld test. The symptoms of pain, 
swelling, and giving way were universal to ear-
lier knee rating systems. Giving way indicates an 
event precipitated by a pathologic tibiofemoral 
shift. It should not be mistaken for the buckling 
caused by weakness or other conditions. Partial 
giving way is not associated with falling or swell-
ing, although these events are included in full 
giving way. 

 Patients with pathologic conditions frequently 
decrease activity to avoid symptoms. To detect 
these patients and prevent an exaggerated symp-
tom score, the committee adopted the philosophy 

of relating symptoms to activity. Other patients 
who are capable of performing strenuous activi-
ties without symptoms may avoid them by choice. 
To prevent a reduction of a symptom score in 
these cases, patients are asked to grade the high-
est activity at which they can participate without 
symptoms, even if they are not participating at 
that level. 

 In general, the impairments had not been 
included in the published rating scales, and the 
IKDC did not consider them among the minimal 
essential criteria. The subjective assessment 
questions and evaluation of symptoms in the 
IKDC form provide an overall assessment of 
impairment.  

12.8     Compartment 
and Roentgenographic 
Findings 

 Restoration of stability and prevention of degen-
erative changes are long-term goals of knee 
reconstruction, but evaluation of success in 
attaining this goal is diffi cult. Early degenerative 
changes cannot be accurately evaluated without 
visual inspection, and roentgenographic changes 
occur late in the course of osteoarthritis. 
Assessment of crepitation was included in the 
IKDC form to detect early compartment changes. 
Unfortunately, only limited conclusions may be 
drawn from the evaluation of crepitation. The 
collection of data is subject to examiner bias, 
and crepitation may not indicate articular carti-
lage abnormality. Crepitation associated with 
pain is a signifi cant fi nding that is graded more 
stringently. 

 Roentgenographic changes are also qualita-
tively graded. A mild grade indicates fl attening of 
the femoral condyle, subchondral sclerosis, or 
small osteophytes. The moderate and severe 
grades had progressive joint narrowing in addi-
tion to these changes. 

 Evaluations of compartment and roentgeno-
graphic fi ndings are not included in the fi nal 
evaluation of the IKDC form. These data are 
qualitative and infl uenced by investigator bias.  
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12.9     Functional Tests 

 The IKDC critiqued the methods that have been 
used to evaluate limb function. Gait analysis, 
instrumented strength testing (i.e., Cybex evalua-
tion), agility tests, and hop tests provide quantita-
tive data that compare the involved knee to the 
normal knee. Instrumented examination was 
excluded because it requires expensive equip-
ment that is not universally available. 

 The single-leg hop is more accurate and easier 
to perform than the agility tests. Although a nor-
mal score does not preclude giving way with 
activity, an abnormal score is correlated with sig-
nifi cant functional limitations. The single-leg 
hop test is a useful screening test that provides 
quantitative data [ 27 ]. Like the compartment and 
roentgenographic fi ndings, the results are 
recorded but not graded.  

12.10     Rating Results 

 Rating results are fundamental to the evaluation 
and comparison of different methods of treat-
ment. The methods of grading that have been used 
refl ect differences in philosophy, which are as 
diverse as the rating scales themselves. Most 
scales have used a numeric system to assign 
points to each variable. In some scales, points are 
added to produce a single-digit total score, 
whereas others categorize the results as excellent, 
good, fair, or poor. Tegner and Lysholm [ 34 ] and 
Feagin and Blake [ 7 ] recommended separate 
scores for symptoms, subjective function, and 
clinical fi ndings. 

 Numeric grading systems are popular because 
they are easy to understand, although some inves-
tigators condemn assigning points to variable, 
stating that this practice requires an arbitrary 
judgment of the relative importance of a variable 
to the knee as a whole. The numbers refl ect the 
values of the author and not necessarily the clini-
cal outcome. Apley once declared that “we 
should resist the seductive simplicity of numeri-
cal scores and we should abandon the practice of 
adding unrelated scores” [ 3 ]. 

 The IKDC adopted the system used by Noyes 
et al. [ 23 ] and the Swiss knee group [ 21 ], in 
which the lowest grade within a group determines 
the group grade and the worst group grade deter-
mines the fi nal evaluation. 

  The IKDC Knee Ligament Standard 
Evaluation Form was published in 1993 [ 12 ] but 
never validated. It made an important contribu-
tion by serving as a rudimentary form that func-
tioned as a foundation for more advanced 
evaluation systems. The future goals of the 
IKDC were to refi ne the standard form, identify 
additional important and reproducible criteria, 
and develop a comprehensive method of 
evaluation.  

12.11     Evidence-Based Medicine 

 A new paradigm of assessment, evidence-based 
medicine, called into question our fundamental 
basis of learning. An important tenet of evidence- 
based medicine is the conscientious, explicit, and 
judicious use of current best evidence in making 
decisions about the care of individual patients. 
The best research evidence places emphasis on 
patient-centered research related to the accuracy 
of diagnosis, power of prognostic identifi cation, 
and effi cacy and safety of surgical interventions. 

 Historically, researchers did not have out-
come instruments to accurately measure the 
quality of life impacting complaints (with an 
ACL tear, those complaints may be subjective, 
pain, instability, and functional limitations). 
Therefore, researchers were forced to use sur-
rogate measures (i.e., objective measures such 
as range of motion, strength, and laxity) for 

 Fact Box 3 

 The original IKDC Knee Ligament 
Standard Evaluation Form made an impor-
tant contribution by serving as a rudimen-
tary form that functioned as a foundation 
for a more advanced evaluation system. 
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what the surgeon and patient really cared about. 
Although these impairment measures appear to 
have accuracy because they can be reduced to a 
number, they often suffer from poor intra-rater 
and inter-rater reliability because these mea-
sures contain elements of subjective measure-
ments by the examiner as documented by the 
IKDC studies. In addition, they have poor cor-
relation with important domains of health to the 
patient. Consequently, the relationship between 
impairment of body structures and function to 
activity limitations and participation restrictions 
is not direct. For example, some authors have 
demonstrated there is no relationship between 
anterior displacement measured with KT-1000 
and patient-reported activity and participation 
[ 17 ,  32 ]. 

  In contrast to objective measures, many sub-
jective clinical measures might not appear to be 
reliable or valid but, when rigorously tested using 
well-established scientifi c methods, actually can 
be shown to be very reliable and valid. Activity 
and participation are of utmost concern to the 
patients. Therefore, health-related quality of life 
should be the primary outcome measure “how is 
the patient doing?”. The secondary outcome 
should be “how is the knee doing?”. 

 In March 1997, at John Feagin’s request, the 
AOSSM Board of Directors moved to support 
the revision of the knee ligament evaluation form 
created by the IKDC. The board’s interest in 
revision stemmed from the success of the initial 
form, as demonstrated by its widespread use, 
and the opportunity to integrate advances in the 
measurement of medical outcomes into the knee 

ligament form, making it more broadly applica-
ble and credible. 

 Three members of the committee and Chad 
Munger from Data Harbor met in Sun Valley in 
June 1997 and developed the following 
objectives:

•    To update the current objective portion of the 
IKDC form, enhance assessment of injuries 
and develop new modules for the objective 
evaluation of the PCL and patellofemoral 
components of the knee.  

•   Develop a new subjective evaluation form to 
assess patient-reported outcomes for measure-
ment of function and symptoms.  

•   Evaluation of the psychometric properties of 
each module of the knee ligament evaluation 
form.  

•   Publish and disseminate results of testing.    

 Thereafter, between July and October 1997, 
the committee developed a work plan, budget, 
and list of additional individuals needed to 
ensure complete international representation 
and clinical expertise. The committee’s prelim-
inary work plan estimated development and 
testing for approximately 2.5 years, including 
psychometric evaluation and publication. In the 
fall of 1997, work on the revision process 
began. Members of the AOSSM included Allen 
Anderson (Chairman), John Bergfi eld, Art 
Boland, Mininder Kocher, John Feagin, 
Christopher Harner, Nick Motahi, John 
Richmond, Don Shelbourne, and Glenn Terry. 
ESSKA members included Hans Uli Staeubli, 
Roland Jakob, Philippe Neyret, Jorgen Hoeher, 
and Werner Mueller. APOSSM members 
included K. M. Chan, Masahiro Kurosaka, 
James Irrgang, M.S., P.T. psychometrician/con-
sultant; Chad Munger, Data Harbor consultant; 
and John Fulkerson, ex offi cio. Committee 
members were assigned one of three work 
groups related to the ACL, PCL, or patellofemo-
ral joint. Each member was charged with 
reviewing background material for the purposes 
of identifying new items or revisions to existing 
items that could be included in the objective 
portion of the form. 

 Fact Box 4 

 Although these impairment measures appear 
to have accuracy because they can be 
reduced to a number, they often suffer from 
poor intra-rater and inter-rater reliability 
because these measures contain elements of 
subjective measurements by the examiner as 
documented by the IKDC studies. 
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 The other major objective included the devel-
opment of a valid, reliable, and responsive IKDC 
Subjective Knee Form that would serve as an 
appropriate means by which to evaluate a variety 
of knee impairments, including ligament and 
meniscal injury, articular cartilage lesions, and 
patellofemoral pain. In this regard, the develop-
ment of a single instrument that is valid for a 
variety of conditions affecting the knee could 
simplify data collection and also provide an 
opportunity to compare the impact of different 
knee conditions on the individual’s level of 
symptoms, function, and sports activity. This 
objective infl uenced all phases of the IKDC 
development. 

 Finally, the committee felt that it was critical 
to develop a worldwide consensus of opinion to 
create a standard outcome form that would pro-
vide a uniform method of evaluation and facili-
tate the sharing of results and solving clinical 
problems. 

 The committee devised a demographic  module 
primarily from the current health assessment 
module of modems. This module includes age, 
sex, race, and education items, as well as a fully 
tested comorbidity index. The general health 
questionnaire, SF36, was included because 
patients with knee conditions may have other 
health-related problems which would be refl ected 
in lower scores on outcome assessment. 

 Between October 1997 and March 1998, three 
revisions of each form were completed, involving 
the addition, deletion, and modifi cation of hun-
dreds of items. By March 1998, the committee 
agreed to a testable version of the form, consist-
ing of 42 questions. 

 At that time, James Irrgang Ph.D., P.T., 
A.T.C., a psychometrician who worked closely 
with the orthopedic community, was recruited 
by the committee to assist in the design and 
implementation of a study to evaluate the valid-
ity, reliability, and sensitivity of the revised 
form. 

 Field testing of the demographic, subjec-
tive, and objective assessment modules began 
in April 1998. Over an 8–10-week period, 144 
patients completed the demographic and sub-
jective modules. During this same period 

of time, the objective module was completed 
by 31 patients. The results were summarized 
and presented to the committee in Vancouver, 
British Columbia. Key findings were as 
follows:

•    There were very few missing data for all of the 
items on the demographic module.  

•   There were substantial missing data for 
many of the items on the subjective module. 
This was particularly problematic for the 
items that were related to symptoms (i.e., 
pain, swelling, giving way, and locking). 
Additionally, the proportion of missing data 
was greater for items located at the end of 
the instrument, indicating the need to shorten 
the instrument to lessen the burden on 
patients.  

•   There were substantial missing data for many 
of the items included on the objective module. 
Items that were related to prior surgery, 
 procedure, and diagnosis codes, status of the 
menisci, range of motion, and KT-1000 and 
hop tests had the greatest proportion of 
 missing data.    

  With the input of the committee, the results 
were used to modify the subjective and objective 
modules. Further testing of the revised subjective 
and objective modules was undertaken in August 
1998. Two hundred twenty-two (222) patients 
completed the subjective module, and the objec-
tive module was completed for 211 patients. The 
results were summarized and reported to the 
committee in Boston, MA, in November 1998. 

 Fact Box 5 

 The IKDC Subjective Knee Form was pilot 
tested on 144 patients. The results were 
used to modify the objective and subjective 
models. Field testing was performed by 
having 222 patients complete the subjec-
tive model and 211 the objective model. 
The results of analysis were used to modify 
the modules. 
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A summary of the results presented to the com-
mittee follows:

   Subjective Module
•    Problems with missing data for items on 

the subjective module were resolved. Most 
items had less than 10 % missing responses, 
and items with the highest proportion of 
missing responses continued to be those 
related to symptoms.  

•   An exploratory factor analysis indicated 
there was a single dominant trait underly-
ing responses to the subjective module. 
Most of the items had a high loading on 
this dominant trait (i.e., there were high 
correlations between the item and the dom-
inant trait). Broadly, this dominant trait 
refl ected a combination of symptoms, 
function, and sports activity, which implies 
that it is reasonable to combine the item 
scores into a single total score to refl ect an 
individual’s level of function. Items with a 
low loading on the dominant factor were 
considered by the committee for 
elimination.  

•   A Rasch analysis was also performed to 
evaluate the subjective module. Overall, 
the results indicated that the Rasch model 
adequately fi t the data. Collectively, the 
items measured a broad range of function. 
Several misfi tting items (i.e., those items 
that did not conform to Rasch model) were 
identifi ed and considered for elimination 
by the committee.  

•   A stepwise regression analysis was per-
formed using the individual items to pre-
dict the total score (i.e., the sum of the item 
scores). The results indicated that 99.9 % of 
the variance of the total score could be pre-
dicted by 24 of the 42 items included on the 
scale. The committee used these results 
during the item reduction process.     

  Objective Module
•    Problems with missing data on this version 

of the objective module were reduced. 
Most of the missing data were related to 
information that was not routinely mea-
sured or recorded during the history and 

physical examination, such as diagnosis 
and procedure codes, as well as the status 
of the menisci. Portions of the physical 
examination that continued to have a high 
proportion of missing data included crepi-
tus, harvest site pathology, and one-legged 
hop and KT-1000 tests. A high proportion 
of the data for documentation of knee 
extension could not be interpreted as 
recorded on the form.  

•   An exploratory factor analysis was per-
formed to determine the structure of the 
objective module. The results indicated 
that there were four or fi ve factors underly-
ing the objective module, and as a result, an 
orthogonal rotation was performed to clar-
ify the meaning of the factors. Components 
of the objective module that loaded on the 
fi rst factor included most of the laxity tests 
(Lachman, A-P translation, varus and val-
gus rotation, and pivot shift). The second 
factor represented crepitus and radio-
graphic narrowing of the joint. The third 
factor represented loss of motion. The 
fourth and fi fth factors represented the pos-
terior drawer and reverse pivot shift tests, 
respectively. Given that the correlation 
between each of these factors was zero. 
These results question the validity of 
 combining the results of the objective mod-
ule into a single score.       

  The above results were used to modify the 
subjective and objective modules. By consider-
ing the statistical properties and content of the 
individual items, the committee reduced the sub-
jective module from 42 items to 19 items. To 
modify the objective module, fi ndings from the 
physical examination were separated from the 
historical data. 

 Fact Box 6 

 Factor analysis demonstrated that it was 
reasonable to combine all the questions in 
the IKDC Subjective Knee Form into a 
single score. 
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 At the conclusion of the meeting in Boston, 
the committee requested additional information 
concerning the reduced version of the subjective 
module. This included a comparison of an indi-
vidual’s rating of function on an 11-point scale 
(i.e., 0–10) to a rating of function using the 
4-point scale included in the original IKDC 
guidelines (i.e., normal to severely abnormal). 
Evidence that the items performed the same for 
those with and without a ligament injury was also 
requested. The data that were analyzed above 
were used to address these questions. To better 
describe the sample, the centers that submitted 
the original data were asked to provide demo-
graphic information including the subjects’ age, 
sex, and diagnosis. The results were provided to 
the committee at its meeting in Anaheim, CA. 

 A summary of the fi ndings is as follows:

•    The rating of function on an 11-point scale 
was similar to the rating of function on the 
4-point scale. The correlation between the two 
items was .71.  

•   An exploratory analysis of the reduced item 
set demonstrated a single dominant trait 
underlying the item responses. All of the 
items, except for the item related to locking, 
loaded highly on this trait.  

•   The Rasch model fi t the data well. The items 
continued to measure a broad range of 
ability.  

•   To compare performance of the items for 
those with a ligament injury to those without a 
ligament injury, the diagnosis code was used 
to split the sample into two subsamples (i.e., 
those with a ligament injury and those without 
a ligament injury). A Rasch analysis was per-
formed separately on each subsample. If the 
items performed the same for each group, one 
would expect the item statistics (i.e., the item 
diffi culty parameters) to be the same for each 
sample. The results supported this premise. 
Thus, it appears that the items performed the 
same for those with a ligament injury com-
pared to those without a ligament injury. 
Similar fi ndings were found when the sample 
was split by age (i.e., the items performed the 
same for young and old individuals).  

•   Three scoring methods were compared. This 
included summing the item scores, summing 
the item scores using the results of the factor 
analysis to weight the items, and using the 
Rasch model to score the instrument. All three 
scoring methods yielded similar results. The 
distributions of the scores for each method 
were also similar. Additionally, the correlation 
between the three scoring methods ranged 
from .993 to .998. Thus, for simplicity sake, 
summing the scores was a satisfactory method 
to score the subjective module.    

 Several changes were made to some items in 
the subjective module during the committee 
meeting in 1999 in Anaheim, CA. To assess the 
effects of these changes and to describe the psy-
chometric properties of the fi nal version of the 
subjective module, additional data was gathered 
with the revised subjective module. 

 In 2001, the fi nal version of the IKDC 
Subjective Knee Form (SKF), consisting of 18 
questions, was administered to 590 patients with 
ligament injuries, meniscal injuries, patellofem-
oral pain, and osteoarthritis, to provide addi-
tional evidence that performance of the 
instrument was not dependent on diagnosis [ 13 ]. 
The average age of the patients was 37.5 years 
old and 52.6 % were males. In the sample, 76 % 
participated in sports activity; 19 % were com-
petitive athletes, and 57 % were recreational 
athletes. 

  The factor analysis demonstrated that it is rea-
sonable to combine all of the questions in the 
IKDC Subjective Knee Score into a single score. 
Other patient-reported measures of symptoms 
and function have applied differential scoring 
based on the author’s perception of what is 

 Fact Box 7 

 In 2001, the fi nal version of the IKDC 
(SKF), consisting of 18 questions, was 
administered to 590 patients with ligament 
injuries, meniscal injuries, patellofemoral 
pain, and osteoarthritis. 
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important and how it should be scored rather than 
on statistical evidence. 

 Three different methods of scoring were 
evaluated. These included adding unweighted 
scores for the questions, a weighted sum of the 
questions that used the factor loadings from the 
factor analysis, and a method based on item 
response theory. The correlations among the 
three methods of scoring were all high. 
Additionally, the method of adding unweighted 
scores and the method based on item response 
theory identifi ed the same fi ve highest and low-
est scoring subjects. Given these results and the 
simplicity of adding the unweighted scores was 
recommended over the other two methods of 
scoring. 

 The IKDC SKF has acceptable levels of 
internal consistency. A high value of coeffi cient 
alpha (0.92) indicated that the questions consis-
tently measure the underlying construct of 
symptoms, function, and sports activity in 
patients with a variety of knee problems. The 
underlying concept for internal consistency is 
that the consistency with which a patient 
responds from one question to the next can be 
used to provide an estimate of reliability for the 
total test score [ 22 ]. 

 Test-retest reliability and responsiveness are 
important characteristics of a rating scale 
designed to measure change over time [ 16 ]. 
Test- retest reliability refl ects measurement error 
associated with repeated measurement when the 
patient’s status remains the same. Thus, high 
levels of test-retest reliability imply that 
repeated measurements yield consistent scores 
when a patient’s symptoms, function, and sports 
activity have remained constant. The IKDC 
SKF had high (0.94) levels of test-retest 
reliability. 

  A major objective in the development of the 
IKDC SKF was to create a form that would be 
appropriate for patients with a variety of knee 
impairments, including ligament and meniscal 
injuries, articular cartilage lesions, and patello-
femoral conditions. Item response theory was 
used to determine if the IKDC SKF would per-
form the same for young versus old, for men ver-
sus women, or for patients with different knee 
problems. The results indicated that, with few 
exceptions, the questions and therefore the entire 
form functioned similarly regardless of age, sex, 
or diagnosis.  

12.12     Responsiveness 

 The next step in testing was to determine respon-
siveness of the IKDC SKF. Responsiveness is the 
ability of a form to detect minimal clinically 
important differences when the patient’s status 
has changed [ 9 ]. Demonstration of responsive-
ness requires administration of the instrument on 
two or more occasions to patients who are 
expected to undergo change. To provide evidence 
for responsiveness, the IKDC SKF was adminis-
tered longitudinally to 207 patients who had a 
variety of knee problems [ 14 ]. 

 In summary, the IKDC SKF, a well- 
standardized outcome instrument, has been 
proven to be reliable, valid, and responsive for 
any measure of change in symptoms, function, 
and sports activity over time in patients with a 
variety of knee impairments. 

 Fact Box 8 

 Psychometric analysis demonstrated that 
the IKDC SKF functions similarly, regard-
less of age, sex, or diagnosis. 

 Fact Box 9 

 The minimal detectable change, the change 
in score necessary to be certain that the 
change is greater than the measurement 
error of the outcome instrument, was 12.5. 
The minimal clinically important differ-
ence, the change in score necessary for the 
patient to perceive change that is clinically 
relevant, was 11.5. 
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12.13       Normative Data 

 The next step in standardization of the IKDC SKF 
was the collection of normative data. The primary 
purpose of this study was to provide clinicians 
and researchers with normative data that would 
place scores, changes in scores, and scores from 
male or female patients of different ages within 
the context of normal population values. 
Normative comparison facilitates the interpreta-
tion of results on the IKDC form for patient man-
agement decisions and for comparison between 
groups of patients by demonstrating how close 
patients come to the normal range of functioning. 

 The Subjective Knee Evaluation Form was 
mailed to 600 people in each of 8 age/gender cat-
egories (18–24 years, 25–34 years, 35–50 years, 
and 51–65 years for both male subjects and 
female subjects) [ 2 ]. Participants were drawn 
from a panel of 550,000 households (1,300,000 
subjects) representative of noninstitutionalized 
persons in the United States and were matched to 
data from the United States Census Bureau on 
geographical region, market size, income, and 
household size. 

   Results     Complete data were available for 5,246 
knees. Twenty-eight percent of respondents 
reported an injury, weakness, or other problem 
with one or both knees. Normative data were 
determined for respondents as a whole and for 
the subset of respondents with no history of knee 
problems. Scores on the IKDC Subjective Knee 
Evaluation Form vary by age, gender, and history 
of knee problems. The normative data published 
in 2006 allow clinicians to interpret how patients 
with knee injuries are functioning relative to their 
age- and gender-matched peers and will enable 
researchers to determine the clinical outcome of 
treatment [ 2 ].   

12.14     Pedi-IKDC 

  A crucial feature of evaluating the psycho-
metric properties of the IKDC SKF is demon-
stration of validity for the target population. The 
use of a validated outcome measure is not neces-
sarily appropriate for pediatric patients. Patient- 
reported outcome measures rely on literacy and 
comprehension of questions that children may 
not understand. Consequently, cognitive inter-
views were conducted to determine how well 
children understood the components of the 
IKDC SKF [ 15 ]. This study revealed that chil-
dren had diffi culty comprehending and answer-
ing certain questions. Based on the specifi c areas 
of misunderstanding, a modifi ed IKDC SKF 
(pedi-IKDC) was developed, and psychometric 
characteristics were determined on 589 patients, 
ages 6–18, with a variety of knee disorders [ 18 ]. 
The pedi-IKDC SKF demonstrated overall 
acceptable psychometric performance for out-
come assessment of children and adolescents 
with various knee disorders [ 4 ].  

12.15     Future Directions 

 In October 2014, the AOSSM Board voted to 
update the IKDC SKF by developing a computer-
ized adapted test and integrating it with Patient- 
Reported Outcomes Measurement Information 
System (PROMIS) physical and functional 
computer- adaptive tests (CAT). The rationale for 
converting the existing IKDC SKF to a CAT is that 
it would enable the IKDC SKF to continue to be 
used as a measure of physical function and other 
dimensions of health overall more effi ciently 
 without increasing the total number of items 

 Fact Box 10 

 Normative data were determined in each of 
8 age/gender categories by testing 5,246 
subjects. 

 Fact Box 11 

 The pediatric IKDC was developed and 
psychometric characteristics were deter-
mined on 589 patients, ages 6–18, with a 
variety of knee disorders. 
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administered to the patient. In addition, the IKDC 
SKF may be integrated with the PROMIS physical 
function and pain CAT for sports-related knee 
injury. This would be very valuable and could 
advance the fi eld of measuring patient- reported 
outcomes for sports-related conditions. 

   Conclusions 

 The IKDC SKF was rigorously tested and 
found to be an instrument that was valid, reli-
able, and responsive and could be used to 
assess symptoms, function, and sports activity 
in patients with a variety of knee disorders 
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including ligament and meniscal injuries, 
patellofemoral pain, chondral injuries [ 8 ,  10 ], 
and osteoarthritis [ 2 ,  8 ,  13 ,  14 ,  28 ]. Studies 
comparing IKDC SKF to other outcome mea-
sures demonstrate superior psychometric 
characteristics of the IKDC for meniscal [ 5 , 
 33 ,  35 ], ACL [ 36 ], and cartilage repair out-
comes [ 10 ]. 

 As a result of rigorous psychometric test-
ing, the availability of normative data, a pedi-
atric version [ 28 ,  30 ,  31 ], and comparison to 
other outcome instruments, the IKDC SKF 
has gained worldwide recognition and popu-
larity. It has been culturally adapted and trans-
lated in 19 languages [ 11 ,  19 ,  20 ,  29 ]. The 
forms and translated versions are available at 
  www.sportsmed.org    .         
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13.1          Introduction 

 Clinical assessment of knee laxity is useful prior 
to surgery to assist in establishing the diagnosis 
of knee injuries and after surgical intervention to 
evaluate the success of reconstruction proce-
dures. Clinically, rotational knee laxity is evalu-
ated by subjective manual tests, such as the dial 
or the pivot shift tests [ 27 ]. Whereas the former is 
‘static’ and uniaxial, the latter is ‘dynamic’ and 
tests the knee in more than one direction [ 21 ]. 
There is a debate as to whether static or dynamic 
measurements should be preferred in the evalua-
tion of anterior cruciate ligament (ACL) injuries 
[ 51 ]. While the pivot shift test is accepted to be 
more closely correlated with the clinical symp-
toms of dynamic instability (‘giving way’) than 
do static tests, it appears to be generally accepted 
that the latter are of interest in the diagnosis and 
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follow-up of knee soft tissue injuries [ 51 ]. 
Moreover, static tests induce a less complex 
movement of the knee in comparison to dynamic 
tests, which may be easier to standardise and to 
control with a device. Increased attention has 
been paid over the last decade to develop instru-
ments measuring static rotational knee laxity. To 
date, few data report rotational knee laxity mea-
surements in vivo. A systematic review reported 
that in 74 articles where knee rotation was mea-
sured under a controlled load, 61 used human 
cadavers and only 13 using living humans [ 31 ]. 
Preliminary data showed that rotational knee lax-
ity measurements are of a much higher degree of 
complexity compared with sagittal knee laxity 
measurements. 

 The aim of the present chapter is to provide an 
overview of current knowledge on static rota-
tional knee laxity measurements.  

13.2     Structures Infl uencing Knee 
Rotation: What Can 
We Measure? 

 Laxity tests must be utilised with caution; there is 
always more than one contributing structure in one 
direction being tested. As a consequence, it can be 
challenging to isolate the structure under investi-
gation. Between 0° and 30° of knee fl exion, inter-
nal rotation is primarily restrained by the posterior 
oblique ligament and the iliotibial band. Secondary 
restraints include the ACL, the superfi cial fi bres of 
the medial collateral ligament (MCL), the menisci, 
the popliteal tendon and the anterolateral ligament 
(ALL). At 60° of knee fl exion, internal rotation is 
fi rst restrained by the deep fi bres of the MCL and 
the iliotibial band and then by the ACL, the 
menisci, the popliteal tendon and the ALL. In 
terms of external rotation, at full extension of the 
knee, it is primarily restrained by the lateral col-
lateral ligament (LCL) and secondly by the 
menisci, the deep fi bres of the MCL and the pop-
liteofi bular ligament complex. From 30° to 90° of 
knee fl exion, primary restraints of external rota-
tion are the superfi cial fi bres of the MCL, the 
LCL and the popliteal tendon. Secondary 

restraints are the posterior cruciate ligament 
(PCL), the menisci and the popliteofi bular liga-
ment complex [ 21 ]. 

 As contributing structures vary with the 
degree of knee fl exion, patient position and/or 
devices to measure static rotational knee laxity 
must be chosen in relation to the structure(s) to 
be analysed. For example, cadaver studies 
showed that the increase of rotation related to an 
ACL defi ciency was apparent mainly between 0° 
and 30° of knee fl exion and disappeared with 
further knee fl exion [ 6 ,  53 ,  85 ]. ACL-injured 
patients should thus be assessed at a maximal 
angle of 30°. In knee fl exion angles below 30°, 
the section of the ACL lead to 2.4–4° increase 
more specifi cally in internal rotation [ 32 ,  36 ,  42 , 
 53 ]. The same amount of increment is observed 
in in vivo studies (rotation of the injured knee 
patients with a chronic ACL injury was increased 
by 3° compared to the healthy knee) [ 40 ]. Given 
the rather limited amount of additional rotation 
induced by the absence of the ACL, the chal-
lenge with non- invasive measurements is to 
reach a high degree of precision to detect such 
low changes.  

13.3     Static Laxity Measurements: 
How to Start With? 

 Several factors related to patient positioning, 
measurement methods, testing protocols and 
device precision deserve particular consideration 
to correctly understand static rotational knee lax-
ity measurements. Patient position (i.e. knee and 
hip fl exion angles) infl uences laxity measure-
ments. At a knee fl exion of 20°, greater values of 
knee rotation are observed when the hip is near 
extension compared with when the hip is fl exed 
at 90°. On the other hand, for a similar position of 
the hip, knee rotation is greater at 90° of knee 
fl exion compared with 20° [ 59 ]. 

 Devices also differ by measurement methods 
(location of sensors to measure torque applied and 
displacement). In all reported instruments, torque 
is applied at the foot. Consequently, the torque 
may partially be absorbed by the device and other 
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joints of the leg than the knee joint. The fi nal 
torque applied to the knee may thus differ between 
devices depending on effi cacy to  immobilise the 
hip and ankle joints. With regard to the measure-
ment of rotation, some devices measure knee rota-
tion at the foot [ 3 ,  11 ,  37 ] and others directly at 
the tibia [ 49 ,  55 ,  70 ]. For a 10 Nm torque, 
Shoemaker and Markolf estimated that foot rota-
tion represented twice the tibiofemoral rotation, 
i.e. two-thirds of the measured angle [ 59 ]. This 
aspect is specifi c of each device depending on the 
fi xation of the ankles and hips. However, foot 
rotation may be avoided with a direct evaluation 
of tibial rotation via electromagnetic sensors 
placed on the tibia [ 2 ]. 

 Researchers and knee surgeons should also be 
aware how testing protocols are standardised. 
The amount of torque applied usually varied 
between 5 and 15 Nm depending on fi xation and 
patient comfort within the device. These amounts 
of torque allow for a safe test as structural 
integrity of the knee ligaments are only 
compromised for a torque greater than 35 Nm 
directly applied to the tibia [ 59 ]. Several 
researchers have shown improved reliability for 
total range of rotation than for internal and 
external rotation separately [ 3 ,  85 ]. Most 
researchers apply this torque from internal to 
external rotation or from external to internal 
rotation to obtain a complete cycle of rotation. In 
these cases, the hysteresis phenomenon should 
not be neglected as it may infl uence the 
reproducibility of the measurements. A solution 
to avoid this phenomenon is to perform separate 
measurements of internal and external rotation 
and includes ‘preconditioning trials’ [ 12 ,  44 , 
 66 ]. A lack of reproducibility may also be 
explained by a non-reproducible starting position 
of the test, an aspect related to patient installation 
that should be carefully monitored. 

 All of the previously mentioned aspects 
infl uence the precision of the device, which 
remains poorly investigated. The determination of 
precision is, however, necessary to draw 
meaningful conclusions from any comparison 
study as it accounts for the measurement error. It 
is helpful to detect abnormalities occurring during 

a subject follow-up and helps to conclude if an 
observed difference is clinically relevant and 
meaningful. Studies are often limited to 
computations of ICCs, which depend strongly on 
data dispersion and do not provide a clear 
understanding of device precision. A conservative 
approach is the use of the minimum detectable 
change (MDC) [ 82 ]. The MDC represents the 
minimal required difference with a given 
instrument in a defi ned setting to be confi dent that 
a true change has indeed occurred.  

13.4     Static Rotational Knee Laxity 
Devices: How to Measure 
Knee Rotation? 

 Knee laxity measurement devices have been 
specifi cally designed to allow for an objective 
and standardised evaluation of knee laxity. The 
authors present non-invasive devices measuring 
knee rotation angle in humans with a known 
applied torque (Fig.  13.1 ). Instruments 
associated to imaging and/or assessing complex 
knee movements like the pivot shift test or the 
rotation associated with anterior or valgus 
movement of the knee will not be presented. To 
the best of the authors knowledge, none of the 
devices reported below are presently 
commercialised.

13.4.1       Genucom Knee Analysis 
System (FARO Medical 
Technologies, Montreal, 
Ontario, Canada) [ 54 ] 

 This device was developed in the late 1980s and 
allows measurement of anteroposterior laxity, 
as well as rotational and varus-valgus laxity 
[ 54 ]. A six-degrees-of-freedom dynamometer 
indicates to the examiner the force or torque 
applied to the knee, and an electrogoniometer 
measures the displacement. The ability of the 
device to measure rotation has been poorly 
explored. This may be partly explained by a 
poor reproducibility. Indeed, at 20° of knee 
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fl exion, the least  signifi cant difference reached 
17.5° in tibial rotation; in other words, a change 
of 17.5° is required to indicate a real change in 
one subject’s laxity [ 43 ].  

13.4.2     Vermont Knee Laxity Device [ 77 ] 

 The Vermont knee laxity device measures 
anterior, rotational and varus-valgus laxity. The 
subject lies supine with knees fl exed at 20° and 
hips at 10°, and the thighs are fi xed with clamps 
at the femoral epicondyles. Rotation angle is 
measured on tibia through electromagnetic 
sensors. The intraclass correlation coeffi cient 
(ICC) is above 0.86 for internal, external and 

total range of rotation. The 95 % confi dence 
interval (CI) of the absolute measurement errors 
were evaluated to reach 5–7°, respectively, for 
internal and external rotation [ 70 ].  

13.4.3     Rottometer [ 3 ] 

 The patient sits on a modifi ed chair with knees 
and hips fl exed to 90°. To limit artefacts and 
target tibiofemoral rotation, the thigh is fi xed 
above the knee with clamps. The ankle is fi xed by 
two screws at the calcaneus and four screws 
placed at the medial and lateral malleoli. An 
adjustable spanner is used to apply torque and a 
stick following the foot plate indicated the 

Lorbach et al. (3.6) [15]

Shultz et al. (3.2) [27] Almquist et al. (3.3) [14]

Musahl et al. (3.4) [17] Park et al. (3.5) [19]

Branch et al. (3.7) [16] Alam et al. (3.8) [33]

  Fig. 13.1    Non-invasive devices to measure static rotational knee laxity in vivo. All devices allow applying a known 
amount of torque (Adapted from Refs. [ 14 – 17 ,  19 ,  27 ,  33 ])       
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resulting degree of rotation. A comparative study 
using radiostereometry analysis (RSA) 
demonstrated that the Rottometer systematically 
overestimated tibiofemoral rotation by about 
100 % [ 3 ]. Depending on the amount of torque 
and degree of knee fl exion, the inter-rater ICC 
varied between 0.49 and 0.85, with the highest 
ICC obtained for the highest torque (9 Nm) and 
the higher degree of knee fl exion (90°) [ 4 ]. The 
95 % CI between measurements of both 
examiners varied between −7.9° for the lower 
bound and 3.8° for the upper bound [ 4 ].  

13.4.4     Device by Musahl et al. [ 49 ] 

 This device consists of an Aircast Foam Walker 
boot with a 6-degrees-of-freedom moment 
sensor fi xed on a handle bar attached to the 
boot. A bubble level attached to the handle bar 
determines the neutral rotation. To measure the 
relative rotation of the tibia with regard to the 
femur, magnetic sensors are placed on the boot, 
on the medial surface of the proximal tibia and 
on the anterior surface of the thigh. The 
examiner holds the leg while applying the 
torque, which may infl uence muscle relaxation 
and fl exion angles. An initial cadaver study 
reported a high intra- and inter-rater ICC 
(>0.94) [ 49 ]. In 11 healthy subjects, inter-rater 
ICC was greatest at 90° of knee fl exion (0.88). 
The 95 % CI of the standard error of 
measurements reached 3.2° for the total range 
at 90° of knee fl exion and 5.1° at 30° [ 76 ]. The 
average side-to-side difference between normal 
knees was reported to be 3.5° [ 76 ].  

13.4.5     Device by Park et al. [ 55 ] 

 Park et al. [ 55 ] presented the fi rst motorised 
device to measure knee rotational laxity. The 
patient sits in a modifi ed chair with the hips fl exed 
at 85° and knees at 60°. The thighs are fi xed with 
clamps. Three LED markers were positioned on 
the anteromedial surface of the tibia to measure 
the angle of rotation. No data is available on its 
reproducibility.  

13.4.6     Rotameter [ 37 ] 

 Two prototypes of the Rotameter exist. In both 
versions, the subject is lying prone to reproduce 
the dial test position. Thighs are fi xed in half cones 
with Velcro strap band. Hips are extended and 
knees fl exed at 30°. The subject is wearing boots 
(home-made boot in the fi rst version and ski boots 
of appropriated size in the second version) attached 
to the handle bar that allows both to apply the 
torque and measure the degree of rotation. A 
cadaver study showed a high correlation (Pearson 
 r  > 0.85) between measurements of the fi rst proto-
type and knee navigation system [ 36 ,  37 ]. The 
Rotameter, however, overestimates the total range 
of rotation at 5, 10 and 15 Nm in average of 5, 10 
and 25°, respectively [ 37 ]. The assessment of the 
reliability of the fi rst Rotameter is questionable. 
Greater ICC were observed for inter-tester reliability 
(>0.88) compared with intra-rater ICC (>0.67), sug-
gesting that participants were not reinstalled 
between the measurements undertaken by the two 
examiners [ 38 ]. No confi dence intervals for mea-
surement errors were reported. Regarding the sec-
ond version of the Rotameter, it provides lower 
rotation than the fi rst device due to improvements 
in the standardisation of the patient installation 
and joint fi xation. The MDC has been determined 
to reach 4.2° for internal rotation and 5.9° for 
external rotation [ 45 ]. Individualised normative 
references have been established considering indi-
vidual characteristics [ 44 ,  45 ].  

13.4.7     Robotic Knee Testing System  [  11  ]  

 Branch et al. developed a custom robotic knee 
system adjustable to the patient’s natural lower 
limb alignment to avoid pretension in leg anatom-
ical structures. The patient lies supine with knees 
fl exed at 25°. The femur and patella are stabilised 
with clamps, and the ankle is stabilised in prona-
tion and dorsifl exion to limit its rotation during 
the test. Rotation is measured at the foot with an 
inclinometer. Electromagnetic sensors placed on 
the proximal tibia showed that tibial rotation rep-
resented in average 48.7 % of the total rotation 
measured at the foot [ 11 ]. The authors corrected 
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their measurements according to these results, 
which may introduce bias, as this correction may 
vary between individuals (95 % CI: 45.3–52.1 %). 
Inter-rater ICC for total range of rotation reached 
0.97 at a torque of 5.65 Nm [ 11 ].  

13.4.8     Rotational Measurement 
Device [ 1 ] 

 This device consists of three parts: (1) a femoral 
clamp and (2) a tibial splint, to which 
inclinometers are fi xed to measure rotation and 
(3) a boot with a torque wrench. Subjects are 
positioned at 90° of knee fl exion. Measurements 
at the foot overestimate rotation in average by 
136 % (95 % CI, −102 % to −171 %) compared to 
the rotational measurement device placed on the 
tibia. The latter slightly overestimated rotation 
(in average 2°: 95 % CI −4.5° to 0.4°) when 
compared to electromagnetic sensors placed on 
the tibia [ 1 ]. Intra- rater ICC reached 0.9 [ 1 ].    

13.5     Rotational Laxity 
in the Normal Knee 

 Physiological knee laxity is the natural laxity of 
the knee. Recent literature reveals that physiolog-
ical knee laxity may infl uence injury risk, as well 
as treatment outcomes. As such, a better under-
standing of physiological laxity may benefi t both 
athletes and injured patients alike. 

13.5.1     Relation with Knee Function 

 It is commonly accepted that knee laxity has no 
relation to knee function. In fact, the literature 
specifi es that the amount of side-to-side difference 
in knee laxity observed after ACL reconstruction 
is not linked to clinical outcomes [ 22 ,  30 ,  56 ]. 
Nevertheless, subjects with excessive physiologi-
cal knee laxity have been reported to have move-
ment patterns associated with non- contact ACL 
injury mechanisms. They display greater hip and 
knee movements in the transverse, sagittal and 
frontal planes during drop landings [ 65 ,  75 ]. 
Subjects with higher anterior knee laxity also dis-
play increased knee moments [ 69 ] and delayed 
onset timing of muscle activation that is compen-
sated by a higher muscle activity [ 60 ]. Moments 
and onset timing of muscle activation have not yet 
been investigated for patients with higher rota-
tional knee laxity. These primary fi ndings suggest 
that individuals may benefi t from intensive neuro-
muscular training adapted to their laxity profi le, 
which could have a direct impact in knee injury 
prevention and patient care.  

13.5.2     Risk Factor for Injuries 

 It is well recognised that hypermobility (as 
defi ned by the Beighton score [ 8 ]) is associated 
with an increased risk of musculoskeletal injuries 
[ 83 ]. The same principle may apply to physiologi-
cal rotational knee laxity. In adulthood, as for 
anterior knee laxity [ 78 ,  84 ], the healthy contra-
lateral knee of ACL-injured patients displays, on 
average, greater internal rotation than healthy 
knees of a control group [ 11 ,  46 ]. Mouton et al. 

 Fact Box 1 

•     Static rotational knee laxity only assesses 
knee rotation. Dynamic tests constrain 
the knee in more than one direction (i.e. 
pivot shift test).  

•   Structures contributing to knee rotation 
are numerous (menisci, lateral ligaments 
…) and depend on the degree of knee 
fl exion.  

•   Rotational knee laxity measurements 
are of a much higher degree of com-
plexity compared to anterior knee laxity 
measurements.  

•   To date, eight devices have been reported 
with measurements of rotational knee 
laxity in vivo. The torque applied varies 
between 5 and 15 Nm. The report of their 
precision is insuffi cient for proper use in 
the daily practice.  

•   Hip fl exion, knee fl exion, location of sen-
sors to measure torque applied and rota-
tion, as well as testing protocols, critically 
infl uence rotational laxity results.    
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set a threshold to help discriminate rotational 
knee laxity between healthy subjects and the 
healthy contralateral knee of ACL-injured patients 
[ 46 ]. Above the established threshold, a subject 
was 2.45-fold (95 % CI 1.37–4.36) more likely to 
be in the injured group [ 46 ]. These fi ndings must 
be confi rmed by prospective studies, but they sug-
gest that prospective screening may be of interest 
to identify subjects at risk for non- contact ACL 
injuries as well as for other knee injuries.  

13.5.3     Risk for Poor Reconstruction 
Outcomes 

 After ACL reconstruction with a bone-patellar 
tendon-bone graft, patients identifi ed with an 
increased physiological rotational laxity have 
lower Lysholm [ 29 ] and IKDC subjective [ 12 , 
 29 ] scores. As preoperative scores were not 
reported, it remains unclear whether this fi nding 
is the consequence of the ACL reconstruction or 
of the injury itself. Still, these results raise the 
question of whether patients with higher knee 
laxity may benefi t from adapted, individualised 
care (i.e. graft choice) compared with other 
patients.  

13.5.4     Infl uencing Factors 

 Previous studies have demonstrated that exter-
nal rotation exceeds internal rotation by approx-
imately 50 % [ 11 ,  38 ,  48 ,  55 ,  70 ]. However, the 
study of rotational knee laxity is much more 
complex than simply measuring internal and 
external rotation. Physiological laxity is indeed 
infl uenced by several individual characteristics. 
Females have greater rotational knee laxity than 
males [ 5 ,  11 ,  26 ,  44 ,  45 ,  55 ] and body mass 
appears to be inversely correlated to rotational 
knee laxity [ 44 ,  45 ,  61 ]. No relation has been 
reported between height and rotational knee lax-
ity [ 44 ,  45 ]. 

 Increased knee laxity in the paediatric popu-
lation is generally well accepted [ 7 ,  17 ,  23 ]. 
Rotational knee laxity evolves during the ado-
lescence and stabilises at the age of 14 years in 

girls and at 16 years in boys [ 7 ]. This stiffening 
of knee laxity coincides with the emergence of 
ACL injuries [ 14 ]. In adulthood, the infl uence 
of age is debated [ 5 ,  61 ]. Shultz et al. reported 
that older subjects had lower laxities. However, 
these researchers in their study did not include 
a large range of age: males were 22 ± 3 years 
old and females were 21 ± 3 years old [ 61 ]. In 
contrast, in two studies with large number of 
subjects and including subjects with a large 
range of age, no signifi cant infl uence of age 
could be observed neither in males nor females 
[ 5 ,  44 ,  45 ]. 

 While several studies suggest that anterior 
knee laxity may vary during the menstrual cycle 
of females [ 62 ,  63 ], the effect of the menstrual 
cycle on rotational knee laxity has been analysed 
in only one study [ 66 ]. The authors assessed 
rotational knee laxity in females at two different 
time points. Based on previous research of these 
authors [ 64 ], the two time points were the esti-
mated days of minimum and maximum anterior 
knee laxity during menses and the early luteal 
phase, respectively. No increase in rotational 
knee laxity could be observed in females between 
these two time points [ 66 ]. 

 A relation may exist between knee laxity and 
lower leg alignment. Healthy subjects with 
increased laxity compared with subjects with 
decreased laxity have greater navicular drop 
(increased: 7.1 ± 5.0 mm, decreased: 5.2 ± 3.1 
mm), lower Q-angle (increased: 12.9 ± 3.9°, 
decreased: 11.6 ± 4.7°), lower tibial torsion 
(increased: 14.8 ± 7.3°, decreased: 18.6 ± 5.2°), 
lower quadriceps peak torque (increased: 
2.3 ± 0.4 Nm/kg, decreased: 2.5 ± 0.4 Nm/kg) 
and shorter femur length (increased: 
41.3 ± 2.6 cm, decreased: 44.5 ± 2.5 cm) [ 61 ]. 
Some differences are, however, minor and their 
clinical value has not yet been established. Another 
study established that subjects with foot pronation 
displayed higher internal rotation than subjects 
without pronation [ 13 ]. 

 Physical activity has also been reported to 
infl uence rotational knee laxity. Shultz et al. 
measured rotational knee laxity in 59 partici-
pants during an intermittent exercise protocol 
[ 67 ]. The measurements were performed before 
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and after warm-up and every 15 min during and 
for 1 h after the end of the exercise. The largest 
mean change observed was 1.7 ± 4.9° (increase 
of 7 % compared to before warm-up) [ 67 ]. 
Thirty-three percent of each sex had an incre-
ment superior to 5.2°, thereby suggesting that all 
participants may not respond in a similar way to 
an exercise. The study of Shultz et al. therefore 
confi rms previous studies, which showed 
increased rotational knee laxity associated with 
exercise [ 28 ,  73 ]. Interestingly, as rotational 
knee laxity increases with exercise, women tend 
to have greater knee valgus and more absorbed 
energy at the knee [ 68 ]. The importance of the 
valgus is related to the subject’s physiological 
knee laxity [ 68 ]. 

 Finally, osteoarthritis may affect knee laxity. 
Cross-sectional studies have found that rotational 
laxity [ 80 ] decreased with the severity of knee 
osteoarthritis. It may thus be useful to consider 
osteoarthritis as a potential confounding factor in 
future studies [ 52 ].  

13.5.5     Normative References 

 To defi ne ‘excessive’ knee laxity, normative 
references for each device must fi rst be established 
in order to defi ne ‘normal’ laxity. Mouton et al. 
proposed a methodological approach to calculate 
standardised laxity scores for anterior and 
rotational knee laxity taking into account 
infl uencing individual characteristics [ 45 ]. For 
rotational knee laxity, sex and body mass were 

found to signifi cantly infl uence its measure and to 
explain a non-negligible amount of the variability 
in internal and external rotation (46–60 %). As a 
consequence, the latter parameters were taken 
into account to calculate an individualised score. 
The individualisation of scores has the advantage 
to allow for the direct comparison of individuals, 
regardless of differences in sex or body mass. The 
fi nal score represents the distance of the individual 
to the average of the healthy control group. One 
unit represents the standard deviation of the 
healthy control group. As one standard deviation 
has already been previously used as a threshold 
[ 78 ], the authors decided to use it to categorise 
knees as being hypo- (score < −1), normo- (score 
between −1 and 1) and hyperlax (score > 1) [ 45 ]. 
For internal and external rotation, the 
individualised scores follow a normal distribution 
(Figs.  13.2  and  13.3 ).

    Anterior and rotational knee laxity are poorly 
correlated [ 45 ,  71 ], which suggests that they 
yield complementary information. A single mea-
sure of knee laxity is thus likely inappropriate to 
describe the static knee laxity envelope. The exis-
tence of specifi c knee laxity profi les has been 
suggested [ 61 ]. Mouton et al. showed by combin-
ing the anterior displacement to internal and 
external rotation that only 32 % of the partici-
pants showed a normal profi le (scores > −1 and 
<1 for all three directions), 33 % were concerned 
by hyperlaxity in at least one direction, 40 % by 
hypolaxity in at least one direction and 5 % by 
both (Fig.  13.4 ). The diversity of the identifi ed 
laxity profi les highlights both the complexity of 

  Fig. 13.2    Distribution 
of the knee laxity score 
for internal rotation at 
5 Nm corrected for sex 
and body mass [ 31 ]       
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the interpretation of multidirectional knee laxity 
and the necessity for individualised care of knee 
injuries and diseases.     

13.6     Rotational Laxity 
in the Injured Knee 

 In contrast to physiological knee laxity, which 
only considers the healthy knee, pathological 
laxity typically considers the laxity of the injured 
knee and its difference against the contralateral 
knee. 

  Fig. 13.3    Distribution 
of the knee laxity score 
for external rotation at 
5 Nm corrected for sex 
and body mass [ 31 ]       

 Fact Box 2 

•     Subjects with excessive physiological 
knee laxity have been reported to display 
greater knee movements and moments 
and delayed muscle onset compensated 
by a higher muscle activity.  

•   Excessive physiological knee laxity 
may play a role in the risk of knee inju-
ries and may infl uence outcomes after 
ligament, e.g. ACL reconstruction.  

•   External rotation has been reported to be 
50 % greater than internal rotation.  

•   Physiological rotational knee laxity may 
be infl uenced by many individual char-
acteristics such as sex, body mass, age, 

  Fig. 13.4    Distribution 
of laxity profi les 
expressed in percentage 
(%). Decreased: laxity 
score < −1, normal: 
laxity score between −1 
and 1, increased: laxity 
score >1.  ATD200  
anterior tibial 
displacement at 200 N, 
 IR5  internal rotation at 
5 Nm,  ER5  external 
rotation at 5 Nm [ 31 ]       

menstrual cycle, lower leg alignment, 
osteoarthritis, as well as exercise. These 
parameters can be considered in the 
establishment of normative references.  

•   A single measure of knee laxity is 
inappropriate to describe knee laxity. 
The interpretation of knee laxity profi les 
is complex and still at a very early stage.    
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 Laxity measurements can be useful to establish 
the diagnosis of ACL injuries in complement to the 
clinical and imaging evaluation. Presently, the 
diagnosis of ACL injuries with arthrometers mainly 
focuses on anterior laxity measurements. However, 
concomitant measures of additional laxities, such 
as rotational knee laxity, have been proposed to 
refi ne the diagnosis of ACL injuries [ 16 ]. In cadaver 
studies, the section of the ACL leads to an incre-
ment of tibial internal rotation of 2.4–4° [ 32 ,  36 , 
 42 ,  53 ]. Similar increase of 3° in tibial internal 
rotation could be observed in vivo [ 40 ]. More 
specifi cally, the posterolateral bundle may play a 
role in restraining rotation as its section induced the 
major increase in internal rotation [ 36 ]. 

 To date, only the sensitivity and specifi city of 
the Rotameter to detect an ACL injury has been 
reported in the literature [ 47 ]. A threshold of 3.2° 
for the side-to-side difference in internal rotation 
at 5 Nm led to correctly identify 38 % of patients 
(sensitivity) and reject 95 % of healthy subjects 
(specifi city) (Fig.  13.5 ). Although the sensitivity 
of the Rotameter seems extremely low, it is still 
superior to the sensitivity of 24 % reported for the 
pivot shift test in a previous meta-analysis [ 9 ]. 
Moreover, compared with the common analysis 
of anterior displacement (side-to-side difference 
in anterior displacement at 200 N), further analy-
sis of knee internal rotation increased the diag-
nostic sensitivity by 9 % (from 75 to 84 %) [ 47 ]. 
To further improve the diagnosis of ACL injuries, 
consideration of the slope of the curves 

(representative of knee stiffness) is advised as it 
has been shown to increase the specifi city of 
anterior and rotational knee laxity tests to 100 %. 
As a result, simultaneous consideration of 
displacement and knee stiffness provide a test 
without a false positive [ 47 ].

   It should be highlighted that associated injuries 
such as meniscal or collateral ligament injury may 
infl uence the interpretation of laxity measure-
ments in the diagnosis of ACL injuries [ 25 ,  72 ,  81 ] 
but remain poorly considered. Only 40 % of ACL 
ruptures are, however, reported to be isolated [ 19 ]. 

 Rotational knee laxity measurements may 
also be of interest in posterolateral corner injuries. 
These injuries induce an increase in tibial external 
rotation [ 79 ] of 6–14° [ 33 ,  39 ,  41 ], resulting in 
posterolateral rotational instability. This 
increment is much more important than in terms 
of an ACL injury and may also be easier to detect. 
Clinically, posterolateral corner injuries are 
assessed with the dial test [ 20 ]. An increment 
greater than or equal to 15° in the injured knee 
suggests a posterolateral injury [ 20 ]. The dial test 
does not allow for an objective assessment of 
posterolateral rotatory instability but to the 
author’s knowledge, results of instrumented 
measurements have never been reported in such 
injuries. 

 Finally, as knee osteoarthritis affects rotational 
knee laxity [ 80 ], rotational knee laxity measure-
ments may have the potential to be an indicator of 
the type and severity of osteoarthritis.  

  Fig. 13.5    Distribution 
of side-to-side difference 
in internal rotation at 
5 Nm for healthy and 
ACL-injured subjects       
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13.7     Rotational Laxity 
in the Reconstructed Knee 

 Ideally, knee reconstruction surgery aims to restore 
knee laxity in all directions and prevent further 
degeneration of the knee joint. Therefore, knee 
laxity measurements are of interest after surgery as 
a postoperative control to follow the graft evolu-
tion and detect potential anomalies like elonga-
tion, recurrent tears, etc. 

 After ACL reconstruction, patient follow-up 
remains based on manual tests and/or on anterior 
knee laxity measurements. Most studies consider-
ing knee rotation analysed the pivot shift test and as 
such, a paucity of data exists regarding static rota-
tional knee laxity measurements. However, these 
may help to detect anomalies because increased 
postoperative laxities may be observed in graft 
malpositioning [ 34 ,  57 ] or graft failures [ 18 ]. 

 The effect of ACL reconstruction on rotational 
knee laxity and its evolution after reconstruction 
are not known yet. Lorbach et al. [ 35 ] reported no 
signifi cant differences in static rotational knee 
laxity between the reconstructed and non-injured 
knee 27 months after ACL reconstructive surgery 
with a bone-patellar tendon-bone graft. Moreover, 
Branch et al. showed that the side-to-side differ-
ences in internal rotation did not differ between 
single- and double- reconstruction techniques 
using a semitendinosus and gracilis graft [ 12 ]. 
These researchers, however, did not report preop-
erative laxity measurements; it is thus not possi-
ble to conclude whether the ACL reconstruction 
reduces rotational knee laxity or whether it was 
already normal in these patients before surgery. 
Moreover, they only measured laxity at a single 
time point during patient follow-up. 

 To date, the knowledge on postoperative laxity 
is also insuffi cient to conclude on the best recon-
structive technique to restore rotational knee lax-
ity in an injured knee. With a navigation system, 
Bignozzi et al. demonstrated that the total range 
of rotation (internal and external rotation) was 
signifi cantly reduced after anatomical double- 
bundle ACL reconstruction [ 10 ]. Moreover, 
Hofbauer et al. demonstrated that, using a navi-
gation system, an anatomic double-bundle recon-
struction technique reduced signifi cantly more 

internal rotation (15.6°) than did an anatomic 
single-bundle ACL reconstruction (7.1°) [ 24 ]. A 
systematic review, however, showed that ana-
tomic double-bundle ACL reconstruction did not 
lead neither to a lower grade of pivot shift test 
compared with single-bundle nor to a greater 
reduction in rotational knee laxity [ 15 ]. 

 Postoperative knee laxity measurements are 
poorly considered after many other surgical 
interventions. It has, for example, been shown that 
medial meniscectomy will infl uence knee laxity 
[ 50 ,  58 ]. As for posterolateral corner injuries, 
Tardy et al. reported for the fi rst time in vivo static 
rotational knee laxity after anatomic posterolateral 
corner reconstruction [ 74 ]. External rotation was 
in average similar to a healthy control group after 
reconstruction. However, the authors found a 
remaining signifi cant increase in internal rotation 
of the tibia in 40 % of patients. They assumed that 
this fi nding was either due to the surgical technique 
or to associated lesions and/or unrecognised soft 
tissue damage at the time of injury.  

   Conclusions 

 Knee laxity measurements should be perceived 
as a supplement to clinical tests and imaging 
techniques. They should be systematically 

 Fact Box 3 

•     Rotational knee laxity measurements in 
combination with anterior knee laxity 
measurements improve the diagnosis of 
ACL injuries. They may also help to 
establish the diagnosis of posterolateral 
corner injuries.  

•   The diagnosis of ACL injuries may be 
skewed by associated injuries to struc-
tures also contributing to knee rotation.  

•   Rotational knee laxity measurements 
can improve the follow-up of knee inju-
ries and diseases especially after knee 
reconstruction if used as a postoperative 
control (i.e. ACL or posterolateral cor-
ner injury). No prospective follow-up of 
patients was however reported.    
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performed in order to assist the clinician with 
establishing a diagnosis and follow-up of knee 
injuries to systematically identify any abnor-
mal evolution. 

 The development of arthrometers to measure 
static rotational knee laxity is relatively new and 
further studies are needed to develop further 
understanding. To date, we know that external 
rotation is greater than internal rotation and that 
females have greater rotational knee laxity than 
males. Moreover, body mass is inversely corre-
lated to rotational knee laxity measurements. 
Other infl uencing factors remain under 
investigation. 

 The interest in physiological knee laxity is 
growing. Subjects with excessive physiologi-
cal knee laxity are reported to have movement 
patterns associated with non-contact ACL 
injuries. This may partly explain why an 
increased laxity was observed in the healthy 
contralateral knee of ACL-injured subjects 
compared with a control group. This exces-
sive physiological knee laxity may also 
explain inferior outcomes after an ACL 
reconstruction. As a consequence of this 
growing interest, the need for normative ref-
erences has emerged. However, the analysis 
of either rotational or multidirectional knee 
laxity as well to the consideration of infl uenc-
ing factors lead to a high complexity of knee 
laxity profi les. 

 Recently, rotational knee laxity measure-
ments have been shown to improve the diag-
nosis of ACL injuries as performed with 
anterior knee laxity measurements. This 
should encourage researchers to evaluate the 
diagnostic power of their own devices. The 
knowledge about postoperative rotational 
knee laxity measurements is evolving. The 
choice of reconstruction, the effect of recon-
struction and its evolution are still insuffi -
ciently understood. 

 Static rotational knee laxity measurements 
offer the possibility to improve the under-
standing of physiological, pathological and 
reconstructed knee laxity and may help indi-
vidualise the care of knee injuries and 
diseases.      
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14.1         Introduction 

 Instrumented measurement of the knee laxity is a 
useful additional tool in both the preoperative 
diagnosis of anterior cruciate ligament (ACL) 
rupture and the postoperative evaluation of ACL 
reconstruction [ 4 ]. Many studies have shown 
their potential benefi ts and drawbacks from the 
use of arthrometry devices in the diagnosis of 
ACL rupture [ 4 ,  17 ]. The objective quantifi cation 
by numerical measurement of knee laxity (e.g., 
laximetry) can discriminate the injured from the 
non-injured knee and can help identify the defi -
cient structures [ 10 ]. Additionally, laximetry can 
be used as an objective tool for quantifi cation 
purposes or for the validation of new reconstruc-
tion procedures [ 17 ]. But this quest for a “golden 
apparatus” of measuring knee laxity has been 
limited by the facts that their employment 
requires judicious interpretation of their results, 
and most of them are examiner dependent [ 4 ,  17 ]. 

 Since the introduction of the “double-bundle” 
concept in the anatomy and the biomechanics of 
ACL reconstruction [ 1 ,  5 ], there has been an 
interest in the literature on the use of laximetry 
devices for two main purposes: (1) to identify 
complete and partial ACL ruptures and (2) to 
measure the rotatory laxity of ACL-defi cient 
knees [ 3 ,  16 ,  21 ]. 

 The original skepticism on the existence or 
the prevalence of partial ACL tears by some 
authors has been replaced by detailed reports on 
the diagnosis and the different available 
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 treatment options of incomplete ACL tears 
[ 1 – 3 ]. The preoperative clinical diagnosis of 
such injuries poses diffi culties even in the hands 
of experienced surgeons [ 4 ]. 

 Many surgeons confirm a trend toward the 
application of different treatments based on 
the injury pattern and the ruptured bundles 
that include depending on the type of injury: 
single- or double-bundle ACL reconstruction 
in complete tears, augmentation of the remain-
ing bundle in partial tears, or even conserva-
tive treatment of incomplete ACL ruptures [ 3 , 
 6 ,  7 ,  15 ,  20 ,  21 ]. This raises the need for an 
accurate evaluation and measurement of ACL 
laxity in order to preoperatively identify the 
injury pattern and choose the correct treatment 
option [ 6 ].  

 The results from the addition of these devices 
should be evaluated in combination with clini-
cal examination and conventional imaging such 
as magnetic resonance imaging (MRI) [ 4 ]. The 
need to discover tools to precisely diagnose the 
ACL rupture pattern is even greater when stan-
dard clinical examination tests [ 4 ,  11 ,  12 ,  14 ] or 
sophisticated imaging methods [ 22 ] fail to pro-
duce consistent results even in the hands of 
experienced surgeons. The use of imaging 
equipment seems to be insuffi cient when solely 
employed to describe the exact pattern of an 
ACL injury, and the results from MRI require 
judicious use, mainly because of the many pat-
terns of the partial tears and because the image 
of a partially ruptured ACL often has similar 
features to complete tear or even mucoid degen-
eration [ 13 – 15 ]. 

 Currently, there are many devices that help 
measure knee laxity, and among them the most 
popular are the well-known KT-1000™ 
and KT-2000™ knee ligament arthrometer 

(KT-1000, KT-2000; Medmetric Corp, San 
Diego, California), the easy-to-use Rolimeter™ 
(Aircast Europa, Neubeuern, Germany), and 
the stress radiography Telos™ device (Telos 
GmbH, Laubscher, Holstein, Switzerland). 
Many studies focus on the results of these 
devices in ACL laxity and compare different 
instrumented methods predominately to the 
mainstay apparatus of KT-1000™ [ 4 ,  17 ], 
although some data have questioned its effi cacy 
[ 8 ,  17 ,  23 ]. There are also some data on differ-
ent laximetry methods and partial ACL tears [ 2 , 
 9 ,  13 ,  18 ,  19 ]. 

 The importance of preoperative diagnosis of 
partial ACL tears arises from data that support 
the benefi cial preservation of the ACL rem-
nants given the synergistic effect of both bun-
dles in knee stability [ 1 – 3 ]. The remaining 
fi bers provide additional mechanical stability 
for the graft, especially in the immediate post-
operative period [ 16 ], the vascularity of the 
reconstructed graft is enhanced by the remain-
ing fi bers and vessels [ 17 ], the preservation of 
neural mechanoreceptors in the remnants of 
the ACL benefi ts the proprioceptive function of 
the graft [ 18 ], and preserving the intact ACL 
fi bers serves for a more precise tunnel posi-
tioning [ 5 ]. In cases of functional partial ACL 
tears, ligament augmentation results in 
increased stability, lower laximetry results, 
better proprioception, and reduced knee stiff-
ness than single- or double-bundle reconstruc-
tion [ 5 ,  19 ]. The preoperative diagnosis or 
suspicion of such incomplete ruptures where 
the remaining fi bers are mechanically solid and 
therefore functional can affect the design of the 
procedure (choice of graft, diagnostic arthros-
copy prior to graft harvesting) and the techni-
cal aspect of certain steps, such as the 
arthroscopic knee analysis, the extent of 
debridement of the notch, the proper tunnel 
placement, the drill guides, and the size of the 
graft [ 1 ,  3 ,  5 ]. 

 In the search of such a diagnostic approach to 
incomplete ACL tears, the authors designed two 
different studies to correlate the preoperative 
clinical tests and laxity measurements from stress 
x-rays and to test if different arthroscopically 

 Fact Box 1 

 The results from the addition of laximetry 
devices should be evaluated in combination 
with clinical examination and conventional 
imaging such as MRI. 
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confi rmed ACL injury patterns have distinctive 
preoperative fi ndings in clinical tests, stress 
x-rays, and MRI.  

14.2     Measuring Laxity with Stress 
X-Rays 

 We performed two different prospective studies 
where all consecutive cases of adult patients for 
primary isolated ACL reconstruction during a 
6-month period were included. Adult patients with 
isolated primary ACL reconstruction and healthy 
contralateral knees were only included. All patients 
were tested clinically with the Lachman and the 
pivot-shift tests. Preoperative objective evaluation 
included bilateral Telos™ stress x-rays with the use 
of 15 kg. Telos™ protocol involved absolute 
numerical measurement of anterior tibial transla-
tion of the injured knee and the difference from the 
non-injured side with a test similar to Lachman 
under fl uoroscopy. The patient was positioned in 

the lateral  decubitus position on the evaluated side. 
A pressure plate was placed posteriorly at the mid-
calf level with one counter bearing placed at the 
level of the ankle joint and the other approximately 
5 cm above the patella. The patient was then 
instructed to relax the muscles and the knee was 
fl exed to 20°. The stress was increased steadily and 
radiographs were taken after application of anteri-
orly directed forces of 15 kg. The anterior tibial 
translation was calculated by measuring the dis-
placement of the medial compartment from the dis-
tance of a line parallel to the posterior tibial shaft 
cortex and tangent to the posterior contour of the 
medial tibial condyle (medial anterior tibial trans-
lation, MATT) to the posterior aspect of the medial 
femoral condyle (Fig.  14.1a ). Displacement of the 
lateral compartment was measured with lateral 
anterior tibial translation (LATT) from a tangent 
line to the lateral tibial condyle to the posterior 
aspect of the lateral femoral condyle (Fig.  14.1b ). 
Both knees were tested and the side-to-side 
 difference was recorded.

  Fig. 14.1    Telos™ stress 
radiography lateral 
x-ray: ( a ) The medial 
anterior tibial translation 
(MATT) was measured 
from true lateral 
radiographs by 
calculating the distance 
of a tangent line to the 
posterior contour of the 
medial tibial condyle 
drawn parallel to the 
posterior tibial cortex 
and the posterior aspect 
of the medial femoral 
condyle. Side-to-side 
difference of anterior 
tibial translation from 
non-injured side is 
measured. ( b ) 
Displacement of the 
lateral compartment was 
measured with lateral 
anterior tibial translation 
(LATT) from a tangent 
line to the lateral tibial 
condyle to the posterior 
aspect of the lateral 
femoral condyle       
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14.3        Stress X-Rays 
Versus Rolimeter 

 In the fi rst study we compared the results of 
stress x-rays and Rolimeter in order to quantify 
anterior tibial translation in complete and par-
tial ACL tears. There was a not signifi cant dif-
ference between the two laximetry devices, and 
side-to- side difference of anterior tibial transla-
tion was 6.4 ± 4.3 mm with the Telos™ and 
4.5 ± 2.9 mm with the Rolimeter™ device 
(Spearman test  r  = 0.30,  p  < .000028). On the 
other hand, there was a statistically signifi cant 
difference in anterior tibial translation mea-
surement with both Telos™ and Rolimeter™ 
for the complete ACL tear group (7.4 ± 4.4 mm 
and 5.3 ± 2.6 mm, respectively) versus all types 
of partial ACL tear (4.0 ± 3.3 mm and 
2.6 ± 2.6 mm, respectively). Telos™ results 
showed higher laxity values than Rolimeter, 
and  a threshold value of 5 mm with stress x - rays 
was strongly associated with differential diag-
nosis of complete  versus  partial tears . Mean 
side-to-side difference with stress x-rays 
<5 mm was recorded in the majority of partial 
ACL tears (Fig.  14.2 ; Table  14.1 ).     

14.4     Stress X-Rays in the 
Diagnosis of Complete 
Versus Partial ACL Tears 

 The conclusion of the fi rst study was that 
threshold values of >5 mm of anterior tibial 
translation with stress x-rays can confi rm gross 
clinical  laxity in cases of complete ACL tears, 
and when lower than 5 mm, they can raise a 
strong suspicion to the surgeon for the  presence 
of a remaining ACL bundle, especially if they 
are accompanied with a negative pivot shift.   

  Fig. 14.2    Arthroscopic view of a complete ACL tear, 
where all ligament attachments have disappeared from 
the femoral notch       

   Table 14.1    Correlation between the arthroscopic ACL 
injury pattern and the preoperative results of Telos™ 
stress radiography and Rolimeter™   

 ACL injury 
pattern 

 Instrumented measurement of 
anterior tibial translation 

 Telos™  Rolimeter™ 

 Complete tear  7.4 ± 4.3 mm* ,a   5.3 ± 2.6 mm* ,b  

 All partial tears  4.0 ± 3.3 mm c   2.6 ± 2.6 mm d  

   AM intact  8.0 ± 3.8 mm NS   5.6 ± 5.2 mm NS  

   PL intact  3.3 ± 3.1 mm NS   2.6 ± 1.8 mm NS  

   “PCL nurse”  2.9 ± 2.8 mm NS   3.4 ± 1.4 mm NS  

   NS  Not signifi cant when compared to other types of par-
tial tears 
 * p  < .00001 when compared to partial tears 
  a Interquantile range 25–75% (IQR), 4.2–10.0 mm; inter-
quantile mean (IQM), 5.9 mm 
  b IQR, 5.3–2.6 mm; IQM, 3.5 mm 
  c IQR, 2.1–4.9 mm; IQM, 2.6 mm 
  d IQR, 1–4 mm; IQM, 3 mm  

 Fact Box 2 

 Stress x-ray results showed higher laxity 
values than Rolimeter, and a threshold 
value of 5 mm with stress x-rays was 
strongly associated with differential diag-
nosis of complete versus partial tears. 
Mean side-to-side difference of anterior 
tibial translation with stress x-rays <5 mm 
was recorded in the majority of partial 
ACL tears.  
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14.5     Stress X-Rays in the Diagnosis 
of Partial ACL Tears 
with Functional Remaining 
Fibers Versus Partial Tears 
with Nonfunctional 
Remaining Fibers 

 In a second study stress x-rays were per-
formed, but also arthroscopic evaluation of the 
ACL rupture included the confirmation of the 
tear by direct vision and palpation with a 
probe. When the ACL was totally absent, the 
tear was classified as “complete,” and when 
there was an isolated rupture of the AM bundle 
and the integrity of the PL bundle was verified 
visually and with the use of the probe in the 
“figure of 4” position [ 21 ], the tear was classi-
fied as “PL intact.” In the case of an isolated 
PL bundle rupture, the tear was “AM intact,” 
and finally when the ligamentous stump of the 
ACL was found “healing” on the PCL, the tear 
was classified as “PCL healing” (Figs.  14.3 , 
 14.4 , and  14.5 ). Further dynamic evaluation of 
the mechanical integrity of the residing fibers 
was performed by palpation with a probe. The 
remaining fibers were classified as “efficient” 
or “inefficient” depending on the presence of 
mechanically solid fibers or the ability of the 
examiner to further attenuate them, 
respectively.

     We observed a signifi cant difference for MATT 
(9.1 ± 3.4 mm) and LATT (9.4 ± 4.3 mm) in com-
plete tears versus MATT (5.2 ± 2.9 mm) and 
LATT (4.9 ± 3.5 mm) in all types of partial tears. 
The difference of anterior tibial translation among 
partial tears was not signifi cantly different 
( p  > 0.05) when compared to each other 
(Table  14.2 ).

   We calculated the average of the anterior 
tibial translation for all arthroscopically con-
fi rmed effi cient partial tears versus all ineffi -
cient partial tears, regardless of the injury 

 Fact Box 3 

 The conclusion of the fi rst study was that 
threshold values of >5 mm of anterior tibial 
translation with stress x-rays can confi rm 
gross clinical laxity in cases of complete 
ACL tears, and when lower than 5 mm, 
they can raise a strong suspicion to the sur-
geon for the presence of a remaining ACL 
bundle, especially if they are accompanied 
with a negative pivot shift. 

  Fig. 14.3    Arthroscopic view of a “PL intact” tear       

  Fig. 14.4    Arthroscopic view of an “AM intact” tear       
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    Table 14.2    Correlation of clinical examination results and ACL injury pattern   

 ACL injury pattern 

 Clinical examination of knee laxity 

 Lachman  Pivot 

 Delayed (<5 mm 
side-to-side difference) 

 Soft 
 (>5 mm side-to-side 
difference) 

 Equal 
 0 

 Glide 
 +1 

 Clunk 
 +2 

 Gross 
 +3 

 Complete tear (%)  1  99 a   2  12  48 b   38 b  

 AM intact (%)  68  32  37  42  5  16 

 PL intact (%)  75  25  23  47  28  2 

 “PCL healing” (%)  56  44  20  65  15  0 

   a  p  < .00001 when compared with “delayed” 
  b  p  < .00001 when compared with 0 and +1  

pattern (Table  14.2 ).  Median MATT was 9 mm 
in complete tears ,  6 mm in ineffi cient partial 
tears ,  and 4 mm in effi cient partial tears  
( p  <  0.00001 ).  Median LATT was 10 mm in 
complete tears ,  6 mm in ineffi cient partial 
tears ,  and 4 mm in effi cient partial tears  
( p  <  0.00001 ). 

 The combination of stress x-rays and clinical 
examination with the pivot shift had the follow-
ing prognostic values: ( 1 )  Less than 4 mm side - 
 to -  side difference  ( LATT )  and 0 or  + 1 pivot shift 
had a 0.76 sensitivity and 0.90 specifi city in the 
diagnosis of effi cient partial ACL tears , ( 2 )  4 –
 6 mm side - to - side difference and a positive pivot 
shift had a 0.56 sensitivity and 0.92 specifi city in 
the diagnosis of ineffi cient partial ACL tears ,  and  

( 3 )  side - to - side difference greater than 6 mm and 
positive pivot shift had a 0.88 sensitivity and 0.96 
specifi city with complete ACL tears  ( Table   14.3 ).   

 Fact Box 4 

 The combination of stress x-rays and pivot 
shift had the following prognostic values: 
(1) Less than 4 mm side-to-side difference 
and 0 or +1 pivot shift 0 had an effi cient par-
tial ACL tear, (2) difference of 4–6 mm side-
to-side difference and positive pivot shift had 
an ineffi cient partial ACL tear, and (3) side-
to-side difference greater than 6 mm and 
positive pivot shift had a complete ACL tear. 

  Fig. 14.5    Arthroscopic view of different cases of “PCL healing” type of partial tear. The femoral attachments have 
clearly disappeared from the notch but the ligamentous stump “heals” on the PCL       
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 The importance of clinical examination in the 
diagnostic approach of the ACL-defi cient knee 
needs no further emphasis by the authors. But 
clinical tests are diffi cult to quantify; results often 
overlap among examiners and are very dependent 
on the examiner and suffer from a degree of intra- 
tester liability [ 14 ]. The pivot-shift test seems to 

be the most reliable testing maneuver in the iden-
tifi cation of PL bundle tears according to Petersen 
and Zantop [ 16 ]. This is supported by other 
authors who recorded increased positive pivot- 
shift results in cases of PL ruptures, while the 
anterior drawer test and the Lachman test may be 
0 or +1 [ 5 ,  14 ]. On the contrary, there is scarce 
data that the less frequent AM bundle tears result 
in greater laxity in Lachman test and minor laxity 
or even negative results in pivot-shift test [ 5 ]. But 
Petersen indicated that a clinical study validating 
the pivot-shift and the Lachman test of isolated 
PL and AM bundle ruptures has not been per-
formed [ 13 ]. Our results show that great laxity in 
the pivot-shift test (+2 and +3) was the most con-
sistent clinical fi nding in identifying complete 
ACL tears (86 %) versus incomplete tears (9.6 %, 
 p  < 0.0001), yet it was not effi cient to distinguish 
between the different types of partial ACL tear 
(30 % in PL tears and 21 % in AM tears,  p  > 0.01). 
Accordingly, equal or +1 pivot shift was present 
in 70 % of AM tears and 79 % of PL tears in our 
study population. This fi nding is in compliance 
with DeFranco and Bach who identifi ed the posi-
tive pivot shift as the mainstay of diagnosis of 
ACL defi ciency and the need for surgery [ 1 ]. 
Lachman test was of similar diagnostic value 
since we recorded gross laxity of more than 5 mm 
of side-to-side difference in 99 % of complete 
tears versus 20.3 % ( p  < 0.0001) in all cases of 
partial ACL tears, and the different types of par-
tial ACL tears showed gross Lachman laxity in 
75 % of AM tears versus 32 % of PL tears ( p  < 0.01 
when compared). This is also due to the higher 
prevalence of effi cient PL intact cases than effi -
cient AM intact cases. 

 On the other hand, instrumented methods of 
measuring knee laxity provide a useful numerical 
grading of anteroposterior laxity but are equally 
dependent on the patient (muscle guarding), 
require additional equipment and radiation expo-
sure to the patient, provide rather static than 
dynamic results, and ultimately employ the same 

   Table 14.3    Correlation between arthroscopic ACL 
injury pattern and the preoperative results of side-to-side 
difference of anterior tibial translation from Telos™ stress 
radiography   

 ACL injury 
pattern 

 Mean side-to-side difference 
of anterior tibial translation 
 (Median value) 

 MATT a   LATT b  

 Complete tear  9.1 ± 3.4 mm* ,c  
 (9 mm) 

 9.4 ± 4.3 mm* ,d  
 (10 mm) 

 All partial tears  5.2 ± 2.9 mm e  
 (5 mm) 

 4.9 ± 3.5 mm f  
 (5 mm) 

 AM intact  5.2 ± 3.6 mm g, NS  
 (5 mm) 

 5.2 ± 3.2 mm h, NS  
 (5 mm) 

 PL intact  5.1 ± 2.8 mm i, NS  
 (5 mm) 

 4.7 ± 3.7 mm j, NS  
 (5 mm) 

 “PCL healing”  7.0 ± 2.5 mm NS  
 (7 mm) 

 6.9 ± 3.5 mm NS  
 (7 mm) 

 All “effi cient” 
partial tears 

 4.4 ± 2.4 mm* ,k  
 (4 mm) 

 4.1 ± 3.1 mm* ,l  
 (4 mm) 

 All “ineffi cient” 
partial tears 

 7.0 ± 2.5 mm* ,m  
 (6 mm) 

 6.9 ± 3.5 mm* ,n  
 (6 mm) 

   NS  Not signifi cant when compared to other partial tear 
groups 
 * p  < .00001 when compared to partial tears 
  a Medial anterior tibial translation 
  b Lateral anterior tibial translation 
  c Interquantile range 25–75 % (IQR) = 7.0–11.0 mm 
  d IQR = 7.0–12.0 mm 
  e IQR = 3.2–7.0 mm 
  f IQR = 3.5–7.5 mm 
  g IQR = 3.7–8.0 mm 
  h IQR = 3.5–7.0 mm 
  i IQR = 3.0–7.0 mm 
  j IQR = 3.0–6.7 mm 
  k IQR = 3.0–6.0 mm 
  l IQR = 5.0–9.0 mm 
  m IQR = 2.0–6.0 mm 
  n IQR = 4.0–9.0 mm  
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intra-tester error, especially when not used in 
combination with clinical examination 
[ 24 ,  25 ]. Posterolateral bundle ruptures resulted 
in signifi cant lower KT-1000 results (1–3 mm 
difference) than complete tears according to 
Siebold and Fu, while AM tears had a side-to-
side difference between 2 and 4 mm [ 5 ]. We 
recorded a statistically signifi cant difference 
between anterior tibial translation in complete 
tears (mean MATT 9.1 mm and mean LATT 
9.4 mm) and all cases of partial tears (mean 
MATT 5.2 mm and mean LATT 4.9 mm, 
 p  < 0.0001). But the different types of partial ACL 
tears exhibited nonsignifi cant differences in lax-
imetry when compared between them, and 
although stress x-rays recorded higher laxity in a 
complete (median LATT 10 mm) than a partial 
ACL tear, the type of partial tear had similar lax-
ity results. The “PCL healing” group had results 
smaller than the complete tear group and greater 
than AM or PL tear groups, but without a signifi -
cant value, probably showing the degree of 
“pseudostability” the stump of ACL provides 
when it has healed on the PCL. This is also 
 supported by Bach and Warren, who described a 

similar ACL tear that is attached or healing on the 
PCL by scar tissue, leaving a normally appearing 
strut of tissue that may be confused as either a 
complete or a partial ACL tear [ 22 ]. Instrumented 
laximetry can be a useful adjunct in the assess-
ment and the quantifi cation of anteroposterior 
knee laxity and can confi rm a complete ACL tear 
or can raise a strong suspicion for the presence of 
effi cient remaining fi bers, but it is not sensitive 
enough to identify which bundle is injured. 

 We also tested the functionality of the remain-
ing fi bers by palpation with a probe. We recorded 
a statistically signifi cant difference between the 
occurrence of “effi cient” remaining PL bundles 
in “PL intact” group (67 %) and the “effi cient” 
remaining fi bers in “AM intact” and “PCL heal-
ing” groups (17 %,  p  < 0.0001). In our patient 
population, when a partial ACL tear was con-
fi rmed arthroscopically, it was predominately an 
AM bundle tear, and in the majority of these 
cases, the remaining PL bundle was functional 
and effi cient (with a median MATT difference of 
4 mm) and could be preserved for ACL augmen-
tation (Fig.  14.6 ), while in the less frequent cases 
of PL bundle tears, the remaining fi bers where 

  Fig. 14.6    Example of an effi cient “PL intact” case where 
( a ) a minor side-to-side difference of 2 mm of anterior 
tibial translation in Telos™ is recorded; ( b ) MRI fi ndings 
show the presence of remaining fi bers, but without identi-
fying the type of injury pattern; ( c ) there are arthroscopic 

view and recognition of the injury type; ( d ) there is evalu-
ation of the integrity of the remaining fi bers; ( e ) there is 
confi rmation of the mechanical integrity of the fi bers in 
the “fi gure of 4” position; and ( f ) there is fi nal view of AM 
bundle augmentation       
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mostly elongated and ineffi cient (median MATT 
difference of 6 mm) and could only serve as a 
guide to tunnel positioning in a standard single- 
or double-bundle ACL reconstruction.  From the 
study of our results ,  we recorded a threshold 
value of 9 mm of MATT difference in complete 
tears and a threshold value of 5 mm for the dif-
ferentiation of effi cient  versus  ineffi cient partial 
tears .

   Concomitant meniscal injuries that required 
some sort of further surgical treatment (i.e., par-
tial meniscectomy or meniscal sutures) at the time 
of ACL reconstruction were signifi cantly higher 
in patients with complete ACL tears (50 %) than 
all types of partial tears (32 %,  p  < 0.001). Time 
from injury to operation was also higher in the 
complete tear group than all partial tears. This 
fi nding has also been supported by other authors 
and may be explained by the possible higher 
forces demanded for a complete ACL rupture or 
the longer time from injury to operation in cases 
of partial tears with a possible return to sports due 
to milder symptoms of instability, resulting in the 
progression of an undiagnosed and left untreated 
partial tear to a symptomatic complete ACL tear 
with secondary injuries to the meniscus [ 1 ]. 

   Conclusions 

 In conclusion, there are different available 
diagnostic tools in our armamentarium for the 
identifi cation of a partial ACL tear with pos-
sibly functional remaining fi bers. Although 
the defi nitive diagnosis of a partial versus a 
complete ACL tear is not conclusive until the 

time of arthroscopy, the decision for operative 
treatment and the type of operation can be 
affected from grading clinical tests and from 
the results of instrumented laximetry. Gross 
pivot-shift laxity (+2 or +3) was consistent 
with a complete ACL tear, while 0 or +1 pivot 
shift was strongly related to a partial ACL tear. 
Laximetry with stress x-rays had increasing 
results in a scaled fashion from all types of 
partial tears to complete tears, but without 
identifying the injury pattern in partial tears. 
A partial ACL tear with effi cient remaining 
fi bers had less than 4 mm side-to-side differ-
ence in stress x-rays and 0 or +1 pivot shift, 
thus stressing the importance of preserving 
the remaining fi bers during ACL surgery. 
Anterior tibial displacement from 4 to 9 mm 
side-to-side difference (MATT), especially 
combined with +2 or +3 pivot shift, was 
 consistent with partial tears with ineffi cient 
remaining fi bers that could serve only as land-
mark for tunnel position (Fig.  14.7 ). Side- to- 
side difference in laximetry greater than 9 mm 
(MATT) was recorded in complete ACL tears. 
Careful assessment of the ACL-defi cient 
patient with the judicious use of additional 
tools to clinical examination such as stress 
x-rays can help the surgeon in the early identi-
fi cation of the presence of remaining func-
tional ACL fi bers before the time of operation. 
In such cases, the need for preserving the liga-
ment fi bers can lead to a different treatment 
approach or a specifi c surgical planning, 
according to the injury pattern.    

Conclusion

Side-to-side difference

PST 0 or +1

Preserve bundle
& augument ACL

Use footprint
for anatomic
reconstruction

Standard SB or DB
ACL reconstruction

0 mm 4 mm 6 mm 10 mm

Efficient partial
ACL tears

Inefficient partial
ACL tears

Complete
ACL tears

PST +2 or +3

  Fig. 14.7    Algorithm for the 
diagnosis and suggested 
treatment derived of different 
types of partial and complete 
ACL tears, derived from the 
results of the studies       
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15.1          Introduction 

 Knee dislocations (KD) pose a challenge for 
orthopaedic surgeons. When confronted with an 
acute knee dislocation, whether in the fi eld or in 
the emergency department, treatment begins 
with recognizing the severity of the injury. The 
extent of the injury is often not evident during 
the initial presentation, despite extensive multi-
ligament disruptions and a high risk of limb 
threatening associated injuries. It is estimated 
that KDs account for less than 0.02–0.2 % of all 
orthopaedic injuries [ 21 ,  38 ]. High-velocity 
injuries account for approximately half of the 
KDs, particularly motorcycle injuries (18 %), 
motor vehicle collisions (7 %) and pedestrians 
struck by a car (7 %) [ 13 ]. Sports injuries are 
another major cause of KDs, accounting for 
approximately 47 % [ 13 ]. However, since 
patients frequently present with a reduced knee 
these estimations unlikely refl ect the true inci-
dence of KD. Physical examination is consid-
ered notoriously unreliable in assessing the 
severity of the injury [ 13 ,  15 ,  21 ,  29 ,  44 ,  47 ,  75 , 
 77 ]. Moreover, with the rise of obesity in today’s 
population, ultralow-velocity knee dislocations 
occur more frequently, with a higher incidence 
of  associated neurovascular injuries [ 80 ]. 
Additionally, it is estimated that every 1-unit 
increase in BMI increases the odds ratio of post-
operative complications after ligament recon-
structions by 9.2 % [ 17 ,  62 ]. In morbidly obese 
patients, even minor injuries such as stepping of 
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a curb or a simple fall may result in a KD [ 80 ]. 
These patients are particularly diffi cult to 
examine. 

 The distinction between an acute multiliga-
ment knee injury and a true KD is difficult. It 
is therefore more practical to apply the same 
high index of suspicion to the assessment of 
every acute multiligament knee injury. The 
aim of this review is to provide a description 
of injury patterns after acute multiligament 
injuries and methods to reach a diagnosis and 
discuss the rationale behind the various treat-
ment options.  

15.2     Classifi cation 

 Classifi cation systems serve to determine the 
appropriate treatment strategy and prognosis and 
facilitate communication to enable comparison of 
cases. Kennedy classifi ed knee dislocations based 
on the position of the femur relative to the tibia as: 
anterior, posterior, lateral, medial and rotatory 
[ 30 ]. Rotatory dislocations are further subdivided 
into anteromedial, anterolateral, posteromedial 
and posterolateral. The use of this classifi cation in 
daily practice is however diffi cult if patients pres-
ent with a reduced leg. 

 The anatomical knee dislocation classifi cation 
introduced by Schenk and modifi ed by Wascher 
provides a more detailed insight into the struc-
tures involved [ 66 ,  78 ]. A KD type I involves a 
torn ACL, with a functioning PCL and variable 
collateral involvement. A KD-II is a knee disloca-
tion with complete disruption of both cruciates, 
with functional collaterals. A KD-III is an injury 
to both cruciate ligaments and a disruption of 
either the posteromedial or posterolateral liga-
ments, with an uppercase L indicating lateral and 
an uppercase M indicating medial involvement. 
KD-IV is associated with tears of both cruciates 
and both the posteromedial and the posterolateral 
ligaments. A KD-V is a fracture dislocation 
involving a multiple- ligament injury, with further 
subclassifi cation to refl ect the number of liga-
ments involved. The added uppercase C indicates 
circulatory damage, while the uppercase N indi-
cates a nerve lesion. 

 The anatomical KD classifi cation is relatively 
straightforward to use. However, determining a 
treatment strategy requires differentiating 
between lesions requiring repair (tears) and those 
with a good likelihood of spontaneous healing 
(capsuloperiosteal detachment) [ 4 ]. The distinc-
tion between a proximal, midsubstance or distal 
ligament detachment and a tendon disinsertion 
midsubstance or musculotendinous junction 
injury is therefore a valuable addition to the ana-
tomical KD classifi cation [ 86 ]. Finally, assess-
ment of the severity of the laxity requires 
interpreting magnetic resonance imaging (MRI) 
fi ndings in light of stability tests or stress radio-
graphs (X-rays).  

15.3     Clinical Assessment 
and Imaging 

15.3.1     Initial Assessment 

 In case of a high-velocity knee dislocation, the fi rst 
priority is primary assessment according to 
Advanced Trauma Life Support (ATLS) guide-
lines to rule out and treat life-threatening injuries. 

 If possible, reduction should be performed in 
the fi eld or directly in the emergency department 
to avoid ischemic delays. Adjunctive examina-
tions, such as X-rays, should not postpone reduc-
tion. After reduction, neurovascular status is 
assessed and X-rays are obtained to confi rm an 
adequate reduction. CT imaging may be required 
to demonstrate associated fractures. Reduction 
may however be impossible due to impingement 
of soft tissues, which necessitates immediate sur-
gical exploration. For example, during a postero-
lateral knee dislocation, the femoral condyle may 
buttonhole through the medial capsule, causing a 
dimple sign, an invagination of the medial 
 structures. A true lateral dislocation or medial dis-
location may however cause soft tissue impinge-
ment as well [ 61 ]. Although rarely encountered, 
open dislocations pose a high risk of infections 
and a reported neurovascular injury incidence of 
63 % [ 84 ]. In case of severe soft tissue compro-
mise combined with gross instability or suspected 
vascular damage, immediate stabilization of the 
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soft tissues with an MRI-compatible external fi xa-
tion device may be necessary [ 21 ,  39 ]. 

 Examination of knee stability in an acute situ-
ation is often impossible due to pain and swelling 
and should be done cautiously. The integrity of 
the collaterals is examined using valgus and varus 
stress, and the Lachman test and the posterior 
drawer test are performed to assess the integrity of 
the cruciates. More extensive stability testing 
using combined varus/valgus and rotatory forces 
is however not sensible at this stage since it may 
cause re-dislocation or further displacement of 
initially undisplaced fractures. More extensive 
testing should be performed cautiously under 
anaesthesia following initial fracture stabilization 
where indicated.  

15.3.2     Vascular Assessment 

 Any patient with a PCL injury, double ligament 
injury or suspected knee dislocation should be 
examined for possible vascular damage [ 27 ]. The 
overall risk of vascular damage after a knee dislo-
cation is approximately 18 % [ 48 ]. This risk may 
increase to 21–44 % in irreducible knee disloca-
tions [ 50 ,  76 ]. Strikingly, one study reported a 
vascular damage rate of 41 % after ultralow- 
velocity knee dislocations in morbidly obese 
patients [ 1 ]. The highest vascular injury preva-
lence is with KD-IIIL injuries (33 %) and poste-
rior dislocations (25 %) [ 48 ]. Amputation rate 
increases from approximately 10 % if revascular-
ization is achieved within 6 h to 86 % if delayed 
more than 8 h [ 3 ,  5 ,  13 ,  21 ]. 

 Vascular damage may show signs of coolness, 
pallor, cyanosis, absent or asymmetric distal pulses 
or delayed capillary refi ll. This situation requires 
urgent surgical intervention and revascularization, 
possibly preceded by in-theatre arteriography. The 
absence of distal pulses, however, is not sensitive 
enough to detect vascular damage and may be 
found in merely 30 % of knee dislocations with 
vascular damage [ 2 ,  5 ,  8 ,  41 ]. Physical exam 
should be accompanied by at least one adjunctive 
examination, although there is still debate on the 
optimal method. The most frequently mentioned 
diagnostic modality in current literature is angiog-

raphy (90 %), followed by duplex ultrasonography 
(24 %), ankle-brachial index (ABI) (19 %) and MR 
angiography (9.5 %) [ 48 ]. 

 The golden standard is still considered to be 
angiography, despite reported false-positive rang-
ing from 2.4 to 7 % and considerable risks such as 
bleeding, thrombosis, pseudoaneurysms, arteriove-
nous fi stulas, contrast allergic reactions and renal 
failure [ 21 ,  48 ,  70 ]. Stannard et al. therefore pro-
posed an algorithm for selective angiography. If 
there are signs of vascular occlusion during the 
initial physical examination or a history of vascular 
abnormalities, patients will undergo angiography. 
In the absence of these fi ndings, a patient is admit-
ted to the hospital for neurovascular evaluation 
every 2–4 h for the fi rst 48 h. In case of abnormali-
ties immediate angiography is performed [ 21 ,  70 ]. 

 An ABI is a fast, noninvasive, easy and inex-
pensive procedure to rule out vascular damage 
after knee dislocations. Mills et al. demonstrated a 
100 % sensitivity, specifi city and positive predic-
tive value of an ABI of less than 0.9 for vascular 
damage after knee dislocation [ 50 ]. An ABI index 
may however be falsely positive in a patient with a 
previous history of vascular occlusive disease. In 
case of a well-perfused limb with an ABI of more 
than 0.9, some authors recommend hospital admit-
tance for observation and repeated assessment of 
neurovascular status for 24 h [ 21 ,  40 ,  55 ,  56 ]. 

 An ABI will however not detect a non-fl ow- 
limiting intimal tear, although its treatment is 
controversial, due to its unknown natural history. 
Progression of a minor intimal fl ap necessitating 
surgical intervention after initial conservative 
treatment has however been described previously 
[ 74 ]. However, a canine model demonstrated 
only 3 % of non-fl ow-limiting intimal tears 
 progressed to a stenosis of more than 50 % of the 
lumina [ 65 ]. Currently most authors advocate a 
period of watchful waiting [ 21 ,  70 ]. Concerns for 
possible progression of a non-fl ow-limiting inti-
mal tear have led other authors to advise angiog-
raphy, CT angio or MR angio if available, on all 
knee dislocation patients, irrespective of the ABI 
[ 5 ]. Furthermore, occasionally a non-fl ow- 
limiting intimal tear may become apparent after 
ligament reconstructive surgery. Non-fl ow- 
limiting intimal tears may progress into complete 
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devascularization due to the use of a tourniquet 
during surgery [ 8 ,  41 ]. In multiligament recon-
structions following knee dislocations, a tourni-
quet should therefore be avoided, and an arterial 
and venous duplex should be obtained prior to 
surgical stabilization [ 40 ,  55 ,  56 ]. Another nonin-
vasive and inexpensive adjunctive examination is 
duplex ultrasonography, although its use in knee 
dislocations specifi cally has not been studied. 
Bynoe et al. demonstrated a sensitivity of 95 %, 
specifi city of 99 % and overall accuracy of 98 % 
in a series of 198 patients with blunt and penetra-
tion trauma of the extremities and neck [ 6 ]. Two 
patients with false-negative results sustained 
minor penetration shotgun lesions, which did not 
require further treatment.  

15.3.3     Neurologic Assessment 

 Clinicians should be vigilant for nerve injuries 
after a knee dislocation, particularly the common 
peroneal nerve. Its reported overall incidence is 
between 13 and 40 % and it is particularly com-
mon in case of a disruption of the PCL and PLC 
(15–45 %) [ 21 ,  44 ,  53 ,  54 ]. Less than 30 % of 
peroneal lesions completely recover and may 
require neurolysis, primary repair, intercalary 
nerve grafting or tendon transfer [ 32 ,  51 ]. Mook 
et al. described a comprehensive treatment algo-
rithm for suspected nerve injuries after multiliga-
ment knee injuries [ 53 ]. The fi rst step when 
confronted with a suspected peroneal nerve 
injury in acute knee injuries is to assess the integ-
rity of the PLC on MRI and to identify a possible 
surgically correctable cause. In case of a PLC 
injury or other correctable causes, the peroneal 
nerve may be explored during reconstructive sur-
gery. Otherwise, EMG studies may be obtained 6 
weeks after the injury.  

15.3.4     Fractures 

 X-rays should carefully be assessed for subtle signs 
of fractures in any suspected multiligament knee 
injury, followed by CT scanning if necessary. 

 Avulsions of the tibial spine and Segond frac-
tures are common fi ndings in ACL injuries. Tibial 

spine avulsions may be very subtle and only 
show a small fragment in the intercondylar notch 
accompanied by a small cortical irregularity of 
the adjacent tibial eminence [ 18 ]. The Meyers 
and McKeever classifi cation discerns four types 
of tibial spine avulsion fractures, ranging from 
minimally or nondisplaced type I fractures to 
comminuted displaced type IV fractures [ 49 ,  82 ]. 
An irregularity of the posterior tibia plateau on 
lateral X-rays may indicate a PCL avulsion frac-
ture. Type I PCL avulsion fractures are nondis-
placed, type II fractures are hinged with superior 
displacement of the posterior part of the frag-
ment, while type III fractures are completely dis-
placed [ 82 ]. 

 The Segond fracture is an avulsion of the 
anterolateral ligament from the lateral tibia pla-
teau and is highly associated with an anterior 
cruciate ligament injury [ 9 ]. The arcuate sign 
(or arcuate avulsion fracture) demonstrates a 
small elliptical avulsion of the posterolateral 
complex from the fi bular styloid process on 
frontal or lateral X-rays (Fig.  15.1 ). It may con-
tain the lateral collateral ligament and the 
biceps femoris tendon and is commonly associ-
ated with a cruciate ligament injury (Figs.  15.2  
and  15.3 ) [ 18 ,  28 ]. It is usually the result of 
forced extension and varus and external rota-
tion. A true varus force may cause an avulsion 
of the iliotibial band from its insertion on 
Gerdy’s tubercle, although this fi nding is rarely 
seen (Fig.  15.4 ) [ 18 ].

      Knee dislocations with associated fractures 
often demonstrate less extensive ligament dam-
age than dislocations without fractures despite 
severe instability due to the loss of osseous sup-
port [ 75 ]. However, as in pure ligamentous dis-
locations, the severity of ligamentous injury in 
fracture dislocations often goes unrecognized. 
Gardner et al. showed that in patients with 
Schatzker II fractures with widening of more 
than 5 mm or a depression of more than 4 mm, 
the incidence of PCL and LCL injuries 
approached 30 %. Knee dislocations are accom-
panied by tibial plateau fractures in 25 % of 
cases and by femoral fractures in 19 % of cases 
[ 3 ]. Fractures resulting from a dislocation 
mechanism have a higher risk of ligament inju-
ries than tibial plateau fracture resulting from 
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strictly axial compressional forces. Tscherne 
and Lobenhoffer discern 5 tibial plateau fracture 
types which are  indicative of a dislocation 

mechanism: D1 split fracture of the medial con-
dyle, D2 fracture of the entire condyle, includ-
ing the tibial spine, D3 a rim avulsion, D4 a rim 

  Fig. 15.1    Frontal ( left ) and lateral ( right ) knee X-ray of the left knee of a 29-year-old woman who sustained a high- 
velocity motorcycle injury. The X-rays clearly depict the arcuate sign: an avulsion fracture of the fi bular head       

  Fig. 15.2    Coronal PD FS ( left ) and axial PD FS ( right ) MRI images of the same patient confi rming the fi bula head 
avulsion fracture       
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  Fig. 15.3    Sagittal PD FS MRI images of the same patient demonstrating a proximal PCL tear ( left ) and a small ACL 
insertion avulsion fracture ( right )       

  Fig. 15.4    Detail of a frontal left knee X-ray depicting 
an avulsion fracture of the iliotibial band from its 
insertion on Gerdy’s tubercle       
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impression and D5 a 4-part fracture involving 
both the lateral and medial condyle as well as 
the tibial spine [ 73 ]. These fracture types should 
raise the suspicion for concomitant ligament 
damage.  

15.3.5     Secondary Assessment 

 After life- and limb-saving measures during the 
fi rst hours of the initial phase have been fi nal-
ized, an early MRI, preferably within the fi rst 
2 weeks, enables further specifying the extent of 
the injury. Previous studies have shown excel-
lent correlation between early MRI fi ndings 
and intraoperative assessments [ 60 ,  75 ]. MRI 
 imaging should include the fi bula head. In case 
of suspected PLC injuries, MRI oblique coronal 
imaging along the entire aspect of the popliteus 
tendon provides a good view of the posterolat-
eral structures [ 33 ,   36 ]. It is important to distin-
guish midsubstance tears from possible 
reattachable avulsions, since the latter may 
respond better to either early primary repair or 
conservative treatment in selected cases. Twaddle 
et al. identifi ed the specifi c injury patterns and 
their locations in a series of 49 patients with dis-
located knees [ 75 ]. The MRI diagnosis was con-
fi rmed during subsequent surgery within 3 weeks 
and disparities between MRI and surgical fi nd-
ings were noted. They found potentially reat-
tachable ligament avulsions in 19 % of ACL 
injuries, 51 % of PCL injuries, 68 % of MCL 
injuries and 84 % of LCL injuries. 

 After identifying the affected structures on 
X-rays, CT and MRI, stability testing can be 
performed more judiciously. Assessing the 
degree of laxity and rotatory instability is valu-
able for determining a treatment strategy and 
may require examination under anaesthesia 
[ 13 ]. Caution is advised in highly unstable knees 
and stress radiographs should therefore only be 
performed with care by skilled surgeons. The 
external rotation recurvatum test is a test to 
assess posterolateral corner (PLC) stability [ 22 , 
 34 ,  36 ]. With the leg in extension, lifting the leg 
by its great toe results in increase in recurvatum 
or hyperextension, indicative of a combined 

ACL and PLC injury. During this test, the 
amount of recurvatum is compared to the con-
tralateral side. The examiner’s other hand 
secures the upper leg on the table to adequately 
assess the amount of recurvatum, taking care to 
avoid dislocation in severely unstable knees. In 
addition to increased recurvatum, genu varum 
or external rotation may also be observed [ 22 , 
 34 ]. Laprade et al. demonstrated an anterior 
subluxation of the tibia relative to the femur in a 
positive external rotation recurvatum test [ 34 ]. 
This explains why, in a series of 134 consecu-
tive patients with posterolateral corner injuries, 
a combined ACL and PLC injury was found in 
all 10 patients with a positive external rotation 
recurvatum test. The test was found to be posi-
tive in 30 % of patients with a combined ACL 
and PLC injury [ 34 ]. 

 The dial test or posterolateral rotation test 
can be performed in either the supine or prone 
position [ 36 ,  42 ]. With the knee fl exed at either 
30° or 90°, an external rotatory force is applied 
followed by comparison with the contralateral 
limb. A side-to-side increase in external rota-
tion between 10° and 30° indicates an isolated 
PLC injury. Increased external rotation at 90° 
of fl exion indicates a combined PLC and PCL 
injury [ 36 ,  39 ,  43 ]. The reversed pivot-shift test 
is another method to demonstrate PLC injuries. 
The knee is fl exed to 90° while a valgus force 
and external rotation is applied. By extending 
the leg, the iliotibial band is tightened, thereby 
reducing the subluxation, producing a clunk 
[ 43 ]. Since it is found to be positive in approxi-
mately 35 %, a positive result must always be 
compared to the contralateral side [ 10 ]. The 
posterolateral drawer test is performed with the 
knee fl exed at 90° and the foot externally 
rotated by 15°, while the posterior drawer test 
is performed with the foot in neutral rotation. A 
positive posterolateral drawer test suggests a 
popliteus complex injury [ 22 ,  36 ]. The poste-
rior drawer test assesses the integrity of the 
PCL. The combination of a grade III posterior 
drawer test and >10 mm posterior tibial transla-
tion on stress radiographs correlates with the 
presence of a PLC injury and a complete rup-
ture of the PCL [ 67 ]. 
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 Isolated superfi cial MCL injuries demon-
strate laxity during valgus stress in 30° of fl ex-
ion, while extensive valgus laxity in full 
extension indicates a more extensive injury often 
involving the posteromedial corner as well. 
Performing a posterior drawer test in neutral as 
well as in internal rotation differentiates an iso-
lated PCL injury from a combined PCL and pos-
teromedial corner injury. Internal rotation 
enables the posteromedial structures to act as a 
secondary restraint, which will therefore reduce 
posterior translation if they are preserved. In a 
combined injury internal rotation will not pre-
vent anteroposterior translation and may even 
increase it [ 64 ,  72 ]. Anteromedial rotatory insta-
bility (AMRI) can be demonstrated by applying 
valgus stress in 30° of fl exion with the foot in 
external rotation or an anterior drawer test in 90° 
of fl exion in external rotation [ 72 ]. Stress radio-
graphs under anaesthesia enable quantifying the 
amount of laxity. A recent systematic review by 
James et al. identifi ed 10 studies on the use of 
stress radiographs in multiligament injuries [ 26 ]. 
Despite a growing number of publications with 
consistently high specifi city and sensitivity, 
there is no consensus as to which technique is 
most appropriate. 

15.4        Anatomical Considerations 

 After identifying all individual damaged anatomi-
cal structures, specifying their location and their 
degree of laxity, a treatment strategy can be 
formed, shaped to the individual expectations of 
each patient. Current evidence does not advocate 
a conservative treatment of multiligament knee 
injuries. Functional outcome, instability, contrac-
ture and return to activity are all in favour of sur-
gery [ 21 ,  38 ,  47 ,  59 ]. Experience with conservative 
treatment of multiligament knee injuries is pri-
marily based on the aggregate published out-
comes of a small series of patients treated two or 
three decades ago, when nonoperative treatment 
was the standard of care [ 12 ,  59 ,  71 ]. 

 In a multiligament injury, the question 
remains, which anatomical structures specifi cally 
need restoration and which structures could be 
treated conservatively? Treatment decisions 
should be based on the natural history and heal-
ing potential of the damaged structures and their 
combined effect on joint kinematics and long- 
term outcome. In case of a bicruciate injury, some 
surgeons may choose to treat all injuries in a 
single procedure, thereby facilitating rapid reha-
bilitation. Others may prefer a staged treatment 
aimed at restoring joint kinematics fi rst and more 
extensive surgery only when necessary. While 
some cruciate and collateral injuries have a 
regenerative capability, additional PMC or PLC 
instability combined with cruciate injuries has a 
synergistic negative effect on joint kinematics. 

15.4.1     The Cruciate Ligaments 

 Treatment strategies of ACL and PCL injuries in 
knee dislocations are still a topic of debate. Some 
advocate early reconstruction of the PCL together 
with collateral repair within 2–3 weeks, followed 
by delayed ACL reconstruction only if necessary 
[ 58 ,  85 ]. In two-stage surgery, the aim is to fi rst 
restore knee kinematics, thereby avoiding pro-
longed surgery with increased fl uid extravasation 
and possibly reducing postoperative stiffness. A 
later second-stage ACL reconstruction is only per-
formed in case of functional limiting instability. 

 Fact Box: Rotatory Stability Tests           

 Test  Pathology 

 External rotation 
recurvatum test 

 ACL + PLC injury 

 Dial test/posterolateral 
rotation test 

 10–30° of fl exion  Isolated PLC 

 90° of fl exion  Combined PLC + PCL 

 Reversed pivot  PLC or normal 

 Posterolateral drawer 
test 

 PLC 

 Internal rotation 
posterior drawer test 

 Combined PCL + PMC 

 External rotation 
anterior drawer test 

 AMRI 

 External rotation 
valgus stress test in 
30° of fl exion 

 AMRI 
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 Other authors do not feel bicruciate recon-
struction after knee dislocations needs to be 
staged and have reported good clinical results 
with single-stage bicruciate reconstruction [ 13 , 
 14 ,  16 ,  47 ]. Early single-stage bicruciate recon-
struction is best performed no earlier than 1 week 
after the injury to allow the capsule to seal, 
thereby reducing the risk of fl uid extravasation, 
and no later than 2–3 weeks to avoid scarring. 
Single-stage early reconstruction of both cruci-
ates may be particularly indicated in high- 
demand athletes, requiring fast rehabilitation. 
The decision to undergo a single-stage bicruciate 
reconstruction in athletes after a knee dislocation 
should be based on realistic expectations. In a 
series of knee dislocation with a median follow-
 up of 8 years by Hirschmann et al., 19 out of 24 
athletes were able to return to sports after early 
single-stage bicruciate combined with PLC 
reconstruction. However, merely 8 out of 24 
reached their pre-injury sports level [ 20 ]. The 
major obstacles were continued pain (42 %) and 
loss of fl exion, besides invariably an altered pro-
prioception. Outcome was affected by the timing 
of surgery and the injury pattern. Patients treated 
more than 20 days after the injury were more 
likely to give up their sports profession. 
Furthermore, patients with a KD-IIIM injury 
demonstrated more favourable results than with 
KD-IIIL and KD-IV injuries. 

 Some surgeons would rather avoid the chal-
lenge of single-stage bicruciate reconstruction 
and would prefer initial stabilization of either the 
ACL or the PCL. The PCL has a good regenera-
tive capacity and may heal even in patients with 
multiligament injuries with limited instability 
[ 69 ]. Several studies demonstrated good objective 
and functional outcomes at long-term follow- up 
in patients with conservatively treated isolated 
PCL injuries [ 68 ]. A brace with active anterior 
drawer facility may be necessary during the initial 
healing stage to reduce posterior translation and 
elongation of the healing tendon [ 25 ]. The PCL 
plays a fundamental role in knee joint kinematics. 
The reported overall risk of long- term medial 
compartment osteoarthritis after reconstruction 
or conservative treatment of isolated PCL tears 
is approximately 41 %, with 11 % moderate to 

severe osteoarthritis. Reconstruction of isolated 
PCL injuries did not appear to reduce this risk 
[ 19 ,  24 ,  68 ]. 

 Healing potential of the PCL is however 
insuffi cient in highly unstable knees due to 
gross collateral injuries. Mariani et al. showed 
that an isolated PCL or combined PCL/MCL 
tear with a posterior subluxation of less than 
8 mm on stress radiographs corresponds to an 
incomplete tear that may heal spontaneously. 
These patients demonstrated PCL continuity 
and reduced posterior tibial translation on MRI 
after 1 year. Conversely, PCL healing was absent 
in patients with a PCL tear combined with an 
MCL and PLC injury with posterior subluxation 
greater than 12 mm. These patients did not 
regain stability [ 46 ]. 

 Initial PCL stabilization in knee dislocations 
is therefore recommended in patients with dis-
placed type II and III avulsion fractures or a PCL 
injury combined with a PLC or posteromedial 
corner (PMC) injury, as will be further explained 
in the next sections [ 52 ,  72 ,  82 ]. Patients with 
isolated PCL injuries with persistent grade III 
posterior drawer instability despite initial conser-
vative treatment may benefi t from delayed 
reconstruction.  

15.4.2     Medial Structures 

 Due to the regenerative capacity of the MCL, most 
acute isolated complete and partial MCL tears can 
be treated conservatively with success regardless 
of the grade [ 45 ,  72 ,  83 ]. Treatment of medial-
sided injuries as part of multiligament injuries is 
however more complicated. A systematic review 
by Kovachevich et al. did not fi nd any studies on 
the conservative versus surgical treatment of MCL 
injuries in multiligament injuries [ 31 ]. 

 Choosing the appropriate treatment of MCL 
injuries requires laxity assessment and to dis-
cern midsubstance tears from avulsions. Werner 
et al. considered nonoperative treatment of 
medial- sided injuries of KD-IV and KD-IIIM 
patients in case of a femoral-sided injury 
(Fig.  15.5 ), less than 5 mm side-to-side differ-
ence on stress frontal radiographs and absence 
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of valgus widening in extension. Tibial avul-
sions were repaired, while midsubstance tears 
were reconstructed [ 81 ]. Tibial avulsions more 
likely need surgical repair than femoral avul-
sions. Furthermore, if the superfi cial MCL is 
torn from its tibial insertion, it may be displaced 
outside the pes anserine tendons (Fig.  15.6 ) or 
even fl ipped into the joint (Figs.  15.7  and  15.8 ), 
thereby preventing regeneration. This situation 
is similar to an ulnar collateral ligament injury 
in the thumb or Stener lesion and requires surgi-
cal repair or reconstruction [ 45 ].

      Laxity assessment in medial-sided injuries 
should also include rotatory testing. A large pro-
portion of patients with KD-IIIM and KD-IV dis-
locations demonstrate injuries to the PMC, 
notably the posterior oblique ligament (64–84 %), 
semimembranosus tendon (38–64 %), posterior 
horn of the medial meniscus (38–41 %) and 
meniscotibial ligaments (28–50 %) [ 7 ,  81 ]. 
Injuries to the PMC may not heal without surgi-
cal repair or reconstruction, particularly when 
part of a multiple-ligament injury. Injury to the 
PMC may lead to persistent AMRI [ 72 ]. A com-
bined lesion of the PCL and PMC is an indication 
for stabilization of both structures. PCL injuries 
result in a posterior subluxation of the medial 

tibial plateau, thereby changing the isometric 
point posteromedially, with increased risk of 
medial compartment osteoarthritis [ 79 ]. This 
posterior subluxation is greatly enhanced by 

  Fig. 15.6    Coronal MRI image displaying a distal MCL 
detachment displaced outside the pes anserine tendons       

  Fig. 15.5    Coronal MRI image displaying a proximal 
MCL detachment from the medial femoral condyle       

  Fig. 15.7    Coronal MRI image displaying an MCL 
tear fl ipped into the joint       
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medial-sided injuries. Therefore isolated PCL 
reconstruction will not completely restore stabili-
zation [ 63 ,  68 ,  79 ]. Failure to recognize and treat 
associated posteromedial injuries puts additional 
strain on PCL reconstructions, with an increased 
risk of failure or long-term medial compartment 
osteoarthritis.  

15.4.3     Posterolateral Corner 

 Injuries to the PLC may cause severe rotational 
instability and compromise the result of cruciate 
reconstructions [ 35 ,  57 ]. The PLC is very often 
affected in knee dislocations. Becker et al. 
described 43 % of multiligament knee injuries or 
knee dislocations involved a combination of an 
ACL, PCL and PLC injury [ 3 ]. On MRI a PLC 
injury was found in 77 % of cases, mostly 
 demonstrating LCL (95 %), popliteus (89 %) and 
biceps femoris (37 %) involvement. Furthermore, 
peroneal nerve injury was associated with PLC 
injuries in 89 % of cases. Most of the LCL inju-
ries involve an avulsion or tear from its femoral 
origin or distal insertion [ 75 ]. 

 The PLC is complex and nomenclature varies 
with many anatomical variations described [ 11 , 
 33 ]. Structures in the PLC can be divided into 
static and dynamic stabilizers. The static stabiliz-
ers include the lateral (fi bular) collateral ligament 
(LCL), the popliteus tendon, the posterolateral 
capsule and the popliteofi bular ligament. The 

dynamic stabilizers include the biceps femoris 
tendon, the iliotibial band and the popliteus 
 muscle [ 23 ,  36 ,  39 ]. 

 An isolated sectioning of the LCL will merely 
cause varus instability, while the combination of 
an LCL and the deep ligament complex will 
increase posterior translation and external rota-
tion instability in response to varus stress, which 
is maximal at 30° of fl exion. Additional PCL 
injury enhances posterior translation and varus 
external rotation [ 11 ]. High-grade PLC injuries 
have very little regenerative capacity and conser-
vative treatment will often lead to poor results 
[ 11 ,  37 ]. Patients with PLC instability benefi t 
from early surgical repair or reconstruction, 
preferably within the fi rst 3 weeks [ 36 ]. This 
illustrates the importance of combining early 
MRI with specifi c rotatory tests to demonstrate 
PLC instability. 

   Conclusions 

 The diagnostic work-up of knee dislocations 
is summarized in Fig.  15.9 . Life-threatening 
injuries always have the fi rst priority in case of 
high- velocity injuries. If possible, reduction 
should be performed immediately. X-rays or 
CT imaging confi rms the adequacy of the 
reduction and may reveal concomitant frac-
tures. Severely compromised soft tissues may 
require a temporary external fi xator to reduce 
swelling. Due to the high incidence of sponta-
neously reduced knee dislocations, clinicians 
should be vigilant for neurovascular damage 
in any multiligament knee injury. An ABI of 
more than 0.9 strongly suggests a preserved 
vascularity, although hospital admittance for 
24 h and repeated assessments seem prudent. 
This should be accompanied with the judi-
cious use of angiography or duplex ultraso-
nography when the clinician has any concerns. 
If a surgically correctable cause of a neuro-
logic injury is evident on MRI, early interven-
tion may improve symptoms. Otherwise, 
watchful waiting with EMG after 6 weeks is 
indicated. Stability testing during the fi rst 
days should only be done with great care not 
to cause re-dislocation or displacement of 
nondisplaced fractures.

  Fig. 15.8    Intraoperative image depicting an MCL tear 
fl ipped into the joint       
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   The injury pattern is further specifi ed dur-
ing the fi rst 2 weeks after the injury using MRI 
followed by specifi c stability assessment. 
After identifying the ligaments involved, the 
injury is classifi ed using the KD classifi cation 
[ 66 ,  78 ]. Specifying the location of ligament 
tears into proximal or distal detachments or 
midtears enables identifying lesions with a 
good healing potential by either conservative 
treatment or direct repair. A distinction 
between high- and low-grade collateral inju-
ries is made through laxity tests, occasionally 
requiring an examination under anaesthesia or 
stress X-rays. Rotatory stability testing is 
essential to reveal the negative synergistic 
kinematic effect of PLC or PMC injuries com-
bined with cruciate injuries. 

 Determining a treatment strategy after knee 
dislocations requires recognizing the severity 
of the injury, specifying the extent and loca-
tion of all damaged structures and understand-
ing their combined effect on joint kinematics.       
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16.1         Introduction 

 In order to diagnose and provide effective treat-
ment for knee conditions, the pathomechanics of 
injuries must be accurately described [ 1 ]. While 
signifi cant information can be obtained through 
manual clinical examination, more precise and 
objective tools are needed for quantitative evalu-
ation of the kinematics of the knee, particularly 
in regard to assessment of rotational laxity [ 2 ]. 

 Gait analysis has become an innovative tool to 
quantify the biomechanical changes, in allowing the 
estimation of in vivo forces occurring at knee level. 

 Acquiring the movement accurately at knee 
level is not always simple; skin movement over 
the underlying bones can vary signifi cantly over 
both the medial and lateral femoral condyles and 
is, therefore, the greatest obstacle in obtaining 
accurate movement data noninvasively. On the 
other hand, bone-mounted techniques reduce 
skin movement artifacts, but they are still too 
invasive and expensive for clinical use. Thus, 
establishing an objective evaluation of the kine-
matics of the knee in a clinically feasible way is 
critical to evaluate the knee function and give a 
valuable feedback for treatment. 

 Therefore, the KneeKG ™  attachment system 
and KneeKG ™  axis defi nition procedure were 
developed with the objective of providing high- 
reliability movement analysis.  

16.2     Concept of the Device 

 The development of the KneeKG ™  started in 
1992 at the Imaging and Orthopaedics Research 
Laboratory in Montreal, Canada, to study the 
impact of tunnel positioning on ACL graft elon-
gation, torsion, and bending. After reviewing the 
available scientifi c literature, the researchers 
came to the conclusion that there is a need for an 
assessment device to accurately quantify knee 
biomechanics in 3D [ 2 ]. 
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 As measuring the knee joint motion is limited 
by soft tissue artifacts, design for the new system 
began with a quantifi cation of the skin-bone 
movement around the knee [ 3 ]. Based on this 
study, Sati et al. [ 4 ] proposed a system for fi xing 
markers to the bones of the lower extremity in a 
semirigid manner which is composed of a femo-
ral component, called harness, and a separate 
tibial component. The main objective was to 
develop a noninvasive instrumentation to obtain 
accurate in vivo knee kinematics, and the second 
objective was that this instrumentation should be 
suffi ciently practical to be used on a routine basis 
in the clinical setting. 

 Using this system, called exoskeleton, the 
movement of markers relative to underlying bones 
was greatly reduced as shown by fl uoroscopy [ 4 ]. 
This harness was shown to be accurate in obtain-
ing 3D kinematic data that could be used to evalu-
ate ACL and ACL graft deformation in vivo [ 4 ,  5 ]. 

 The KneeKG ™  system is designed to mini-
mize fl oor space and maximize functionality.   

16.3     Validation 

 While the soft tissue artifacts remain the main 
issue in assessing in vivo knee kinematics, the 
fi rst step in validating the accuracy of the 
KneeKG ™  system was to determine how accu-
rately the semifl exible attachment system repre-
sents the motion of the underlying bones. This 
was evaluated by Sati et al. [ 4 ] by comparing 
measurements obtained with the attachment sys-
tem to the actual bony motion, which was 
assessed with calibrated fl uoroscopy. The 
researchers showed that within a 65° arc of 

motion, the system could measure knee kinemat-
ics with an average accuracy of 0.4° for knee 
abduction and adduction, 2.3° for axial rotation, 
2.4 mm for anteroposterior translation, and 
1.1 mm for axial translation. 

 With the goal to improve the accuracy of the 
system, the group developed a new exoskeleton 
attachment system. The accuracy of this new sys-
tem was assessed using similar fl uoroscopic study 
[ 6 ]. The results demonstrated that errors were 
reduced by a factor of 4.3–6.2 on average when the 
exoskeleton attachment was used. The accuracy of 
this system was assessed by Hagemeister et al. [ 7 ], 
and they found intra- patient reproducibility 
between 0.86 and 0.97 for abduction/adduction, 
internal/external rotation, and fl exion/extension 
movements. In a different study, Hagemeister et al. 
[ 8 ] determined the repeatability of measures to 
range between 0.4° and 0.8° for knee rotation 
angles and between 0.8 and 2.2 mm for translation. 
It should be noted that this level of precision likely 
represents the best-case scenario and may not 
refl ect actual clinical results, especially in cases of 
extremes of body habitus or motion patterns [ 2 ]. 

 Labbe et al. [ 9 ] determined the intra- and 
interobserver reliability of the attachment system 
for recording 3D knee kinematics during gait. 
They showed that the 3D kinematic data are 
highly reliable with intra-class coeffi cient (ICC) 
values ranging from 0.92 (fl exion/extension), 
0.94 (abduction/adduction), to 0.88 (internal/
external tibial rotation). The high ICC values 
indicate very high reliability of the exoskeleton 
for recording 3D knee kinematics despite 
 reinstallation. Therefore, evaluations may be car-
ried out by several different clinicians without 
impacting reliability [ 9 ]. Through comparison 
with cadaver studies and a perturbation analysis, 
the system is shown to be suffi ciently accurate to 
predict certain in vivo ligament bending and tor-
sion deformations [ 5 ].   

 Fact Box 1: KneeKG Design 

    An accurate 3D test of the knee  
  Fast examination (20 min)  
  Real time  
  Dynamic  
  Weight bearing  
  Simple  
  Valid  
  Reliable    

 Fact Box 2: kneeKG Accuracy 

    0.4° in frontal plane  
  2.3° in transverse plane  
  2.4 mm in AP translation    
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16.4     Data Collection 

 The KneeKG ™  system is composed of a position-
ing system that permits the localization of a sen-
sor embodied in a harness fi xed on the knee in a 
quasi-rigid fashion and an infrared motion cap-
ture system (Polaris Spectra camera, Northern 
Digital Inc.). The harness comprises a femoral 
part, which is fi xed on each side of the knee, and 
a tibial part also composed of a sensor, which is 
secured by means of Velcro straps (Fig  16.1 ). The 
KneeKG system also includes a data analysis and 
acquisition software (Emovi, Inc.) which enables 
real-time visualization of 3D knee movements 
displayed on the screen, test data results stored in 
hard drive, automatic printout, and results pro-
duced in customized reports. A database contain-

ing the 4 biomechanical patterns, three knee 
angles (fl exion/extension, abduction/adduction, 
and internal/external tibia rotation) and anterior- 
posterior tibial translation, was created for each 
participant. During the KneeKG ™  examination, 
the patient must wear shorts, to allow the 
installation of the exoskeleton. During the 
femoral part installation, the operator must 
palpate both sides of the knee, above the condyle 
area, to locate the lateral space in between the 
biceps femoris and the iliotibial band and the 
medial space in between the vastus medialis and 
the sartorius tendon. The operator can then place 
both orthoplasts (spring loaded) on these two 
sites and hold them in place while the subject 
wraps the elastic Velcro band around his or her 
thigh (Figs.  16.2  and  16.3 ). While in the tibial 

  Fig. 16.1    The 
KneeKG ™  system and its 
parts.  1 . Femoral harness 
(4 interchangeable 
arches),  2 . tibial harness, 
 3 . sacroiliac belt,  4 . feet 
position guide,  5 . 
pointer,  6 . computer,  7 . 
cart,  8 . treadmill,  9 . 
video camera,  10 . 
reference body       
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part installation, the fi rst step consists in locating 
the anteromedial side of the tibia, on which the 
operator places the tibial plate. The upper part of 
the plate must be situated below the tibial 
tuberosity, and the lower part must not be allowed 
to move once the ankle makes fl exion/extension 

movements. The operator fastens the elastic 
Velcro bands above and below the gastrocnemius 
(calf) in order to prevent muscular contraction 
from interfering with measurements by stretching 
the elastic Velcro bands (Fig  16.2 ). Just a few 
movements of fl exion/extension and a short 
period of walking are generally suffi cient to 
determine if the devices are properly installed on 
the leg.

     Once the installation is fi nalized, the 
calibration procedure is done as described by 
Hagemeister et al. [ 8 ]. This procedure can be 
divided into two sections: fi rst, the ankle, knee, 
and hip joint centers are defi ned; second, based 
on a predetermined posture, mediolateral, 
anteroposterior, and proximal-distal axes are 
calculated for the femur and the tibia. 

 The calibration begins with the identifi cation 
of four anatomical sites: the medial malleolus, 
the lateral malleolus, the medial condyle, and the 
lateral condyle (Fig.  16.4 ).

   The 3D position of the femoral head was 
defi ned using a functional method. While the 
subject was performing a circumduction 
movement of the leg, the Knee3D™ recorded 

  Fig. 16.2    Anterior view of a right knee fi tted with the 
KneeKG™ tracker system       

  Fig. 16.4    Identifi cation of four anatomical landmarks       

  Fig. 16.3    KneeKG™ examination       
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the motion of the sensors for a period of 5 s. 
The Knee3D™ then calculated the optimal 
point defi ning the center of the femoral head 
(Fig.  16.5 ).

   The next step of the calibration consists in 
defi ning the center of the knee in terms of 3D 
position (Fig.  16.6 ). The subject makes repetitive 
leg fl exions/extensions (up to a maximum fl exion 
of 60°). Once the movement has been recorded, 
the Knee3D ™  calculates a mediolateral, middle 
axis for that movement. Based on this axis, the 
Knee3D then calculates the midpoint of the knee 
as well the 3D positions of the medial and lateral 
condyles measured in the previous steps. The 
middle of both condyles is projected on this axis, 
thereby defi ning the center of the knee.

   The fi nal phase of calibration is to decide the 
neutral transverse rotation when the knee is at 0° 
of fl exion during a slight fl exion-hyperextension 
movement (Fig  16.7 ).

   The acquisition protocol takes between 15 and 
20 min when performed by a trained technician. 
All movements are captured at a frequency rate 
of 60 Hz by the infrared camera. Before starting 
the trials collection, all patients walked 10 min to 
get used to walking on the treadmill. Trials are 
then recorded at the patient’s comfortable 

  Fig. 16.5    Hip joint center defi nition       

  Fig. 16.6    Knee joint center defi nition       

  Fig. 16.7    Final step of axis defi nition: posture with 
knee in full extension       
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treadmill gait speed over 45 s (Fig  16.3 ). During 
data collection, positions and orientations of the 
virtual models are set by the control unit in real 
time, allowing the user to observe the virtual 
bones in movement in accordance with patient’s 
real bone movement. 

 Once data collection is complete, the user 
confi rms where the gait cycle begins and con-
fi rms the automatic deletion of outliers. A report 
highlighting biomechanical defi ciencies in all 
three planes of movement and during subphases 
of the gait cycle is automatically generated [ 2 ].  

16.5     Clinical Applications 

 The objective visual assessment of knee joint 
motion provided by the KneeKG ™  system may 
be useful in associating symptoms with specifi c 
abnormal gait mechanics [ 2 ]. It allows an accu-
rate quantifi cation of the knee joint function and 
highlights the 3D biomechanical patterns. 
KneeKG reports also allow you to compare two 
recordings (i.e., pre- and posttreatment). This 
section will highlight biomechanical differences 
between the two assessments. There are many 
studies that showed the capacity of this system to 
assess knee function in cases of ACL defi ciency, 
ACL reconstruction, and osteoarthritis. 

16.5.1     Quantitative Assessment 
of Patient with ACL 
Defi ciency-Reconstruction 

 The precise quantitative rotational data provided 
by KneeKG ™  make it a suitable tool for evalua-
tion in the following situations:

•    To evaluate risk factors for ACL injury  
•   To predict certain in vivo ligament bending 

and torsion deformations  
•   To evaluate if the knee is ready to resume 

 contact sports after ACL reconstruction  
•   To illustrate the importance of 3D 

biomechanical evaluation in patients with 
ACL injuries    

 St-Onge et al. [ 10 ] evaluated the effect of the 
position of the binding pivot point and binding 
release characteristics on ACL strain during a 
phantom foot injury mechanism fall during ski-
ing. They found out that a binding with two pivot 
points, one positioned in front and the other at the 
back, might be a solution to reduce the occur-
rence of the ACL injuries. 

 On the other hand, Fuentes et al. [ 11 ] evalu-
ated if the knee is biomechanically ready to 
resume contact sports after ACL reconstruction 
surgery. They showed that alteration of the 3D 
biomechanics persists 6 months after ACL recon-
struction, and this could explain why most 
patients do not return to their pre-injury level of 
activity at this time. In another study Fuentes 
et al. [ 12 ] evaluated gait adaptation in patients 
with chronic ACL defi ciency to avoid anterolat-
eral rotatory knee laxity. They hypothesized that 
patients with ACL-defi cient knees would avoid 
placing their knees in a position that could poten-
tially lead to anterolateral rotatory knee laxity 
during terminal stance. They were able to dem-
onstrate that patients did adopt this “pivot-shift 
avoidance” gait, possibly to prevent anterolateral 
rotatory knee instability. Patients with ACL- 
defi cient knees achieve this proposed gait strat-
egy by (1) signifi cantly reducing the internal 
rotation knee joint moment and (2) exhibiting a 
higher knee fl exion angle during the terminal 
stance phase of the gait cycle. It is important to 
note here that the time from injury in this study 
was 22 months, which suggest that chronic ACL- 
defi cient patients adopt a pivot-shift avoidance 
gait. Meanwhile, Shabani et al. [ 13 ] assessed the 
ACL-defi cient knee behavior during all phases of 
gait, using a KneeKG ™  system after 5.7 after 
injury. They presented that ACL-defi cient 
(ACLD) knees showed a signifi cant lower exten-
sion of the knee during gait stance phase and 
higher internal tibial rotation during mid-stance 
phase, while there was no signifi cant difference 
in anteroposterior translation in any phase of the 
gait cycle. So, the fi ndings in this study indicate 
that ACLD knees may adapt functionally to pre-
vent excessive anterior- posterior translation, but 
they fail to avoid rotational instability. 

B. Shabani et al.



197

 In the next study, Shabani et al. [ 14 ] com-
pared 3D kinematic patterns between patients 
having undergone ACL reconstruction with 
the healthy contralateral knee and a control 
group. They showed that ACL reconstruction 
(ACLR) knees had a significantly greater 
knee joint extension during the entire stance 
phase compared with ACLD knees. However, 
ACLR knees still showed a deficit of exten-
sion compared with healthy control knees. In 
the axial plane, there was no significant dif-
ference in the pre- and postoperative kine-
matic data. But, there were significant 
differences between ACLR knees and healthy 
control knees, where the ACLR knees had 
greater internal rotation of the tibia. There 
were no significant differences in anterior-
posterior or coronal plane translations 
between the groups. It is important to note 
that there were biomechanical adaptations in 
the intact contralateral knees. While there 
were significant differences between ACLR 
and healthy control knees in both planes 
(sagittal, axial), there were no significant 
differences between ACLR and intact contra-
lateral knees. 

   Conclusions 

 The KneeKG ™  is a noninvasive, 3D, quasi- 
statical, real-time assessment tool that 
appears to provide an objective assessment of 
the precise biomechanical behavior of the 
knee. The system has the potential to improve 
understanding of the biomechanical conse-
quences of injury or degenerative changes of 
the knee as well as more accurately quantify 
rotational laxity as detected by a positive 
pivot-shift test [ 2 ]. 

 By understanding the pathomechanics of 
sports injury, biomechanics studies enhance 
the development of injury prevention in sports 
medicine. 

 There is the need to consistently and accu-
rately evaluate joint throughout the continuum 
of care (preoperative and postoperative assess-
ments) and minimize the fl aws of the manual 
clinical examination. 

 The KneeKG ™  is a noninvasive, 3D, quasi-
statical, real-time assessment tool that appears 
to provide an objective assessment of the pre-
cise biomechanical behavior of the knee. 

 Published data indicates accuracy per 
pathology of 82.8 % for anterior cruciate liga-
ment (ACL) and 93 % for knee osteoarthritis 
(OA) (sensitivity of 79 %, specifi city of 
100 %).       
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        I often say that when you can measure what you 
are speaking about, and express it in numbers, you 
know something about it; but when you cannot 
measure it, when you cannot express it in numbers, 
your knowledge is of a meagre and unsatisfactory 
kind. Lord Kelvin (1883) 

17.1       Introduction 

 When a patient presents with a knee injury, a cli-
nician uses manual physical examination to 
determine the laxity in the knee. By anchoring 
the femur with one hand and manipulating the 
tibia with the other hand, the clinician “feels” the 
motion of the tibia on the involved knee and com-
pares it to the motion of the opposite “normal” 
knee. This “feel” is registered by the clinician as 
motion in three dimensions; it is a subjective test, 
which is infl uenced by each clinician’s experi-
ence. Differences in training, experience, and the 
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specifi c tests performed during the examination 
can introduce a human factor, or bias, into the 
manual physical examination [ 4 ,  22 ,  23 ,  25 ]. 
Thus characterizing small changes in laxity 
between the tibia and femur that result from a 
knee injury and correlating those changes with 
damage to a specifi c structure can be diffi cult.

   During the manual examination, clinicians 
seek an accurate diagnosis. The goal is to deter-
mine which structures are damaged and the extent 
of the damage. A clinician’s personal experience 
and physical examination skills have the greatest 
impact on patient outcomes. However, there are 
patient-related variables that can infl uence the 
fi ndings of the manual physical examination, e.g., 
sickness, distraction, the demeanor of the patient, 
swelling, effusion, pain, patient guarding, etc. In 
addition, the size or shape of the patient can make 
the physical examination diffi cult, e.g., a 150 kg 
American football player. Testing consistently 
across the right and left leg of a patient can be 
challenging as well. Robotic testing is considered 
one method for limiting these confounding vari-
ables when measuring knee laxity. 

 In this chapter, the sequence of events that 
shaped the evolution of in vivo robotic testing of 
the knee will be explored. Several key issues that 
were encountered during the years of develop-
ment of robotic testing will also be discussed. 
The fi rst of these issues was defi ning the center of 
the knee considering both rotation and transla-
tion. The position of the center of the knee has 
impact on the relative translation between the 
femur and the tibia and, most certainly, on left-to- 
right comparison [ 12 ]. The three-dimensional 
defi nition of the tibial and femoral coordinate 
systems has a direct impact upon what is defi ned 
as 0° of tibia axial rotation and varus/valgus rota-
tion. This kinematic setup must be consistent 
between limbs and across all evaluated patients 
in order to minimize measurement error. 

 The second issue is related to the manual phys-
ical exam and the evaluation of knee joint play 
without infl uencing the relative position of the 
tibia with respect to the femur. The tibia is an 
intercalary bone, i.e., the tibia is allowed to “fl oat 
freely” between the ankle/foot and the femur. 
Typically, the femur is stationary and the tibia is 

held in a position determined by the examiner. 
Ideally, the lower leg is held at the foot, and the 
tibia is allowed to position itself depending upon 
gravity and the state of the knee ligaments. The 
resultant position represents an “equilibrium” 
state of the knee ligaments under the evaluated 
conditions. This represents a form of “whole-leg” 
testing. Care must be taken during setup to docu-
ment this “initial” position or datum. Ligaments 
that are torn have an infl uence on this initial posi-
tion. In essence, this initial position of the whole 
leg (i.e., degree of hip and knee fl exion, hip abduc-
tion, and supine positioning) identifi es the “equi-
librium” state of the ligaments. This equilibrium 
state exists when the tension in all intact ligaments 
between the tibia and the femur sums to zero tak-
ing into account gravity at the position of evalua-
tion. When a ligament is torn and its restraining 
energy/force is lost, there is a shift to a new initial 
or equilibrium position. It is the absolute and rela-
tive location of the tibia in this new equilibrium 
position that may provide the clinician with clues 
as to the injury. An incorrect diagnosis may result 
if the initial or equilibrium position is not taken 
into account during the analysis. 

 The third issue relates to the mathematical 
methods used to calculate the changes in motion 
between the tibia and the femur. Motion of the 
femur is restricted during testing while the tibia is 
positioned at a specifi c angle of knee fl exion and 
allowed to move with six degrees of freedom. 
When a clinician examines the knee, they “feel” 
the motions between the tibia and the femur. This 
“feel” incorporates translations and rotations in 
all six degrees of freedom. A mathematical 
method should be chosen to best refl ect this clini-
cal “feel” by representing all six degrees of free-
dom of the tibia motion with respect to the femur. 

 The fourth issue is consideration of the best 
method to communicate these clinically felt 
motions in the knee during the examination. 
Classically, the clinician feels both the extent of 
the joint play and the compliance or “softness” of 
each end point during each test: anterior/poste-
rior, varus/valgus, and tibial axial rotation test. 
When this “feel” is correlated with the force that 
a clinician applies throughout the examination, a 
full “load-deformation curve” can be produced. 
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By standardizing the setup, origin and coordinate 
system mapping, torque/load application, and 
mathematical analysis, multiple load- deformation 
curves in a study can be compared utilizing tech-
niques from functional data analysis (FDA). 
These curves can be compared for both extent 
and shape using methods of statistical analysis 
providing the clinician with a visual representa-
tion of the clinical “feel” of knee ligament laxity. 
Dealing with these four issues, (1) the location of 
neutral position/rotation, (2) the impact of testing 
without tibia position interference or “whole-leg” 
testing characterizing the ligamentous equilib-
rium state, (3) the use of independent free body 
analysis to mimic the clinician’s “feel” of knee 
laxity, and (4) the use of functional data analysis 
to provide a visual representation of this clinical 
“feel,” is important in identifying knee injuries 
when using a robotic system for measuring the 
relative motion between the femur and the tibia.   

17.2     The Development of Knee 
Laxity Testing Using 
a Robotic System 

 Standard methods for visualizing the inside of 
the knee include plain radiographs, CT scans, 
and MRI scans. The value of these “still” images 
when used in the diagnosis of knee ligament 

injuries is enhanced by applying stress to the 
knee using a device such as the Porto-knee test-
ing device [ 3 ,  9 ,  15 ,  18 ,  19 ,  21 ,  24 ]. The MRI 
scan has the ability to show the major ligaments 
in the knee. A torn anterior cruciate ligament can 
be identifi ed with 90 % accuracy; however, the 
MRI does not show how the ligaments work 
together in the knee as a whole. More specifi -
cally, these still images may be able to identify an 
individual damaged ligament, but not give the 
clinician insight into how a particular damaged 
ligament affects knee stability as a whole. While 
the major knee ligaments remain of great interest, 
damage to the smaller and less prominent liga-
ments may contribute signifi cantly to the stability 
of the knee as a whole. 

 The KT-1000, in its multiple forms (e.g., 
KT-1000, KT-2000, and CompuKT), has been 
utilized in a large number of peer-reviewed stud-
ies [ 7 ,  8 ]. Many studies have been published 
reporting its validity, reliability, and reproduc-
ibility. Inconsistent results have been reported 
with the KT-1000 device and with other instru-
mented devices (e.g., Rolimeter, Stryker KT, etc.) 
as the “human factor” was not completely elimi-
nated from the examination process [ 2 ,  10 ,  29 ]. 
In other words, these devices depend upon the 
examiner for setup and for control of the direc-
tion and rate of the applied force. Despite its 
drawbacks, the KT-1000 device is still utilized to 
quantify AP translation in the knee. 

 Kocher et al. suggested that the pivot-shift test 
had better correlation with overall patient satis-
faction when compared to AP translation as mea-
sured by the KT-1000 [ 16 ,  17 ]. Since the 
pivot-shift maneuver appears to be a combination 
of tibiofemoral axial rotation, anterior/posterior 
translation, and varus/valgus rotation, attempts 
were made to quantify the tibiofemoral axial 
rotation component of the test [ 1 ,  20 ,  27 ,  28 ]. 

 Our fi rst attempt at quantifying tibiofemoral 
axial rotation in 2004 was a manual system that 
used a digital torque wrench and a standard sco-
liosis goniometer in which the patient was tested 
in the supine position with both knees fl exed to 
90° (Fig.  17.1a ). The next version of the system 
added digital collection of the data throughout 
the entire tibial axial rotation test with the knee at 

 Fact Box 1: Advantages of a Robotic System 

for Knee Laxity Testing 

     1.    The robotic system tests the whole leg 
without infl uencing the “natural” 
equilibrium position of the femur and 
tibia.   

   2.    It allows for a standardized application 
of force in a direction mimicking the 
physical examination during testing, 
thereby minimizing bias and error due 
to human factors.   

   3.    This consistent application of force 
allows for excellent repeatability 
between tests on the same day and on 
multiple days.     
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30° mimicking the dial test (Fig.  17.1b ). We were 
interested in producing full load-deformation 
curves for analysis. With the knee at 30°, there 
was concern about additional rotation of the foot/
ankle and the femur during the test.

   In order to answer several simple questions 
about testing methods, multiple internal studies 
were completed. The fi rst study included 10 sub-
jects who were casted from thigh to foot. Each 
subject was tested under six conditions with 
each condition representing a reduction in cast-
ing or a change in patellar strapping. For each 
condition, the subject was placed into a device 
consisting of medial and lateral femoral pads 
compressing the femur proximal to the knee, a 
post that the distal femur rested upon, and an 
ankle-foot orthosis (AFO). At the distal femur, 
either a simple strap was used for stabilization 
between two posts or compression was applied 
to the patella with a patellar strap to help control 
femoral rotation. The results for rotational com-
pliance (slope of the last 10 % of the load-defor-
mation curve) and total axial rotation are 
presented in Fig.  17.2 . The next study in 
sequence determined the effect of the speed of 
force application on rotational compliance. Four 
patients were tested using the device with data 

capture at four different speeds of rotation. There 
was signifi cant impact on rotational compliance 
as the speed of force application increased 
(Fig.  17.2 ). These two studies established the 
importance of controlling the speed of load 
application and the application point during test-
ing. Utilizing this new understanding, an 
improved version of the device and software was 
developed (Fig.  17.1b ). The femur was locked 
medially and laterally, the patella was com-
pressed into the trochlea, an electrogoniometer 
was used to measure rotation at the foot, and a 
digital torque wrench was used to apply the 
torque. Software collected the data and provided 
instantaneous feedback to the examiner on the 
speed of torque application. Since motion was 
measured at the level of the foot, the motion rep-
resented rotation of the lower leg and not solely 
the knee.

   While this setup proved to be both reliable 
and reproducible, it did not provide measure-
ments of the motion of the tibia with respect to 
the femur. The goniometer was replaced with 
an electromagnetic tracking system and a sen-
sor on the tibia for measurement of tibial rota-
tion as opposed to total lower leg rotation 
(Fig.  17.3 ). Motors were also introduced into 

a b

  Fig. 17.1    ( a ) The fi rst rotational knee testing system uti-
lized manual application of force and visual reading of a 
goniometer. ( b ) The next version of the knee testing sys-

tem utilized digital data acquisition but still required man-
ual application of force       
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  Fig. 17.2    ( a ) The effect of casting on rotational compli-
ance of the knee (lower compliance = higher stiffness). 
When measuring rotation of the foot during testing, the 
measurement will include hip, knee, and foot/ankle rota-
tion. ( b ) The effect of casting on total tibial rotation of the 
lower leg. The below-knee cast reduces motion at the 
ankle, while a patellar strap reduces motion of the femur. 

( c ) The effect of speed of force application on rotational 
compliance of the knee. The change in knee compliance 
with varying speeds suggests that the structure is visco-
elastic. Care needs to be taken during a test to use a con-
sistent force application in terms of load and speed to 
reduce error       

the system as a replacement for the digital 
torque wrench in order to standardize the mag-
nitude and direction of the applied force. The 
reliability of the motorized instrument was 
excellent after the introduction of the electro-
magnetic system for motion measurement and 
the motors for consistent force application [ 5 ,  6 ]. 

With this system 34 patients were measured; 
these patients had unilateral ACL reconstruc-
tions [ 5 ,  6 ]. The data showed a clear correla-
tion between patient satisfaction and lower leg 
axial rotation of the normal knee (Fig.  17.4 ). 
Patients with the largest total lower leg axial 
rotation of the normal knee (loosest knees) had 
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the lowest satisfaction in their reconstructed 
knee, as measured using the International Knee 
Documentation Committee (IKDC) and visual 
analog scale (VAS) scores. While joint play is 
understood to be the amount of motion between 
two bones in a joint, the concept of “joint play 
area” was introduced as a composite measure 
of total tibiofemoral rotation as measured by 
the rotation device and AP translation as mea-
sured by the KT-1000.

    Based upon the reliability and reproducibility 
demonstrated by the device, it was concluded that 
additional research was warranted in the use of 
in vivo measured biomechanical characteristics 
as a means to predict future patient satisfaction 
[ 4 ,  6 ,  14 ]. The goal was to use biomechanical 
characteristics as an objective test to help clini-
cians identify injuries specifi c to tibiofemoral 
axial rotation while providing an acceptable level 
of sensitivity, specifi city, positive predictive 
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  Fig. 17.4    The 
correlation between the 
amount lower leg axial 
rotation and patient 
satisfaction. Patients in 
the lowest quartile 
(loosest knees) reported 
signifi cantly lower 
patient satisfaction scores       

a b

  Fig. 17.3    ( a ) The knee testing system after the incorpo-
ration of motors for force application for consistency. 
Each patella was also locked into the trochlear groove 

using a patellar pad and clamp. ( b ) The knee testing sys-
tem after the addition of an electromagnetic tracking sys-
tem for isolated measurement of tibial rotation       
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value, and negative predictive value. In order to 
improve the reliability and reproducibility, an 
error analysis was performed.  

17.3     Sources of Error 
During Biomechanical 
Testing of a Knee Joint 

 The small changes in motion between the femur 
and tibia as a result of ligament damage to the 
knee is diffi cult to measure or quantify if the 
measurement device and methods produce error 
greater than the changes themselves. In order to 
achieve the goal of obtaining biomechanical 
values during knee laxity testing using the 
robotic system which can be used as a diagnos-
tic test, all possible forms of error must be mini-
mized. There are many types of error that can be 
introduced during testing (Table  17.1 ). The most 
important is the introduction of researcher bias, 
which automatically adds error to any test. Bias 
can be introduced any time an investigator 
chooses or defi nes an aspect of the test person-
ally. The mathematical method chosen for 
description of motion between two bones can 
also be a potential source of error. 

17.3.1     Defi nition of the Joint Center 

 Many analysis techniques require the researcher 
to use radiographs to determine a center of the 
knee, with the researcher having to make a deci-
sion as to where on the radiograph the center is 
located. A ruler or a computer can be used to 
measure the AP width and mediolateral width of 
the tibia. That information can then be used to 
fi nd the “middle” of the tibia, which would then 
be defi ned as the “center” of the knee. Several 
questions arise when attempting to pick a center 
of the knee in this manner: (1) Are the radio-
graphs a “true” lateral and a “true” AP? (2) 
When measuring a sample of knees, are the mea-
surements the same every time? (3) When testing 
in vivo, how does the clinician/technician take 
the radiograph measurements and apply them to 
the patient with skin and muscles intact? No 

matter the method that is used, if a researcher 
chooses a joint center, human error is introduced 
into the test.  

17.3.2     Defi nition of Coordinate 
Systems 

 In order to determine the relative rotation between 
two bones, each bone must have a defi ned coordi-
nate system. Typically, AP motion is defi ned to 
occur along the  y -axis and internal/external axial 
rotation occurs around the  z -axis. In order to 
make the coordinate system orthogonal (each 
axis is perpendicular to the other), the  x -axis 
must be created in relationship to the  y -axis and 
the  z -axis. Flexion-extension around the created 
 x -axis may not represent the true fl exion- 
extension axis for that knee. The researcher must 
choose which axis is primary, which axis is sec-
ondary, and which axis is tertiary. By making this 
choice the researcher introduces error into the 
measurement. If a non-orthogonal coordinate 
system is chosen in order to force knee motions 
into a clinically friendly space, some motions 
between two bones become hidden by or added 
to one of the non-orthogonal axes [ 12 ].  

17.3.3     Patient Setup and Force/
Torque Application 

 The method a researcher uses to examine the rela-
tionship between the tibia and femur can intro-
duce bias, and thus error, into the test. For 
example, if the foot is held up with the knee in full 
extension, some knees have a natural recurvatum. 
This recurvatum is the result of the knee ligament 

   Table 17.1    Potential sources of error during biomechan-
ical knee testing   

 Potential sources of error 

 1. Patient setup 

 2. Defi nition of joint center 

 3. Defi nition of coordinate systems 

 4. Mathematical methods 

 5. Spillover 
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equilibrium state in that position. When the knee 
is fl exed, the tibial position with respect to the 
femur may still exist in that altered ligament equi-
librium state. Furthermore, the initial or equilib-
rium position of the tibia may refl ect the end 
result of a damaged ligament. The recurvatum 
seen in the knee may represent a damaged pos-
terolateral structure rather than a normal or 
healthy knee position. Devices, which rigidly 
hold both the tibia and femur, may infl uence these 
potential clues to ligament injury since the equi-
librium position or state of the tibia with respect 
to the femur is infl uenced by this fi xation. When 
the device holds both sides of the joint during the 
test, the researcher must choose the initial posi-
tion of the bones, thus introducing bias and error.   

17.3.4     Mathematical Methods 

 In 1983, Grood and Suntay developed a non- 
orthogonal joint coordinate system to describe 
the clinical motion between two bones [ 12 ]. This 
mathematical technique simplifi ed the calcula-
tion of rotation and translation of one bone with 
respect to another bone. However, the technique 
accomplishes this simplifi cation at a signifi cant 
sacrifi ce. The position of the bones must main-
tain a certain consistent orientation with respect 

to one another. In the case of the knee, the long 
axis of the tibia and femur must remain parallel 
to one another throughout the test. If this does not 
occur, then the translations and rotations are con-
taminated by motions along other axes. When 
motion along or around one axis is added to or 
subtracted from another axis, this motion con-
tamination is called “spillover.” That is to say, if 
there is a change in the varus or valgus orienta-
tion of the femur with respect to the tibia, then 
motion in the medial and lateral direction spills 
over into distraction and compression of the joint. 
Similarly, all fl exion is assumed to occur around 
the fl exion axis of the femur, when the tibia itself 
can fl ex and extend as an independent body. The 
classic clinical example of “spillover” is the dif-
ference between a true lateral radiograph of the 
knee and one that is “off” just a little as shown in 
Fig.  17.5 . The mathematical methods for describ-
ing motion between two bones can add to the 
error of the test itself.

   The consequences of not managing the accu-
mulation of error during testing are apparent in the 
accuracy, reliability, and reproducibility of the test-
ing. Cumulative error during testing creates “noise” 
in the data such that true differences between inju-
ries or conditions may not be readily discernible. 
By being careful with the sources of error, this 
“noise” can be reduced to a minimal level so that 
biomechanical characteristics can predict the pres-
ence or absence of anatomical injuries.   

17.4     Management of Error 
During Knee Laxity Testing 
Using a Robotic System 

 The keys to the excellent accuracy, precision, 
reproducibility, and reliability of robotic testing 
of the knee lie in the choice of equipment used, 
the details of patient setup, the selection of math-
ematical methods for describing the motion 
between the two bones, and the means for analyz-
ing the information produced during the test. The 
right equipment ensures precision in measure-
ment of position and torque throughout the test. 
The setup remains critical for reducing the error 

 Fact Box 2: Key Concepts for Analysis of 

Knee Laxity Data from a Robotic System 

     1.    The position at zero torque/load is 
determined dynamically during testing, 
reducing researcher bias and error.   

   2.    In whole-limb testing, the position at 
initial setup represents the “natural” 
equilibrium relationship between the 
tibia and femur.   

   3.    Like a surgeon’s clinical examination, 
independent free body analysis allows 
a full 6° of freedom (three-dimen-
sional) understanding of the motion of 
the tibia with respect to the femur dur-
ing testing.     
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associated with choosing the coordinate systems 
and origins for the tibia and the femur. The correct 
mathematical method reduces the complications 
of unintentional “spillover” from one axis of a 
coordinate system to another axis in the same 
coordinate  system. For example, the consequence 
of this is that some of the increased valgus  rotation 
that is seen with an MCL injury might  “spillover” 
and show up as increased tibial fl exion during the 
test. Finally, the methods chosen for analysis 
reduce the complications of researcher bias and 
provide the clinician an unimpeded view of the 
amount of “play” between the femur and the tibia. 

17.4.1     Measurement Devices 

 An electromagnetic tracking system to record the 
position of the tibia with respect to the femur was 
chosen. Using six degrees of freedom sensors, 
the system is accurate to within 0.48 mm and 
0.30° based on root mean square error (0.88 mm 
and 0.48° 95 % CI) (Ascension Technologies, a 
subdivision of NDI, Bakersfi eld, CA, USA). 

Relative motion between two positions maintains 
the highest accuracy, while absolute position 
within the magnetic fi eld has a lower accuracy. 
The combination of the servomotors and torque 
sensors can apply a force at a constant rate to a 
target torque with less than 1 % error.  

17.4.2     Patient Setup 

 The methods used to set up the patient in the 
device and modifi cations made to the machine in 
order to make this process more reliable have 
been developed to minimize the error in testing 
(Fig.  17.6a ). The patient is placed into the device 
in a supine position with the foot resting in a 
short AFO distally. The knee is placed on a pad 
posteriorly positioned such that the distal femur 
rests on the pad and the knee is fl exed at 30°. The 
proximal tibia is off the pad and free to move. 
The patient’s legs are positioned in 30° of femo-
ral abduction while allowing for the femur to be 
centered on the posterior pad. The foot is then 
strapped into place such that force can be applied 

y
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a b

  Fig. 17.5    A simple example of spillover occurs when a true lateral radiograph ( a ) is rotated slightly resulting in an 
offset view ( b ), thus making it harder to interpret       
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in axial rotation and in varus/valgus. Medial and 
lateral femoral pads are then moved into place 
proximal to the distal femur to aid in the reduc-
tion in femoral perturbation during testing. The 
distal femoral posterior pad, which can move 
independently in the medial/lateral direction, is 
then positioned such that a patellar pad can be 
clamped to the distal femur providing symmetri-
cal pressure to the patella while allowing sym-
metrical positioning of the leg in varus/valgus. 
The pad is then positioned into place and the 
patella is clamped down into the trochlea of the 
distal femur with 133.5 N (30 lb) of force, which 
was the highest tolerable force when applied to 

the patella. Both femurs are locked to the machine 
in a similar fashion with setup methods that allow 
for reproducibility. Each foot is then rotated until 
the second toe is perpendicular to the  y -axis and 
to the femoral pad where the distal femur rests. 
This position is used to index each motor as 0° of 
femoral  z -axis rotation or tibial axial rotation 
with respect to the femur.

   A fl oating femoral sensor is placed in the patel-
lar clamp; the sensor can measure motion in the 
femoral  y -axis or anterior/posterior direction dur-
ing testing (Fig.  17.6b ). It is referenced to the ante-
rior patella on each knee through a rigid connection 
between the sensor and a plastic bar that is in direct 

a

b

  Fig. 17.6    ( a ) A patient 
setup in the testing 
device with 
electromagnetic sensors 
strapped to the proximal 
tibia. ( b ) A close-up 
view of the femoral 
sensor which follows 
femoral AP motion 
only. A plastic piece 
rests on top of the 
patella and a linear 
bearing allows for 
measurement of only 
AP motion in the 
direction of the arrows. 
The peripatellar pads 
consist of high-density 
foam for comfort       
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contact with the patella. Because the femur is a 
bone well covered by skin, adipose, and muscle, 
error is introduced into measurements during axial 
rotation and varus/valgus rotation. Varus/valgus 
rotation in this setup creates a rotation around the 
femoral  y -axis (AP) but also some motion around 
the  z -axis (long-axis rotation). Both are measured 
during testing, but the  z -axis motion is subject to 
the already described inability to completely con-
trol femoral rotation during testing. This is an 
accepted error in the in vivo evaluation. Using 
femoral anatomical landmarks as a means to con-
struct both the femoral origin and coordinate sys-
tem was abandoned due to the extreme variability 
associated with their identifi cation through palpa-
tion in a population of patients. 

 A tibial sensor is placed on the medial fl are of 
the proximal tibia in a location without interference 
with the force/torque application system. The skin-
to-bone distance in this location is lowest on the 
tibia and provides excellent tracking of the tibia 
during the test. Points are taken on the AP midline 
of the medial tibial plateau and lateral tibial plateau 
and the AP midline of the medial malleolus and lat-
eral malleolus, which correspond to the most prom-
inent point on that part of the bone. While both 
knees are in their equilibrium position, the most 
anterior point on each tibial tubercle is recorded.  

17.4.3     Defi nition of the Origin 
and Coordinate Systems 

 The origin of the tibial coordinate system is defi ned 
as the midpoint between the medial and lateral 
tibial plateau points that are taken during patient 
setup. The  z -axis of the tibial coordinate system is 
constructed using the vector from the tibial origin 
to the midpoint of the medial and lateral malleoli. 
At initial setup, the  y -axis is defi ned as parallel to 
the second toe of the foot which was previously 
defi ned to be perpendicular to the posterior distal 
femoral pad. Appropriate mathematical operations 
(cross products produce a vector perpendicular to 
the two other vectors that are “crossed”) are used 
to create an orthogonal  coordinate system for the 
tibia. The femoral origin and its coordinate system 

are then constructed by points on the machine 
itself. The femoral origin is taken from points on 
the machine and patellar clamp representing the 
overall AP depth of the distal femur. The center of 
these points becomes the origin of the femoral 
coordinate system. The  y -axis is oriented perpen-
dicular to the posterior femoral pad. The  z -axis is 
taken from the  z -axis of the tibial coordinate sys-
tem at initial setup. Appropriate mathematical 
operations are again used to create an orthogonal 
coordinate system for the femur. 

 It is important to understand why the  z -axis 
for the tibia is also used for the  z -axis of the 
femur. As clinicians, we anchor the femur and 
watch or feel the movement of the tibia relative to 
the femur during the physical examination. Thus, 
the movement of the tibia is “watched” from the 
femur toward the top of the tibia. If the move-
ment of the tibial plateau surface is important, 
then a view perpendicular to the tibial plateau 
surface is best for the clinician. Therefore, the 
 z -axis of the tibial coordinate system projected to 
the femur for its  z -axis provides the best perspec-
tive for “watching” the tibia from the femur. 

 This replication of the  z -axis from the tibia to 
the femur should be close to the true mechanical 
axis. This replicated  z -axis was used for the 
femur rather than the mechanical axis for several 
reasons. We have studied mathematical tech-
niques available to predict the center of the femo-
ral head by point collection during rotation of the 
femur. An estimation of the center of rotation of 
the femoral head was performed along with a 
three-dimensional CT scan identifi cation of the 
anatomical center. The error in the prediction of 
the anatomical femoral head center was up to 
2.5 cm from test to retest when using these math-
ematical methods. Subsequently, it was noted 
that using the  z -axis for the tibia in both the tibial 
and the femoral coordinate systems allowed a 
reasonable estimation of the mechanical axis 
without the risk of measurement error associated 
with the estimation of the center of the femoral 
head. Furthermore, the tibial  z -axis constructed 
from the midpoints of the malleoli and the proxi-
mal tibia provided the most consistently measur-
able anatomical feature in both limbs.  
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17.4.4     Data Comparison 

 There are two methods available when compar-
ing the right and left limbs of a patient. The fi rst 
method relies upon the setup alone for compari-
son of movement in the right tibia with move-
ment in the left tibia. It provides the examiner 
with a “fi eld of view.” The most important fi eld of 
view when comparing the right knee with the left 
knee is the “world view.” The world view is the 
view that would be seen by sitting at the head of 
the bed and watching two examiners move both 
the right knee and the left knee at the same time 
(Fig.  17.7a ). Each knee moves in space and is 
recorded from this “head of the bed” perspective. 
The second most important fi eld of view is from 
the femur of the right leg and the femur of the left 
leg called the “femoral view.” This view is equiv-
alent to a head sitting on each distal femur and 
viewing the movement of each tibia with respect 
to the ipsilateral femur and recording the move-
ment separately (Fig.  17.7b ). The “femoral view” 
of the motion of each tibia can be compared 
keeping in mind that the right and left motions 
are mirror images of each other. The accuracy of 
this method depends upon the ability to set up 
each femur in an identical but mirror opposite 
position in the “world view.” As previously 
described, each tibia (right and left) will have an 

“initial equilibrium position” at setup. During 
patient setup this “equilibrium” position or state 
can be considered a unique feature of each tibia 
and should be recorded for further evaluation.

   The second method for comparing between 
the right and the left utilizes anatomical points 
recorded during setup. Each set of points records 
the best measure of the anatomical position of the 
tibia and femur. As far as the best position for the 
femoral origin during AP translation testing, the 
center of the femur as described above and trans-
lated to the anterior patella is the most consistent. 
This eliminates the problems associated with 
using the AP center of the patellar clamp for the 
construction of the femoral origin. For the tibia, 
the previously described tibial origin translated 
anteriorly and perpendicular to the  z -axis at the 
level of the tibial tubercle is the most consistent. 
Thus, when measuring the side-to-side difference 
in AP translation between the femur and the tibia, 
the relative translation between anterior patella 
and anterior tibial tubercle is used for consistency 
and reduction in error. For tibial axial rotation, 
the malleolar axis can be used for side-to-side 
comparison utilizing an anatomical measure for 
consistency and reduction in error. If symmetri-
cal abduction of each femur is obtained at initial 
setup, then varus/valgus testing has excellent 
consistency.  

a b

  Fig. 17.7    ( a ) A representation of the world view. ( b ) A representation of the femoral view       
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17.4.5     Mathematical Methods 

 There are a number of advantages of analyzing 
the tibia and femur as two independent free bod-
ies. The most important advantage is that any 
point on a rotating free body has the same rota-
tion in relationship to any point on a second free 
body. In other words, the rotation between two 
free bodies is independent of any origin. The 
researcher cannot bias the results of a study by 
being forced to select an origin; thus, error is not 
introduced into the testing. The second advantage 
relates to the ease with which a chosen origin for 
each bone can be moved around to represent the 
best “world view” position for each test. The 
measurement of translation between two bones is 
dependent upon the choice of  origin. This is most 
important for AP testing and is accommodated 
using the previously described anatomical tech-
niques. This technique allows the researcher to 
use a rotational matrix to describe motion 
between the two bodies. The third advantage of 
this mathematical technique is that all six degrees 
of freedom between the femur and the tibia can 
be described when a load is applied (three trans-
lations – anterior/posterior, medial/lateral, com-
pression/distraction; three rotations – roll, pitch, 
and yaw). The same three-dimensional “feel” 
that a clinician perceives during manual knee 
testing is recorded for evaluation during robotic 
testing. Flexion or extension of the tibia during 
testing is seen as a rotation of the tibia and not of 
the knee itself. The envelope of “joint play” cre-
ated by an injury to the knee exists as a three- 
dimensional volume and can be created by any 
combination of motions between the two bones.  

17.4.6     Data Analysis 

 Finally, the analysis of the data plays an impor-
tant factor in the management of error during 
knee laxity testing using a robotic system. Data 
are captured by sampling at 40 Hz for both torque 
and position. This sampling rate surpasses the 
Nyquist sampling frequency for the speed of test-
ing in the robotic system. The data that are 
 collected are a time series of positive and nega-
tive peak torques and positions for maximum 

internal and external rotation from each cycle. 
A load- deformation curve is constructed from a 
single cycle (third cycle) of matched torque and 
position for each test. Repeated cycles have been 
previously evaluated, and test-retest scores over 
0.96 were achieved using intraclass correlation 
coeffi cients (ICC (2,1)) with the third cycle 
showing the least variation. Position is calculated 
from the right and left “femoral views” with an 
appropriate mirror image transformation such 
that the left side can be compared to the right 
side. In this test, a right-handed coordinate sys-
tem is applied to the left knee. Positive motion on 
the  x -axis is lateral translation, on the  y -axis is 
anterior translation, and on the  z -axis is 
 distraction. Similarly, positive rotation around 
the  x -axis is fl exion, around the  y -axis is valgus, 
and around the  z -axis is internal rotation. The 
simplest way to remember this is to place your 
thumb in the direction of the axis about which 
you rotate and your fi ngers will curl in the direc-
tion of positive rotation. A mirrored system is 
applied to the right knee such that the same rota-
tions and translations exist for the same direc-
tions of the left knee. 

 Special attention must be paid to the defi nition 
of the zero position in the knee. The zero position 
of the knee defi nes the extent of internal versus 
external rotation, anterior versus posterior trans-
lation, and varus versus valgus rotation. It is a key 
biomechanical descriptor and, if chosen poorly, 
can introduce signifi cant error into the analysis. 
Consider for a moment that the knee is like a 
bowling alley, with a center smooth lane and two 
gutters (Fig.  17.8 ). Now, suppose a person was 
asked to close their eyes and put the bowling ball 
in the center of the lane. Commonly an individual 
would put the ball in one gutter and then move 
the ball into the opposite gutter while gauging the 
distance between the two gutters. The distance is 
then halved and the ball is placed into the center. 
The center of the knee could be determined in a 
similar fashion considering the fact that the clini-
cian cannot see the insides of the knee and can 
only “feel” where the ligaments have infl uence. 
Now imagine that only the position of the left 
gutter is changed. If you are blindfolded and have 
no knowledge of the change, fi guring out that 
only the left gutter has moved will be diffi cult. If 
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one considers a “center-matching” technique, 
when the bowling alley centers are matched to 
one another, both gutters will appear to have been 
changed. The same problem exists with the knee. 
If both the anterior cruciate ligament and the pos-
terior cruciate ligament are damaged to different 
degrees, it is diffi cult to determine which of the 
ligaments has been compromised and by how 
much. Without a world view, or a reference view, 
one cannot determine if both gutters have moved 
or only one gutter has moved. In the knee, the 
world view provides the reference to determine 
which ligament was injured and by how much.

   This analogy helps us to understand two 
important points in the analysis. The fi rst is that 

peak positive torque/load must be matched 
with peak positive position and peak negative 
torque/load must be matched with peak nega-
tive position to properly represent the load-
deformation curve. These maximums and 
minimums in the load-deformation curve are 
fi xed “gutters” in space, in the world and femo-
ral views. The second point is that zero position 
and zero torque will automatically be deter-
mined in this situation. The clinician does not 
have to pick those points as they defi ne them-
selves. This removes bias that is introduced 
when the zero point for position or torque/load 
is picked by the clinician. 

 Comparison of load-deformation curves either 
from side to side in a single patient or across a 
population of patients requires further discus-
sion. When comparing curves, it is quite tempt-
ing to “register” the curves to a specifi c point 
with “register” meaning taking a point, i.e., 
torque 0 or position 0, and overlapping each 
curve on that point. It is not uncommon for a 
researcher to look at curve features to fi nd a com-
mon point of comparison between limbs or 
between subjects. For example, the infl ection 
point in a load-deformation curve could be 
“assumed” to be torque 0 or position 0 for that 
limb. It is quite dangerous to assume that zero 
position and zero torque can be used as a refer-
ence for comparison between subjects or between 
right and left sides. Cumulative error exists at any 
point in the load-deformation curve. When the 
researcher assumes that one point is more impor-
tant than another point, the error at the important 
point is propagated throughout the entire load- 
deformation curves. Most load-deformation 
curves have a long center section with two 
asymptotic sides. These asymptotic sides indi-
cate the increasing torque/load as the ligament 
tightens and movement is limited. These end 
points of the load-deformation curve in which the 
ligament is being stretched are equivalent to the 
gutters of the bowling lane. The “fl at” center of 
the load-deformation curve describes a section in 
which small amounts of torque can produce large 
changes in position (low load play region). This 
region is equivalent to the central, smooth portion 
of the bowling lane. It is the characteristics of this 
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  Fig. 17.8    ( a ) The analogy of comparing a knee to a bowl-
ing alley showing that the gutters represent the areas of 
ligament infl uence and the center of the lane represents the 
low load play region. ( b ) The correlation of the bowling 
lane analogy to the load-deformation curve showing the 
ligament infl uence at the end points and the fl at central 
portion near zero torque       
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section that should make the researcher wary of 
choosing zero position or zero torque indepen-
dently of the data. By choosing points at the ends 
of the load-deformation curve, large changes in 
torque produce little changes in position. Less 
error is introduced into the testing process. 

 When a load-deformation curve is con-
structed from data produced during knee laxity 
testing in the robotic system, it is produced in 
reference to the initial position of the tibia with 
respect to the femur at setup. With the tibia as an 
intercalary bone sitting independently between 
the femur and the talus, it can fi nd its own “equi-
librium” position or state. This position can be 
the result of a damaged or torn ligament, i.e., a 
posterolateral corner injury will leave the tibia 
in a recurvatum position. It can be confusing to 
compare the load- deformation curve of a “nor-
mal” or “healthy” knee with that of the injured 
knee due to the new position caused by the dam-
aged ligament(s). The load-deformation curve in 
the injured knee is a combination of the new 
rotational extent and the new “equilibrium” 
position of the tibia with respect to the femur 
(Fig.  17.9 ). In a patient with an MCL injury, the 
new equilibrium position of the tibia with 
respect to the femur is more in valgus than the 

opposite extremity. Testing from this position 
creates the illusion that the tibia moves more 
into varus than the opposite extremity 
(Fig.  17.9a ). When the initial conditions are 
eliminated for side-to-side comparison, the 
actual difference in extent becomes readily 
apparent (Fig.  17.9b ). The patient has signifi cant 
MCL laxity with valgus loading.

   The preceding paragraphs have provided a 
systematic approach to the identifi cation of intro-
duced error into any system or process meant to 
identify small changes in motion between the 
tibia and the femur. It is this ability to identify 
sources of error that helps in producing a system 
that can reliably, reproducibly, precisely, and 
accurately identify biomechanical characteristics 
in the individual knee that are meaningful for 
diagnosis. By setting up a world view for refer-
ence between knees and a femoral view for refer-
ence within the knee, relative and absolute 
position changes can be identifi ed. By allowing 
the biomechanics and the anatomy of the knee to 
defi ne its zero position, investigator error is 
 minimized. The goal is to provide clinicians with 
biomechanically based tests that will provide 
accurate, reliable, and reproducible predictions 
of specifi c knee injuries.  
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  Fig. 17.9    ( a ) A load-deformation curve in a patient with a chronic MCL tear. ( b ) The load-deformation curve after 
normalizing to the initial position. The MCL tear becomes obvious after this preprocessing step       
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Effect of over–tightening ligament
on tibofemoral axial rotation
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  Fig. 17.10    ( a ) Load-deformation curves for two condi-
tions. ( b ) A pointwise curve comparison with 95 % confi -
dence intervals ( dashed lines ). Note the difference in the 
extent of the curve near 2 Nm. In the difference curve, 

both sides of the confi dence interval are on the same side 
of zero around 2 Nm. This indicates a signifi cant differ-
ence between the curves       

17.4.7     Statistical Methods 

 P-values from hypothesis tests tend to dominate 
the medical literature. This approach to scientifi c 
inquiry reduces the interpretation of the results of 
a study to a simple dichotomy: signifi cant differ-
ences or nonsignifi cant differences. Confi dence 
intervals are a more useful statistical approach to 
interpret the results of a study by giving the clini-
cian both the magnitude of its effect and the range 
of its effect [ 11 ]. Confi dence intervals provide 
separate information about the magnitude of an 
effect along with information about the precision 
of the estimate. 

 It is readily understood that if a p-value fails to 
exceed some prespecifi ed threshold (usually 0.05), 
the result is signifi cant, and while a technically 
proper interpretation of a p-value or a confi dence 
interval is based on abstract statistical theory, there 
is a mathematical connection between them. 
A 95 % confi dence interval for a given estimate 
 provides a set of values of the parameter that is not 
rejected at the 0.05  threshold. For this reason, con-
fi dence intervals provide all the information needed 
for making statistical inferences and decisions. 

 Generally the confi dence interval is computed 
for a single parameter of interest, and the stated 
confi dence pertains to that single parameter. The 
width of the interval gives us an idea of the sam-
pling error associated with the estimate as well as 
the values of the parameter that are most compat-
ible with the data for a specifi ed signifi cance 
level. When the statistical object of interest is a 
function or a collection of sampled points along a 
curve, it is not uncommon to compute pointwise 
95 % confi dence intervals over the values for 
which the function has been defi ned, e.g., the 
mean load-deformation curve. Depending on the 
goals of the analysis, using bands constructed 
from pointwise confi dence intervals may provide 
valuable information. 

 Pointwise confi dence intervals are useful to give 
an impression of the sampling error associated with 
each point along the function. They can be used to 
pinpoint the location of specifi c details along a 
curve or for comparison between two curves 
(Fig.  17.10 ). Confi dence intervals provide informa-
tion about the extent of the data at each point on the 
curve, but they do not provide information about 
the shape of the curve. In addition, pointwise confi -
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dence intervals also can provide some indication of 
the potential appropriateness of a functional form, 
i.e., a representative curve fi t for a dataset.

   In order to provide information about the 
shape of the curve, pointwise confi dence inter-
vals of the fi rst and, perhaps, second derivative of 
the load-deformation curves may provide infor-
mation about the shape of the curves across each 
point (Fig.  17.11 ). However, the collection of 
pointwise confi dence intervals is not adequate for 
making inference about the entire function simul-
taneously across the whole range of values. In 
other words, one cannot use pointwise confi dence 
intervals to conclude that all the points estimated 
along the function fall jointly within the bounds 
with the stated confi dence upon repeated 
 sampling. To achieve this goal one needs simulta-
neous confi dence bands [ 13 ,  26 ].

   In order to control the probability for a collec-
tion of points along a curve simultaneously and 
not just for a single point, a simultaneous confi -
dence band may be calculated. A 95 % simulta-
neous confi dence band is a collection of 
confi dence intervals such that  all  of the confi -
dence intervals simultaneously cover the true 
values with a probability of 0.95. To achieve the 

simultaneous inference, a correction or adjust-
ment needs to be applied to each of the intervals; 
this will result in a widening of the original col-
lection of single confi dence intervals. The pro-
duction of confi dence bands treats the curve as a 
whole rather than specifi c characteristics of the 
curve. Bands tell us about the family of curves as 
a whole such that information about the curves is 
combined together in the representation. 

 Therefore, the necessity of using simultaneous 
confi dence bands over a collection of 95 % confi -
dence intervals for pointwise bands comes down 
to the intended goals of the study. In order to 
make inferences about all the points along a func-
tion simultaneously, for example, to decide 
whether it was reasonable to replace the entire 
data curve with a line or a polynomial, the confi -
dence band is the appropriate tool. Similarly, con-
fi dence bands should be used to determine 
whether two curves are entirely different from one 
another with a probability of 95 %. On the other 
hand, pointwise 95 % confi dence intervals can 
descriptively identify points of interest and, when 
combined with pointwise 95 % confi dence inter-
vals of fi rst- and second-order derivatives, can 
provide useful information about the relative 

Effect of over–tightening ligament
on rotational stiffness during

 tibofemoral axial rotation

Mean difference btw
healthy vs over–tight ligament
with 95% confidence intervals

2.0

In
st

an
ta

n
eo

u
s 

sl
o

p
e

1.5

1.0

0.5

0.0

External rotation Internal rotation External rotation Internal rotation
L

o
o

se
r 

sl
o

p
e

T
ig

h
te

r 
sl

o
p

e

0.2

0.1

0.0

–0.1

–0.2

Condtion
Healthy
Ligament over–tight

a b

  Fig. 17.11    ( a ) A fi rst-order derivative curve calculated 
from the original load-deformation curve showing stiffness 
characteristics of a normally reconstructed ligament and an 
over-constrained reconstructed ligament. ( b ) A pointwise 

mean difference curve with 95 % confi dence intervals. Note 
that there is a signifi cant change in the shape of the over-
tight ligament in internal rotation where both sides of the 
confi dence interval are on the same side of zero slope       
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extent and shape of the curves. It is of more value 
to identify specifi c changes in the load- 
deformation curves rather than to comment on the 
simultaneous family of curves. As such, we prefer 
to use pointwise 95 % confi dence intervals for the 
evaluation of extent along with comparison of the 
fi rst-order derivatives for the evaluation of slope 
changes between load-deformation curves.   

17.5     Results of the Careful 
Management of Error 
During Knee Laxity Testing 
Using a Robotic System 

 Multiple 4-day testing sessions have been per-
formed with the robotic system to measure the 
reliability and repeatability of the device as 
guided by our statistician. With each 4-day test-
ing session, subjects were placed into the device 
at an unspecifi ed time each day and tested. 
During each test, the knee was cycled four times 
(i.e., for tibial axial rotation, the tibia was rotated 
into internal and external rotation four times). 
Intraclass correlation coeffi cients (ICC) were cal-
culated as a measure of the test-retest repeatabil-

ity between cycles on a single day. Inter-day ICC 
values were calculated to describe day-to-day 
reliability of the device. An example of the tibial 
axial rotational ICC scores is presented in 
Fig.  17.12 . It is important to note that the best 
scores (highest reliability) are at the end points of 
the load-deformation curve, while the worst 
scores (lowest reliability) center around 0 Nm of 
torque. This is a confi rmation that the researcher 
should not choose 0 Nm of torque as a reference 
point to defi ne zero (neutral) but should rather 
allow the more reliable end points to choose the 
zero position.

17.6         Examples of Clinical Use 
of the Robotic System 

 In this section, two examples are presented to 
illustrate how robotic data were used in the clini-
cal setting. The fi rst example involves a 38-year- 
old athletic male who injured his knee while 
 performing a deep knee squat with 90 kg. He had 
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  Fig. 17.12    Average pointwise ICC scores for rotational 
knee testing performed over 4 days on ten different sub-
jects. ICC scores are signifi cantly lower near torque 0 and 
position 0, which are near point 250 on the  x -axis       

 Fact Box 3: Goals for the Establishment of 

Standard Biomechanical Measures Using 

Robotic Testing 

     1.    The use of a robotic system may 
establish standard measures between 
and among different clinicians and 
examiners.   

   2.    By establishing measurable biome-
chanical data comparing small anatom-
ical variations and differences between 
the “normal” and “injured” knee, an 
improved treatment plan for a patient 
may be developed.   

   3.    With the development of standard and 
repeatable measures for comparing dif-
ferences in knee biomechanics and 
anatomy within one patient and across 
a group of patients, there may be prog-
ress toward a better understanding of 
the impact of injury on knee biome-
chanics and its infl uence on patient 
symptoms.     
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  Fig. 17.13    ( a ) Anterior/posterior load-deformation 
curves for the injured and healthy knees showing the 
increased anterior translation due to an ACL tear in the 
right knee ( red line  on the plot). ( b ) Tibial axial rotation 
load-deformation curves for the injured and healthy 
knees. Note that the expected increase in rotation should 

be internal rotation, but in this case, it is external rotation. 
This is likely due to the MCL injury. ( c ) Varus/valgus 
rotational load-deformation curves for the reconstructed 
and healthy knees showing the signifi cant increase in val-
gus extent in the injured knee suggesting chronic MCL 
injury         
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sustained a medial collateral ligament injury 11 
months prior to the squatting episode. At that pre-
vious time, he was treated conservatively. He pre-
sented to our clinic with symptoms of instability. 
His complaints of instability occurred during 
ordinary walking and were described as a “wob-
bly” knee. On physical examination, there was a 
positive Lachman test, negative pivot-shift test, 
and grade II opening on valgus testing and 

increased external rotation on the dial test. The 
results of laxity testing using the robotic system 
are shown in Fig.  17.13 . The robotic data clearly 
indicate an ACL tear in AP testing. In rotational 
testing, the increase in internal rotation that 
would be expected after an ACL tear was not evi-
dent, but rather there was an increase in external 
rotation in the injured knee. This is due to 
the chronic MCL tear. Increased valgus rotation 
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  Fig. 17.14    ( a ) Anterior/posterior load-deformation 
curves for the reconstructed and healthy knees showing 
that anterior/posterior translation in the reconstructed 
knee was restored to the level of the healthy knee. ( b ) 
Tibial axial rotation load-deformation curves for the 

reconstructed and healthy knees showing the signifi cant 
loss of internal rotation in this over-constrained knee. ( c ) 
Varus/valgus rotational load-deformation curves for the 
reconstructed and healthy knees showing the restricted 
varus and valgus motion in the over-constrained knee         

during varus/valgus testing clearly indicates the 
MCL tear.

   The second example involves a 49-year-old 
woman with a 15-year history of an ACL- 
defi cient knee without complaint. At 17 months 
prior to presenting at our clinic, she twisted her 
knee playing tennis. The diagnosis of a medial 
meniscal tear was confi rmed by MRI and, ulti-
mately, surgery at an outside clinic. Since the 
twisting injury was felt to represent a subluxation 
of the knee, she chose to have a single-bundle 

ACL reconstruction at the time of her medial 
meniscectomy. Within months of the surgery, the 
patient reported that she felt as if something was 
wrong with her knee. A simple arthroscopy and 
an exam under anesthesia were performed, again 
at a different outside clinic, confi rming that the 
ACL reconstruction was intact. The surgeon at 
the outside clinic suggested that her symptoms 
could be managed through physical therapy. At 
17 months from the initial surgery, the patient 
continued to experience chronic lateral knee 
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pain, tightness around the knee, and painful lack 
of full extension. She continued to have a quadri-
ceps defi cit and a painful limp. The patient was 
referred for knee laxity testing using the robotic 
system in order to fully characterize the biome-
chanics of her knees. Her load-deformation 
curves as recorded during laxity testing in the 
robotic system are shown in Fig.  17.14 . The 
curves show good restoration of AP translation in 
the reconstructed knee to the level of the healthy 
knee. However, the reconstructed knee was 
shown to be  over-constrained in internal rotation 
and varus/valgus testing. The patient went on to 
have her  over-constraining ACL reconstruction 
removed during a knee arthroscopy. Within a few 
days, the knee was feeling “back to normal” with 
some residual lateral pain that resolved. The 
patient was able to achieve full extension without 
pain.  

   Conclusions 

 Considerable time was spent and care taken to 
develop a robotic device, data collection meth-
ods, and an analysis process to record biome-
chanical characteristics of the knee during 
whole-leg testing while minimizing the 
amount of error. The long-term goal of knee 
laxity testing using a robotic system is to pro-
vide the clinician with objective parameters 
(numbers and graphs) that correlate with spe-
cifi c injuries in the knee. These objective 
parameters should follow the guidelines of a 
diagnostic test with its associated sensitivity, 
specifi city, positive predictive values, and 
negative predictive values. The results of knee 
laxity testing using a robotic system can pro-
vide the clinician with additional information 
about the injured knee to improve diagnosis 
and ensure that the best treatment plan for that 
patient is developed. The ability to improve 
the diagnosis of knee injuries should better 
allow the clinician to identify those patients 
that will be improved by surgical intervention 
and to avoid unnecessary surgery. 

 The goal of knee laxity testing using a 
robotic system is to provide the clinician with 
objective parameters that correlate with specifi c 

injuries in the knee. Bilateral whole-leg testing 
provides information on the “natural” resting 
position of the knee, as well as three-dimen-
sional load-deformation curves representing 
the standard knee examination, i.e., anterior/
posterior translation, internal/external tibial 
axial rotation, and varus/valgus rotation. A 
robotic system allows for  reliable recording of 
biomechanical  characteristics of the knee while 
minimizing error. The results of knee laxity 
testing using a robotic system can provide the 
clinician with additional information about an 
injured knee in order to ensure that the best 
treatment plan for that patient is developed.      
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18.1         Introduction 

 The pivot shift (PS) is an abnormal movement 
between the tibia and femur which may occur fol-
lowing damage of the soft tissues that stabilise the 
knee. The ‘dynamic’ PS test is accepted as being 
the single clinical diagnostic test that is most 
closely related to the functional instability that usu-
ally follows a rupture of the anterior cruciate liga-
ment (ACL). The grade of the PS test correlates 
with instability symptoms [ 1 ], reduced sports activ-
ity [ 2 ] and articular cartilage and meniscal damage 
[ 3 ]. Although the ACL is the primary restraint to 
tibial anterior translation, resisting more than 80 % 
of the drawer force [ 4 ], the PS is known as a ‘rota-
tory instability’ and that term will be explained 
below. The PS has been known clinically for a long 
time, and whilst that name was only coined rela-
tively recently [ 5 ,  6 ], the concept of the ‘slipping 
knee’ instability and the resulting need for ACL 
reconstruction was known much earlier [ 7 ]. 

 Despite the PS being central to clinical evalu-
ation of knee instability, it remains resistant to 
efforts to arrive at standardised descriptions of 
the motion itself and of standardised means to 
elicit the instability. These aims are desirable, if 
clinical results are to be compared meaningfully. 
The variability of the PS test has been docu-
mented to result both from differences amongst 
examining clinicians in how they apply the test to 
their patients [ 8 ] and also from the wide spectrum 
of soft tissue damage which may occur in 
 association with the ACL rupture. That variation 
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results in an individual surgeon eliciting a wide 
range of PS movements between patients [ 9 ]. It 
may follow from this that there may not be a sin-
gle PS test method that is optimal for all patterns 
of soft tissue damage and that is refl ected by the 
manner in which the examiner of a knee feels 
intuitively how to vary the loading and move-
ments in order to elicit the subluxation/reduction 
events which characterise the PS. This review 
will summarise some of these aspects.  

 The ‘envelope of laxity’ is a term that describes 
the total pattern of laxity behaviour of a joint, 
across its range of motion. As an example, the 
envelope of tibial internal-external rotation laxity 
is relatively narrow near to knee extension and 
widens with knee fl exion; that pattern refl ects the 
locking of the knee in extension when the poste-
rior capsule tightens, followed by progressive 
slackening of the soft tissues as the knee fl exes 
(Fig.  18.1 ). For the PS, description of the envelope 
of laxity is more complex, because it requires a 
knowledge of how the tibiofemoral joint laxity 

varies in two degrees-of-freedom (DoF) simulta-
neously with knee fl exion-extension: the com-
bination of anterior-posterior (AP) translation 
(translation: a linear motion without reference to 
rotation), plus internal-external rotations [ 10 ]. 
Given that the knee has 6 DoF [ 11 ], the PS test 
involves measuring the three simultaneously – 
fl exion-extension and internal-external rotations, 
plus anterior-posterior translations – whilst ignor-
ing the other three: medial-lateral, proximal- distal 
translations and varus-valgus (or abduction- 
adduction) rotation. In the PS test, we are con-
cerned primarily with normal or abnormal 
movement of the tibia in relation to the femur in 
the transverse plane representing the tibial plateau, 
so the situation may be simplifi ed to consideration 
of only the anterior-posterior (AP) translation, 
plus internal-external rotation.    
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  Fig. 18.1    Graph showing the mean envelope of tibial 
internal-external rotation laxity with manual application 
of torque at the foot, pre- and post-ACL reconstruction 

(Reproduced with permission and copyright © of the 
British Editorial Society of Bone and Joint Surgery Bull 
et al. [ 9 ])       

 Fact Box 1 

 The ‘envelope of laxity’ is a term that 
describes the total pattern of laxity behav-
iour of a joint, across its range of motion. 

 Fact Box 2 

 The knee has 6 degrees-of-freedom of 
motion – three rotations: fl exion-extension, 
abduction-adduction and internal-external 
and three translations: anterior-posterior, 
medial-lateral and compression- distraction. 
The pivot shift, in the transverse plane, 
involves tibial anterior-posterior translation 
and internal-external rotation. 
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18.2     Static Laxity Tests 

18.2.1     Anterior Translation 

 The integrity of the ACL may be evaluated by 
means of the anterior draw or Lachman tests. The 
anterior translation caused by imposing a given 
anterior draw force to the proximal tibia can be 
assessed subjectively by feeling the ‘step-off’, 
between each of the femoral condyles and the 
anterior rim of the tibial plateau, and then com-
paring that manual examination to the (usually 
undamaged) contralateral knee. A subtlety in this 
test is that it is also possible to evaluate differ-
ences in the anterior translation between each of 
the medial and lateral condyles and thus obtain 
an impression of  coupled  rotational laxity. 
(Coupled motion: defi ned as a motion which 
occurs automatically in a DoF other than the 
principal DoF of the clinical test.) It is important 
to allow coupled motion to occur, because an 
attempt to inhibit it during the laxity test will 
reduce the laxity by 30 % when compared to a 
repeated test with the tibia free to rotate [ 4 ,  12 ]. 

 The incongruence of the tibiofemoral joint 
also allows secondary movements, principally 
tibial internal-external rotations, in response to 
relatively low torques applied. In general, the lat-
eral compartment is more mobile than the medial, 
because of the difference in the capsular attach-
ments of their menisci. This tendency is accentu-
ated by weight bearing, because the medial tibial 
plateau is concave, so the joint load stabilises the 
medial femoral condyle, whereas the lateral 
 plateau is convex in the sagittal plane and so is 
inherently less stable. This means that there is 
more movement of the lateral compartment than 
of the medial compartment under most loading 
combinations. The result of this is that tibial ante-
rior draw is normally accompanied by a ‘coupled’ 
tibial internal rotation, reported in the range 
3–10° [ 13 ,  14 ]. Similarly, a posterior draw force 
causes both tibial posterior translation, plus a 
coupled tibial external rotation [ 15 ]. 

 After ACL rupture there is an increase in ante-
rior tibial translation and coupled internal tibial 
rotation in response to an anterior draw force [ 10 , 
 14 ]. Due to the small moment arm about the axis 
of tibial rotation, the role of the cruciate ligaments 

in resisting internal torques is limited. However, 
clinically, ACL defi ciency allows a signifi cant 
increase in tibial internal rotation near full knee 
extension [ 16 ]. 

 Because there is a wide spread of natural  laxity 
in the population, with some intact knees having 
greater AP laxity than others with ACL defi ciency 
[ 17 ], it is not appropriate simply to quote a laxity 
measurement in isolation: the side- to- side differ-
ence is more informative, and greater than 3 mm is 
often taken to be diagnostic of ACL damage [ 18 ]. 

 Tibial anterior translation is reduced signifi -
cantly if the tibia is held in fi xed internal or external 
rotation [ 19 ]. This is because of tightness in the 
peripheral structures so that they can share the load 
with the ACL. Tibial external rotation moves the 
tibial attachment of the medial collateral ligament 
complex anteriorly; this both tightens and aligns 
these structures to restrain tibial anterior translation. 
Similarly, the iliotibial tract and lateral collateral 
ligament act in tibial internal rotation [ 4 ,  13 ,  19 ,  20 ].  

18.2.2     Internal-External Rotation 
Laxity 

 The extra-articular structures are the primary 
restraints to tibial rotation laxity [ 20 ,  21 ], and so 
they are usually involved in ACL injuries [ 22 ,  23 ]. 
The lateral compartment is most important in tib-
ial rotational laxity: it is more mobile than the 
medial, and the ACL attaches here, but there have 
been differing reports on the effect of isolated ACL 
rupture. Lipke [ 24 ] found that isolated cutting of 
the ACL led to a signifi cant increase in tibial inter-
nal rotation. Andersen et al. [ 25 ] found a small but 
statistically signifi cant increase in rotational laxity 
after isolated ACL transection near the knee exten-
sion but no measurable difference beyond 30° 
knee fl exion. Conversely, Lane and Daniel [ 26 ] 
found that cutting the ACL had no signifi cant 
effect on either internal or external tibial rotation 
laxity, so they concluded that rotational instability 
is not a major factor after  isolated  ACL rupture. 
For internal rotation laxity with anterolateral dam-
age, Wroble et al. [ 27 ] found that cutting the 
anterolateral structures, which included the ilio-
tibial tract, led to a signifi cant increase in tibial 
internal rotation in the ACL-defi cient knee, whilst 
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(surprisingly) Lipke et al. [ 24 ] did not. Wang and 
Walker [ 28 ] also reported that tibial rotation laxity 
was reduced 80 % after imposing a tibiofemoral 
joint load of 1 kN (approx 1.3 body weight). 

 The literature reviewed above suggested that 
tibial rotational laxity is not increased greatly by 
isolated ACL defi ciency; this confl icts with the 
impression that ACL injury leads to rotatory 
instability. This divergence may be explained 
partly by the location of the axis of tibial rotation. 
In the intact knee, the axis of tibial internal- 
external rotation crosses the joint space near the 
centre of the tibial plateau [ 28 ,  29 ]. Therefore, 
tibial internal rotation causes the lateral aspect of 
the tibial plateau to move anteriorly, and the 
medial aspect to move posteriorly, by a similar 
distance. After ACL injury, the axis of rotation 
passes through the centre of the medial plateau 
[ 30 ] or close to the medial collateral ligament. 
This means that the lateral aspect is further from 
the axis, so the same angle of rotation will cause 
the lateral aspect to move further anteriorly. 
When this is added to the increased tibial anterior 
translation that follows ACL injury, there is a sig-
nifi cantly greater anterior movement of the lat-
eral tibia than normal. This observation led to the 
term ‘anterolateral rotational instability’ (ALRI).   

18.3     Dynamic Laxity Testing 

18.3.1     The Pivot Shift 

 Subjectively, the pivot shift is an experience of 
instability often associated with athletic activity 
and described by the patient as a ‘buckling’ or 
‘giving way’. Terry et al. [ 31 ] suggested that the 
pivot shift was due to the combined infl uence of 
injuries to the ACL, the mid-third capsular liga-
ment, the lateral meniscus and its capsular attach-
ments and the capsule-osseous and deep layers of 
the ITB. Most authors agree that an ACL injury is 
required to produce a positive PS, but an isolated 
ACL rupture does not necessarily result in one. 

 During the PS test, there may be a sudden 
movement between the subluxed and reduced 
positions [ 10 ]. A valgus moment is applied to the 

knee, in order to compress the lateral compart-
ment. Because most of the PS movement occurs 
in the lateral compartment, the internal-external 
rotations occur around a medial axis [ 30 ]. When 
the knee is tested by fl exing it from an extended 
posture, the lateral tibial plateau gradually sub-
luxes anteriorly as the posterior soft tissue struc-
tures slacken and then it may suddenly reduce 
posteriorly [ 6 ] (Fig.  18.2 ). Conversely, if the knee 
is tested by starting in fl exion, then extending it, 
the lateral tibial plateau remains in the correct 
anatomical articulation until it suddenly subluxes 
anteriorly, when the knee is approaching exten-
sion [ 32 ]. The movements of the lateral tibial 
condyle may be enhanced by applying a tibial 
internal rotation torque during the test, usually by 
grasping the foot. The sudden PS movements are 
usually attributed to the changing direction of the 
tension exerted onto Gerdy’s tubercle by the ITB 
[ 33 ]. Near to knee extension, the tight posterior 
capsule holds the tibia in its correct articulation. 
In early fl exion, the posterior capsule slackens 
and the lateral femoral condyle rolls ‘downhill’ 
across the sloping plateau, subluxing the lateral 
compartment. Then, with further fl exion, the ten-
sion in the ITB acts more posteriorly in relation 
to the tibia, and it overcomes the ‘slipping down-
hill’ effect, resulting in a sudden tibial external 
rotation, pulling the lateral tibial plateau under 
the femoral condyle to its stable reduced confi gu-
ration (Fig.  18.3 ).

18.3.2         The Envelope of Laxity 
of the Pivot Shift 

 The tibia is most rotationally stable in extension, 
due to the tightening of the posterior capsule, 
especially the oblique fi bres of the posteromedial 
capsule and the arcuate ligament complex [ 15 ]. 
As the knee fl exes, it is the lateral and medial 
extra-articular structures that primarily control 
rotation, with the ACL being a secondary restraint 
[ 22 ]. The pivoting mechanism of injury is the 
classic presentation, so there is likely to be 
peripheral pathology in the presence of an ACL 
rupture. 
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 Following isolated ACL injury, Bull et al. [ 9 ] 
reported the PS reduction occurring across an arc 
centred at a mean of 36 ± 9° knee fl exion. The 
reduction movement was an external rotation of 
13 ± 8° combined with a posterior tibial translation 
(at the centre of the plateau) of 12 ± 8 mm. Although 
the exact mechanism is not yet fully understood, 

the tibial plateau is stable in either its ‘reduced’ or 
‘subluxed’ extreme of the abnormal envelope of 
laxity [ 10 ] (Figs.  18.2  and  18.3 ). Norwood et al. 
[ 23 ] reported no correlation between ligament inju-
ries and the severity of the ‘pivot’, whilst Terry and 
Hughston [ 31 ] reported that only 83 % of positive 
PS tests had ACL injuries. 
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  Fig. 18.2    A typical pivot shift, demonstrating the abnor-
mal anterior tibial translation and internal rotation. These 
subluxations increase gradually in early knee fl exion and 

then reduce suddenly when the tibia falls back to the ana-
tomical position       
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 After rupture of the ACL, anterior displace-
ment is controlled by secondary restraints on 
both sides of the knee, but the medial compart-
ment is more stable than the lateral because of 
the articular geometry, soft tissue attachments 
and less meniscal mobility. The lateral com-
partment is therefore drawn further anteriorly 
than the medial, exaggerating the ‘coupled’ 
internal tibial rotation about an axis which is 
displaced medially (Fig.  18.4 ). As part of the 
‘unhappy triad’, rupture of the medial collateral 
ligament is associated with some ACL injuries, 
and this reduces the stability of the medial com-
partment and the ability to elicit the PS [ 33 ].

   Weight bearing has a signifi cant effect on the 
PS. Following ACL rupture, the increased anterior 
translation in the lateral compartment moves the 
tibiofemoral contact point onto a ‘downhill’ slope 

at the posterior edge of the lateral tibial plateau, 
promoting further anterior subluxation with any 
increase in compressive force. There fore, move-
ment of the lateral compartment is exaggerated 
under most loading conditions. Hence, the appli-
cation of a valgus moment, in addition to internal 
tibial torque, enhances the sensitivity of detecting PS 
instability. The corollary of this is that the sensitivity 
to subtle variations in tibiofemoral loading results in 
signifi   cant inter- observer variation, limiting objec-
tive comparisons between different surgeons/sur-
gical centres [ 8 ,  10 ]. 

 Multiple variations of the PS test have been 
described, Galway’s reduction [ 5 ], Slocum’s 
ALRI test [ 20 ] and Macintosh’s lateral pivot 
shift test [ 6 ], and may be performed to either 
elicit sudden tibial reduction or subluxation [ 34 ]. 
It is widely accepted that the action of the ITB 

subluxed

reduced

  Fig. 18.3    Reduction 
of the lateral tibial 
plateau during the 
pivot shift. Flexion of 
the tibia allows the 
iliotibial band to 
externally rotate and 
posteriorly reduce the 
lateral tibial plateau. 
The lateral 
compartment of the 
knee is stable in 
subluxed or reduced 
positions in either side 
of the pivot shift       
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accounts for the PS [ 33 ], but its exact role 
remains controversial. Slocum et al. [ 20 ] sug-
gested that both the subluxation and the reduc-
tion tests require an intact ITB, which has been 
supported by Jakob et al., clinically [ 35 ]. 
Conversely, Galway and Macintosh [ 6 ] sug-
gested that a positive PS test required an injury 
to the ITB whilst Bach et al. [ 36 ] suggested that 
the PS test was most sensitive when hip abduc-
tion reduced the tension in the ITB. In a recent 
biomechanical study, Kittl et al. [ 37 ] reported 
that the ITB was the primary restraint of isolated 
internal tibial rotation and the abnormal coupled 
displacements during the simulated PS.  

18.3.3     Quantifying the Pivot Shift 

 Subjective grading of the PS shows large inter- 
observer variability [ 8 ]. The ability to objec-
tively quantify the ‘dynamic’ pivot shift test 
pre-/postoperatively in a cost effective, repeat-
able manner could enable comparison of results 
between centres to determine the optimal technique 
for restoring native knee kinematics after a piv-
oting injury. Moreover, there is considerable 
variability between knees during the pivot shift 
in terms of how far medial the axis of external 
rotation is located and the magnitudes of poste-
rior tibial translation and external rotation during 
reduction [ 9 ] (Fig.  18.5 ). This variability is 
likely to be a consequence of the differing pat-
terns of soft tissue injury about the knee. 
Therefore, quantifying both the translational and 
rotational components of the PS could provide a 

guide for the use of, for example, a lateral extra-
articular procedure.

   Lopomo et al. [ 38 ] recently reviewed the lit-
erature, reporting that navigation systems [ 39 , 
 40 ], electromagnetic devices [ 9 ,  41 ,  42 ] and 
acceleration devices [ 43 ] have been used to mea-
sure the components of knee kinematics during 
the PS. However, there is still debate as to the 
exact motion pattern of the manoeuvre and the 
combination of forces and torques that should be 
applied. Thus, Lopomo et al. found large varia-
tions between clinical studies: the reported 
anterior- posterior translations ranged from 
5 ± 2 mm [ 44 ] to 20 ± 5 mm [ 45 ] and the internal- 
external rotations from 11 ± 5° [ 46 ] to 32 ± 3° 
[ 45 ]. Two studies had measured or calculated the 
translations of each compartment of the knee: 
Bedi et al. [ 47 ] reported a medial translation of 
12 ± 2 mm and lateral 20 ± 1 mm, whilst Lopomo 
et al. [ 48 ] reported 5 ± 7 mm medial and 21 ± 9 mm 
lateral translations. In view of these measure-
ments, Bedi et al. suggested that measurement of 
the movement of the lateral compartment would 
be most valuable when assessing the PS. 

 However, in vivo testing using manual manip-
ulation has no direct control over the magnitude 
or direction of the forces/torques applied, so – 
although the clinical PS test represents a true 
dynamic evaluation of the constraining ele-
ments – it may not be representative of the enve-
lope of laxity during physiological joint loading, 
whilst variation in the loads/torques and their 
speed of application may limit repeatability and 
comparison between individual surgeons and 
centres [ 8 ].   

α

α

  Fig. 18.4    The bony 
geometry and soft 
tissue attachments 
allow for more 
mobility within the 
lateral compartment 
under an anterior draw 
force, allowing for 
coupled anterior 
translation and internal 
rotation ( α ). In the case 
of ACL rupture, the 
axis of this rotation is 
displaced medially       
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18.3.4     Envelope of Motion After ACL 
Reconstruction 

18.3.4.1     Results Post-ACL 
Reconstruction 

 Ongoing symptomatic instability has been 
shown to correlate with a persistent PS [ 1 ]. In 
postoperative assessment, persistence of abnor-
mal secondary movements has been related to 

less satisfactory functional outcomes, including 
a failure to return to pre-injury levels of function 
[ 1 ]. Up to 25 % of patients have been reported to 
have a persistent PS following transtibial ACL 
reconstruction, going on to develop secondary 
meniscal and chondral injuries which may prop-
agate degenerative arthrosis [ 49 ]. This led to the 
rotational restraint by the posterolateral (PL) 
bundle of the ACL being considered and the 
concept of anatomical double-bundle ACL 
reconstruction [ 50 ], but it has proven diffi cult to 
demonstrate signifi cant reductions of residual 
instability [ 51 ,  52 ]. Bull et al. [ 9 ] and Ferretti 
et al. [ 53 ] examined the envelope of PS laxity 
using optical navigation during surgery and did 
not fi nd signifi cant differences between the sin-
gle- and double-bundle reconstructions. Given 
the complexity of double-bundle surgery, many 
surgeons consider ‘anatomic’ single- bundle 

Before reconstruction After reconstructionBefore reconstruction

Case 1

Case 3

Case 5

Case 7

Case 9

Case 2

Case 4

Case 6

Case 8

Case 10

Data missing

After reconstruction

  Fig. 18.5    Diagram showing movement of the tibial pla-
teau during the pivot shift test before and after reconstruc-
tion over the same range of fl exion (tracings transposed to 
appear to be in the right side). Some knees have mostly 

anterior translation, whilst others have mostly internal 
rotation (Reproduced with permission and copyright © of 
the British Editorial Society of Bone and Joint Surgery 
Bull et al. [ 9 ])       

 Fact Box 3 

 The lateral compartment moves more than 
the medial during the PS test, with mean 
translations of approximately 9 mm at the 
medial condyle and 21 mm at the lateral 
condyle. 
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ACL reconstruction to be the current method of 
choice, but the PS envelope highlights that 
native knee kinematics may not be fully 
restored: an International Knee Documentation 
Committee pivot grade B (often termed ‘pivot 
glide’) is a familiar concept in clinical examina-

tion and may be present in as many as 12 % of 
patients after ACL reconstruction, even without 
measurable pathological anterior tibial laxity 
[ 54 ]. Lie et al. [ 55 ] reported the persistence of a 
‘mini pivot’ in vitro (Fig.  18.6 ) after anatomically 
placed SB ACL reconstruction, when anterior 
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tibial translation was well controlled but rota-
tional laxity was not eliminated by increasing 
graft tension.

18.3.4.2        The Role of Lateral Extra- 
articular Reconstructions 

 Combined injury to both the ACL and the lateral 
structures has been shown to produce a PS whilst 
isolated injury to either can also produce a positive 
test [ 10 ,  31 ]. Thus, a PS can remain even after an 
obliquely positioned ACL reconstruction [ 44 ]. 
The anterolateral structures have a greater mechan-
ical advantage in the control of knee joint rotation 
than the ACL, and it has been suggested that injury 
of these structures may account for a signifi cant 
proportion of ALRI [ 31 ]. Historically, instability 
associated with ACL defi ciency was treated surgi-
cally by isolated extra-articular tenodesis such as 
the Lemaire [ 56 ] or Macintosh [ 57 ]. In modern 
practice, such procedures are being readopted in 
cases of high grade PS and in the context of revi-
sion. Engebretsen et al. [ 58 ] reported a 43 % 
decrease in the tension in an ACL graft following 
an iliotibial tenodesis; hence, extra-articular pro-
cedures have been adopted as ‘backups’ to pro-
tect ACL grafts during the early healing phase. 

 Studies of the lateral structures have high-
lighted the action of the ‘Kaplan’s fi bres’ linking 
the deep aspect of the ITB to the metaphysis, and 
the capsulo-osseous layer which forms an antero-
lateral sling around the lateral femoral condyle to 
act as a restraint to rotation [ 31 ]. Kittl et al. [ 37 ] 
measured the contributions of the soft tissues to 
the restraint of tibial internal rotation during a 
simulated PS using a robotic testing system. The 
superfi cial ITB fi bres made a signifi cant contri-
bution to resisting the simulated PS at 45° of 
knee fl exion whilst the deep ITB fi bres contrib-
uted signifi cantly at 15°, 30° and 45°; as a whole, 
the ITB offered 79 % of the restraint at 45° of 
knee fl exion. In contrast, the ACL and other 
anterolateral structures made minimal contribu-
tions to restraining the simulated PS. 

   Conclusions 

 Native tibiofemoral joint kinematics is con-
trolled by a complex interaction of intra- and 
extra- articular soft tissue restraints and the 
articular geometry. The exact biomechanical 

contributions of these structures towards the 
restraint of the PS are yet to be determined. 
The PS is a specifi c pattern of pathological 
secondary displacements associated with ACL 
rupture and/or injury to anterolateral struc-
tures such as the ITB attachments. The typical 
pathological laxity pattern during the PS test 
includes simultaneous tibial subluxations in 
anterior translation and internal rotation, 
which correspond to an enlarged ‘envelope of 
laxity’ in both of those degrees of freedom of 
motion, followed by sudden reduction of the 
subluxation. There is more motion in the lat-
eral compartment, around a medially shifted 
axis of internal rotation with ACL defi ciency. 
Although there are a variety of methods of 
quantifying the kinematics of the PS, there is 
as yet no clinical ‘gold standard’ with suitable 
accuracy and repeatability to measure the 
excessive translations and rotations. The dif-
fering patterns of rotational and translational 
laxities that have been reported show clearly 
that it is necessary to measure both, if all 
knees are to have their abnormal PS envelopes 
of laxity understood, ideally with standardised 
loading parameters. When that is achieved, 
the data should directly guide choices of sur-
gical procedures and allow objective assess-
ment of the return of normal envelopes of 
laxity and their relationship to functional knee 
instability. 

 The envelopes of tibiofemoral anterior- 
posterior translation and internal-external rota-
tion are variable between knees and that may 
refl ect the specifi c injured structures. Thus, it is 
essential to measure both translations and rota-
tions simultaneously to gain a full understanding 
of the effects of surgery to treat PS instability.        
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19.1         Introduction 

 Anterior cruciate ligament (ACL) reconstruction is 
the standard of care for patients experiencing func-
tional rotatory instability of the knee [ 1 ,  37 ]. Many 
patients report satisfactory outcomes following recon-
struction; however, some continue to experience a 
sensation of instability, especially with pivoting and 
cutting activities [ 28 ]. Furthermore, ACL reconstruc-
tion does not seem to prevent knee OA, with recent 
studies showing that up to 50–90 % of patients at 7–10 
years have radiographic evidence of knee degenera-
tion [ 6 ,  17 ,  19 ,  27 ,  30 ]. This has led researchers to 
search for a more complete understanding of the 
native and reconstructed ACLs as they relate to the 
role in knee biomechanics and kinematics. 

 Recent investigations on dynamic and rota-
tional laxity have demonstrated that traditional 
ACL reconstruction fails to restore native knee 
kinematics [ 3 ,  4 ,  33 ]. The last decade has seen a 
shift toward a more anatomic ACL reconstruc-
tion technique in an attempt to improve rotational 
knee laxity and stability [ 7 ,  30 ]. 

 Objective evaluation of rotational control 
requires reliable, precise, and specifi c outcome 
measurement tools and is critical in comparing 
different treatments of ACL injuries [ 7 ,  34 ]. While 
a variety of tools for measuring rotational laxity 
exist, the manual pivot shift test still remains as a 
valid and commonly used technique in daily clini-
cal practice [ 38 ]. The objective of this chapter is 
to summarize the available evidence on the pivot 
shift test as an outcome measurement tool.  
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19.2     Evidence-Based Medicine 
and Outcome Tools 

19.2.1     Evidence-Based Medicine 

 The principles of evidence-based medicine (EBM) 
were fi rst introduced by Sackett in the early 1980s 
and the term later coined by Guyatt in the 1990s 
[ 35 ]. EBM represents the application of the scien-
tifi c method into healthcare decision- making [ 7 ,  35 ]. 
The integration of best current external evidence 
with clinical expertise and patient values establishes 
the goal to optimize decision-making regarding the 
care of the individual patient [ 7 ,  35 ] (Fig.  19.1 ). 

 Best evidence is defi ned as clinically relevant 
research that provides answers to a well-defi ned clin-
ical question [ 35 ]. This is not limited to high- quality 
randomized controlled trials, but also takes into 
account patient-centered clinical research and the 
basic sciences [ 13 ]. Well- conducted observational 
studies, comparative studies, systematic reviews, and 
meta-analysis complete the arsenal of information 
leading to the development of best evidence to be 
applied to clinical scenarios [ 13 ,  35 ]. EBM is not 
“cookbook” medicine [ 35 ]. Such evidence can 
inform, but never replace, individual clinical exper-
tise regarding appropriate application evidence to 
inform a unique clinical scenario [ 35 ].

19.2.2        Outcome Tools and ACL 
Reconstruction 

 Improvement in surgical outcomes can only be 
determined when results can be accurately mea-

sured, repeated, and compared with other studies 
[ 7 ]. Outcome tools are essential to the evaluation 
of a new surgical technique, highlighting the suc-
cess of known treatment and outlining the impact 
of surgery on patient care. Three types of outcome 
tools have been described: (1) general health 
(mental and physical), (2) disease specifi c, and (3) 
patient satisfaction [ 22 ,  41 ]. Accurate assessment 
of outcomes remains challenging, and critical 
characteristics for optimal outcome tools have 
been described: patient relevancy, user-friendli-
ness, inexpensive, sensitive, reliable, valid, and 
responsiveness to clinical change [ 7 ,  36 ,  40 ,  41 ]. 

 An outcome tool that can measure and vali-
date the success of ACL surgery is very  important 
[ 6 ]. Unfortunately, there is no consensus regard-
ing which test or combination of tests is most 
appropriate [ 36 ]. A number of knee injury rating 
scales have been used over the years, with more 
than 54 outcomes measures described for ACL 
reconstruction alone [ 41 ]. To date, the Anterior 
Cruciate Ligament Quality of Life (ACL-QOL) 
outcome measure [ 29 ] is the only validated, dis-
ease-specifi c measure of health- related quality of 
life for ACL insuffi ciency [ 7 ]. Other commonly 
used outcome measures are the International 
Knee Documentation Committee (IKDC) subjec-
tive and objective forms, modifi ed Lysholm 
score, Knee Injury and Osteoarthritis Outcome 
Score (KOOS), Cincinnati Knee Rating System, 
Tegner Activity Score, Marx Activity Score, 
Hospital for Special Surgery Score, and Knee 
Outcome Survey [ 7 ,  22 ].    

EVIDENCE 
BASED 

MEDICINE

Best current 
external 
evidence

Clinical 
expertise of 
practitioner

Patient values 
and 

preferences

  Fig. 19.1    The EBM integration       

 Fact Box 1 

 Critical characteristics for an optimal out-
come tool:

    1.    Patient relevance   
   2.    User-friendliness   
   3.    Inexpensive   
   4.    Sensitive   
   5.    Reliable   
   6.    Valid   
   7.    Responsiveness to clinical change     
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19.3     The Pivot Shift Test: 
Evolution to Outcome Tool 

19.3.1     Understanding the Pivot Shift 
Test: Origin, Terminology, 
Biomechanics, 
and Application 

  Origin     Galway, Beaupré, and MacIntosh fi rst 
described in the American literature the pivot 
shift test as a reduction maneuver in 1972 [ 20 ]. 
Given that the spontaneous reduction of the ante-
riorly subluxed tibial plateau could be felt by 
both the patient and the examiner, it was consid-
ered a clinical phenomenon giving rise to the 
patient’s complaint of instability (giving way) as 
well as a physical examination sign [ 12 ,  20 ]. 
Having a relaxed patient was felt to be an essen-
tial point for its proper execution [ 12 ]. The test’s 
name comes from axis (pivot) and dislocation 
(shift) [ 20 ].  

  Terminology     Laxity is the passive response of a 
joint to an externally applied force or torque, rep-
resenting an objective fi nding [ 31 ]. Stability is a 
functional measure and represents a symptom 
expressed by the patient [ 31 ] (Fig.  19.2 ). Two 
types of laxity can be assessed: static and dynamic 
[ 10 ]. Static laxity can be measured by applying a 
predetermined direct load to a still joint and mea-
suring the resultant displacement either manually 
(e.g., anterior drawer, Lachman) or with an 
arthrometer (e.g., KT-1000-2000; Medmetric 
Corp., San Diego, CA, USA) [ 10 ,  21 ,  34 ,  42 ]. 
Dynamic laxity is assessed by controlled loading 
of the joint during movement [ 10 ]. Static laxity is 
easier to assess, but may not completely refl ect 
the entire laxity envelope of the knee [ 33 ]. 
Dynamic laxity testing requires skill and subtle 

application since it can induce painful sudden 
motions, sometimes resulting in muscle guarding 
[ 10 ]. Variability from this type of testing comes 
from inconsistently applied and diffi cult to mea-
sure loads and displacements as well as subjec-
tive descriptions of the motion induced by the 
examiner [ 10 ]. The pivot shift is an example of a 
dynamic laxity test.

     Biomechanics     The pivot shift is a complicated 
motion, incorporating two components: anterior 
translation of the lateral tibial plateau and inter-
nal rotation of the tibia relative to the femur [ 3 , 
 43 ]. The importance of the translational compo-
nent has recently been emphasized. In ACL defi -
ciency, the knee’s pivot point shifts from its 
normal position centered on the medial tibial 
spine to an area that produces an exaggeration of 
anterior tibial translation from the lateral com-
partment, rather than rotation [ 32 ].  

 The mechanism of the pivot shift test is con-
sidered to be related to the geometry of the lateral 
compartment (convex articular surface of the lat-
eral plateau), tension of the iliotibial tract, and 
the integrity of medial collateral ligament (opera-
tive arthroscopy) [ 34 ]. In the ACL intact knee, 
the lateral femoral condyle rests on the anterior 
slope of the lateral tibial plateau [ 34 ]. In the 
ACL-defi cient knee, valgus stress combined with 
internal rotation and slight fl exion causes anterior 
translation of the lateral tibial plateau resulting in 
the lateral femoral condyle resting on the 
 posterior slope of the plateau [ 34 ]. At 30–40° of 
fl exion, the tension produced by the iliotibial 
band forces the anteriorly subluxed lateral tibial 
plateau to reduce posteriorly, producing a “clunk” 
as the femoral condyle passes over the apex of 
the convex-shaped lateral tibial plateau [ 12 ,  20 , 
 34 ,  39 ]. The dynamic nature of this test gives it 

Passive response of a
joint to an externally 
applied force or 
torque, representing 
an objective finding

Laxity
Functional measure 
representing a 
symptom express by
the patient

Stability

  Fig. 19.2    Clinical 
defi nitions       
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the particular quality of assessing both laxity 
(objective fi nding of ACL defi ciency) and stabil-
ity (subjective feeling of giving way) [ 31 ]. A 
grading scheme for the pivot shift test has been 
proposed by the IKDC as A (normal, none), B 
(nearly normal, + glide), C (abnormal, ++, clunk), 
and D (severely abnormal, +++, gross) [ 21 ] 
(Fig.  19.3 ). 

   Application     Traditionally, the success of ACL 
reconstruction has been focused on effectively 
eliminating AP laxity, as evaluated by the 
Lachman test [ 6 ,  25 ]. However, studies have 
demonstrated that restoration of AP laxity does 
not necessarily correlate with patient satisfaction, 
functional outcome, and development of OA [ 6 , 
 22 ,  25 ]. It has been suggested that restoration of 
rotational control is extremely important in 
obtaining a positive outcome following ACL 
reconstruction [ 4 ,  6 ,  18 ,  21 ,  22 ,  32 ,  43 ]. As dis-
cussed previously, the Lachman test is a static 
test of AP laxity and does not take into account 
residual rotatory laxity following ACL recon-
struction [ 3 ,  23 ,  33 ]. However, the pivot shift test 
bridges the gap between static and dynamic  laxity 
testing and is able to better refl ect the pathologi-
cal knee kinematics [ 18 ,  33 ]. It is the most 
 specifi c, reliable, suitable, and widely used 
 clinical tool for determining rotational dynamic 
laxity, making the pivot shift test an ideal  outcome 
tool for ACL reconstruction [ 2 ,  6 ,  7 ,  9 ,  18 ,  28 ,  33 , 
 42 ,  43 ].   

Initial position

• Leg extension
• Slight hip abduction
• Valgus force
• Tibial internal rotation

Slight knee flexion 

• Cause anterior subluxation of lateral tibial
plateau 

Knee flexion around 30–40
degrees

• reduction of anteriorly subluxed lateral
tibial plateau by the action of iliotibial 
band, generally producing a "clunk"

  Fig. 19.3    Summary of 
execution for pivot shift 
test       

 Fact Box 2 

 Requirement for valid interpretation of the 
pivot shift test:

    1.    Relaxed patient or under general 
anesthesia   

   2.    Competent medial collateral ligament   
   3.    Competent iliotibial band   
   4.    Absence of displaced soft tissue (e.g., 

fl ipped meniscus, cyclops lesion,  others)       
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19.3.2     The Pivot Shift Test 
as an Outcome Tool: What Is 
the Evidence? 

 The evidence correlating the pivot shift test and 
patient outcomes following ACL reconstruction 
are numerous and can be categorized as follows: 
patient satisfaction, subjective symptoms and 
instability, functional outcomes (functional insta-
bility, activities and sports limitations, overall 
knee function), and the development of OA [ 2 – 4 , 
 6 ,  18 ,  21 – 25 ,  28 ,  32 ,  39 ,  43 ]. 

  Patient Satisfaction     Patient satisfaction has 
emerged over the last decade as an essential out-
come measure [ 22 ]. It has been demonstrated to 
most closely follow outcome scores related to sub-
jective symptoms and function [ 40 ,  41 ]. The valid-
ity of the patient reported outcome measures is 
often better than surgeon-based objective measures 
of satisfaction following treatment [ 40 ,  41 ]. Patient 
satisfaction is now an important complement to 
postoperative clinician-based assessment [ 40 ].  

 A prospective cohort study by Kocher et al. 
was performed to identify the determinants of 
patient satisfaction following ACL reconstruc-
tion [ 22 ]. Two hundred and one patients under-
went primary ACL reconstruction by three 
surgeons with a minimum follow-up period of 2 
years. A questionnaire was fi lled out by the 
patients for the subjective data and the surgeon 
provided the objective data. They found a signifi -
cant association between a positive pivot shift 
test and patient dissatisfaction. However, in some 
cases, they noted a strong relationship between 
patient satisfaction and the subjective outcome 
measures of symptoms and function, rather than 
the objective measure of residual laxity. Despite 
this ambiguity associated with patient satisfac-
tion and other limitations (e.g., lack of a validated 
patient satisfaction instrument, absence of spe-
cifi c details on the surgical techniques used), the 
study demonstrated the importance of the pivot 
shift sensation on patient satisfaction. 

  Subjective Symptoms and Functional 
Outcome     A recent systematic review by Ayeni 
et al. assessed whether the pivot shift test cor-

related with fi nal functional outcomes [ 6 ]. They 
reviewed 65 ACL-related randomized control 
trials, of which 47 used the pivot shift test as an 
outcome measure. The pivot shift test results 
were compared to the results of the fi nal func-
tional outcome scales (e.g., IKDC, Lysholm, 
and Tegner activity level). Forty of the studies 
(85 %) showed a correlation between the pivot 
shift test result and the fi nal functional outcome. 
The authors concluded that the results of this 
review showed clinical evidence supporting the 
importance of the pivot shift test in evaluating 
the success of ACL surgery. Although the 
included studies were of respectable quality 
(Jadad Quality Score mean of 2.369), limita-
tions included a lack of standardization in per-
forming the pivot shift test in the individual 
studies.   

 A retrospective cohort study by Kocher et al. 
examined the relationship between the objective 
assessment of ligament laxity and subjective 
symptoms and function following ACL recon-
struction [ 21 ]. The investigators reviewed 202 
primary ACL reconstruction patients with a mini-
mum of 2-year follow-up. Contrary to instru-
mented knee laxity and Lachman examination, 
patients with positive pivot shift were found to 
have a negative association with satisfaction with 
outcome, partial and full giving way, diffi culty 
cutting and twisting, activity limitation, knee 
function, sports participation, and the Lysholm 
score. Patients with higher grade pivot shift had 
less satisfaction with outcome, more activity and 
sports limitations, lower overall knee function, 
and lower Lysholm scores. These fi ndings 

 Fact Box 3 

  Did you know ? 
 85 % of ACL-related randomized con-

trol trials showed a correlation between the 
pivot shift test result and the fi nal func-
tional outcome, supporting the importance 
of this test in evaluating success of ACL 
surgery [ 6 ]. 

19 Pivot Shift Test: An Evidence-Based Outcome Tool



240 M.-C. Leblanc et al.

 support the functional importance of the pivot 
shift phenomenon and the clinical relevance of 
the pivot shit test. Limitation of this study 
included selective nature of the cohort, multiple 
physical examiners, and the absence of specifi c 
details on the surgical technique used. 

 Jonsson et al. in 2004 and Streich et al. in 
2011 also evaluated the signifi cant relationship 
between the pivot shift test and clinical assess-
ment score [ 18 ,  38 ]. Their results supported those 
of Kocher et al. and demonstrated that patients 
with a negative pivot shift test had signifi cantly 
better results in functional subjective outcome 
(IKDC subjective score, Lysholm score, Tegner 
activity scale, and one-leg hop). 

  Development of OA     Jonsson et al. studied the 
association between degree of knee laxity 2 years 
after surgery and signs of OA at 5–9-year follow-
 up [ 18 ]. Sixty-eight patients were assessed at 2 
years and again at 5–9 years after primary ACL 
reconstruction. Knee laxity was assessed for both 
AP (radiostereometric technique) and rotational 
laxity (pivot shift test). Degenerative status of the 
knee was evaluated with scintigraphic bone stud-
ies and radiographs (weightbearing AP and lateral 
views in fl exion) at the latest follow-up. They 
found that patients with a positive pivot shift 2 
years after their ACL reconstruction had greater 
differences in bone scintigraphic uptake in the 
subchondral bone of the entire knee at the 5–9- 
year follow-up. This suggests a positive relation-
ship may exist between the pivot shift and knee 
joint degeneration. However, the radiographic 
Fairbank grading at the latest follow-up was not 
affected by the presence or absence of the pivot 
shift test either at 2 years or at the latest follow- up. 
They also found that a pivot shift test that was only 
fi rst recorded at the 5–9-year follow-up could not 
predict scintigraphic uptake result or signs of 
OA. Limitations of this study included patients 
lost to follow-up, a small simple size, a relatively 
short follow-up period, and the use of both ana-
tomic and nonanatomic ACL reconstructions 
without separation of the results. Furthermore, 
many other factors impact the development of OA 
such as concomitant cartilage and meniscal dam-
age, activity levels, and body mass index.  

 A recent retrospective study done by Streich 
et al. showed the results on a matched-pair long- 
term follow-up comparing reconstructive vs. nonre-
constructive (physiotherapy) treatment for ACL 
insuffi ciency [ 38 ], in which patients with 
arthroscopically confi rmed ACL tears were fol-
lowed for 15 years. They found a signifi cant rela-
tionship between a positive pivot shift test at 
follow-up and the IKDC radiographic grading of 
OA, while patients with negative pivot shift tests 
showed signifi cantly less signs of radiographic 
OA. The surgical technique used was an anatomical 
footprint using transtibial drilling for the femoral 
tunnel and autograft bone-patellar tendon-bone. 

  Limitations of the Pivot Shift Test     
Unfortunately, the pivot shift test is not standard-
ized and is subjective. There have been numerous 
techniques reporting how to perform it, thus 
increasing its variability and decreasing reproduc-
ibility [ 5 ,  7 ,  11 ,  23 ,  25 ,  30 ,  39 ,  42 ]. A meta-analysis 
by Benjamisne et al. on clinical diagnosis of ACL 
injury showed that the pivot shift had a reported 
pooled sensitivity of 24 % and a specifi city of 98 % 
[ 9 ]. Another systematic review focusing on more 
recent literature also looked at determining the 
diagnostic accuracy of clinical testing for ACL 
insuffi ciency [ 26 ]. Due to insuffi cient data, only 
the pooled sensitivity was calculated. During 
awake evaluation, the pivot shift showed a sensitiv-
ity of 86 % for complete rupture, 67 % for partial 
rupture, and an overall sensitivity of 79 % for all 
ACL injuries (partial and complete).  

 There are a number of general factors that 
potentially explain the variability in rotational 
laxity measurement: examiner experience, pres-
ence of knee effusion, muscle spasms, thigh cir-
cumference, type of rupture (complete versus 
partial), presence of concomitant intra-articular 
and extra-articular injuries, individual anatomy 
of the knee (slope and condyle), and whether the 
examination is performed with the patient awake 
or under anesthesia [ 26 ]. Finally, the constitu-
tional laxity of the patient plays a role [ 32 ]. 
Despite these limitations, the pivot shift test still 
remains the best clinical test available to assess 
rotational knee laxity [ 28 ,  33 ,  42 ,  43 ].   
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19.3.3     Futures Directions 

 The variable nature of the current methods of 
performing the pivot shift test has raised ques-
tions about the ability and the practicality of 
using this test as an outcome measure [ 6 ]. 
However, the available evidence outlines the 
importance of the pivot shift test in evaluating 
rotational laxity associated with ACL 
 incompetence. Research is ongoing regarding 
ways to improve the accuracy of this critical test. 

 Techniques for examining the anterior tibial 
translation and acceleration of the tibial reduc-
tion have emerged and show promise as a more 
consistent method in evaluating the pivot shift 
test [ 5 ]. Excellent correlation has been found 
between the amount of lateral compartment 
translation and clinical grade of the pivot shift [ 8 , 
 32 ,  34 ,  39 ]. 

 Future focus is being concentrated into meth-
ods to accurately, simply, and reproducibly mea-
sure this value in the clinical setting, enabling the 
clinician to rigorously evaluate residual rotatory 
laxity after ACL reconstruction. In order to elimi-
nate human variability on test execution, research 
has been directed toward the use of technological 
support. Skin sensors placed on specifi c bony 
landmarks with computer analysis of the rela-
tionship between those sensors while executing 
the pivot shift test is one method undergoing 
evaluation [ 5 ,  14 – 16 ,  32 ]. This would allow for 
precise measurement of lateral compartment 
anterior displacement without relying on the 
examiner’s impression of displacement. 

 Hoshino et al. in 2011 combined the idea of 
using a standardized manual technique to execute 
the pivot shift test with the technological advan-
tage being precise measurement of the tibial 
translation and acceleration [ 14 ]. Twelve expert 
surgeons performed on a cadaveric specimen the 
pivot shift test using fi rst their preferred tech-
nique, then the standardized technique. The stan-
dardized technique was design on the basis of 
Galway and MacIntosh procedure, and an 
instructional video was use to teach the tech-
nique. Measurement of anterior tibial translation 
and acceleration during the reduction was calcu-
lated by electromagnetic tracking. They showed 

 Fact Box 4 

 Summary of evidence for pivot shift test as 
an outcome measure:

    1.    Patient satisfaction
    (a)    Signifi cant association between a 

positive pivot shift test and patient 
dissatisfaction       

   2.    Subjective symptom and functional 
outcome
    (a)    Signifi cant association between a 

positive pivot shift test and:
    (i)    Partial and full giving way   
   (ii)    Diffi culty cutting   
   iii.    Diffi culty twisting   
   (iv)    Activity limitation   
   (v)    Lower knee function   
   (vi)    Limitation in sports 

participation   
   (vii)    Lower Lysholm score       

   (b)    Signifi cant association between a 
negative pivot shift test and better 
results in functional subjective out-
come (IKDC subjective score, 
Lysholm score, Tegner activity 
scale, and one-leg hop).   

   (c)    Signifi cant association between 
grade of pivot shift test and level of 
patient “disabilities”   

   (d)    Signifi cant correlation between the 
pivot shift test result and the fi nal 
functional outcome   

   (e)    Limited association between the 
pivot shift test result and knee func-
tion scoring if only done at mid- to 
long-term follow-up       

   3.    Development of OA
    (a)    Signifi cant association between a 

positive pivot shift test at 2 years 
after surgery and subchondral bone 
scintigraphic uptake at 5–9 years of 
follow-up   

   (b)    Controversial evidence regarding 
association of a positive pivot shift 
test and radiographic changes of 
OA         
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that performing the pivot shift test with a stan-
dardized technique signifi cantly decreased the 
variation of the acceleration. There was no differ-
ence regarding the tibial translation. 

   Conclusion 

 The pivot shift test is the most specifi c, reli-
able, suitable, and widely used clinical tool for 
assessing rotational dynamic laxity. It bridges 
the gap between static and dynamic laxity 
testing while eliciting patient instability symp-
toms. It has been proven to correlate with 
patient satisfaction and functional outcome; 
however, the relationship between a positive 
pivot shift and OA remains controversial. 
Unfortunately, the pivot shift test suffers from 
a lack of standardization, the subjective nature 
of the assessment, and the variability arising 
from patient-derived factors. This has led to 
the development of more reliable and repro-
ducible techniques. Adjuncts such as skin sen-
sors on specifi c bony landmarks coupled with 
computer analysis have the potential to bring 
about the necessary objectiveness required.       
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20.1         Introducing the Navigation 

 Approximately 7 % of orthopedics procedures 
are computer assisted [ 9 ]. Computer-assisted sur-
gery (CAS) was used for the fi rst time in spinal 
surgery around 20 years ago. The main objective 
of this tool is to optimize surgical outcomes by 
decreasing intraoperative mistakes and providing 
real-time information about the procedure to the 
surgeon. It can be used in several different proce-
dures, including knee surgeries [ 37 ]. The fi rst 
computer-assisted anterior cruciate ligament 
(ACL) reconstructive surgery was performed in 
1995 by Dessene et al. [ 13 ]. Since then, with the 
development of more surgeon-friendly systems 
combined with the evolution of softwares for 
computer-based ACL surgery, the interest in this 
fi eld during the last decades has increased. This 
increase was especially due to research applica-
tions. Analysing the literature it can be seen that 
the number of CAS ACL publications is low 
compared to the overall number of ACL publica-
tions per year (1–3 %) [ 33 ] (Fig.  20.1 ).

   Most of the presented articles are in vivo case 
series or controlled laboratory studies. There are 
more in vivo than in vitro studies, which are 
related to the fact that navigation has been spe-
cifi cally designed for surgery [ 48 ]. 

 One of the main CAS systems is represented 
by the intraoperative navigation system. There 
are several kinds of navigation systems available. 
First of all they could be active (when they 
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perform surgical tasks or prohibit predefi ned 
zone) or passive (when they provide intraopera-
tive information) [ 37 ]. The main disadvantage of 
this method is related to the fact that it is invasive, 
restricting its use to the injured limb and to the 
clinical practice to evaluate preoperative and 
postoperative laxities [ 32 ,  48 ]. 

 During the fi rst navigated reconstructive ACL 
surgeries, the main goal of the procedures was to 
improve the positioning of the graft tunnels using 
anatomic references and graft isometry during the 
range of motion. Subsequently the goal of CAS 
quickly changed to measure knee laxity in 3D con-
ditions. This has vastly improved the understand-
ing of such pathologies [ 8 ,  10 ,  21 ,  42 ,  43 ,  48 ]. 

 The fi rst author who studied the reliability and 
the precision of the CAS system was Pearl in 1997 
by comparing an image-free navigation system to 
a robotic/UFS testing system in an in vitro study 
[ 41 ]. The results demonstrated that the accuracy 
is in the range of ±0.1 mm for linear measure-
ments and ±0.1° for angular measurements. It 
has been also highlighted the possibility to objec-
tively measure the residual laxity and improve the 

evaluation of ACL reconstruction [ 34 ]. In fact, 
navigation systems allow precise intraoperative 
measurements considering different degrees of 
freedom. Improved surgical accuracy that com-
bined with intraoperative measurements has the 
potential to upgrade biomechanics research and 
introduce new surgical techniques for knee-joint 
disease [ 5 ,  18 ,  21 ,  25 ,  38 ,  43 ].  

20.2     The Pivot-Shift Test 

 ACL insuffi ciency is normally diagnosed using 
clinical manual tests. Several manual tests are 
described including the most widely used 
Lachman and pivot-shift tests [ 4 ,  6 ,  23 ]. These 
tests not only allow for a better surgical approach 
for patients but are also used to measure outcomes 
after ACL reconstruction. For many years, the 
goal of surgical treatment for ACL reconstruction 
was to achieve anterior-posterior stability. It was 
used the KT-1000 as a benchmark to control knee 
laxity [ 12 ,  16 ]. In the 1970s, Slocum and Larson 
(1976) were the fi rst to describe the rotational 
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instability of the knee. They proposed that one of 
the most important issue was the pathological 
external rotation of the tibial plateau with respect 
to the femur. Given that, they performed a varia-
tion of the anterior drawer test by adding internal 
and external rotation while stressing anteriorly 
the joint [ 44 ]. Four years later, Galway (1980) 
was the fi rst to describe the pivot-shift phenome-
non and related this to dynamic instability, the 
clinical symptom of giving way and also with 
later degenerative changes in the injured knee 
[ 15 ]. From there, many maneuvers were described 
to detect this important phenomenon making the 
PS test the most specifi c maneuver for the detec-
tion of dynamic instability. The PS test is consid-
ered diffi cult to perform, subjective, and limited 
by examiner’s experience. Additionally, many 
different versions have been described [ 40 ]. 
Moreover, pathological knee laxity resulting from 
ACL injury is complex and multidirectional, this 
makes important the evaluation performed by the 
PS test [ 7 ]. During such test a complex rotational 
and translational stress is applied to the tibio-
femoral joint to determine knee status. This has 
been shown to be correlated with reduced sport 
activity and a complete or partial ACL tear. A 
positive PS test can also help to predict the onset 
of osteoarthritis [ 4 ,  15 ,  22 ,  26 ,  31 ]. 

 A recent systematic review summarized 42 
in vitro studies [ 33 ].   

20.3     Quantitative Instrumented 
Evaluation of Knee 
Rotational Dynamic Laxity 

 The PS test is widely used for the objective 
assessment of joint laxity in the most common 
clinical scores for ligament laxity, such as the 
International Knee Documentation Committee 
(IKDC) score [ 17 ]. Complex systems requiring 
footplates [ 1 ], magnetic resonance imaging [ 45 ], 
markers [ 11 ], and robotic technology [ 14 ] have 
been developed to quantify PS outcome. While 
electromagnetic sensors were dedicated to quan-
titatively evaluate PS test [ 2 ,  19 ,  20 ,  27 – 29 ], 
unfortunately they present with complicated 
equipment (wires, specifi c surgical instrumenta-
tion, and setup) and costs that are incompatible 
with offi ce practice. In particular, it has been 
found that both acceleration and velocity during 
PS test could be indicative parameters for 
dynamic laxity which is also correlated with clin-
ical grade of PS [ 28 ,  29 ]. An electromagnetic 
device was used to evaluate PS test acceleration 
[ 3 ,  19 ,  20 ]. 

 Computer-assisted surgery (CAS) has been 
used to assess knee kinematics and laxity. It is 
still considered the gold standard for this. 

 Comparison of the previously reported sys-
tems has been summarized (Table  20.1 ).

20.4        Quantitative Parameters 
for Pivot-Shift Test 
Quantifi cation 

 The following parameters can be considered as a 
decomposition of the pivot-shift test in transla-
tion, rotation, and acceleration or velocity. 

 The following list (Table  20.2 ) summarizes 
the parameters reported in the literature [ 33 ].

20.5        Quantitative PS Test Parameter 
During Intraoperative 
Navigation 

 The use of navigation for evaluating translational 
and rotational uniplanar joint laxities under stress 

 Fact Box 

     1.    Navigation system is considered the 
gold standard for knee laxity evaluation. 
In conjunction with the pivot-shift test, 
it allows for its different parameters to 
be intraoperatively quantifi ed.   

   2.    The pivot-shift test is the most specifi c 
maneuver for ACL injury. In particu-
lar, it is the lateral tibial compartment 
that is mainly affected by the 
phenomenon.   

   3.    Highly precise quantifi cation of the 
pivot-shift phenomenon may enable an 
improved and more individualized 
approach to surgery.     
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   Table 20.2    Parameters for PS test quantifi cation   

  Translational parameters  

 AP  Peak or range of translation in anterior- 
posterior direction of the origin of the 
femoral or tibial anatomical reference system 
usually with respect to a specifi c reference 
motion or position Reported in (mm) 

 AP-L  Peak or range of translation in anterior- 
posterior direction of the lateral 
compartment of the femur or tibia usually 
with respect to a specifi c reference 
motion or position. Reported in (mm) 

 AP-M  Peak or range of translation in anterior- 
posterior direction of the medial 
compartment of the femur or tibia usually 
with respect to a specifi c reference 
motion or position. Reported in (mm) 

 ML  Peak or range of translation in medial/
lateral direction of the origin of the femoral 
or tibial anatomical reference system 
usually with respect to a specifi c reference 
motion or position. Reported in (mm) 

 DISP-3D  Peak or range of three-dimensional 
translation of the origin of the femoral or 
tibial anatomical reference system usually 
with respect to a specifi c reference motion 
or position. Reported in (mm) 

  Rotational parameters  

 IE  Axial internal, external, or range of 
rotation of the tibial or femur. Reported 
in degrees (°) 

 VV  Varus, valgus, or range of rotation of the 
tibial or femur. Reported in degrees (°) 

  Acceleration and velocity parameters  

 ACC-AP  Peak of acceleration of the tibial or femur 
in anterior-posterior direction during PS 
reduction. Reported in (mm/s 2 ) 

 VEL-AP  Peak of velocity of tibia or femur in 
anterior-posterior direction during 
reduction in PS test Reported in (mm/s) 

 ACC-ML  Peak of acceleration in anterior-posterior 
direction of tibia or femur during PS 
reduction. Reported in (mm/s 2 ) 

 VEL-ML  Peak of velocity of tibia or femur in 
medial/lateral direction during reduction 
in PS test. Reported in (mm/s) 

Table 20.2 (continued)

 ACC-3D  Peak of three-dimensional acceleration 
of tibia or femur during PS reduction. 
Reported in (mm/s 2 ) 

 VEL-IE  Peak of angular velocity of tibia or femur in 
internal/external rotation. Reported in (°/s) 

 VEL-3D  Peak of three-dimensional velocity of 
femur or tibia during reduction in PS 
test. Reported in (mm/s) 

 ACC-IE  Peak of acceleration in anterior-posterior 
direction during PS reduction. Reported in (°/s 2 ) 

 VEL-VV  Peak of angular velocity of tibia or femur 
in varus/valgus rotation. Reported in (°/s) 

 ACC-VV  Peak of acceleration in anterior-
posterior direction during PS reduction. 
Reported in (°/s 2 ) 

 ACC-TIB  Peak of three-dimensional acceleration 
measured only on the tibia during PS 
test. Reported in (mm/s 2 ) 

  Areas and other parameters  

 AREA-AP  Area included by the curves of 
anterior- posterior displacement of tibia 
or femur during fl exion and extension in 
PS test. Reported in (mm*°) 

 AREA- 
AP- L 

 Area included by the curves of anterior- 
posterior displacement of lateral 
compartment of tibia of femur during fl exion 
and extension in PS test. Reported in (mm*°) 

 AREA-IE  Area included by the curves of internal/
external rotation during fl exion and 
extension in PS test. Reported in (° 2 ) 

 AREA- 
AP- M 

 Area included by the curves of anterior- 
posterior displacement of medial 
compartment of tibia or femur during fl exion 
and extension in PS test. Reported in (mm*°) 

 AREA-VV  Area included by the curves of VV 
rotation during fl exion/extension in PS 
test. Reported in (° 2 ) 

 P-ANGLE  Angle measured between the arc of 
motion with the lateral tibia subluxed 
anteriorly and internally rotated and the 
arc of motion obtained from a reference 
motion path in the sagittal plane (passive 
fl exion/extension). Reported in (°) 

 CI  Colombet’s Index: translation/rotation 
ratio during PS test. Reported in (mm/°) 

   Table 20.1    Dynamic laxity devices comparison   

 RSA  DSX  Electromagnetic sensors  MRI  CAS 

 Accuracy  •  •  • 

 Non invasive  •  •  • 

 Iosilateral side only  •  • 

 No radiation  •  • 

 Costly  •  •  •  •  • 

 Labor-intensive  •  • 
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  Fig. 20.2    Intraoperative 
setup for laxity 
quantifi cation: probe, 
tibial, and femoral trackers 
are highlighted       

has only been reported since 2006. It has been 
validated an in vivo setup with a high intersur-
geon and intrasurgeon repeatability of the maneu-
vers [ 36 ,  47 ]. The setup used in the operating 
room for intraoperative laxity evaluation has 
been reported (Fig.  20.2 ). 

 During the analysis of the PS test attention 
should be focused on the lateral tibial compart-
ment which has been demonstrated to be the one 
most affected by the pivot-shift phenomenon [ 34 , 
 35 ]. Now most of the studies are focused on the 
anterior-posterior translation, internal/external 
rotation, and anterior-posterior acceleration of 
lateral compartment.  

 Using an optoelectronic system, the pivot-
shift phenomenon has been studied and a new 
concept has been introduced: the P angle [ 30 ]. 
They observed a P-shaped pattern of motion cre-
ated by the lateral tibia internally rotated and 
anteriorly subluxed and the arc of motion once 
the tibia reduces as compared to the reference 
motion path in the sagittal plane. 

 A strong correlation was found between the 
clinical grade of the PS test and the angle of 

P. This angle was statistically signifi cant between 
all clinical grade groups in the study. 

 Later on, the pivot-shift phenomenon was 
decomposed in a set of new parameters at 
 determined limb fl exion/extension angles (at 0°, 
30°, and 90° degrees of fl exion) using a commer-
cial surgical navigation system (BLU-IGS, 
Orthokey, Lewes, DE) equipped with a software 
focused on kinematics acquisition (KLEE; 
Orthokey, Lewes, DE) [ 32 ]. 

 The pivot-shift phenomenon can be repre-
sented in the following scheme (Fig.  20.3 ).  

 In particular it is possible to analyze the 
 anterior-posterior translation of the knee in the 
lateral, central, and medial compartment, inter-
nal/external rotation, and varus/valgus rotation 
(Figs.  20.4  and  20.5 ).

    The study found good correlation between pre-
operative PS grade and the following areas: ante-
rior-posterior translation in the lateral and central 
compartments, internal/external  rotation, and 
varus/valgus rotation. However, clinical correlation 
was not found with regard to the anterior-posterior 
translation of the medial compartment tibial. 
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  Fig. 20.3    Schematic 
representation of the 
parameters used to 
describe the PS. Note the 
important displacement of 
the lateral compartment       

  Fig. 20.4    The limb is 
fully extended at the 
beginning of the PS 
test. The tibia starts to 
subluxate ( S ); 
pivot-shift maneuver is 
then performed; ( A ) 
the tibia is subluxated 
with respect to the 
femur until 60°–70° of 
fl exion, where the 
reduction occurs ( R ); 
then limb is normally 
extended ( B )       
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   Conclusions 

 The PS test, nowadays, is the most important 
clinical exam evaluating dynamic laxity of the 
knee in the assessment of an ACL injury. ACL 
reconstruction surgery often controls the ante-
rior-posterior translation of the tibia, but rota-
tional instability may persist [ 46 ]. The pivot 
shift test is now considered the gold standard for 
postoperative follow-up: its results predicts the 
success of the surgery [ 4 ,  6 ,  15 ,  22 – 24 ,  26 ,  31 ]. 
In fact, its presence is related with poor out-
comes, with limited sport activities, and also 
with degenerative changes and meniscal lesions. 

 The main disadvantage of this exam is 
related to the complexity of the maneuver 
applied to the joint; moreover many different 
forms have been described to perform the 
pivot-shift test. 

 In the last years, expert surgeons standard-
ized such test to improve the accuracy of the 
quantitative measurements [ 39 ]. 

 Using the navigation system, quantitative 
measurements were possible allowing a better 
understanding of the knee’s kinematic. During 
the last 20 years, the PS test was decomposed 
into many different parameters. 

 Navigation systems have proven to be 
highly precise and reliable for quantifying 
knee laxity after ACL injury. Given this, it is 
considered the gold  standard for laxity quanti-
fi cation, and validation of new noninvasive 
devices must be related to it. 
 Both the knowledge acquired by using this tool 

for quantifying the pivot shift test and its disad-
vantages motivated the development of new accu-
rate and noninvasive systems that can be used 
outside the operating room allowing preoperative 
and postoperative evaluations and also compara-
tive analysis with the non-injured limb. All of 
these advances will allow for a better and indi-
vidualized approach to surgery.      
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21.1         Introduction 

 In 1968, Slocum and Larson described anterolat-
eral rotational instability of the tibia during the 
anterior drawer test of ACL-defi cient knees [ 46 ]. 
A few years later, Galway and Macintosh found 
this observation to be pathognomonic for ACL 
defi ciency, causing the “giving way” experience 
that patients describe. This maneuver was empha-
sized as not purely rotational but with both ante-
rior translation and internal rotation given the 
small anterior translation of the medial compart-
ment and large translation of the lateral compart-
ment [ 17 ,  18 ]. In an attempt to objectify the pivot 
shift test, Jakob et al. classifi ed the anterior sub-
luxation as none (grade 0), glide (grade I), clunk 
(grade II), or gross (grade III). Despite this, the 
test remained subjective [ 20 ]. This test is widely 
used due to its high specifi city [ 54 ] and predictive 
value in knee stability and outcomes after ACL 
reconstruction [ 26 ,  31 ], but variability among 
examiners is high [ 41 ]. The subjectivity and high 
interobserver variability are among the reasons 
for the quest to objectify the pivot shift test. 

 Many human cadaveric studies have been per-
formed with a simulated pivot shift test to mea-
sure kinematic forces, thereby attempting to 
objectify the pivot shift. Kanamori et al. per-
formed a simulated pivot shift test with 10 Nm 
(Nm) of internal rotation and 10 Nm of valgus 
force throughout the fl exion–extension arc. They 
found that both anterior subluxation (in millime-
ter) and internal rotation (in degrees) were higher 
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in ACL-defi cient knees [ 21 ]. These fi ndings were 
further confi rmed by other studies [ 22 ,  57 ]. 
Furthermore, the simulated pivot shift test was 
used to objectify the effect of different ACL 
reconstruction techniques [ 14 ,  15 ,  35 ,  52 ,  59 ]. 

 Despite the value of these studies in assessing 
the kinematics and forces in the pivot shift test, 
study designs are unusable in developing a test 
with clinical application. The purpose of the 
mechanized pivot shift test was to develop an 
objective pivot shift test that has high accuracy 
and can be clinically useful in the future [ 39 ].  

21.2     The Mechanized Pivot 
Shift Test 

 In order to objectify the pivot shift test and lower 
its interobserver variability, it is important to 
standardize the methodology of the test. The 
cadaveric preparations, measurement methods, 
and the actual performance of the test were stan-
dardized, as detailed below. 

21.2.1     Cadaveric Preparations 

 All cadaveric specimens were human, fresh frozen, 
hip-to-toe lower extremity cadavers; the prepara-
tion procedures of which were equal in all studies. 
Prior to the testing procedure, the cadavers were 
thawed at room temperature for 24 h. The speci-
mens were placed supine on an operating room 
table (Maquet, Rastatt, Germany) and the pelvis 
was secured proximally. The setup was such that it 
allowed full and unrestricted range of motion of 
both the hip and the knee. Specimens were excluded 
if there were signs of gross ligamentous laxity at 
the knee, advanced arthritis, gross malalignment, 
or evidence of previous surgery.  

21.2.2     Measurement Methods 

 The Praxim Medivision Surgetics navigation sys-
tem (Praxim, Grenoble, France) was used to mea-
sure alignment, kinematics, and morphologic 
characteristics [ 23 ,  24 ]. This measurement tech-

nique utilizes an infrared passive optical sensor 
to detect the relative positions of two rigid bod-
ies. These rigid bodies are threaded Steinmann 
pins placed in the proximal femur and distal tibia 
with refl ective markers enabling the sensor to 
track the marker positions. The leg was subse-
quently rotated through the hip joint to determine 
the center of rotation of the lower extremity. 
Malalignment was determined through placing 
surface landmarks on the tibial plateau, distal 
femur, and medial and lateral malleoli. Intra- 
articular surface geometry was mapped and a 
three-dimensional (3D) model was created. From 
this 3D model, the anterior tibial translation 
(ATT) and the internal tibial rotation could be 
calculated. This measurement system has been 
proven accurate within 1 mm (mm) and within 1° 
(°) when compared with a six-degrees-of- 
freedom (DOF) robotic universal force moment 
sensor testing system [ 12 ,  42 ]. 

 The measurement system reports ATT and 
internal tibial rotation during the pivot shift test 
in the different positions within the fl exion arc, as 
presented by Lane et al. [ 30 ]. In this study, a 
P-shaped motion is evident in the sagittal plane 
during the pivot shift. This means that, in early 
fl exion, the tibia is anteriorly translated, which is 
followed by reduction of this translation when 
the knee is further fl exed. This P-shaped motion 
pattern is pathognomonic for a positive pivot 
shift test and can be displayed with the Surgetics 
navigation system [ 12 ,  30 ].  

21.2.3     The Test 

 Before the mechanized pivot shift is performed 
and recorded, the cadaver must be positioned and 
secured and the setup completed. A continuous 
passive motion (CPM) machine is secured to the 
operating room table at a 45° angle. The foot is 
placed in a custom-made foot holder (Fig.  21.1 , 
number 6) and fi xed in a position so that there is 
an internal rotation moment at the knee. A valgus 
moment is then applied with the use of a three- 
degrees- of-freedom (3-DOF) arm, to which an 
axial load cell is attached to measure the exact 
load (Fig.  21.1 , numbers 7 and 8, respectively). A 
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band is attached at the posterior side of the proxi-
mal tibia to assist the leg through the motion of 
extension to fl exion. Thigh supports were 
removed, and the tibia was fi xed at the foot holder 
in order to enable free motion of the proximal 
tibia and femur in relation to each other. The leg 
is fl exed as the 3-DOF arm and axial load cells 
move along with the leg, so the valgus forces are 
stable during fl exion (Fig.  21.2 ). With this setup, 
there is a continuous torque and valgus force 
while the knee is moved through the fl exion–
extension arc and simulates the pivot shift test, as 
described by Galway et al. [ 17 ] and with hip in 
abduction, as described by Bach et al. [ 3 ].

21.3          Reliability of Mechanized 
Pivot Shift Test 

 Before the mechanized pivot shift test could be 
used, it was important to measure the intra-class 
correlation coeffi cient (ICC) and compare this 
test to the manual pivot shift test. Subsequently, 
some changes were made, thereby resulting in 
the second-generation test. 

21.3.1     Comparison to Manual 
Pivot Shift 

 The purpose of the mechanized pivot shift test 
was to simulate the test in a clinical setting and to 
lower the subjectivity and interobserver variabil-
ity of the pivot shift test. In the fi rst study with the 
mechanized pivot shift test, 12 cadavers were 
used. The purpose of the study was to measure 
test intra-class correlation coeffi cient (ICC) [ 39 ]. 
The outcomes of the pivot shift test, ATT, and 
internal rotation were compared between the 
mechanized pivot shift test and the manual pivot 
shift test that was performed by a single exam-
iner. It was found that the mechanized pivot shift 
test had a higher ICC than the manual pivot shift 
test in the intact knee for both ATT (0.78 vs. 0.75, 
respectively) and internal rotation (0.97 vs. 0.74, 
respectively). In the ACL-defi cient knee, the ICC 
in the mechanized test was higher for translation 
(0.92 vs. 0.76, respectively), but lower for inter-
nal rotation (0.82 vs. 0.89, respectively). 
However, the standard error of measurements 
was lower in the mechanized test for both transla-
tion and rotation. Furthermore, in this study, the 

  Fig. 21.1    Second-
generation pivot shifter:  1  
base plate,  2  linear bearing 
rail system,  3  joint,  4  leg 
driver component,  5  
threaded rod,  6  fi xation 
device for the foot,  7  
three-degree-of-freedom 
arm,  8  axial load cell,  9  
axial load (Reprinted from 
Citak et al. [ 11 ] with kind 
permission of Springer 
Science and Business 
Media)       
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  Fig. 21.2    The examiner 
pushes the handle of the 
foot driver component, 
while pulling the handle 
of the base plate. Note 
that the foot is not yet in 
internal rotation 
(Reprinted from Citak 
et al. [ 11 ] with kind 
permission of Springer 
Science and Business 
Media)       

mechanized pivot shift underestimated ATT and 
internal rotation by approximately one-third.  

21.3.2     Second Generation 

 Due to the underestimation of the initial design, 
improvements were made regarding the valgus 
forces. In the initial design, there was no 3-DOF 
with load cells used for the valgus force and this 
was added. With the second-generation tester, 
Citak et al. found no statistical difference in ATT 
between manual performed pivot shift and the 
second-generation mechanized pivot shift test, 
and the ICC for the mechanized pivot shift was 
increased to 0.99 [ 11 ]. With these results, the 
mechanized pivot shift was proven to have a high 
reliability in ATT and no differences in magni-
tude between the manual pivot shift test and the 
mechanized pivot shift test. 

 The difference between the fi rst- and second- 
generation test is explained by the change in 
design regarding the valgus force. Markolf et al. 
described that in order to produce a positive pivot 
shift, it is necessary that valgus moments and 
iliotibial band forces be applied accurately [ 35 ]. 
However, the authors described that the loading 
conditions to produce a pivot shift in the ACL- 
defi cient knee varied among specimens and rep-
resented a delicate equilibrium between applied 

valgus moment and iliotibial force. This could 
indicate that in the clinical setting, different 
amounts of valgus moment and rotational torque 
have to be applied in patients to obtain a positive 
pivot shift; thus, the exact performance of the 
pivot shift must be individualized. 

 Citak et al. [ 10 ] performed a study with the 
mechanized pivot shift test in which they assessed 
the amount of valgus forces necessary to cause a 
positive pivot shift. Using these load cells, they 
applied a stepwise increase of valgus forces dur-
ing the mechanized pivot shift and measured the 
ATT in the lateral compartment. In this regard, 
there was a difference in lateral ATT of 6.6 mm 
between 0 and 1 kg of valgus force during the 
pivot shift. However, there was no signifi cant dif-
ference by further increasing valgus forces up to 
5 kg. Therefore, valgus force is a necessary part 
of the pivot shift, but the amount of lateral ATT 
does not increase with further application of 
forces over 1 kg.   

21.4     Results 

 With this high reliability test, many studies were 
performed to answer various questions: (I) Are 
the medial ATT, the lateral ATT, and the internal 
rotation outcomes useful in measuring the pivot 
shift? (II) What amount of ATT in millimeters is 
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necessary to get a positive pivot shift grade? (III) 
What are the infl uences of the so-called second-
ary stabilizers on the outcomes of the pivot shift 
test? (IV) How do several ACL reconstruction 
techniques, such as single bundle and double 
bundle, as well as different tunnel positions dif-
fer in the pivot shift outcomes? The current 
authors sought to answer these questions, among 
others. 

21.4.1      Objectifying the Pivot Shift 

 First, an attempt was made to objectify the pivot 
shift and solidify when different grades of the 
manual pivot shift are reached and thus, when a 
pivot shift is considered positive. Subsequently, 
we assessed distribution values of the pivot shift 
in both intact and ACL-defi cient knees. 

21.4.1.1     Positive Pivot Shift 
 The mechanized pivot shift test was utilized to 
assess the correlation between the exact ATT in 
mm and the grade of pivot shift. Grade 0 indi-
cated a normal fi nding, grade I as a glide, grade 
II as a clunk, and grade III as a gross clunk with 
locking [ 20 ,  29 ]. The mechanized pivot shift 
was used to assess this correlation by studying 
77 cadavers [ 5 ]. In order to create different pivot 
shift grades, the ACL, medial meniscus, and/or 
lateral meniscus were removed in some knees. 
After the dissection, 20 knees were grade 0, 19 
were grade 1, 18 were grade 2, and 20 were 
grade 3 with a manual pivot shift test. Thereafter, 
a manual pivot shift was performed with the 
measurement system installed. The examiner 
graded the pivot as 0, 1, 2, or 3 and was blinded 
for the outcomes of the measurement system. 

Then, the mechanized pivot shift was per-
formed. There were three different outcomes: 
the grade of the manual pivot shift, the ATT of 
the manual pivot shift, and the ATT of the 
mechanized pivot shift. The ATT of both the 
medial compartment and the lateral compart-
ment were measured. 

 It was determined that the ATT in the lateral 
compartment predicted the pivot shift grade test 
for the fi rst three grades. Grade 0 correlated with 
a lateral ATT of -2.1 mm (±8.1 mm), grade 1 
correlated with 11.1 mm (±2.2 mm), and grade 2 
correlated with 19.6 mm (±2 mm). Furthermore, 
a threshold value of 6–7 mm was found to dif-
ferentiate between a negative (grade 0) and a 
positive (grade ≥1) pivot shift (Fig.  21.3 ). It is 
therefore possible to use this threshold value in 
the future. Neither ATT of the medial compart-
ment nor the internal rotation could be correlated 
with different grades of the pivot shift. The lack 
of correlation of the medial compartment with 
pivot shift grades could be explained by the 
smaller magnitude of anterior tibial translation 
on the medial side [ 17 ,  34 ], and these smaller 
differences could not be used to distinguish the 
 different grades. Problems with identifying dif-
ferences in internal rotation in the different pivot 
shift grades can be explained by the  inconsistent 
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  Fig. 21.3    Lateral compartment translations during pivot 
shift in the different pivot shift grades (Reprinted from 
Bedi et al. [ 5 ] with kind permission of Springer Science 
and Business Media)       

  Fact Box 1: Different Pivot Shift Grades 

 Minimal lateral ATT for a pivot shift grade:

   Grade 1: 6 mm  
  Grade 2: 12 mm  
  Grade 3: 20 mm    
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data of internal rotation [ 8 ,  28 ] and the lower 
ICC found in our fi rst study [ 39 ]. This study 
demonstrates that, for the manual pivot shift and 
the mechanized pivot shift, the lateral ATT 
should be used to discriminate between different 
grades.

21.4.1.2         Normal Distributions 
 With the use of the mechanized pivot shift test, it 
is possible to distinguish between the ACL-intact 
and the ACL-defi cient knees since the threshold 
value of 6–7 mm between ACL-intact (grade 0) 
and ACL-defi cient knees (grade ≥1) is known. 
These differences were assessed by comparing 
the ATT in the lateral compartment in the ACL- 
intact knee with the ACL-defi cient knee with the 
mechanized pivot shift test [ 13 ]. 

 The ATT in the lateral compartment in the 
intact knee was -0.2 mm (±2.6 mm) and after 
dissection of the ACL, the ATT in the lateral 
compartment increased to an average of 
8.2 mm (±3.1 mm) after transection of the 
ACL. The ACL-defi cient knee had an average 
of 8.4 mm larger lateral ATT than the ACL-
intact knee (Fig.  21.4 ). This difference of 
8.4 mm is enough to convert a grade 0 pivot 
shift to a grade 1 pivot shift (threshold value of 
6–7 mm), but it does not explain in all cases 
how a grade 2 or grade 3 is reached. It seems 
that defi ciency of solely the ACL does not 
cause a grade 2–3 pivot shift, and there seems 
to be other bony and ligamentous structures – 
so-called secondary stabilizers – that play a 
role in ATT.

Distribution of lateral compartment translation
during the pivot shift test
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  Fig. 21.4    Variability in 
the magnitude of 
translation of the lateral 
compartment for 
ACL-intact knees ( blue ) 
and ACL-defi cient knees 
( red ) during a mechanized 
pivot shift test (Reprinted 
from Dawson et al. [ 13 ] 
with kind permission of 
Springer Science and 
Business Media)       

  Fact Box 2: Mean (± SD) of Anterior Tibial Translation (ATT) and Internal Rotation in Different 

Pivot Shift Grades of the Mechanized Pivot Shift 

 Lateral ATT  Medial ATT  Internal rotation 

 Grade 0  -0.2 mm (±2.1)  -1.2 mm (±5.1)  12.4° (±4.5) 

 Grade 1  9.5 mm (±0.9)  0.0 mm (±6.3)  16.9° (±6.9) 

 Grade 2  14.7 mm (±0.9)  3.7 mm (±8.7)  19.5° (±7.7) 

 Grade 3  20.5 mm (±1.3)  8.1 mm (±7.9)  19.0° (±5.5) 

 Correlation between 
grades 

  R  2  = 0.88 ( p  < 0.001)   R  2  = 0.50 ( p  < 0.001)   R  2  = 0.39 ( p  < 0.004) 
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21.4.2          Secondary Stabilizers 

 There are several secondary stabilizers of the 
knee in addition to the ACL [ 49 ]. Of all the liga-
ments in the knee, the ACL is considered the 

primary stabilizer [ 9 ,  16 ], and many other factors 
have been suggested as having additional infl u-
ence in knee stability and the pivot shift. With the 
mechanized pivot shift, it is possible to examine 
these secondary stabilizers. 

21.4.2.1     Meniscus 
 In 1982, Levy et al. reported a correlation 
between medial meniscectomy and increased 
anterior–posterior laxity of the knee [ 33 ]. A 
few years later, the correlation between the lat-
eral meniscectomy and anterior–posterior lax-
ity was reported [ 32 ]. In 48 % of the ACL 
reconstructions, a meniscus tear was found 
that required meniscectomy [ 47 ], although a 
lower frequency (40 %) was found in young 
athletes [ 25 ]. These frequencies show the rele-
vance of assessing the relationship between 
meniscectomy and ATT in the ACL-deficient 
knee. 

 A study was performed comparing the differ-
ence between the ATT in the mechanized pivot 
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  Fig. 21.5    The effect of medial meniscectomy (MM) and 
lateral meniscectomy (LM) in response to pivot shift test. 
Anterior tibial translation in the lateral compartment for 
the intact knee, isolated ACL defi ciency (ACL out), ACL 

with single meniscectomy (ACL/LM out and ACL/MM 
out), and ACL-double meniscectomy (ACL/LM/MM-D) 
is shown (Reprinted from Musahl et al. [ 38 ] with kind per-
mission of  American Journal of Sports Medicine )       

 Fact Box 3: The Mechanized Pivot Shift Test 

       Cadaver preparation 

   Hip-to-toe lower extremity  
  No comorbidity in the lower extremities     
   Measurement 
   Two Steinmann pins in femur and tibia  
  Refl ective markers attached to pins  
  3-D model to measure P-shaped pattern     
   Pivot shift 
   Foot in internal rotation  
  Valgus load with axial load cells  
  Move knee through extension–fl exion arc  
  High repeatability (ICC 0.99)       
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shift in ACL-defi cient knees with the menisci 
intact, ACL-defi cient knees with medial menis-
cectomy, ACL-defi cient knees with lateral men-
iscectomy, and ACL-defi cient knees with 
bilateral meniscectomy [ 38 ]. Medial meniscec-
tomy did not play a role in anterior–posterior sta-
bility of the knee, but a lateral meniscectomy 
increased the ATT signifi cantly in the ACL- 
defi cient knee and in the ACL-defi cient knee 
with medial meniscectomy in situ. The lateral 
meniscectomy increased the ATT in the mecha-
nized pivot shift test with approximately 5–6 mm 
(Fig.  21.5 ). Recently, Shybut et al. confi rmed this 
increase of the ATT in a biomechanical study of 
specimens with lateral meniscus defi ciency. A 
simulated pivot shift was performed in knees that 
underwent arthroscopic posterior root detach-
ment of the lateral meniscus and found a 2.1 mm 
increase of the lateral ATT in these knees with 
ACL defi ciency and posterior lateral meniscus 
release [ 45 ].

21.4.2.2        Iliotibial Band 
 Slocum et al. suggested a role of the infl uence of 
the iliotibial band (ITB) on the pivot shift in their 
fi rst study [ 46 ]. Bach et al. [ 3 ] found that per-
forming the pivot shift test with the hip in abduc-
tion caused a more signifi cant ATT and 
contributed this to the relaxation of the ITB. More 
recently, Yamamoto et al. [ 58 ] confi rmed the role 
of the ITB in the pivot shift in a biomechanical 
study in which they applied several forces to the 
ITB in the ACL-defi cient knee. They reported 
that a higher force of the ITB reduced the ATT in 
the pivot shift. 

 With the mechanized pivot shift, the role of 
the ITB on lateral ATT in ACL-defi cient knees 
was assessed, and hip abduction was varied to 
fi nd the optimal degree of hip abduction for the 
pivot shift [ 48 ]. Defi ciency of the ITB caused a 
signifi cantly greater lateral ATT compared to 
the knee with an intact ITB (from 8.1 mm to 
10.8 mm); this corresponds to the fi nding of 
Yamamoto et al. [ 58 ]. Interestingly, in the 

ACL- defi cient knee with both an intact and 
dissected ITB, there was no difference in lat-
eral ATT between the different hip abduction 
angles (0°, 15°, and 30°). In this study, we 
could not confi rm the fi ndings of Bach et al. [ 3 ] 
that hip abduction increased the subjective out-
come of the pivot shift test. However, these 
data indirectly support that relaxation of the 
ITB (with dissection in this study) cause more 
ATT in hip abduction. It should be stated that 
these studies differ in clinical patients versus 
cadavers and objective (mechanized pivot 
shift) versus subjective (manual pivot shift) 
measurement. The assessment of optimal hip 
abduction should be tested with the mecha-
nized pivot shift test in clinical patients in the 
future.  

21.4.2.3     Tibial Slope 
 Brandon et al. retrospectively measured the pos-
terior–inferior tibial slope on radiographs of 
patients with isolated ACL defi ciencies and 
found that a higher posterior–inferior tibial 
slope was associated with higher pivot shift 
grade [ 7 ]. In addition, the study by Ristic et al. 
confi rmed this correlation between a higher pos-
terior tibial slope and ACL defi ciency [ 43 ], and 
Hashemi et al. considered this increased poste-
rior tibial slope as a major risk factor for ACL 
injury [ 19 ]. 

 We performed a cadaveric study with the 
mechanized pivot shift test to assess the role of a 
5° increase or 5° decrease of the posterior–infe-
rior tibial slope on the lateral ATT in ACL- 
defi cient knees [ 56 ]. A 5° increase of the 
posterior–inferior slope increased the ATT by 
2.2 mm, and a 5° decrease of the tibial slope 
reduced the lateral ATT by 3.0 mm. However, 
these changes were not signifi cant. These results 
point in the direction of a relationship between 
the tibial slope and ATT, but further clinical 
research is necessary to assess if the tibial slope 
can contribute to the risk prediction or treatment 
in a specifi c patient group.    
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21.4.3     Comparing Surgical 
Techniques 

 The mechanized pivot shift test can also be used 
to compare the outcomes in knee laxity in differ-
ent surgical techniques for ACL reconstruction. 
Different positions of the tibial tunnel, different 
bundle techniques, and the infl uence of menis-
cectomy on the outcomes of different surgical 
techniques were assessed. 

21.4.3.1     Tibial Tunnel Placement 
 Malpositioning of the tunnels is considered to 
be the most common causative factor for ACL 

graft failure. It is estimated that tunnel malposi-
tioning contributes to ACL graft failure in 
50–80 % of cases [ 1 ,  51 ]. With the mechanized 
pivot shift, we tried to assess the role of tibial 
tunnel placement on the pivot shift [ 4 ]. Three 
different tibial tunnel positions were compared, 
and these positions were over the top (anterior 
aspect of proximal tibial epiphysis), anterior 
(anteromedial (AM) aspect of tibial footprint), 
and posterior (posterolateral (PL) aspect of tib-
ial footprint). The tunnel in the over-the-top 
(OTT) position translated 1.7 mm more anteri-
orly than the intact ACL, the anterior tunnel 
position 4.1 mm more anteriorly, and the poste-
rior tunnel position translated 8.0 mm more 
anteriorly than the intact knee. However, graft 
impingement in the notch was signifi cant in the 
OTT position in 40° fl exion, in the anterior posi-
tion in 20° fl exion, and in the posterior position 
in 10° fl exion. Although more studies focus on 
the femoral position of the tunnel, this study 
shows that tibial position is important in single-
bundle ACL reconstruction. 

 In a separate study, four different graft posi-
tions were compared with the mechanized pivot 
shift test [ 55 ]. These graft positions were AM 
(tibial AM footprint position to femoral AM 
footprint), horizontal (tibial AM footprint to 
femoral posterolateral footprint), conventional 
(PL tibial footprint to AM femoral footprint), 
and PL (tibial PL footprint to femoral PL foot-
print). Results showed that in ACL reconstruc-
tion, all grafts reduced the ATT, but the tibial 
AM footprint tunnels (AM and horizontal graft) 
caused less ATT and internal rotation than the 
tibial PL footprint (PL and conventional graft). 
Furthermore, they found that the tibial PL foot-
print graft did not control the internal rotation 
when compared to the intact ACL. In other 
words, anterior positioning in the tibial footprint 
is important in both reducing the ATT as the 
reduction of the internal rotation and that the PL 
tibial footprint is less effective in restoring the 
knee to its native kinematics.  

 Fact Box 4: Factors Infl uencing Lateral ATT 

(in Millimeters) 

 This box shows the amount of additional 
lateral ATT when a primary or secondary 
structure is defi cient and the amount of 
reduction of lateral ATT with different 
reconstruction techniques. 

 Defi ciency of secondary stabilizers is in 
addition to ACL defi ciency   
  Primary stabilizer  

   ACL  + 8.4 mm 

  Secondary stabilizers  

   Lateral meniscus  + 5–6 mm 

   Iliotibial band  + 2.8 mm 

   Tibial slope  + 2–5 mm 

   AP length lateral 
tibia 

 positive 

   Valgus force (0/1 kg) 
in test 

 + 6.6 mm 

  Surgical restorations 
of ATT  

   Single-bundle 
nonanatomic 

 −5.3 mm 

   Single-bundle 
anatomic 

 −7.9 mm 

   Double bundle  −11.4 mm (risk 
of overconstrain) 

21 Mechanizing the Pivot Shift Test



264 J.P. van der List and A.D. Pearle

21.4.3.2     Single Versus Double Bundle 
 Several systematic reviews and meta-analyses 
have been published to assess differences 
between single-bundle (SB) and double-bundle 
(DB) ACL reconstruction techniques [ 6 ,  27 ,  36 , 
 50 ,  53 ]. The general conclusion is that the DB 
technique provides improved rotational stability 
and reduces the pivot shift test. Both techniques 
do not seem to differ with respect to clinical out-
comes and failure rates. The current group per-
formed a study with the mechanized pivot shift to 
compare two single- bundle techniques with the 
double-bundle ACL  reconstruction [ 40 ], of which 
the single-bundle techniques were the AM graft 
(tibial AM footprint to femoral AM footprint) 
and the conventional graft (tibial PL footprint to 
femoral AM footprint). When comparing the 
three techniques, it was found that all techniques 
restored the ATT compared to the ACL-defi cient 
knee. The DB technique provided signifi cantly 
more reduction to an ATT of -1.7 mm compared 
to the AM SB technique (ATT of 1.8 mm) and the 
conventional SB technique (ATT of 4.4 mm), 
while the intact knee had a 1.7 mm ATT. However, 
internal rotational laxity was reduced in the DB 
and AM SB technique but was not reduced in the 
conventional technique compared to the ACL- 
defi cient knee. This supports the earlier fi ndings 
that tibial PL footprint position does not fully 
restore the internal rotation and can cause knee 
laxity. Moreover, it supports the fi ndings of supe-
riority of the DB technique in reducing rotational 
laxity in the systematic reviews. 

 The results also show that there is possible over-
constraint associated with the DB technique. The 
ATT was reduced 3.4 mm when compared to the 
intact knee. A biomechanical study by Anderson 
et al. showed that the angle of fl exion in which both 
the AM and the PL bundles are tensioned in the DB 
technique are of infl uence with respect to the 
amount of overconstraining or underconstraining 
of the graft [ 2 ]. In our study, all bundles were con-
strained in 20° of fl exion, and the study by 
Anderson et al. demonstrated overconstraining 
when both the AM and the PL were constrained at 
the same degrees (e.g., 0–0°, 30–30°, 60–60°, and 
90–90°). This could further explain the overcon-
straining of the DB technique in ATT in our study.  

21.4.3.3     Bundle Technique 
with Meniscectomy 

 In a previously mentioned study by Musahl et al., it 
was demonstrated that lateral meniscectomy caused 
an increase in lateral ATT [ 38 ]. It was also shown 
that ATT was reduced in all graft techniques (non-
anatomic SB, anatomic SB, and DB technique) but 
that the DB technique caused more of decrease in 
ATT with the risk of overconstraining [ 40 ]. Because 
meniscectomy is a commonly indicated procedure 
in patients with ACL reconstruction [ 25 ,  47 ], it is 
important to compare these different graft tech-
niques in the meniscus-defi cient knees as well. 

 The nonanatomic SB, anatomic SB, and DB 
ACL reconstruction techniques were compared in 
knees lacking the medial and lateral meniscus 
using the mechanized pivot test [ 37 ]. In this study, 
the single-bundle techniques differed signifi cantly 
from the intact knee in the anterior translation 
shift test, while the double-bundle technique 
restored ATT to the intact knee. It appears better 
to restore the ACL-defi cient knee with the DB 
technique when a meniscectomy is necessary or 
already performed (Fig.  21.6 ). In the 1980s, Levy 
et al. showed in biomechanical studies that medial 
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and lateral meniscectomies both increased ATT in 
ACL-defi cient knees with the pivot shift [ 32 ,  33 ], 
and the current group showed in previous studies 
that the lateral meniscus plays a more important 
role than the medial meniscus [ 38 ]. However, to 
our knowledge, it was not previously described 
that meniscectomy in ACL- defi cient knees infl u-
ences the ACL reconstruction technique. As a 
result of this cadaveric study, more clinical 
research is necessary to confi rm this relationship 
and evaluate the different ACL techniques.

     Conclusions 

 With the mechanized pivot shift test and its 
high reliability, it was possible to perform 
studies in ACL-defi cient knees and objectify 
the pivot shift using a standardized method 
(Fact Box  1 ). A tibial translation of 6–7 mm 
corresponds to a subjective grade 1 in the 
manual pivot shift test and the mean ATT in 
the ACL-defi cient knee was 8.2 mm, which 
exceeds this grade 1 in most cases. 

 The so-called secondary stabilizers are fac-
tors that cause an increase in ATT in addition 
to the increase by ACL defi ciency [ 49 ]. With 
the mechanized pivot shift, lateral meniscec-
tomy, the iliotibial band, and an increased pos-
terior–inferior tibial slope were identifi ed as 
factors that infl uenced ATT (Fact Box  2 ). 

 In the studies performed with the mecha-
nized pivot shift, different tunnel positions 
and graft techniques were compared. Studies 
showed that the tibial tunnel should be placed 
in the footprint of the anteromedial bundle to 
optimize the reduction of the ATT without 
causing notch impingement. With the differ-
ent graft techniques, the DB technique caused 
the greatest reduction of the ATT, but that this 
can potentially overconstrain the knee joint. In 
addition, in meniscus-defi cient knees, there 
may be a preference for the double- bundle 
technique over single-bundle techniques. 

 For future clinical application, the need to 
place invasive pins to track the kinematics of 
the tibia and femur is a major limitation, and it 
is necessary to use noninvasive reference 
markers for future application of the mecha-
nized pivot shift test. These noninvasive mark-

ers have been used by Russell et al. and 
showed similar test–retest repeatability [ 44 ], 
so combining the mechanized pivot shift test 
with these markers would bring us a step 
closer to clinical application. 

 In conclusion, the mechanized pivot shift has 
allowed many questions about the subjectivity 
of the pivot shift test to be investigated and 
answered. The primary and secondary stabiliz-
ers of the knee were quantifi ed, and the out-
comes of different tibial placements and surgical 
techniques for ACL reconstruction were shown. 
The mechanized pivot shift test is not yet opti-
mized for clinical use, but has clarifi ed issues 
about knee instability and the pivot shift test. 
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22.1          Introduction 

 Anterior cruciate ligament (ACL) insuffi ciency is 
clinically diagnosed by manual tests, such as the 
pivot-shift [ 11 ,  20 ,  34 ,  47 ] and the Lachman tests 
[ 50 ,  52 ]. These manual tests are used not only for 
diagnosing a primary ACL injury but also as an 
outcome measure after ACL reconstruction. 
Performing an accurate, dynamic functional eval-
uation is necessary for outcome measurement 
after ACL reconstruction. The pivot-shift test is 
commonly used for assessing dynamic laxity in 
ACL-insuffi cient knees and is related to subjec-
tive knee function [ 24 ]. Static load displacement 
measurement, such as the Lachman test and KT 
measurement, is unrelated to the dynamic knee 
function of ACL insuffi ciency [ 24 ,  48 ]. Any 
residual pivot shift after ACL reconstruction is a 
crucial factor related to poor clinical outcome. 
One clinical follow-up study showed the pres-
ence of a pivot-shift phenomenon after ACL 
reconstruction related to functional impairment 
and poor patient satisfaction [ 24 ]. Jonsson et al. 
[ 22 ] reported patients with positive pivot-shift 
results showed increased scintigraphic activity in 
the subchondral bone, while long-term studies [ 8 , 
 10 ,  22 ] have shown radiographic signs of osteo-
arthritis at follow-up do not correlate with AP 
knee laxity. Residual knee laxity can be detected 
by the pivot-shift test in ACL-reconstructed 
knees in which anterior laxity has been success-
fully restored. As a result of the ability to evalu-
ate a dynamic and a rotational component of the 
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knee stability, postoperative laxity evaluation 
should include the pivot-shift test. Moreover, 
quantitative evaluation for the pivot-shift test has 
been sought after analogous to the KT-1000 
arthrometer [ 9 ] or other instruments [ 12 ,  42 ,  45 ], 
which can provide objective values to evaluate 
the anterior laxity.  

22.2     Pivot-Shift Test 

 The pivot-shift phenomenon [ 11 ], which consists 
of a tibial anterior dislocation and a subsequent 
reduction of lateral compartment of the knee 
joint, is a dynamic instability of the knee with 
ACL defi ciency which can be reproduced and 
described by the pivot-shift test [ 11 ,  34 ]. The 
pivot-shift test was fi rst reported in the American 
literature by Galway and McIntosh [ 11 ] in which 
the hip was abducted and the knee was passively 
fl exed from full extension with internal tibial 
torque and valgus stress applied manually to the 
knee to make a subluxation of the lateral compo-
nent. Subsequently, sudden reduction spontane-
ously occurs at around 20–40° of knee fl exion. 
The magnitude of the pivot shift during the test is 
normally graded only by the examiner’s subjec-
tive impression [ 18 ,  28 ,  41 ], and the mechanism 
of the dynamic laxity measurement has not been 
strictly defi ned. Although three-dimensional 
(3D) kinematic assessment of the pivot-shift phe-
nomenon has been attempted to explore how the 
knee moves during the pivot-shift test in previous 
studies, this methodology cannot be utilized in 
current clinical settings [ 2 ,  3 ,  13 ,  37 ]. Knee kine-
matic measurements of the pivot-shift test have 
been introduced in order to measure the 3D dis-
placement of the tibia with respect to the femur 
as a potential objective parameter for the pivot- 
shift test [ 7 ,  13 ,  17 ,  35 ]. Furthermore, it has been 
suggested that 3D acceleration should represent 
the dynamism of the pivot-shift phenomenon and 
can be related to the dynamic knee laxity evalu-
ated by the pivot-shift test [ 30 ,  33 ,  36 ]. Recent 
advancement in the pivot-shift measurement pro-
vides more dynamic and more clinically mean-
ingful assessment of ACL-defi cient and 
ACL-reconstructed knees.  

22.3     Noninvasive Methods of 
Monitoring Knee Kinematics 
with an Electromagnetic 
Device 

 A noninvasive in vivo measurement system that 
uses an electromagnetic tracking device 
(FASTRAK or LIBERTY, Polhemus, Colchester, 
VT, USA) has been introduced to measure the 6 
degrees-of-freedom knee kinematics during the 
pivot-shift test with a high sampling rate 
(FASTRAK 60 Hz and LIBERTY 240 Hz) [ 15 , 
 16 ,  27 ]. It enables monitoring of instantaneous 3D 
tibial displacement relative to the femur and calcu-
lates 3D acceleration of the motion. The electro-
magnetic device consists of a transmitter that 
produces an electromagnetic fi eld and three elec-
tromagnetic receivers. Two of the receivers, which 
are used for motion measurement of the tibia and 
femur, are attached to a plastic brace by a circum-
ferential Velcro strap placed 10 cm above the 
patella on the thigh and 7 cm below the tibial 
tubercle on the lower leg. A third receiver used to 
register the 3D position data of the anatomic land-
marks is attached to a specially made stylus. Seven 
anatomical bony landmarks include three on the 
femur, the major trochanter, the medial epicon-
dyle, and the lateral epicondyle, and four for the 
tibia, the intersection of the medial collateral liga-
ment and the knee joint line, the fi bula head, and 
the medial and the lateral malleoli of the ankle. 
Based on the 3D positional relationship between 
the anatomic landmarks and the two receivers for 
motion measurement, a 3D coordinate system of 
the knee joint can be confi gured and provide the 6 
degrees-of-freedom kinematics according to a 
modifi ed 3-cylinder open-chain mechanism pro-
posed by Grood and Suntay [ 14 ]. This system has 
a root mean square (RMS) accuracy of 0.03 mm 
for position and 0.15° for orientation (Fig.  22.1 ).

22.4        Quantitative Assessment 
of the Pivot-Shift Test 

 The 6 degrees-of-freedom measurement during 
passive fl exion with the tibia held externally 
rotated is performed and used as the referral 
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movement for comparing the 3D position dis-
placement during the pivot-shift test. The exter-
nal rotational stress is applied to stabilize rotation 
during passive fl exion of the tibia. The same 6 
degrees-of-freedom measurement is taken during 
the pivot-shift test, and the relative displacement 
of the tibial AP translation is calculated as the 
coupled anterior tibial translation (c-ATT). 
c-ATT and the acceleration of the tibial reduction 
from anterior subluxation to the original normal 
position (the acceleration of posterior translation, 
APT) are potential parameters for quantitative 
evaluation of the pivot-shift test [ 15 ,  28 ,  29 ,  33 ]. 
Since the tibial anteroposterior translation nor-
mally occurs during the fl exion–extension move-
ment, the anterior tibial translation during the 
pivot-shift test should be taken as a relative posi-
tion to a reference movement or a hysteresis of 
the movement [ 6 ] to eliminate the effect of the 
natural tibial anteroposterior (AP) movement. 
This c-ATT could be regarded as a parameter that 
evaluates the magnitude of the tibial anterior 
translation, or the tibial anterior subluxation, dur-
ing a dynamic motion. The c-ATT might be cat-
egorized as a load displacement measurement 
like KT-1000 arthrometer measurement [ 9 ] or 
Rolimeter [ 45 ], which has been reported to have 
poor correlation with subjective symptom and 
knee function [ 24 ,  48 ]. On the other hand, APT 
(the acceleration of posterior translation), which 
jumps at the moment of changing the direction of 
tibial anterior translation to the posterior, could 
represent the dynamism of the pivot shift and can 
also be regarded as a parameter that represents 
the dynamism of the pivot-shift phenomenon [ 15 , 
 30 ,  33 ,  36 ]. The increased APT during the pivot- 
shift test could be detected in ACL-defi cient 
knees along with the increased c-ATT, and this 
increment was correlated with the clinical grad-
ing [ 15 ]. The acceleration is closely related to the 
force according to basic physics. It can be 
assumed that the change of force in the knee can 
be represented by the increment of the accelera-
tion and induce the feeling of giving way when 
the force was large enough. A slight posterior 
tibial translation and its acceleration could also 
be monitored even in ACL intact knees which 
cannot be captured by the clinician’s hands and 

graded as none. It could be considered that the 
examiner’s hand is not sensitive enough to detect 
such a small acceleration, but this can be mea-
sured by advanced measurement technology 
(Fig.  22.2 ).

22.5        Intact Knees Versus 
ACL- Defi cient Knees 

 Seventy unilateral ACL-injured patients were 
examined to obtain the baseline data for the diag-
nosis of the ACL insuffi ciency. c-ATT was mea-
sured by an electromagnetic tracking device in 
the patients in both injured and contralateral 
intact knees prior to the ACL reconstruction. All 
of the ACL ruptures were diagnosed preopera-
tively by clinical fi ndings and MRI and confi rmed 
arthroscopically. There were signifi cant differ-
ences ( p <  0.01) in the peak c-ATTs between 
intact knees and injured knees. The mean tibial 
acceleration during the pivot-shift test was larger 
in the ACL-injured knee, 1.9 ± 1.2 m/sec 2 , than in 
the contralateral intact knee, which registered 
0.8 ± 0.3 m/sec 2 . There were also signifi cant dif-
ferences ( p <  0.01) in the APT between intact 
knees and injured knees. The ratio of patients 
with APTs of less than 1 m/s 2  was 83.3 % in the 
intact knees and 3.3 % in the ACL-defi cient knees 
[unpublished data from Kobe University].  

22.6     Quantitative Evaluation 
of the Pivot-Shift Test 
for Comparison 
Between Double-Bundle 
and Single-Bundle 
Reconstruction 

 The goal of ACL reconstruction is to restore 
the normal function of the native ACL. Recent 
studies suggest conventional single-bundle 
 reconstructive procedures may not restore the 
native physiological kinematics of the knee, even 
when satisfactory AP laxity is restored, thereby 
resulting in residual impairment [ 6 ,  23 ,  31 ,  32 , 
 44 ,  49 ]. It has been reported in biomechanical 
studies that anatomic reconstruction of both the 
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anteromedial (AM) and posterolateral (PL) bun-
dles can better restore knee stability than a sin-
gle-bundle reconstruction [ 35 ,  53 ] Additionally, 
clinical studies with a 2-year follow-up period 
showed a signifi cantly superior outcome after 
anatomic double- bundle ACL reconstruction in 
terms of anterior laxity restoration, as measured 
with KT-1000 arthrometer, or rotational laxity 
restoration, as evaluated by the pivot-shift test 

when compared to single-bundle ACL recon-
struction [ 21 ,  25 ,  39 ,  46 ,  55 ]. In contrast, clinical 
results of anatomic double-bundle ACL recon-
struction did not detect any signifi cant improve-
ment over the conventional single-bundle 
procedure [ 1 ]. A meta- analysis of single-bundle 
versus double-bundle ACL reconstruction tech-
niques from Meredick et al. [ 38 ] also supported 
these results. They reported that double-bundle 
reconstruction did not result in clinically signifi -
cant differences in the KT-1000 measurements or 
with clinical manual evaluation with the pivot-
shift test. However, the pivot-shift test results in 
this report were later reanalyzed in detail and 
demonstrated better outcomes with respect to 
restoring a normal pivot shift in double-bundle 
procedure compared to the single bundle [ 19 ]. 
This controversy might highlight the diffi culty of 
the clinical pivot-shift test evaluation and inter-
pretation. Therefore, to assess whether these 
modifi cations provide functional improvement, 
postoperative laxity evaluations should be objec-
tive and meticulous, considering both a dynamic 
and a rotational component of the knee move-
ment, rather than simple static measurement and 
rough manual examination. Currently, there are 
an increasing number of studies in which single-
bundle and double- bundle ACL reconstructions 
are being compared by examining tibial anterior 
translation, combined rotatory load, or simulated 
pivot-shift test using multiple techniques [ 5 ,  26 , 
 40 ,  43 ,  51 ]. Most of them have reported that dou-
ble-bundle reconstruction provides better restora-
tion of laxity than single-bundle reconstruction 
and can restore the laxity parameters more 
closely to the normal knees. Most surgeons now 
recognize the importance of the pivot-shift test 
that can be used to assess both rotational and 
dynamic laxities [ 6 ,  22 – 24 ,  30 ]. Yagi et al. [ 54 ] 
analyzed rotational laxity using an electromag-
netic tracking device with 3 reconstruction tech-
niques in 60 consecutive patients who were 
randomly divided into 3 groups (double bundle, 
anteromedial single bundle, posterolateral single 
bundle) and found that anatomical double-bundle 
ACL reconstruction can improve rotational laxity 
[ 54 ]. Araki et al. [ 4 ] conducted a prospective ran-
domized study of anatomical single-bundle ver-
sus double-bundle ACL reconstructions using 

a

b

Electromagnetic
receiver for the femur

Electromagnetic
receiver for the tibia

Electromagnetic receiver for the
position data acquisition

  Fig. 22.1    Electromagnetic sensor setup. ( a ) Two sensors 
are attached onto the thigh and the lower leg. ( b ) Third 
receiver is attached to the original stylus which can be 
used to digitize the 3D position data of bony landmarks       
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hamstrings tendons. Twenty patients with unilat-
eral ACL defi ciency were randomized into two 
groups. Two bone tunnels of the femur were cre-
ated at the position of the original insertion of the 
anteromedial bundle footprint and posterolateral 
bundle footprint in the anatomic double-bundle 
group, and one tunnel was created at the central 
position between these two bundles in the anatomic 
single-bundle group. All the patients were tested 
before ACL reconstruction and 1 year after surgery. 
Single- bundle reconstruction could not fully restore 
the tibial acceleration during the pivot-shift test to 
the intact knee level, while double-bundle ACL 
reconstruction could reduce the rotational laxity to 
the normal level (Table  22.1 ). The electromagnetic 
tracking device data showed that the anatomical 
double-bundle ACL reconstruction tended to be 

biomechanically superior to the anatomic single-
bundle reconstruction [ 4 ] (Fig.  22.3 ).

22.7         Limitations 
of the Measurement System 

 There are limitations to this measurement sys-
tem, inherent in which is that the pivot-shift test 
has wide variability among examiners [ 28 ,  41 ]. 
In the pivot-shift test, the speed of test procedure, 
the angle of hip abduction during the test, and the 
magnitude of force applied to the knee are not 
exactly the same in each test and among the 
examiners. Although valgus stress is a requisite 
for the pivot-shift test, there is a mixed opinion as 
to which, internal or external, rotational stress 
should be applied for the pivot-shift test. In this 
regard, internal rotational stress is more advo-
cated than external rotational stress [ 28 ], and 
these variables could possibly affect the result. It 
is possible to improve consistency and accuracy 
of the measurement by limiting the number of 
examiners or designing the testing procedure 
more strictly. Additionally, since this measure-
ment system assesses the pivot-shift phenome-
non, which is provoked by a manual test, 
muscular resistance or improper test procedure 
could suppress the pivot-shift phenomenon.  

Electromagnetic receiver for
the position data acquisition

Electromagnetic
transmitter

Electromagnetic receivers for
the femur and tibia positions

  Fig. 22.2    Digitization 
of the 3D position data 
of the bony landmarks. 
Three receivers, two for 
the femur and the tibia 
and one for the 
digitization of bony 
landmarks, are located 
within the 
electromagnetic fi eld 
which is generated 
from the 
electromagnetic 
transmitter ( on the left )       

   Table 22.1    Tibial acceleration measured by the electro-
magnetic system   

 ACL-reconstructed 
knees 

 Contralateral intact 
knees 

 Single 
bundle 

 940 ± 524 mm/sec 2a   640 ± 138 mm/sec 2  

 Double 
bundle 

 701 ± 226 mm/sec 2   685 ± 262 mm/sec 2  

  Comparison between double-bundle and single-bundle 
ACL reconstructions 
  a Statistical signifi cance achieved compared to the contra-
lateral knees,  p  < 0.05  
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  Conclusion 

 The electromagnetic tracking system can be 
used to monitor the 6 degrees-of- freedom 
knee kinematics during the pivot-shift test. 
Using this system, increased tibial anterior 
translation during the pivot-shift test can be 
observed in the pivot-shift- positive knees, 
while boosted acceleration of the following 
tibial reduction can also be monitored. The 
electromagnetic system can be used to provide 
quantitatively measurable data of the rota-
tional laxity tested by the pivot-shift test. The 
measured laxity can be used to consider the 
surgical options of the ACL reconstruction, 
such as single- bundle, double-bundle, and 
augmentation procedure for partial tears or 

additional lateral tenodesis. At the same time, 
such objective measurements can provide fair 
comparison between different types of the 
ACL treatments for research purposes and to 
improve outcomes for patients.    
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23.1          Introduction 

 The clinical assessment of the knee joint is con-
sidered a mandatory step during the diagnostic 
phase of anterior cruciate ligament (ACL) injury, 
as well as in the evaluation process of surgical 
outcomes after reconstruction. In this regard, 
various physical and clinical tests have been used 
to date in the outpatient setting [ 7 ,  29 ,  31 ,  57 ,  61 ]. 
More specifi cally, in the clinical practice con-
cerning ACL injury, both  static  and  dynamic  joint 
laxity are usually evaluated [ 11 ]. 

 In mechanical terms,  statics  is related to the 
analysis of loads and torque on physical systems 
in a state of equilibrium. However, in the clinical 
setting,  static  instead refers to the fact that the 
evaluation occurs only in one plane or in one 
direction with known loads and without consid-
ering accelerations or changes in velocity due to 
coupled stress conditions applied to the limb. 
Static laxity can be measured, in general, by 
means of a direct evaluation of abnormal 
increased joint values of translation or rotation, 
applying known loads and measuring the corre-
sponding displacement and rotation. For instance, 
static laxity is evaluated through Lachman and 
drawer tests in the sagittal plane (Fig.  23.1 ). The 
problem of evaluating static laxity is that differ-
ent structures can contribute at different levels to 
the overall restraining force (i.e., primary and 
secondary restraints). Therefore, it can prove dif-
fi cult to clearly identify which ligament or struc-
tures are injured. Moreover, given that this type 
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of test is considered to be static only, it is impos-
sible to demonstrate the joint’s functional behav-
ior by applying proper stress conditions.

   By comparison to statics,  dynamics  is related 
to the study of forces and torques, and their effect 
on motion. Isaac Newton defi ned the fundamental 
physical laws, which govern dynamics. In partic-
ular, his second law of motion correlates to 
applied forces and obtained accelerations through 
the term “mass.” Here, from a clinical perspec-
tive, dynamic laxity of the knee (from the patient’s 
perspective, often referred to as instability in the 
form of “giving way”) results in one of the most 
common clinical symptoms associated with ACL 
injury. “Dynamic” is appropriate in the sense that 
the limb is subjected to varying loads and torques, 
which leads to an overall stress condition that is 
supported by the involved structures. For these 
reasons, several clinical tests have been imple-
mented to mimic these symptoms by controlling 
loads/movements of the joint, thereby recreating 
the “giving way” phenomenon.    

 Dynamic assessment represents the basis of 
the analysis in terms of rotatory knee laxity and 
the contribution to the clinical examination 
related to the “pivot shift” test. In fact, dynamic 

instability is often highlighted clinically via the 
pivot shift test, which results from complex rota-
tional and translational loading applied to the tib-
iofemoral joint (Fig.  23.2 ).

   In the 1970s–1980s, Slocum and Jakob were 
one of the fi rst who underlined the necessity of 
systematically highlighting anterolateral instabil-
ity of the knee, i.e., when the lateral tibial plateau 
subluxates anteriorly on the femur [ 27 ,  28 ,  62 ]. 
This subluxation was found to be followed by a 
reduction phenomenon, which is felt as the knee 
passes through 25°–40° of fl exion: the pivot shift 
phenomenon! This “clunking” phenomenon was 
then identifi ed as one of the classic clinical signs 
of ACL insuffi ciency. 

 However, this sudden “clunk” or “thud” that 
occurs when the iliotibial tract reduces the lateral 
femoral condyle is neither simple nor easily clini-
cally identifi ed. Moreover, it is not easily quantifi ed 
or measured. For these reasons, the examiners expe-
rience and perception of the “clunk” still plays a 
fundamental role in the clinical assessment. During 
the last several years, several technologies have 
been introduced to quantify the pivot shift test.  

23.2     Biomechanical Insights 
of the “Feel” 

 From a biomechanical perspective, the pivot shift 
phenomenon has been widely investigated due to 
its inherent importance to the behavior of the 
knee joint. 

 Using both in vivo and in vitro conditions, 
several studies have been performed in an effort 
to highlight kinematic patterns and the infl uence 
of joint anatomy and ligamentous structures as a 

  Fig. 23.1    Examples of static laxity: Lachman ( left ) and drawer ( right )       

 Fact Box 1 

 In orthopedics,  statics  is related to linear or 
angular displacement while maintaining 
the joint in a condition of “equilibrium,” 
whereas  dynamics  is associated with com-
plex loading conditions, i.e., forces and 
moments applied to the joint. 
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means of eliciting the phenomenon [ 6 ,  20 ,  28 ,  36 , 
 37 ,  51 ,  55 ]. All of these factors have been 
reported as fundamental to understanding the 
means by which this phenomenon can be “felt” 
by the examiner and how the “feel” can be trans-
lated to enhance the perception of what is hap-
pening within the knee joint during the specifi c 
maneuver of pivot shift test. 

 In terms of kinematics, the pivot shift phe-
nomenon presents both a rotational component of 
the tibia about its long axis and a translational 
component related to the anterior subluxation of 
the lateral tibial plateau, followed by its sudden 
reduction (Fig.  23.3 ). Intuitively, both of these 
components are linked [ 11 ,  12 ,  14 ].

   As reported in a biomechanical study by Bull 
and Amis, the pivot shift is most probably caused 
by a functional insuffi ciency of primary restraints 
to anterior displacement of the lateral tibial plateau 
and to internal rotation of the tibia [ 11 ,  14 ]. An 
ACL injury appears to represent a necessary con-
dition for the pivot shift to occur [ 22 ,  33 ,  52 ,  57 , 
 59 ]. Moreover, injuries located on the lateral struc-
tures, including the iliotibial band, can also con-
tribute to elicitation of the phenomenon, whereas 
tears of the medial collateral ligament can reduce 
it, altering the rotatory pattern of the knee [ 11 ,  14 ]. 

 Moreover, also the complex anatomy of the 
knee joint can modify fi ndings related to the pivot 
shift. For instance, several studies have reported 
how sudden movement during this phenomenon 
is due not only to the lack of ligamentous con-

straint but also to the complex interaction 
between the geometry of the knee and applied 
torques [ 36 ,  55 ].    

 For these reasons, the “feel” is fundamental in 
terms of both eliciting the phenomenon and qual-
itatively grading the pivot shift. Recent under-
standing that the “feel” is strictly associated to 
the amount of “clunk” that the knee presents 
under the maneuver has been quantifi ed by means 
of systems and devices able to measure the accel-
eration and velocity reached by the tibia during 
the reduction phase.  

23.3     Clinical Perspective 
of the “Feel” 

 The pivot shift test has been historically utilized 
in the clinical evaluation of ACL defi ciency and 
the assessment of knee laxity [ 21 ,  27 ,  28 ], includ-
ing, for instance, in the International Knee 
Documentation Committee (IKDC) score [ 24 ]. 
The result of the pivot shift test is correlated with 
reduced sporting activity and a complete or par-
tial tear of the ACL [ 21 ,  28 ]. These fi ndings have 
shown how this dynamic maneuver is correlated 
to the “feel” that the patient perceives in loading 
conditions of his/her joint. 

 From a historical perspective, this clinical 
necessity of mimicking these specifi c loading 
conditions led to the defi nition of several types of 
tests able to stress the joint and elicit the pivot 
shift phenomenon, thereby defi ning the dynamic 
laxity of the joint. 

 Following this concept related to knee joint 
dynamics, Slocum et al. [ 62 ] described a physical 
test intended to describe anterolateral instability 
of the knee as early as 1976. In 1979, using an 

  Fig. 23.2    Lateral pivot shift test [ 21 ]. Internal 
rotation and valgus stress are highlighted. As the stress 
is applied, the knee is slowly fl exed       

 Fact Box 2 

 The pivot shift phenomenon is related to 
the complex interaction among the anat-
omy of the knee, the native and residual 
function of the ligamentous structures and 
the applied loads. 
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in vitro experiment, Fetto and Marshall [ 20 ] 
defi ned the pathomechanism that is necessary to 
produce the pivot shift sign, demonstrating that it 
was correlated to a tear of the ACL. This specifi c 
phenomenon was subsequently more precisely 
identifi ed by Galway and MacIntosh in 1980 [ 21 ] 
as the “lateral pivot shift” and demonstrated the 
subluxation of the lateral tibial plateau and the 
sudden “clunk” that occurred as the iliotibial 
tract reduced the lateral femoral condyle. Larson 
[ 44 ] highlighted in 1983 the physical tests used in 
the diagnosis of the anterolateral rotatory insta-
bility (ALRI) related to ACL defi ciency. In the 
same year, Losee [ 51 ] demonstrated how the 
pivot shift is a sign of ACL, as well as lateral and 
posterolateral capsular defi ciency, clinically 
demonstrated by a subluxation or reduction com-
bined with an impingement of the lateral com-
partment of the knee. All these studies were 
based on the ability of catching the sudden reduc-
tion of the tibia during the maneuver: the “feel” 
of the pivot shift! 

 Moreover, the capacity of correctly defi ning 
this “feel” associated with ACL insuffi ciency has 
since been analyzed in further detail. Lucie et al. 
[ 53 ] assessed the reliability of the pivot shift test 
in patients with acute ACL injuries under anes-
thesia. Losee [ 52 ], who defi ned a specifi c maneu-
ver, described how the pivot shift is fundamental 
in demonstrating that knee instability is associ-
ated with chronic injuries. In 1986, Sandberg 
et al. [ 60 ] highlighted the problem of limited 
clinical reliability of the pivot shift test compared 
with the Lachman test and anterior drawer sign. 
They analyzed 182 knees with ligamentous inju-
ries and emphasized its clinical usefulness only 
under anesthesia. Conversely, Katz and Fingeroth 
[ 31 ] reported high sensitivity and specifi city of 
the pivot shift test in detecting an ACL injury, 
regardless of comparison with the Lachman or 
anterior drawer tests, both in acute and chronic 
lesions. These different fi ndings may refl ect dif-
ferent techniques which may be used to perform 
the pivot shift: a more rigorous or “dynamic” 

  Fig. 23.3    Kinematic patterns of the pivot shift phenom-
enon.  On left side : after subluxation ( red dashed line ), the 
lateral plateau reduces ( green continuous line ); the cou-
pled rotation happens around a specifi c axis [ 11 ,  14 ].  On 

the right side : an example of kinematic analysis with 
anteroposterior displacement obtained during reduction 
and the corresponding acceleration       
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technique may cause discomfort and consequent 
muscle spasm, which contribute to reduce the 
sensitivity of the tester to grade the “feel.” 

 For this reason, the importance of the pivot 
shift in identifying knee laxity was studied by 
Jakob et al. [ 28 ], who developed a joint laxity test 
by simply providing evidence of the existence of 
ACL defi ciency to an effective grading of the 
phenomenon. They defi ned three grades of the 
pivot shift based on objective measurement of the 
AP displacements of each of the medial and lat-
eral condyles, supported by radiographic evalua-
tion. This kind of grading was not yet thought to 
be correlated to the “feel” of that “clunk” that 
happens during the joint reduction. For this rea-
son, the historical grading system is presently of 
limited value [ 56 ]. 

 Scholten et al. [ 61 ] also described the high 
predictive value of the pivot shift test to identify 
an ACL lesion compared with the good negative 
value of the Lachman test. In 2006, Ostrowski 
et al. [ 57 ] and Prins et al. [ 59 ] reported, using 
arthrotomy and arthroscopy as reference stan-
dards, that the Lachman test had a higher sensi-
tivity than the drawer and pivot shift test, while 
the pivot shift test had a higher specifi city than 
the drawer and Lachman tests. Benjaminse et al. 
[ 7 ] performed a meta-analysis on the clinical 
diagnosis of ACL rupture and identifi ed the 
Lachman test as the most valid test, showing 
good specifi city and sensitivity, whereas the pivot 
shift revealed the highest specifi city, but poor 
sensitivity, both in the acute or chronic condi-
tions. The effects on the pivot shift phenomenon 
conferred by anesthesia or pathology other than 
an isolated complete tear of the ACL were inves-
tigated by Donaldson et al. [ 19 ]. They specifi -
cally showed that the accuracy of the pivot shift 
test in detecting an ACL tear decreased dramati-
cally without anesthesia. They also found that the 
pivot shift sign was reduced in the presence of a 
rupture of the medial collateral ligament or if the 
ACL was only partially ruptured. These results 
were later confi rmed by Harilainen et al. [ 23 ], 
who performed laxity assessments on 350 con-
secutive patients by means of clinical examina-
tion and examination under anesthesia. They 
described the importance of performing the pivot 

shift test under anesthesia in order to detect the 
anterolateral rotatory instability arising from 
acute ligamentous injuries.    

 In addition to anesthesia, there are several 
other parameters which can potentially infl uence 
the pivot shift sign and subsequent grading. Bach 
et al. [ 6 ] proposed a modifi ed clinical pivot shift 
test, which was able to account for the position of 
the hip and rotation of the tibia. They found that 
the degree of pivot shift correlated strongly with 
the position of the hip, regardless of tibial rota-
tion; hip abduction produced a higher degree of 
pivot shift. This is unexpected, because the sud-
den reduction of motion of the tibia during the 
pivot shift is caused partly by the tension in the 
iliotibial tract, a structure which is slackened by 
hip abduction. In 1992, Kujala et al. [ 36 ] ana-
lyzed the infl uence of anatomical parameters on 
the pivot shift test. Specifi cally, the authors 
reported good correlation between the convexity 
of the lateral tibial plateau, the pivot shift test, 
and the history of unexpected knee instability of 
the patients. In 1993, Terry et al. [ 64 ] analyzed 
the infl uence of injuries of the iliotibial tract in 
combination with ACL lesions and found that 
they were highly correlated with the variation in 
grades of anterior tibial translation instabilities. 

 Kim and Kim [ 33 ] subsequently analyzed the 
reliability of the anterior drawer, Lachman and 
pivot shift tests in detecting chronic ACL injury in 
147 patients under anesthesia. The Lachman and 
pivot shift tests were the most sensitive for the 
diagnosis of chronic ACL injuries, but the out-
come of the pivot shift test was more infl uenced 
by other factors, including reattachment of the end 
of the torn ACL in combination with meniscal 
tears. Kurosaka et al. [ 37 ] then confi rmed the effi -
cacy of the pivot shift maneuver to detect menis-

 Fact Box 3 

 There are several factors that can reduce 
the sensitivity in quantifying the “feel” dur-
ing pivot shift maneuver: associated 
lesions, muscular guarding, and limb 
position. 
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cal tears, by means of an axially loaded pivot shift 
test. The diagnostic value was high. Kocher et al. 
[ 34 ] reported that an objective measurement of 
anterior laxity using the Lachman test did not sig-
nifi cantly correlate with any subjective evalua-
tion, whereas the pivot shift test could be 
correlated signifi cantly with subjective satisfac-
tion, overall knee function, and sports participa-
tion. Later, Jain et al. [ 26 ] confi rmed that the pivot 
shift test had the highest sensitivity and specifi city 
to establish the diagnosis of an ACL lesion under 
anesthesia. Muscular guarding plays a fundamen-
tal role in the grading of the “feel” (Fig.  23.4 ).

   The presence of a residual positive pivot shift 
sign during the follow-up period after ACL 
reconstruction was demonstrated by Jonsson 
et al. in 2004 to be a better predictor of develop-
ment of osteoarthritis of the knee than an antero-
posterior laxity assessment [ 30 ]. Moreover, 
Leitze et al. [ 45 ] showed that the presence of a 
pivot shift postoperatively was related to poor 
subjective evaluations by the patients and poor 
scoring outcomes, and Lie et al. [ 46 ] found resid-
ual “mini pivots” persisted at the conclusion of 
ACL reconstruction surgery, using electromag-
netic sensors attached directly to the bones. 

 All of these studies have clearly underlined 
the importance of analyzing the presence of the 
pivot shift phenomenon in ACL functional insuf-
fi ciency, keeping in mind all the factors that can 
infl uence the sensitivity of the test and its reli-

ability. The scientifi c literature seems to support, 
from both a clinical and a biomechanical point of 
view, that that the pivot shift can present different 
characteristics that are associated to the “feel” 
perceived by the tester and to that “giving way” 
(i.e., the “clunk” highlighted during reduction) 
symptom perceived by the patient.  

23.4     How to Quantitatively Catch 
the “Feel” 

 Although the pivot shift has been widely investi-
gated, a lack of a systematic assessment and 
objective quantifi cation of the exact pattern of 
motion components remains. The main problem 
is that the test itself is a combined loading of the 
joint, inducing movements in more than one 
degree of freedom during knee fl exion-extension 
motion, which makes it diffi cult to derive a single 
quantitative parameter that is suffi cient to synthe-
tize the pivot shift test. Moreover, this measure-
ment has to be strictly correlated with the clinical 
evaluation of the joint itself, which is associated 
with the “feel.” 

 Nevertheless, the pivot shift test remains the 
most relevant test in the analysis of tibiofemoral 
knee dynamic laxity. Recent reviews [ 2 ,  42 ,  66 ] 
have all described the importance of the pivot 
shift maneuver in the assessment of ACL injuries 
in clinical practice and have acquired quantitative 
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data. These reviews summarized the differences 
among descriptions of the clinical maneuver and 
the proposed pathomechanism of the 
phenomenon. 

 Historically, quantifying the pivot shift 
required complex systems requiring markers 
[ 16 ], footplates [ 3 ], robotic technology [ 18 ], and 
magnetic resonance imaging [ 63 ] which have 
been proposed. Moreover, navigation systems 
have been used to measure the kinematic compo-
nents associated with the pivot shift phenomenon 
[ 32 ]. Colombet et al. used a navigation system to 
measure pivot shift kinematics before and after 
ACL reconstruction [ 15 ]. Lane et al. also used an 
optical navigation system to defi ne the exact 
parameters of the pivot shift intraoperatively [ 43 ] 
and so have Lopomo et al. [ 49 ]. The pivot shift 
in vivo has also been investigated by using less- 
invasive electromagnetic devices [ 13 ,  25 ,  39 ], 
even if they presented with complicated equip-
ment (wires, specifi c surgical instrumentation, 
and setup) and high costs that are incompatible 
with offi ce practice. 

 Recently, the important feature to quantify the 
“feel” in the outpatient setting had led to the 
development of less-invasive methodologies able 
to directly measure the “clunk” of the joint dur-
ing the reduction phase. In the last several years, 
substantial efforts have been made in order to 
establish noninvasive systems based on inertial 
sensors in quantifying the pivot shift test, thus 
allowing a quantitative assessment in both surgi-
cal and outpatient settings, where CAS technol-
ogy still presents major limitations. 

 As a result of the use and development of non-
invasive technologies, several parameters have 
been subsequently identifi ed, as reported by 
Lopomo et al. [ 48 ]. Some of these parameters can 
be considered as directly correlated with the 
“feel,” such as the acceleration and the velocity 
measured during joint reduction (Table  23.1 ).

   Using a principal component analysis of the 
kinematics associated with the pivot shift phe-
nomenon and extracting the most signifi cant fea-
tures, Labbe et al. [ 39 ] suggested that efforts to 
quantify the pivot shift should focus more on the 
velocity and acceleration of tibial translation and 
less on the traditionally accepted parameters 

related to posterior translation and external tibial 
rotation. 

 In greater detail, these parameters can be 
directly quantifi ed by means of different tech-
nologies, specifi cally, accelerometers and gyro-
scopes, which are usually integrated in inertial 
sensors. These sensors can be used in a single 
mode (Fig.  23.5 ), as reported by Lopomo et al. 
[ 47 ,  50 ], or coupled (Fig.  23.6 ). In this latter 
modality, the tester is able to acquire information 
coming from both tibia and femur and thereby 
estimate the kinematic pattern during the 
maneuver.

    Accelerometers were specifi cally used to 
directly measure the sudden “clunk” felt by the 
tester, whereas the gyroscope is able to defi ne 
factors associated with the velocity reached by 
the limb during the test. Several recent studies 
have reported the use of single or coupled inertial 
sensors to quantify the pivot shift test. Expanding 
on this, an in vivo study by Lopomo et al. set the 
basis for the use of a single inertial sensor in 
quantifying the pivot shift test [ 47 ,  50 ], which 

   Table 23.1    Parameters reported by scientifi c literature 
and correlated to the “feel”   

 Acceleration  Peak of relative linear acceleration 
in anterior-posterior direction 
 Peak of relative linear acceleration 
in mediolateral direction 
 Peak of relative angular 
acceleration associated to 
internal-external rotation 
 Peak of relative angular 
acceleration associated to 
varus-valgus rotation 
 Peak of linear three-dimensional 
acceleration 
 Peak of linear three-dimensional 
acceleration measured only on the 
tibia 

 Velocity  Peak of relative linear velocity in 
anterior-posterior direction 
 Peak of relative linear velocity in 
mediolateral direction 
 Peak of relative angular velocity 
associated to internal-external 
rotation 
 Peak of relative angular velocity 
associated to varus-valgus rotation 
 Peak of relative linear three- 
dimensional velocity 

23 Quantifying the “Feel” of the Pivot Shift



284

was followed by Berruto et al. [ 8 ] and Zaffagnini 
et al. [ 65 ]. Specifi cally, Maeyama et al. [ 54 ] and 
Debandi et al. [ 17 ] used a triaxial accelerometer 
in a porcine model to assess the rotational insta-
bility associated to ACL defi ciency and recon-
struction. Asai et al. [ 5 ] used the same 
methodology in an in vitro experimental study to 
describe the differences between single-bundle 
and over-the-top ACL reconstruction techniques, 
thus underlining the possibility to use this kind of 
technology even to appreciate differences in ACL 
reconstruction techniques. Extensive in vitro 
experiments by Ahldén et al. [ 1 ] and Araujo et al. 
[ 4 ] described that the clinical grading of the pivot 
shift test correlates best with tibial acceleration, 

more than with displacement of the lateral com-
partment, thus highlighting the importance of the 
“feel.” 

 Since acceleration and velocity can take into 
account different aspects of joint behavior and 
test performance, both of these components were 
recently used to quantify and grade the pivot 
shift. 

 Kopf et al. [ 35 ] presented a new quantitative 
method for pivot shift grading based on coupled 
inertial sensors and a classifi cation system based 
on acceleration parameters. In a cadaver study, 
Petrigliano et al. proposed measuring the tibial 
rotation during a simulated pivot shift maneuver 
by using a gyroscopic sensor [ 58 ]. Similarly, 
Borgstrom et al. reported the use of a gyroscopic 
sensor in an in vivo study to quantify tibial 
motion during the pivot shift test [ 9 ]. Labbe et al. 
used an inertial sensor coupling accelerometer 
and gyroscopes to improve the test outcome and 
variability [ 38 ]. The same group also proposed a 
fi rst attempt of objectively grading the pivot shift 
phenomenon using a support vector machine 
based on acceleration and velocity data [ 40 ] and, 
more recently, reported the use of combined iner-
tial and magnetic sensing to grade the phenome-
non [ 41 ]. Furthermore, Borgstrom et al. [ 10 ] 
proposed a decision support system able to use 

  Fig. 23.5    Example of 
inertial sensor and 
acquisition system 
used in pivot shift 
assessment [ 47 ,  50 ]       

  Fig. 23.6    Example of coupled inertial sensors       
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these information sources summarized in 23 dif-
ferent parameters to predict pivot shift grade dur-
ing preoperative testing. 

   Conclusions 

 The pivot shift phenomenon appears to repre-
sent two phenomena: one is related to the 
amount of displacement of the lateral com-
partment during subluxation, while the other 
is related to the “clunk” perceived during the 
reduction phase. These two phenomena have 
been refl ected in the technologies and meth-
odologies used to quantify the phenomenon 
itself. 

 This chapter describes several methodolo-
gies and technologies utilized in analyzing 
and quantifying the “feel” related to the pivot 
shift phenomenon. All of these methods con-
cern the possibility of measuring the “clunk” 
that occurs during reduction phase, which is 
more related to the perception that the tester 
has of the phenomenon by using only his own 
hands. More specifi cally, in all of the reported 
in vivo studies – where the dynamics of the 
limb can be properly controlled and acquired – 
the pivot shift should be correctly considered a 
dynamic maneuver, and accordingly specifi c 
dynamic parameters, such as velocity and 
acceleration, should be used in its overall 
assessment. 

 It is worth mentioning that all these meth-
ods have specifi c advantages and disadvan-
tages, but clinicians continue to seek a 
standardized, “gold standard” method by 
which dynamic laxity can be quantifi ed. The 
work is ongoing …   

    The “feel” perceived by the tester during the 
execution of pivot shift maneuver is one of the 
main motivations that has led to the development 
of a novel set of noninvasive methodologies and 
technologies able to quantify that phenomenon in 
terms of acceleration and velocity, i.e., joint 
dynamics. These systems have allowed both pre-
operative and postoperative assessment of the 
injured joint with respect to the contralateral one, 
which is fundamental in the clinical assessment 
of ACL injury. These methodologies are contrib-
uting to improving the treatment and to individu-
alize the surgical and rehabilitative approaches.      
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24.1         Introduction 

 The dynamic instability attributed to the pivot- 
shift phenomenon is still subject of discussion 
including the structures involved in producing a 
positive pivot shift [ 8 ]. The lack of a standardized 
pivot-shift maneuver makes its interpretation 
extremely subjective and dependent on examin-
er’s experience [ 5 ,  21 ,  23 ,  33 ,  35 ]. 

 Systems for clinical grading of the pivot-shift 
test, such as the ones used in the International 
Knee Documentation Committee (IKDC) and 
described as a glide, clunk, or gross pivot shift, are 
used for estimating the surgeons’ feeling during 
test execution [ 12 ,  13 ,  21 ,  23 ,  35 ]. The introduc-
tion of objective pivot-shift measurement tech-
niques is needed for a more precise documentation 
of cases in the pre-, peri-, and postsurgery segment 
and for clinical research protocols with the objec-
tive of comparison between different knee rotatory 
instability patterns and surgical techniques. 

 There are a number of historical techniques to 
objectively measure the pivot-shift test. Jakob et al. 
[ 21 ], in 1987, compared radiographic measure-
ments of anterior tibial translation under stress 
caused by an anterior drawer with subjective clini-
cal grading of the pivot-shift test. The authors dem-
onstrated a positive correlation between anterior 
tibial translation and the clinical grading attributed 
to the pivot-shift test. Although useful and ahead of 
its time, this article was not able to quantitatively 
document the rotational instability. Correlations of 
pivot-shift measurements to the measurements of 
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anterior tibial translation obtained through the 
anterior draw test were provided. 

 In 1991, Noyes et al. [ 35 ] studied the execution 
of the pivot-shift test by 11 different surgeons on a 
cadaveric specimen and found large variations on 
knee kinematics of each test. In this study, measure-
ments were performed by a computerized device 
coupled to an articulated instrumentation system 
fi xed to the femur and tibia. Concluding, the authors 
emphasize that the test execution technique should 
be standardized and that the development of instru-
ments, which would allow the quantifi cation of the 
pivot shift, would be of great value. 

 Despite the pivot-shift test being deemed of 
great relevance for the diagnosis and prognosis of 
knee instability in patients with anterior cruciate 
injury, this test presents some limitations. 

 Since its fi rst description in the English litera-
ture published by Galway et al. [ 11 ], other maneu-
vers for the test were described [ 10 ,  18 ,  30 ] and 
other techniques, not described in literature and 
that derive from these fi rst ones, are also performed 
[ 33 ] considering a great variety of maneuvers for 
performing the test and provoking the pivot-shift 
phenomenon. This great variety of maneuvers gen-
erates diffi culties in the comparison of results 
obtained for the pivot-shift test, and as a conse-
quence in the analysis of post-ACL reconstruction 
results, when different surgeons perform the test, 
each one with his/her technique of preference. 

 The pivot-shift test grading is subjective and 
dependent on the experience and interpretation of 
the surgeon performing it [ 5 ,  21 ,  23 ,  33 ,  35 ]. The 
lack of objectivity for defi ning results of the 
pivot-shift test and also the variety of existing 
techniques for its performance provoke limita-
tions for the diagnosis of ACL injuries and for 
comparisons of postsurgical results. 

 In a review of the pivot-shift test published in 
2008, Lane et al. [ 25 ] stated that the objective 
quantifi cation of pivot-shift test kinematics could 
provide the basis for an individualized approach 
to the treatment of ACL injuries based on the 
elimination of the rotational knee laxity. However, 
decomposing the pivot shift into quantifi able 
parameters is not an easy task. The pivot-shift 
phenomenon is a complex movement that is com-
posed of a six degree-of-freedom tibial internal–

external (i–e) rotation, varus–valgus (v–v) 
rotation, and anterior–posterior (a–p) translation 
[ 8 ], and this is the primary reason for the diffi -
culty to establish an evaluation system for the test. 

 In this chapter, we will discuss the mechanisms 
to objectively quantify what we call “the look” of 
the pivot shift, that is, the amount of shifting, or 
more specifi cally, the tibial translation perceived 
in the lateral aspect of the knee during the pivot-
shift test. It is important to differentiate “the look” 
from “the feeling” of the pivot shift, where the fi rst 
is related to the amount of tibial dislocation and 
the second to the force or the severity of shifting.  

24.2     Pivot-Shift Measuring 
Devices 

 The three-dimensional measurement of the tibial 
displacement in relation to the femur, as verifi ed 
through the pivot-shift phenomenon, was the 
object of studies in the literature [ 6 ,  7 ,  9 ,  17 ,  24 , 
 26 ,  28 ,  31 ,  36 ]. 

 Research on the objective evaluation of the 
pivot-shift test demonstrated that either tibial 
translation or acceleration of the tibial reduction 
could provide a quantitative measure for the pivot-
shift test [ 2 ,  7 ,  14 ,  17 ,  20 ,  22 ,  23 ,  26 – 29 ,  31 ]. 
Other studied parameters, such as rotation mea-
surements, were not consistent, even if analyzed 
in tests performed by the same examiner [ 9 ,  16 ]. 

 Many devices were developed with the capabil-
ity of objectively measuring the pivot-shift test [ 1 ] 
such as navigation systems, electromagnetic track-
ing systems, accelerometers, and methods based on 
radiologic images (radiostereometric (RSA) and 
dynamic stereo radiograph system (DSX)). 
However, these devices are not universally avail-
able. Other limitations present in many of these 
devices are the invasiveness and considerable costs.  

24.3     Image Analysis System 

 Bedi et al. [ 6 ] showed a good correlation between 
anterior translation of the lateral compartment of 
the knee and the clinical grading of the pivot-
shift test using a navigation system. The authors 
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demonstrated that each clinical grade correlated 
to an increment of approximately 6 mm to the 
lateral compartment translation [ 6 ]. The fi ndings 
of this study suggested that the anterior transla-
tion of the lateral compartment of the knee could 
refl ect the clinical grading of the pivot-shift test. 

 With this concept in mind, the idea of using 
video images from the pivot-shift test taken from 
the lateral side of the knee emerged as a possible 
technique to quantify the anterior translation of 
the lateral side of the knee during the pivot-shift 
test. Noteworthy, this new method would also 
have the advantage of being universally available 
and with a low cost, therefore capable for a clini-
cal usage. 

24.3.1     Description of the Method 

 Three 14-mm-diameter target-shaped markers 
(Staples, Inc., Framingham, MA, USA) are placed 

on the skin above bony landmarks of the knee: 
Gerdy’s tubercle, fi bular head, and lateral epicon-
dyle. The distance between the center of the 
markers over the Gerdy’s tubercle and fi bular 
head is measured with a malleable ruler. 

 A video of the lateral knee side comprising the 
three markers is recorded during the manual per-
formance of the pivot-shift test (Galway et al.’s 
technique [ 11 ]) with a conventional digital cam-
era (Fig.  24.1 ).

   The images are then analyzed using the 
“Image J” (NIH, Bethesda, MD, USA) 
program. 

 The three markers should be visible at each 
video frame of the video so the tibial translation 
could be measured. The centroids from the 
markers are then detected, located, and plotted 
on an XY graph, frame by frame. The centroids’ 
space variation is used to calculate the anterior 
tibial translation on the lateral knee compart-
ment (Fig.  24.2 ).

  Fig. 24.1    Video image capture of the lateral side 
of the knee with markers highlighting bony 
landmarks (lateral epicondyle, fi bular head and 
Gerdy’s tubercle) during the pivot-shift test for 
posterior measurement of the anterior tibial 
translation through the image analysis method       

  Fig. 24.2    Processing of images from the video capture undergoing adjustments for grey scale up to the adhesive cen-
troids space location on a XY graph with the use of the “Image J” program       
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24.3.2        Calculation of Tibial Lateral 
Compartment Translation 

 At each frame, the point of intersection, pivot 
point (P), between the line connecting the cen-
troid of the marker over Gerdy’s tubercle (G) and 
the centroid of the marker over the fi bular head 
(F) (horizontal tibial line) with the perpendicular 
line from the centroid of the marker over the lat-
eral epicondyle (L) up to the horizontal tibial line 
is calculated on an XY graph (Fig.  24.3 ).

   The ratio of the perpendicular offset distance of 
the point from the lateral epicondyle to Gerdy’s 
tubercle (distance “b” on Fig.  24.3 ) to the length of 
the horizontal tibial line (distance “a” on Fig.  24.3 ) 
is calculated from XY graph data. The femur’s 
anteroposterior position in relation to Gerdy’s 
tubercle can be calculated multiplying the ratio 
obtained by the distance of the 2 tibial points 

obtained on measurement preliminary to the test. 
At the moment of pivot-shift reduction, the lateral 
plateau moves posterior to the lateral femur con-
dyle, which is noted in a reverse manner as an 
anterior movement of the lateral femoral condyle 
in relation to the lateral plateau. Thus, the distance 
between the femoral point most posterior position 
before the pivot shift and the most anterior after 
the pivot shift is calculated as lateral translation 
providing a distance over time graph (Fig.  24.4 ).

24.3.3        Precision of the Image 
Analysis Method 

 A preliminary validation of the lateral compart-
ment translation measured by the image analy-
sis method was performed on the knee of a 
cadaveric specimen comparing with results 

Gerdy’s tubercle
point (G) Fibular head point (F)

Lateral epicondyle point (L)
  Fig. 24.3    A perpendicular 
line is drawn from the lateral 
femur epicondyle ( L ) up to 
line “ a ”. The intersection 
between the two lines is 
called “pivot” point (P). A 
third line is drawn from the 
two points ( G ) and (P) is 
called line “ b ”. The position 
of the distal femur is 
calculated from lines “ a ” 
and “ b”        
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  Fig. 24.4    Graph showing 
the distal anteroposterior 
femur translation ( y axis ) 
during the pivot-shift test per 
time ( x axis ). A sudden 
anterior translation (5.7 mm) 
of the distal femur occurred 
within 0.15 s ( arrow ) during 
the phase of reduction of the 
manual test of the pivot shift       
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obtained with the measurement performed by 
electromagnetic sensors tracking device fi xed to 
the femur and tibia bones [ 9 ,  16 ,  34 ]. On the 
specimen tested with total ACL section, the lat-
eral compartment translation during the pivot-
shift test was 3.0 ± 0.8 mm for three consecutive 
tests, while the bone movement given by the 
device fi xed to the bone was 22.8 ± 0.4 mm. The 
values obtained by the image analysis method 
were smaller than the bony movement, but the 
lateral compartment translation was consistently 
observed. 

 In another laboratory study [ 2 ], the image 
analysis system measurements were compared to 
a reference measuring device attached to the 
femur and tibia, i. e., electromagnetic tracking 
system. A cadaveric specimen was prepared to 
have a positive pivot shift by sectioning the ACL 
and the anterior horn of the lateral meniscus. 
Twelve surgeons performed the pivot shift 
according to their preferred technique and 
according to a standardized technique. A positive 
correlation was found between the image analy-
sis system and the reference method when the 
standardized technique was used to reproduce the 
pivot-shift phenomenon.    

24.4     iPad Technology for Image 
Analysis 

 Despite being a low cost and universally avail-
able method for measuring the pivot-shift test, 
the results processing through the image analysis 
system is quite time consuming, because the 
pivot-shift video has to be analyzed frame by 
frame by the examiner, requiring more than 2 h 
processing time. 

 In order to obtain the objective results of the 
lateral compartment translation automatically 
and immediately, an application for iPad ®  was 
developed to avoid the frame-by-frame manual 
processing performed on the image analysis sys-
tem [ 15 ]. 

24.4.1     Image Analysis Using the iPad 
Technology 

 The same steps performed in the image analysis 
system are also required to achieve the lateral 
compartment translation measurements in the 
iPad app. Therefore, three yellow circular mark-
ers, ¾ inches in diameter (Color Coding Labels, 
Avery Dennison Corporation, Pasadena, CA, 
USA), should be attached to the skin, over bony 
landmarks including Gerdy’s tubercle, fi bular 
head, and femur lateral epicondyle. 

 The images of the pivot-shift test should be 
captured using the video function of the iPad 
technology. An assistant holds the iPad in a fi xed 
position perpendicular to the lateral side of the 
knee at approximately 1 m of distance from the 
tested knee. The assistant makes sure the skin 
markers did not leave the video fi eld during the 
entire test. A monochromatic sheet is used behind 
the tested knee in order to diminish possible dis-
tortions on the captured images (Fig.  24.5 ).

   After adjusting the iPad ®  in an adequate 
position, the pivot-shift test should be per-
formed with the standardized technique [ 13 , 
 33 ] based on the description of the pivot-shift test 
(Galway et al) [ 11 ]. 

 Similarly to that described for the image analy-
sis system [ 15 ], however automatically, the process 
of measurement of the tibial lateral compartment 
translation is obtained by the technology. The typi-
cal result of the translation obtained by the iPad 
technology is shown on Fig.  24.6 .

   During the pivot-shift reduction, the lateral pla-
teau moves posterior to the lateral femoral con-
dyle, which is observed in reverse as an anterior 
movement of the lateral femoral condyle related to 
the lateral plateau. So, the distance between the 
most posterior position of the femur before the 
pivot shift and the most anterior after the pivot 
shift is calculated as the lateral translation.   

 Fact Box 1 

 The image analysis system was capable 
of detecting and measuring the lateral 
tibial compartment on ACL-defi cient 
knees in a consistent manner and repre-
sents a simple, reliable, accessible method 
for the quantitative measurement of the 
pivot-shift test. 
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Examiner

Gerdy’s tubercle

Lateral epicondyle

Fibular head

Assistant

iPad

  Fig. 24.5    Acquisition of 
images of the pivot-shift 
test with the iPad 
application       

  Fig. 24.6    iPad application screen. The video of the 
pivot-shift test appears  on the top to the left ; the tracking 
of the markers is shown below the video. The anteropos-
terior femoral translation starting from Gerdy’s tubercle 
(in mm) per time (in seconds) is shown on the graph 

below to the  right ; the sudden decrease (anterior femur 
translation or the tibial reduction) is shown on the  arrow . 
The calculated numerical results are shown on the  top to 
the right  (5.627 mm)       
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24.5     iPad Technology Validation 

 A clinical study [ 14 ] analyzing 34 consecutive 
patients with unilateral ACL injury was per-
formed. The pivot-shift test was performed on 
each knee with the standardized technique [ 13 , 
 33 ] and fi lmed using the iPad technology. Before 
knowing the measurement result through the 
application, the surgeon attributed a degree to the 
performed test according to IKDC [ 19 ]. 

 The highest value of the lateral translation in 
two consecutive pivot-shift tests was used for 
posterior analysis. The average of the lateral 
translation of the ACL-defi cient knees and ACL- 
intact knees was compared. The lateral transla-
tion of the knees was also compared with ACL 
injury that had different degrees of pivot shift 
attributed by the surgeon. 

 The tests that did not detect the translation of 
the lateral compartment on ACL-defi cient knees 
and knees where tests evidenced lateral transla-
tion greater than 10 mm due to the obvious dis-
crepancy between the result of the average and 
the observed translation were excluded. 

 The early results showed that valid results 
were only observed in 20 of the 34 patients with 
ACL insuffi ciency (59 %). Of these, 18 patients 
had valid results for the non-injured knee. For the 
remaining 14 patients, no reduction of the pivot 
shift was detected in 10 patients, and in 4 an 
excessive lateral translation was detected. The 
arthroscopic evaluation verifi ed the complete 

ACL injury in all 34 patients. However, the 
updated versions (2.0 and 3.0) have increased the 
accuracy to over 90 % [ 4 ,  32 ]. 

 The difference of the average of the lateral 
translation between ACL-defi cient knees and 
ACL-intact knees and lateral translation of ACL- 
defi cient knees that had different degrees of pivot 
shift attributed by the surgeon is shown on 
Table  24.1 .

24.6        Summary 

 The sudden shift of the lateral compartment of 
the knee was successfully detected by the iPad 
technology. The increase of lateral translation 
was detected by the iPad technology on ACL- 
defi cient knees compared to ACL-intact knees 
and also in relation to knees with higher degree 
attributed to the pivot-shift test. However, differ-
ences between sides were not detected among 
patients that had different degrees attributed to 
the pivot shift. This is a method still underdevel-
opment, and new software versions must imple-
ment the precision of the pivot-shift analysis.   

24.7     Future Perspectives 

 Quantitative analysis of pivot-shift test can aid in 
the establishment of treatment algorithms for ACL 
reconstruction [ 3 ]. This will ultimately lead to 
more individualized surgery, thereby with fewer 
ACL graft re-ruptures and improved clinical out-
comes for patients. The main purpose of the iPad 
app is the pre- and postoperative assessment of 
rotatory knee laxity to improve ACL reconstruc-
tion. Large databases are currently being collected, 

   Table 24.1    Average of the lateral translation between 
ACL-defi cient knees and ACL-intact knees and lateral 
translation of ACL-defi cient knees that had different 
degrees of pivot shift attributed by the surgeon   

 Knee with 
injury 

 Contralateral 
knee 

 Difference 
between sides 

 Pivot 
shift +/3+ 

 2.7 ± 0.6 
( n  = 10) 

 1.4 ± 1.9 ( n  = 9)  1.3 ± 2.0 
( n  = 9) 

 Pivot shift 
++/3+ 

 3.6 ± 1.2 a  
( n  = 10) 

 1.0 ± 1.5 ( n  = 8)  2.5 ± 2.0 
( n  = 8) 

 Total 
( n  = 17) 

 3.2 ± 1.0 b   1.3 ± 1.7  1.9 ± 2.1 

   a Signifi cantly higher compared to patients with pivot shift 
+/3+ ( p  < 0.05) 
  b Signifi cantly higher compared to contralateral knees 

( p  < 0.01)  

 Fact Box 2 

 The iPad technology for image analysis is 
effective to detect the anterior translation 
of the lateral compartment in ACL-defi cient 
knees with the advantage of providing 
automatic and immediate results compared 
to the image analysis system. 
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ultimately helping to categorize different rotatory 
knee instability patterns and preventing failure of 
ACL reconstruction in patients. 

 Patients that have persistent rotatory knee insta-
bility could be better served with an individualized 
approach at the time of initial ACL reconstruction 
surgery. This approach would warrant quantitative 
diagnosis of the ACL- defi cient knees using, e.g., 
the iPad app. The clinician could then modify his/
her surgical approach according to the quantitative 
amount (“look”) of rotatory knee instability 
recorded by the iPad technology, e.g., performing 
an augmentation surgery in cases of small anterior 
displacements or adding an extra-articular tenode-
sis in cases of larger anterior displacements. 

 In addition, clinical follow-up evaluation 
could be enhanced by the iPad technology. 
Potentially, quantitative analysis of the pivot- 
shift test during clinical follow-up can give infor-
mation on knee function that can otherwise not 
be obtained by noninvasive means. 

 These new noninvasive technologies could be 
used for patient-individualized and functional 
treatment of ACL injury. The long-term goal of 
these technologies is the establishment of a 
kinematics- based diagnosis and treatment algo-
rithm for patients with ACL injuries. 

  Conclusion 

 The anterior translation of the lateral compart-
ment of the knee is a consistent parameter to 
measure the pivot-shift test. The analysis of 
videos of the pivot-shift test taken from the 
lateral side of the knee consists of a simple, 
cheap, and reliable method, and therefore a 
possible tool for the clinical practice, to mea-
sure the pivot- shift test. The ultimate goal of 
these new technologies for the pivot-shift 
measurements is the establishment of treat-
ment algorithms for the individualized treat-
ment for the ACL-defi cient knees.      
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25.1         Introduction 

 The anterior cruciate ligament (ACL) is a pri-
mary stabilizer of the knee, accounting for 85 % 
of the total restraint to anterior tibial translation 
[ 6 ]. Injury to the ACL occurs frequently, com-
prising 40–50 % of all ligamentous knee injuries 
[ 9 ]. While imaging remains the gold standard in 
evaluating ACL state, the pivot shift, originally 
described by Galway, Beaupre, and MacIntosh 
in 1972 [ 7 ], has been shown to be the most spe-
cifi c physical exam maneuver, diagnosing ACL 
rupture and rotatory instability with up to 98 % 
specifi city [ 2 ,  4 ,  18 ,  23 ]. Furthermore, the pivot 
shift grade has been shown to be associated with 
patient outcome after ACL reconstruction [ 12 , 
 13 ,  17 ]. However, the subjective nature of this 
exam and the grading system used to assign a 
pivot shift score are well-recognized limitations 
of this test. The clinical grading system is highly 
dependent on subtle differences in testing tech-
nique and perceptions of the examining physi-
cian. It has historically been graded using a 
subjective 0–3 classifi cation [ 8 ] with 0 being 
negative, 1 a glide, 2 a clunk, and 3 a gross 
clunk. Due to the subjectivity of the pivot shift 
grading scale, objective quantifi cation of rota-
tional instability with convenient instrumenta-
tion could enable the development of a more 
reliable and reproducible grading system. Such 
a system would be advantageous for preopera-
tive diagnostic testing, would provide an objec-
tive non-biased pivot shift grade, and would be 
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useful in  controlled longitudinal studies. At 
present, this goal remains elusive. The ideal sys-
tem for this clinical application is noninvasive, 
accurate, easily implemented, and low cost. 
Inertial sensors fulfi ll many of these criteria and 
for this reason are currently being utilized for a 
variety of biomedical applications. This chapter 
reviews the current application of inertial sen-
sors towards quantifi cation of the pivot shift and 
describes the current limitations that this tech-
nology must overcome prior to widespread clin-
ical use.  

25.2     Review of Inertial Sensor 
Technology 

 During the previous decade, novel sensor 
technologies have emerged that may help 
advance the goal of noninvasively quantifying 
rotational instability of the knee. 
Microelectromechanical systems (MEMS) 
inertial sensors, specifically accelerometers, 
gyroscopes, and magnetometers, have evolved 
into low-cost, low-power devices sufficiently 
small to be embedded into handheld or body-
mounted packages. For example, most modern 
smartphone devices and gaming controllers 
employ integrated 9 degrees of freedom 
(9-DOF) sensors that leverage triaxial acceler-
ometers, gyroscopes, and magnetometers. 
Recent instantiations of such integrated 

 sensors have footprints of 3 × 3 × 1 mm with 
power consumption on the order of 10 mW 
and are often combined with sophisticated 
on-board sensor fusion and signal processing 
algorithms [ 10 ]. 

25.2.1     MEMS Accelerometer 
Overview 

 Accelerometers are used to measure linear accel-
eration as well as the gravity vector. Conceptually, 
the modern MEMS accelerometer is a relatively 
simple device. A typical accelerometer is shown 
in Fig.  25.1 . Whereas one accelerometer measures 
acceleration only along a single-axis, modern 
MEMS technology enables three such structures 
to be manufactured orthogonally, thereby provid-
ing triaxial accelerometer measurements.

25.2.2        MEMS Gyroscope Overview 

 A gyroscope is a device that measures the rate of 
rotation about an axis. In modern MEMS 
devices, a vibrating mass is excited to oscillate 
within a plane. Due to this oscillation, the mass, 
in accordance with the Coriolis effect, resists 
rotation with a force that is proportional to the 
rate of rotation. This force is subsequently mea-
sured using a transducer, thereby providing a 
measure of rotational velocity. This principle of 
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  Fig. 25.1    A schematic representation of one type of 
MEMS accelerometer. The accelerometer consists of a 
conductive comb rigidly attached to the sensor base and a 
second comb-shaped proof mass attached via elastic struts. 
At the left, with the sensor undergoing zero acceleration, 
the two combs interdigitate only slightly, resulting in a 

small area of interaction. This yields a low capacitance. At 
the right, as the sensor undergoes upward acceleration, the 
inertia of the proof mass causes the elastic struts to com-
press, yielding increased overlapping between the combs 
and increased capacitance. Capacitance is measured and 
converted to acceleration via a linear constant       
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operation is somewhat similar to that of the 
accelerometer shown in Fig.  25.1 , except that the 
acceleration that induces the change in capaci-
tance is Coriolis acceleration rather than linear 
acceleration. As with accelerometers, three sin-
gle-axis devices can be integrated orthogonally 
in one package to provide measurements of rota-
tions about three axes.  

25.2.3     AHRS: Sensor Fusion Systems 

 In the case of instrumenting the pivot shift, it is 
desirable to have information regarding leg kine-
matics during the maneuver. However, neither 
gyroscopes nor accelerometers enable this 
directly, as they measure rotational rate and lin-
ear acceleration, respectively, not absolute sensor 
orientation. Integration of the rotational rates 
measured by the gyroscope yields an approxima-
tion of sensor orientation, but it is susceptible to 
long-term drift due to accumulation of small 
errors in the integral. On the other hand, the 
accelerometer can be used to measure the gravity 
vector and thereby compute the roll and pitch of 

the device. However, the accelerometer measures 
the sum of the gravity vector and any accelera-
tion, so an estimate of orientation based solely on 
this measurement is subject to large noise when 
the sensor is not static. 

 To provide a responsive and stable estimate of 
orientation, gyroscope and accelerometer data 
are combined to form an attitude and heading 
 reference system (AHRS), in which the long-
term stable behavior of the accelerometer is com-
bined with the superior high-frequency properties 
of the gyroscope. AHRSs have been well studied 
and characterized, and a number of commonly 
used methods exist [ 25 ]. 

 It should be noted that an AHRS based solely 
on accelerometer and gyroscope data is not able 
to generate long-term stable estimates of orienta-
tion about the vertical axis, as the accelerometer 
provides no such information. Thus, drift about 
this axis accumulates due to integration of the 
gyroscope signal. A magnetometer is often used 
as an electronic compass to remedy this long- 
term drift. However, the pivot shift maneuver 
occurs rapidly, and accumulation of long-term 
drift is therefore not a concern in this scenario.   

  Fig. 25.2    A pivot shift maneuver being performed on an 
anesthetized subject with triaxial accelerometers and 
gyroscopes attached along the tibia and femur of each leg. 
This placement was used to enable computation of knee 

kinematics as well as to capture the dynamics and accel-
erations caused by the maneuver. Other trials have placed 
sensors differently, and there is no consensus on optimal 
placement       
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25.3     Inertial Sensors 
and the Pivot Shift 

 There is some disagreement in the literature 
regarding optimal lower extremity placement of 
inertial sensors in measuring the pivot shift. Some 
groups have chosen to mount sensors along the 
tibia [ 3 ,  19 ], and some have placed sensors along 
both the tibia and femur [ 1 ,  5 ,  14 – 16 ]. One exam-
ple confi guration is shown in Fig.  25.2 . In this 
experiment, the subject is equipped with triaxial 
accelerometers and gyroscopes mounted along 
both the tibia and femur.

   The acceleration metrics or features computed 
from the raw data also vary. Some papers consider 
maximum or minimum acceleration values, others 
consider the range, and some consider the deriva-
tive of this measurement, known as jerk. However, 
the data collected and visualized in all studies is 
remarkably similar in many ways, regardless of 
sensor location or subsequent feature extraction; 
in accelerometer data, pivot shift reduction events 
appear as spikes or peaks, and the magnitude of 
these spikes is shown to correlate with ACL state. 

 Accelerometer waveforms from two example 
pivot shifts are shown in Fig.  25.3 . Here, acceler-
ometer data has been high-pass-fi ltered to remove 
the gravity vector, and the norm of the triaxial 
acceleration vector has been computed and plot-
ted against time. The entire pivot shift maneuver 

is shown, including both the fl exion and  extension 
phase, and data from the femoral and tibial sen-
sors is provided.

   The difference between injured and contralat-
eral knees is seldom as exaggerated as in these 
plots. In particular, the difference between two 
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  Fig. 25.3    Sample tracings for a patient’s injured knee 
with a grade 3 pivot shown at left ( a ,  c ,  e ) and the unin-
jured knee shown at right ( b ,  d ,  f ). The two upper plots ( a , 
 b ) show fl exion angle, while the middle plots ( c ,  d ) show 
resultant accelerations for femoral sensors, and the lower 

plots ( e ,  f ) show resultant accelerations for tibial sensors. 
The large spikes in acceleration shown in ( c, e ) are char-
acteristic of a gross pivot shift in an ACL-defi cient knee, 
whereas the smaller and less defi ned peaks shown in ( d ,  f ) 
are indicative of an ACL-intact knee       

 Fact Box 1 

 Advances in MEMS technology have pro-
vided researchers with new, unprecedented 
means of instrumenting the pivot shift 
maneuver. Accelerometer measurements 
during pivot shifts show peaks in accelera-
tion during reduction and subluxation events. 
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knees with pivot shift grades differing by only 
one grade may be very slight or unnoticeable. 
Therein lies the primary diffi culty in using accel-
erometer data to determine ACL state and assign 
a specifi c pivot shift grade.   

25.4     Review of the Current 
Literature 

 The availability of low-power, low-cost, and 
accurate inertial sensors combined with wire-
less transmission or on-board storage of data 
enables development of sensor devices appro-
priate and convenient for clinical use. Since 
2010, ascertaining the value of such devices in 
instrumenting the pivot shift maneuver has 
emerged as an important research objective. 
Several groups have contributed signifi cantly, 
and the overall conclusions of this research are 
fairly consistent:  

 Lopomo et al. were among the fi rst to evaluate 
the use of MEMS accelerometers in the diagnosis 
of ACL injury [ 19 ]. In this study, the authors 
instrumented 66 patients undergoing ACL recon-
struction and examined both knees under anes-
thesia. The injured and contralateral limbs 
underwent pivot shift maneuvers and the result-
ing accelerations were measured by a triaxial 
accelerometer between Gerdy’s tubercle and the 
anterior tibial tubercle. In this study, the accelera-
tion maximum, minimum, and range were found 
with strong signifi cance to be larger in ACL 

injured knees than in the contralateral side. This 
fi nding was the fi rst step in validating the use of 
accelerometers to instrument the pivot shift 
maneuver. 

 Further investigation and validation were 
provided in two subsequent studies [ 1 ], wherein 
the authors compared electromagnetic (EM) 
position sensors attached to the bone of cadav-
eric specimens, tissue-mounted EM sensors, 
and externally mounted accelerometers. The 
bone-mounted EM sensors were used to deter-
mine the actual movement of the tibia and femur 
in quantifying the pivot shift. Twelve expert sur-
geons performed pivot shift maneuvers on the 
knee and graded the pivot shift. The authors 
considered acceleration measured by each sen-
sor system during reduction in the pivot shift 
event. The group found that clinical pivot shift 
grade strongly correlated with the maximal 
acceleration as measured by both externally 
mounted accelerometers and bone- mounted 
electromagnetic sensors. Thus, this study was 
able to demonstrate correlation between clinical 
pivot shift grade and accelerometer measure-
ments in a cadaver. 

 Berruto et al. provided further evidence of the 
applicability of accelerometer measurements in 
evaluation of ACL state [ 3 ]. One hundred ACL- 
defi cient patients were instrumented with acceler-
ometers prior to surgery, and pivot shift maneuvers 
were performed on both knees. Additionally, 30 
patients were measured at a minimum of 6 months 
postoperatively. In the preoperative trials, signifi -
cant differences were found between the maxi-
mum accelerations measured in injured and 
normal knees. In the 30 subjects measured post-
operatively, no such difference was found. The 
authors also consider the problem of correlating 
clinical pivot shift grade with accelerometer mea-
surements and propose a set of reference values 
for each clinical grade. Importantly, this study 
required that the pivot shift be performed in a 
manner different from that in which it is per-
formed in typical clinical settings, with a slow 
approach and more careful control of force 
applied to the femur being considered more suit-
able for measurement by accelerometers. Initially, 
examiners struggled to perform this test reliably 
regardless of experience level. With practice, all 

 Fact Box 2 

 (1) Accelerations measured during pivot 
shift maneuvers correlate with rotational 
instability of the knee, (2) diagnosis of ACL 
state based purely on accelerometer data is 
not likely to provide suffi cient accuracy for 
clinical use, and (3) combination of acceler-
ometer and gyroscope data using advanced 
classifi cation techniques may provide accu-
rate diagnosis of ACL state, although appro-
priate training of classifi cation models 
represents a potential diffi culty. 
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examiners learned to perform the maneuver reli-
ably, with experienced surgeons adapting more 
quickly than less experienced residents and 
students. 

 In these critical early evaluations of the use of 
inertial sensor technology, researchers arrived at 
the consistent conclusion that accelerations mea-
sured using externally mounted inertial sensors 
correlated with ACL state. Larger overall accelera-
tions were observed in injured knees, and the dif-
ferences were statistically signifi cant. Further, 
correlations were found between measured accel-
erations and clinical pivot shift grades. Additionally, 
the small form factor, low power, and low cost of 
such devices made their use in the clinical setting 
straightforward. However, little mention is made 
in these studies of the accuracy of ACL diagnosis 
and pivot shift grading based on accelerometer 
measurements. 

 Labbe et al. made a signifi cant step in the 
direction of ACL diagnosis based on inertial 
sensing [ 16 ]. In this study, 13 ACL-defi cient sub-
jects were instrumented with sensor packages 
containing accelerometers and magnetometers. 
The magnetometers were used to remove the 
gravity vector from accelerometer measure-
ments, and these corrected measurements were 
subsequently correlated with clinical pivot shift 
grade. It was found that the measured femoral 
acceleration in these subjects did in fact correlate 
with pivot shift grade. Statistical signifi cance was 
found between low clinical grades (0, 1) and 
higher clinical grades (2, 3). However, no such 
difference was found between 0 and 1 nor 
between 2 and 3. Thus, while the study presents 

promising data specifi cally in the authors ability 
to correlate pivot shift grade with inertial sensor 
measurements, it simultaneously reveals a major 
shortcoming associated with use of inertial sen-
sors for evaluation of ACL state: if straightfor-
ward acceleration metrics are considered, 
diagnostic accuracy of ACL state is not likely to 
achieve resolution or accuracy on par with the 
traditional pivot shift examination. Careful anal-
ysis of plots and tables from prior studies indi-
cates similar results, although, without access to 
raw data, such analysis is only approximate and 
is not presented here.  

 However, Labbe et al. had already applied 
more advanced statistical methods with much 
success using data from EM position sensors, and 
this methodology bore promise in use with iner-
tial sensor systems. In [ 14 ], a method called prin-
ciple component analysis (PCA) was used to 
analyze the kinematics of a pivot shift maneuver. 
PCA is a statistical tool that computes data fea-
tures that correlate most strongly with an out-
come [ 11 ]. For example, one might hypothetically 
suggest that three axes of measured acceleration 
correlate with pivot shift grade. Further, through 
careful analysis, one might determine that the 
anterior axis correlated most strongly, the lateral 
axis slightly less strongly, and the distal axis least 
so. Application of PCA to this scenario would 
yield that the metric most consistent with pivot 
shift grade is a weighted sum of the three accel-
erations wherein anterior acceleration is weighted 
more heavily than lateral, which is weighted 
more heavily than distal. In this way, PCA is able 
to rank proposed features in what is roughly 
speaking their order of usefulness. When PCA 
was applied to the pivot shift maneuver in [ 14 ], a 
number of data features were found to be valu-
able, including a large number of acceleration 
metrics, tibial rotation, and a number of transla-
tional distances. Thus, the kinematics and dynam-
ics of the pivot shift appear to be quite complex, 
and the single-variable analysis that had been 
previously applied to inertial sensors is not likely 
to fully capture the phenomenon. 

 In a subsequent investigation [ 15 ], Labbe 
et al. used a sophisticated classifi cation approach 

 Fact Box 3  
 Increased tibial and femoral acceleration as 
measured by inertial sensors during a pivot 
shift maneuver has been shown to correlate 
with ACL injury in a number of studies. 
ACL-defi cient knees undergo signifi cantly 
larger accelerations, and pivot shift grade 
also correlates signifi cantly with measured 
acceleration. 
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known as support vector machine (SVM) [ 24 ] to 
assign pivot shift grades based on data from EM 
sensors. The SVM approach here leveraged the 
optimal feature set computed through PCA and 
achieved promising results, with 66 % of com-
puted grades matching the clinically determined 
value and 96 % falling within + −1 grade. 

 Borgstrom et al. applied computational meth-
ods similar to those in [ 14 ,  15 ] to diagnose ACL 
state and compute pivot shift grades based on 
inertial sensor data [ 5 ]. Thirty-two subjects with 
unilateral injuries and 29 subjects with two intact 
ACLs were instrumented with inertial sensors 
along the femur and tibia of each leg. Pivot shifts 
were performed preoperatively under anesthesia 
on each leg. AHRS methods were used to  compute 
knee kinematics during the pivot shift. PCA and 
SVM methods were used to detect ACL tears with 
97 % accuracy and assign pivot shift grades with 
77 % accuracy, with 98 % within ± 1 grade. The 

rate of convergence of statistical methods such as 
SVM was also considered. In this case, it was 
found that data from roughly 20 subjects exam-
ined by a surgeon were required to train SVM 
methods before they became reliable and 38 were 
required for accuracy of diagnosis of ACL tears to 
reach 90 %. This study did not extend to awake 
subjects, and only one surgeon was considered, so 
further work remains to evaluate whether these 
methods can in fact replace or serve a comple-
mentary role to the traditional pivot shift grade. A 
summary of the primary results presented in lit-
erature is provided in Table  25.1 .    

25.5     Conclusions and Future 
Directions 

 Instrumentation of the pivot shift using inertial sen-
sors appears promising at this time. Improvements 
in technology have enabled approaches to making 
the pivot shift more objective. Correlations have 
been demonstrated between ACL injury and accel-
erometer measurement, and subsequent studies 
have shown that pivot shift grades also correlate 
with such  measurements. Finally, the application of 
advanced statistical approaches and classifi cation 
algorithms has achieved accurate diagnosis of ACL 
state based on inertial sensor data. However, a large 
amount of research and validation will be required 
to further support this early work. First, one of the 
primary diffi culties in performing the pivot shift is 

   Table 25.1    Summary of results presented in literature   

  N   Subject State  Sensors used  Primary results 

 Lopomo et al. [ 19 ]  66  Anesthetized  Accelerometer  Increased accelerations in injured knees 

 Araujo et al. [ 1 ]  1  Cadaveric  Accelerometer 
 Electromagnetic 

 PS grade correlates with measured 
acceleration 

 Berruto et al. [ 3 ]  100  Awake  Accelerometer  PS grade correlates with accelerations. 
Increased acceleration in injured knees 

 Labbe et al. [ 16 ]  13  Awake  Accelerometer 
 Magnetometer 

 PS grade correlates with accelerations but 0 
similar to 1, 2 similar to 3 

 Labbe et al. [ 14 ]  70  Awake  Electromagnetic  Large number of parameters found to be 
important in PS grade 

 Labbe et al. [ 15 ]  56  Awake  Electromagnetic  Accurate diagnosis of PS grade (66 %, 96 % 
within 1 grade) 

 Borgstrom et al. [ 5 ]  61  Anesthetized  Accelerometer 
 Gyroscope 

 Accurate diagnosis of PS grade (77 %, 98 % 
within 1 grade) 

   PS  pivot shift  

 Fact Box 4  
 Single-variable analysis of acceleration is 
not likely to provide suffi ciently accurate 
results to replace or complement the tradi-
tional pivot shift grade. Use of advanced 
statistical methods and classifi cation algo-
rithms has enabled accurate diagnosis via 
inertial sensor data in one study, but further 
work is necessary to verify such approaches. 
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the tendency of some subjects to “guard” against 
the shift by tensing the surrounding musculature. 
This undeniably affects the resulting data, but little 
has been done to quantify these effects nor to miti-
gate them in quantifying ACL state. 

 Further, there are a large number of ways to per-
form the pivot shift maneuver, some of which add 
internal rotation to the tibia [ 20 ,  22 ], external rota-
tion, and/or a varying degree of valgus stress [ 21 ]. 
Statistical diagnostic tools leveraging PCA and 
SVM or other similar methods would need to be 
trained for each pivot shift method or possibly even 
for each individual surgeon. It is likely that the 
forces applied to the knee differ among examiners, 
yet the effect of these forces on accelerometry 
measurements has not been well described. Some 
pivot shift methods may be more or less suitable to 
the accelerometer approach. 

 Finally, while the 0–3 pivot shift grade approach 
is widely accepted and has been shown to correlate 
with patient outcomes, the rough granularity and 
inter-physician variability of this approach are 
well known and are among the primary motivators 
in the development of new diagnostic technology. 
However, all studies correlating inertial sensor 
data with ACL state with diagnostic resolution 
greater than ruptured or intact rely on the pivot 
shift grade as ground truth; the new technology is 
being compared against an old method whose 
fl aws it seeks to remedy. Thus, once inertial sensor 
instrumentation of the pivot shift has advanced 
suffi ciently, research must be undertaken to corre-
late these measurements directly with patient out-

come without the clinical pivot shift grade as an 
intermediate variable. 

 In our clinical practice, we currently use accel-
erometry as research tool to evaluate the effect of 
pivot shift characteristics on reconstructive out-
comes. In general, we have not adapted the tech-
nology to determine a treatment algorithm; 
however we anticipate that this would be the ulti-
mate goal of this approach. In this framework, 
those patients with a “high-grade” pivot shift as 
determined by accelerometry may be a candidate 
for the addition of extra-articular augmentation or 
the like. Further work is needed to determine the 
accelerometry values that defi ne an “at-risk” pop-
ulation of patients.      
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26.1         Introduction 

 Like many pioneers in surgery, Dr. D.L. MacIntosh 
developed his lateral reconstruction for the ante-
rior cruciate ligament defi cient-knee out of 
necessity. During his tenure as the orthopedic 
surgeon for varsity athletes at the University of 
Toronto in the late 1960s, most of his colleagues 
were focused on addressing meniscal pathology 
alone, which did nothing to improve symptoms 
of recurrent instability. Aside from intra-articular 
pathology, much attention at the time was focused 

on the concept of medial and anterolateral rota-
tory instability of the knee [ 9 ,  13 ]. Only in 1972 
was Dr. MacIntosh able to reproduce the mecha-
nism of an ACL injury by a physical exam 
maneuver that is now widely known as the 
“pivot shift test” [ 4 ]. This clinical examination 
produces an anterior subluxation of the lateral 
tibial plateau under the lateral femoral condyle 
when the limb is supported in full extension 
with a valgus force applied. Subsequent reduc-
tion is felt as the knee reaches 30–50° of fl exion. 
Anatomically, the iliotibial band shifts from 
having extensor function anterior to the fl exion-
extension axis when the knee is subluxed to a 
fl exor function posterior to the axis when the 
knee is reduced [ 4 ]. 

 His desire to understand the biomechanics 
contributing to ACL ruptures in his athletes natu-
rally led to the development of a method to pre-
vent recurrent instability after injury. Dr. John 
Cameron, one of Dr. MacIntosh’s best known fel-
lows, describes how Dr. MacIntosh spoke of the 
need to “tether the tibia” to avoid the anterome-
dial to posterolateral displacement of the tibia on 
the femur [ 1 ]. Thus, the MacIntosh anterior cru-
ciate ligament reconstruction was born. 

26.1.1     The Evolution of Macintosh 
Procedure [ 1 ] 

 There have been three well-known iterations of 
the ACL reconstruction procedure established 
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by MacIntosh. All had as their common goal the 
elimination of the pivot shift phenomenon with 
or without an anatomic facsimile of the liga-
ment itself. Thus they have often been catego-
rized as “non-anatomic” procedures following 
the advent of modern intra-articular ACL recon-
structive techniques. The MacIntosh I, fi rst out-
lined in the late 1960s, is an extra-articular 
reconstruction using the iliotibial band (ITB). 
The middle third slip of the IT band is detached 
proximally and transferred deep to the lateral 
collateral ligament (LCL) and through a sub-
periosteal window or the lateral intramuscular 
septum only to be secured back onto the ITB 
origin (Fig.  26.1 ). In 1979, Ellison used this 
concept but modifi ed with a bone block from 
Gerdy’s tubercle rerouted deep to the proximal 
LCL and securing the iliotibial band anterior to 
its original insertion [ 3 ]. Both of these laterally 

based reconstructions stabilized rotational con-
trol; however in a series of 52 knees, there was 
residual anterior-posterior laxity in all patients 
using only this lateral-based technique [ 10 ]. The 
MacIntosh I has provided the foundation for cur-
rent techniques in anterolateral ligament recon-
struction and for similar reasons was found to be 
more appropriate as an adjunct to eliminate lat-
eral-sided pivot shift since it did not address 
anterior-posterior laxity [ 6 ,  10 ].

   Around 1975, MacIntosh refi ned his original 
operation with the addition of an intra-articular 
portion to address the residual A-P laxity noted in 
some of his previous patients. This became 
known as the MacIntosh II or lateral substitution 
over-the-top (LSOT) procedure, which is the 
technique for which he is most known and 
described in detail in the section below. The dif-
ference in this second iteration includes an intra- 
articular component where the ITB is passed over 
the top of the lateral femoral condyle and through 
a trans-osseous tibial tunnel (Fig.  26.2a, b ). This 
method improved the anterior-posterior laxity 
experienced by MacI patients, and where his pre-
vious patients may have needed screw fi xation, 
MacIntosh described a fi xation-free method in 
his LSOTs by using sutures to secure the recon-
struction. It was also noted that patients with con-
comitant LCL laxity also benefi tted from the 
LSOT as the extra-articular portion of the ITB is 
weaved through the LCL and ultimately tight-
ened after tensioning.

   For acute ACL ruptures where a repair was 
historically performed, MacIntosh developed a 
third variation of his procedure called the 
quadriceps- patellar tendon over the top (QPOT) 
otherwise known as the MacIntosh III. This 
method involved using the middle third of the 
patellar tendon, left attached distally, and extended 
around the periosteum of the patella and through 
to the middle third of the quadriceps tendon. This 
graft was then passed over the top of the lateral 
femoral condyle as an augment to the acutely rup-
tured ACL, which was also stitched, passed, and 
fi xated on the lateral femur. Since primary ACL 
repairs were not performed then, the MacIntosh 
III procedure consequently grew out of favor 
(Fig.  26.3 ).

  Fig. 26.1    MacIntosh I, lateral extra-articular ligament 
reconstruction where the iliotibial band graft is passed 
through the lateral collateral ligament and intermuscular 
septum and sutured back onto its insertion       
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a b  Fig. 26.2    ( a ,  b ) 
MacIntosh II, iliotibial 
band graft is passed 
over the top of the 
lateral femoral condyle 
and secured through a 
tibial tunnel       

a b

  Fig. 26.3    ( a ,  b ) MacIntosh III, quadriceps-patellar tendon over-the-top (QPOT) method usually as an adjunct to an 
anterior cruciate ligament repair       
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26.2         Lateral Substitution Over- the- 
Top Procedure (LSOT) [ 1 ,  11 ] 

 When it was fi rst described, the indications for 
the LSOT procedure were focused on individuals 
with recurrent, symptomatic anterior cruciate 
ligament instability. The procedure was felt to be 
ideal for high-demand, contact athletes, athletes 
who could not wear a brace following injury, and 
individuals with connective tissue disease and 
occasionally for failed primary ACL repairs. At 
present it is occasionally considered in revision 
cases for patients who have failed anatomic intra- 
articular ACL reconstructions (in which case it 
may be used as an augment or a stand-alone pro-
cedure) or patients with open growth plates. 
Surgical goals include a stable, functional, pain- 
free knee with the restoration of full range of 
motion and ability to return to sport without the 
use of a brace if intended. 

26.2.1     Surgical Technique for the 
LSOT or MacIntosh II 

   Positioning 
•   Patient is positioned supine with an ipsilateral 

bump underneath the operative limb.  
•   An examination under general anesthesia is 

performed to demonstrate the presence of a 
positive pivot shift test.  

•   A high tourniquet is placed, infl ated, and leg 
rested on a footplate.   

  Initial Incision 
•   Medial parapatellar arthrotomy is carried 

out to inspect the knee joint and visualize 
ACL. Meniscal repair/debridement is done 
at this time.   

  ITB Graft Harvest 
•   With the knee in 90° of fl exion, a direct lateral 

incision is extended approximately 6 cm from 
distal aspect of the lateral femoral condyle to 
expose the iliotibial band.
 –    The middle third of the iliotibial band 

approximately 6 cm proximal to its insertion 

site is harvested while leaving it attached 
distally on Gerdy’s tubercle (Fig.  26.4 ). It 
should measure approximately 3 cm wide 
distally and 5 cm wide proximally.

 –      The proximal end of the graft is then tubular-
ized with a whipstitch by using a 0-sized, non-
absorbable suture and refl ected distally 
(Fig.  26.5 ).       

  Figs. 26.4    Iliotibial band graft harvest and detachment 
proximally       

  Fig. 26.5    Passage through lateral collateral ligament is 
developed and marked with Kelly       
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  Tunnel Placement 
•   The femoral origin of the LCL is isolated and 

a subperiosteal tunnel from posterior to the 
femoral origin of the LCL to anterior to the 
lateral intermuscular septum is created using a 
curved Kelly (Fig.  26.6 ).

•      A second subperiosteal tunnel is made from 
posterior to the intermuscular septum into the 
posterior “over-the-top” area on the femoral 
condyle (Fig.  26.7 ).

•      The graft is then passed deep to the LCL and 
through both subperiosteal tunnels into the 
“over-the-top” region of the intercondylar 
notch.   

  Tibial Preparation 
•   A quarter-inch drill hole was made using the 

60° guide starting medial to the patellar ten-
don insertion and exiting slightly posterior to 
the anterior tibial spine. This is overdrilled 
with a cannulated 3/8 in. drill bit.   

  Graft Passage and Tensioning 
•   With the knee fl exed at 90°, a curved Kelly is 

passed through the intercondylar notch and 
posterolateral capsule into the over-the-top 
space where the graft was passed through the 
notch posteriorly and then through the tibial 
tunnel from posterior to anterior (Fig.  26.8 ).

•      The graft is tensioned at 70° of fl exion with 
the tibia in external rotation and with a poste-
riorly directed force. It is then sutured to the 
femoral origin of the LCL. After emerging 
from the tibial tunnel, the distal end of the 
graft is passed deep to the patellar tendon and 
sutured beyond Gerdy’s tubercle onto itself 
(Figs.  26.9  and  26.10 ).

       Closure 
•   A drain is placed posterolaterally and the knee 

lavaged with saline after which a 2-layer close 
takes place.  

•   Sterile gauze dressing and Jones bandage are 
applied.  

•   A hinged knee brace is applied and locked at 
70° of fl exion with the tibia in external rota-
tion to decrease tension on the lateral side.      

  Fig. 26.6    Passage through lateral collateral ligament is 
developed and marked with Kelly       

  Fig. 26.8    Graft is passed from over-the-top passage 
through to the notch       

  Fig. 26.7    Iliotibial band graft is passed through the lat-
eral collateral ligament tunnel while preparing to pass 
through intermuscular septum       
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26.3     Discussion 

 The MacIntosh procedure has gone through sev-
eral iterations over decades and, in turn, has found 
itself on the forefront of the discussion around 
rotational instability of the knee. Its application 
and effi cacy as an adjunct to the intra- articular 
ACL reconstruction are being studied at length. 

 Researchers from Italy studied the pivot shift 
phenomenon in vivo to determine the effect of 
intra-articular and extra-articular ACL reconstruc-
tion. They measured both the maximum anterior 
tibial translation (ATT) and the axial tibial rotation 
(ATR). Results highlight that extra- articular recon-
struction had minimal effect compared to intra-
articular reconstruction in reducing anterior 
translation of the tibia, whereas tibial rotatory 

instability was signifi cantly decreased by the use 
of lateral tenodesis as previously reported [ 12 ]. 

 Early results from Ireland and Trickey sug-
gested that after a 2-year follow-up, there was 
signifi cant improvement in clinical and func-
tional stability after an extra-articular MacIntosh 
procedure. Seventy-four percent of patients had 
returned to some form of sporting activity, while 
84 % of patients presented with a negative pivot 
shift test [ 7 ]. Furthermore, Dempsey and 
Tregonning reviewed 25 patients with combined 
extra- and intra-articular MacIntosh ACL recon-
structions or the MacIntosh II as well as 22 
patients with isolated extra-articular ACL recon-
structions or the MacIntosh I. After 9 years, there 
were no subjective symptoms of instability with 
62 % of knees having good to excellent Lysholm 
scores and 83 % remaining active in sport. They 
also found that the addition of the intra-articular 
component made no signifi cant difference in sub-
jective outcome or long-term function [ 2 ]. 

 Decades later, Johnston et al. reported on a 
retrospective cohort of 84 knees who had under-
gone the MacIntosh LSOT procedure whose 
results were similar to the previously published 
literature (i.e., 61 % of patients with good to 
excellent Lysholm scores, negative pivot shift in 
88 % of knees). They concluded that the LSOT 
could be a viable substitute for arthroscopically 
assisted ACL reconstruction for those whose scar 
cosmesis is not a priority [ 8 ]. 

 Most recently, there have been several studies 
investigating the use of the extra-articular 
MacIntosh procedure in combination with a more 
modern intra-articular ACL reconstruction tech-
nique using hamstring as a method to reduce rota-
tional instability seen with the latter. Vadala et al. 
found no signifi cant difference in KT-1000 mea-
surements and Lachman testing between patients 
who had the combined procedure versus the 
MacIntosh in isolation. There was, however, a sig-
nifi cant residual pivot shift in the group who did 
not have the extra-articular reconstruction [ 15 ]. 
This supports the concept that the MacIntosh pro-
cedure may signifi cantly reduce rotational laxity 
of the knee following ACL injury. Sonnery- Cottet 
et al. has reported preliminary data on outcomes of 
this combined ACL reconstruction and anterolat-
eral ligament reconstruction, which is described as 

  Fig. 26.9    Plane developed for iliotibial band graft to tra-
verse deep to the patellar tendon       

  Fig. 26.10    Secure reconstruction back onto its insertion 
at Gerdy’s tubercle       
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the MacIntosh I. Their indications to apply this 
combined method include the presence of a 
Segond fracture, chronic ACL lesion, grade 3 
pivot shift, high level of sport participation and 
pivoting sports, and a radiographic lateral femoral 
notch sign. After an average follow-up of 2 years, 
the Lysholm, Tegner, objective and subjective 
IKDC scores, as well as the pivot shift exam had 
improved although 10 % of knees in their study 
had persistent pivot shift postoperatively [ 14 ]. 
Long-term results are not yet available, and the 
effect on posttraumatic OA is also not yet known. 

   Conclusions 

 Just as a pendulum returns to its equilibrium 
once displaced, the original application and 
theory behind the MacIntosh procedure have 
swung back into the forefront of orthopedic 
surgery. Interest in comparing biomechanical 
and clinical outcomes of ACL reconstruction 
with or without the augmentation using a lat-
eral extra-articular tenodesis has continued to 
grow with promising preliminary results. One 
international, multicenter, randomized control 
trial is currently underway comparing isolated 
anatomic ACL reconstruction with an identical 
procedure augmented with a Macintosh II con-
struct. This study will undoubtedly provide 
further information on graft failure, function, 
strength, range of motion, and quality of life 
when utilizing an extra- articular augment [ 5 ]. 

 With recent anatomic advances in the defi -
nition and function of the anterolateral liga-
ment of the knee, the Macintosh procedure 
has regained popularity. The optimal indica-
tion for an extra- articular augmentation with 
primary ACL reconstruction is as yet 
unknown; however it is likely to be most use-
ful in patients with a chronic Segond-type 
lesion (i.e., lateral capsular injury, bony, or 
otherwise) and patients with generalized liga-
mentous laxity or in revision situations with 
excess rotational laxity. In the pediatric popu-
lation it provides an option to impart some sta-
bility with less risk of physeal injury. Further 
research will help to clarify its specifi c role in 
primary ACL injury and the longer-term con-
sequences on return to function and the devel-
opment of arthritis post reconstruction.       

   References 

      1.    Cameron J (2015) Personal Interview on the history 
and development of the MacIntosh ACL Reconstruction. 
V. Tjong, Toronto  

    2.   Dempsey SM, Tregonning RJ (1993) Nine-year fol-
low- up results of two methods of MacIntosh anterior 
cruciate ligament reconstructions. Clin Orthop Relat 
Res (294):216–222  

    3.    Ellison AE (1979) Distal iliotibial-band transfer for 
anterolateral rotatory instability of the knee. J Bone 
Joint Surg Am 61(3):330–337  

     4.    Galway H et al (1972) Pivot shift: a clinical sign of 
symptomatic anterior cruciate insuffi ciency. J Bone 
Joint Surg Br 54R:763  

    5.   Getgood A (2013 – ongoing) Multicenter randomized 
clinical trial comparing anterior cruciate ligament 
reconstruction with and without lateral extra-articular 
tenodesis in individuals who are at high risk of graft 
failure. University of Western Ontario, Canada. 
ClinicalTrials.gov Identifi er: NCT02018354  

    6.   Hewison CE et al (2015) Lateral extra-articular teno-
desis reduces rotational laxity when combined with 
anterior cruciate ligament reconstruction: a system-
atic review of the literature. Arthroscopy 31(10):2022–
2034. doi:   10.1016/j.arthro.2015.04.089    . Epub 2015 
Jun 24.  

    7.    Ireland J, Trickey EL (1980) Macintosh tenodesis for 
anterolateral instability of the knee. J Bone Joint Surg 
Br 62(3):340–345  

    8.    Johnston DR et al (2003) Long-term outcome of 
MacIntosh reconstruction of chronic anterior cruciate 
ligament insuffi ciency using fascia lata. J Orthop Sci 
8(6):789–795  

 Fact Box 

•     Pivot shift test mimics axial tibial rota-
tory instability.  

•   Lateral tenodesis or the MacIntosh pro-
cedure has been shown to effectively 
reduce the pivot shift phenomenon.  

•   The MacIntosh procedure as an aug-
ment or revision to intra-articular ACL 
reconstruction may effectively address 
both pivot shifting and anterior transla-
tion in patients who experience symp-
toms of both.  

•   The extra-articular portion of the origi-
nal MacIntosh I likely mimics the func-
tion of the anterolateral ligament (ALL) 
and is similar to ALL reconstruction 
techniques currently described with 
minor modifi cations.    

26 The MacIntosh Procedure

http://dx.doi.org/10.1016/j.arthro.2015.04.089


318

    9.    Kennedy JC (1963) Complete dislocation of the knee 
joint. J Bone Joint Surg Am 45:889–904  

     10.    Kennedy JC et al (1978) Anterolateral rotatory insta-
bility of the knee joint. An early analysis of the 
Ellison procedure. J Bone Joint Surg Am 60(8):
1031–1039  

    11.    MacIntosh D, Darby T (1976) Lateral substitution 
reconstruction. J Bone Joint Surg Br 58:142  

    12.    Monaco E et al (2014) Extra-articular ACL recon-
struction and pivot shift: in vivo dynamic evaluation 
with navigation. Am J Sports Med 42(7):1669–1674  

    13.    Slocum DB, Larson RL (1968) Pes anserinus transplan-
tation. A surgical procedure for control of rotatory insta-
bility of the knee. J Bone Joint Surg Am 50(2):226–242  

    14.    Sonnery-Cottet B et al (2015) Outcome of a combined 
anterior cruciate ligament and anterolateral ligament 
reconstruction technique with a minimum 2-year 
follow- up. Am J Sports Med 43(7):1598–1605  

    15.    Vadalà AP et al (2013) An extra-articular procedure 
improves the clinical outcome in anterior cruciate 
ligament reconstruction with hamstrings in female 
athletes. Int Orthop 37(2):187–192      

V.K. Tjong and D.B. Whelan



319© Springer International Publishing Switzerland 2017 
V. Musahl et al. (eds.), Rotatory Knee Instability, DOI 10.1007/978-3-319-32070-0_27

      Surgery for Rotatory Knee 
Instability: Experience 
from the Hughston Clinic                     

     Champ     L.     Baker     III       and     Champ     L.     Baker     Jr.     

    Contents 

27.1   Introduction     319 

27.2   Anteromedial Rotatory Instability     320 

27.3   Anterolateral Rotatory Instability     323 

27.4   Posterolateral Rotatory Instability     325 

  Conclusion     328 

  References     328 

27.1         Introduction 

 In 1949 Dr Jack Hughston established his ortho-
pedic practice in Columbus, GA. He was an anat-
omist, a keen observer and recorder of his 
fi ndings, and a believer in the documentation of 
long-term follow-up of his results. In the 1950s 
he began to document the pathological anatomy 
he observed at surgery and to correlate these fi nd-
ings with his clinical examinations of patients 
with acute and chronic knee injuries. Over time, 
Dr Hughston developed a classifi cation system 
for knee ligament instabilities [ 5 ,  6 ]. He believed 
that a thorough knowledge of knee anatomy was 
the key to performing successful surgical repair. 
This knowledge and his classifi cation system 
allow the clinician to diagnose tears of specifi c 
ligaments and other capsular structures accu-
rately during a ligamentous examination of an 
injured knee. 

 The Hughston classifi cation of knee ligament 
instabilities is based upon the rotational motion 
of the knee about the central axis of the posterior 
cruciate ligament (PCL). While not the true 
mechanical axis, it does provide a reference 
point. All rotatory instabilities are then defi ned as 
subluxations about the axis of the intact PCL and 
may be present singly or combined. If the PCL is 
injured, the instability is designated as straight or 
existing in one plane. The rotatory knee instabili-
ties include three types: anteromedial, anterolat-
eral, and posterolateral. Posteromedial rotatory 
instability, by contrast, is impossible because 
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when the tibia is internally rotated on the femur, 
the intact PCL prevents posteromedial rotatory 
displacement.  

27.2     Anteromedial Rotatory 
Instability 

 Anteromedial rotatory instability (AMRI) is 
defi ned as an anterior subluxation of the medial 
tibial plateau on the medial femoral condyle 
resulting from a tear of the medial compartment 
ligaments. Clinical signs of AMRI include either 
a positive abduction stress test at 30° of fl exion or 
a positive anterior drawer test with the tibia in 
slight external rotation or both. When positive, 
each test demonstrates the anteromedial sublux-
ation of the tibia. An associated tear of the ante-
rior cruciate ligament (ACL) will usually increase 
the displacement observed in the anterior drawer 
test. The degree of instability demonstrated dur-
ing stress testing is graded based on the separa-
tion of the joint surfaces. A mild (1+) instability 
indicates separation of fi ve millimeters or less; a 
moderate (2+) instability indicates separation 
between fi ve and ten millimeters; and a severe 
(3+) instability indicates separation greater than 
ten millimeters [ 5 ]. When performing the ante-
rior drawer in fl exion and the tibia in external 
rotation, tears of the meniscofemoral portion of 
the mid-third capsular ligament will usually 
allow an anteromedial subluxation of no more 
than 1+; however, tears of the meniscotibial por-
tion of the mid-third capsular ligament will result 
in an AMRI of 2+ or 3+. With an intact menisco-
tibial ligament, the medial meniscus remains sta-
bilized to the tibia, buttressing the posterior 
femoral condyle. When this ligament tears, the 
meniscus becomes mobile, and its stabilizing 
function is lost, producing the AMRI observed at 
the anterior drawer test in external rotation. 

 The tibial collateral ligament lies over the 
mid-third capsular ligament, which is divided 
into its meniscofemoral and meniscotibial por-
tions. Hughston and Eilers [ 8 ] have described the 
posterior oblique ligament (POL) anatomy and 
its importance in repairing the medial structures. 
The POL attaches to the adductor tubercle and 

has three arms: superfi cial, tibial, and capsular. 
The superfi cial arm is a thin, fi brous structure 
that passes over the anterior arm of the 
 semimembranosus to attach distally to the pes 
anserine fascia. The main tibial arm passes 
beneath the anterior arm of the semimembrano-
sus and inserts on the proximal medial tibia close 
to the articular margin with fi rm attachments to 
the medial meniscus. The capsular arm of the 
POL blends with the posterior capsule and 
oblique popliteal ligament as it arises from the 
semimembranosus. The capsular arm of the 
semimembranosus aponeuroses is continuous 
with the POL anteriorly and the oblique popliteal 
ligament posteriorly. Contraction of the semi-
membranosus tenses the POL and the oblique 
popliteal ligaments and has a dynamic and static 
stabilizing effect on the meniscus through their 
fi rm attachments. The medial meniscus may thus 
be thought of as the terminal structure in the 
semimembranosus muscle- ligament-meniscus 
unit (Fig.  27.1 ).

   The pathological anatomy of the torn medial 
compartment ligaments can take on a variety of 
manifestations. Specifi c injury sites were docu-
mented in 170 cases of acute, isolated AMRI 
requiring operative repair [ 4 ]. Notable fi ndings 
included injury to the tibial attachment of the 
tibial collateral ligament in 54 % of cases, while 
in 57 % of cases, the meniscofemoral ligament 
was torn commonly hidden beneath the intact 
femoral attachment of the tibial collateral liga-
ment. Additionally, injury to the POL was local-
ized to the femoral attachment in 35 % of knees, 
to midsubstance in 39 % of knees, and to the tib-
ial attachment in 43 % of cases. For operative 
repair a medial hockey stick incision is made 
from the medial aspect of the tibia extending 
proximally along the medial border of the patel-
lar tendon to the level of the inferior pole and 
then curving proximally 5–8 cm at a level 
between the joint space and medial epicondyle. 
The incision is carried deep to the superfi cial fas-
cia, and a posterior fl ap is raised, including the 
sartorius aponeurosis. The saddle is then palpated 
between the medial epicondyle and adductor 
tubercle. The tibial collateral ligament attaches to 
the medial epicondyle, and the POL attaches to 
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  Fig. 27.1    This shows the insertion of the capsular arm of 
the semimembranosus into the POL and thusly the poste-
rior third of the medial meniscus. Contraction of the semi-

membranosus creates stability during knee fl exion and 
during cutting and twisting by maintaining the medial 
meniscus posteriorly       
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the adductor tubercle. A soft area may be  palpated 
between the posterior border of the tibial collat-
eral ligament and POL. A posteromedial arthrot-
omy incision is made beginning at the epicondylar 
area extending distally and anteriorly paralleling 
the posterior border of the tibial collateral liga-
ment. Retraction of the posteromedial arthrotomy 
incision anteriorly and posteriorly exposes the 
mid-third capsular ligaments, the POL, and their 
attachments to the meniscus. The attachment 
sites and the substance of the tibial collateral lig-
ament, mid-third capsular ligament, POL, menis-
cus, oblique popliteal ligament, and 
semimembranosus are then examined systemati-
cally with particular attention to the continuity of 
the semimembranosus-posterior oblique-medial 
meniscus complex. Repair of the injured struc-
tures then proceeds. The hip is kept in abduction 
and external rotation with the knee fl exed approx-
imately 60°. This fl exion angle is maintained dur-
ing the repair. A bolster or towel is placed under 
the anterolateral aspect of the foot to internally 
rotate the tibia and reduce the joint. If torn, the 
medial meniscus is repaired fi rst to the capsule 
followed by repair of the meniscofemoral and 
meniscotibial portions of the mid-third capsular 
ligament. Next, the tibial collateral ligament, if 
torn from its attachment sites, is repaired with the 
use of suture anchors. Historically only periosteal 
sutures were available. When there is either an 
avulsion of the POL from the adductor tubercle 
or an interstitial tear of the ligament, proper ten-
sion is restored by advancing the ligament proxi-
mally and superiorly to the periosteum of the 
medial epicondylar and adductor tubercle region. 
Once tension is restored to the POL, it is advanced 
onto the previously stabilized mid-third capsular 
and tibial collateral ligaments with mattress 
sutures. If the capsular arm of the semimembra-
nosus appears lax, it is then advanced to the POL 
(Fig.  27.2 ). Historically after surgery the knee is 
immobilized in a plaster cast in 60° of fl exion for 
6 weeks with touchdown weight-bearing restric-
tions. Over the next several months, the patient 
gradually regains muscular strength and exten-
sion and can discontinue crutches once the knee 
nears full extension. Quadriceps strengthening is 
emphasized. Currently at the Hughston Clinic, 

patients with 3+ AMRI managed operatively are 
treated with the same repair technique as 
described by Dr Hughston. After surgery the 
patient is placed in a hinged knee brace and 
allowed full range of motion immediately but 
with protected non-weight-bearing restrictions 
for 6 weeks followed by progressive therapy.

   Several reports have documented the surgical 
treatment of acute AMRI [ 3 ,  7 ,  8 ]. In one of his 
last reports, Dr Hughston presented his long-term 
results of repair of the medial ligaments in 41 
knees with an average of 22 years of follow-up 
[ 3 ]. In 24 patients, the knees had an associated 
tear of the ACL that was either debrided (17), 
repaired (6), or augmented (1). At follow-up there 
was no difference in recurrent instability, menis-
cal injury, or radiographic degenerative changes 
in those patients with a torn ACL at the time of 

  Fig. 27.2    Tension has been restored to the POL by 
advancement proximally and anteriorly onto the femur 
and by further advancement with mattress sutures onto the 
tibial collateral ligament. The capsular arm of the semi-
membranosus may also be advanced onto the POL if per-
sistent laxity is noted       
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operation versus those with an intact ligament. As 
Dr Hughston had concluded in an earlier report, 
“it is not the absence of an isolated tear of an ante-
rior cruciate ligament that leads to an anterior 
cruciate-defi cient knee, but rather the presence of 
an additional ligament lesion that was not per-
ceived either clinically or at operation” [ 7 ]. 
Thirty-eight patients continued to participate in 
physical fi tness and recreational athletics at fi nal 
follow-up. There were three  failures (7 %): two 
from technical diffi culty and one from unrecog-
nized associated anterolateral rotatory instability. 
Dr Hughston’s long-term results of repair with the 
use of periosteal sutures and primary direct repair 
in comparison to modern use of implants and 
ACL graft reconstructions are remarkable.   

27.3     Anterolateral Rotatory 
Instability 

 Anterolateral rotatory instability (ALRI) is 
defi ned as an anterior subluxation of the lateral 
tibial plateau on the lateral femoral condyle. Dr 
Hughston believed that this form of instability 
could be most accurately demonstrated by a posi-
tive jerk test and also by a positive anterior drawer 
test in neutral rotation. The adduction stress test 
at 30° is either normal or mildly positive. Dr 
Hughston described the jerk test as follows: 
“With the patient supine, the examiner supports 
the lower extremity, fl exing the hip to about 45° 
and the knee to 90° and internally rotating the 
tibia. If the right knee is being examined, grasp 
the foot with the right hand and internally rotate 
the tibia while the left hand is placed over the 
proximal end of the tibia and fi bula and used to 
exert a valgus stress. If the test is positive, sub-
luxation of the lateral femorotibial articulation 

becomes maximum at about 30° of fl exion, and 
then, as the knee extends further, spontaneous 
relocation occurs. The relocation takes the form 
of a sudden change in the relative velocities of 
the tibia and the femur. That is, there is a sudden 
change in the rate of acceleration of the two 
 surfaces which, in engineering terminology, is 
called a jerk” [ 6 ]. Essentially the jerk test is 
equivalent to the pivot shift test with the former 
demonstrating the anterolateral rotatory instabil-
ity in going from knee fl exion to extension and 
the latter with the knee progressing from knee 
extension into knee fl exion. Dr Hughston believed 
that a positive pivot shift jerk test could only be 
elicited in the presence of tears of the lateral cap-
sular or iliotibial tract ligaments or both [ 4 ]. He 
believed that an associated tear of the ACL 
accentuated the anterolateral rotatory instability 
but did not cause it. 

 The mid-third lateral capsular ligament 
attaches proximally to the femoral lateral epicon-
dyle and distally to the lateral tibial joint margin. 
Recent research has focused upon the anterolat-
eral ligament (ALL) as a distinct anatomic struc-
ture and responsible for anterolateral instability. 
We believe Dr Hughston’s descriptions of the 
mid-third lateral capsular ligament to be consis-
tent to those reported of the ALL. The iliotibial 
tract may be divided into aponeurotic, superfi -
cial, middle, deep, and capsulo-osseous layers 
[ 13 ]. The deep layer fi bers begin at the termina-
tion of the lateral intermuscular septum approxi-
mately 6 cm proximal to the lateral epicondyle. 
The layer extends laterally in the coronal plane 
and curves distally following the lateral femoral 
condyle to blend with the superfi cial layer in the 
sagittal plane. The deep layer strengthens and 
thickens the superfi cial layer, while the capsulo- 
osseous layer functions as a medial retaining wall 
for the deep layer. It is formed proximally by fas-
cia overlying the plantaris and lateral gastrocne-
mius, and it extends distally, attaching posterior 
to the fi bula and anterior to the lateral tibial tuber-
osity. Together the deep and capsulo-osseous lay-
ers augment the superfi cial layer to function as an 
anterolateral ligament of the knee [ 13 ]. 

 In 66 operative cases of acute ALRI, the patho-
logical anatomy was recorded with the following 

 Fact Box 1 

 Restoration of the semimembranosus- 
POL- medial meniscus unit eliminates the 
AMRI, stabilizes the knee, and protects 
against future meniscal tearing and 
degeneration. 
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fi ndings: the ACL was torn in all cases, and in 56 
cases, the mid-third lateral capsular ligament was 
torn, and the iliotibial tract was torn either in the 
superfi cial (27 knees) or deep (54 knees) fi bers or 
both [ 4 ]. Although the ACL is commonly torn in 
cases with ALRI, Dr Hughston did not believe 
that isolated injury of this ligament was responsi-
ble for ALRI. He believed that injuries to the lat-
eral capsular ligament and iliotibial tract were 
responsible. In an unpublished review of 228 con-
secutive cases of chronic ACL tears seen over a 
5-year period, only 35 (15 %) were associated 
with ALRI or combined ALRI and AMRI [ 6 ]. 
Operative management for acute and chronic 
ALRI included an extra-articular repair of the 
torn ligamentous and capsular structures. A lat-
eral hockey stick incision is made in line with the 
iliotibial band extending distally between the tib-
ial tuberosity and Gerdy’s tubercle. A large poste-
rior fl ap is mobilized in the plane between the 
superfi cial and deep fascia. The iliotibial band is 
incised longitudinally just posterior to the inter-
muscular septum proximally and continuing dis-
tally toward the lateral tibial tubercle. Retraction 
of the iliotibial band both anteriorly and posteri-
orly exposes the deep iliotibial tract and septum 
proximally and the lateral capsular ligament dis-
tally. A lateral arthrotomy incision is made ante-
rior to the popliteus and paralleling its course to 
the level of the lateral meniscus. The incision is 
then changed to a vertical incision and progressed 
distally to the tibia to protect the arcuate ligament 
refl ection that forms the anterior border of the 
popliteal recess. Abnormalities may be noted in 
the mid-third capsular ligament including trans-
verse tears, avulsions from the tibia with or with-
out associated bone, or most commonly interstitial 
tears with associated laxity. Retractors are placed 
and the lateral meniscus is inspected for periph-
eral or body tears. At this point peripheral tears of 
the meniscus are repaired with suture, and body 
tears are resected. Posterior inspection includes 
evaluation of the short head of the biceps and its 
attachment to the posterolateral capsule. The 
superfi cial and deep components of the iliotibial 
tract and the lateral intermuscular septum attach-
ments to the lateral femoral condyle are inspected 
for hemorrhage and injury. This completes the 

surgical approach and identifi cation of the patho-
logical anatomy. As Dr Hughston has stated, the 
next step is “to restore the tissues, the ligaments, 
and their muscular attachments back to their natu-
ral places, with the proper tension and continuity” 
[ 4 ]. If avulsed the mid-third lateral capsular liga-
ment is repaired back to the tibia with periosteal 
sutures or, if the tear is interstitial, advanced ante-
riorly and distally in a pants-over-vest fashion 
with mattress sutures. If torn the short head of the 
biceps is then reattached to the posterolateral cap-
sule. Next, the posterior portion of the iliotibial 
tract is sutured to the intermuscular septum at its 
attachment to the lateral femoral condyle 
(Fig.  27.3 ). The posterior portion of the long head 
of the biceps insertion may be released and 
advanced distally to the iliotibial tract just proxi-
mal to Gerdy’s tubercle to restore tension to this 
musculotendinous unit.

   Historically after surgery for ALRI, the knee is 
immobilized at 70° of fl exion in a plaster cast for 6 
weeks. Crutch ambulation continues for up to 3 
months after surgery with slowly progressive 
weight bearing as the patient regains knee exten-

  Fig. 27.3    The posterior portion of the iliotibial tract is 
reconstructed to the lateral intermuscular septum at its point 
of attachment to the lateral femoral condyle with mattress 
sutures. In the distal aspect of the iliotibial incision, one may 
see the closure and advancement of the mid-third lateral cap-
sular ligament (In this illustration the closure and advance-
ment of the lateral capsular ligament has been omitted)       
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sion and muscular strength. Full extension may not 
be achieved until after 6 months of rehabilitation. 
Patients may expect good stability and function 
with return to activities at a year after surgery. 

 Andrews et al. from the Hughston Clinic 
detailed their experience with a lateral extra- 
articular iliotibial tract tenodesis in the treatment 
of 31 knees with acute and chronic ALRI at a 
minimum of 2 years of follow-up [ 1 ]. The injured 
ACL was repaired in 16 knees, while in 15 knees, 
no repair was performed with no differences in 
outcomes at follow-up. Overall 94 % of patients 
achieved a good or excellent subjective and 
objective result. Twenty-one patients were able to 
return to pre-injury level of sport performance, 9 
were able to return to sport with decreased per-
formance, and only one was unable to return. The 
authors noted that the success of the technique is 
directly related to the minimization or elimina-
tion of the rotational instability noted clinically 
by the jerk test [ 1 ]. During the procedure the pos-
terior portion of the distal iliotibial tract is teno-
desed to the prepared lateral femoral metaphysis. 

Two parallel rows of Bunnell sutures are created 
through the iliotibial tract and then passed 
through the femur and tied to each other medially 
over a bone bridge. Fixation points laterally are at 
the distal insertion of the intermuscular septum 
on the linea aspera just anterior to the posterior 
femoral cortex and secondly 1 cm anterior and 
0.5 cm distally to the fi rst (Fig.  27.4 ).

   Currently at the Hughston Clinic, ALRI is man-
aged operatively with anatomic ACL reconstruc-
tion. Consideration for anterolateral repair/
reconstruction is reserved for cases with combined 
acute posterolateral rotatory instability in which a 
lateral approach will be undertaken or in revision 
cases with persistent positive jerk tests. 
Rehabilitation currently for ALRI is similar to 
standard ACL reconstruction rehabilitation with 
immediate full weight bearing and range of motion. 

 As with other rotatory instabilities, ALRI may 
coexist with other types including AMRI and 
posterolateral rotatory instability (PLRI). Success 
requires identifi cation of all pathology and 
 treatment of associated rotatory instability. Dr 
Hughston stated “the value and success of the 
reconstruction depend on re-establishing the 
anatomy and thereby restoring the dynamic input 
to the extra-articular ligaments” [ 4 ]. Indeed ana-
tomic repair performed with precise technique 
and combined with appropriate therapy and reha-
bilitation produces predictably good results.   

27.4     Posterolateral Rotatory 
Instability 

 PLRI is a posterior and external rotatory sublux-
ation of the lateral tibial plateau on the lateral 
femoral condyle. This manifests clinically with 
either a positive posterolateral drawer test [ 10 ], a 
positive external rotation recurvatum test [ 5 ,  6 , 

  Fig. 27.4    The Andrews extra-articular reconstruction for 
ALRI. Sutures are tied medially over a bone bridge after 
passage through drill holes lateral to medial       

 Fact Box 2 

 An ACL tear alone does not cause 
ALRI. ALRI is caused by an injury to 
either the iliotibial tract or mid-third lateral 
capsular ligament or both. 
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 10 ], or both. The posterolateral drawer test is a 
posterior drawer test performed with the tibia 
unconstrained and the ankle and foot free to 
rotate. When the test is positive, the tibial tuber-
osity rotates externally and appears to sink, los-
ing its prominence. In the external rotation 
recurvatum test, the examiner grasps the great toe 
of the injured extremity and lifts up the leg of the 
supine patient. When positive the tibial tuberos-
ity rotates externally and produces an apparent 
tibia vara and a degree of recurvatum greater than 
the uninvolved side. The adduction stress test at 
30° is typically mildly to severely positive 
depending upon the extent of the injury to the 

fi bular collateral ligament. The posterior drawer 
test in neutral rotation is negative, indicating an 
intact PCL. 

 PLRI is produced by an injury to what Dr 
Hughston termed the arcuate complex, consisting 
of the arcuate ligament, the fi bular collateral liga-
ment, and the popliteus tendon and its aponeuro-
sis. The use of the term arcuate ligament has 
created confusion in the literature regarding the 
posterolateral corner anatomy of the knee. It was 
considered by Dr Hughston to have an attach-
ment to the posterior femur immediately proxi-
mal to the articular surface of the lateral femoral 
condyle. It blended with the oblique popliteal 
ligament, fascia from the popliteus, and other fas-
cial layers to form distal attachments to the 
meniscus, tibia, and fi bula (Fig.  27.5 ). In later 
anatomic dissections from the Hughston Clinic, 
the arcuate ligament was noted to be comprised 
of not a single ligament but of several structures 
giving an arched or arcuate appearance [ 12 ]. 
Further studies at Hughston have demonstrated 
posterolateral corner injuries often involve injury 
to multiple different anatomic structures that can 
account for the clinical differences seen in stabil-
ity testing [ 11 ].

   More so than any other rotatory instability, 
PLRI is often seen as a combined instability with 
either AMRI or ALRI. Isolated PLRI is much 
less common. Review of the operative fi ndings in 
19 cases of isolated acute PLRI demonstrates 
injury to the fi bular collateral ligament in 12 
knees, injury to the popliteus in nine knees, injury 
to the short head of the biceps in three knees and 
the long head in six knees, and injury to the tibial 
portion of the arcuate ligament in nine, mid-third 
portion in four, and femoral portion of the arcuate 
ligament in seven [ 4 ]. The surgical approach for 
operative management for acute PLRI is similar 
to that for acute ALRI. The peroneal nerve is 
located and protected. The iliotibial band is split 
just posterior to the intermuscular septum and 
extended distally to the midpoint of the lateral 
tibial tubercle. The mid-third lateral capsular 
ligament is incised as described previously. 
During the intra-articular inspection, the lateral 
meniscus and arcuate ligament are probed. The 

  Fig. 27.5    A posterior view of the knee demonstrating the 
 shaded area  as the arcuate ligament as described by Dr 
Hughston (where is the shaded area in the illustration?)        
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lateral gastrocnemius is then retracted to expose 
the posterior arcuate. The tibial and fi bular 
attachments of the arcuate ligament are exposed 
with retraction of the biceps femoris. Primary 
repair of all injured structures then proceeds. If 
detached from the femur, tibia, or fi bula, the 
arcuate ligament is sutured back with periosteal 
sutures or through drill holes. Interstitial or trans-
verse tears are repaired in a pants-over-vest fash-
ion. Tendon avulsions of the gastrocnemius, 
biceps, and popliteus are similarly directly 
repaired to their points of normal attachment. In 
Dr Hughston’s approach, postoperatively the 
knee is placed in a long leg cast at 70° of fl exion 
and neutral rotation with the incorporation of a 
pelvic band to prevent adduction stress on the lat-
eral compartment. The cast is removed at 6 weeks 
postoperatively and exchanged for a hinged 
brace. Active extension exercises are also begun. 

Partial weight bearing begins when the knee 
lacks 20° of full extension. The brace is brought 
gradually into full extension and weight bearing 
increased to full. 

 In 1983 Baker et al. [ 2 ] reported on Dr 
Hughston’s results in 13 knees with acute PLRI 
with an average follow-up of over 5 years. One or 
more components of the arcuate ligament com-
plex were injured in all knees. No patient required 
later reconstruction for chronic instability. 
Eighty-fi ve percent of patients returned to athlet-
ics at their pre-injury level. Seventy-seven per-
cent achieved a good objective result at follow-up, 
and 85 % were rated good subjectively. Over the 
same time frame as this study, over 140 patients 
were treated for chronic PLRI emphasizing the 
need for appropriate diagnosis and treatment at 
the time of injury [ 9 ]. Patients with chronic PLRI 
were treated operatively with an anterior and 

ba

  Fig. 27.6    ( a ) Procedure for chronic PLRI. The femoral 
attachments of the lateral gastrocnemius, fi bular collateral 
ligament, and popliteus are released in an osteotomy. 
Sutures are passed in the arcuate ligament posteriorly 
prior to osteotomy fi xation. ( b ) The osteotomized portion 

of bone is fi xated to the femur with a staple after advance-
ment. The arcuate ligament sutures are tied. The lateral 
capsular incision is closed with the distal portion advanced 
as much as possible       
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distal advancement en masse of the arcuate com-
plex on the femur (Figs.  27.6a, b ). At follow-up 
of 2–13 years, 96 knees were evaluated after 
repair for chronic PLRI. Interestingly 71 of these 
patients had undergone a combined total of 112 
prior operations before referral without address-
ing the primary pathology. At follow-up 85 % 
percent achieved a good objective result, and 
78 % were rated good subjectively.

   Currently at the Hughston Clinic, cases of 
acute PLRI managed operatively are treated with 
an approach similar to Dr Hughston’s. Injured 
structures are directly repaired back to their 
attachment sites. The advent of suture anchors 
has certainly improved the security of the repair. 
With midsubstance injuries, or in those cases in 
which a secure direct repair is not possible, a pos-
terolateral corner reconstruction is performed 
with the use of allograft tissue.  

   Conclusion 

 Dr Hughston’s focus on the knee was cen-
tered upon both the functional anatomy and 
the pathological anatomy resulting from the 
various patterns of injury. His teachings of 
knowledge of the mechanism of injury, cor-
relation of the clinical examination with the 
injured structures seen at surgery, and repair 
of the anatomy with close follow-up of 
patients with documentation have provided a 
classifi cation system for management of the 
acute knee ligament injuries. His defi nitions 
of anteromedial (AMRI), anterolateral 
(ALRI), and posterolateral (PLRI) rotatory 
instability provide a framework for commu-
nication and a foundation for future research. 
The vast majority of his practice was prior to 

the successful introduction of ACL recon-
struction  techniques; however, his surgical 
techniques appropriately addressed the rota-
tional instabilities identifi ed at clinical exam-
ination. Certainly his long-term follow-up 
studies remain as a testament to his philoso-
phy. As he eloquently stated “no machines or 
ancillary aids should ever supersede a com-
plete history and physical examination, clini-
cal experience, and good common sense” [ 4 ]. 
Today at the clinic that bears his name, we 
adhere to his teachings of anatomy and diag-
nosis of knee rotatory instabilities. Anatomic 
repair is attempted for acute AMRI and PLRI 
as taught by Dr Hughston. If direct repair is 
not possible, graft reconstruction is under-
taken. Although Dr Hughston addressed 
ALRI with repair of the injured lateral cap-
sule and iliotibial tract, we currently recon-
struct the ACL to correct the rotational 
instability and reserve extra- articular repair/
reconstruction for revision cases with persis-
tent rotatory instability.   
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28.1         Introduction 

 Instability can be defi ned as a ligamentous knee 
injury resulting in a shift from the primary load- 
bearing areas to a different location, resulting in 
overloading of part of the articular cartilage, with 
a change in both static and dynamic loading with 
increased stress through the articular cartilage. 

 The anterior cruciate ligament (ACL) is the 
most commonly injured knee ligament and it is a 
primary constraint to anteroposterior joint trans-
lation, and isolated lesions are uncommon. 
Frequently, other ligamentous structures or the 
menisci are affected, leading to further compro-
mise of joint stability. 

 However, there is a lack of evidence that ACL 
reconstruction or meniscus repair prevents the 
development of osteoarthritis in the long term. 
There is evidence of radiographic osteoarthritic 
changes in 50–80 % of injured knees even after 
adequate ACL reconstruction [ 28 ]. This can be 
due to a persistent excessive tibial rotation during 
demanding activity. 

 A combined damage of the ACL and the pos-
terolateral structures has been associated with 
rotational laxity that leads to a severe positive 
pivot-shift test [ 6 ,  30 ,  36 ]. Other authors have 
also recorded possible evidence of damage to 
these structures along with ACL tears with the 
presence of the Segond fracture that results from 
avulsion of the iliotibilial band (ITB) or the 
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“anterior oblique band” of the lateral collateral 
ligament (LCL) [ 8 ]. Further evidence of the gross 
instability after ACL and lateral structures dam-
age is the lateral tibial subluxation and the subse-
quent “bone bruising” observed on magnetic 
resonance imaging [ 14 ,  42 ]. As Dodds and Amis 
have recently published, these posterolateral 
structures may not have been yet directly identi-
fi ed, but likely act as secondary restraints to the 
pivot-shift test, supplementing the primary 
restraint role of the ACL in anteroposterior laxity, 
with emphasis on rotatory laxity and internal 
rotation [ 2 ,  15 ]. The persistence of this rotatory 
laxity has been reported even after cases of 
uneventful ACL reconstruction, suggesting that a 
single-bundle intra-articular reconstruction may 
not be suffi cient to completely restore rotational 
knee stability in certain patients [ 1 ,  3 ,  35 ,  43 ].  

28.2     Quantifying the Pivot Shift 

 Quantifi cation of the pivot-shift phenomenon can be 
considered one of the major issues facing the ortho-
pedists involved in ACL surgery, both in diagnosis 
and to assess results after surgery. Recent reviews 
have highlighted the importance, in present-day 
clinical practice, of quantifying the pivot-shift 
maneuver during the assessment of ACL injuries 
[ 22 ] and also underlining the different technologies 
that have been developed to this end [ 29 ,  45 ,  46 ]. 

 A noninvasive accelerometer-based method 
to quantify the pivot shift has been described and 
validated, which resulted in reliable and high 
intra-tester repeatability in a controlled setup. 
This quantifi cation instigates the debate on the 
additional structures damaged, other than the 
intra-articular component, and the need to con-
trol especially the rotation after ACL reconstruc-
tion that gave rise to the strategy to combine 
intra- articular ACL reconstruction with extra-
articular plasty [ 48 ]. The main arguments of the 
supporters of this procedure are: (1) the previ-
ously mentioned evidence of the additional 
structures being damaged in ACL tears favors 
that there are additional structures required to be 
addressed in ACL reconstruction, (2) there is the 
strong association of the posterolateral structures 

in controlling internal tibial rotation, and (3) the 
lateral extra- articular plasty is far from the cen-
ter of the knee rotation and provides a greater 
lever arm for controlling pivot-shift test and 
internal rotation than the intra-articular recon-
struction [ 15 ,  34 ]. The rationale behind extra-
articular plasty is therefore to create a restraint in 
internal tibial rotation. 

 Authors who favor the supplementary extra- 
articular plasty to standard ACL reconstruction 
record reduced pivot-shift test results and lateral 
tibial translation [ 13 ,  31 ,  32 ,  47 ], but the intro-
duction of evidence-based inclusion criteria for 
any similar technique as a primary or a revision 
option is diffi cult and remains sporadic and 
empirically based [ 13 ,  15 ,  34 ]. In the current 
authors’ practice, indications for extra-articular 
plasty and supplementing the primary intra-
articular ACL reconstruction are:

    1.    Challenging primary cases where gross pivot- 
shift test is recorded or increased BMI is com-
bined with high-level sports activities   

   2.    Chronic cases of ACL laxity   
   3.    Revision cases of ACL reconstruction, espe-

cially cases where patellar tendon (PT) has 
been used or incorrectly placed   

   4.    Patients with joint hyperlaxity and knee 
recurvatum    

28.3       Surgical Techniques 

28.3.1     Arthroscopic Setting 

 With the patient in the supine position on the oper-
ating table, a pneumatic tourniquet is placed as 
high as possible around the proximal part of the 
thigh. A support is placed laterally at the upper 
level of the knee to stress the joint during 
arthroscopic evaluation. Usually a medial suprapa-
tellar portal is used for the water infl ow, an antero-
lateral viewing portal, and an anteromedial 
working portal. After confi rmation of ACL lesion, 
the tibial insertion area and the intercondylar notch 
are prepared. Any soft tissue in the posterior part 
of the roof that can obstruct the “over-the-top” 
position must be carefully removed as well.  
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28.3.2     Graft Harvesting 

 With the patient’s leg in a fi gure-4 position, the 
pes anserinus is located by following the ham-
string tendons distally to their attachment on the 
anteromedial tibia. A 3 cm transverse incision is 
made over the pes anserinus (2 cm distal and 
1 cm medial to the tibial tubercle). 

 Subcutaneous tissue is then dissected and the 
fascia is incised parallel to the orientation of the 
pes tendons (Fig.  28.1a ). When the gracilis and 
the semitendinosus have been identifi ed, a metic-
ulous dissection of both tendons from their fas-
cial attachments is performed in order to prevent 
premature cutting of the tendons when advanc-
ing the tendon stripper. Both tendons are har-
vested using a blunt tendon stripper (Acufex, 
Microsurgical, Mansfi eld, MA), with knee in 
more than 90° fl exion to facilitate the detachment 
of the tendon. The tibial insertion of both tendons 
is preserved to maintain their neurovascular sup-
ply (Fig.  28.1b ). In order to gain an additional 1 
or 2 two cm in length, the distal attachment of the 
semitendinosus to the adjacent gracilis tendon 
could be dissected, and then the tendons are 
sutured together with three nonabsorbable 
Flexidene No. 2 stitches (Laboratory Bruneau, 
Boulogne Billancourt, France), obtaining a graft 
of 24–28 cm in length.

28.3.3        Tibial Tunnel Preparation 

 Preparation of the tibial tunnel is performed 
under arthroscopic visualization by inserting a 
guide pin on the medial aspect of the tibia through 
the graft harvesting incision (Fig.  28.2 ), directed 
to the medial posterior part of the ACL tibial 
insertion. After reaming the tibial tunnel accord-
ing to ligament diameter (usually 8–9 mm), a 
looped wire passer is inserted from the tibial tun-
nel into the notch and is brought out from the 
anteromedial portal under arthroscopic visualiza-
tion. The edges of the osseous tunnel should be 
accurately smoothened with a motorized shaver.

28.3.4        Over-the-Top Position 

 With the knee positioned at 90° fl exion and the 
foot externally rotated, a 3–5 cm longitudinal 
incision is made directly above the lateral femo-
ral epicondyle (Fig.  28.3 ). The posterior third of 
the iliotibial band is divided and is retracted ante-
riorly. The lateral aspect of the thigh is dissected 
using electrocautery and scissors, in order to 
reach the lateral intermuscular septum, which 
separates the vastus lateralis muscle (above) from 
the lateral head of the gastrocnemius muscle 
(below). When the lateral intermuscular septum 

a b

  Fig. 28.1    After skin incision over pes anserinus and dis-
section of subcutaneous tissue, the fascial incision is made 
parallel to the orientation of the pes tendons ( a ). Both ten-
dons are harvested using a blunt tendon stripper maintain-
ing fi rm tension on the tendon distally and with knee in 

more than 90° fl exion. The harvested tendons are sutured 
together using nonabsorbable stitches at the free end. The 
gracilis and semitendinosus tendons are harvested main-
taining the tibial insertion intact ( b )       
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has been clearly identifi ed, it is possible to reach 
the posterior aspect of the joint capsule by pass-
ing over this structure. If this is not possible, the 
septum can be divided. It is possible to determine 
the correct placement of the “over-the-top” posi-
tion and to protect the posterior structures during 
the next step, by palpating the posterior tubercle 
of the lateral femoral condyle with a fi nger. A 
curved Kelly clamp is passed from the anterome-
dial portal into the notch, and its tip is placed as 

far proximally possible against the posterior part 
of the capsule. After palpating the tip of the 
clamp from the lateral side of the femur just pos-
terior to the intermuscular septum, it is pushed 
through the thin posterior layer of knee capsule, 
reaching the posterior space previously prepared. 
A suture loop is then placed into the tip of the 
clamp (Fig.  28.4 ), pulled anteriorly through the 
anteromedial portal, and placed into the wire 
loop previously inserted in the portal. Pulling the 
wire from the tibial side brings the suture loop at 
the bottom of the tibial tunnel and out from the 
tibial incision.

28.3.5         Graft Placement and Fixation 

 The suture is tied on the free end of the graft and 
pulled through the knee joint. The graft is 
retrieved from the lateral incision (Fig.  28.5 ). A 
groove is made in the lateral aspect of the femur 
just proximally to the start of the lateral condyle, 
allowing the anteriorization of the grafts and the 
achievement of a more isometric position. Once 
the graft is placed in the correct position, it is ten-
sioned and the knee cycled through a full range of 
motion several times to check its stability. Then, 
the graft can be secured to the lateral femoral 

  Fig. 28.2    The tibial tunnel is prepared under arthroscopic 
visualization inserting a guide pin on the medial aspect of 
the tibia through the graft harvesting incision. The guide 
pin is directed to the medial posterior part of the ACL 
tibial insertion. The wire loop is inserted from the tibial 
tunnel into the notch, grasped with a clamp, and brought 
out the anteromedial portal       

  Fig. 28.3    The 3–5 cm incision to reach the over-the-top 
position is performed longitudinally just above the lateral 
femoral condyle, with the knee positioned at 90° of fl ex-
ion and the foot externally rotated       

  Fig. 28.4    A clamp is inserted in the anteromedial portal 
and directed to the notch; with a fi nger in the lateral side 
of the femur just posterior to the intermuscular septum, it 
is possible to palpate the tip of the clamp against the pos-
terior part of the capsule in the over the top position. The 
clamp is pushed through the thin posterior layer of knee 
capsule, reaching the posterior space previously prepared       
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cortex into the groove with two metal staples 
(Fig.  28.6 ) while maintaining the knee at about 
90° of fl exion and the foot externally rotated. 
Putting under tension the remaining part of the 
graft makes it possible to evaluate its length and 
whether or not it is long enough to reach Gerdy’s 
tubercle (GT) in the anterolateral aspect of the 
tibia. If this condition is satisfi ed, a 1–2 cm skin 
and fascia incision is performed just below the 
GT. Then, a small Kelly clamp is passed under 
the fascia from this incision to the lateral femoral 
condyle (Fig.  28.7a ), where the sutures at the end 

of the graft are placed in the tip of the clamp and 
pulled down, emerging from the GT incision. 
The graft is tensioned and the knee is cycled 
again to check the isometry of the lateral tenode-
sis and the freedom of fl exion-extension. Another 
metallic staple is then used to fi x the graft below 
GT to the lateral aspect of the tibia (Fig.  28.7b ). 
An intra-articular drain is threaded through the 
superomedial portal, and additional drains are 
inserted in each wound. The iliotibial tract defect 
is closed, taking care to prevent lateral tilt and 
patellar compression, while the medial fascia 
over the pes anserinus is not closed, in order to 
prevent compartment syndrome

28.4           Rehabilitation Protocol 

28.4.1     First Post-Op Phase 
(Weeks 1–4) 

 Started the day after surgery:

•    Passive range of motion (ROM) restoration, 
both in fl exion and in extension, with continu-
ous passive mobilization (CPM), therapist 
assisted. CPM must be two times a day and it 
starts from a ROM between 10° and 30° of 
fl exion, gradually increased according to 
patient restraint (5–10° per day), in order to 
reach a ROM between 0° and 110° at 3 weeks.  

•   Pain and swelling reduction with cryotherapy.  
•   Muscle atrophy restoration with isometric 

exercise, without knee articulation load.    

 From week 2:

•    Quadriceps electrostimulation  
•   After stitches removal, passive patellar mobi-

lization both horizontally and vertically  
•   1 week after stitch removal, hydro-

kinesotherapy  
•   Restoration of ambulation autonomy    

 In the fi rst days after surgery, no weight bear-
ing is allowed and it is then progressive to become 
partial at the end of week 2. From week 3, there 
is abandon of one crutch (on the operated side) 

  Fig. 28.5    The suture that exits from the tibial tunnel is 
tied on the free end of the graft. Pulling the suture, the 
graft passes through the tibial tunnel and in the knee joint. 
At the end the graft is retrieved from the lateral incision       

  Fig. 28.6    The graft is tensioned with the knee at 90° of 
fl exion and secured with two metal staples on the lateral 
femoral cortex. Putting under tension the remaining part 
of the graft, it is possible to check whether or not it is long 
enough to reach Gerdy’s tubercle in the anterolateral 
aspect of the tibia       
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and then the second to regain full weight bearing 
and autonomy.  

28.4.2     Second Phase (Weeks 5–8) 

 Achievement of the following objectives:

•    Operated knee with no swelling  
•   Complete ROM restoration  
•   Correct ambulation  
•   Muscular trophism restoration and 

strengthening    

 This can be obtained with:

•    Flexion exercises from supine, prone, or sit-
ting position  

•   Isometric exercises and concentric exercises 
against resistance with limited articular 
excursion  

•   Stationary bicycle  
•   Proprioceptive exercises in closed kinetic 

chain, and with balance boards  
•   Freestyle swimming (avoid frog-style)  
•   Hydro-kinesotherapy  
•   Muscular elongation exercises  
•   Running on treadmill at progressive speed, 

exercise duration  
•   Running backwards, in circles, in 8 shapes, 

and with direction changes     

28.4.3     Third Phase (Weeks 9–12) 

•     Complete muscular strength restoration equal 
to the healthy limb, through machine-assisted 
exercises avoiding last 30° of extension, sta-
tionary bike, closed kinetic chain exercises 
until 90° of fl exion, and balance boards 
(improving instability)  

•   Complete regaining of daily activities (driv-
ing, working activity)  

•   Return to sport-specifi c training with inferior- 
to- normal intensity and speed     

28.4.4     Fourth Phase (Weeks 13–20) 

•     Neuromuscular improvement with proprio-
ceptive exercises  

•   Running and coordination restoration (fi eld in 
line running, then soft running uphill, in cir-
cles, and 8 shape running)     

28.4.5     Fifth Phase (Weeks 21–24) 

•     In this phase the athlete starts restoration of 
sport-specifi c gestures, improving strain toler-
ance and resistance (aerobic exercises, running 
with sharp turning, direction changes) and 
gradual return to sport. We recommend return 
to sport not prior to 6 months after surgery.      

a b

  Fig. 28.7    A 1–2 cm skin and fascia incision is performed 
just below Gerdy’s tubercle. A small Kelly clamp is 
passed below the fascia, to the lateral femoral condyle ( a ). 
The sutures at the end of the graft are placed in the tip of 

the clamp and pulled distally. At the end of this maneuver, 
the graft emerges from the Gerdy’s tubercle incision 
where it can be secured with a metal staple ( b )       
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28.5     Discussion 

 The extra-articular plasty was initially performed 
without concomitant intra-articular ACL recon-
struction. The early results were not promising 
mostly because of the failure to restore antero-
posterior stability and the postoperative presence 
of lateral femorotibial degenerative changes [ 9 , 
 30 ,  38 ,  40 ,  41 ]. The main reasons why the inter-
est on these techniques has weakened over 20 
years were that the evolution of all-arthroscopic 
ACL reconstruction was favored over these more 
invasive and less cosmetic techniques, the 
absence of concomitant intra-articular ACL 
reconstruction, the donor-site morbidity, and the 
long rehabilitation protocols that included a 
2-month period of knee immobilization [ 15 ]. 

 When extra-articular plasty was combined with 
intra-articular ACL reconstruction, the results 
were more encouraging. One hundred and forty-
eight patients have been treated with 11.5 years 
follow-up using open intra-articular ACL recon-
struction with patellar tendon and extra-articular 
plasty with the Lemaire technique [ 26 ], and it has 
been recorded that 89 % scored “satisfi ed” or “very 
satisfi ed” in a subjective score [ 12 ]. Using the 
same technique, 251 cases of chronic ACL laxity 
have been treated and it has been recorded that 
83 % had “good” or “excellent” functional results 
[ 11 ]. In another study, no signifi cant differences 
between intra-articular ACL reconstruction and 
additional extra- articular plasty have been found, 
but it has been recorded that extra-articular plasty 
reduced the feeling of “giving way” [ 23 ]. Similarly, 
two other studies found signifi cant increase of sta-
bility when extra- articular plasty was added to 
ACL reconstruction [ 27 ,  37 ]. 

 The rationale behind this combined intra- and 
extra-articular ACL reconstructions with gracilis 
and semitendinosus tendons is to combine into 
one operation the advantages of both methods 
(Table  28.1 ).

   The presence of the extra-articular lateral aug-
mentation protects the graft reducing the load 
applied to the intraarticular portion of the graft. 
An in vitro analysis has shown that the extra- 
articular plasty, when used in combination with 
intra-articular reconstruction, reduces the stress 

on the graft by approximately 43 % [ 20 ]. Other 
researchers showed by navigation in their “in 
vivo” study that the addition of an extra-articular 
tenodesis to single-bundle ACL reconstruction 
may be effective in controlling coupled tibial 
translation during the Lachman test and in reduc-
ing anteroposterior laxity at 90° of fl exion [ 4 ]. 

 The site of femoral fi xation is the key step to 
obtain a good extra-articular plasty. This point cor-
responds to the optimal isometric position, as 
defi ned by Krackow et al. [ 25 ] and Draganich et al. 
[ 16 ,  17 – 19 ]. A study performed in 1992 concluded 
that the role of extra-articular procedures in the 
fi nal outcome is limited [ 39 ]. Although we 
acknowledge that most of ACL injuries can be 
solved by an isolated intra-articular reconstruction, 
we do believe that the importance of extra- articular 
augmentation should be reconsidered [ 40 ]. 

 Successful results were published in a study 
where the authors used an intra-articular recon-
struction with doubled hamstrings graft and an 
extra-articular reconstruction by a modifi cation 
of the MacIntosh procedure for ACL revision 
cases [ 21 ]. Marcacci et al. reported the long-term 
results of their non-anatomic over-the-top ACL 
reconstruction combined with lateral tenodesis 
using hamstrings graft [ 33 ]. The authors recom-
mended the technique for primary ACL recon-
struction since they recorded that 90 % of 54 
consecutive cases scored “good” or “excellent” 
results in IKDC after an average of 11 years [ 33 ]. 
In another study, the same non-anatomic over- 
the- top technique using allograft tendons has 
been utilized, for multiple-revision ACL recon-
struction, reporting “good” or “excellent” results 
in 83 % of patients and 92 % with “normal” to 
“nearly normal” pivot-shift test [ 5 ]. Also, the 

   Table 28.1    Principles at the basis of intra- and extra- 
articular procedures   

 1. To increase the tensile strength of the reconstruction 
using two grafts 

 2. To protect the intra-articular reconstruction from 
excessive loads, especially in the rehabilitation period 

 3. To better control rotation laterally, especially in 
some complex cases as revision ACL surgery 

 4. To leave the extensor apparatus of the knee 
undisturbed 
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results of ACL revision with additional lateral 
plasty have been reported, showing better results 
in terms of stability and failure rate compared to 
isolated intra-articular reconstruction [ 44 ]. 

 Apart from the graft choice and its versatile 
course until its usual fi nal insertion in the lateral 
femoral condyle, most of these authors agree 
that the critical point for the success of the 
extra- articular plasty is the point of femoral fi x-
ation [ 15 ,  34 ]. This has been defi ned to be 
located slightly posteriorly and proximally to 
the femoral insertion of the LCL [ 7 ,  16 ,  25 ]. 
Colombet published a technique where naviga-
tion was used in order to facilitate the identifi ca-
tion of this femoral insertion point [ 10 ]. 
Although the over-the- top position does not 
allow an exact anatomic reconstruction, it has 
been shown in a prospective study there are no 
signifi cant clinical differences between patients 
who underwent hamstring ACL reconstruction 
using the “over-the-top” technique and patients 
who had femoral graft placement through femo-
ral condylar tunnel [ 24 ]. The fi rst technique is 
highly reproducible and eliminates the risk of 
surgical error associated with placement of the 
femoral tunnel (especially for not experienced 
knee surgeons). Moreover this extra- articular 
procedure does not damage any lateral struc-
tures commonly used in other extra-articular 
augmentation procedures (like the iliotibial 
band). Another benefi t of this technique is the 
need of only three titanium staples for graft fi xa-
tion, which results in a reduction of surgical 
costs. This fast and cheap technique is also a 
simple solution for revision cases, eliminating 
the issues of management of femoral tunnel mal-
position, presence of intra-articular hardware, or 
tunnel enlargement. As previously showed by 
Zaffagnini et al. [ 45 ] in a prospective random-
ized fashion, a simple intra-articular procedure 
combined with an extra-articular augmentation 
may achieve better results in maintaining rota-
tional control with less risk of technical error 
and better clinical results than a single-bundle 
ACL reconstruction (either PT or hamstring). 
More recently, the same group compared dou-
ble-bundle ACL reconstruction versus single-
bundle ACL reconstruction with extra-articular 

plasty and recorded that the latter resulted in bet-
ter control of static knee laxity, reduced medio-
lateral instability in early fl exion, and reduced 
rotatory instability at 90° of fl exion [ 47 ]. 

  Conclusion 

 The highly satisfactory results obtained 
over the time with the above-reported tech-
niques show that a combination of intra- and 
extra-articular procedures for ACL recon-
struction is a valid surgical option in the 
ACL-defi cient knee given that the appropri-
ate indications are followed. More recent 
literature demonstrated in vitro and in vivo 
the effi cacy of the extra-articular plasty in 
limiting rotatory knee instability as a result 
of ACL lesion and in improving fi nal clini-
cal results. ACL ruptures need to be well 
documented and need an objective preoper-
ative laxity evaluation to properly identify 
which knee necessitates an extraarticular 
reconstruction combined with intrarticular 
ACL reconstruction. More insight on the 
anatomical and biomechanical features of 
anterolateral compartment will allow a more 
anatomical reconstruction. The long-term 
effect of these new procedures still needs a 
long-term clinical evaluation.      
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29.1          Introduction 

 Anterior cruciate ligament reconstruction 
(ACLR) is one of the most common orthopedic 
surgical procedures performed. With modern 
arthroscopic techniques, good patient-reported 
outcomes have been typically reported. However, 
return to high-level sport has been reported as 
low as 63 % at 2 years [ 1 ]. One contributing rea-
son could be the inability of the conventional 
ACLR to reliably restore normal tibial rotational 
kinematics. 

 Various methods of lateral extra-articular teno-
desis (LET) were introduced over 40 years ago. 
These methods were developed as the biomechani-
cal understanding of anterior cruciate ligament 
(ACL) injury improved, specifi cally the lack of 
anterolateral rotational stability in an ACL-defi cient 
knee. Concerns with the resultant biomechanics, 
specifi cally of over-constraint and outcomes of LET 
procedures of the past, along with improvements in 
intra-articular ACLR techniques led to a departure 
from the LET procedure in isolation. Due to the 
aforementioned concerns with current ACLR out-
comes, there is a renewed interest in performing 
LET as an adjunct procedure.  
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29.2     Anatomical 
and Biomechanical Rationale 
for the Lateral Extra-articular 
Tenodesis 

29.2.1     Anatomy 

 The ACL is a primary restraint to anterior transla-
tion and contributes to the restraint of internal 
tibial rotation and varus/valgus laxity. It has been 
described as being comprised of two bundles, 
each having a different kinematic role – the 
anteromedial and posterolateral bundles are taut 
in fl exion and extension, respectively. The non-
contact mechanism of injury involves a combina-
tion of forces, but has been described as similar 
to those forces involved in the pivot shift test – an 
axial load on the lateral compartment with a val-
gus force as the knee moves from fl exion to 
extension [ 2 ]. This mechanism results in the 
pathognomonic bone bruising of the posterior 
aspect of the lateral tibial plateau and anterolat-
eral lateral femoral condyle that is seen on mag-
netic resonance imaging. 

 The mechanism of injury in an “isolated” 
ACL rupture often results in additional injuries 
to soft tissue structures including the lateral 
capsuloligamentous structures, among several 
others. Recent anatomical studies have identi-
fi ed the anterolateral ligament (ALL) 
(Fig.  29.1 ) as a discrete lateral structure that 
acts as a secondary stabilizer to internal tibial 
rotation [ 3 – 6 ]. There have been several studies 
in the past that have implicated various struc-
tures on the lateral side of the knee and identi-
fi ed them as having an important role in 
restraining anterolateral rotational laxity [ 3 ,  5 , 
 7 – 10 ]. The pathognomonic Segond fracture 
was originally hypothesized to be an avulsion 
of the middle third of the lateral capsular liga-
ment [ 11 ]. Norwood et al. [ 12 ] identifi ed the 
lateral capsular ligament and/or iliotibial band 
injuries in 32 of 36 knees with acute anterolat-
eral rotatory instability. It would seem that 
many of the structures identifi ed in previous 
studies may be synonymous with the ALL, and 
it is now with modern techniques in imaging 
and histology that investigators are able to 
more accurately characterize this structure [ 6 ]. 

A recent study has confi rmed the ALL to be 
associated with the Segond fracture [ 13 ].

   It should be noted that the ALL is not the only 
structure that has an effect on rotational control. 
Posterior root tears of the lateral meniscus and 
meniscocapsular separations of the medial menis-
cus both impact the degree of rotational laxity in 
an ACL-defi cient knee [ 14 – 16 ]. The iliotibial 
band (ITB) has also been shown to have an impact 
on the control of anterolateral rotation since it 
attaches to Gerdy’s tubercle. In particular, recent 
research would suggest that the capsulo- osseous 
layer of the ITB, attaching proximally from the 
posterior Kaplan fi bers on the distal femur to dis-
tally on the posterior aspect of Gerdy’s tubercle 
[ 17 ], is a major contributor to anterolateral rota-
tional control. We can therefore surmise that 
anterolateral rotational control is provided by a 
combination of intra- and extra- articular struc-
tures, with the ACL, lateral meniscus, ITB, and 
ALL working in unison. Furthermore, ACL injury 
may therefore result in a combination of injuries 
to these important structures. It is important, 
therefore, to look for peripheral injuries in addi-
tion to the ACL and address these as appropriate.  

29.2.2     Biomechanics and Results 
of ACLR 

 The conventional intra-articular ACLR is typi-
cally successful at reducing anterior tibial transla-
tion and less so at controlling rotational stability. 
Recent advancements in ACLR techniques have 
aimed to restore normal knee kinematics, with 
varying degrees of success. Double-bundle ACLR 
techniques have increased the complexity of the 
surgery, and although biomechanical studies sug-
gest the additional posterolateral bundle helps 
control rotational laxity [ 18 ,  19 ], clinical studies 
have not shown any signifi cant benefi t over tradi-
tional single-bundle techniques [ 20 ]. The ana-
tomic single-bundle ACLR is the most recent 
technique development. This places the femoral 
tunnel within the ACL footprint and results in a 
lower graft position with a more oblique angle 
than previous single-bundle techniques [ 21 ]. 
Theoretically, increased graft obliquity should 
provide a biomechanical advantage for control-
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ling tibial rotation [ 22 ]. There is a growing body 
of literature supporting the improved rotational 
control and patient-reported outcomes of a more 
oblique graft position [ 23 – 26 ] and, furthermore, 
an anatomic single-bundle ACLR [ 27 – 29 ]. 

 However, the clinical outcomes of current 
ACLR techniques have shown some concerning 
issues. The rate of reinjury in patients under the age 
of 20 may be as high as 20 % [ 30 – 33 ], with many 
studies reporting a high incidence of persistent 
rotational laxity as measured by the pivot shift test. 
It is known that a positive pivot shift test correlates 
with decreased patient satisfaction and increased 
functional instability [ 23 ,  34 ,  35 ], with a growing 
body of literature emerging that shows current 
ACLR techniques are not effective at reducing 
rotational laxity [ 32 ]. Furthermore, rates of return 
to sport to a pre-injury level may be as low as 63 %, 
while return to competitive sport is even lower at 
44 % [ 1 ]. Lastly, the incidence and severity of post-
operative posttraumatic osteoarthritis (PTOA) 

seem to be higher in ACLR knees compared to the 
uninjured side [ 36 ]; however, direct causation is 
unclear. A positive pivot shift may be predictive of 
abnormal articular cartilage contact stress and the 
subsequent  development of increased wear [ 37 ]; 
however, the molecular events that occur at the 
time of injury are most likely to be the primary fac-
tor in PTOA development [ 38 ,  39 ]. 

 Although current ACLR techniques do have 
good patient-reported outcomes [ 36 ], it is evident 
that there is a lack of consistent restoration of rota-
tional control, and clinical issues remain. Many 
authors hypothesize that these clinical issues may 
be mitigated by addressing the rotational laxity.  

29.2.3     Biomechanics of LET 

 LET techniques were developed to recreate the 
anterolateral capsular structures to address the 
laxity present in an ACL-defi cient knee [ 40 ], 
prior to the development of intra-articular ACLR 
procedures. Theoretically, it is thought that an 
extra-articular reconstruction has a biomechani-
cal advantage over an intra-articular reconstruc-
tion with regard to anterolateral rotational 
control. The longer lever arm exerted by the 
peripherally based extra-articular reconstruction 
would theoretically be more able to resist torque. 
Ellison [ 41 ] described the ACL as “the hub of the 
wheel” and suggested that “it is easier to control 
rotation of a wheel at its rim than at its hub.” 

 The LET has also been shown to protect the 
ACL graft. As previously mentioned, the obliq-
uity of the graft is increased in the anatomic 
ACLR technique. This may expose the graft to 
higher than normal forces since it should theo-
retically resist more rotational torques [ 27 ]. This 
could lead to graft failure due to stretching or 
rupture. In a cadaver model, an LET has been 
shown to decrease the stress on an ACL graft by 
43 % [ 42 ]. A cadaver model has also shown a 
load-sharing relationship between an intra- 
articular ACLR and an LET during both anterior 
translation and internal rotation [ 43 ]. Similar 
benefi ts have been seen in an in vivo model. At 
the time of surgery, LET added to a single-bundle 
ACLR was shown to signifi cantly reduce tibial 
internal rotation compared to a single-bundle 

  Fig. 29.1    Gross anatomy of the anterolateral 
aspect of the knee. The ALL is highlighted. 
Reprinted with permission from the American 
Journal of Sports Medicine       

 

29 ACL and Extra-articular Tenodesis



344

ACLR alone or a double-bundle ACLR [ 44 ]. 
Zaffagnini et al. [ 45 ] also showed patients had 
improved restraint to internal tibial rotation at 
90° fl exion in addition to improved varus-valgus 
laxity in full extension. 

 The biomechanics and reconstruction of the 
lateral side of the knee has been more rigorously 
investigated in recent years. The renewed inter-
est in the ALL resulted in the development of an 
anatomic ALL reconstruction with the goal of 
restoring rotational stability. Biomechanical 
testing has shown that the ALL does play a role 
in controlling anterolateral rotatory laxity; how-
ever, its clinical effect may be small. In a recent 
study by Spencer et al. [ 46 ], sectioning the ALL 
in a cadaveric ACL-defi cient knee resulted in a 
signifi cant increase in internal rotation during a 
simulated pivot shift maneuver, though the 
increase was only 2° and may not prove to be 
clinically signifi cant. Furthermore, reconstruc-
tion of the ALL using the previously described 
technique did not restore the kinematics of the 
native ALL intact state. However, when an LET 
was performed utilizing a strip of the ITB and 
routing it under the fi bular collateral ligament 
(FCL) attaching it to the distal femoral metaph-
ysis (modifi ed Lemaire technique), this resulted 
in a signifi cant reduction in anterior translation 
and internal rotation in the ACL-defi cient state. 
This study showed that the LET was superior to 
the anatomic ALL reconstruction, which may be 
in part due to issues with the position of the 
femoral attachment and tensioning of the latter 
structure.   

29.3     Clinical Results of the LET 

29.3.1     Isolated LET Procedures 

 Several methods for LET procedures have been 
developed, and initially, these procedures were 
done in isolation without addressing the ACL 
(Figs.  29.2 ,  29.3 ,  29.4 , and  29.5 ). The original 
Lemaire technique was described in 1967 and 
used an 18 cm × 1 cm strip of IT band [ 47 ]. It was 
left attached at Gerdy’s tubercle, passed under 
the fi bular collateral ligament (FCL), and secured 

in a bone tunnel proximal to the FCL femoral 
insertion. The graft was then passed back dis-
tally and secured in a second tunnel at Gerdy’s 
tubercle. Losee described passing the IT band 
from anterior to posterior through a femoral tun-
nel, around the arcuate complex, under the FCL, 

FCL

ITB

  Fig. 29.2    The Lemaire procedure. A) and B) show the 
original description by Lemaire, utilizing a strip of IT 
band left attached on Gerdy’s and passed through a bone 
tunnel proximal and deep to the FCL origin on the femur; 
C) shows the modifi cation by Neyret et al., where a graci-
lis graft is pulled through the bone block of a bone-patella 
tendon-bone ACL graft which is introduced into the knee 
from outside in.  The gracilis graft is then fi xed to Gerdy’s 
Tubercle via a bone tunnel       

  Fig. 29.3    The Losee procedure       
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and attaching it to Gerdy’s tubercle with a staple 
[ 48 ]. The Ellison procedure, described in 1979, 
harvested an IT band graft from Gerdy’s tubercle 
with a bone plug and passed it under the proxi-
mal aspect of the FCL before stapling the bone 
plug anterior to Gerdy’s tubercle [ 49 ]. The 
MacIntosh procedure was described in 1980 and 
was similar to the Lemaire procedure [ 50 ]. The 
graft was passed on the femoral side through a 
subperiosteal tunnel posterior to the FCL origin 
and looped behind the lateral intermuscular sep-
tum before being passed distally again. A modi-
fi cation of the MacIntosh procedure looped the 
IT band graft around the lateral femoral condyle 
and intra- articular through a tunnel in the tibia 
(MacIntosh 2). Another MacIntosh iteration 
took a strip of the quadriceps-patellar tendon 
dissected off the anterior patella, left it attached 
distally, passed the graft through the notch, and 
secured it to the lateral aspect of the femur [ 51 ]. 
The Andrews “mini-reconstruction” was pub-
lished in 1983 and split the IT band longitudi-
nally before tenodesing part of it to the lateral 
femur [ 52 ].

29.3.2           Results of Isolated LET 
Procedures 

 Results for the various isolated LET procedures 
have been generally poor. Patient satisfaction in 
terms of good to excellent results has been 
reported at rates of as low as 57–63 % for the 
Ellison procedure [ 53 ,  54 ] and 52 % for the 
Lemaire procedure [ 55 ]. Return to previous 
level of sport was seen in less than half of 
patients with a MacIntosh procedure despite a 
negative pivot shift in 84 % of patients [ 50 ]. 
Objective testing of the pivot shift in isolated 
LET procedures usually found a positive result 
more often than not [ 53 ,  55 ]. Andrews (1983) 
was able to report 94 % objectively acceptable 
and 91 % subjectively acceptable results with 
his technique [ 52 ]. Unfortunately, given the 
body of results of other isolated procedure stud-
ies, these results are looked upon with hesita-
tion since they came from an era of nonvalidated 
scoring systems [ 56 ]. 

  Fig. 29.4    The Ellison procedure       

  Fig. 29.5    The MacIntosh procedure       
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 In addition to the poor clinical outcomes, there 
were other concerns that led to the abandonment 
of the isolated LET. The nonanatomic nature of 
LET procedures was thought to result in poor knee 
kinematics. Several studies have shown over-con-
straint in the form of abnormal resting tibial posi-
tion in external rotation [ 42 ,  57 – 59 ]. However, this 
is likely a result of  tensioning the LET graft in 
excessive external rotation [ 60 ]. There was also 
concern about this over-constraint possibly predis-
posing patients to osteoarthritis (OA) of the lateral 
compartment. However, the evidence supporting 
this relationship is underwhelming [ 57 ].  

29.3.3     Combined LET Procedures 

 As arthroscopic ACLR techniques improved and 
became the gold standard, surgeons experimented 
with the LET as an adjunctive procedure. Some 
surgeons employed the MacIntosh or Lemaire pro-
cedure to compliment intra-articular graft recon-
struction [ 61 – 65 ]. Marcacci developed a technique 
in 1992 that used hamstring grafts to reconstruct 
both the ACL and lateral reconstruction [ 66 ]. After 
passing the ACL portion of the graft, it is then 
brought through the “over the top” position, passed 
deep to the IT band and over the FCL down to 
Gerdy’s tubercle where it is secured. Colombet 
employed a similar technique, but instead of the 
“over the top” position, the graft was passed 
through a femoral tunnel from the anteromedial 
bundle of the ACL to a point 1 cm proximal and 
posterior to the “femoral lateral tubercle” [ 67 ].  

29.3.4     Results of Combined LET 
Procedures 

 Results for combined intra-articular ACLR and 
LET procedures have been more promising. A 
meta-analysis of 29 articles revealed a statistically 
signifi cant reduction in the pivot shift in favor of a 
combination ACLR + LET compared to ACLR 
alone [ 68 ]. No signifi cant difference was seen in 
anterior translation as measured by KT1000/2000 
arthrometry or in International Knee Documentation 
Committee scores. The meta-analysis also 

 highlights the amount of heterogeneity in the stud-
ies as several factors were different including type 
of ACL graft (bone- patellar tendon-bone (BTB) vs 
hamstring tendon (HT)) and method of LET. Over-
constraint has not been shown in cadaver studies 
[ 43 ], and similarly, clinical studies have failed to 
show an increased risk of lateral compartment 
OA – even with the LET graft tensioned with tibial 
external rotation [ 69 ,  70 ].   

29.4     The Fowler Kennedy 
Approach 

29.4.1     Indications 

 The current practice at our institution is to per-
form an isolated ACLR in most primary cases 
with either a BTB or HT autograft. The addition 
of an LET procedure is considered in the setting 
of a revision ACLR where no other signifi cant 
pathology needs to be addressed (i.e., posterolat-
eral corner, medial collateral ligament recon-
struction, meniscus transplantation, etc.) and 
particularly if allograft is being used. This is 
supported in a study by Trojani et al. [ 71 ] where 
a negative pivot shift was found in 80 % of revi-
sion patients receiving an LET augment com-
pared to 63 % in ACLR alone. There are no clear 
indications for LET in the primary setting. 
However, consideration is given to patients who 
present with a combination of specifi c (see Fact 
Box  29.1 ) risk factors, in which case the senior 
author (AG) may recommend the additional pro-
cedure due to perceived increased risk of graft 
failure. 

  Fact Box 1: Risk Factors to Consider for 

Addition of LET 

•     Grade 2 or 3 pivot shift (high-grade 
rotational laxity)  

•   Young age <25 years  
•   Generalized ligamentous laxity  
•   Genu recurvatum >10°  
•   Returning to pivoting sport (i.e., soccer, 

basketball)    
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  Others have proposed an individualized treat-
ment algorithm for treating ACL ruptures based on 
the constellation of concomitant injuries [ 72 ]. 
Musahl suggests consideration of LET in a patient 
with a grade 2 or 3 pivot shift test in the absence of 
a meniscus or collateral ligament injury. In these 
cases, permanent capsular strain, generalized liga-
mentous laxity, or underlying morphologic abnor-
malities may be the cause for the abnormal pivot 
shift. Lerat et al. [ 73 ] suggest that patients with 
differential translation of the lateral side of the 
knee during the Lachman test (i.e., obvious inter-
nal rotation during anterior translation) may bene-
fi t from LET. Lording et al. [ 74 ] suggest that a 
signifi cant injury to the medial meniscus may be 
another indication given the fact its loss increases 
stress within the ACL graft and negatively affects 
postoperative knee stability [ 75 ,  76 ].  

29.4.2     Surgical Technique (Fig.  29.6 ) 

    Following the fi nal tensioning of the ACLR, a 
modifi ed Lemaire procedure is performed [ 77 , 
 78 ]. A 6 cm curvilinear incision is placed just 
posterior to the lateral femoral epicondyle. The 
posterior border of the ITB is identifi ed and freed 
of any fascial attachments to the level of Gerdy’s 
tubercle. An 8 cm long × 1 cm wide strip of ITB 
is harvested from the posterior half of the ITB, 
ensuring that the most posterior fi bers of the 
capsulo- osseous layer remain intact. It is left 
attached distally at Gerdy’s tubercle, freed of any 
deep attachments to vastus lateralis, released 
proximally, and a #1 Vicryl whip stitch is placed 
in the free end of the graft. The FCL is then iden-
tifi ed. Small capsular incisions are made anterior 
and posterior to the proximal portion of the liga-
ment, and Metzenbaum scissors are placed deep 
to the FCL to bluntly dissect out a tract for graft 
passage. An attempt is made to remain extracap-
sular while ensuring there is no iatrogenic dam-
age to the popliteus. The ITB graft is then passed 
beneath the FCL from distal to proximal. The 
lateral femoral supracondylar area is then cleared 
of the small fat pad found proximal to the lateral 
head of the gastrocnemius using electrocautery. 
The attachment site should be identifi ed just 

anterior and proximal to the lateral gastrocne-
mius tendon. The periosteum is cleared using a 
cob on the metaphyseal fl are of the lateral femo-
ral condyle. Care is taken not to damage ACL 
femoral fi xation as the suspensory loop button is 
often found close to this location. The graft is 
then held taut but not over-tensioned, with the 
knee at 60° fl exion and the foot in neutral rotation 
to avoid lateral compartment over-constraint. The 
graft is secured using a small Richards staple and 
then folded back distally and sutured to itself 
using the #1 Vicryl whip stitch. The wound is 
irrigated, hemostasis is confi rmed, and closure is 
performed in layers. We do not close the poste-
rior aspect of the ITB where the graft was har-
vested from to avoid over-tightening the lateral 
patellofemoral joint. Postoperative rehabilitation 
is the same as for any ACLR and weight bearing, 
and range of motion is performed as tolerated so 
long as there is no signifi cant meniscal repair. 

29.4.3      Future Directions 

 The role of LET will become more clear as stud-
ies more accurately identify those patients who 
are at an increased risk of failure with an isolated 
ACLR. Many risk factors are known with regard 
to graft rupture and ACLR failure. Young age, 
female sex, use of allograft, concomitant injuries 
(loss of medial meniscus), and return to high-risk 
sport involving pivoting or jumping have all been 

 Fact Box 2: Technical Pearl 

 Place the leg in the fi gure-4 position to 
place the fi bular collateral ligament under 
tension to help identify it in order to pass 
the LET graft deep to it. 

 Fact Box 3: Technical Pearl 

 Apply minimal tension to the LET graft 
during fi xation and secure it with the knee 
at 60° of fl exion and the foot in neutral 
rotation to avoid over-constraint. 
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implicated as possible causes of failure [ 30 ,  79 –
 81 ]. It will take well-designed studies to deter-
mine who, if anyone, will benefi t most from an 
adjunctive LET procedure. 

 Our center is currently leading a multicenter 
randomized clinical trial aimed at determining 
if there is a clinical benefi t to performing LET 
in the primary setting in high-risk patients 
[ 82 ]. The STAbiLiTY (Standard ACL 

Reconstruction vs ACL + Lateral Extra-
Articular Tenodesis) study has been enrolling 
patients at eight centers in Canada and Europe 
since January 2014 and is aiming to recruit 600 
participants. Patients are included if they are 
under the age of 25 and have any two of the 
following characteristics: greater than a grade 
2 pivot shift, participation in a pivoting sport, 
or generalized ligamentous laxity. Two-year 

a

c

e f
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  Fig. 29.6    Surgical technique of the Modifi ed Lemaire LET. A) A 6 cm curvilinear incision (dotted line) is placed just 
posterior to the lateral femoral epicondyle; B & C) An 8cm long x 1cm wide strip of ITB is harvested from the posterior 
half of the ITB, ensuring that the most posterior fi bers of the capsuloosseous layer remain intact; D) The FCL is identi-
fi ed and the ITB graft is then passed beneath the FCL from distal to proximal; E) The attachment site should be identi-
fi ed just anterior and proximal to the lateral gastrocnemius tendon. The graft is fi xed with a small Richards staple, held 
taught but not over tensioned, with the knee at 60 degrees fl exion and the foot in neutral rotation to avoid lateral com-
partment over-constraint; F) The graft is sutured back on itself and the ITB is left open to avoid over tightening the 
lateral retinaculaum       
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follow-up will be performed with a primary 
outcome of graft failure, which is defi ned as 
instability requiring revision surgery or a 
 positive pivot shift test. 

   Conclusion 

 Recent research has demonstrated the com-
bined roles of the ACL, lateral meniscus 
posterior root, ALL, and ITB in controlling 
anterolateral rotation and the pivot shift. 
While the ALL has received signifi cant 
attention, it is likely that the high-grade rota-
tional laxity that results from an ACL injury 
is a combination of injury to many of these 
structures. The literature supports the bio-
mechanical benefi ts of providing an extra- 
articular restraint to internal tibial rotation. 
LET is widely accepted in the European 
orthopedic community and is beginning to 
be recognized in North America as a useful 
adjunct to current ACLR techniques in cer-
tain patient populations. With modern tech-
niques, it is a low-morbidity procedure with 
minimal complications. However, more clin-
ical studies are needed to determine the par-
ticular patient population that may best 
benefi t from receiving the additional proce-
dure and if this will confer any benefi t in the 
medium to long term.       
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30.1         Introduction 

 Data from anterior cruciate ligament (ACL) regis-
tries demonstrate that ACL tears are associated in 
47–61 % with meniscal lesions [ 1 ,  17 ]. The most 
common intra-articular lesion associated with 
ACL ruptures involves the posterior horn of medial 
meniscus (MM) [ 26 ]. Specifi c types of MM 
lesions, such as meniscosynovial or meniscocap-
sular tears, cannot be diagnosed arthroscopically 
from the anterior compartment. These lesions 
were described in the 1980s by Hamberg [ 18 ] and 
Strobel [ 36 ], who called them “ramp” lesions [ 33 ]. 
Increased attention has been paid to this entity 
over the last few years [ 3 ,  9 ,  23 ,  32 ]. It has been 
shown that they are associated with ACL tears in 
9–17 %, and they cannot be recognized on preop-
erative magnetic resonance imaging (MRI) scans 
[ 9 ,  23 ,  32 ]. In order to visualize them properly, the 
posterior compartment requires inspection. 
Various methods have been described to improve 
the visualization of the posteromedial corner of the 
knee [ 6 ,  8 ,  13 ,  15 ,  22 ,  23 ,  37 ]. Furthermore, sev-
eral techniques and good clinical results have been 
described for meniscal repairs via an additional 
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posteromedial portal [ 3 ,  4 ,  25 ,  28 ]. Among the 
arthroscopic techniques, the all-inside repair 
through a standard anterior portal with meniscal 
suture anchor implants has increased in popularity 
as a result of its easy application [ 21 ]. Despite this, 
complications have been reported with these 
devices [ 35 ]. Biomechanically, the horizontal 
sutures of these devices have inferior strength 
when compared to the vertical sutures [ 7 ]. Morgan 
described the vertical suture of the posterior seg-
ment of the MM through a posteromedial portal 
with a suture hook, but this technique fell out of 
favor possibly because of its technical challenge 
[ 25 ]. However, a better healing rate for posterior 
horn MM lesions may be expected with better 
visualization, allowing for an improved diagnosis 
and an improved quality of the debridement prior 
to the repair and the control of a complete closure 
of the lesion through a posteromedial portal with a 
simple vertical suture [ 34 ].  

30.2     Anatomy 

 Anatomically, the circumferential collagen fi bers 
of the medial meniscal body are prolonged poste-
riorly to the meniscotibial ligament, which attaches 
to the subchondral bone of the tibia distal to the 
joint space. This structure represents a fi brocarti-
laginous transitional zone, possibly assisting with 
the progressive stiffness transition between liga-
mentous and bony tissues. The posterior horn is 
well attached to the tibia, preventing its posterior 
displacement during knee motion. Damage to the 
posterior part, involving the posteromedial corner 
and/or the posterior meniscotibial ligament, could 
lead to instability of the posterior horn [ 24 ]. One 
can hypothesize that hidden lesions represent an 
injury to the meniscotibial ligament (Fig.  30.1 ) 
which may be suspected, but not confi rmed, from 
an anterior portal by visualization.

30.3        Diagnostic 

30.3.1     Historical Background 

 Multiple studies have shown a high tear rate of 
the posterior horn of the MM in ACL-defi cient 

knees. Several of them have also shown that the 
majority of errors in arthroscopic diagnosis 
result from the failure to recognize peripheral 
posterior horn tears of the medial meniscus, 
which are not adequately visualized from ante-
rior portals [ 14 ,  16 ,  19 ,  20 ,  37 ]. Ireland et al. 
[ 19 ] demonstrated a 5.8 % incidence of failure 
to diagnose tears of the posterior horn of the 
MM in a series of 135 knee arthroscopies and 
emphasized the diffi culty in visualizing the 
posterior third of the MM, as a result of obstruc-
tion by the medial femoral condyle. Gillies 
et al. [ 14 ] reported a 14 % and Kimori et al. [ 20 ] 
a 15 % incidence of overlooked MM posterior 
horn tears at arthroscopy. Bollen et al. [ 9 ] 
recently described a series of meniscocapsular 
lesions, which could be diagnosed only with a 
systematic inspection of the posterior compart-
ment. These lesions were associated with ACL 
injuries and were present in 9.3 % of his pro-
spective series of 183 ACL reconstructions. A 
combined mild anteromedial rotatory sublux-
ation was suspected in this group. Liu et al. [ 23 ] 
described a prevalence of 16.6 % in a series of 
868 consecutive arthroscopic ACL reconstruc-
tions. This corresponds exactly to the rate of 
the lesions we identifi ed through direct visual-
ization and probing of the posteromedial 
compartment.   

30.3.2     Arthroscopy Technique 

 A systematic arthroscopic exploration of the 
medial meniscus was performed in three steps 
with a classic 30° arthroscope [ 23 ]:

•    Step 1, standard arthroscopic exploration: 
 The presence of a meniscal tear and its pattern 
was evaluated through standard anterior visu-
alization via an anterolateral portal with 
meticulous probing of the meniscal tissue 
(Fig.  30.2a ).

 Fact Box 1 

 Hidden MM lesions are associated with 
ACL tears in 9–17 % of cases. 
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•      Step 2, posteromedial compartment 
exploration: 

•  To gain access to the posteromedial com-
partment, the arthroscope was introduced 
through the anterolateral portal deeply into 
the notch and underneath the posterior cruci-
ate ligament. Sometimes the help of a blunt 
trocar was necessary if the passage of the 
camera was diffi cult. In this position, the 
optical lens was rotated to allow for a good 
visualization of the posteromedial compart-
ment and especially the meniscocapsular 
junction to assess the presence of a ramp 
lesion. A 70° arthroscope was not required 
in any of the cases.  

•   Step 3, posteromedial portal: 

•  A standard posteromedial portal was cre-
ated under direct arthroscopic visualization 
of the posteromedial capsule. The entry 
point was localized with a needle to fi nd the 
safe entry point, after which a skin incision 
and subcutaneous dissection were per-
formed. The portal entry was just above the 
meniscus, proximal to the medial femoral 
condyle. The posterior horn of the MM was 
explored with a needle or a probe to detect 
an eventual ramp lesion (Fig.  30.2b ). The 
posterior horn could be directly visualized 
by switching the arthroscope to the postero-
medial portal. A minimal debridement of a 
superfi cial soft-tissue layer with a motor-
ized shaver could discover the tear. This 

Synovial sheat

Meniscotibial ligament

“Hidden lesion”

Meniscotibial
ligament
disruption

  Fig. 30.1    Hidden 
lesion of the posterior 
horn of the medial 
meniscus       
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type of lesion was called a “hidden lesion” 
(Fig.  30.2c, d ).    

  125 meniscus tears were diagnosed using 
the three arthroscopic steps described above ; 
75 (60 %) medial meniscal body lesions were 
diagnosed through standard anterior portal 
exploration, 29 (23.2 %) ramp lesions were 
diagnosed at posteromedial compartment 
exploration, and 21 (16.8 %) were discovered 
at step 3 by probing the tear through a postero-
medial portal and after a minimal debridement 
of a superficial soft-tissue layer with a motor-
ized shaver [ 34 ].    

a b

c d

  Fig. 30.2     (a ) Anterior translation of the posterior horn of 
the medial meniscus during anterior probing, ( b ) visual-
ization of the posterior compartment, and exploration of a 

superfi cial layer with a needle, ( c ) after a minimal debride-
ment, ( d ) and discovery of a “hidden” lesion of the medial 
meniscus       

 Fact Box 2: Exploration of the MM 

•     Step 1, standard anterior arthroscopic 
exploration: 
 Discovery of 60 % of the MM lesions  

•   Step 2, exploration of the posteromedial 
compartment through the anterolateral 
portal deeply into the notch and under-
neath the posterior cruciate ligament: 
 Discovery of 23 % of the MM lesions  

•   Step 3: through a posteromedial portal, 
a needle or a probe is used to detect a 
ramp lesion: 
 Discovery of 17 % of the MM lesions    
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30.4     Classifi cation 

 We propose a classifi cation for medial menisco-
capsular tears. Type 1 is ramp lesion behind the 
meniscotibial ligament with low mobility at prob-
ing. Type 2 is a partial superior lesion in front of 
the meniscotibial ligament with low mobility at 
probing. Type 3 is a partial inferior lesion (hidden 
lesion) with high mobility at  probing. Type 4 is a 
complete lesion with very high mobility at prob-
ing Type 5 is a double lesion (Fig.  30.3 ).

30.5        Biomechanical Consequence 
on ACL-Defi cient Knee 

 Longitudinal tears of the MM posterior horn rep-
resent an important, prevalent, and often missed 
lesion associated with an ACL rupture. For many 
authors [ 2 ,  9 ,  11 ] when left untreated, these lesions 
predispose to increased anterior tibial translation 
and increased ACL strain and for SR. Bollen, to a 
mild anteromedial rotatory subluxation. Moreover, 
these studies demonstrated that repairing these 
lesions at the time of ACL reconstruction is very 
important in order to restore knee biomechanics 
and minimize stress on the ACL graft.  

30.6     Treatment 

30.6.1     Historical Background 

 Despite the development of new devices, the fail-
ure rate for repairs of MM posterior horn tears 
remains high [ 12 ,  21 ]. With classic anterior por-
tals, failure to visualize the posterior horn of the 
MM may result in insuffi cient debridement of the 
lesion, while  all-inside suture device  placement 
may be at risk for becoming a blind procedure. 
Furthermore, with visualization from anterior 
portals alone, it is not always possible to be sure 
that a complete closure of the lesion is achieved. 
 There is a risk of inadequately positioning the 
all-inside suture devices between the central and 
peripheral zone, which leads to inadequate 
reduction of the tear and potential failure  [ 38 ]. 
Without an excellent view of the lesion, meniscal 

repair devices may induce different complica-
tions, including migration or breakage of the 
implant [ 10 ,  38 ,  39 ], leading to iatrogenic carti-
lage damage [ 35 ]. Hence, a better healing rate of 
posterior horn MM lesions may be expected 
through better visualization, allowing for an 
improved diagnosis [ 29 ], an improved quality of 
the debridement prior to the repair, and the con-
trol of a complete closure of the lesion [ 5 ]. Better 
visualization also allows the placement of verti-
cal sutures perpendicular to the deep fi bers of the 
menisci, which are biomechanically more 
adapted. The reduction of the lesion is visualized 
during the procedure, which is not possible in the 
all-inside implantation.  The same hooked suture 
passer can be used to pass multiple sutures 
throughout the hidden meniscus tear.   

30.6.2     Surgical Technique 

 During the procedure, the patients are placed 
supine on the operating table with a tourniquet 
placed high on the thigh. The knee is placed at 
90° of fl exion with a foot support to allow for a 
full range of knee motion. We use a standard high 
lateral parapatellar portal for the arthroscope and 
the medial parapatellar portal for the instruments 
[ 33 ]. In case of a dislocated bucket-handle tear, 
reduction is performed. The possibility of engag-
ing the probe in the posterior segment of the 
meniscus and of bringing it under the condyle is 
an indirect sign of lesion and instability criteria. 
Direct visualization of the posteromedial com-
partment must always be done in order to diag-
nose and repair these lesions. 

 The arthroscope is introduced into the antero-
lateral portal in the triangle  formed  by the medial 
condyle, the PCL, and the tibial spines. After the 
contact with this zone, the arthroscope can pass 
through the space at the condyle border when 
applying a valgus force, fi rst in fl exion and then 
in extension. An internal rotation is applied to 
the tibia to help visualization; this causes the 
posterior tibial plateau to sublux and a posterior 
translation of the middle segment. With this 
maneuver, two-thirds of peripheral lesions from 
the posterior segment up to the middle segment 
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can be seen. In the case of a tear of the posterior 
segment, a posteromedial approach is performed. 
Transillumination allows the surgeon to observe 
the veins and nerves that must be avoided. The 
point where the needle is introduced is above the 
hamstring tendons, 1 cm posterior to the medial 
femorotibial joint line. The knee must be fl exed 

at 90° to avoid the popliteal structures. The nee-
dle must be introduced from outside to inside, in 
the direction to the lesion. The approach is done 
with a number 11 blade scalpel under arthroscopic 
control and dissection via the same approach, 
again under arthroscopic control. The all-inside 
suture can then be performed (Fig.  30.4 ).

Synovial sheath

Synovial sheath

Synovial sheath

Synovial sheath

Synovial sheath

RAMP
LESION

1 2
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Meniscal-tibial ligament Meniscal-tibial ligament
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  Fig. 30.3    The fi ve typical types of medial meniscocapsular tears       
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   Initially, the lesion is debrided and edges of 
the tear are trimmed with a shaver. A left-curved 
hook is used for a right knee and vice versa. The 
25° hook loaded with a N° 2 non-resorbable 
braided composite suture is introduced through 
the posteromedial portal. The foot is positioned 
in maximal internal rotation in order to take 
away the medial condyle from the posterior seg-
ment of the meniscus. The suture hook is manip-
ulated by hand so that the sharp tip penetrates 
the peripheral wall of the medial meniscus from 
outside to inside. Next, the suture hook is passed 
through the central (inner) portion of the medial 
meniscus. The free end of the suture in the pos-
teromedial space is grasped and brought up to 
posteromedial portal. A sliding knot (fi shing 
knot type) is applied to the most posterior part 
of the meniscus with the help of a knot pusher 
and is then cut. This maneuver is repeated as 
required, depending on the length of the tear 
(one knot was inserted every 5 mm). Care is 
taken during this technique to avoid tangling the 

sutures. Once the posteromedial  part  is fi nished, 
the knee is positioned in valgus, near extension, 
and the suture is tested and repeated if neces-
sary. The posterior suture is completed with a 
repair through standard anterior portal with a 
meniscal suture anchor when the tear extends to 
the pars intermedia and/or by outside-in sutures 
if the tear extends to the anterior segment of the 
meniscus. The stability of the suture is then 
tested with the probe.   

a b c

d e f

  Fig. 30.4     (a, b ) Suture of the posterior segment of the 
medial meniscus of the right knee through a posterome-
dial portal with a suture hook device; ( c ) the sharp tip pen-
etrated the peripheral wall of the medial meniscus from 
outside to inside; ( d ) next, the suture hook is passed 

through the center (the inner portion) of the medial menis-
cus; ( e ) the fi rst knot is tied with a knot pusher; ( f ) a sec-
ond suture is performed 5 mm more posterior to the fi rst 
one. The fi nal suture with nonabsorbable suture from the 
anterior portal       

 Fact Box 3: Tips and Tools for Posteromedial 

Meniscus Suture 

•     Internal rotation is applied to the tibia to 
help visualization of the posterior horn of 
the MM.  

•   A 25° hook suture passer loaded with a 
resorbable n°1 PDS suture.  

•   To know a sliding knot.    
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30.6.3     Rehabilitation 

 Postoperatively, both active and passive ranges of 
motion are limited to 0–90° in the fi rst 6 weeks. 
Progression to full weight bearing occurs by 
postoperative week 3. Jogging is permitted after 
week 12, pivoting activity at 6 months, and full 
activity at 9 months for all patients.   

30.7     Results 

 We prospectively evaluated 132 consecutive 
patients in whom 132 medial menisci underwent 
a MM repair with a suture hook device loaded 
with a N° 2 non-resorbable braided composite 
suture in conjunction with ACL reconstruction. 
Nine patients (6.8 %) had failure of the meniscal 
repair with repeat surgical intervention involving 
resection or revision of the repair. With failure as 
the end point, the cumulative survival rate of all- 
inside suture repair of the MM through a postero-
medial portal during ACL reconstruction was 
93.2 % (95 % CI 0.887–0.974) at the fi nal follow-
 up, with an  average of 24 months (range ,  21–26 
months) . 

 When the healing rate of this study is com-
pared to those previously reported using this 
method of suture, an abnormally high rate of 
recurrent meniscal lesions was found. However, 
the healing rate at the location of the initial tear 
was comparable to the rate of 96.4 % reported by 
Ahn et al. in a recent study with a second-look 
arthroscopy [ 4 ]. 

 The nine recurrent tears showed the following 
aspect at arthroscopy:

•    Two fl aps between the intermediate and the 
posterior portions of the meniscus. The  initially 
sutured lesion was a bucket-handle tear ( n  = 2).  

•   Recurrent ramp lesion ( n  = 2).  
•   New tear located more anteriorly to the initial 

tear (white/white zone) with the latter being 
healed ( n  = 5) (Fig.  30.5 ).

      The high rate of recurrent tear was explained 
by newly formed injuries, which were con-
firmed on the surface of five menisci. It is con-
ceivable that these injuries were attributable to 
a residual cleft left by the path of the suture 
lasso and maintained by the use of a strong N° 
2 nonabsorbable suture (Fig.  30.6 ). These 
clefts on the avascular meniscal substance 
may remain in situ without healing and would 
favor the recurrence of a more centrally 
located lesion in the white/white zone. 
Therefore, we decided to change our suture 
from a strong non-resorbable suture to a PDS 
suture in order to reduce the risk of newly 
formed injury. From a biomechanical point of 
view, PDS 0 and PDS 1 sutures are recom-
mended for meniscal sutures to guarantee a 
high primary stability, small amount of gap-
ping, and fewer partial tissue failure [ 31 ] and 
was used by Ahn et al. [ 4 ], and they did not 
report any newly formed injury in their series 
of 140 knees which had a second-look arthros-
copy at a mean follow-up of 37.7 months after 
an all-inside suture of the posterior segment of 
the MM through a posteromedial portal. 
However, in these five cases, the amount of 
meniscectomy was decreased when compared 
with the initial lesion. As advocated by Pujol 
et al. [ 30 ], the meniscus can be partially saved 
and that a risk of a partial failure should be 
 accepted  when possible.

30.8        Complications 

 The disadvantages of the all-inside suture tech-
nique through a PM portal are that a second 
incision is necessary, requiring more operative 
time. There is also a signifi cant learning curve 
in placing and tying the sutures. A potential risk 
for synovial fi stula has been reported, but no 
cases were encountered in the series of the cur-
rent authors [ 40 ]. The main risk of posterome-
dial access is injury to the saphenous nerve and 
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vein. The popliteal artery, common fi bular 
nerve, and tibial nerve are situated more later-
ally. According to anatomical studies, the portal 
is located at least 1.5 cm from the saphenous 
nerve and vein. Morgan describes one case of 
transient hypoesthesia of the sartorius branch of 
the saphenous nerve in one series of 70 cases, 
likely due to an accessory access portal situated 
too anteriorly [ 25 ]. The clinical review of 179 

patients who underwent posterior approaches 
did not show serious complications, but included 
three cases (1.7 %) of residual hypoesthesia in 
the saphenous nerve and two cases of puncture 
of the saphenous vein [ 27 ]. The specifi c tech-
nique for passage of the arthroscope through the 
intercondylar notch is necessary to provide 
transillumination in order to avoid this 
complication. 

a b

c d

  Fig. 30.5    ( a ) Newly formed injury after the medial 
meniscal repair of the right knee; ( b ) a meniscal fl ap with 
an anterior pedicle located in the red/white zone is 
detached; ( c ) this newly formed injury is identifi ed by a 
residual nonabsorbable suture material on the meniscus; 

( d ) aspect of the medial meniscus after economical subse-
quent meniscectomy of the unstable fl ap; the vertical 
suture from the primary repair is left alone. View of the 
posterior segment with the scope placed deep in the notch; 
the original tear site is healed completely       
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   Conclusion 

 Posterior visualization and posteromedial prob-
ing of the posterior horn of the MM can provide 
assistance in discovering a higher rate of lesions 
that may be easily missed through a standard 
anterior exploration. In numerous cases, these 
lesions were “hidden” under a membrane-like 
tissue and were discovered only after a minimal 
debridement through a posteromedial portal. 
This additional portal allows for a better visual-
ization, easier access, and suffi cient debride-
ment prior to repair. Repaired medial menisci 
in ACL- reconstructed knees using a suture 
hook through a posteromedial portal showed 
good healing with a low rate of revision at an 
average of 2-year follow- up. It seems to be a 
promising technique because it allows the 
placement of vertically oriented sutures with 
good tissue approximation. It has been previ-
ously demonstrated that repairing these lesions 
at the time of ACL reconstruction is very 
important in order to restore knee biomechan-
ics and minimize stress on the ACL graft.      
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31.1         Introduction 

 ACL ruptures are one of the most common sports 
injuries, affecting approximately 30 out of every 
100,000 people each year in the United States 
[ 16 ]. This injury can result in both acute and 
chronic problems, including recurrent knee insta-
bility, meniscal tears, articular cartilage degener-
ation, and subsequent osteoarthritis (OA) [ 4 ,  39 , 
 42 ]. The ACL does not have an intrinsic capacity 
to heal, and as such, surgical reconstruction is 
therefore the standard treatment in active patients 
[ 6 ,  13 ]. The objective of ACL reconstruction is to 
reestablish knee function as closely as possible to 
the native knee and prevent future meniscal and 
chondral damage, which can lead to degenerative 
changes [ 7 ,  8 ,  23 ]. 

 Traditionally, ACL reconstruction has focused 
on one portion of the ACL, the anteromedial 
(AM) bundle, and relied on the transtibial tech-
nique. This approach typically results in nonana-
tomic tunnel placement. Accordingly, studies 
have demonstrated persistent laxity and abnor-
mal knee kinematics with functional testing after 
this reconstruction [ 11 ,  12 ,  56 ]. In addition, sev-
eral studies have shown that up to 50 % of patients 
develop radiological signs of OA within 12 years 
after this procedure [ 34 ,  37 ]. 

 In an attempt to restore knee laxity and func-
tion and improve clinical outcomes, anatomic 
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double-bundle (DB) ACL reconstruction was 
developed, recreating both bundles to potentially 
optimize and restore normal knee kinematics [ 14 , 
 15 ,  59 ]. 

 The objective of this chapter is to describe the 
anatomic ACL reconstruction concept and deter-
mine, following an evidence-based approach, 
whether DB reconstruction restores knee rotatory 
laxity closer to normal than nonanatomic SB 
ACL reconstruction.   

31.2     Anatomy and Biomechanics 
of the Native ACL 

 The anatomy of the ACL consists of two func-
tional bundles, the AM and the posterolateral 
(PL) bundles. The bundles are covered by a thin 
membrane and are separated by a distinct septum 
containing vascular-derived stem cells [ 40 ] 
(Fig.  31.1 ).

   Biomechanically, the AM and PL bundles func-
tion together to provide stability throughout knee 
range of motion. The AM bundle length stays con-
stant during knee range of motion, showing maxi-
mum tension between 45° and 60° of knee fl exion. 
The PL bundle has maximum tension in full exten-
sion, with decreasing tension during knee fl exion. 
The orientation of the bundles changes throughout 
the arc of motion. In extension, the bundles are par-
allel, while in fl exion they become crossed in the 
coronal, sagittal, and axial planes, twisting around 
each other [ 9 ]. The AM bundle is primarily respon-
sible for stabilization of the knee in the AP direc-
tion, whereas the PL bundle primarily stabilizes 
knee rotation [ 65 ] (Fig.  31.2 ).

   The AM and PL bundles have differing expo-
sures to in situ forces. The forces experienced by 
each bundle are complementary in nature, with 
the AM bundle experiencing a majority of the 
load across all fl exion angles, with the PL seeing 
greater loads at lower fl exion angles, more spe-
cifi cally 0–30° [ 62 ]. 

 Knowledge of the biomechanical relationship 
of the two bundles is important when it comes to 
anatomic ACL reconstruction. If the AM and PL 
bundles are anatomically restored, the graft 
should experience the same forces as the native 
ACL. If the graft is placed in a nonanatomic posi-
tion, it will see lower than normal forces [ 27 ,  65 ]. 

 Fact Box 1 

    Transtibial ACL reconstruction: surgical 
technique in which the femoral tunnel is 
drilled through the tibial tunnel. It can 
be used for single- or double-bundle 
ACL reconstruction.  

  Anteromedial portal ACL reconstruction: 
surgical technique in which the femoral 
tunnel is drilled inside out through an 
accessory anteromedial portal, allow-
ing to more accurately reach the femo-
ral insertion site compared to the 
transtibial technique. It can be used for 
single- or double-bundle ACL 
reconstruction.  

  Two-incision ACL reconstruction: surgical 
technique in which the femoral tunnel is 
drilled outside-in through a mini-open 
incision on the lateral side of the distal 
femur, also allowing to more accurately 
reach the femoral insertion site com-
pared to the transtibial procedure. It can 
be used for single- or double-bundle 
ACL reconstruction.  

  Anatomic ACL reconstruction concept: 
restoration of the ACL to its native 
dimensions, collagen orientation, and 
insertion sites. It’s a concept that can be 
applied to different surgical techniques 
including SB reconstruction, DB recon-
struction, augmentation, and ACL revi-
sion surgery.  

  Individualized ACL reconstruction: part 
of the anatomic ACL reconstruction 

concept, in which the surgical tech-
nique (DB or SB) and graft size are 
chosen depending on preoperative 
(MRI) and intraoperative measure-
ments of the patient’s native ACL and 
bony anatomy.    
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While this may decrease risk of graft failure, these 
forces can be distributed throughout the joint, 
increasing the contact pressures on the cartilage, 
potentially predisposing the joint to abnormal 
kinematics and the development of early OA [ 10 ].   

31.3     Anatomic ACL 
Reconstruction 

 Anatomy is the basis of orthopedic surgery and 
the approach to ACL reconstruction is governed 
by this principle as well. The concept of anatomic 
ACL reconstruction is based on four fundamental 
principles: (1) restoration of the two functional 
bundles of the ACL, (2) restoration of the native 

AM

AM
Septum

Septum
PL

PL

a b

c d

  Fig. 31.1    ACL bundles and septum. ( a ,  b ) 3D laser scan 
of the ACL showing anteromedial ( AM ) and posterolateral 
( PL ) bundle morphology and the septum between them 
(Reprinted with permission from Fu et al. [ 15 ]). ( c ) 
Histologic cut of fetal ACL, which shows the septum 

dividing the AM and PL bundles ( dotted lines ). ( d ) In the 
septum region, CD34 (+) and CD146 (+) ( both red ) were 
located surrounding smooth muscle actin ( SMA ) ( green ) 
arterioles. Scale bar: 50 mm (Reprinted with permission 
from Matsumoto et al. [ 40 ])       

 Fact Box 2: Anatomy and Biomechanics of 

the ACL 

     1.    The ACL is composed of AM and PL 
bundles.   

   2.    The primary function of the AM bundle 
is to restrain AP translation. The pri-
mary function of the PL bundle is to 
resist rotatory translation.   

   3.    The majority of load experienced by 
the AM bundle occurs during knee 
fl exion, while the PL bundle experi-
ences the most loading during 
extension.     
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insertion sites of the ACL by placing the tunnels 
in their true anatomic positions, (3) correct ten-
sioning of each bundle, and (4) individualization 
of surgery for each patient, where tunnel diameter 
and graft size are dictated by native insertion sites. 

 Anatomic ACL reconstruction aims to restore 
the ACL to its native dimensions, collagen orien-
tation, and insertion sites. This concept can be 
applied to SB and DB reconstruction, augmenta-
tion, and revision surgery [ 15 ] (Fig.  31.3 ).

a b
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  Fig. 31.2    Synergistic function of two bundles. ( a ) Knee in 
extension shows both femoral insertions oriented verti-
cally and the bundles are parallel. ( b ) Knee in 90° of fl ex-
ion shows both femoral insertions oriented horizontally 
and the bundles are crossed (Reprinted with permission 
from Chhabra et al. [ 9 ]). ( c ) In situ force in anteromedial 

( AM ) and posterolateral ( PL ) bundle grafts for the ana-
tomic ACL reconstruction in response to a 134 N anterior 
tibial load. The magnitude of the in situ force in the AM 
bundle increases with higher fl exion angles, whereas the in 
situ force in the PL bundle increases with higher extension 
angles (Reprinted with permission from Yagi et al. [ 65 ])       

 Fact Box 3: Anatomic ACL Reconstruction 

     1.    Anatomic ACL reconstruction is used 
to restore the ACL to its native inser-
tion sites, collagen fi bers, and 
orientation.   

   2.    Anatomic reconstruction can be per-
formed in both SB and DB ACL recon-
struction techniques.     
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31.4         Biomechanics 

 Biomechanical studies have shown that DB 
reconstruction restores knee kinematics better 
than transtibial SB reconstruction, leading to 
less rotational laxity, increased tibiofemoral 
contact area, and lower contact pressures [ 44 , 
 61 ,  65 ,  66 ,  71 ]. Woo et al. [ 61 ] reported in a 
controlled laboratory study that transtibial SB 
reconstruction was inadequate for resisting 
rotational loads. Their findings suggested 
that improved reconstruction techniques that 
could accurately restore the anatomy of the 
ACL were needed. In a biomechanical study, 

Yagi et al. [ 65 ] reported that the normalized 
in situ force with a combined rotatory load 
at 30° of flexion was significantly higher 
with DB reconstruction (91 % ± 35 % of intact 
knee) than SB reconstruction (66 % ± 40 %) 
( p  < 0.05). This means that DB reconstruction 
restored the in situ forces of the knee closer 
to the intact knee compared with SB recon-
struction, when a combined rotatory load was 
applied. 

 In another cadaveric study, Yamamoto et al. 
[ 66 ] compared femoral tunnel placement close to 
the PL insertion versus anatomic reconstruction 
and found that lateral tunnel placement could 

a b

c d

  Fig. 31.3    Anatomic ACL reconstruction concept aims 
for the restoration of the ACL to its native dimensions, 
collagen orientation, and insertion sites. This concept 
can be applied to different surgical techniques including 
SB reconstruction and DB reconstruction. ( a ,  b ) 

Intraoperative pictures of SB and DB reconstruction, 
respectively. ( c ,  d)  Postoperative 3D CT of SB and DB 
reconstruction, respectively ( AM  anteromedial bundle, 
 PL  posterolateral bundle)       
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restore rotatory and anterior knee laxity similar 
to anatomic reconstruction, but only when the 
knee was near extension. Considering that most 
of normal knee activities are in fl exion, this study 
also suggests that to reproduce the function of the 
ACL, both bundles should be reconstructed. In 
the same line, in an in vivo controlled laboratory 
study, Kopf et al. [ 32 ] evaluated kinematic tests 
with a computer navigation system. The authors 
showed that isolated PL bundle reconstruction 
improves laxity in an ACL-defi cient knee and 
that the addition of AM bundle reconstruction 
further improves laxity. Tests that were evaluated 
were the Lachman, anterior drawer, and varus- 
valgus stress at 30° of knee fl exion. Musahl et al. 
[ 46 ] performed a biomechanical study with a sur-
gical navigation system and mechanized pivot- 
shift test, comparing transtibial SB, AM 
single-bundle, and DB techniques. They reported 
that DB reconstruction offers improved restora-
tion of anterior and rotational laxity compared to 
SB reconstructions. 

 The above-noted anatomic and biomechanical 
studies have facilitated an interest in clinical 
studies of both DB reconstruction and anatomic 
ACL reconstruction techniques.   

31.5     Infl uence of Double-Bundle 
ACL Reconstruction 
on Clinical Outcomes 

 Several prospective level I or II clinical studies 
have reported superior results of anatomic DB 
reconstruction compared with SB reconstruc-
tion [ 2 ,  3 ,  6 ,  22 ,  23 ,  25 ,  26 ,  28 ,  29 ,  33 ,  41 ,  45 , 

 53 ,  64 ,  65 ,  68 ,  69 ]. On the other hand, other 
studies have shown no difference between DB 
and SB reconstruction in terms of improvement 
in laxity or function [ 1 ,  48 ,  50 ,  55 ]. However, 
for several of the abovementioned studies, it 
remains unclear whether both the DB and SB 
reconstructions performed in these studies were 
anatomic or not. 

 In many studies that compare SB reconstruc-
tion with anatomic DB reconstruction, the fem-
oral tunnels are drilled utilizing a transtibial 
method, in both SB reconstructions and the AM 
bundle in DB reconstructions [ 2 ,  3 ,  6 ,  23 ,  25 , 
 26 ,  28 ,  29 ,  41 ,  45 ,  53 ,  59 ,  60 ,  64 ,  68 ,  69 ]. 
Discrepancy between tunnel position and the 
native ACL insertion site is common when the 
femoral tunnel is drilled in a transtibial fashion. 
Some studies have shown that tunnel placement 
outside of the native insertion site can result in 
abnormal knee kinematics, limited range of 
motion, supraphysiologic graft tension, and, 
ultimately, graft failure [ 5 ,  17 ,  18 ,  31 ,  52 ,  54 , 
 59 ,  70 ]. 

 Park et al. [ 48 ] evaluated DB reconstruction 
versus transtibial SB reconstruction and revealed 
no differences in laxity or patient satisfaction. 
However, they used the clockface method to drill 
the femoral tunnels for DB reconstruction, which 
can often lead to malalignment and nonanatomic 
positioning because of the three-dimensional 
nature of the intercondylar notch [ 19 ,  31 ,  52 ]. 

 In a level 1 study comparing 40 patients with 
SB and DB reconstructions, Sastre et al. [ 50 ] 
placed the femoral tunnels more horizontally in 
both groups and found no signifi cant differences 
between SB and DB techniques. The authors 
concluded that placing the femoral tunnel in a 
more horizontal position in the SB group pro-
duced similar rotatory and AP laxity to that 
obtained with the DB technique in patients with 
low functional demands. However, they drilled 
the femoral AM tunnel of DB reconstruction 
using a transtibial technique and they included a 
limited number of patients. 

 Yasuda et al. [ 67 ] performed a prospective, 
comparative, study on anatomic DB, nonanatomic 

 Fact Box 4: Biomechanics 

     1.    DB reconstruction restores knee kine-
matics better than SB reconstruction.   

   2.    DB reconstruction restores the in situ 
forces of the knee better than SB 
reconstruction.     
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DB, and transtibial SB in 72 patients total. Their 
results showed that anatomic DB was signifi -
cantly better than SB based on AP and rotation 
laxity restoration, using KT-2000 and pivot-shift 
test, respectively ( p  < 0.05). There were no sig-
nifi cant differences between the anatomic and 
nonanatomic DB groups. They also found no 
signifi cant differences between the 3 groups in 
terms of International Knee Documentation 
Committee (IKDC) evaluation, range of motion, 
and muscle torque. This emphasizes that in terms 
of AP and rotational laxity, DB reconstruction 
(anatomic or nonanatomic) is superior to SB 
reconstruction. 

 In a randomized clinical trial, Hussein et al. 
[ 21 ] compared conventional nonanatomic SB, 
anatomic SB, and anatomic DB reconstruc-
tion. AP laxity was measured with KT-1000 
and rotatory laxity was tested with pivot shift. 
Anatomic SB resulted in superior restoration 
of AP and rotational laxity compared to trans-
tibial SB reconstruction. Average side-to-side 
difference for anterior tibial translation was 
1.6 mm versus 2.0 mm, respectively 
( p  = 0.002), and negative pivot shift was 66.7 % 
versus 41.7 % ( p  = 0.003). Additionally, ana-
tomic DB reconstruction was superior to ana-
tomic SB reconstruction. Average side-to-side 
difference for anterior tibial translation was 
1.2 mm versus 1.6 mm, respectively 
( p  = 0.002), and negative pivot shift was 93.1 % 
versus 66.7 % ( p  < 0.001). This high-quality 
study confirmed not only the improved results 
with DB reconstruction but also the relevance 
of anatomic reconstruction in SB and DB tech-
niques, with focus on restoring the native ACL 
insertions. 

 Another study from Hussein et al. [ 20 ] aimed 
to compare the results of SB and DB reconstruc-
tion, using an anatomic and individualized 
approach. According to this approach, depending 
on intraoperative measurements of the ACL 
insertion site, patients were selected for either 
anatomic SB or DB reconstruction. There were 
no signifi cant differences between the groups in 

terms of Lysholm score (93.9 vs 93.5), subjective 
IKDC (93.3 vs 93.1), anterior tibial translation 
(1.5 vs 1.6 mm side-to-side difference), and pivot 
shift (92 % vs 90 % with negative pivot-shift 
examination). This study implies that anatomic 
DB reconstruction is not superior to anatomic SB 
reconstruction, when an individualized anatomic 
ACL reconstruction technique is used. This indi-
vidualized approach not only considers the ana-
tomic ACL reconstruction concept but also the 
restoration of the native insertion sites according 
to their sizes.   

31.6     Meta-analysis of Double- 
Bundle ACL Reconstruction 

 On the basis of the evolution of clinical studies 
comparing SB and DB reconstruction, multiple 
authors have conducted systematic reviews and 
meta-analyses comparing both types of recon-
struction [ 12 ,  30 ,  35 ,  36 ,  38 ,  41 ,  57 ,  58 ,  63 ,  73 ]. 
Recently, the nine available overlapping meta- 
analyses of SB versus DB reconstruction were 
evaluated, in an attempt to reconcile conclusions 
from both techniques [ 38 ]. Three of the meta- 
analyses included level I evidence only [ 30 ,  35 , 
 41 ], and six included level I and level II evidence 
[ 12 ,  36 ,  57 ,  58 ,  63 ,  73 ].

 Fact Box 5: Infl uence of Double-Bundle 

Reconstruction on Clinical Outcomes 

     1.    Several studies have shown no differ-
ence in outcomes between SB and 
DB reconstructions; however many 
of the techniques used were not 
standardized.   

   2.    An anatomic or individualized approach 
to ACL reconstruction has been shown 
to have excellent outcomes, whether 
performed using an SB or DB 
technique.     
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     Using quality assessment tools for meta- 
analyses [ 24 ,  43 ,  47 ,  49 ], the current highest level 
of evidence suggests that DB reconstruction pro-
vides improved postoperative knee laxity com-
pared with SB reconstruction. This was evaluated 
using mainly KT arthrometer, Lachman, and 
anterior drawer tests for AP translation and the 
pivot-shift test for rotational laxity. 

 Nevertheless this difference between DB and 
SB clinical results should be interpreted cau-
tiously. Although DB showed statistically sig-
nifi cant better results using a KT arthrometer, 
this difference may have questionable clinical 
signifi cance because its magnitude ranged from 
0.56 to 0.74 mm. Also, the differences for the 
clinical tests (Lachman, anterior drawer, and 
pivot shift) were heterogeneous between stud-
ies. This can be explained by the subjectivity in 
grading, interexaminer variability, and depen-
dence on patient cooperation for these tests. 

 The other clinical outcomes and risk of graft 
failure were not found to be signifi cantly differ-
ent between DB and SB in this systematic review 
of overlapping meta-analysis. 

 Of the nine studies included in this review, only 
three had the highest level of evidence, without 
major fl aws with their methodology [ 36 ,  57 ,  58 ].

   The fi rst of these studies was a meta-analysis 
from Tiamklang et al. [ 57 ] which reported no sig-
nifi cant differences between DB and SB recon-
structions in subjective IKDC score, Tegner activity 
score, Lysholm score, adverse effects, and compli-
cations, including graft failure (1.8 % vs 2.4 %). 
However, they found signifi cant differences favor-
ing DB reconstruction in terms of return to pre-
injury level of activity (91 % vs 82 %), long-term 
follow-up IKDC (normal 94 % vs 90 %), knee lax-
ity measured with KT-1000 arthrometry (mean dif-
ference −0.74 mm), and rotational knee laxity 
tested by the pivot-shift test (normal or nearly nor-
mal: 98 % vs 92 %). There were also signifi cant dif-
ferences in favor of DB reconstruction for 
secondary meniscal injury (3.8 % vs 6.7 %). 

 In a meta-analysis, Van Eck et al. [ 58 ] showed 
DB reconstruction to be superior than SB recon-
struction for anterior and rotational laxity (KT 
arthrometer testing, Lachman testing, IKDC 
grading, and pivot-shift testing). However there 

 Li 
 et al. 
[ 36 ] 

 Desai 
et al. 
[ 12 ] 

 Zhu 
 et al. 
[ 73 ] 

 Kongtharvonskul 
 et al. [ 30 ] 

 Li 
 et al. 
[ 35 ] 

 Xu 
 et al. 
[ 63 ] 

 Tiamklang 
et al. [ 57 ] 

 Van 
Eck 
et al. 
[ 58 ] 

 Meredick 
et al. [ 41 ] 

 Clinical indices: 
Lysholm 
 Subjective IKDC 
 Tegner 

 +  −  ±  ±  ±  +  +  ±  − 

 Knee stability: 
 Pivot shift 
 Instrumented laxity 

 +  +  +  +  +  +  +  +  + 

 Knee stability: 
 Navigated AP 
laxity 
 IKDC stability 
 Lachman 
 Anterior drawer 

 ±  ±  ±  ±  ±  ±  +  ±  − 

 Range of motion 
and strength 

 −  ±  −  −  +  −  ±  ±  − 

 Subjective 
outcomes: 
 Return to 
pre-injury activity 
level 

 −  −  −  −  −  −  +  −  − 

 Complications  ±  ±  ±  ±  ±  −  +  ±  − 
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were no differences in range of motion, Lysholm 
scores, or complications when compared with SB 
reconstruction. Considering knee rotational lax-
ity, the pivot-shift test results favored DB recon-
struction with a relative risk (RR) of 0.31 (95 % 
CI 0.16–0.61) for the randomized studies. This 
indicates that in comparison with DB ACL recon-
struction, DB reconstruction reduces the risk of a 
positive pivot-shift test by 69 %. 

 Li et al. [ 36 ] showed in a meta-analysis that 
DB reconstruction patients had improved pivot- 
shift test, KT grading, and IKDC grading, but 
showed no differences in terms of functional 
outcomes when compared with SB reconstruc-
tion (IKDC score, KT arthrometer testing, 
Lysholm score, Tegner score, and complication 
rate). The analysis across all studies showed a 
signifi cant difference in pivot shift, with an odds 
ratio (OR) of 0.27 (95 % CI 0.20–0.36) favoring 
DB reconstruction, indicating that this tech-
nique reduces the risk of a positive pivot-shift 
test by 73 % [ 72 ]. 

 Recently, clinical practice guidelines for 
management of ACL injuries were published 
according to the results of a systematic review of 
the current scientifi c and clinical information 
[ 51 ]. This review confi rmed the similarity 
between the clinical outcomes of SB and DB 
techniques. Considering “high strength” studies 
with consistent fi ndings, the authors state that in 
patients undergoing ACL reconstruction, the 
surgeon should use either the SB or DB tech-
nique, because the measured outcomes are simi-
lar [ 51 ]. 

 One possible limitation of the studies that 
compare SB and DB reconstruction is the lack of 
statistical power. Small clinical effects may not 
be statistically signifi cant in studies with small 
sample sizes. Also, much of the available studies 
comparing SB and DB reconstruction consist of 
relatively short-term follow-up, such that a sig-
nifi cant difference that only manifests itself in 
long-term follow-up would be missed in this 
analysis. Another limitation is related to the het-
erogeneity among the included studies, specifi -
cally in terms of combined analysis of anatomic 
and nonanatomic ACL reconstruction techniques, 
which may yield different outcomes in terms of 
restoration of rotational laxity [ 28 ]. 

 Study 
 Number of studies/
patients analyzed 

 Outcomes in favor 
of DB ACL-R 

 Outcomes in favor 
of SB ACL-R 

 Outcomes without 
differences between DB 
and SB ACL-R 

 Tiamklang et al. 
[ 57 ] 

 17/1433  Return to play 
 IKDC grade 
 KT-1000 
 Pivot shift 

 None  IKDC score 
 Tegner score 
 Lysholm score 
 Complications 

 Van Eck et al. [ 58 ]  12/1127  KT-1000 
 Pivot shift 
 Lachman 
 IKDC grade 

 None  Flexion 
 Extension 
 Lysholm 
 Complications 

 Li et al 
 [ 36 ] 

 19/1686  Pivot shift 
 IKDC grade 
 KT-1000 

 None  IKDC score 
 KT-1000 
 Lysholm 
 Tegner 
 Complications 

 Fact Box 6: Meta-analysis of Double-Bundle 

ACL Reconstructions 

     1.    There have been 3 high-quality meta- 
analyses comparing SB and DB ACL 
reconstruction, with all of them show-
ing improved rotational laxity compared 
to SB reconstruction.   

   2.    Improved clinical outcomes have not been 
shown in these studies; however rates of 
secondary meniscal injury and return to 
play were improved in 1/3 of the analyses.   

   3.    Most updated clinical guidelines 
strongly recommend that for ACL 
reconstruction, the SB or DB technique 
can be used, considering the similarity 
of measured clinical outcomes.     
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    Conclusions 

 Anatomic ACL reconstruction aims to restore 
the ACL to its native dimensions, collagen ori-
entation, and insertion sites, focusing on pro-
viding the patient with the best potential for a 
successful outcome. 

 The best evidence from the highest quality 
meta-analyses suggests that anatomic DB 
reconstruction yields superior restoration of 
knee  laxity (based on KT arthrometry and 
pivot-shift testing) when compared with trans-
tibial SB reconstruction. 

 The modest improvement in some clinical 
tests like KT arthrometry afforded by DB recon-
struction needs to be further examined in both 
laboratory and long-term clinical cohort studies. 

 These future studies should determine the 
best treatment for ACL reconstruction, in 
which the ultimate goal is the improvement of 
patients’ clinical outcomes and prevention of 
secondary degenerative changes of the knee.      
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32.1         Introduction 

 Management of the patient with combined liga-
mentous knee instability can be a challenging 

problem. Several studies have suggested that pos-
terolateral knee instability accompanies anterior 
cruciate ligament (ACL) injury in 10–15 % of 
patients [ 28 ,  35 ,  43 ]. This combined injury pat-
tern is an entity that the orthopedic surgeon must 
be able to recognize and appropriately address. In 
recent years, biomechanical studies have demon-
strated that function of the posterolateral corner 
(PLC) interacts with the ACL. These in vitro 
studies have shown that defi ciency of the postero-
lateral structures signifi cantly increases the varus 
load on the ACL graft, thereby resulting in an 
increased risk for ACL graft failure [ 27 ]. 
Therefore, in the combined injury setting, the 
consequence of missing a PLC lesion may affect 
the outcome of ACL reconstruction. However, a 
consensus on the treatment of combined ACL 
and PLC injuries is still lacking. The purpose of 
this chapter is to discuss the current state of com-
bined anterior and posterolateral instability.  

32.2     Pathophysiology/
Biomechanics 

 The ACL is the primary restraint to anterior tibial 
translation and at 30° of knee fl exion is respon-
sible for 82–89 % of the restraint of an anterior 
applied load [ 6 ]. Others have shown that in the 
setting of ACL defi ciency, there is a “coupled” 
increase in internal tibial rotation [ 1 ,  15 ]. This 
“coupled” function of the ligament as a second-
ary restraint against rotational loads occurs as a 
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result of the axis of rotation of the tibial plateau 
being close to the ACL [ 30 ]. 

 The primary restraints to rotational control 
appear to be the more peripheral ligamentous struc-
tures of the knee, predominantly the PLC [ 48 ]. The 
most important structures, from a clinical perspec-
tive with regard to stability, are the lateral collateral 
ligament (LCL), the popliteus tendon (Pop-T), 
and the popliteofi bular ligament (PFL) [ 4 ,  22 ] 
(Fact Box  1 ). Biomechanical studies, in which 
these structures were selectively sectioned, have 
demonstrated that they are important in resisting 
primary varus and external tibial rotation, as well 
as coupled external tibial rotation [ 36 ,  39 ].

   Some authors examined the biomechanical prop-
erties of the knee ligamentous structures by focusing 
on combined ACL/PLC injuries. Wroble et al. [ 46 ] 
noted in a cadaveric study that there was an increase 
in primary anterior translation, primary varus, and 
external tibial rotation with sectioning of both the 
ACL and PLC. Moreover, LaPrade et al. [ 27 ] dem-
onstrated the signifi cance of the combined ACL/
PLC injury pattern in a cadaveric study that exam-
ined the forces upon the ACL graft in the setting of 
PLC defi ciency. In this study, they reconstructed the 
ACL of eight fresh-frozen cadaveric knees with cen-
tral one- third bone-patellar tendon-bone autografts 
and then assessed the forces imparted upon the ACL 
graft prior to and after sequentially sectioning the 
PLC. They found that the graft force was signifi -
cantly higher after LCL transection with varus load-
ing at both 0° and 30° of knee fl exion. This increase 
in graft force was continued with further sequential 

sectioning of the Pop-T and the PFL, leading the 
authors to conclude that untreated PLC injuries 
might contribute to clinical ACL graft failure by 
allowing higher forces to stress the graft [ 27 ].  

32.3     Clinical Evaluation 

 A proper diagnosis is the foundation upon which 
an appropriate and successful treatment protocol 
is developed in the patient with combined ACL/
PLC injuries. It is essential to perform a com-
plete clinical workup consisting of obtaining a 
careful history, performing a thorough physical 
examination, and obtaining appropriate imaging 
studies. Moreover, there are certain fi ndings that 
can be noted at the time of diagnostic arthros-
copy (Fact Box  2 ).

32.3.1       History and Physical 
Examination 

 The clinical diagnosis of the combined ACL/PLC 
injury should begin with obtaining the history of 
injury. Several authors have reported that the 
application of a varus force in the hyperextended 
knee is the most common injury mechanism of the 
PLC [ 5 ,  19 ]. This knee position stresses not only 
the PLC but also the ACL. Ross et al. [ 38 ] reported 
that in their cohort of 13 patients who sustained 
combined ACL/PLC injuries, all occurred via a 
hyperextension and varus mechanism. Therefore, 
patient-directed questions should assess the mech-
anism of injury (with higher suspicion for a varus-
hyperextension force), whether or not there were 
the sensation of a “pop,” presence and timing of 
associated swelling, and any subsequent feelings 
of instability (typically at full extension). 

 The physical examination should begin with a 
thorough neurovascular exam. The incidence of 
peroneal nerve injury in the setting of a PLC injury 
has been reported to be 12–16 % [ 5 ,  19 ]. Serial 
examinations should be done to ensure an occlu-
sive vascular lesion is not developing on a delayed 
basis, and the utilization of the ankle- brachial 
index (ABI) may be useful in determining a need 
for further evaluation and intervention. An ABI 

   Fact Box 1    Main stabilizers of posterolateral 
 corner and their respective biomechanical functions   

 Main stabilizers  Biomechanical functions 

 Lateral collateral 
ligament 

 Primary stabilizer to 
lateral joint opening with 
the knee in extension 

 Popliteus tendon  Important role in 
restraining posterolateral 
motion of the knee 

 Popliteofi bular 
ligament 

 Important in limiting 
excessive external 
rotation of the knee joints 
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<0.9 should alert the physician to an increased 
likelihood of signifi cant arterial injury [ 32 ]. 

 The physical examination should continue 
with an assessment of the patient’s standing 
alignment. Any varus malalignment should be 
identifi ed and further evaluated with a long- 
standing hip-to-ankle anterior-posterior (AP) 

radiograph. The surgeon should also evaluate 
the patient’s gait pattern, specifi cally checking 
for a varus thrust. These fi ndings are clinically 
important as they may be indicators of concomi-
tant PLC injury, as described by Noyes et al. in 
the “double and triple varus” knees [ 34 ]. Since 
ligamentous reconstruction in the setting of 
baseline varus malalignment has an increased 
risk of PLC graft failure, some of these patients 
may benefi t from a high tibial osteotomy in 
addition to ligament reconstruction [ 27 ,  34 ]. 

 Important tests to assess the integrity of the 
ACL include the Lachman and pivot-shift tests. 
The PLC should be examined in every patient 
with a suspected ACL injury. Varus instability at 
30° of knee fl exion suggests an LCL injury 
(Fig.  32.1 ). Maneuvers such as the posterolateral 
drawer test and the external rotation recurvatum 
test can be useful in establishing a diagnosis of 
PLC injury [ 17 ]. The posterolateral drawer test is 
performed with the hip fl exed 45° and the knee 
fl exed 80° and at 10–15° of external tibial rotation 
[ 16 ]. In the setting of PLC defi ciency, the lateral 
tibial plateau externally rotates around the PCL, 
and there is relative posterior translation with a 

30°

  Fig. 32.1    Diagram of varus stress test performed at 30° 
of knee fl exion       

   Fact Box 2    Key points of clinical evaluations   

  History    Imaging studies  

 Common injury 
mechanism: blow to 
anteromedial tibia 
causing excessive knee 
hyperextension, external 
tibial rotation, and 
lateral joint opening 

 AP, lateral, and full 
standing 
radiographs (with 
mechanical axis) 

 The ACL injury often 
occurs with PLC 
injuries 

 Telos stress 
radiographs (anterior 
displacement and 
lateral joint opening) 

 MRI (especially for 
T2-weighted coronal 
oblique views) 

  Physical examinations    Diagnostic 
arthroscopy  

 Neurovascular exam 
(peroneal nerve and 
ABI) 

 Confi rmation of 
cruciate status 

 Gait (severe 
hyperextension stance 
phase) 

 Lateral compartment 
“drive-through” test 
with varus stress at 
30° of knee fl exion 
(>1 cm is indicative 
of a grade III PLC 
injury) 

 Lachman and pivot-shift 
test 

 “Lateral gutter 
drive-through” test 
(effective in 
identifying the acute 
femoral “peel-off” 
lesions and chronic 
cases with 
posterolateral 
instability) 

 Varus stress test at both 
0° and 30° of knee 
fl exion 

 Posterolateral drawer 
test 

 External rotation 
recurvatum test 

 Dial test in either supine 
or prone position 

   Abbreviations :  ACL  anterior cruciate ligament, 
 PLC  posterolateral corner,  ABI  ankle-brachial 
index,  AP  anterior- posterior,  MRI  magnetic reso-
nance imaging  
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posteriorly directed force. The external rotation 
recurvatum test assesses the PLC in extension and 
is performed by grasping the great toes of both 
feet and elevating the legs off the bed [ 16 ]. Careful 
observation will reveal a relative tibia vara and 
hyperextension of the lateral knee in the patient 
with PLC injury. Finally, the dial test, which has 
been described in either the supine or prone posi-
tion with the leg hanging off the bed, may also be 
benefi cial in diagnosing a PLC injury [ 3 ]. If there 
is asymmetric tibial external rotation of 10° or 
more in 30° of knee fl exion, this is suggestive of a 
PLC injury (Fig.  32.2 ; Fact Box  3 ).

32.3.2          Imaging Studies 

 Plain radiographs of the knee should be 
obtained not only to assess for the presence of 
any periarticular or intra-articular fractures but 
also to evaluate for certain secondary fi ndings 
that can be seen in the setting of a ligamentous 
knee injury. A small avulsion fragment off of 
the fi bular head, termed the arcuate sign, may 
be noted and is indicative of injury to the PLC 
(Fig.  32.3 ) [ 20 ]. There may also be an avulsion 
fracture of the lateral tibial plateau, termed the 
Segond fracture, which is due to the pull of the 
lateral capsule and may be seen with an ACL 
injury [ 12 ].

   Stress radiography is a widely used diag-
nostic tool that provides objective quantifi ca-
tion of knee ligamentous instability. Its 

  Fig. 32.2    Dial test performed at 30° of knee fl exion 
showed that the external tibial rotation of the affected side 
was 15.8° greater than that on the contralateral normal 
side, indicating posterolateral instability       

  Fig. 32.3    A 45-year-old man sustained an anteromedial 
strike on the left tibia during a traffi c accident. The radio-
graph showed an avulsed bone fragment ( white arrow ) off 
the fi bular head       

   Fact Box 3    Key physical examinations to 
 diagnose combined ACL/PLC injuries   

 For ACL injury  For PLC injury 

 Lachman test  Neurovascular exam 
(peroneal nerve and ABI) 

 Pivot-shift test  Gait (severe hyperextension 
stance phase) 

 Instrumental 
tests (KT-1000/
KT-2000) 

 Varus stress test at both 0° 
and 30° of knee fl exion 

 Posterolateral drawer test 

 External rotation recurvatum 
test 

 Dial test in either supine or 
prone position 

   Abbreviations :  ACL  anterior cruciate ligament,  PLC  
posterolateral corner,  ABI  ankle-brachial index  
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applications include diagnosing acute and 
chronic injuries, comparing instability preop-
eratively and postoperatively, and monitoring 
stability in nonoperatively treated patients 
[ 18 ]. Side-to-side differences in the amount of 
anterior displacement and varus gapping 
increase suspicion of a functional defi cit in 
combined ACL/PLC injuries (Fig.  32.4 ). 
Compared with physical examination, stress 
radiographs provide a quantifi able and retriev-
able record of instability.

   Magnetic resonance imaging (MRI) is useful to 
assess the extent of injury and facilitate preopera-
tive planning. It has been reported to be 92.3 % sen-
sitive in identifying acute tears of the ACL in the 
multi-ligamentous injured knee [ 13 ]. It is excellent 
in identifying injuries of the PLC as well, espe-
cially to the LCL or Pop-T; it is reported to be less 
accurate (53–68 %) in assessing the PFL [ 47 ]. 
LaPrade et al. [ 25 ] have recommended obtaining 
T2-weighted coronal oblique views to assist in 
identifying injuries to the PLC.  

a

b

  Fig. 32.4    The Telos stress radiography performed on a 
patient suspected with multi-ligamentous injuries. The 
side-to-side differences of ( a ) anterior tibial displacement 

and ( b ) lateral joint opening were 16.3 mm and 11.5 mm, 
respectively, indicating a combined ACL/PLC injury       
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32.3.3     Diagnostic Arthroscopy 

 Diagnostic arthroscopy is becoming increasingly 
important to investigate the patient undergoing 
routine ACL reconstruction with no clear preop-
erative suspicion of PLC injury so that a concom-
itant PLC injury is not missed. The Pop-T can be 
easily visualized from the lateral compartment. 
LaPrade et al. [ 24 ] described an arthroscopic 
“drive-through” sign of the knee where opening 
of the lateral compartment greater than 1 cm with 
varus stress at 30° of knee fl exion was indicative 
of a grade III PLC injury. 

 We recently described a “lateral gutter drive- 
through” (LGDT) sign, where the arthroscope may 
be placed deep into the posterolateral compartment 
via the lateral gutter due to an increased interval 
between the lateral femoral condyle and the Pop-T 
at 30° of knee fl exion seen in PLC injury. In the case 
of acute proximal avulsion of the Pop-T from the 
femur, the bare femoral insertion area, with ecchy-
mosis, scar tissue, and hematoma, can generally be 
found in the lateral gutter (Fig.  32.5 ). It was reported 
that the LGDT sign was effective in identifying the 

acute femoral “peel-off” lesions, in which the femo-
ral avulsions of the Pop-T and LCL were commonly 
encountered [ 8 – 11 ]. Moreover, the LGDT sign 
proved to be useful in diagnosing chronic cases with 
posterolateral instability, with both the sensitivity 
and the specifi city reaching above 90 % [ 41 ].

32.4         Nonoperative Management 

 Important factors to consider for nonoperative 
management include the patient’s activity level, 
comorbidities, and the overall nature of the 
injury. Nonoperative management may be appro-
priate for the older, sedentary patient with a 
milder injury pattern who wishes to “cope” via 
the use of a brace and physical therapy. However, 
recent evidence does suggest that nonoperative 
management of combined ACL/PLC injuries 
may lead to an increased risk of osteoarthritis 
[ 31 ]. Moreover, as discussed earlier, if an associ-
ated PLC injury is not addressed in conjunction 
with an ACL reconstruction, the ACL graft is at 
an increased risk for early failure [ 27 ].  

a b

  Fig. 32.5    ( a ) Diagram of the “lateral gutter drive- 
through” test. In those patients with acute proximal avul-
sion of the popliteus tendon ( Pop-T ) of the femur, the 
arthroscope can be inserted deeply into the posterolateral 
compartment through the interval between the Pop-T and 
the lateral femoral condyle. ( b ) The arthroscopic view 

from the anterolateral portal shows the interval between 
the Pop-T and the lateral femoral condyle. The bare femo-
ral insertion area with ecchymosis also can be found in the 
lateral gutter, which is an indirect sign of an acute femoral 
“peel-off” lesion ( LFC  lateral femoral condyle,  LM  lateral 
meniscus)       
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32.5     Surgical Indications 
and Contraindications 

 In the clinical practice of the current authors, surgi-
cal intervention is favored in patients who sustain a 
combined ACL/PLC injury. While these injuries in 
isolation may be treated successfully by nonopera-
tive management, together they often produce sig-
nifi cant instability that remains symptomatic for 
the patient. Indications for surgery include any 
active patient involved in pivoting, cutting, or 
deceleration activities. The authors advocate sur-
gery in young patients and those with concomitant 
meniscal and/or cartilage pathology, mechanical 
symptoms, or loss of motion. Any patient that fails 
from nonoperative management and has continued 
instability should undergo surgical interventions. 
Relative contraindications to surgery include mor-
bid obesity, advanced age, limited pre-injury func-
tion, extensive scar tissue, circulation dysfunction 
after previous vascular surgery of the involved 
lower extremity, knee extension defi cit >10°, deep 
vein thrombosis (DVT), or patients with signifi cant 
medical contraindications to surgery. However, 
these patients should be managed with initial 
immobilization, aggressive rehabilitation, and 
functional bracing (Fact Box  4 ).

32.6        Surgical Management 

 Treatment algorithms are often based on whether 
the injury is acute or chronic [ 29 ,  33 ]. While there 
is general consensus in the literature that surgical 
interventions of the PLC should be  performed if 
the ACL is reconstructed to reduce the risk of 
early graft failure, some surgeons advocate repair, 
whereas others prefer reconstruction by a variety 
of techniques, which will be discussed below. 

32.6.1     Acute Combined ACL/PLC 
Injuries 

 Initial treatment of the acute combined ACL/PLC 
injured knee should consist of immobilization, 
modalities to reduce soft tissue swelling and 
intra-articular effusion, and therapy to maximize 
preoperative range of motion. It is the author’s 

preference to delay surgery for 5–7 days. During 
this time, a complete preoperative workup, as 
described above, should be performed and an 
operative plan should be made. 

 Debate remains on whether to repair or recon-
struct the PLC injury in acute combined ACL/
PLC injuries. Some authors recommend acute 
repair of PLC injuries if the quality of the torn 
structures is adequate to facilitate a repair [ 38 ]. 
Shelbourne et al. [ 40 ] reported excellent clinical 
outcomes in a cohort of 7 patients treated with 
acute repairs of PLC injuries at a mean follow-up 
of 5 years. Three injury patterns for an acute fem-
oral “peel-off” lesion were recently described 
[ 10 ]. Type I and II lesions were both femoral 
bony avulsions without any mid-substance or 

   Fact Box 4    Key points for surgical indications 
and contraindications   

 Indications  Contraindications 

 Active patient 
involved in 
pivoting, cutting, or 
deceleration 
activities 

 Morbid obesity 
(BMI > 30) 

 Young patients  Advanced aged, 
sedentary patient with 
low level of daily 
activities 

 Concomitant 
meniscal and/or 
cartilage pathologies 
with mechanical 
symptoms or loss of 
motion 

 Limited pre-injury 
function (prior joint 
infection, uncorrected 
severe varus 
malalignment, advanced 
joint arthritis) 

 Failed nonoperative 
management with 
continued 
instability 

 Anticipated to be 
noncompliant with 
nonoperative 
management 

 Extensive scar tissue 

 Knee extension defi cit 
>10° 

 Deep vein thrombosis 
(DVT) 

 Circulation dysfunction 
after previous vascular 
surgery of the involved 
lower extremity 

 Signifi cant medical 
contraindications to 
surgery 

   Abbreviations :  BMI  body mass index  
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fi bular injury to the PLC structures (Fig.  32.6 ). 
Acute PLC repair was performed in these patients 
using strong metal fi xation devices and the early 
clinical outcomes were promising.

   However, even in the acute setting, the PLC 
tissues are often inadequate, especially with mid- 
substance ruptures. Reconstruction of the PLC 
can follow either anatomic or nonanatomic prin-
ciples, and there are proponents of both methods. 

 As it has been shown that the PFL plays an 
important role in the posterolateral stability of 
the knee, current techniques emphasize its recon-
struction in addition to the LCL [ 44 ]. Veltri and 
Warren [ 45 ] described reconstructing the Pop-T 
and PFL with a split patellar tendon or Achilles 
tendon graft, in which the bone plug was fi xed in 
the common femoral tunnel and the two limbs 
were passed through tunnels in the proximal tibia 
and fi bula. They then addressed the LCL inde-
pendently. Stannard et al. [ 42 ] described what 
they termed a “modifi ed two-tailed” technique, 
where a tibialis allograft tendon was tensioned 
through transtibial and transfi bular tunnels and 
fi xed on a single isometric point on the lateral 

femoral condyle with a spiked washer and screw. 
Unlike Veltri’s technique, this reconstructs the 
Pop-T, PFL, and LCL simultaneously. 

 Many surgeons advocate eliminating the tibial 
tunnel and utilizing only a transfi bular tunnel. In 
this regard, a recent biomechanical study showed 
that the transfi bular tunnel was as equally effective 
as the dual tibial/fi bular tunnels at restoring exter-
nal rotation and varus stability [ 37 ]. Not only is 
this technically easier, but it also reduces the over-
all volume of tibial tunnel, which is especially per-
tinent in the reconstruction of the multi- ligamentous 
injured knee where there may already be multiple 
tibial tunnels for ACL/PCL grafts. Others have 
shown that reconstruction of the PLC with a single 
sling through a fi bular tunnel has better rotational 
stability, less morbidity, and less operative time 
when compared to a tibial tunnel [ 21 ]. 

 Anatomic reconstruction of the PLC, which 
involves the placement of two femoral tunnels to 
replicate both the insertion point of the LCL on 
the lateral femoral condyle and the Pop-T anterior 
and distal to it, has been shown by several authors 
to yield excellent results [ 23 ,  26 ]. One study by 

a b c

  Fig. 32.6    The femoral “peel-off” lesions were typically 
categorized into three types: ( a ) type I, isolated popliteus 
tendon (Pop-T) tear (the Pop-T is torn from the femoral 
insertion site) ( black arrow ); ( b ) type II, combined Pop-T 
and lateral collateral ligament (LCL) tear (the Pop-T and 

LCL are torn from the femoral insertion site) ( black 
arrows ); and ( c ) type III, complex tear (both the Pop-T 
and the LCL are torn from the femoral insertion site with 
complex mid-substance injuries) ( black arrows )       
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Ho et al. [ 14 ] showed improved knee kinematics 
with better rotational stability and resistance to 
posterior translation in anatomic PLC reconstruc-
tions with two femoral tunnels, compared to a 
nonanatomic single femoral tunnel technique. 

  Senior Author’s Preferred Technique     In the 
combined ACL/PLC injured knee, graft selection 
becomes very important. The choice of the senior 
author is to reconstruct the ACL in a single- 
bundle manner with autogenous bone-patellar 
tendon-bone (B-PT-B) in young high-level indi-
viduals. In older patients, the patient is offered all 
of the graft options, but semitendinosus and grac-
ilis tendon autografts are typically recommended. 
In order to minimize donor site morbidity from 
the harvesting of multiple grafts, allografts are 
utilized in all patients for PLC reconstruction 
since it is easily available and robust.  

 The authors tend to determine their PLC 
reconstruction protocols based on the classifi ca-
tion system introduced by Fanelli et al. [ 7 ]. In 
cases where increased external tibial rotation is 

the only presenting fi nding or when combined 
with minimal varus laxity (Fanelli type A and 
type B), the surgical techniques to reconstruct the 
popliteus complex (including the Pop-T and/or 
the PFL) can restore normal external tibial rota-
tional stability [ 49 – 51 ]. Motivated by this, an all- 
arthroscopic Pop-T reconstruction technique was 
developed [ 8 ] and will be presented below. 

 Under general or spinal anesthesia, the patient 
is placed in a supine position. The affected limb is 
placed in a foot and leg support providing 90° of 
knee fl exion and 45° of hip fl exion. A 5-mm- 
diameter anterior tibialis allograft is prepared, and 
No. 2 Ethibond suture (Ethicon, Somerville, NJ) is 
used to whipstitch suture each end of the graft. 
From the standard anterolateral portal, the femoral 
portion of the Pop-T is visualized through the lat-
eral compartment and lateral gutter. The accessory 
superolateral portal (close to the femoral insertion 
area of the native Pop-T) is established with a spi-
nal needle through an outside- in technique. 
Electrocautery is used to mark the central point of 
the femoral footprint (Fig.  32.7 ). An eyelet guide 

a b

c

  Fig. 32.7    ( a ) Diagram of the preparation of the arthroscopic 
portals for all-arthroscopic popliteus tendon ( Pop-T ) recon-
struction on a right knee; ( b ) arthroscopic view from the 

lateral portal shows the Pop-T insertion after debridement of 
covered synovium; ( c ) the femoral insertion of the Pop-T, 
which is marked by an electrocautery device. ( lat  lateral)       
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a b

c

  Fig. 32.8    ( a ) Assisted by the transseptal portal, the sur-
geon introduced the anterior cruciate ligament tibial guide 
from the posterolateral portal and positioned it to the pop-
liteus musculotendinous junction of the posterior tibia; 

( b ) arthroscopic view and positioning of the tibial guide; 
( c ) relationship of guide pin ( black arrow ) and groove of 
popliteus tendon on posterior tibia       

   Fact Box 5    Key points for all-arthroscopic pop-
liteus tendon reconstruction   

 To obtain complete visualization of the 
musculotendinous junction, the most central 
portion of the posterior horn of the lateral 
meniscus is detached from the posterior capsule 
and meniscal aponeurosis of the popliteus for 
more than 10 mm downward from the articular 
surface 

 As bony landmark, the shallow groove in the 
posterolateral aspect of the lateral tibial 
plateau makes the location of the popliteus 
tunnel 

 To improve visualization of the popliteus 
femoral portion, a switching rod sometimes 
can be introduced from the superolateral portal 
and passed into lateral gutter to act as a 
“lift-up hanger.” The lateral capsule and skin 
are lifted up, affording the arthroscopic 
surgeon a larger space for viewing and 
instrumental manipulation 

pin is drilled into the center of the footprint, and a 
6-mm-diameter socket (approximately 25 mm in 
depth) is then created over the guide pin.

   With 90° of knee fl exion, the posteromedial, 
posterolateral, and transseptal arthroscopic por-
tals are established. The arthroscope is introduced 
from the posteromedial portal and passed through 
the transseptal portal to reach the posterolateral 
compartment. The posterolateral capsule of the 
knee joint is carefully separated from the synovial 
edge of the posterior horn of the lateral meniscus 
with a motorized shaver (3.5 mm in diameter) 
inserted from the posterolateral portal until the 
popliteus musculotendinous junction is identifi ed 
(Fact Box  5 ). An ACL tibial guide is then brought 
in through the posterolateral portal, advanced, and 
targeted to the popliteus musculotendinous junc-
tion area on the posterior tibia. A Kirschner wire 
is passed from the anterior tibial cortex to the pos-
terior aspect of the lateral tibial plateau (Fig.  32.8 ). 
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  Fig. 32.10    Diagram of combined lateral collateral liga-
ment ( black arrow ) and popliteus tendon reconstruction 
for Fanelli type C injury       

  Fig. 32.9    Diagram of the reconstructed popliteus tendon 
shows the graft and tunnel positions on tibial and femoral 
sides       

Once positioned, a tunnel is made with a cannu-
lated reamer usually 6 mm in diameter. The graft 
is then pulled through the tibial tunnel and into the 
femoral socket under the guidance of the passing 
suture.

    Fixation of the ACL is completed before the 
Pop-T is reconstructed. The surgeon completes the 
Pop-T reconstruction by pulling on the passing 
suture and tensioning the graft from the medial side 
of the knee. Then the graft is fi xed into the femoral 
socket with a bioabsorbable screw (usually 1 size 
larger than the tunnel diameter). The tibial fi xation 
is then completed with another bioabsorbable 
interference screw (again 1 size larger than the tun-
nel diameter), while the knee is held at 30° of fl ex-
ion with neutral tibial rotation (Fig.  32.9 ).

   In cases where increased external tibial rota-
tion is combined with signifi cant varus laxity 
(Fanelli type C), an additional LCL  reconstruction 
is indicated. The current authors tend to use 
B-PT-B allograft to reconstruct the LCL. Initially, 
both the femoral and fi bular tunnels are drilled at 
the anatomic attachment sites. Then the distal 
bone portion of the graft is gently tapped into the 
fi bular tunnel and fi xed with two small-fragment 
cortical screws engaging both fi bular cortices. 
Finally, the proximal bone of the graft is advanced 
into the femoral tunnel and fi xed with a soft tis-
sue interference screw at 30° of knee fl exion with 
neutral tibial rotation (Fig.  32.10 ).

32.6.2        Chronic Combined ACL/PLC 
Injuries 

 It is not uncommon for patients to present to the 
surgeon’s offi ce with a combined ACL/PLC injury 
in a delayed manner. They may be chronic injuries 
that were either initially unrecognized or those that 
failed from a trial of nonoperative management. In 
this setting, patents may present with signifi cant 
swelling and reduced motion and require crutches 
for ambulation. As with the acutely injured knee, 
any patient should undergo a vigorous course of 
therapy to regain range of motion and resume a 
fairly normal gait prior to considering surgical 
intervention. Reconstruction of the stiff, swollen 
knee predisposes the patient to the postoperative 
complication of signifi cant motion loss. 
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a b

c1 c2

  Fig. 32.11    A 24-year-old man presented 5 months after 
failure of an anterior cruciate ligament (ACL) hamstring 
autograft reconstruction. Physical examination revealed a 
grade II pivot shift, 7 mm of increased anterior displace-
ment on KT-1000 testing. ( a ) Full standing radiographs 
showed a varus deformity of the affected lower extremity. 
The patient was treated with a staged procedure of a cor-
rective opening wedge high tibial osteotomy (HTO), fol-

lowed 6 months later with a bone-patellar tendon-bone 
autograft revision ACL reconstruction. At a 24-month 
follow-up evaluation, ( b ) full standing radiographs 
showed that the varus deformity was corrected. ( c ) The 
side-to-side difference of lateral joint opening was 
1.9 mm. The pivot-shift test was negative. The patient 
had returned to work and light recreational sports without 
problems       

 

G.-y. Song et al.



391

 Chronic injuries are associated with poor tissue 
quality; thus reconstruction of the PLC is indicated, 
and there is no role for a primary repair. In the 
chronically unstable knee, surgical intervention is 
warranted, and we follow the same technical guide-
lines as those described above for the acute injury. 
It must be emphasized that it is extremely impor-
tant in the chronic injured knee to thoroughly eval-
uate the alignment of the whole extremity, as it is 
not uncommon for the patient to have a double or 
triple varus knee from long-standing instability 
[ 34 ]. These patients may benefi t from an opening 
wedge high tibial osteotomy to complement the 
ligament reconstructions (Fig.  32.11 ).

32.7         Postoperative Complications 

 Potential complications from the surgical man-
agement of combined ACL/PLC injuries include 
would infection, hematoma, loss of motion, fail-
ure of reconstruction with recurrent pain and/or 
instability, and hardware irritation. The peroneal 
nerve can also be injured during the operative 
approach or reconstruction; the surgeon must be 
alert and careful with dissection [ 2 ]. 

   Conclusions 

 There are several key points when approach-
ing a patient with combined ACL/PLC injury:

    1.    In the setting of an ACL injury, it is impor-
tant not to miss a concomitant PLC injury 
or varus malalignment as these can lead to 
early graft failure of the reconstructed 
ACL.   

   2.    Diligent physical examination and appro-
priate imaging studies are prerequisites of 
an accurate diagnosis of combined ACL/
PLC injury.   

   3.    A thorough neurovascular examination is 
critical in preventing catastrophic 
consequences.   

   4.    Clinical outcomes of “anatomic” PLC recon-
struction techniques are promising in control-
ling both varus and external rotational 
instability.   

   5.    The assessment of lower limb alignment 
and role of high tibial osteotomy cannot 
be understated.   

   6.    The senior author’s preferred treatment 
algorithm of combined ACL/PLC injury is 
provided (Fig.  32.12 ).        

Combined ACL/PLC Injury

Acute Phase
(< 3 weeks)

Chronic Phase
(> 3 weeks)

Clinical Evaluations

Normal Alignment Varus Mal-alignment

ACLR + PLC Procedures based on Fanelli System

Type A or B:
Peel-off lesion: Direct repair
Mid-substance tear: Pop-T,
PFL, or Pop-T + PFL
reconstruction

Type C:
Pop-T + LCL, PFL + LCL, or
Pop-T + PFL + LCL
reconstruction

Staged Procedures
First stage: HTO
Second stage: Clinical re-evaluations
Third stage: Ligament reconstructions if necessary

  Fig. 32.12    Suggested treatment algorithm of combined 
ACL/PLC injury ( ACL  anterior cruciate ligament,  PLC  
posterolateral corner,  ACLR  anterior cruciate ligament 

reconstruction,  Pop-T  popliteus tendon,  PFL  popliteofi bu-
lar ligament,  LCL  lateral collateral ligament,  HTO  high 
tibial osteotomy)       
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Anterior cruciate ligament (ACL) reconstruction 
rehabilitation protocols for the acute postsurgical 
phase are prevalent. Protocols to guide rehabilita-
tion through the return-to-sport progressions and 
phases are not as widely available. The purpose 
of this clinical review is to present the protocol 
developed at the University of Pittsburgh Medical 
Center (UMPC) Center for Sports Medicine for 
the late phases of rehabilitation and return-to- 
sport progress after ACL reconstruction with ref-
erences to the literature.

A comprehensive literature search was per-
formed to identify return-to-sport criteria and 
risk factors for reinjury and revision. The results 
of that literature search were used to create an 
evidence-based, criterion-based progression for 
return to sports that emphasizes injury prevention 
and mastery of basic sports and athletic skills.

A progression which emphasizes mastery of a 
hierarchy of functional tasks is presented with 
criterion to progress between phases including 
running, agility drills, jumping, hopping/cutting/
pivoting, and return to participation in practice 
which was created with consideration for miti-
gating injury risk factors that is presented. A 
complete protocol is presented to guide rehabili-
tation for return to practice and return to full 
sports participation phases. Further research is 
needed to justify a protracted rehabilitation phase 
that emphasizes mastery of lower-level func-
tional rehabilitation tasks before progression to 
more demanding tasks. Long-term follow-up 
with outcomes defined as return to pre-injury 
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 levels of sport participation without reinjury must 
be completed to determine the effectiveness of 
this protocol. The return-to-play progression pre-
sented here has been developed to be specific to 
the individual with consideration for the best 
available evidence for healing and function after 
ACL reconstruction.

33.1  Introduction

Return to sports and avoiding knee joint instabil-
ity associated with reinjury are key measures of 
success after anterior cruciate ligament (ACL) 
reconstruction [18]. The guidelines presented 
here for the later phases of rehabilitation address 
factors known to limit success and lead to rein-
jury – neuromuscular control in basic and 
advanced sport-specific movements and quadri-
ceps strength. The purpose of this chapter is to aid 
clinicians in understanding the necessities of late-
phase rehabilitation to promote safe and effective 
return to sports with respect to maximizing per-
formance and mitigating the risk factors for rein-
jury using criterion-based guidelines.

The clinical decision-making process for 
return to sport emphasizes a highly structured set 
of objective tests with associated criteria for pro-
gression between phases which is recommended 
but has not been commonly reported in the litera-
ture [4, 31].

The program outlined here serves two pur-
poses. The primary purpose is to provide struc-
ture to the rehabilitation process after resolution 
of early postoperative impairments with a 
criterion- based progression for resumption of 
sports activities and participation. During the first 
4–6 weeks after surgery, the patient and physical 
therapist have specific goals for range of motion 
and criteria for discharge of crutches and postop-
erative brace, with numerous protocols available 
in the literature [1, 21, 33]. There are fewer pro-
tocols for the return-to-sport phase and a lack of 
clear goals and standards for progression for the 
physical therapist and patient. The principles 
remain the same during the beginning and end of 
the rehabilitation process, but the exercises are 
chosen to resolve each individual’s impairments 

as well as prepare them for their specific sport 
and position. Strategies for prevention of ACL 
injury are included throughout the program with 
a focus on balance and proprioception, motor 
control, agility, and plyometric training [8, 14, 
15, 19, 20, 29]. The second purpose is to make 
this protocol generalizable to all clinical settings 
and to all individuals. The tests and measures 
described in this chapter can be applied with min-
imal specialized equipment and to all individuals 
regardless of surgical procedure. Specific atten-
tion is paid to concomitant procedures and each 
individual’s presentation when making decisions 
to progress through the protocol.

Individuals progress through this rehabilita-
tion program in five phases. The first phase 
begins immediately after surgery and is centered 
on regaining range of motion, strength, patella 
mobility, flexibility, and normalizing gait. Phases 
2 through 5 encompass progressive return to run-
ning, agility training, jumping, hopping, and cut-
ting and assume clearance from the surgeon for 
running and agreement with the criteria estab-
lished for advancement to subsequent stages. The 
objective tests and criteria to progress between 
phases focus on three areas to determine whether 
or not individuals are ready to attempt more 
demanding activities [1] mastery of the current 
phase [2], neuromuscular control, and [3] quadri-
ceps strength (see Table 33.1). Phases 2 through 
5 involve working with a physical therapist to ini-
tiate new activities. Independent practice is 
encouraged when the individual demonstrates the 
ability to safely complete the exercises.

33.2  Assessment of Mastery

Individuals must demonstrate mastery of the 
rehabilitation goals of the current phase before 
progressing to the next phase (i.e., individuals 
must demonstrate the ability to run 2 miles with-
out gait deviations or signs of inflammation 
before being cleared to perform low-level agility 
tasks). Mastery is typically assessed through 
observation of the highest level of performance 
allowed in the progression. Failure to master the 
tasks of an individual phase is mediated with 
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Table 33.1 Criteria to advance to each new phase

Criteria to enter phase 2 – running:

Phase 1 mastery Symmetrical range of motion, minimal knee joint effusion (trace or less)
Maximal treadmill walking ×15 min without deviationsa

Neuromuscular control Step and hold 30 repetitions without deviationa

Single-leg squats Ten repetitions to 45° of knee flexion without deviationa

Y-balance testb ≥90 % composite score

Quadriceps strength Strength battery Leg press ≥ 80 % 1-RM LSId (90–0°)

Leg extension ≥ 80 % 1-RM LSId (90–45°)

Or

Isometric dynamometry ≥80 % Limb symmetry index

Criteria to enter phase 3 – low-level agility drills:

Phase 2 mastery Run 2 miles continuously without pain, swelling, warmth, or gait deviations

Neuromuscular control Single-leg squatsc Ten repetitions to > 45° of knee flexion without 
deviationa and 75 % LSI

Y-balance testb ≥100 % composite score

Quadriceps strength Strength battery Leg press ≥ 85 % 1-RM LSId (90–0°)

Leg extension ≥ 85 % 1-RM LSId (90–0°)

Or

Isometric dynamometry ≥85 % Limb symmetry index

Criteria to enter phase 4 – double-leg jumping:

Phase 3 mastery No compensation patterns with deceleration during phase 3 agility drills performed 
at full speed

Neuromuscular control Single-leg squatsc ten repetitions to 60° of knee flexion without deviationa 
and 85 % LSI

Quadriceps strength Strength battery Leg press ≥ 90 % 1-RM LSId (90–0°)

Leg extension ≥ 90 % 1-RM LSId (90–0°)

Or

Isometric dynamometry ≥90 % Limb symmetry index

Criteria to enter phase 5 – single-leg hopping and cutting:

Phase 4 mastery No deviations when initiating and landing jumps

Neuromuscular control Single-leg squatsc Ten repetitions to 60° of knee flexion without deviationa 
and 85 % LSI

Quadriceps strength Strength battery Leg press ≥ 90 % 1-RM LSId (90–0°)

Leg extension ≥ 90 % 1-RM LSId (90–0°)

Or

Isometric dynamometry ≥90 % Limb symmetry index
aDeviations include loss of balance, excessive motion outside of the sagittal plane, abnormal trunk movement, contra-
lateral pelvic drop, femoral internal rotation, and medial collapse of the knees
bY-balance test composite score: anterior reach posteromedial reach posterolateral reach

limb

+ +
´3 llength

*100 %

cSingle-limb squat limb symmetry index: External loadduring involved limbsingle legsquat

External loadd

−
uuringuninvolved limbsingle legsquat−

∗100 %

d1-RM LSI: Involved limb RM

Uninvolved limb RM

1

1
100

-
-

* %

focused practice and instruction in proper 
 technique. The inclusion of activity mastery as a 
prerequisite for advancement to the next phase 
ensures that individuals take time to practice each 

skill and incorporate good movement patterns 
during dynamic tasks even if their strength and 
neuromuscular control would allow them to 
progress in multiple phases (i.e., when being 
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tested for phase 2 – running – individuals must 
demonstrate they can run 2 miles continuously 
without increased inflammation before progress-
ing to agility drills, regardless whether they can 
demonstrate greater than 85 % strength and a 
Y-balance test greater than 100 % of leg length).

33.3  Strength Measurement

Quadriceps strength should be measured as pre-
cisely and accurately as possible within the clini-
cal setting due to its importance in the recovery of 
function and its propensity to be under- 
rehabilitated. When available, isometric or iso-
kinetic dynamometry should be used, as it isolates 
the quadriceps and provides reliable measures of 
strength without compensation. In our clinic, 
quadriceps and hamstring strength are measured 
with a maximum volitional isometric contraction 
for five seconds on an electromechanical dyna-
mometer. To reduce the risk of patellar fractures 
[26], isometric strength testing with a dynamom-
eter is delayed until 4 or 5 months post-op, and the 
knee is positioned at 60° of knee flexion to reduce 
bending forces across the patella.

In cases where dynamometry is not available, a 
1-repetition maximum (1-RM) on a knee exten-
sion machine [3, 23] or leg press machine [23] 
can been used to assess strength. For the 1-RM leg 
press, the individual is positioned on the leg press 
with the hip and knee being tested flexed to 90°. 
The heel is in contact with the platform, and the 
ball of the foot is off the edge (Fig. 33.1: leg press) 
to limit compensation with the gastrocnemius- 
soleus complex. The contralateral leg cannot 
assist in initiating the lift and cannot be on the 
floor or on the platform. For the 1-RM leg exten-
sion, the individual is positioned in 90° hip and 
knee flexion with the resistance pad placed proxi-
mally to the malleoli. The individual is instructed 
to extend their knee as smoothly as possible to 45° 
of knee flexion (early phases of rehabilitation) or 
full knee extension (after 5 months post-op) 
against the weight. Both the unilateral leg press 
and the unilateral leg extension should be included 
in the postoperative protocol for quadriceps 
strengthening, thus making the individual familiar 
with the exercises. At the 4- or 5-month time 

frame when strength testing occurs, there should 
be no limitations on the range of motion for either 
weight bearing or non- weight bearing exercise.

The limb symmetry index is calculated as the 
1-repetition maximum load of the involved limb 
divided by the 1-repetition maximum load of the 
uninvolved limb expressed as a percentage. 
Neither the leg press 1-RM test nor the leg exten-
sion 1-RM test has been validated to measure 
limb symmetry compared to isometric dyna-
mometry. While both tests can measure the 
strength of the lower extremity, the leg extension 
test is preferred by the authors as it better isolates 
the quadriceps. The leg press can be used as a 
general measure of lower extremity strength; 
however, there is the possibility of significant 
compensation with the gluteal muscles and the 
triceps surae. When available, isokinetic or iso-
metric dynamometry should be utilized. At the 
transition to each new phase, strength tests must 
be repeated to ensure that strength has been 
maintained and not regressed.

33.4  Neuromuscular Control

Movement patterns and stability are tested with 
three basic tests, with progressively more strin-
gent criteria to advance to the next phase. The 

Fig. 33.1 Foot positioning for leg press 1-repetition 
maximum testing. The ball of the foot is moved up to limit 
the ability of the gastrocnemius and soleus to contribute to 
raising the weight
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step and hold is a low-level approximation of 
running to screen for abnormal mechanics and 
pain. The individual steps from the uninjured 
limb onto the injured limb, at least the distance of 
the individual’s normal stride length. The indi-
vidual is cued to imagine they are stepping over a 
puddle of water and to land with a heel-toe gait 
pattern to simulate walking and progressing the 
distance to prepare for running without excessive 
stiffening or excessive knee flexion (Fig. 33.2: 
step and hold). The single-leg squat is performed 

to the appropriate prescribed angle of knee flex-
ion for ten repetitions to screen for deviations 
(Fig. 33.3: single-leg squat). Deviations are oper-
ationally defined as the use of compensatory pat-
terns including loss of balance, contralateral hip 
drop, excessive femoral abduction or adduction, 
excessive femoral internal rotation (IR), or abnor-
mal trunk movement. Progression to phases 3, 4, 
and 5 requires the individual to complete the 
single- leg squat with additional weight to 
increase the challenge. The limb symmetry index 

Fig. 33.2 Step and hold. Patients must perform 30 step and holds without loss of balance or excessive motion outside 
of the sagittal plane

Fig. 33.3 Single-leg squat. Patients must perform ten 
consecutive single-leg squats to 45° of knee flexion with-
out loss of balance, abnormal trunk movement, 

Trendelenburg sign, femoral IR, or the knee deviating 
medially causing the tibial tuberosity to cross an imagi-
nary vertical line over the medial border of the foot
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Fig. 33.4 Y-balance test. The individual stands with the 
toe of the testing foot at the center of the Y and reaches as 
far along each point as possible without transferring 

weight to the reach limb. (a) Anterior reach on the right 
leg; (b) posteromedial reach on the right leg; (c) postero-
lateral reach on the right leg

 

Y balancecompositescore
Anterior reach posteromedial reach p

 =
+ + oosterolateral reach

limb length

( )
´( )3

for the single-leg squat is expressed as the ratio of 
external weight tolerated during the involved 
single-leg squat compared to the external weight 
tolerated during the uninvolved single-leg squat 
(body weight is excluded).

 
LSI Weight held on involved

weight held on uninvolved
=
/  

The Y-balance test is a measure of stability 
between limbs [11]. The individual stands with 
their toe at the center of a “Y” made of tape on 
the floor. The stem of the Y faces forward, with 
the two arms at 135° clockwise and counter-
clockwise. The individual reaches as far along 
each point as possible with the opposite leg 

while not shifting any weight to the limb that is 
 reaching (Fig. 33.4: Y-balance test). Two prac-
tice trials and two measured trials are com-
pleted. The distance is measured from the 
center of the Y in centimeters, with the 
 maximum reach in each direction used for com-
parison. Reach distances are normalized to leg 
length measured from the inferior aspect of the 
anterior superior iliac spine to the most 
 prominent aspect of the lateral malleolus. 
Comparisons are made for each reach distance 
and a composite reach distance with progres-
sively strict criteria to progress between phases. 
The Y-balance test correlates with future injury 
risk and provides an inter-limb comparison of 
limits of stability [27].
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33.5  The UPMC Center for Sports 
Medicine Functional Training 
and Return-to- Sport 
Rehabilitation Protocol

The following sections outline the various phases 
of the functional training and return-to-sport pro-
gram. The functional testing criteria and forms 
can be found in Tables 33.1 and 33.2.

33.5.1  Phase 2: Running

The return to running allows individuals a con-
trolled environment to begin dynamically loading 
their reconstructed limb. The functional testing to 
determine readiness to begin running typically 
occurs between 4 and 5 months after surgery, 
depending on surgeon preference and surgical 
factors (graft, concomitant procedures). This 

Table 33.2 Post-op ACL reconstruction return-to-sport test

Hop tests Involved limb 
performance

Uninvolved limb 
performance

Limb symmetry index
(≥90 % to pass)

Single-leg forward hop

Single-leg triple hop

Single-leg triple 
crossover

Timed 6-m single leg

Single-leg vertical hop

Single broad jump, 
single-leg landing

Triple broad jump, 
single-leg landing

Single-leg lateral hop

Single-leg medial hop

Single-leg medial 
rotating hop

Single-leg lateral 
rotating hop

Functional runs Patient performance Recommended range for 
males

Recommended range for 
females

10-yard lower 
extremity functional 
testa

18–22 s 20–24 s

Trial 1

Trial 2

10-yard pro-agility 
runb

4.5–6.0 s 5.2–6.5 s

Toward injured limb

Toward uninjured limb
aLower extremity functional test
 Sprint/backpedal, shuffle, carioca, and sprint
 Must perform at perceived full speed and not display hesitation or compensation strategies when decelerating
b10-yard pro-agility test
  Must perform at perceived full speed and not display hesitation or compensation strategies when decelerating
Criteria to return to practice
 MD clearance.
 Pass return-to-sport test with ≥90 % results for each test.
Criteria to return to competition
 MD clearance.
  Tolerate full practice sessions with opposition and contact (if applicable) performed at 100 % effort without any 

increased pain, increased effusion, warmth, or episodes of giving way.
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conservative time frame for beginning running is 
based on the best available data for healing time 
frames and is later than has been previously sug-
gested. Mastery of phase 1 is assessed with a 
measurement of range of motion, effusion, and 
gait in a demanding scenario. Individuals must 
have range of motion symmetrical to the unin-
volved limb and a trace or less effusion. Gait is 
assessed during a maximal treadmill walk for 
15 min at speed short of jogging (individual still 
demonstrates a double-support phase) with a 
physical therapist observing the patient to assess 
for gait deviations including decreased stride 
length, contralateral pelvic drop, femoral internal 
rotation, and medial collapse of the knees. This is 
tested first to induce fatigue for the other tests. 
The neuromuscular control tests include 30 step 
and holds and 10 consecutive single-leg squats 
on the involved leg to at least 45° of knee flexion 
without compensatory patterns. The individual 
must also demonstrate a Y-balance test compos-
ite score of at least 90 %. Finally, the individual 
must demonstrate 80 % quadriceps strength sym-
metry on an isometric dynamometer or by means 
of both a 1-RM leg press and a 1-RM leg exten-
sion. If individuals do not pass any of the five 
tests, treatment continues with a focus on the 
remaining deficits.

When the individual passes these tests without 
pain, increased effusion, or signs and symptoms 
of inflammation, they will be directed to the sur-
geon for final clearance to begin a jogging pro-
gression. Alternating periods of walking and 
jogging are implemented with progressive 
increases in distance (see example in Adams 
2012 [1]). The authors advocate a distance-based 
progression over a time-based progression to 
more accurately control the load experienced by 
the knee joint. The individual should complete at 
least three sessions of running on a treadmill 
under the supervision of their physical therapist 
to monitor for compensatory patterns. When an 
appropriate gait pattern is consistently observed, 
the individual can complete the running progres-
sion independently. When the individual can run 
2 miles consecutively without increased 
 inflammation, testing for progression to phase 3 
can occur.

33.5.2  Phase 3: Basic Agility Drills

Fact Box 2: Criteria to Start Agility Training

• ≥85 % 1-RM on the leg press (90–0°).
• ≥85 % 1-RM on the knee extension 

machine (90–0°) or Biodex testing if 
available.

• Ten consecutive single-leg squats >45° 
of knee flexion without loss of balance, 
abnormal trunk movement, 
Trendelenburg sign, femoral IR, or the 
knee deviating medially causing the 
tibial tuberosity to cross an imaginary 
vertical line over the medial border of 
the foot while holding ≥ 75 % extra 
weight compared to the other side 

Fact Box 1: Criteria to Start Jogging at 4–6 

Months Post-op

• No abnormal gait patterns while walk-
ing as fast as they can on the treadmill 
for 15 min

• 30 step and holds without loss of bal-
ance or excessive motion outside of the 
sagittal plane

• Ten consecutive single-leg squats to 45° 
of knee flexion without loss of balance, 
abnormal trunk movement, Trendelenburg 
sign, femoral IR, or the knee deviating 
medially causing the tibial tuberosity to 
cross an imaginary vertical line over the 
medial border of the foot

• ≥80 % 1-repetition maximum (1-RM) 
on the leg press (90–0°)

• ≥80 % 1-repetition maximum (1-RM) 
on the knee extension machine 
(90–45°)

• ≥90 % composite score on Y-balance 
test
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To demonstrate mastery of phase 2, the individ-
ual must run 2 miles continuously without any 
complaints of pain, without signs or symptoms of 
inflammation, and without gait deviations. 
Neuromuscular control is tested with ten consec-
utive weighted single-leg squats to 45° of knee 
flexion without aberrant movements with a limb 
symmetry index of at least 75 % and a Y-balance 
test with a composite score of at least 100 %. 
Individuals must also demonstrate an 85 % LSI 
on 1-RM leg extension and 1-RM leg press.

Basic agility drills include forward/backward 
shuttle running, side shuffling, carioca (lateral 
shuffling while crossing your trail leg over the lead 
leg), and “quick feet” drills using a ladder or hur-
dles in forward and lateral directions. Deceleration 
with hip and knee flexion to absorb the load for 
direction changes is emphasized when running 
and preparing to change directions. Effort begins 
at approximately 50 % speed and continues at that 
level until the individual can complete the drills 
without hesitation or compensation during decel-
eration to change directions. The individual should 
initially perform the agility progression under the 
supervision of their physical therapist or athletic 
trainer to monitor movement patterns. When the 
individual demonstrates acceptable performance 
and reports full confidence decelerating on the 
involved leg, they can complete the progression 
independently, with weekly to biweekly monitor-
ing from their physical therapist.

33.5.3  Stage 4: Double-Limb 
Jumping

To demonstrate mastery of low-level agility 
drills, the individual must complete forward/

backward shuffling, side shuffling, carioca, and 
ladder drills at full speed without compensation 
patterns. Individuals must also demonstrate neu-
romuscular control by performing ten consecu-
tive weighted single-leg squats to at least 60° of 
knee flexion with a limb symmetry index of at 
least 85 % and demonstrate an improved quadri-
ceps strength symmetry of a 90 % LSI.

The individual begins with forward jumps and 
jumps onto a box. Cues are given to emphasize 
avoiding dynamic valgus, to exaggerate hip and 
knee flexion, and equally distribute weight on 
both extremities when loading into the jump and 
landing [8, 14, 19, 25]. When the individual dem-
onstrates good form with forward jumps, they 
will progress with lateral jumps and rotational 
jumps. When the individual demonstrates good 
technique for jumping onto a box, they will prog-
ress to jumps off of the box. Lastly, the individual 
will progress from single jumps where they have 
to reset each time to consecutive rebounding 
jumps, both from the floor and from the box to 
the floor. Jumping drills are initiated in the clinic 
under supervision and progressed in weekly to 
biweekly follow-ups with independent practice at 
home.

Fact Box 3: Criteria to Start Jumping

• ≥90 % 1-RM on the leg press (90–0°).
• ≥90 % 1-RM on the knee extension 

machine (90–0°) or Biodex testing if 
available.

• Ten consecutive single-leg squats to 60° 
of knee flexion without loss of balance, 
abnormal trunk movement, Trendelenburg 
sign, femoral IR, or the knee deviating 
medially causing the tibial tuberosity to 
cross an imaginary vertical line over the 
medial border of the foot while hold-
ing ≥ 85 % extra weight compared to the 
other side (dumbbells, weight vest, etc.). 
Body weight is not part of the equation.

• No compensation patterns with deceler-
ation during agility drills performed at 
near 100 % effort.

(dumbbells, weight vest, etc.). Body 
weight is not part of the equation.

• 100 % composite score on Y-balance 
test.

• Be able to run 2 miles continuously 
without pain, swelling, warmth, or gait 
deviations.
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33.5.4  Phase 5: Single-Limb Hopping 
and Cutting and Sport- Specific 
Drills

To demonstrate mastery of double-limb jumping, 
individuals must not display any compensatory 
patterns with jumping, with particular attention 
being paid to loading into and out of the jump 
symmetrically and without medial collapse of the 
knee. To demonstrate neuromuscular control, 
individuals must perform ten consecutive 
weighted single-leg squats to at least 60° of knee 
flexion with a limb symmetry index of at least 
90 % and demonstrate quadriceps strength sym-
metry of at least 90 % LSI.

Hopping follows the same progression as 
jumping in phase 4 – single forward hops on the 
floor and onto a box, progressing to hops out of 
the sagittal plane and multiple hops. For cutting 
activities, individuals should first practice run-
ning in an “S” pattern or a figure 8, then progress 
to 45° cuts, and then to sharper angle cuts. 
Pivoting should begin when the individual is 
competent with cutting at sharp angles. As with 
low-level agility drills, confidence and perfor-
mance dictate the speed of cutting and pivoting 
drills, and the individual should not progress with 
high-level cutting and pivoting drills if they dem-
onstrate compensation patterns or express 

decreased confidence at higher speeds [7]. 
Individuals should be able to tolerate controlled 
cutting and pivoting at full speed before practic-
ing unanticipated cutting and sport-specific 
movements. Once the individual is familiar with 
all agility, plyometric, and cutting exercises, 
rehabilitation will solely focus on the specific 
demands needed to return to sport.

33.5.5  Return to Practice Testing 
and Return to Sports

Return to practice testing can occur when the indi-
vidual can run and perform all agility, plyometric, 
and sport-specific drills without any hesitation, 
without compensatory patterns, and with no com-
plaints of increased pain or instability or display of 
any signs or symptoms of inflammation. The 
return-to-sport test (Table 33.2) includes a strength 
assessment, functional testing for symmetrical per-
formance, and functional testing for running situa-
tions. Individuals must demonstrate a 90 % 
quadriceps LSI to pass the return-to-sport test. 
Functional testing follows the strength assessment.

33.6  Objective Functional 
Symmetry Testing

Unilateral hop tests mimic the demands of sport 
participation in a controlled setting allowing for 
assessment of performance and movement quality. 
As normative data for these tests are sparse [31], 
the uninjured limb is consistently used as a bench-
mark for performance of the reconstructed limb 
[12, 13, 16, 17, 22, 24]. Limb symmetry indexes of 
85 % [5], 90 % [12, 13, 16, 17, 22], and even 
95–100 % [31, 32] are used to indicate “normal” or 
symmetrical performance and for clearance to 
return to sports. However, none of these cutoffs 
have been determined to accurately predict the 
ability to safely return to sports after ACLR and 
are thus based on expert opinion.

The most common testing involves the single 
hop for distance [4, 10] although recommenda-
tions for and the use of functional testing batter-
ies are becoming more prevalent [12, 13, 16, 17, 

Fact Box 4: Criteria to Start Hopping and 

Cutting

• Ten consecutive single-leg squats to 60° 
without loss of balance, abnormal trunk 
movement, Trendelenburg sign, femoral 
IR, or the knee deviating medially caus-
ing the tibial tuberosity to cross an 
imaginary vertical line over the medial 
border of the foot while holding ≥ 90 % 
extra weight compared to the other side 
(dumbbells, weight vest, etc.). Body 
weight is not part of the equation.

• No display of medial collapse of the 
knees when loading into or landing from 
jumps and equal weight distribution 
when initiating and landing the jumps.
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22, 31, 32]. For clinics without the benefit of 
electromechanical dynamometry, unilateral hop 
tests correlate with quadriceps strength [16, 17] 
and are affected by quadriceps strength [30]. 
However these relationships are not strong 
enough to allow for the use of the hop tests to 
replace isolated testing of quadriceps strength 
because hop tests at best only account for approx-
imately 50 % of the variation in quadriceps 
strength. In addition to measuring performance 
for potential return to sport, early functional test-
ing at the 6-month time frame is predictive of 
those individuals who will self-report normal 
knee function at 1-year follow-up [16].

The use of multiple hop tests including maximal 
hop tests (for distance or height) and exertional hop 
tests (for time) presents a comprehensive and 
robust measurement of individual performance 
[31]. The most frequently used hop test battery 
involves four tests – the single hop for distance, the 
triple hop for distance, the triple crossover hop for 
distance, and the timed six-meter hop [6, 9, 24, 28]. 
All of the distance hops begin and end in single-
limb stance on the limb being tested in a controlled 
manner, without using excessive balance reactions. 
The single hop involves one maximal hop. The tri-
ple hop involves three consecutive hops for maxi-
mum distance. The triple crossover hop includes 
three consecutive hops where the individual must 
land outside of two parallel lines spaced 15 cm 
apart. Individuals must not pause between hops on 
the triple or crossover hops. Performance is evalu-
ated by normalizing the performance of the 
involved limb to the uninvolved limb and express-
ing the ratio as a percentage, termed the limb sym-
metry index (LSI). The timed six-meter hop 
requires the individual to hop as quickly as possible 
down a six-meter course on a single limb in as 
many or as few hops as needed. The landing is not 
controlled after the completion of the six- meter 
course. Because the uninvolved limb is expected to 
move the individual more rapidly down the line, 
the uninvolved limb is expressed as a percentage of 
the involved limb to maintain the convention that 
scores less than 100 % indicate superior perfor-
mance of the uninvolved limb.

Functional muscular power is tested with a 
single-limb vertical hop test. The individual 

stands next to a wall and jumps as high as possi-
ble from one limb, using their preferred counter-
movement strategy. The landing is uncontrolled, 
but monitored for compensations. The individual 
attempts to jump as high as possible, with height 
measured by either having the individual put a 
piece of tape on the wall or using a Vertec System 
(Gill Athletics, Champaign, IL) to measure jump 
height. Limb performance is expressed as a ratio 
of the best recorded jump height of three trials on 
the reconstructed limb compared to the contralat-
eral limb.

Individuals must demonstrate limb symmetry 
indices of at least 90 % on these five hop tests to 
pass. An LSI threshold of 90 % is used as opposed 
to 95 % or 100 % as recommended by the 
European Sports Rehabilitation Board [31] as 
these thresholds may be too stringent and prevent 
returning to practice with symmetry levels that 
are in normal ranges.

33.7  Novel Functional Symmetry 
Testing

In addition to previously established hop tests, the 
authors are implementing additional hop tests to 
investigate any additional benefits for determin-
ing readiness for return to sport and prediction of 
future injury. The single-legged medial, lateral, 
and rotating hops are used to challenge stability in 
the frontal and transverse planes. The medial and 
lateral hop tests place additional varus and valgus 
stresses on the knee joint and may provide a per-
spective on the ability of the individual to control 
motion under much higher frontal plane loads. 
Distance is measured as the maximum distance 
hopped on each limb, and a limb symmetry index 
is calculated. The rotating hop places a large rota-
tional moment on the knee and should be per-
formed first in a clockwise direction for the right 
knee and a  counterclockwise direction for the left 
knee as these will less mimic the position of 
injury. Upon successful completion of those rotat-
ing hops, the directions can be reversed as a more 
challenging test. Performance is measured by 
using a goniometer to measure the change in 
angle from the starting position. These tests are 
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not as directly related to competition and perfor-
mance as the functional hop series; however, they 
provide an additional standardized method of 
evaluating movement quality and side-to-side 
symmetry. The neuromuscular control risk factors 
of impaired postural stability and frontal and 
transverse collapse (dynamic valgus) can be 
observed in these tests to monitor deficits and 
identify areas for further rehabilitation. The final 
two tests are a single and triple jump, where the 
patient must land on one foot. A single and triple 
broad jump allows for more power development, 
and we are testing the ability of the involved leg to 
control that landing. Threshold values of at least 
90 % LSI are encouraged for these tests as well.

33.8  General Functional Agility 
Testing

Agility tests during the course of rehabilitation 
give clinical insight into gross movement pat-
terns and glaring asymmetries; however, they are 
not sensitive enough to establish limb asymme-
tries that are present during unilateral testing 
[22]. In the final return-to-sport test, individuals 
complete two functional runs that focus on 
 quickness, confidence when making directional 
changes, and quality of movement. The lower 
extremity functional run (Fig. 33.5a) is set up on 
a 10-yard course marked by two cones. The ath-
lete begins with a 10-yard sprint followed by a 
10-yard backpedal, a 10-yard side shuffle in each 
direction, and a 10-yard carioca in each direction 
and ends with a final 10-yard sprint. The pro- 
agility test (Fig. 33.5b) begins with the individual 
straddling the centerline of a 10-yard course 
marked by three cones each 5 yards apart. The 
athlete must sprint five yards and touch the cone, 
change direction, sprint back 10 yards and touch 
the cone, change direction, and sprint back 
through the centerline. The timer begins with the 
athlete’s first movement to either end of the 
course and ends with the final crossing of the 
centerline. Suggested cutoff times are available; 
however, as bilateral functional tests do not dif-
ferentiate unilateral deficits, these two functional 
runs are included for the therapist to evaluate 
movement quality and direction changes.

When individuals demonstrate 90 % limb 
symmetry and demonstrate good movement 
quality with agility tests, they return to their phy-
sician for final clearance to return to practice. 
When individuals return to practice, they again 
follow a progression specific to their sport and 
timeline. Individuals typically begin practice 
with unopposed drills with sport-specific move-
ments and general conditioning. When their 
unopposed performance is sufficient per the dis-
cretion of the coach and athletic trainer, individu-
als can begin controlled contact drills. Lastly, 
individuals can return to full intra-squad scrim-
maging. Individuals return to their physician for 
full return to competition clearance when they 
can practice at 100 % effort (with contact if appli-
cable) and have no complaints of pain or signs 
and symptoms of inflammation.

33.9  Conclusion

This guideline for functional testing and progres-
sion has been developed to be patient specific in 
light of the best available evidence concerning 
healing of the reconstructed ACL with consider-
ation for both modifiable and nonmodifiable risk 
factors. The focus is on consistent implementa-
tion of functional tests to provide clear goals for 
the individual and therapists to pursue while 
eliminating some of the uncertainty that sur-
rounds the return to activity decision. We are cur-
rently testing this protocol to determine areas of 
inconsistency and insufficiency.

33.9.1  Clinical Recommendations 
with Strength 
of Recommendation 
Taxonomy (SORT) Grades

Grade C. A progression through multiple phases 
of increasing difficulty should be implemented 
and progressed based on strength, neuromus-
cular control, and task mastery to improve 
return to sports after ACL reconstruction.

Grade C. Comprehensive physical testing to 
identify limb symmetry in strength and per-
formance should be used as the final test to 
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clear individuals for returning to practice after 
ACL reconstruction.

Grade C. Assessment of task mastery and move-
ment quality should be included in all assess-
ments to provide a general impression of risk 
for injury.
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34.1          Introduction 

 Return to sport has become an important out-
come measure following anterior cruciate liga-
ment (ACL) reconstruction surgery. A group of 
researchers based in Melbourne, Australia, has 
been interested in return to sport as an outcome 
since 2002 and has published widely on the 
topic [ 1 ,  3 – 8 ,  14 ,  18 ,  19 ,  31 ]. This chapter sum-
marises the work of this group and also data 
from other centres in Australia. Since the authors 
of the chapter are all members of the Melbourne-
based research group, studies emanating from 
the group are frequently referred to in the fi rst 
person. 

 Return to sport following ACL reconstruction 
has been routinely recorded by the Melbourne 
researchers since 2002. Initially, the question was 
whether patients who had been playing high- 
impact sports prior to injury successfully returned 
to these sports following their surgery. 
Anecdotally, we had noted that a number of our 
patients had not returned to their pre-injury sport 
when they returned for review at 12 months, and 
we felt this warranted further exploration. The 
results of this investigation confi rmed our impres-
sion and indeed showed a relatively low rate of 
return to pre-injury sport despite the surgery 
being apparently otherwise successful [ 8 ]. This 
initial investigation is described in detail in the 
following section, along with subsequent studies 
from our group regarding return to sport after pri-
mary and revision ACL reconstruction. 
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 In order to put our research into context, we 
also conducted a systematic review of the pub-
lished literature and performed meta-analyses 
to determine the rate of return to any kind of 
sports participation, as well as the rates of 
return to pre- injury and competitive sports fol-
lowing ACL reconstruction [ 7 ]. We evaluated 
48 studies that reported on outcomes in 5,770 
patients at a mean follow-up of 42 months. 
Overall, 82 % of patients returned to some kind 
of sport, but only 63 % were participating in 
their pre-injury sport at follow- up. When com-
petitive sport was considered, only 44 % were 
participating at follow-up. These participation 
rates were in contrast to the fi nding that around 
90 % of patients were rated normal or nearly 
normal on impairment-based outcomes, such as 
strength and knee laxity. 

 This review was updated in 2014 to include a 
total of 69 studies reporting on 7,556 patients 
[ 4 ]. In the update, 81 % returned to some kind of 
sport, 65 % returned to their pre-injury sport, 
and 55 % returned to competitive sport. The 
larger data set allowed us to explore the infl u-
ence of key background factors, such as age, 
gender, and pre- injury sports participation level. 
Our results showed that being younger, male, 
and playing at an elite level of sport all favoured 
a return to pre- injury- level sport. Results in 
terms of graft type were mixed with hamstring 
tendon autografts favouring a return to competi-
tive sport at various levels and patellar tendon 
autografts favouring a return to pre-injury sport, 
although this discrepancy may refl ect defi ni-
tions and terminology used in different studies. 
Having a positive psychological response was 
also shown to be strongly associated with a 
return to pre-injury sport, and this is another 
area in which our group has published widely 
[ 1 ,  5 ,  18 ,  19 ,  31 ].  

 This chapter is in three sections: in the fi rst, 
we describe in detail the results of the return to 
sport studies conducted in Melbourne, Australia; 
in the second, the wider Australian literature is 
presented; and in the third, the Melbourne work 
in terms of the psychological impact of returning 
to sport is discussed.  

34.2     The Melbourne Return 
to Sport Experience 

34.2.1     Return to Sport 
Following Primary ACL 
Reconstruction 

 We have conducted a number of studies on return 
to sport following ACL reconstruction [ 3 – 8 ]. 
Two studies investigated return to sport at two 
different time points in patients who had under-
gone primary ACL reconstruction surgery by a 
single surgeon. The two patient cohorts were 
slightly different, but were both active in sport 
prior to their ACL injury. 

 The fi rst study [ 8 ] involved 503 patients (68 % 
male, 32 % female, mean age of 26 at the time of 
surgery) who participated in competitive-level 
Australian rules football, basketball, netball, or 
soccer prior to their ACL injury. The four sports 
represented the most common setting for an ACL 
injury in the local population, and all are demand-
ing sports from the point of view of ACL injury. 
The most common two sports played prior to 
injury were Australian rules football (39 %) and 
netball (24 %). Eighty-six per cent of patients 
sustained their ACL injury during an organised 
league game, 12 % during recreational sport and 
2 % in nonsporting activities. 

 The patient group was derived from a total of 
1201 primary ACL reconstructions using autolo-
gous hamstring tendons performed by a single 
surgeon over a 5-year period. Of these patients, 
88 % returned for follow-up examination at 
12 months. In general, patients were advised that 
they could resume training for their sport from 
6 months postoperatively and return to play at 
9–10 months from surgery, providing their recov-
ery had been uncomplicated. 

 Fact Box 1 

 In a 2014 systematic review, the rates of 
return to some kind of sport and to pre- 
injury sport following ACL reconstruction 
were 81 % and 65 %, respectively. 
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 The 12-month follow-up examination included 
a custom-designed self-report questionnaire, 
which covered information regarding the main 
sport played before injury and the level of com-
petition in which the patient was involved when 
the injury occurred, as well as postoperative 
sports participation and the patient’s plans regard-
ing return to sport. Specifi cally, the patients were 
asked whether they had attempted to play their 
main sport following surgery. The response 
options were: not at all, training and/or modifi ed 
competition, or full competition. Patients who 
had not attempted full competition postopera-
tively were asked to indicate whether they 
planned to return to their main sport. The response 
options for intentions regarding return to sport 
were: yes, unable to play or have given up sport 
because of my knee, or have given up sport or not 
been able to return to sport for reasons other than 
my knee. 

 Clinical data collected and used in the analysis 
included the International Knee Documentation 
Committee (IKDC) knee evaluation form, single- 
limb hop for distance, and triple crossover hop. 

 At the 12-month follow-up, one-third of 
patients had attempted full competition and one- 
third had attempted training or modifi ed competi-
tion. The remaining third had not attempted to 
play sport or train. Males were more likely than 
females to have attempted full competition. 
There were no differences in terms of attempting 
full competition between those patients who 
rated highly on IKDC and those who did not. 
However, patients with a hop test limb symmetry 
index of greater than 85 % were more likely to 
have attempted full competition than those with a 
limb symmetry index of less than 85 %.  

 Half of the patients who had not attempted full 
competition indicated that they were planning to 
return to sport. Twelve per cent had stopped par-
ticipating in sport for reasons other than the knee, 
13 % had given up sport because of their knee 
function, and 25 % did not report whether they 
intended to return to competitive sport. 

 Given the high number of patients who indi-
cated that they still intended returning to their 
competition sport, it was concluded that patients 
may require more than 12 months to make a 
return to competitive sport after ACL reconstruc-
tion. The reasons for this, however, were unclear. 

 In the second study [ 3 ], the patient cohort was 
derived from the same 1201 patients who had 
undergone primary hamstring tendon ACL recon-
struction by one surgeon over a 5-year period. 
The inclusion criteria for this study were differ-
ent from the fi rst study. To be eligible, patients 
must have had surgery at least 2 years previously, 
received clearance to return to play from the 
treating surgeon, attended a routine 12-month 
follow-up, and been participating in sport at least 
twice per week before their ACL injury. In other 
words, this group included patients who were 
potentially a little less active in sport than the fi rst 
study (as they were not required to have been par-
ticipating in competitive sport in order to be 
included). 

 Of 533 patients who met the inclusion criteria, 
59 % (314) participated in the study. There were 
more females in this cohort than in the fi rst 
study – 42 % compared with 32 %. The mean age 
at review was a little higher – 32.5 compared with 
27 – and the mean time from surgery was 
40 months. The same four sports were the most 
commonly played prior to injury. Sixty-three per 
cent of participants played at a competitive level 
prior to injury. 

 Patients completed a custom-designed self- 
report questionnaire. With regard to sport, they 
were asked whether they had attempted to play 
any form of sport since surgery, whether they had 
attempted to play their pre-injury sport, and 
whether they had attempted competitive sport. 
Participants were asked about their sports partici-
pation at any time since their surgery, as well as 
at the time of completing the survey. Those who 

 Fact Box 2 

 In a study of athletes competing in team 
ball sport prior to their ACL injury, only 
one-third had returned to pre-injury com-
petitive sport at 12 months following their 
ACL reconstruction. Another one-third had 
returned to training or competition at a 
lower level. 
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had not attempted to play any sport since surgery 
were asked about their future intentions. Patients 
who indicated they had changed or reduced their 
level of sports participation, or ceased sport, were 
asked whether this was because of their operated 
knee or for other reasons. Patients were also 
asked a series of questions about knee function 
and symptoms. 

 At the time of follow-up, participants gener-
ally reported satisfactory knee function with a 
mean score of 87 out of a maximum of 100. 
Sixty-six per cent of the patients were participat-
ing in sport. Forty-fi ve per cent were playing at 
their pre-injury level. The rate of return to pre- 
injury level of sport at fi nal follow-up was sig-
nifi cantly infl uenced by age, with participants 
older than 32 years being less likely to be partici-
pating at that level. Gender was not associated 
with the rate of return to pre-injury sport. 
Similarly, return to sport or not at 12 months 
postoperatively was not associated with longer-
term participation rates. 

 When the rate of return to sport at  any  time 
since surgery was examined, higher participation 
rates were noted. Ninety-three per cent had 
played some kind of sport and 61 % had returned 
to their pre-injury level of sport. The same asso-
ciation between older age and a lower rate of 
return to sport was noted. Once again, gender did 
not appear to be an infl uential factor. Of those 
patients who had not attempted sport at their pre- 
injury level, 56 % indicated that they had changed 
their sports participation because of the function 
of their operated knee. 

 On the basis of these two studies, it appears 
that a signifi cant proportion of patients make a 
return to their pre-injury sport beyond the 
12-month mark but that there is a signifi cant 
drop-off in participation by 4 years postopera-
tively. Age may play an important role. The lower 
participation rate of older patients may well 
refl ect lifestyle factors.  

34.2.2     Return to Sport Following 
Revision ACL Reconstruction 

 The Melbourne group has also examined rates of 
return to sport following revision ACL recon-
struction (manuscript under review) [ 13 ]. One 
hundred and nine of 136 (80 %) eligible patients 
who had undergone their fi rst revision ACL 
reconstruction over a 4-year period completed a 
sports activity survey at a mean 5-year follow-up 
(minimum 3 years). 

 Overall, there did not appear to be much dif-
ference between the rates of return following 
the revision ACL reconstruction (46 %) and fol-
lowing the primary procedure (50 %), although 
it should be noted that the rate of return to pre- 
injury sport after the primary surgery was lower 
than in the two studies described above. Of the 
patients who were not able to return to their pre- 
injury level of sport after primary reconstruc-
tion, 33 % improved to the point that they were 
able to do so after revision. In the majority of 
cases, this was felt to be due to correction of 
technical problems or errors in the primary 
surgery. 

 Once again, younger patients were more likely 
to have returned to their pre-injury level of sport, 
whilst the same rate of return was seen in males 
and females. Perhaps not surprisingly, those who 
returned to their pre-injury level of sport also 
scored higher on the Marx activity, KOOS-QOL, 
and IKDC subjective scores. 

 Fact Box 3 

 Age plays an important role in return to 
sport following ACL reconstruction, with 
older patients less likely to return to their 
pre-injury sport. 
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 With regard to the status of the knee at the 
time of revision ACL reconstruction, patients 
with less than 50 % thickness articular cartilage 
lesions were more likely to have returned to their 
pre-injury level and had signifi cantly better Marx 
activity, KOOS-QOL, and IKDC scores at fol-
low- up. The status of the menisci at the time of 
revision surgery was not associated with rates of 
return to sport, but patients with an intact medial 
meniscus had signifi cantly higher KOOS-QOL 
scores at follow-up. 

 Overall, it appears that satisfactory rates of 
return to sport can be achieved following revi-
sion ACL reconstruction surgery, particularly 
if there is little articular cartilage damage and 
the medial meniscus is intact. An inability to 
return to sport following primary ACL recon-
struction may refl ect technical problems at the 
time of surgery. If these can be corrected at 
revision surgery, improved outcomes can be 
expected [ 30 ].  

34.2.3     Return to Sport in Australian 
Rules Football 

 Australian rules football is a code of 
football unique to Australia. It has a high par-
ticipation rate, particularly in the southern 
states. It is a contact and very athletic game, 
played on a large ground, and the demands on 
footballers include speed, endurance, jumping 
ability, and foot and hand skills. Apart from a 
mouthguard, no protection is worn. The game 
involves frequent pivoting, cutting, and 
 landing and a player can be tackled from any 
direction, including from behind. As noted 
from the above studies, it is a frequent source 
of ACL injuries. The Melbourne group 
has looked at return to sport in both profes-
sional and nonprofessional Australian rules 
footballers. 

 In an unpublished study [ 14 ], a comprehen-
sive questionnaire was completed by 78 patients 
who were a minimum of 2 years following ACL 
reconstruction by a single surgeon and who 
played Australian rules prior to injury (nonpro-
fessionally) and indicated a desire to return to 
play following ACL reconstruction. Sixty-seven 
per cent of participants had a patellar tendon 
graft and 23 % a hamstring tendon graft. The 
mean age of participants at follow-up was 
29.6 years. 

 Eighty-eight per cent returned to competition 
football, with exactly the same rate for both 
graft types. Five subjects (6 %) changed their 
mind about returning to football following sur-
gery, but all indicated this was for reasons other 
than their operated knee. Of the other four par-
ticipants who did not return to football, three 
indicated this was because of their operated 
knee. The other participant sustained an ACL 
rupture in the contralateral knee. Seventy-seven 
per cent of the players felt that the surgery had 
successfully enabled them to return to their pre-
vious level of football. 

 In a personal series of 52 primary ACL recon-
structions in professional Australian rules foot-
ballers who suffered an ACL rupture whilst 
playing or training at the highest level (Australian 
Football League), the rate of return to play is 
even higher. At a minimum of 12 months follow-
ing primary ACL reconstruction, 49 (94 %) 
returned to play at the same level of competition. 
Two players retired immediately upon suffering 
their injury and one player who had a hamstring 
graft was unable to resume play at the same level 
due to hamstring graft site problems. 

 The Melbourne experience has been that the 
rates of return to pre-injury sport appear to be 
higher in professional footballers playing at the 
very elite level than in the more general 
 population of patients undergoing ACL 
reconstruction. 
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34.3     An Australian Perspective 

34.3.1     Return to Sport in Australian 
Rules Football 

 Despite the high rate of return to sport in the 
single- surgeon series, such results have not been 
universally reported. Liptak and Angel [ 21 ] per-
formed a retrospective analysis of 115 elite AFL 
players who underwent an ACL reconstruction 
(63 % patellar tendon, 34 % hamstring) between 

1990 and 2000. This study examined return to 
play, reinjury rates, and return to previous play-
ing competency. 

 Overall, 30 players (26 %) did not return to 
play AFL football at the elite level, whereas of 
the remaining 85 players (74 %), 41 (48 %) 
played less than 1 year following surgery and 44 
(52 %) played 1 year or longer. Players were less 
likely to play if they were older (30 years or 
older), their dominant knee was injured, or they 
were of lighter body weight (70–79 kg). Of the 

     

  Illustrations 

 Australian rules football      
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85 players that returned to play, 24 (28 %) had a 
further ACL injury in either their operated (16 %) 
or contralateral knee (12 %). The reinjury rates 
were higher in those who returned to play less 
than 1 year following surgery. Return to form 
was analysed by examining match day statistics 
prior to the ACL injury and comparing them to 
those at 1, 2, and 3 years following return to play. 
On average, most players did not return to their 
pre-injury level of form by 3 years, although 
young (17–24 years) and older (over 30 years) 
players demonstrated a greater drop-off in form 
in the fi rst 12 months.  

34.3.2     Return to Sport Following 
Primary ACL Reconstruction 

 Although no other Australian studies have exam-
ined return to sport and activity as a primary out-
come measure, several have reported this as a 
secondary outcome measure. Most of these stud-
ies originate from the same centre and report on 
the long-term outcomes following an ACL recon-
struction [ 10 ,  11 ,  20 ,  25 – 27 ]. 

 Bourke et al. [ 11 ] performed a retrospective 
analysis of 673 patients (89 % follow-up) who 
had undergone an ACL reconstruction with either 
a patellar tendon (47 %) or quadrupled hamstring 
graft (53 %) at a minimum of 15 years following 
their surgery. There were 241 female (36 %) and 
432 male (74 %) patients with a mean age of 
29 years at the time of surgery. Interestingly, the 
rate of return to their pre-injury sporting activity 
was similar to those of the Melbourne group, 
with 73 % achieving this at some stage over the 
15-year period. Gender did not infl uence these 
results. Of those who had not returned to their 
previous level of activity (180 patients), 71 % 
attributed this to their operated knee, whereas the 
remainder reported other reasons. Not surpris-
ingly, activity levels deteriorated over time, with 
only 51 % patients participating in high-demand 
sport at the 15-year follow-up. This percentage 
was signifi cantly higher in males (58 %). 
Although the type of graft did not infl uence the 
within-gender activity rates, signifi cantly fewer 
female patients with a patellar tendon graft par-

ticipated in high-demand activities when com-
pared with the other three groups. 

 The same researchers in a separate study 
reported the long-term (mean 15-year follow-up) 
outcomes for 186 patients with an “isolated” ACL 
rupture who underwent ACL reconstruction using 
hamstring tendon autograft [ 10 ]. Several exclu-
sion criteria were used to defi ne an isolated ACL 
rupture, including signifi cant chondral damage 
(any patients with full-thickness lesions were 
excluded), previous meniscectomy, and excision 
of more than one-third of either meniscus or sig-
nifi cant meniscal root avulsion at the time of sur-
gery. Despite these strict criteria, participation in 
strenuous sporting activities at 15 years’ follow-
up was still only 52 %. In a similar study of 
patients who had a reconstruction using a patellar 
tendon graft, 62 % were participating in strenuous 
or very strenuous sport at 15 years [ 15 ]. This 
would appear to suggest that return to activity 
rates following ACL reconstruction deteriorate 
over time regardless of the status of the menisci or 
articular cartilage at the time of surgery. 

 The infl uence of graft type on outcomes was 
further studied by the same group who performed 
a prospective analysis of 180 patients with an iso-
lated ACL rupture who underwent ACL recon-
struction utilising either a hamstring graft ( n  = 90, 
mean age = 24 years) or patellar tendon graft 
( n  = 90, mean age = 25 years) [ 20 ,  25 ,  26 ]. There 
were no signifi cant demographic differences 
between the groups. At the 5-year review, the 
IKDC score (level 1, strenuous activities requiring 
jumping and pivoting; level 2, moderate activities 
such as tennis and skiing) was used to ascertain 
activity levels. Although there was no signifi cant 
difference between the two groups, activity levels 
again deteriorated over time. Eighty-four per cent 
of the hamstring patients and 74 % of the patellar 
tendon patients participated in level 1 or 2 activi-
ties at 2 years, but these percentages dropped to 
69 % and 60 %, respectively, at 5 years. The same 
cohort of patients was studied by Leys et al. [ 20 ] 
who performed a 15-year analysis. The modifi ed 
IKDC activity score was used for this study, mak-
ing comparisons of activity levels between time 
periods diffi cult. Patients were asked to rate their 
current activity level as being very strenuous 
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(jumping, pivoting), strenuous (skiing, tennis), 
moderate (running), light (walking), or unable to 
perform any of the above activities. Overall, the 
hamstring group demonstrated signifi cantly higher 
activity levels, with 77 % participating in either 
strenuous or very strenuous activities, compared 
with 62 % of the patellar tendon group. Although 
the patellar tendon group maintained their activity 
level over time (5–15 years), the hamstring group 
surprisingly demonstrated an increased activity 
level. It is not clear whether this increased activity 
level was real or a product of the slightly different 
activity scores used at the two time points. Factors 
such as specifi c type, frequency, and intensity of 
activity were not recorded. 

 Although the lack of homogeneity of scoring 
systems, study aims, and design make between- 
studies comparisons diffi cult, some conclusions 
regarding return to sporting activities following 

ACL reconstruction can be made. At 2 years’ 
follow-up after surgery, at least two-thirds of 
patients had returned to either their pre-level or a 
higher level of activity, regardless of graft type. 
In general, as expected with increasing age, these 
rates do not increase over time. Gender appears 
to have little or no infl uence on the results.   

34.4     The Psychological Impact 
of Returning to Sport 

 The Anterior Cruciate Ligament-Return to Sport 
after Injury (ACL-RSI) scale was developed by 
Webster et al. [ 31 ] to specifi cally investigate the 
psychological impact of returning to sport after 
ACL injury. Development started in 2003 in 
response to there being a paucity of psychologi-
cal measures specifi c to sports injury 
 rehabilitation. There was emerging evidence at 
the time to suggest that returning to sport after an 
ACL injury had a signifi cant psychological 
impact on some athletes. The scale was opera-
tionally defi ned as measuring psychological 
readiness to return to sport, and this section will 
summarise its development and ability to predict 
return to sports outcomes.  

 Fact Box 4 

 Gender does not appear to play a role in 
return to sport following ACL reconstruc-
tion in Australian patient cohorts. 
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    Netball   

     

34.4.1     ACL-RSI Scale Development 

 Items developed for the scale were centred on 
three psychological responses identifi ed by the 
literature as associated with returning to sport: 
 emotions ,  confi dence , and  risk appraisal  (see 
Table  34.1 ). To develop items in the emotions cat-
egory, an extensive search of the literature identi-
fi ed fear of reinjury [ 16 ,  22 ,  23 ,  29 ], frustration 
[ 22 ,  23 ,  28 ,  29 ], nervousness, and tension [ 12 ,  29 ] 
as commonly reported emotions experienced by 
athletes during rehabilitation and the commence-
ment of sport. Five items (items 1–5) were there-
fore developed to measure these emotions.

   Sport confi dence typically refers to the amount 
of confi dence the athlete has in their ability to per-
form well at their sport. However, in the case of 
ACL reconstruction, it may also relate to the 
amount of confi dence the athlete has in their knee 
function. Five items (items 6–10) were therefore 
generated to cover these two aspects of sports con-
fi dence. Three (items 6–8) were developed to tar-
get the athlete’s confi dence in their knee function 
and two (items 9–10) were developed to measure 
athletes’ confi dence in their overall ability to per-
form well at their sport. Two items (items 11–12) 

were included to investigate the cognitive risk 
appraisal of the athlete to reinjury. The second of 
these, item 12, was suggested by a patient group 
during pilot testing of the scale for relevance. 

 The ACL-RSI scale was completed by 220 
athletes who had undergone ACL reconstruction 
between 8 and 22 months (mean = 12 months) 
previously. The scale was found to have high 
internal consistency (Cronbach’s alpha = 0.96), 
and a principal component analysis confi rmed 
the presence of one underlying factor that 
accounted for 67.8 % of the total variance. It is 
important to note that although the scale was 
designed around three constructs, these con-
structs were all highly related, and a single score 
between 0 and 100 is calculated for the scale 
where higher values indicate a more positive psy-
chological response (see Table  34.1 ). 

 To validate the scale, the development sample 
was further divided into the following groups: (1) 
athletes who had returned to full completion, (2) 
training only, (3) not yet returned but planning to, 
and (4) given up sport. Athletes who had returned 
to full competition scored signifi cantly higher 
than the other three groups, and athletes who had 
given up sport scored signifi cantly lower [ 31 ].  
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34.4.2     Can Return to Sport 
Be Predicted? 

 An important goal of injury rehabilitation is to be 
able to predict which athletes may benefi t from 
psychological counselling or intervention so that 
psychological recovery can occur in parallel with 
physical recovery. It is therefore relevant to know 
whether the psychological responses that athletes 
experience during the rehabilitation period are 
related to sports resumption. 

 Two large-scale studies have been conducted 
which have shown that the ACL-RSI scale can be 
used to predict return to sports outcomes. The fi rst 
enrolled 100 athletes who completed the ACL-RSI 
at 3, 6, and 12 months after undergoing ACL recon-
struction surgery [ 19 ]. At 12 months, 51 % of the 
athletes had returned to competitive sports. Scores 
on the ACL-RSI at 6 months were signifi cantly 
lower in the athletes who did not successfully 
return to their competition sport at 12 months com-
pared to the athletes who did. Therefore, an ath-
lete’s readiness to return to sport at 6 months after 
ACL reconstruction surgery was related to whether 
or not they actually returned at 12 months. This 
result suggested that it may be possible to identify 
athletes at risk of not returning to competitive sport 
due to psychological reasons during rehabilitation. 

 The second and larger study of 187 patients 
administered a battery of psychological assess-
ments, including the ACL-RSI scale, before ACL 
reconstruction surgery, as well as at 4 and 
12 months after surgery [ 5 ]. At 12 months, only 
56 athletes (31 %) had returned to their previous 
level of sports participation, consistent with ear-
lier fi ndings [ 8 ] and despite scoring well on stan-
dard outcome measures. Three variables, 
psychological readiness to return to sport, the par-
ticipant’s estimate of the number of months it 
would take to return to sport, and locus of control, 
predicted returning to sport by 12 months after 
surgery. Psychological readiness, as measured by 
the ACL-RSI, was the only variable to be predic-
tive of return to sport at both preoperative and 
4-month measurements. Therefore this study 
showed that even before the participants under-
went surgery, their psychological responses were 
associated with their chances of returning to the 
pre-injury level 12 months later. The results of this 
study further suggested that a score of less than 56 
points on the ACL-RSI may indicate an increased 
risk of not returning to the pre-injury level and 
may help clinicians to identify at-risk athletes. 

 The above cohort was subsequently followed 
at 2 years to specifi cally see whether those who 
had not returned by 12 months made a later return 
[ 6 ]. The group included 122 competitive- and 
recreational-level athletes who had not attempted 
sport at 12 months. Ninety-one per cent of 

    Table 34.1    ACL-RSI items   

 Scale item 
 Order in 
scale 

  Emotions : 

 1. Are you nervous about playing your 
sport? 

 3 

 2. Do you fi nd it frustrating to have to consider 
your knee with respect to your sport? a  

 6 

 3. Do you feel relaxed about playing your 
sport? b  

 12 

 4. Are you fearful of reinjuring your knee by 
playing your sport? 

 7 

 5. Are you afraid of accidentally injuring 
your knee by playing your sport? 

 9 

  Confi dence in performance : 

 6. Are you confi dent that your knee will not 
give way by playing your sport? 

 4 

 7. Are you confi dent that you could play 
your sport without concern for your knee? 

 5 

 8. Are your confi dent about your knee 
holding up under pressure? 

 8 

 9. Are you confi dent that you can perform at 
your previous level of sports participation? 

 1 

 10. Are you confi dent about your ability to 
perform well at your sport? 

 11 

  Risk appraisal : 

 11. Do you think you are likely to reinjure 
your knee by participating in your sport? 

 2 

 12. Do thoughts of having to go through 
surgery and rehabilitation again prevent you 
from playing your sport? 

 10 

  Each item is scored on a 0–100 scale and scores from the 
12 items are summed and averaged to obtain a single 
score (0–100). Higher scores indicate a more positive psy-
chological response 
  a Item 2 was from the Quality of Life Outcome Measure 
for Chronic ACL Defi ciency (ACL-QOL) scale [ 22 ] 
  b Item 3 measures “tension” with the positive antonym 
relaxed used to get a balance between positively and nega-

tively worded items  
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 athletes reported having returned to some form of 
sport. At 2 years after surgery, 66 % were still 
playing sport, with 41 % playing at their previous 
level and 25 % playing at a lower level. Thus, 
most of the athletes who were not playing sport at 
1 year had returned to some form of sport within 
2 years. 

 However, only approximately 40 % of ath-
letes were still playing their sport at 2 years. 
When sport participation data was categorised 
by the type of sport, basketball had the highest 
return rate with 50 % of athletes playing at 
2 years, followed by netball (41 %), Australian 
rules (37 %), and then soccer (26 %). It appears 
that the sustained participation rates for those 
athletes who do not return within the fi rst 
12 months postoperatively are low. Once again, a 
more positive psychological response was asso-
ciated with participation in the pre-injury sport 
at 2 years. 

 Overall, the ACL-RSI scale appears to be a 
useful tool for screening and identifying athletes 
who may have diffi culty with the resumption of 
sport after ACL injury due to psychological rea-

sons. The scale is currently available in English 
[ 31 ], Swedish [ 18 ], French [ 9 ], and German [ 24 ] 
versions, with other translations currently under 
way.  

34.4.3     Do Returning Athletes Play 
with Fear? 

 Fear of reinjury has been identifi ed as a pri-
mary reason cited by athletes who do not return 
to their pre-injury sport [ 17 ]. Ardern et al. [ 2 ] 
investigated whether fear of reinjury was still a 
consideration in athletes who made a success-
ful return to their sport. A cohort of 209 ath-
letes answered a series of questions regarding 
the behavioural manifestations of fear, such as 
playing with hesitation and being wary of 
injury-provoking situations. Overall, the 
results showed that athletes who had success-
fully returned to their pre-injury sport gener-
ally participated without fear of reinjury. Males 
who had earlier surgery (<3 months after 
injury) were found to participate in their pre-
injury sport with the least amount of fear. This 
was consistent with previous work, which 
showed that during rehabilitation, males report 
being more infl uenced by powerful others, 
such as trained professionals (doctors, physio-
therapists) and team-mates compared with 
females. This may be protective against any 
negative psychological impact associated with 
returning to sport after this surgery [ 32 ].   

 Fact Box 5 

 The ACL-RSI scale is a useful tool for iden-
tifying athletes who may have diffi culty 
returning to sport after ACL injury due to 
psychological reasons. 
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  Conclusion 

 The rates of return to pre-injury sport follow-
ing ACL reconstruction vary. In the experi-
ence of one research group in Melbourne, 
Australia, most patients eventually attempt a 
return. However, only approximately one-
third resume and continue to play their pre-
injury sport in the longer term. Rates appear 
to be higher in professional sports people, at 
least for Australian rules football. For the 
most part, the surgery has been successful in 
terms of restoring knee stability and func-
tion. There are many factors involved in the 
return to play decision-making process, and 
many athletes decide not to return for reasons 
other than their knee. Others may wish to 
return but fi nd that psychological barriers are 
too great to overcome. Overall, returning to 
sport refl ects an important participation out-
come in this surgical group and should con-
tinue to be monitored in the longer term, as 
making a return to sport remains an impor-
tant consideration for patients considering 
whether to undergo an ACL reconstruction in 
the fi rst place.  
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35.1         Introduction 

 Anterior cruciate ligament (ACL) tears are the 
most common ligamentous knee injury requir-
ing surgical reconstruction for athletes at all lev-
els of play. These injuries represent not only a 
season ending event but can oftentimes be 
career-ending injury for athletes regardless of 
sport participation. While the goal of ACL 
reconstruction is to stabilize and restore the bio-
mechanics of the knee, the ultimate immediate 
outcome of interest to an athlete is successful 
return to competitive play. This requires not 
only a technically sound surgical reconstruction 
but also an extensive and detailed rehabilitation 
program focused not only in recovering physi-
cal function but also overcoming an athlete’s 
fear of reinjury. 

 For most athletes return to play after injury is 
of utmost concern and a frequent cause of psy-
chological stress and fear. Considering this, 
return to play at either the same or higher level 
should arguably be considered one of the primary 
outcomes in defi ning a successful recovery from 
injury for a competitive athlete. Appreciating the 
paramount importance of returning to play after 
an ACL reconstruction, a thorough understanding 
of available outcome data on return to play for 
athletes in various sports aids the medical pro-
vider in counseling athletes, coaches, and team 
management regarding timing of return to play 
and how future level of performance may be 
affected.  
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35.2     Summary of the MOON 
Group 

 In an effort to better defi ne prognosis and predic-
tors of ACL reconstruction, seven institutions 
(Cleveland Clinic Foundation, Vanderbilt 
Orthopaedic Institute, The Ohio State University, 
University of Iowa, Washington University, 
Hospital for Special Surgery, and University of 
Colorado) enrolled over 3,500 ACL reconstruc-
tion patients into a database to establish the 
 largest prospective longitudinal ACL reconstruc-
tion cohort in the United States. This cohort 
group has been since known as the Multicenter 
Orthopaedic Outcomes Network (MOON) group. 

 To evaluate perioperative demographics and 
postoperative outcomes, each of these ACL 
reconstruction patients completed a questionnaire 
documenting a variety of factors including injury 
mechanism, patient-based outcome measures, 
history of previous knee surgery, and activity level 
before their surgery. For each surgery, surgeons 
completed a form documenting examination 
under anesthesia, status and treatment of meniscal 
and articular cartilage injuries, and details of ACL 
reconstruction and rehabilitation milestones. 

 In the prospective longitudinal cohort design 
of the MOON group, a series of fi ve validated 
outcome measures were collected at baseline 
(within 2 weeks of surgery) and again at follow-
 up (at a minimum of 2 years, 6 years, and 10 years 
after ACL reconstruction). The patient-reported 
outcome measures used were administered in the 
following sequence: the Knee Injury and 
Osteoarthritis Outcome Score (KOOS, fi ve sub-
scales), the Western Ontario and McMaster 
Universities (WOMAC) Osteoarthritis Index, the 
Marx activity rating scale, the Medical Outcomes 
Study 36-Item Short Form, and the International 
Knee Documentation Committee subjective knee 
evaluation form. 

 The KOOS evaluates both short- and long- 
term effects of knee injuries in athletes and the 
potential for the development of osteoarthritis. 
The fi ve subscale measures include pain, symp-
toms, activities of daily living, sports and recre-
ation function, and knee-related quality of life. 
The most responsive subscale of the KOOS is the 
knee-related quality of life. 

 The WOMAC is the most frequently used 
patient-reported outcome measure specifi c for 
osteoarthritis of the lower extremity. The WOMAC 
is completely contained within the KOOS subscales 
of pain, symptoms, and activities of daily living. 

 The Marx activity rating scale is a four- 
question assessment evaluating the patient’s abil-
ity to run, cut, decelerate, and pivot. This scale 
evaluates the level of symptoms and disability of 
the patient in relation to his or her activity level. 
The patient is asked about the components of 
physical function that are common to different 
sporting activities. Each one of the above activi-
ties is scored on a scale from 0 (performing the 
task 1 time per month) to 4 (performing the task 
4 times per week) for a total of 16 points. The 
score has been shown to positively correlate with 
patient activity and returning to pivoting sports 
and to correlate inversely with age. 

 The Medical Outcomes Study 36-Item Short 
Form is the most frequently used general health out-
come measure, and it has an important role in health 
policy development as well as clinical practice and 
research. This scale may be used to compare mus-
culoskeletal and non- musculoskeletal diseases and 
conditions across the medical spectrum. 

 The International Knee Documentation 
Committee is a simplistic knee-specifi c patient- 
reported outcome measure designed by the 
American Orthopaedic Society of Sports 
Medicine in 1999. It consists of 18 questions and 
assesses any knee condition. 

 This prospective, longitudinal population cohort 
has provided higher-level evidence for physicians 
to use in discussion with an individual patient about 
their prognosis, treatment options, and lifestyle 
choices that affect the knee. Specifi cally, it has 
identifi ed important data on return to play after 
ACL reconstruction. Recently data on return to 
play in football and soccer athletes within the 
MOON group have been published.  

35.3     Return to Play in Football 
After ACLR 

 ACL injuries are one of the most common knee 
injuries in American football players after medial 
collateral ligament sprains and patella/patellar 
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tendon injuries [ 5 ]. Nearly 8 % of participants at 
the National Football League’s (NFL) Invitational 
Camp (also known as the NFL Scouting Combine) 
have a history of ACL injury, making ACL recon-
struction the third most commonly performed sur-
gical procedure on these athletes [ 1 ]. 

 McCullough et al. reported on return to play in 
high school and college level football athletes 
from the MOON cohort [ 4 ]. The primary goal of 
the study was determine the return to play rate in 
these athletes after ACL reconstruction. 
Additionally, they investigated the relationship 
between patient-reported outcome scores and 
both patients return to play and perception of 
return to performance. 

 A total of 147 eligible football players (68 
high school and 28 collegiate) were included in 
the study. Of the 68 high school athletes, 43 
returned to playing football for a return to play 
rate of 63 %. The return to play rate among col-
legiate athletes was found to be similar but 
slightly higher with a 69 % return rate (18/26). 

 Return to play was also evaluated by player 
position, specifi cally between “skilled” and 
“nonskilled” positions. Positions included in the 
skilled group were quarterbacks, running backs, 
wide receivers, defensive backs, and special team 
players. The return to play rate between the two 
groups was not found to be statistically signifi -
cant with a skilled return rate of 41 % and non-
skilled rate of 50 %. 

  The most common reason for not returning to 
play was reported to be other interests, which 
included lost interest in the sport, interest in 
another sport(s) besides football, or other life 
interests (e.g., job, school, family, etc.). Other 
remaining reasons given for not returning to play 

that were performance related include fear, phys-
ical symptoms, and loss of speed or strength. 
Interestingly, fear was the second most common 
with 50 % of high school and 53 % collegiate ath-
letes citing this reason for not returning to play. 

  This fi nding speaks to the critical psychological 
component of recovery and return to play after 
ACL reconstruction that is often overlooked by the 
treatment team. It is important for the surgeon, 
therapist, trainer, coach, parents, and others to 
understand the psychological element to the 
patient’s recovery as most athletes are not mentally 
prepared for injury and the extensive rehabilitation 
that follows. This fear of reinjury is an often under-
estimated component of recovery and likely plays a 
critical role in preventing athletes from returning to 
their sport or prior level of performance. 

 The other performance-related reasons for not 
returning to play, including physical symptoms 
and loss of speed or strength, were also relatively 
common, reported by 33 % of high school and 
24 % of college football players. This was con-
fi rmed by the comparison of patient-reported out-
come scores of three groups in the cohort: those 
who did not return to play, those who returned 
but at a lower level of performance, and those 
who returned at their previous level. In collegiate 
athletes, statistically signifi cant differences were 
found between patients who did not return to play 
and those who did at the same performance level 
in IKDC, Marx activity scale, and KOOS knee- 
related quality of life scores. In high school ath-
letes, differences between the three groups in 
IKDC, KOOS, and Marx activity scores did not 
reach statistical signifi cance. 

 Fact Box 1: Return to Football After ACLR 

•     Return to play rate of high school ath-
letes after ACL reconstruction – 63 %.  

•   Return to play rate of collegiate athletes 
after ACL reconstruction – 69 %.  

•   Player position did not have a statisti-
cally signifi cant effect on the ability to 
return to play.    

 Fact Box 2: Reasons for Not Returning to 

Football Play After ACLR 

•     2/3 of all athletes listed “other interests” 
as reasons for not returning to play.  

•   ~50 % of all athletes identifi ed fear as a 
major or contributing factor to not 
returning to play.  

•   1/3 of all athletes cited physical symp-
toms or loss of speed and strength as 
reasons for not returning to play.    
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 ACL injury and subsequent surgical recon-
struction is a signifi cant event in the life and 
career of American football players at any level. 
Our understanding of the anatomy of the ACL, 
the optimal technique for its reconstruction, and 
ideal protocol for postoperative rehabilitation has 
greatly improved over the past decade. Despite 
this, the literature has consistently shown a return 
to play rate range from 44 to 80 %, with a signifi -
cant proportion of returning athletes experienc-
ing a reduction in performance. It is critical for 
the surgeon to understand the psychological 
component of ACL injury and rehabilitation to 
assist the patient in overcoming the fear that 
keeps a signifi cant portion of athletes from 
returning to play or returning at a decreased level 
of performance. Furthermore, a knowledge of the 
data on return to play helps the surgeon appropri-
ately manage patient expectations postopera-
tively by understanding that despite a technically 
successful procedure, not all athletes return to 
their sport.  

35.4     Return to Play in Soccer 
After ACLR 

 ACL rupture is also a very common and poten-
tially serious injury in both male and female soc-
cer players. These injuries have been associated 
with a delayed return to play and may be career 
ending. Using the MOON cohort data, Brophy 
et al. investigated return to play in male and 
female soccer athletes [ 2 ]. 

 Specifi c risk factors including age, gender, 
side of injury (dominant versus nondominant 
limb), and graft choice were investigated in rela-
tion to return to play. 

 A total of 100 soccer athletes were identifi ed 
from the group (55 male and 45 female) with a 
mean age of 24.2 years of age. The majority of 
the athletes were treated with bone-patellar 
tendon- bone autograft (69 %), followed by ham-
string autograft (28 %). 

 The overall return to play rate in the cohort 
was 72 %, slightly higher than the return to play 
rate in the American football cohort. Of the male 
soccer players, 76 % returned to play, while 67 % 

of the female athletes returned to play. The aver-
age time to return was 12.2 ± 14.3 months post-
operatively. A high percentage (85 %) of those 
who returned to soccer resumed at the same level 
of competition or higher. There was no signifi -
cant difference in the time to return between 
male and female players. Evaluation of the iden-
tifi ed risk factors demonstrated only age and 
gender as signifi cant predictors of initial return 
to play. Specifi cally, females and athletes over 
the age of 30 were less likely to return to play. At 
the latest follow-up however, age, gender, and 
graft choice did not predict long-term return to 
play. At this follow-up interval of 7.2 ± 0.9 years, 
it was found that only 35 % of soccer players 
were still playing their sport (male, 38 %; female, 
31 %), with only 46 % of these athletes reporting 
play at the same or higher level of competition as 
before their injury.  

 The data from this study provide surgeons 
with important return to play information spe-
cifi c to soccer athletes after ACL reconstruction. 

 Fact Box 3: Return to Soccer After ACLR 

•     Seventy-two percent of athletes returned 
to soccer at an average of 12.2 ± 
14.3 months after surgery.  

•   Eighty-fi ve percent of those returning to 
play returned to the same or higher level 
of play.  

•   Age over 30 and female gender are sig-
nifi cant risk predictors of return to play.  

•   No difference was found in return to 
play rate based on involvement of the 
dominant or nondominant leg.  

•   Females are more likely to undergo 
additional ACL surgery compared to 
males (20 % versus 5.5 %).  

•   Athletes with ACL reconstruction of the 
nondominant limb had a higher future rate 
of contralateral ACL reconstruction than 
those who underwent ACL reconstruction 
on their dominant limb (16 versus 3.5 %).  

•   Choice of graft has no signifi cant effect 
on return to play.    
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First, the initial return to play rate is high but 
decreases over time. Second, younger male 
players are more likely to successfully return to 
play. This becomes important outcome informa-
tion for providers taking care of older and/or 
female soccer players. It is important for these 
patients to be counseled accordingly, especially 
if return to play is a primary motivator for surgi-
cal reconstruction. Additionally, females were 
less likely to attribute their ACL injury as the 
reason for not returning to the sport (25 %) as 
opposed to males where this was the primary 
reason. Finally, there is a high rate of subse-
quent ACL surgery, especially on the contralat-
eral limb in the female cohort. Soccer athletes 
who injure their nondominant limb are at an 
increased risk of contralateral ACL rupture in 
the future. This helpful information promotes 
awareness of the need for specifi c counseling in 
this high-risk population, including the use of 
ACL injury prevention programs.  

35.5     Meniscal and Cartilage 
Lesions in ACLR Athletes 

 It is not uncommon for athletes with ACL inju-
ries to also sustain meniscal tears and articular 
cartilage lesions. Cox et al. found in reviewing 
1307 athletes in the MOON cohort group, 46 % 
had lateral meniscal tears and 38 % medial menis-
cal tears [ 3 ]. Articular cartilage lesions by loca-
tion were as follows: medial femoral condyle 
(25 %), lateral femoral condyle (20 %), medial 
tibial plateau (6 %), lateral tibial plateau (12 %), 
patella (20 %), and trochlea (9 %). 

  Cartilage Lesions in ACLR Facts      

 Incidence of meniscal tears in ACL injury 

   Medial meniscus – 38 % 

   Lateral meniscus – 46 % 

 Articular lesions by location: 

   Medial femoral 
condyle – 25 % 

 Lateral femoral 
condyle – 20 % 

   Medial tibial 
plateau – 6 % 

 Lateral tibial 
plateau – 12 % 

   Patella – 20 %  Trochlea – 9 % 

    Previous literature has suggested that meniscal 
and chondral injuries increase the incidence of 
post-traumatic osteoarthritis and clinically worse 
outcomes as measured by KOOS and IDKC 
scores. Little clinical data has been available on 
the effect that associated meniscal and chondral 
injuries have on return to play in athletes with 
ACL injuries. It has been suggested that concomi-
tant chondral injuries would predict worse out-
comes in athletes after ACL reconstruction. 

 Cox et al. prospectively evaluated return to 
play using the Marx activity rating scale in this 
patient cohort [ 3 ,  4 ]. Meniscal and articular carti-
lage injury was found to not be signifi cant predic-
tors of activity level and return to play at 2 and 
6 years after ACL reconstruction with the excep-
tion of grade 4 cartilage injury to the medial fem-
oral condyle. Athletes who had grade 4 
chondromalacia at the time of ACL reconstruc-
tion experienced a signifi cant decline in activity 
level as demonstrated by a signifi cantly lower 
Marx score. Furthermore, older age (over 35), 
female gender, higher BMI, current smokers, 
lower education level, revision surgery, and lower 
baseline Marx scores predicted lower postopera-
tive activity scores and return to play as well. 

    Conclusion 

 ACL injury and subsequent surgical reconstruc-
tion represents a signifi cant potential career- 
altering event in the life of an athlete. Successful 
return to play has long been a  primary outcome 
measure for a successful recovery in the 

 Fact Box 4: Return to Play After ACLR with 

Cartilage Lesion 

•     Grade 4 chondromalacia of the medial 
femoral condyle at the time of ACLR is 
a predictor of lower activity level, Marx 
scores, and return to play.  

•   Age over 35, female gender, BMI over 
28, tobacco use, lower education level, 
revision surgery, and lower baseline 
Marx scores are negative predictors of 
lower Marx scores and return to play.    
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 competitive athlete. Historically there has been 
a focused interest on improving our understand-
ing of the anatomy of the ACL and the technical 
aspects of the reconstructive procedure to 
improve the ability of athletes to return to their 
respective sport. However, recent literature, 
especially the outcomes from the MOON cohort 
studies, has provided specifi c data on return to 
play rates and important associated risk factors, 
and that other psychological factors such as fear 
must be adequately addressed. Understanding 
this data on return to play allows the medical 
provider to appropriately and accurately man-
age the expectations of the injured athlete and 
maximize the ability of the athlete to safely 
return to competitive play.      
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36.1         Introduction 

 Although the movement of the knee during the 
pivot shift has improved in clarity as a result of 
motion capture technology [ 2 ,  3 ,  12 ,  14 ], the 
force required for eliciting the pivot shift 
remains largely unknown, especially from a 
quantitative perspective. The testing maneuver 
for the pivot shift test has substantial variety 
[ 21 ,  32 ,  33 ], and the force applied to the knee 
during the pivot shift test is inherently different 
between different  techniques. Knowledge 
about what kind and how much of the force is 
applied to the knee during the pivot shift test 
would contribute to establishing a universally 
 standardized pivot shift test (Fact Box  1 ) tech-
nique and to provide an evaluation that is as 
objective as possible in combination with the 
measurement technologies, such as an electro-
magnetic system [ 12 ,  22 ], image analysis by 
digital camera [ 13 ] or iPad [ 15 ], an accelerom-
eter [ 20 ,  26 ], and a navigation system [ 16 ,  23 , 
 25 ]. Further advancement of biomechanical 
research has the potential to achieve quantifi ca-
tion of the forces during the pivot shift test in 
the near future, but the previous knowledge 
about the forces related to the pivot shift should 
be summarized for the progress of such biome-
chanics research.  
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36.2     The Forces to Induce 
the Pivot Shift 

 The pivot shift phenomenon occurs at the time of 
an ACL injury and is also a common symptom of 
knee instability due to ACL insuffi ciency. This 
instability can be reproduced by the pivot shift 
test [ 1 ,  6 ,  27 ,  35 ]. The in vivo mechanical stress 
at the time of ACL injury has been examined 
using video motion analysis with estimation of 
ground reaction force [ 19 ]. According to the 
report from Koga et al. [ 19 ], valgus loading is a 

contributing factor in the ACL injury mechanism. 
Although internal rotation followed by sudden 
external rotation of the tibia was observed at the 
time of injury [ 19 ], internal/external rotational 
loading was still unclear in that study. 

 When it comes to the pivot shift test as a clini-
cal exam, it should be noted that the pivot shift 
phenomenon consists of two phases, which are 
dislocation and reduction of the lateral compart-
ment [ 1 ,  6 ]. Different types and magnitudes of 
the force are assumed to be applied to the knee 
for each dislocation and reduction phase of the 
pivot shift. 

 Most in vitro biomechanics studies that exam-
ine the force applied for the pivot shift have 
focused on the dislocation phase of the pivot shift 
[ 17 ,  28 ]. Citak et al. [ 4 ] reported using a mecha-
nized pivot shifter that the anterior tibial transla-
tion produced by 1 kg of valgus force was 
6–7 mm in both the medial and lateral compart-
ments, but additional incremental 1 kg increases 
in valgus force up to 5 kg induced only 1 mm or 
less of anterior tibial translation [ 4 ]. The magni-
tude of the pivot shift dislocation is not necessar-
ily load dependent, and a moderate amount of 
valgus force is enough to provoke a signifi cant 
level of pivot shift dislocation [ 4 ]. 

 Robotic technology has been utilized to con-
duct knee laxity testing related to ligament inju-
ries because of its ability to measure full 6° of 
freedom knee kinematics while both controlling 
and monitoring the force [ 5 ,  36 ,  37 ]. Kanamori 
et al. [ 17 ] compared knee kinematics under two 
different stress conditions using the robotic 
 system; only internal rotational stress and a com-
bined valgus and internal rotational force. They 
found that there was only a small difference in 
the rotational angle under both rotational stress, 
but a signifi cant amount of the anterior tibial 
translation was demonstrated under a combined 
rotational stress, which they termed a simulated 
pivot shift test [ 17 ]. Thereafter, they tested the 
effect of the internal rotational torque on the 
anterior tibial translation and revealed that a min-
imal amount of the internal rotational force sub-
stantially enhanced the anterior tibial translation 
produced by the valgus force [ 18 ]. Based on 
those experiments, a combined rotatory load of 

  Fact Box 1 

 There are three components of the force 
necessary to elicit the pivot shift.

    1.     Valgus stress : The most important force 
requisite to induce the pivot shift. 
Without the valgus force, the pivot shift 
does not occur [ 2 ,  17 ,  28 ,  29 ]. Ninety 
percent of clinicians intentionally apply 
the valgus force during the pivot shift 
test [ 21 ].   

   2.     Internal / external rotational stress : 
These two opposite torques are required 
for each phase of the pivot shift. 
Moderate internal rotational stress is 
preferable to highlight the dislocation 
phase [ 18 ], whereas external rotational 
stress enhance the reduction movement 
[ 2 ,  29 ]. Application of this rotational 
torque in the clinical exam is also 
mixed; 57.6 % of clinicians applies 
internal rotational stress, and 24.2 % 
does external rotational stress [ 21 ].   

   3.     Axial compressive force : Axial com-
pressive force makes tibial anterior 
translation due to posteriorly tilted tibial 
plateau [ 7 ]. A large compressive force is 
considered to cause the ACL injury [ 8 , 
 19 ]. Although valgus stress spontane-
ously induces compressive force on the 
lateral compartment, 60.7 % of clini-
cians intentionally apply compressive 
force during the pivot shift test [ 21 ].     
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5-Nm internal tibial torque and 10-Nm valgus 
torque, called a “simulated pivot shift test,” has 
been established and widely used as a gold stan-
dard for robotic experiments to examine ACL 
injury/reconstruction [ 9 ,  38 ] (Fact Box  2 ). Valgus 
stress with a minimum amount of internal rota-
tional loading could maximize the dislocation of 
the lateral compartment, but the exact amount of 
those forces is still undetermined. 

 On the other hand, the reduction movement of 
the pivot shift phenomenon has rarely been inves-
tigated. Matsumoto reported in his cadaveric 
experiment that resection of the iliotibial band 
causes the pivot shift reduction movement to dis-
appear [ 29 ]. Bull et al. [ 2 ] made a cadaveric knee 
model, which could reproduce the pivot shift 
reduction [ 2 ]. In the experiment, while an aver-
age of 30 N in iliotibial tract loads and 7 Nm in 
valgus force was needed to induce the pivot shift 
phenomenon, the balance between the valgus 
stress and the iliotibial tract forces were highly 
varied between specimens. These two applied 
forces were meticulously adjusted in each knee 
to elicit the pivot shift reduction [ 2 ]. External 
rotational force by the iliotibial band should be 
applied on top of the valgus stress to reproduce 
the reduction phase of the pivot shift and seems 
to be highly varied among individuals. 

 The force required for the pivot shift phenom-
enon is not single and constant. Based on those 
previous in vitro studies, the force required to 
generate the dislocation phase of the pivot shift 
includes a valgus force with a minimal internal 
rotational loading, whereas the following reduc-
tion phase necessitates external rotational load-
ing on top of the valgus stress that comes from 
iliotibial band. Nonetheless, the quantifi cation of 
those forces is not yet fully understood.  

36.3     The Forces During the Pivot 
Shift Test 

 In vivo biomechanical analysis of the pivot shift 
test as a clinical examination has been conducted 
and as a result, the stress applied to the knee during 
the pivot shift test can be roughly estimated. A pre-
vious multicenter study [ 32 ] evaluating variations 
of the pivot shift test among 12 experienced inter-
national surgeons revealed that some surgeons 
applied external rotational stress to the knee dur-
ing the pivot shift test, which exerted larger accel-
eration of the pivot shift reduction than other types 
of the pivot shift technique. Surgeons who applied 
fi xed internal rotational stress provided the least 
acceleration [ 32 ] (Fig.  36.1 ). To accentuate the 
reduction phase of the pivot shift, the external rota-
tional stress might be favorable, or, at least, inter-
nal rotational stress that is applied to make a 
dislocation of the pivot shift should be released to 
obtain a clear reduction of the pivot shift.

   The applied force should be individualized. 
Mechanized pivot shift test provided better 
repeatability than a manually performed pivot 
shift test by applying a constant force to the knee, 
but manual performance of the pivot shift test 
exerted larger pivot shift movement than mecha-
nized [ 31 ]. Adjustment of the force by the sur-
geon based on his/her experience and feeling is 
still better in terms of eliciting the pivot shift than 
a consistent amount of the applied force at a 
given moment. Individualized force in each knee 
to maximize the pivot shift might be determined 

  Fact Box 2 

 A simulated pivot shift test was defi ned as 
a combined internal tibial torque and val-
gus torque [ 17 ]. The coupled anterior tibial 
translation against a simulated pivot shift 
test load has often been used in previous 
studies to assess rotational laxity in several 

types of ACL injured/reconstruction mod-
els, including (representative examples):

•    Comparison between single-bundle and 
double-bundle ACL reconstructions 
[ 38 ,  39 ]  

•   Comparison between different tunnel 
placements of single-bundle ACL recon-
struction [ 24 ,  30 ]  

•   Comparison between different graft 
materials in the ACL reconstruction [ 10 ]    
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based on knee laxity, size, and condyle shape; its 
automated determination and application could 
possibly be achieved by the advancement of the 
biomechanics technology.  

36.4     Future Work 

 Although the pivot shift test remains the most 
critical examination related to ACL injury and 
treatment, its clinical signifi cance remains a 

focus of improvement, in part by exploring the 
forces during the pivot shift test. 

 The exact amount of the applied force during 
a pivot shift test performed clinically should be 
measured. Visual estimation of the applied 
force was conducted for 12 different surgeons, 
and the testing maneuver could be categorized 
based on the applied force, i.e., fi xed internal 
rotation type, motion-allowing type, fi xed 
external rotation type, and dislocation type 
[ 32 ]. However, the actual force applied to the 
knee during the pivot shift test remains 
unknown. It would be very informative if a 
force sensor, attachable to the knee and/or the 
examiner’s hands, could be used to record the 
force during the actual pivot shift test. The 
mechanized pivot shifter was reported to be 
more consistent than the clinically performed 
pivot shift test, but the magnitude of the pivot 
shift elicited by the mechanized pivot shifter 
was not as large as that of the clinical pivot shift 
test [ 31 ]. The information about how much 
force is applied during a normal clinical pivot 
shift test would enhance the ability of the 
mechanized pivot shifter to provoke the pivot 
shift. Also, if the appropriate level of the force 
applied by experienced surgeons is revealed, 
the force would be utilized to educate less expe-
rienced clinicians, which could lead to better 
clinical pivot shift test performance and better 
consistency of the clinical pivot shift test among 
different surgeons. 

 The difference between the force during the 
pivot shift test and that at the time of ACL injury 
should be acknowledged. Although the pivot 
shift test reproduces the abnormal knee motion 
similar to the actual giving way of the knee, the 
motion and the applied force during the pivot 
shift test is supposed to be much smaller than 
those at the time of the giving way during 
in vivo jumping and landing activities. Similar 
to the fact that the force during the pivot shift 
test is still unknown, the exact mechanism of the 
ACL injury has not yet been fully characterized 
[ 8 ,  11 ,  19 ,  34 ]. Proper evaluation of both forces 
for the pivot shift test and the actual in vivo giv-
ing way of the knee are warranted to understand 
the limitations and the possibilities of the pivot 
shift test. 

  Fig. 36.1    Variation of the pivot shift test maneuver. 
Arrows indicate the directions of the applied force. Valgus 
stress is utilized in common. ( a ) Valgus stress is applied 
with an internal rotational stress. ( b ) Valgus stress is 
applied without axial rotational stress. ( c ) Valgus stress is 
applied with an external rotational stress       
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   Conclusion 

 Valgus stress is requisite for the pivot shift 
test, while axial rotational loading should not 
be consistent through the pivot shift test. 
Internal rotational stress may accentuate the 
dislocation phase of the pivot shift, while 
external rotational stress in combination with 
the tension of the iliotibial band may enhance 
the reduction phase. The ideal amount of 
forces remains unknown, especially from a 
quantitative perspective.        
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37.1         Introduction 

 Anterior cruciate ligament (ACL) reconstruction 
is generally considered standard of practice in the 
United States for young, active individuals early 
after ACL injuries [ 33 ,  36 ]. Athletes are often 
educated that ACL reconstruction will decrease 
static knee joint laxity, minimize further damage 
to the menisci and articular cartilage, and facili-
tate their return to preinjury level of sport [ 1 ,  33 , 
 36 ]. However, not all athletes will return to sport 
following ACL reconstruction [ 2 ] and those who 
do have a high risk of second ACL injury and 
osteoarthritis development [ 3 ,  38 ,  39 ]. But 
research has clearly established that some indi-
viduals are able to return to high-level sports par-
ticipation without ACL reconstruction [ 4 ,  8 , 
 14 – 16 ,  20 ,  24 – 26 ,  29 ,  35 ] and with no difference 
in radiographic outcomes to athletes after ACL 
reconstruction [ 5 ,  19 ]. How can those who can 
return to activity without ACL reconstruction be 
identifi ed? This chapter will examine the demo-
graphic, biomechanical, and functional differ-
ences between those who are able to return to 
their preinjury level of activity and those who are 
not, discuss the development of a screening algo-
rithm which has been used to distinguish between 
these two groups, review the outcomes of screen-
ing, and provide current screening and treatment 
recommendations. 

 Clearly defi ning copers and non-copers is cru-
cial to an accurate discussion. Copers are defi ned 
as athletes who are able to asymptomatically 
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return to their preinjury level of activity [ 44 ]. 
This defi nition sometimes also stipulates that 
these athletes are able to maintain their preinjury 
level of activity for one year following ACL 
injury [ 35 ,  44 ]. Non-copers are defi ned as ath-
letes who have knee instability or episodes of 
giving way with activities of daily living or who 
are unsuccessful in returning to their preinjury 
level of activity. A third category of athletes is 
also present in some discussions. Adapters are 
athletes who have modifi ed their lifestyle to avoid 
 activities that could cause episodes of giving way 
or instability [ 9 ].  

37.2     Differences Between Copers 
and Non-copers 

 There are differences between athletes initially 
classifi ed as copers and non-copers in demo-
graphics, gait biomechanics, and functional mea-
sures. Demographically potential copers tend to 
be younger, more active, and have a higher prein-
jury level of activity than non-copers [ 32 ]. One 
study found that females with noncontact injuries 
were more likely to be non-copers [ 27 ]; however, 
neither sex nor age are clear predictors of whether 
an athlete may require ACL reconstruction in the 
future [ 10 ]. 

 Copers and non-copers have a different 
response to ACL injury biomechanically. Non- 
copers demonstrate a hallmark “stiffening strat-
egy” during both walking and jogging [ 41 ]. 
Non-copers walk with decreased knee fl exion on 
their involved limb from initial contact through-
out loading response compared to their unin-
volved limb as well as bilaterally compared to 
copers and controls [ 41 ]. This “stiffening strat-
egy” also involves increased muscular co- 
contraction around the knee compared to copers 
and controls [ 41 ]. Both copers and non-copers 
demonstrate decreased peak vertical ground reac-
tion force compared to controls and decreased 
knee extensor power absorption on their involved 
limbs compared to their uninvolved. Although 
both groups demonstrate decreased power 
absorption, copers and non-copers differ in their 
strategy to transfer their support moment. Where 

copers transfer their support moment to the ankle, 
non-copers transfer their support moment to the 
hip, in what is viewed as a less successful strat-
egy [ 41 ]. In general, copers demonstrate kinetics 
similar to controls, but kinematics similar to non- 
copers [ 45 ]. When copers, non-copers, and adapt-
ers are identifi ed retrospectively, based only on 
their return to preinjury level of sport, copers 
seem to recover their cadence, step length, and 
step velocity faster after ACL injury than adapt-
ers and non-copers. In the 6 months following 
ACL injury, copers develop a walking cadence, 
step length, and velocity that are slightly higher 
than that of controls, where adapters walk simi-
larly to controls, and non-copers never reach the 
cadence, step length, or velocity of controls [ 4 ]. 

 Work in the early 2000s indicated that non- 
copers were less specifi c than copers and controls 
in the fi ring of their vastus lateralis during target- 
matching tasks. These fi ndings were related to 
other work indicating that non-copers fi red their 
quadriceps at inappropriate times, potentially 
promoting episodes of giving way [ 46 ]. More 
recent fi ndings have indicated that non-copers 
have less refi ned use of their rectus femoris and 
lateral hamstrings during target-matching tasks, 
potentially relating to the correlation between 
slower hamstring activity and episodes giving 
way [ 32 ]. These target-matching task results may 
be refl ected in walking gait, as the earlier activa-
tion, longer duration, and delayed peak activity 
of the gastrocnemius and hamstring muscles seen 
in non-copers [ 41 ]. 

 There are confl icting reports on whether differ-
ences in quadriceps strength between copers and 
non-copers exist when tested isometrically at 90° 
of knee fl exion [ 23 ]. However, there is a differ-
ence in the quadriceps strength profi les of copers 
and non-copers. Using isokinetic strength testing 
at 10° increments from 0 to 90° of knee fl exion, 
non-copers have signifi cantly greater quadriceps 
strength asymmetries at angles less than 40° and 
greater than 60° of knee fl exion [ 11 ]. Multiple 
studies and systematic reviews have confi rmed 
there are no differences between copers and non-
copers in the static tibiofemoral laxity [ 10 ,  23 ,  27 , 
 37 ,  42 ,  44 ]. Copers do have higher Knee Outcome 
Survey Activities of Daily Living and Sports Scale 
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scores, Lysholm scores, higher global ratings of 
perceived knee function [ 9 ,  23 ,  25 ], and lower lev-
els of movement-related fear than non-copers 
[ 21 ]. There is no difference, though, between the 
two groups in International Knee Documentation 
Committee form 1  score [ 9 ,  23 ,  25 ]. As increased 
knee joint laxity prohibits an athlete from scoring 
in the highest categories on the International Knee 
Documentation Committee form, it is reasonable 
to expect that the form would not be able to distin-
guish between copers and non-copers [ 22 ,  28 ]. 
Nevertheless, the strength and self-report mea-
sures together indicate that copers have better 
knee function and less fear following ACL injury 
compared to non-copers.  

37.3     Development of Decision- 
Making Algorithm 

 In 1994, Daniel et al. published a study following 
292 patients for approximately 5 years following 
knee hemarthrosis, assessing tibiofemoral joint 
laxity, occupation, recreation, and operative or 
nonoperative injury management among other 
outcomes [ 8 ]. From this cohort, 236 individuals 
had greater than 3 mm difference in knee joint 

1   It is important to make the clear distinction between the 
International Knee Documentation Committee form and 
the International Knee Documentation Committee 2000 
Subjective Knee form. The International Knee 
Documentation Committee form includes both self-report 
and physical examination fi ndings, particularly ligament 
and joint assessment, rating the knee as either normal, 
nearly normal, abnormal, or severely abnormal. The 
International Knee Documentation Committee 2000 
Subjective Knee form, is purely a self-report measure 
regarding knee function. Eastlack et al. and Snyder-
Mackler et al. found no difference between copers and 
non-copers on the International Knee Documentation 
Committee form. 

 laxity between limbs, 191 of whom had no surgery 
in the fi rst 90 days after injury. Beyond 90 days, 
only 46 required ACL reconstruction, leaving 147 
that the authors deemed to be copers. From their 
fi ndings, Daniel et al. developed a surgical risk 
factor classifi cation system, or SURF classifi ca-
tion, for assessing the need for meniscal or ACL 
surgery > 90 days after injury based on preinjury 
hours of participation in level I and II sports and 
the difference between limbs with the KT-1000 
arthrometer measurement (Table  37.1 ) [ 8 ].

   In a prospective study, the SURF system was 
unsuccessful in identifying which individuals 
would go on to require ACL reconstruction, par-
ticularly those classifi ed as moderate or high risk 
[ 15 ]. Within a few years, both Snyder-Mackler 
et al. and Eastlack et al. published fi ndings indi-
cating that there was no difference between cop-
ers and non-copers in static knee joint laxity [ 9 , 
 44 ]. Eastlack et al. found that by using limb sym-
metry from single-legged crossover hop testing, 
quadriceps strength, global rating of knee func-
tion score, and Knee Outcomes Survey Sports 
score, they could retrospectively identify copers 
and non-copers with 97 % sensitivity and 92 % 
specifi city [ 9 ]. 

 The following year, in 2000, Fitzgerald et al. 
[ 16 ] published what is now one of the most cited 
papers on the subject of identifying copers and 
non-copers, “A decision-making scheme for 
returning patients to high-level activity with 
nonoperative treatment after anterior cruciate 
ligament rupture.” Setting out to identify ath-
letes who could return to their preinjury level of 
sport in the short term, this algorithm was 
designed to be conservative. Athletes with con-
comitant ligamentous injuries were excluded 
due to the risk of instability, and repairable 
meniscal injuries and chondral defects were 
excluded in the case that an episode of giving 

   Table 37.1    SURF classifi cation developed by Daniel et al. [ 8 ]   

 Difference between limbs in 
KT-1000 arthrometer 
measurement 

 Hours of preinjury level I or II sports participation per year 

 <50 h 
 50–199 h 

 >=200 h 
 <5 mm  Low  Low  Moderate 

 5–7 mm  Low  Moderate  High 

 >7 mm  Moderate  High  High 
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way did further damage to what was originally a 
repairable injury [ 24 ]. A maximum of one epi-
sode of giving way, particularly during activities 
of daily living, was a strict exclusion criteria as 
individuals who experienced instability during 
basic tasks would likely not be safe with higher 
level athletic movements [ 24 ]. 

 The Fitzgerald et al. algorithm (hereafter 
referred to as the Fitzgerald screening algo-
rithm) recommended that physical therapy be 
initiated immediately following ACL injury in 
order to address primary impairments [ 16 ]. 
When an athlete had no pain, minimal joint effu-
sion, full range of motion, and was able to hop 
on their involved limb, they were screened and 
categorized [ 16 ]. Athletes were excluded if they 
were not successful in resolving their initial 
impairments within one month of injury as it 
was thought that athletes with faster symptom 
resolution were more likely to be successful in 
returning quickly to sport [ 24 ]. Shortly after the 
initial algorithm was published, greater than 
70 % quadriceps strength was added to the pre-
requisites for an athlete to be screened [ 18 ]. 
Fitzgerald et al. found that athletes who had one 
or fewer episodes of giving way, a score >= 60 % 
on the global rating of knee function scale, a 
score >= 80 % on the Knee Outcomes Survey 
Activities of Daily Living scale, and >= 80 % 
limb symmetry on the six- meter timed hop had a 
signifi cantly higher likelihood of returning to 
their preinjury level of activity (Fact Box  1 ) 
[ 16 ]. An athlete had to pass all four criteria to be 
classifi ed as a coper, and the screening was only 
performed once. If identifi ed as a potential 
coper, athletes in the Fitzgerald et al. study 
would proceed with further rehabilitation, 
attempt nonoperative management, and return to 
sport. Non-copers and those excluded from 
screening were referred for surgical manage-
ment [ 16 ,  24 ]. Of the 93 athletes screened by 
Fitzgerald et al., 39 were identifi ed as potential 
copers. Of those potential copers, 28 attempted 
nonoperative management, and 22 (79 %) were 
able to return to their preinjury level of activity 
approximately eight weeks after their ACL 
injury [ 16 ].   

37.4     Outcomes of Screening 

 The Fitzgerald screening algorithm has subse-
quently been referenced and used in numerous 
studies since its publication [ 6 ,  7 ,  10 ,  11 ,  13 ,  14 , 
 23 – 26 ,  29 ,  31 ,  32 ,  34 ,  35 ,  40 – 42 ,  46 ]. It has been 
inaccurately interpreted, and in one such case, a 
clarifi cation was published [ 7 ] due to the impor-
tance of using all of the inclusion and screening 
criteria rather than only using episodes of giving 
way. Further, in order to truly compare outcomes, 
consistency is crucial. 

 Hurd et al. [ 26 ] found that using the Fitzgerald 
screening algorithm, 72 % of athletes who were 
originally identifi ed as copers successfully 
returned to their preinjury level of sport. Only six 
percent of athletes failed rehabilitation following 
screening and prior to attempting return to sport, 
and six percent became adapters. Upon follow-
 up, 40 % of copers who returned to their prein-
jury level of sport continued to play without ACL 

  Fact Box 1 

  Fitzgerald Screening Algorithm  [ 16 ,  18 ] 
  Athletes included if: 

•    Have no repairable meniscal injuries or 
chondral defects.  

•   Have no grade II or greater concomitant 
ligamentous injuries.  

•   Impairments (pain, range of motion, 
joint effusion, gait asymmetry, able to 
hop on involved limb) are resolved 
within 1 month of ACL injury.  

•   Have >= 70 % quadriceps strength limb 
symmetry at time of screening.    
  Athletes are classifi ed as a coper if they 

have: 
•    > = 60 % global rating of perceived knee 

function score  
•   >= 80 % Knee Outcome Survey 

Activities of Daily Living Scale score  
•   >= 80 % Six-meter timed single-legged 

hop limb symmetry index  
•   ≤ One episode of giving way    
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reconstruction [ 26 ]. The results of this study indi-
cated that, in the short term, a high percentage of 
athletes were able to return to their preinjury 
level of sport, and while a majority of those ath-
letes did eventually go on to have ACL recon-
struction, there was a small group who remained 
active without surgery [ 26 ]. 

 Moksnes et al. [ 35 ] also used the Fitzgerald 
screening algorithm to examine outcomes one 
year after ACL injury. In this study, the authors 
did not exclude athletes if they had a quadriceps 
strength limb symmetry < 70 % or if initial impair-
ment resolution took longer than one month. The 
authors categorized the subjects as either poten-
tial copers or potential non-copers; then unlike 
Fitzgerald et al. who only provided rehabilitation 
to copers [ 16 ], Moksnes et al. provided all ath-
letes with further rehabilitation [ 35 ]. At follow-up 
one year after ACL injury, the authors categorized 
athletes as true copers if they returned and main-
tained their preinjury level of activity or true non-
copers if they had not returned to preinjury level 
of sport or had experienced episodes of giving 
way. Fifteen true copers were identifi ed from a 
group of 25 potential copers. Of greater interest, 
19 of 27 potential non-copers were able to become 
true copers after further rehabilitation. In all, 
69 % of the cohort was treated non-operatively 
and able to return to their preinjury level of sport 
[ 35 ]. The fi nding that with further rehabilitation 
some of the athletes classifi ed as potential non-
copers are able to become true copers makes a 
large impact on clinical practice. These fi ndings 
indicate that with the use of progressive strength 
training and perturbation training (techniques that 
will be discussed later in the chapter), non- copers 
are able to return to their preinjury level of sport 
and subsequently that their decision to undergo 
operative or nonoperative management can be 
delayed. 

 At a cursory glance, the Moksnes et al. results 
might seem to signify that the Fitzgerald screen-
ing algorithm is inaccurate in identifying copers 
and non-copers, but in fact these studies comple-
ment each other with their differing purposes 
and implications. The Fitzgerald screening algo-
rithm aimed to identify athletes who could 

quickly return to sport. Fitzgerald et al. screened 
athletes four weeks after ACL injury, provided 
rehabilitation to only copers, and encouraged a 
quick return to play with a short-term follow-up. 
In contrast, Moksnes et al. aimed to examine 
outcomes of all athletes at one year, particularly 
the potential non- copers. Moksnes et al. screened 
athletes almost three months after ACL injury 
and did not follow up until one year. The 
Fitzgerald screening algorithm indicates short 
term and quick return to play; for example, a 
coper could fi nish physical therapy to get back 
in time for an important game. Moksnes et al. 
indicate that potential non-copers should 
undergo progressive strengthening and perturba-
tion training, a potentially slower and extended 
rehabilitation course, allowing them the possi-
bility to become a true coper and return to their 
preinjury level of sport without surgical 
intervention. 

 In contrast to the Fitzgerald screening algo-
rithm, Kostogiannis et al. [ 30 ] examined the 
long-term outcomes of individuals with ACL 
injuries seen in their clinic from 1985 to 1989 
with ACL injuries. These athletes were treated 
arthroscopically to confi rm their ACL injury and 
to treat any concomitant injuries, then advised to 
avoid all contact sports and reduce their activity. 
Athletes were randomized to either a home-
based exercise group or physical therapy, but 
69 % of the home-based exercise group was 
eventually moved to the physical therapy group 
due to decreased range of motion and atrophy. 
Three years after ACL injury, 40 of the 100 ath-
letes had returned to their preinjury level of 
activity, and 67 were able to successfully avoid 
ACL reconstruction 15 years later. The authors 
concluded that the majority of athletes do not 
require operative treatment, but could do so only 
with a decrease in activity and avoidance of all 
contact sports. Rather than successfully identify-
ing copers, Kostogiannis et al. successfully cre-
ated adapters, as those who returned to their 
preinjury level of sport did so against the direc-
tion of the researchers. The important point of 
this study, though, is that supervised physical 
therapy following ACL injury is essential and 
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that with counseling and rehabilitation, return to 
preinjury level of sport is possible without oper-
ative management.  

37.5     Current Recommendations 

 The Fitzgerald screening algorithm remains 
widely used for identifying copers who can 
return to sport quickly. Further functional mea-
sures may complement the algorithm in identi-
fying athletes who are able to return to sport 
without ACL reconstruction after rehabilita-
tion. Eitzen et al. [ 13 ] found that age, preinjury 
activity level, episodes of giving way, Knee 
Outcome Survey Activities of Daily Living 
Scale score, International Knee Documentation 
Committee 2000 Subjective Knee form (IKDC) 
score, six-meter timed hop test limb symmetry, 
and quadriceps strength limb symmetry 
accounted for 43 % of the variance in whether 
or not an athlete was able to avoid ACL recon-
struction in the 15 months after ACL injury. 
The authors also found that this predictive value 
increased to 47 % after ten sessions of progres-
sive strengthening and perturbation training 
using a model that included age, preinjury 
activity level, episodes of giving way, IKDC 

score, pain rated on a visual analog scale, and 
the six-meter timed hop test limb symmetry 
[ 13 ]. Even though episodes of giving way and 
static knee joint  laxity are the most commonly 
used criteria in surgical decision-making in the 
absences of the Fitzgerald screening algorithm, 
episodes of  giving way explained only 3 % of 
the variance in whether or not an athlete 
required surgery, and there was no difference in 
static laxity between those who were opera-
tively and non-operatively managed [ 13 ]. 

  Fact Box 2 

•     Athletes after combined progressive 
strengthening and perturbation training 
are fi ve times more likely to return to 
their preinjury level of sport than those 
who are trained with progressive 
strengthening alone [ 16 ].  

•   Athletes after perturbation training 
walk with increased knee fl exion angles 
during stance, reduced muscular co- 
contraction around the knee, and 
improved coupling between the quadri-
ceps and the hamstrings and soleus to 
enhance the dynamic stability of the 
knee [ 6 ].    

  Fact Box 3 

  Recommendations for rehabilitation fol-
lowing ACL injury: 
•    Immediately following injury: Assessed 

by surgeon and initiate physical therapy.  
•   Weeks 1–4: Physical therapy addressing 

joint effusion, range of motion, pain, 
gait, and strength impairments.
 –    End of Week 4: If minimal joint effu-

sion, no pain, full range of motion, and 
able to hop on one leg without pain, 
then use Fitzgerald screening algo-
rithm [ 16 ] to assess if athlete is a 
potential coper. Regardless of whether 
the athlete meets the screening require-
ments or not, a discussion between 
athlete, surgeon, and physical thera-
pist should occur on the athlete’s prog-
ress, if they are ready for screening, 
the results of screening, and operative 
vs nonoperative management.     

•   If screened as a potential coper:
 –    Weeks 5–9: Perturbation and 

strength training [ 17 ]. This track is 
designed to help the athlete return 
quickly to sport. Upon completion 
of perturbation training, an athlete 
must have > 90 % quadriceps 
strength limb symmetry index, 
> 90 % limb symmetry on all four 
single-legged hop tests, and > 90 % 
scores on the Knee Outcome Survey 
Activities of Daily Living Scale and 
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 More than the screening algorithms, rehabili-
tation is truly what allows an athlete to be a coper. 
Progressive strength training (Fig.  37.1 ) and a 
neuromuscular reeducation technique, called per-
turbation training (Fig.  37.2 ), are integral to the 
success of non-operative management [ 6 ,  13 ,  14 , 
 18 ,  24 – 26 ,  31 ,  34 ,  35 ]. Fitzgerald et al. [ 17 ] ran-
domized 26 copers to either a progressive 
strengthening or a strengthening and perturbation 
training group. Eleven of the twelve athletes in 
the perturbation group successfully returned to 
their preinjury level of sport, but only seven of the 
fourteen in the progressive strengthening group 
were successfully able to return. Athletes after 
perturbation training are almost fi ve times (posi-
tive likelihood ratio 4.88) more likely to return to 
their preinjury level of sport compared to athletes 
who only receive strength training [ 17 ]. 
Perturbation training is safe for ACL- defi cient 
athletes if they meet the Fitzgerald screening 
algorithm  inclusion criteria. Only 4 % of athletes 
develop effusion during plyometric activities 
(Fig.  37.3 ) causing only a need to decrease the 
frequency of their rehabilitation sessions[ 14 ]. 
Progressive strengthening and perturbation train-

ing improve single-legged hop test distances and 
speeds, increase self-report of function, and bol-
ster involved limb quadriceps peak torque  values 
to the level of dominant limb normative  values 
[ 14 ]. Biomechanically, athletes after perturbation 
training walk with increased knee fl exion angles 
during stance, reduced muscular co-contraction 
around the knee, and improved coupling between 
the quadriceps and the hamstrings and soleus to 
enhance the dynamic stability of the knee [ 6 ]. All 
of these fi ndings indicate that progressive 
strengthening and perturbation training are nec-
essary in order to facilitate normalized gait, 
dynamic knee stability, and nonoperative return 
to preinjury level of sport (Fact Box  2 ).     

global rating of perceived knee func-
tion score as well as receive clear-
ance from their surgeon before they 
may return to sport.     

•   If screened as a potential non-coper or 
does not meet screening requirements at 
week 4:
 –    Weeks 5+: Continue with physical 

therapy to address defi cits. This track 
is designed to help an athlete return 
to sport but on a longer time line. 
When an athlete is ready, use pertur-
bation training and progressive 
strengthening to improve their 
strength and neuromuscular control 
[ 14 ]. At conclusion of therapy, ath-
lete should achieve the same return to 
sport criteria discussed above prior to 
returning to sport.       

  Fact Box 4 

•     The decision to pursue operative or non-
operative management should not occur 
immediately after ACL injury. This 
decision should not be made at a mini-
mum until a patient has gone through 
physical therapy to resolve initial 
impairments and screening.  

•   There is no difference in clinical out-
comes between athletes who have sur-
gery immediately following ACL injury 
and those who delay surgery, indicating 
that there is no additional risk associated 
with extended rehabilitation following 
ACL injury [ 43 ].  

•   There is no difference in return to sport 
rates [ 20 ], knee function, or osteoarthri-
tis development between athletes who 
undergo ACL reconstruction and those 
who opt for nonoperative management 
[ 5 ,  19 ].  

•    Take home message : Non-operative 
management is a decision that can be 
changed; ACL reconstruction is a fi nal 
decision with huge implications. It is 
crucial that we educate our patients 
accurately on all the benefi ts and risks 
regarding operative and nonoperative 
management of ACL injuries.    
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  Fig. 37.2    Perturbation training. ( a ) Bilateral roller-board 
perturbation, ( b ) unilateral roller-board perturbation, and 
( c ) unilateral rockerboard perturbation (See Fitzgerald 

et al. [ 16 ] or Eitzen et al.. [ 14 ] for a detailed description of 
perturbation training, progressive strength training, pro-
gression guidelines, and details of rehabilitation)       

  Fig. 37.3    Examples of plyometric exercises. ( a )“Speed 
skaters” – starting on one leg, hop sideways and land on 
the other leg, with a soft, bent-knee landing. Repeat 

 hopping back to the starting leg. ( b ) Single leg hop up – on 
a single leg hop up onto a  box. Box  size can be progressed 
to increase diffi culty       

  Fig. 37.1    Examples of progressive strength-training exercises. ( a ) Unilateral knee extension. ( b ) Unilateral leg press       
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   Conclusion 

 This chapter has clearly demonstrated that 
some athletes following rehabilitation are 
able to return to their preinjury level of sport 
following ACL injury. Screening algorithms 
can identify athletes who are able to be copers 
both in the short and long term. Athletes 
should receive physical therapy immediately 
after ACL injury to resolve pain, range of 
motion, effusion, gait, and strength impair-
ments (Fact Box  3 ). This care is crucial as it 
will infl uence a patient’s outcomes regardless 
of whether they have surgery [ 12 ]. The deci-
sion to pursue operative or nonoperative man-
agement should not happen immediately 
following the ACL injury. A recent meta-
analysis found no difference in clinical out-
comes (including IKDC score, patient 
satisfaction, return to preinjury level of sport, 
static knee joint laxity, range of motion, inci-
dence of arthrofi brosis, chondral injury, patel-
lofemoral pain or joint crepitus, meniscal 
injury, or thromboembolic complications) 
between athletes who had surgery within 
three weeks of their ACL injury and those 
who had surgery greater than six weeks after 
ACL injury [ 43 ]. Outcomes of operative and 
non-operative ACL injury management do 
not necessarily favor surgery. ACL recon-
struction does, in most cases, decreases static 
knee joint laxity [ 37 ], but a recent systematic 
review found that only 65 % of all athletes 
return to their preinjury level of sport and 
only 55 % return to competition after ACL 
reconstruction [ 2 ]. Such return to sport rates 
are very similar to those of non-operatively 
managed athletes discussed earlier in this 
chapter [ 14 ,  16 ,  26 ,  35 ] and supportive of 
Grindem et al. who found no signifi cant dif-
ference between operative and non-opera-
tively managed athletes returning to level I or 
higher level II sports in their fi rst year after 
ACL injury [ 20 ]. In 2005, a  Cochrane Review  
found there was insuffi cient evidence to rec-
ommend ACL reconstruction over non-opera-
tive management, and recent randomized 
control trials have found no difference 
between the two treatment methods with 

regard to knee function, but more importantly, 
no difference between the two treatments with 
regard to osteoarthritis development at 5 [ 19 ] 
and 14 years [ 5 ] following ACL injury. This 
evidence suggests that it is in the  athletes’ 
best interest to go through  rehabilitation 
before making a treatment decision. An ath-
lete who is screened one month after ACL 
injury and identifi ed as a coper may be able to 
return for that last game of their season with 
rehabilitation. An athlete who is screened ini-
tially as a non- coper with progressive 
strengthening and perturbation training may 
be able to establish dynamic knee stability 
and return to their preinjury level of sport on a 
longer time frame. Not all athletes will be 
able to return to their preinjury level of sport 
non-operatively [ 24 ,  25 ], but even with opera-
tive management, they still may not be able to 
return [ 2 ] with the added higher risk and 
likely worse outcomes of a second ACL injury 
[ 36 ]. Thus, with all the benefi ts of rehabilita-
tion, is it not worth counseling our athletes to 
be screened and go through physical therapy 
before they make the operative versus nonop-
erative decision? After all, the decision to go 
through rehabilitation and nonoperative man-
agement isn’t fi nal, the decision for ACL 
reconstruction is! (Fact Box  4 ).        
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     The ability to accurately quantify knee stability is 
valuable for both the diagnosis of instability 
 patterns and the evaluation of ligament reconstruc-
tions. Several measurement devices have been 
developed to objectively assess knee stability 
(e.g. KT-1000 ® , MEDmetric, San Diego, CA and 
Rolimeter ® , Aircast Europe, Neubeuern, 
Germany). These have allowed the measurement 
of isolated uniplanar motions such as anterior tib-
ial translation or internal/external tibial rotation. 
The pivot-shift test is however a complex three-
dimensional motion about a helical axis. Although, 
when viewed in the axial plane, the motion can be 
shown to comprise of anteroposterior tibial 
 translation with coupled internal/ external tibial 
rotation (a coupled movement is one that occurs 
automatically in response to a displacement 
applied in another degree of freedom of the knee 
[ 3 ]), the measurement of these more complex mul-
tiplanar motions has remained elusive. 
Electromagnetic tracking devices (e.g. the Flock 
of Birds ® , Ascension Technology Corporation, 
Burlington, VT) offer potential but their use is lim-
ited as accuracy may be infl uenced by magnetic 
fi elds or ferromagnetic objects within their range, 
rendering their use problematic in the operating 
room [ 5 ]. 

 The use of computer-assisted navigation in 
ACL surgery dates back to the 1990s [ 8 ,  14 ]. 
Initially systems were designed to aid the preci-
sion of bone tunnel placement [ 30 ] however, the 
ability to precisely quantify 6 degree-of-freedom 
(6-DOF) kinematics, enabling the objective 
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measurement of the pivot shift and coupled rota-
tions/translations both in the laboratory and in 
the clinical settings became increasingly appar-
ent [ 6 ,  29 ]. Intraoperative-navigated measure-
ment of uniplanar motions has shown good 
intra-observer repeatability with other measure-
ment devices (such as Rolimeter ®  or KT 1000 ®  
[ 25 ,  35 ]), and the navigated analysis of pivot 
shift correlates reasonably well with clinical 
pivot-shift grading [ 3 ,  4 ,  21 ]. 

38.1     Current Navigation 
Technology for the Use 
with Ligament 
Reconstruction 

 Navigation systems may be “image based” requir-
ing anatomical reference data acquired either 
from preoperative computerised tomography [ 9 ], 
intraoperative fl uoroscopy [ 18 ,  32 ] or radiographs 
[ 34 ]. “Image-free” systems require no preopera-
tive imaging, but rely on the registration of ana-
tomical reference points. The system softwre uses 
these points in a three- dimensional registration 
algorithm to adapt a standard knee model to match 
the patient’s individual knee morphology. Active 
optoelectronic systems use an infrared camera to 
track the motion of reference arrays, rigidly fi xed 
to the patient’s anatomy that emits an infrared sig-
nal. Passive optoelectronic systems are the most 
widely used. The reference arrays are equipped 
with markers that simply refl ect an infrared signal 
which is both generated and detected by the cam-
era. Arrays can also be attached to probes and 
instruments so that their relative position can be 
recognised by the computer. The position in space 
of the markers is calculated approximately 60 
times per second. Markers can also be mounted 
on probes, guides and even drills so that their 
position relative to the rigid body arrays can be 
displayed to the surgeon on a digital display in 
real time. Systems have been shown to have a 
high degree of measurement accuracy, in the 
range of ±0.1 mm for linear measurements and 
±0.1° for angular measurements [ 6 ,  29 ]. 

 In this chapter, we describe our current experi-
ence with the Surgetics station (PRAXIM 

Medivision, La Tronche, France) hardware. This 
is a passive optical, open-platform, image-free 
system that allows knee alignment and kinemat-
ics to be measured in addition to guiding tunnel 
positions. The Surgetics ACL Logics KOALA 
software (PRAXIM Medivision, La Tronche, 
France) may be used for navigating several dif-
ferent reconstruction procedures including ACL, 
MCL, LCL and lateral extra-articular pasty 
(LEAP). The Cartesian coordinate system is con-
structed from knee fl exion/extension kinematic 
data, and surface landmarks are acquired using a 
pointer equipped with a navigation array. The 
surgeon uses a foot switch and a touchscreen to 
control the system.  

38.2     Intraoperative Measurement 
of Knee Laxity 

 For the system to accurately measure tibio-
femoral joint kinematics, the infrared optical 
sensor (camera) on the Surgetics station detects 
the relative positions of two rigid bodies, each 
with three disposable passive markers fi xed 
onto the tibia and femur. The rigid body navi-
gation arrays are must be rigidly fi xed to the 
tibia and femur to ensure accuracy. This may 
be achieved with the use of bi-cortical Schanz 
screws with an external fi xator- type attachment 
securing the array. The system used by the 
authors utilises a single specifi cally designed 
fi xation nail that is triangular in cross section. 
A small (approx. 5 mm) skin incision is made 
to place the femoral rigid body at the junction 
of the middle and distal one-thirds of the femur. 
The triangular nail is placed percutaneously 
after drilling a 2.7-mm unicortical pilot hole. It 
is important to avoid transfi xing the  quadriceps 
tendon as this may lead to rapid loosening of 
the fi xation with knee fl exion/extension. The 
tibial rigid body is similarly fi xed to the antero-
medial face of the tibia. During hamstring 
autograft ACL reconstruction, the tibial rigid 
body is usually fi xed through hamstring har-
vest incision. Both rigid bodies are carefully 
oriented towards the optical sensor, so they 
may be visualised during clinical laxity test-
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ing, particularly the pivot- shift manoeuvre. 
The correct placement of navigation rigid bod-
ies is critical as once positioned they cannot be 
moved. Care must be taken that they do not 
obstruct the passage of arthroscopic instru-
ments through the portals or impede bone tun-
nel drilling (Fig.  38.1 ).   

 A navigation probe, equipped with passive 
optical markers, is used to digitise specifi c ana-
tomical landmarks: the centre of the medial tibial 
plateau and the centre of the lateral tibial plateau, 
the tips of the tibial spines, a point on the tibia just 
anterior to the centre of the intermeniscal ligament 
(all acquired arthroscopically) and tips of the 
medial and lateral malleoli (acquired percutane-
ously). The craniocaudal axis of the tibia is defi ned 
by a line passing through the ankle centre (the 
midpoint between the two malleoli) and the mid-
point between the two tibial spines. These two 
positions are tracked during knee fl exion/exten-
sion, and the midsagittal plane of the knee is 

defi ned as that containing the mean square of the 
cloud of points created by the tibia and ankle 
 centres. The mediolateral vector of the tibia is 
defi ned as orthogonal to the midsagittal plane in 
the extended knee (0°). The anteroposterior  vector 
is defi ned as being orthogonal to the tibial cranio-
caudal axis and the medial-lateral vector. These 
three orthogonal vectors (medial lateral, cranio-
caudal and anteroposterior) create the  reference by 
which 6 degree-of-freedom kinematics may be 
computed by the navigation system, allowing the 
analysis of knee kinematics and laxity (in terms of 
translations and rotations). 

 Detailed information is therefore available to 
the surgeon as to the effect of the reconstruction 
on stabilising the knee. The laxity tests the sur-
geon wishes to perform, e.g. the internal/external 
rotation, varus/valgus laxity, anterior and poste-
rior drawer, Lachman and pivot-shift tests, are 
selected from the navigation software’s preopera-
tive menu. During anterior-posterior laxity test-
ing, tibial anterior translation is measured by 
tracking the positions of the centres of the medial 
and lateral tibial condyles projected onto the axial 
plane of the tibia relative to the femoral rigid 
body. For anterior drawer testing at 90° knee fl ex-
ion (anterior drawer rest) and at 20° knee fl exion 
(Lachman test), the navigation system measures 
anterior tibial translation and also measures the 
coupled internal tibial rotation that occurs. 
Similarly during posterior drawer testing at 90° 
and 20° fl exion, coupled external tibial rotation 
may be measured (Fig.  38.2 ). In addition the navi-
gated laxity examination is useful in determining 

  Fig. 38.1    The tibial 
( T ) and femoral ( F ) 
passive optical 
navigation arrays are 
securely fi xed to their 
respective bones using 
a unicortical triangular 
nails (as shown) or with 
an external fi xator-type 
connectors and Schanz 
screws       

 Fact Box 1 

 Passive rigid body arrays are rigidly fi xed 
to bone. Anatomic reference points are 
digitised defi ning three orthogonal refer-
ence vectors about which 6-DOF kinemat-
ics are computed. Kinematic measurements 
may be made with high degree of accuracy: 
±0.1 mm for linear measurements and 
±0.1° for rotations. 
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the “neutral” resting position of the knee which 
may be recorded so that the knee can be reproduc-
ibly returned to the same position of fl exion and 
internal / external rotation for subsequent tests.

   The Surgetics navigation system measures 
tibial translation during the pivot-shift test by 
tracking a digitised point on the tibia and com-
paring its motion path, in the midsagittal plane, 
with the motion of the same point during passive 
fl exion/extension of the knee (Fig.  38.3 ). Tibial 

rotation that occurs during the pivot manoeuvre 
is measured by tracking the anterior vector of the 
tibia in the axial plane. Lane et al. [ 21 ] noted a 
good correlation between clinical pivot-shift test 
grade and tibial translation and rotation  measured 
by the navigation and in addition characterised 
the P-shaped track of motion path of the digi-
tised point on the anterior tibia during the pivot 
manoeuvre, showing this to have the closest cor-
relation with pivot-shift test grade ( R  2  ≥ 0.97).

  Fig. 38.2    An example 
screenshot from the 
navigation display taken 
intraoperatively 
following 
anteroposterior drawer 
testing. The anterior 
translation of the medial 
and lateral tibial 
condyles (3 mm and 
7 mm, respectively) and 
coupled tibial internal 
rotation (5°) are shown       

  Fig. 38.3    ( a ) The motion of a digitised point on the 
 anterior tibia was tracked in the midsagittal plane during 
passive fl exion/extension ( circles ) and ( b ) during the pivot 

shift ( triangles ). ( c ) The maximum distance between 
these two trajectories defi ned the anterior translation ( T ) 
during the pivot shift       
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   The use of navigation in sports medicine is not 
restricted to ACL reconstruction. It may also be 
used for planning and performing reconstructions 
of peripheral ligament structures. Navigated 
medial collateral ligament (MCL) reconstruction, 
for example, assists the identifi cation of optimum 
none tunnel positions: a point on the tibia at the 
attachment of the superfi cial MCL is defi ned and 
digitised; the computer then is able to produce an 
isometry map around the medial epicondyle of 
the femur to assist optimum placement of the 
femoral tunnel for graft isometry and assess con-
trol of both rotation laxity and anteromedial rota-
tion that may result from combined MCL and 
ALC instability [ 20 ] (Fig.  38.4 ). Similarly for 
lateral extra-articular plasty (LEAP), the soft-
ware may be used to determine the femoral tun-
nel position based on an isometry map.

38.3        Clinical Experience 

 For over a decade, we have utilised the computer- 
assisted navigation for both  in vitro  and  in vivo  
laxity analysis to assess ACL reconstruction and 
associated surgery. Clinical, intraoperative 
 navigation laxity testing has been performed for 
single- bundle (SB) ACL reconstruction and 
double- bundle (DB) ACL reconstruction and 
revision ACL reconstruction with and without lat-
eral extra-articular palsy (±LEAP). The clinical 
results of the preoperative and postoperative lax-
ity analysis for primary ACL reconstruction are 
shown in Table  38.1 . For single-bundle ACL 
reconstruction, a four-strand hamstrings graft was 
used, fi xed on the femoral side with an Endobutton 
CL ®  Smith and Nephew, Andover, MA) and with 
a bioabsorbable interference screw on the tibial 

  Fig. 38.4    Navigation screenshot showing postoperative laxity results following combined ACL/MCL reconstruction       
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side (BioRCI ®  ,  Smith and Nephew, Andover, 
MA). Double-bundle reconstructions were per-
formed using a four-tunnel technique, using dou-
bled or tripled semi-tendinosus autograft for the 
AM bundle and doubled or tripled gracilis auto-
graft for the PL bundle. Grafts were fi xed using 
Endobutton fi xation devices on the femoral side 
and BioRCI screws on the tibial side.

   It is accepted that pivot laxity remains the best 
indicator of a patient’s subjective instability [ 19 ]. 
It is well recognised that rotational stability fol-
lowing ACL reconstruction may not be fully 
restored [ 12 ,  22 ,  24 ,  33 ] and that up to 30 % of 
patients may have a residual “pivot glide”. 
Intraoperative-navigated laxity testing has dem-
onstrated that single-bundle ACL reconstruction 
variably controls pivot-shift laxity (Fig.  38.5 ). 
Analysis of pre- and postoperative pivot-shift 
data showed that both double- and single-bundle 
ACL reconstructions reduced the translation and 
rotation occurring during the pivot shift. 
Translation was reduced by a mean of 12.3 mm in 
the SB group and 12.4 mm in the DB group. 
Rotation was reduced by 15.5° in the SB group 
and by 16.3° in the DB group. It must be noted 
that the groups were not comparative. Double- 
bundle reconstruction was utilised for patients 
with a higher degree of pivot-shift laxity (mean 
preoperative rotation occurring during the pivot-
shift test was 25° in the SB group compared with 
29.3° in the DB group) following a clinical study 
that was devised to investigate the effect of 

sequential reconstructions of the anteromedial 
(AM) and posterolateral (PL) bundles of the ACL 
on  controlling the tibial rotation and translation 
occurring with the anterior drawer, Lachman and 
pivot-shift tests [ 31 ]. In this study two recon-
struction  protocols were used in 16 patients 
undergoing four- tunnel, double-bundle ACL 
reconstruction, creating the conditions where 
each bundle acted alone and combined with the 
other, so that the effects of each bundle could be 
assessed. The AM bundle was found to be the 
primary restraint to anterior laxity during the 
anterior drawer test reducing tibial translation by 
67 %. The PL  bundle was more important during 
the Lachman test reducing tibial translation by 
73 %. The coupled internal rotation was reduced 
from 5.1° in ACL- defi cient knees to 1.7° by iso-
lated PL bundle reconstruction. The PL bundle 
was also important in controlling the tibial rota-
tional laxity during the pivot shift, with isolated 
PL bundle reconstruction providing 14 % more 
reduction than isolated AM bundle reconstruc-
tion. This work suggested that for intra-articular 
ACL reconstruction the PL bundle was important 
in controlling the rotational component of the 
pivot shift and anterior laxity towards knee 
extension.

   The role of lateral extra-articular pasty 
(LEAP) to augment intra-articular ACL recon-
struction and improve control of pivot instability 
remains controversial. Although a recent system-
atic review of the literature [ 13 ] found that ACL 

   Table 38.1    Table showing navigated laxity test results for primary ACL reconstruction   

 Laxity test 
 Pre-op 
( n  = 183) 

 Post-op single-bundle 
ACL reconstruction 
( n  = 162) 

 Post-op double-bundle 
ACL reconstruction 
( n  = 21) 

 Anterior drawer (90°)  Translation medial 
compartment (mm) 

 8.6 ± 2.5  1.6  0.6 ± 0.5 

 Translation lateral 
compartment (mm) 

 12.9 ± 3.1  5.8  4.8 ± 1.3 

 Coupled internal 
tibial rotation (°) 

 9.12 ± 4  8.5  7.2 ± 1.8 

 Lachman (20°)  Translation medial 
compartment (mm) 

 14.3 ± 4.2  2.3 ± 1.5  2.1 ± 1.1 

 Translation lateral 
compartment (mm) 

 18.0 ± 4.4  3.1 ± 2.2  3.2 ± 1.4 

 Coupled internal 
tibial rotation (°) 

 12.8 ± 4.8  2.7 ± 2.2  2.2 ± 1.6 
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reconstruction combined with LEAP showed a 
signifi cant improvement in control of pivot laxity 
over isolated ACL reconstruction, it was noted 
that studies lacked suffi cient validity, sample 
size, methodological consistency and the was lit-
tle standardisation of reconstruction procedures, 
rehabilitation protocols and outcome measures. 
The PRAXIM Surgetics navigation system has 
been used to assess the effect of a combined 

LEAP procedure on the control of rotational lax-
ity in patients undergoing revision ACL recon-
struction [ 7 ]. Twenty patients underwent 
navigated revision anterior cruciate ligament 
reconstruction with the addition of a percutane-
ous lateral extra- articular tenodesis. The naviga-
tion system was used to guide tunnel positioning 
in order to optimise the isometry of the LEAP. It 
was found that addition of the lateral tenodesis 

Pre-op pivot laxity

Case 1

Case 2

Case 3

Post-op pivot laxity

  Fig. 38.5    Figure showing the maximum displacement of 
the tibial plateau during the pivot-shift test before and 
after ACL reconstruction in three individuals. Laxity 

appears to be well restored in  cases 1 and 2 . However, in 
 case 3  signifi cant laxity persists       
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reduced coupled internal rotation ( P  = .003) 
occurring with the anterior drawer test and maxi-
mum internal rotation at 90° of fl exion; however, 
although there was a trend towards improved 
control of rotation during the pivot-shift test, this 
did not reach statistical signifi cance [ 6 ]. Isometry 
mapping has also demonstrated the importance 
of the femoral attachment location for LEAP, 
particularly if the reconstruction is taken  superfi -
cial  to the fi bular collateral ligament (Fig.  38.6 ). 
The graft should be attached just proximal and 
posterior to the lateral epicondyle so that it 
remains isometric during knee fl exion. 
Attachment of the extra-articular palsy anterior 
or distal to the epicondyle will result in an unfa-
vourable tightening of the graft with progressive 
knee fl exion.

   The tibial translation and rotation that occurs 
during the pivot shift may be expressed as a 
ratio of translation to rotation (T/R). We have 
found for ACL-defi cient patients mean preop-
erative tibial translation during the pivot 
shift = 18 ± 4 mm and tibial rotation during the 
pivot shift = 25 ± 7°, thus T/R = 0.52. This ratio 
may, however, vary between 0.25 and 0.86 with 

lower values indicating a higher degree of tibial 
rotation compared to translation, and conversely 
higher values indicate more translation than 
rotation. Pearle et al. [ 29 ] demonstrated that 
tibial rotation and displacement of the lateral 
compartment correlated closely with pivot-shift 
test grade. Recent studies have shown that the 
structures at the lateral aspect of the knee, par-
ticularly the ITB, have a much more signifi cant 
role in the restraint of internal tibial rotation and 
the pivot shift than the ACL [ 17 ] . . The ACL and, 
in particular, its direct fi bres are the primary 
restraint to anterior tibial translation at all angles 
of knee fl exion [ 16 ]. The use of navigation to 
analyse the pivot shift may allow the surgeon to 
better understand the effect of different recon-
structions on pivot laxity. It might, for example, 
be used to objectively determine whether rou-
tine single-bundle ACL reconstruction may be 
insuffi cient to fully control the rotational laxity 
in patients with high degrees of lateral compart-
ment displacement and rotation during the 
pivot-shift test, indicating that additional sur-
gery such as LEAP or DB reconstruction may 
be required to improve laxity control.   

  Fig. 38.6    The 
navigation computer 
display screen during a 
LEAP procedure. An 
“isometry map” is 
projected onto a digital 
image of the lateral 
femoral condyle, aiding 
selection of femoral 
tunnel position. Green 
indicates most isometric 
(<1 mm of length 
change), yellow less 
isometric and red the 
least isometric. The 
“isometry profi le” 
(the distance between 
selected femoral and 
tibial attachment points 
through the range of knee 
fl exion) is shown below. 
In this case a graft that is 
isometric between 0° and 
90° but tightening slightly 
in deep fl exion       
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38.4     Critical Analysis 
of the Present State 
of Navigation Laxity 
Measurement and the Future 

 Current computer-assisted navigation systems are 
a powerful tool in the accurate assessment of knee 
stability. In addition to the accurate measurement 
of 6 degree-of-freedom knee kinematics allowing 
objective assessment of reconstructions, 
 navigation also allows exact determination and 
documentation of tunnel positions allowing stud-
ies to be made comparable. However, there are 
signifi cant limitations to current technology. 
There is a need to invasively insert rigid body 
navigation arrays and measurement of laxity is 
only possible preoperatively and at time zero post 

intervention. In addition, side-to-side comparison 
with the contralateral limb is not possible. 
Complications related to navigation rigid body 
pin sites are rare but include acute fractures [ 15 ], 
stress fractures [ 28 ], superfi cial wound infections 
and osteomyelitis [ 1 ]. Thus our use of navigated 
laxity measurement is now limited to the use in 
clinical- and laboratory-based research studies. 

 Currently navigated laxity testing is not instru-
mented, and it is necessary to try to manually 
apply similar forces during pre-and postoperative 
testing to obtain comparable data. Therefore stan-
dardisation of navigated clinical laxity testing 
remains problematic, and whilst it is possible to 
use instruments such as a sterilised KT 1000 ®  to 
apply known loads, these bulky instruments may 
interfere with the placement of the navigation 
rigid bodies. The interoperator variability of the 
pivot-shift test is known [ 27 ]. It remains particu-
larly diffi cult to standardise the pivot-shift test 
clinically, and performing a pivot-shift test with 
consistent loading conditions is challenging 
(Fig.  38.7 ). Although it has been shown that the 
pivot shift may be simulated with combined val-
gus and internal rotation torques as the knee is 
fl exed [ 10 ], systems to standardise pivot-shift 
application in the clinical setting exist but remain 
rudimentary, cumbersome and impractical for 
routine clinical use [ 26 ].

 Fact Box 2 

 A ratio of pivot translation to pivot rotation 
of < 0.5 typically indicates increased lateral 
compartment displacement and may sug-
gest the need for reconstructive techniques 
to improve the control of rotation (e.g. dou-
ble-bundle ACL reconstruction and lateral 
extra-articular plasty). 

  Fig. 38.7    Showing the intra-observer differences 
between the pivot-shift tests performed by the two authors 
JR ( blue ) and PC ( green ) on the same knee intraopera-
tively. All pivot-shift tests show a rapid reduction of the 
applied internal tibial rotation. There is good  intra- observer 

reliability, between tests; however, the angle at which the 
reduction occurs is different between observers. The 
amount of external tibial rotation occurring as the knee 
reduces is, however, similar       
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   The rigid body optical markers also suffer 
from “line-of-sight” problems that can be bother-
some during surgery, particularly when perform-
ing navigated laxity tests. We have found 
spherical refl ective markers have better visibility 
to the infrared camera than fl at disc markers and 
are also less likely to be affected by arthroscopic 
irrigation fl uid. Much work into improving navi-
gation markers is still required, and certainly one 
of the key new advances will be a method of 
attaching navigation markers without the need 
for invasive bony fi xation.  

38.5     Future Directions 

 From the early days of computer-assisted naviga-
tion, there have been huge advances in motion- 
sensing technology. Gyroscopes, accelerometers 
and magnetometers are now incorporated into 
everyday devices such as smart phones and tablets. 
Studies have shown that non-invasive accelerome-
ters may be used to accurately diagnose and grade 
pathological pivot laxity associated with ACL 
injury [ 2 ,  11 ,  23 ]. However, accelerometers remain 
limited in their ability to accurately quantify rota-
tional and translational displacements. It is likely 
that accurate measurement of knee laxity by navi-
gation systems will develop in two directions. 
Firstly, prototypes of ultra- sophisticated non-inva-
sive systems are in development. These combine 
several technologies (accelerometers, gyroscopes 
and magnetometers) enabling not only qualitative 
assessment of subluxation such as that occurring 
with the pivot- shift test, but in addition, allow 
quantitative motion analysis of rotations and trans-
lations with a high level of precision (submillimet-
ric). Lacking the need to fi x rigid body arrays to 
bone, these newer, noninvasive systems will allow 
for objective laxity analysis in the offi ce, during 
surgery and at subsequent postoperative follow-up. 
Current rigid body navigation systems only allow 
for intraoperative measurements; thus the effi cacy 
of surgical reconstruction may only be assessed at 
time zero. As result, we have only a limited under-
standing as to the evolution of postoperatively knee 
laxity after ligament reconstruction. Whilst still in 
their prototype stages of development, these new 

systems offer exciting possibilities as powerful 
diagnostic tools and may prove invaluable in broad-
ening our understanding of how knee laxity evolves 
and how different graft types, fi xation and physical 
therapy regimes act to stabilise the knee over time. 

 Secondly, novel systems are in development, 
similar to those already in use in industry, that uti-
lise virtual modelling and simulate rigid body 
analysis. Complex virtual models of the knee 
have been created [ 11 ] (Fig.  38.8 ) that have been 
defi ned by the geometric parameters of bony mor-
phology and with the effect of ligament muscles 
and tendons, characterised by their linear stiff-
ness, insertions and generated forces. Using rigid 
body simulation techniques, data from previous 
experiments into the effects of various loading 
conditions on knee kinematics (both  in vivo  and 
 in vitro ) has been added to the virtual model. The 
prototype system allows the virtual model to be 
individualised from patient CT or MRI data. 
Anatomical reference points are then digitised 
and the patient undergoes laxity examination. The 
data from the digitised ligament laxity tests is then 
analysed by the system comparing it with the vir-
tual model to determine what lesions are impli-
cated in producing the pattern of laxity and to 
suggest which structures may require reconstruc-
tion. This type of system will be particularly help-
ful in assessing laxity in secondary restraints and 
might be used interoperatively to virtually test dif-
ferent repair/reconstruction strategies and fi ne-
tuning bone tunnel placement to optimise results.

 Fact Box 3 

 Current navigation 
technology 

 Future navigation 
technology 

 Invasive:  Noninvasive: 

   Diffi cult to assess 
side-to-side laxity 

   Easy side-to-side 
measurement of 
laxity 

   Time zero data at 
time of surgery 
only 

   Data comparable 
with virtual model 

 Accurate  Accurate 

 Arrays may obstruct 
surgery 

 Easy to use in surgery 
and in the offi ce 
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      Conclusion 

 Navigation is a powerful tool to assess knee 
laxity and to evaluate the effect of surgical 
reconstruction at time zero. Whilst present 
technology is somewhat time consuming and 
invasive, the technology offers exciting possi-
bilities. Navigated stability measurement may 
allow surgeons to determine, intraoperatively, 
whether further surgical intervention is 
required if persistent laxity is detected after 
reconstruction. In addition, in the future, it 
may be possible to perform a navigated laxity 
evaluation and model the effect of different 
reconstruction strategies by simulation.      
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39.1         Introduction 

 Injury to the anterior cruciate ligament (ACL) is 
one of the most common sports-related injuries 
throughout the world. These injuries affect all 
athletes, from childhood to middle-aged, and 
across all skill levels, from recreational to 
 professional. Approximately 300,000 ACL 
 injuries are sustained in the United States each 
year [ 19 ]. These injuries present signifi cant 
 burdens on patients, including lost time in sports 
participation or work, further meniscal and chon-
dral damage to the affected knee due to instabil-
ity, and ultimately the development of knee 
osteoarthritis (OA) [ 2 ,  20 ,  55 ]. The chance of OA 
in the affected knee is approximately 50 % at 
10 years following injury regardless of recon-
struction status [ 55 ]. Injury to the ACL also has a 
signifi cant cost burden on society. ACL injuries 
have become a public health concern given the 
consequences of ACL injury at both the individ-
ual and societal levels. 

 In addition to the aforementioned concerns, 
there has been a heightened awareness of ACL 
injury due to rapid increase in competitive sports 
participation at even younger ages. As sports par-
ticipation has rapidly increased, so too has the 
number of ACL injuries, particularly in younger 
patients with more to lose at the personal level and 
more to contribute at the societal level. The 
increased frequency and burden of injury has led 
to a special interest in the identifi cation of risk 
 factors and prevention strategies to decrease the 
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incidence of ACL injury. The purpose of this chap-
ter is to review ACL mechanism of injury, risk fac-
tors with an emphasis on modifi able risk factors, 
and prevention strategies for athletes at risk.  

39.2     Mechanism of Injury 

 The vast majority of ACL injuries (approximately 
75 %) are noncontact in nature [ 5 ]. While the 
exact mechanism of noncontact injury is often 
debated, most noncontact ACL injuries are decel-
eration moments on the affected knee [ 7 ]. This 
can be in the form of landing from a jump, slow-
ing to cut, or change in direction [ 44 ]. The body 
position of ACL injury following a jump landing 
involves hip and knee extension with knee valgus 
and tibial internal rotation. This combination 
associated with foot pronation may put the ACL 
at greatest risk [ 7 ]. Additionally, muscle imbal-
ance and poor trunk control have also been impli-
cated in noncontact ACL injury [ 22 ]. Most 
recently, restriction in adjacent joint range of 
motion, such as decreased hip range of motion, 
has been implicated as a potential cause for ACL 
injury [ 4 ].  

39.3     Risk Factors 

 Numerous risk factors have been associated with 
ACL injury [ 1 ,  18 ,  24 ,  29 ,  46 ,  47 ]. Classifi cation 
systems have been developed for these injury risk 
factors. Often employed classifi cations are intrin-
sic versus extrinsic or modifi able and nonmodifi -
able. Intrinsic, nonmodifi able risk factors include 
such things as gender, femoral notch width, tibial 
slope, genetic predisposition, and history of prior 
ACL injury. Females are known to have a higher 
risk of noncontact ACL injury when compared 
with males participating in similar sports [ 40 ]. 
Intrinsic modifi able risk factors include body 
mass index (BMI), neuromuscular defi cits, hor-
monal status, and biomechanical defi ciencies. 
Extrinsic modifi able risk factors include shoe/
equipment choice, playing conditions, level of 

competition, and sport of participation [ 46 ,  47 ] 
(Table  39.1 ).

39.4        Modifi able Risk Factors 

 There are many anatomic risk factors for ACL 
injury, which are nonmodifi able without surgical 
intervention such as knee recurvatum, increased 
tibial slope, reduced femoral notch width, 
decreased ACL volume, and shallow tibial pla-
teau depth [ 11 ,  12 ,  27 ,  46 ,  47 ]. However, a modi-
fi able anatomic risk factor for ACL injury is 
increased BMI [ 16 ]. Evans and colleagues have 
linked increased BMI to increased risk of non-
contact ACL injury [ 16 ]. 

 Modifi able neuromuscular and biomechanical 
risk factors for ACL injury include the landing, piv-
oting, and cutting techniques [ 46 ]. Proper tech-
niques can be learned and may be linked to a 
reduction in the incidence of ACL tear. ACL- injured 
athletes tend to land with increased knee abduction 
moments and ground reactive forces [ 23 ]. In jump 
landing and cutting tasks, females exhibit greater 
hip and knee extension, knee  valgus, and quadri-
ceps activity as compared to hamstring activity. In 
addition to the lower  extremity neuromuscular and 

   Table 39.1    Risk factors for ACL injury   

 Nonmodifi able  Modifi able 

 Intrinsic 
   1. Female gender 
   2. Previous ACL injury 
   3. Genetic predisposition 
   4. Extremity alignment 
   5.  General ligamentous 

laxity 
   6. Femoral notch size 
   7. ACL volume 
   8. Posterior tibial slope 

 Intrinsic 
   1. BMI 
   2. Hormonal status 
   3.  Neuromuscular 

control 
   4.  Biomechanical 

defi cits 
   5. Fatigue level 

 Extrinsic 
   1. Sports type 
   2.  Level of 

competition 
   3. Footwear 
   4. Playing surface 
   5. Weather conditions 

   ACL  anterior cruciate ligament,  BMI  body mass index  
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biomechanical modifi able risk factors, weakness in 
core strength is also associated with increased risk 
of ACL injury [ 19 ]. Females have a higher risk of 
trunk malposition, which predicted ACL injury risk 
in studies conducted by Zazulak and colleagues [ 53 , 
 54 ]. More broadly, muscle fatigue from long 
 workouts or athletic activity may be associated with 
a breakdown in neuromuscular control and proper 
biomechanics [ 9 ,  19 ]. Neurocognitive performance 
based on reaction time, visual memory, and verbal 
memory may also contribute to the risk of noncon-
tact ACL injury [ 50 ]. 

 Hormonal status at time of sports participation 
has been linked to risk of ACL injury [ 6 ,  41 ,  42 , 
 45 ,  52 ]. However, the data are mixed as to the 
phase of the menstrual cycle that is most risky for 
sports participation. The early and late follicular 
preovulatory stage has been implicated as the 
most at-risk portion of the menstrual cycle by 
some authors, while others have also evaluated 
the effects of menstrual cycle stage on ACL tear 
risk and found that the luteal or postovulatory 
phase was the most at-risk portion of the cycle [ 6 , 
 18 ,  42 ]. Despite the associations between hor-
monal status and ACL injury risk, there is cur-
rently no consensus on how to apply this 
information practically to sports participation. 

 There are also a number of modifi able environ-
mental factors that may contribute to ACL injury 
risk; however, how to apply knowledge of these 
modifi able risk factors is still largely undetermined. 
The type of footwear an athlete wears may place 
them at increased risk of ACL injury if the foot-
wear increases the torsional resistance with the cor-
responding playing surface [ 26 ]. The playing 
surface may also affect risk of ACL injury. Surfaces 
that increase torsional resistance have also been 
implicated in injury risk. Women’s handball play-
ers had a higher risk of injury with synthetic indoor 
surfaces as compared to wooden fl oors (lower tor-
sional resistance) [ 35 ]. In terms of outdoor playing 
surfaces, grass appears to be safer for athletes than 
synthetic turf in terms of ACL injury risk [ 13 ,  38 ]. 
Lastly, weather conditions impact risk of ACL 
injury. Cold weather and high rain conditions may 
be protective for ACL injuries [ 37 ,  39 ]. 

 Additional modifi able extrinsic factors include 
the type of sport and the level of competition. 
Competition has a higher ACL injury risk associ-
ated with it than does practice in handball-related 
ACL injuries [ 31 ]. Certain sports also have a 
higher risk of noncontact ACL injury that likely 
refl ects the increased cutting and pivoting 
 maneuvers, such as handball, downhill skiing, 
gymnastics, football, soccer, basketball, volley-
ball, and lacrosse [ 40 ,  41 ].  

39.5     Prevention Strategies 

 Elimination of modifi able risk factors has been 
the focus of a number of noncontact ACL injury 
prevention programs [ 30 ,  34 ,  49 ]. There has been 
increasing interest in this area of research; how-
ever, few studies have attempted randomized 
controlled trials [ 25 ,  36 ,  48 ,  51 ]. The effective 
programs target neuromuscular and biomechani-
cal defi cits with an effort on improving modifi -
able weaknesses in each athlete [ 34 ]. To date, 
there have been a number of programs which 
have demonstrated successful reduction in non-
contact ACL injuries; however, there is no gold 

 Fact Box 1 

 Proper jump landing techniques

 Proper techniques  Sample exercises 

 1.  Land softly with 
deep knee and hip 
fl exion 

 A. Double leg squat 

 B. Jump squat 

 2.  Land with knees in 
line with toes 

 B. Jump squat 

 C. Forward lunge 

 3.  Land with toes 
pointing forward 

 B. Jump squat 

 D. Forward-back hop 

 4.  Land with feet 
shoulder width 
apart 

 B. Jump squat 

 E. Box jump 

 5.  Land with engaged 
core/gluteus muscle 
groups 

 B. Jump squat 

 E. Box jump 

 F.  Multidirectional 
jumps 
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standard prevention program in the literature [ 21 , 
 25 ,  28 ,  34 ]. Despite the lack of consensus on the 
most advantageous prevention program, there are 
similarities in each successful program, which 
will be outlined in this section (Table  39.2 ).

   The most successful ACL injury prevention pro-
grams take on a multifaceted approach. The key 
components include stretching, strengthening, aero-
bic conditioning, plyometrics, proprioception, and 
balance training. The key tasks enveloped in these 
programs include education and biofeedback of 
proper body mechanics during cutting movements 
and proper jump landing techniques [ 1 ,  3 ]. 
Techniques of proper landing include soft landing 
on the forefoot with appropriate trunk, hip, and 
knee fl exion. Knee valgus position should be 
avoided and landing on both feet should be encour-
aged. Appropriate feedback can come from a part-
ner athlete or a member of the coaching staff. 
Additional self-feedback with use of mirrors or 
video has also been shown to be benefi cial in injury 
prevention [ 15 ,  21 ]. The timing of program initia-
tion has also been shown to impact the effectiveness 
of the prevention strategy. Successful ACL injury 
prevention programs start in the preseason (at least 
6 weeks prior to competition) and are combined 
with an in-season maintenance program [ 1 ,  3 ]. 

 Strengthening of the lower extremities and core 
is an important component of any ACL injury pre-
vention strategy. Lower extremity muscle targets 
include the hamstrings, gluteus  maximus, and 
abductor musculature. Hamstring strengthening 
ultimately increased the hamstring to quadriceps 
ratio, which may prevent potential ACL injury 
caused by anterior tibial translation [ 1 ,  14 ]. 
Strengthening of the gluteus maximus and gluteus 

medius reduces femoral rotation and knee valgus 
during landing and cutting activities [ 53 ]. Planks, 
bridges, and single-leg squats are core exercises 
that should be incorporated into a prevention pro-
gram in order to correct lateral displacement of the 
trunk during jump landing and cutting activities 
[ 53 ,  54 ]. The level of diffi culty can be increased 
from fl at-ground exercise to perturbation-enhanced 
core strengthening with the use of a wobble board 
or similar devices. The use of perturbation-
enhanced strengthening has demonstrated a sig-
nifi cant risk reduction in male soccer players [ 10 ]. 

 Plyometric training is also an important compo-
nent of any successful ACL injury prevention pro-
gram. Plyometrics should include single-leg 
exercises to aid in nullifying leg strength discrepan-
cies and dual-leg exercises to promote proper jump 
landing and cutting techniques. Implementation of 
plyometrics into a prevention strategy has been 
shown to decrease landing forces, decrease hip 
adduction and abduction moments, and increase 
lower extremity power [ 1 ]. Hewett and colleagues 
also found a decreased incidence of serious knee 
injuries in female athletes using a prevention strat-
egy that included plyometrics [ 21 ]. 

 The results of such prevention strategies have 
been mixed; however, more recent meta-analyses 
and systematic reviews have attempted to  quantify 
the reduction in ACL injury risk  following a preven-
tion program. Sadoghi et al. performed a systematic 
review of the available literature on ACL injury pre-
vention programs and concluded that such pro-
grams provide a risk reduction of 52 % in female 
athletes and 85 % in male athletes [ 43 ]. A more 
recent meta-analysis of ACL injury prevention with 
neuromuscular training and educational interven-
tion corroborated the fi ndings of Sadoghi and col-
leagues by demonstrating an overall 50 % reduction 
in ACL injury rates with a prevention program [ 17 ]. 
Specifi cally looking at the highest risk athletes, 
female adolescents, Noyes and Barber-Westin 
found that neuromuscular retraining intervention 
programs signifi cantly reduced the noncontact ACL 
injury rates [ 34 ]. In the systematic review by Noyes 
and Barber-Westin, the number of athletes needed 
to train in order to prevent a single ACL injury 
ranged from 70 to 98 athletes; however, the relative 
risk reduction on the entire athlete population 

   Table 39.2    Summary of effective components of an 
ACL injury prevention program   

 Prevention program 
component  Example of activity 

 Warm-up  Dynamic stretching 

 Balance training  Perturbation-enhanced 
proprioceptive exercises with 
wobble board or half ball 

 Plyometrics  Jump and jump landing training 

 Strength training  Core and lower extremity closed 
chain exercises 
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ranged from 75 to 100 % [ 34 ]. A similar but prior 
study by Noyes et al. also demonstrated that some 
prevention programs not only reduce injury risk but 
may increase athletic performance as well [ 33 ]. 

 In addition to focusing on the modifi able intrin-
sic factors in ACL injury prevention programs, the 
modifi able extrinsic factors should also be consid-
ered. Athletes, coaches, and parents should be 
aware of the playing surfaces, playing conditions, 
and footwear that may increase the risk of ACL 
injury. Hardwood rather than synthetic fl oors 
should be used for indoor sports when appropriate. 
Grass fi elds rather than synthetic turf should be 
played upon when the option is available. 
Strategies should be in place to avoid excessive 
heat and dryness when possible. Young athletes 
should be discouraged from participation in cleats 
with longer and higher volume of spikes. Lastly, 
prophylactic knee bracing should be avoided in 
healthy athletes attempting to avoid ACL injury, as 
the literature does not support the routine use of 
knee bracing to prevent ACL injury [ 8 ,  32 ]. 

   Conclusion 

 Noncontact injury to the ACL is common and 
often affects young athletes involved in jumping 
and cutting sports. The results of ACL injury 
can be far-reaching with implications for the 
athlete, society, and healthcare system. 
Anatomic risk factors such as decreased notch 
width, decreased ACL volume, increased lateral 
tibial slope, and knee laxity have all been dem-
onstrated to increase the risk of ACL injury. 
Presently, there is no evidence to suggest pro-
phylactic intervention to surgically correct any 
of the anatomic risk factors; however, in cases 
of ACL reconstruction, the  surgeon should be 
aware of these factors as ACL volume, notch 
width, and tibial slope may be addressed. In all 
athletes modifi able risk factors associated with 
ACL injury should be identifi ed and corrected. 
Prevention programs initiated in the preseason 
and maintained throughout the competitive sea-
son can reduce the risk of noncontact ACL inju-
ries. Successful prevention programs should 

 Fact Box 2 

 Sample prevention strategy for male and female athletes

 Components  Exercises  Duration 

 1. Dynamic warm-up  Jogging 
 Dynamic stretching 
 Light sport-specifi c drills 
 Running, sprinting 

 5–10 min 
 1–17 exercises 

 2. Plyometrics  Box jumps 
 Ladders 
 Single-leg hops 
 Multidirectional hops 

 5–15 min 
 1–7 exercises 

 3. Balance  Balance mat training 
 Balance ball 

 5–10 min 
 3–5 exercises 

 4. Strengthening  Core 
 Back 
 Gluteus 
 Hamstring 
 Quadriceps 

 10–20 min 
 2–10 exercises 

 5. Agility  Ladders 
 Sport-specifi c drills 
 Line hops 
 Multidirectional hops 

 5–30 min 
 2–4 exercises with repetition 

 6. Flexibility  Stretching (static or dynamic) 
 Partnered and individual 
 Muscle activation 

 5–15 min 
 1–6 exercises 
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include stretching, strengthening, plyometrics, 
and balance components. Education and feed-
back should be provided to the athletes in terms 
of jump landing and cutting techniques. 
Prevention programs that are initiated prior to 
the season may be most successful at reducing 
the risk of ACL injuries.     
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40.1          Introduction 

 The knee is composed of four major ligaments 
that provide passive restraint to the knee: the 
anterior cruciate ligament (ACL), posterior cruci-
ate ligament (PCL), medial collateral ligament 
(MCL), and lateral collateral ligament (LCL) 
[ 62 ]. Together, these four major ligaments con-
nect the femur to the tibia and fi bula and help sta-
bilize the knee joint, which allows the knee to 
fl ex and extend and rotate slightly both internally 
and externally. 

 The ACL plays an integral role in the stabili-
zation of the knee joint, often preventing hyper-
extension injuries [ 62 ]. ACL injuries frequently 
occur during physical and sporting activities. 
Although several different interpretations exist, 
there are two main ACL injury mechanisms: con-
tact (either a direct blow to the knee or contact to 
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other body parts) and noncontact [ 1 ,  4 ,  7 ,  60 ,  85 ]. 
Nearly 70 % of ACL injuries are a result of non-
contact mechanisms [ 2 ,  6 ,  10 ]. The noncontact 
ACL injury occurs during cutting, an action 
where the athlete decelerates and then plants his/
her foot into the ground. Other injuries occur 
when an athlete lands fl at on his/her heels, which 
forces the tibia into the knee. This leads to greater 
ground reaction force (GRF) and often results in 
an ACL tear. Athletes who have injured their 
ACL report feeling that their knee gives out or 
that it “popped.” Rotation is the movement of a 
joint along the longitudinal axis, and due to ana-
tomical restraints, the knee has limited rotational 
movement. The combination of a “pop” during a 
rotational movement or rapid deceleration and 
early swelling is claimed to demonstrate a 90 % 
probability of rupture of the ACL [ 10 ]. The ACL 
and PCL play key roles in the limiting of move-
ment. The severity of ACL injuries is determined 
based on the total number and degree of severity 
of structures damaged. The most severe manifes-
tation of ACL injury is what is known as the 
“(O’Donoghue’s) unhappy triad,” which includes 
a medial meniscal and MCL tear, in combination 
with an ACL tear [ 11 ]. 

 Females are at higher risk of noncontact ACL 
ruptures in comparison with their male counter-
parts [ 74 ,  91 ]. The cause of this discrepancy 
between the sexes is still unknown, but could be 
attributed to a combination of factors including: 
anatomy [ 13 ,  58 ,  94 ], hormones [ 54 ], genetics 
[ 42 ,  43 ,  70 ,  92 ,  98 ], muscular strength [ 27 ,  78 ], 
and training techniques [ 43 ]. Further, the onset of 
puberty in females may contribute to propensity 
of greater ACL injury risk in female athletes [ 7 ]. 
Knee laxity is increased in pubertal and postpu-
bertal females, and estrogen and progesterone 
levels have been associated with anterior knee 
laxity [ 85 ]. Furthermore, it has previously been 
reported that body weight and body mass index 
(BMI) are risk factors for ACL ruptures in 
women, but not men [ 74 ]. 

 The relative importance of differences 
between male and female ACL injury mecha-
nisms has increased as female sports have 
increased in prevalence since the inception of 
Title IX of the Education Amendments Act in 
1972. Across the United States in 2006, there was 

an estimated 350,000 ACL injuries [ 101 ] at an 
estimated cost of more than two billion [ 87 ]. 
Since then, this has only increased. The costs of 
ACL injury are not limited to surgical 
 reconstruction, but include immediate postopera-
tive rehabilitation and early onset of posttrau-
matic knee osteoarthritis (OA) care [ 39 ]. At least 
50 % of women with an ACL injury will show 
signifi cant pain, functional limitations, and radio-
graphic signs of knee OA within 20 years of the 
fi rst injury [ 24 ,  38 ]. One study investigated the 
status of knee OA after initial ACL injury in a 
cohort of female soccer players. In this study, 
82 % of those who had an ACL injury demon-
strated radiographic changes on their ACL-
injured knee [ 38 ]. Additionally, 51 % showed 
radiographically observable knee OA signs [ 38 ]. 
Astonishingly, the mean age of the participants 
was 31 years old [ 38 ], and 75 % commented that 
their knee condition hinders their knee-related 
quality of life [ 38 ]. Similarly, another study 
reported a 71 % prevalence of moderate knee OA 
in 10–15 years following ACL reconstruction 
[ 64 ]. Therefore, identifying and providing pre-
ventive strategies can reduce the risk of unneces-
sary injury and surgeries, which can allow 
individuals to maintain a high level of physical 
activity throughout their lives. 

 Understanding some basic theories of causes 
in noncontact impact ACL injuries can provide 
greater understanding of the anatomy and physi-
ology of injuries. There are two distinctive clas-
sifi cations as it relates to factors that might lead 
to an increased predisposition for ACL tears.

    I.    Passive factors:
    (a)    Hormonal infl uences (leading to ligament 

laxity)   
   (b)    Genetics   
   (c)    Past medical history   
   (d)    Anatomy       

   II.    Active factors:
    (a)    Trunk and ligament relationship   
   (b)    Mechanical mechanism to lateral trunk 

motion and knee load   
   (c)    Quadriceps and neuromuscular training         

 An explanation of each of these factors will be 
addressed later in this chapter, along with a dis-
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cussion of the interaction between passive and 
active factors. While the passive factors are truly 
innate, the active factors are modifi able, which 
may translate into ACL injury risk reduction 
(Fig.  40.1 ).

40.2        Passive Factors 

 The ACL provides a component of the passive 
restraint responsible for knee joint stability. 
Passive joint stability is based on intrinsic fac-
tors, which can be divided into those related to 
genetics and those related to the predominantly 
female hormones estrogen and progesterone, 
which can impact the ligament laxity [ 84 ]. The 
effects of hormones are additive with certain 
genetic factors, but genetic factors also occur 
with equal frequency in males and females. Past 
medical history (e.g., prior knee joint injury) 

also plays an important role and should be eval-
uated in the context of overall joint 
involvement. 

40.2.1     Ligament Laxity 

 Most knee ligamentous injuries in women’s 
sports occur via noncontact mechanisms [ 6 ,  8 , 
 54 ]. Increased risk of ACL injury may occur 
when there are not suffi ciently taut ligaments and 
tendons to stabilize the knee joint and absorb 
GRF. This results in a decreased joint stability 
[ 97 ]. While generalized joint laxity is not treated 
clinically, recent results indicate that increased 
general joint laxity greater than one standard 
deviation of the mean is associated with an 
increased risk of ACL injury [ 54 ]. From a case- 
control investigation within a cohort of 1500 ath-
letes, there was a noted increased risk of injury 

Injury

•       Sports

•       Playing Situation

•       Opponent Situation

•       Biomechanical Situation

•       Protective Equipment

•       Environment
Susceptible

Athlete

Predisposed
Athlete

External Risk Factors

Inciting Event

Trunk
Growth

Lateral
Trunk
Motion

Active
Risk

Factors

Passive
Risk

Factors

Knee
Load

Quadriceps Ligament
Laxity

Gender

Genetics

Anatomy

Past
Injuries

Training

  Fig. 40.1    A comprehensive overview of injury causation [ 55 ]       
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with greater knee joint laxity [ 54 ]. This may lead 
to reduced dynamic knee stability during athletic 
maneuvers and may be associated with previ-
ously identifi ed ACL injury risk factors [ 54 ]. 
These effects are most pronounced post puberty. 
During puberty, men and women experience 
increases in height and body mass along with 
hormonal changes. These changes may infl uence 
the status of joint laxity including the ligaments. 
Males demonstrate decreased joint fl exibility and 
ligament laxity during puberty, while females 
show an increase [ 54 ]. Unlike females, males 
often also show a decrement in anterior-posterior 
knee laxity [ 54 ]. These joint laxity differences 
between adolescent male and female athletes are 
often associated with concomitant pubertal 
changes [ 54 ]. 

 It is theorized that many of these changes are 
due to the steep rise in estrogen levels seen dur-
ing puberty [ 8 ]. Quatman et al. [ 76 ] reported that 
28 % of pubescent females exhibited knee hyper-
extension, while only 10 % of pubescent males 
demonstrated a similar trend. Others have noted 
similar fi ndings as it relates to Tanner stages [ 98 ]. 
Sex hormones may exert their biologic effects on 
the ACL through the regulation of gene expres-
sion, especially many of the matrix metallopro-
teinase (MMP) genes [ 72 ].  MMP3  and  MMP1  
expression is higher in the ACL of women when 
compared with men [ 72 ]. However, more research 
is necessary to determine the exact variants asso-
ciated with ACL ruptures.  

40.2.2     Genetics 

 Recent fi ndings on the relationship between 
genetics and injuries have highlighted the impor-
tance of collecting a family history as part of 
sports medicine hospital visits. Flynn et al. noted 
that a person with an ACL tear is twice as likely 
to have a relative who has an ACL tear [ 42 ]. 
Another study indicated that males who sustained 
an ACL injury are more likely to have a fi rst- 
degree relative with an ACL tear compared to the 
males without ACL injury [ 42 ,  57 ]. More 
recently, specifi c genetic variants have been 
shown to associate with risk of ACL ruptures. 

Specifi c genes which have been implicated in the 
etiology of ACL ruptures include genes coding 
for structural proteins ( COL5A1 ,  COL12Al , 
 COL1A1 ,  COL3A1 ), genes coding for matrix 
regulators (MMP1, MMP3, MMP10, MMP12, 
TIMP1, TIMP2), genes coding for components 
of the angiogenesis-associated signaling pathway 
( VEGFA , KDR), and genes coding for proteogly-
cans ( ACAN ,  DCN ,  LUM ). 

40.2.2.1     Structural Genes 
 The major structural components of ligaments 
are collagens, of which types I and V are the 
main constituents [ 71 ]. The fi rst specifi c genetic 
variants that were associated with risk for ACL 
ruptures are located within the  COL1A1  and 
 COL5A1  genes [ 71 ,  73 ] .  Both genes code for the 
alpha 1 chain of type I and type V collagen, 
respectively [ 71 ,  73 ]. Type I collagen constitutes 
70–80 % of the dry mass and is responsible for 
the tensile strength of ligaments. Although a 
quantitatively minor collagen, type V collagen 
has a signifi cant functional role. Type V interca-
lates into type I collagen where it regulates fi bril-
logenesis and is theorized to regulate lateral fi bril 
growth. Specifi c genetic variants within the 
 COL12A1  and  COL3A1  genes are also associated 
with risk of ACL ruptures [ 72 ,  73 ]. The  COL12A1  
gene encodes the alpha chain of type XII colla-
gen, which is also involved in fi brillogenesis 
[ 73 ]. The  COL3A1  gene encodes for type III col-
lagen, which, similarly to type V collagen, is also 
a minor fi brillar collagen and intercalates into the 
fi bril with type I collagen [ 89 ]. 

 The functional  COL1A1  Sp1 binding site 
polymorphism within the fi rst intron of the gene 
was shown to associate with increased risk of 
ACL ruptures [ 31 ], cruciate ruptures, and shoul-
der dislocation in South African, Polish, and 
Swedish populations, respectively [ 16 ,  31 ,  71 ]. 
The T allele of this gene variant was shown to 
prevent ACL rupture. It is proposed that the T 
allele increases the expression of the a1 (1) chain 
and may produce a homotrimer consisting of 
three of the a1 (1) chains. This homotrimer 
 formation may favorably change the tensile 
strength of the ligament. Further studies have 
also investigated additional variants within the 
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 COL1A1  gene as potential risk factors for ACL 
ruptures. A haplotype (gene combination) of the 
Sp1 binding site polymorphism and gene variant 
rs1107946 was also shown to reduce the risk of 
ACL ruptures in Polish professional soccer play-
ers [ 16 ]. This haplotype was proposed to further 
enhance transcriptional activity of the  COL1A1  
gene [ 29 ]. 

 The  COL5A1  BstUI restriction fragment 
length polymorphism (RFLP) within the 
3′-untranslated region (UTR) was implicated in 
the risk of ACL ruptures [ 73 ,  81 ]. The CC geno-
type has been shown to be signifi cantly under-
represented in female patients with ACL ruptures, 
suggesting that this genotype is protective. This 
fi nding is in agreement with similar effects in 
other musculoskeletal soft tissue pathologies 
such as Achilles tendinopathy [ 40 ,  69 ], tennis 
elbow [ 3 ], and carpal tunnel syndrome [ 9 ]. 
Further, the  COL5A1  BstUI variant was also 
associated with a self-reported family history of 
ligament injuries in the female, but not male, par-
ticipants [ 62 ]. It remains unknown why this vari-
ant only associates with risk of ACL rupture in 
females. One of the existing theories is that risk is 
mediated by a gene-hormone interaction [ 46 ,  72 ]. 

 Similar to the  COL5A1 Bst UI variant, the 
 COL12A1 Alu I restriction fragment length poly-
morphism (RFLP) was also associated with risk 
of ACL ruptures in females. The AA genotype of 
 COL12A1  AluI RFLP [ 19 ] was associated with 
an increased risk of ACL rupture in female par-
ticipants, both in a South African [ 72 ] and a 
Polish population [ 9 ]. The  COL3A1  rs1800255 
variant was also associated with ACL ruptures in 
two independent studies of Polish soccer players 
[ 9 ] and Polish skiers [ 89 ]. In both studies, the AA 
genotype was signifi cantly overrepresented in 
individuals who sustained ACL ruptures.  

40.2.2.2     Extracellular Matrix 
Regulatory Genes 

 Regulators of degradation and remodeling of the 
extracellular matrix (ECM) are also critically 
important for the integrity and health of liga-
ments. The major regulators of the ECM include, 
but are not limited to, the family of matrix metal-
loproteinases (MMPs). The ECM of ligaments 

are principally regulated by the degradation fam-
ily of at least 24 endopeptidases capable of 
degrading various components of the ECM. 
Disturbances to these regulatory genes may result 
in deregulation and thereby result in injury, such 
as ACL ruptures. Recently a cluster of genes, all 
located on chromosome 11q22, coding for MMP 
proteins, namely,  MMP1 ,  MMP3 ,  MMP10 , and 
 MMP12 , were associated with risk of ACL rup-
tures. This  MMP10 - MMP1 - MMP3 -  MMP12  gene 
cluster was signifi cantly associated with an 
increased risk of ACL ruptures [ 92 ].  

40.2.2.3     Signaling Genes 
 Angiogenic cytokines and growth factors, the 
angiogenesis-associated signaling cascade, have 
been implicated in ruptured ligaments and ten-
dons and are believed to play a critical role in 
matrix remodeling following mechanical loading 
[ 5 ,  75 ]. Vascular endothelial growth factor 
(VEGF) is an essential regulator of angiogenesis 
and has been implicated in ligament injuries. The 
A isoform of VEGF (VEGFA), coded for by the 
 VEGFA  gene, is thought to have the highest 
angiogenic potency. VEGFA binds to the kinase 
insert domain receptor, coded for by the  KDR  
gene. Recently, both the  VEGFA  and  KDR  genes 
were associated with ACL ruptures [ 77 ]. The CC 
genotype of the  VEGFA  rs699947 and the GG 
genotype of the  VEGFA  rs1570360 variant were 
overrepresented among individuals who had sus-
tained an ACL rupture through a noncontact 
mechanism of injury [ 77 ]. The GA genotype of 
the  KDR  rs2071559 variant was overrepresented 
among females with ACL ruptures [ 77 ].  

40.2.2.4     Proteoglycan Genes 
 Similar to structural proteins within ligaments 
and tendons, proteoglycans such as aggrecan, 
biglycan, decorin, fi bromodulin, and lumican 
have important structural roles in ligaments and 
are also involved in fi brillogenesis [ 103 ]. 
Recently, the genes coding for aggrecan ( ACAN ), 
decorin ( DCN ), and lumican ( LUM ) were impli-
cated in the etiology of ACL ruptures. The G 
allele of the ACAN rs1516797 variant was over-
represented in individuals with ACL ruptures, 
whereas the GG genotype of the  DCN  rs516155 
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variant was underrepresented among female indi-
viduals with ACL ruptures [ 41 ]. Further, haplo-
type analyses further implicated regions 
overlapping these two genes ( ACAN  and  DCN ), 
as well as the  LUM  gene [ 41 ].    

40.2.3     Past Injuries 

 A history of damage to the ACL makes individu-
als more susceptible to repeated injury. This can 
range from nonsurgically repaired minor, repeti-
tive trauma to a previously surgically recon-
structed ACL tear. A previous injury at a 
particular location can lead to overall tissue 
weakness and thus increased susceptibility to 
future injury. Subsequent ACL injury rate ranges 
between 2 and 19 % in the general population 
[ 22 ,  79 ,  102 ]. However, this rate increases to 24 
[ 70 ]–29 % [ 97 ] in physically active adolescents. 
Additionally, compared with young athletes who 
never tore their ACL, those who have a past med-
ical history of ACL injury have up to 15 times 
greater risk of subsequent ACL injury (age 
dependent) [ 70 ]. Another study reported a fi ve 

times greater ACL re-tear rate compared to those 
who have never torn ACL in female soccer play-
ers [ 15 ]. Defi cits in quadriceps strength and acti-
vation are also common after rehabilitation and 
return to sport [ 67 ]. Therefore, previous injury 
may play a signifi cant role in the development of 
active risk factors for reinjury. The combination 
of having a past medical history of an ACL tear, 
along with the active and passive risk factors, will 
increase subsequent ACL tear signifi cantly in 
physically active young athletes.  

40.2.4     Anatomy 

 Anatomy is infl uenced by a number of factors, 
but independently also played a very important 
role in making individuals more susceptible to 
injury. In addition to the infl uence of genetics, 
anatomy evolves over time due to physical activ-
ity and the role of pubertal growth. Recently, spe-
cifi c variants have been highlighted that lead to 
increased susceptibility. These factors include 
intercondylar notch size, increased Q angle, skel-
etal growth, and body mass index relative to size. 

40.2.4.1     Intercondylar Notch Size 
 The intercondylar notch size provides a way to 
identify the size of the cruciate ligaments that sit 
in the notch. However, it is the ACL size that is a 
factor for ACL injury, not the size of the notch. 
Domzalski et al. [ 13 ] retrospectively analyzed 
the MRI scans of 46 patients with ACL injuries 
and 44 patients with normal MRI fi ndings. They 
found a signifi cant ( p  < 0.001) difference in the 
mean value of the intercondylar notch width 
between normal knees (0.2691) and the ACL 
injury population (0.2415) [ 13 ]. A narrower 
intercondylar notch was found to be associated 
with the risk of ACL rupture in an immature pop-
ulation [ 13 ]. These fi ndings were confi rmed by 
Gormeli et al. [ 20 ]. Some studies have shown 
women having smaller notches than men which 
is likely related to concomitantly smaller ACLs 
[ 11 ,  55 ,  83 ,  88 ]. Moreover, there appears to be a 
positive genetic correlation in notch width. 
Siblings (and often sibling pairs) with injuries 
have signifi cantly narrower notches than those 

 Fact Box 1 

•     Structural proteins ( COL1A1 ,  COL12A1 , 
 COL3A1 , and  COL5A1 ), which are 
related to the construction of collagen, 
are directly associated with ACL injury.  

•   Proteoglycan genes ( ACAN ,  DCN , 
 LUM ), which are involved in fi brillo-
genesis, were implicated in the etiology 
of ACL ruptures.  

•   Metalloproteinase ( MMP10 - MMP1 - 
 MMP3 - MMP12  gene cluster), which is 
associated with the construction of the 
extracellular matrix, is associated with 
an increased risk of ACL ruptures.  

•   Angiogenesis-associated signaling cas-
cade ( VEGF  and  KDR ) has been impli-
cated in ruptured ligaments and tendons 
and is believed to play a critical role in 
matrix remodeling following mechani-
cal loading.    
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with broader notches. This could partially explain 
the prevalence of ACL injuries in siblings [ 30 ]. 
When the notch is narrower, the space for ACL 
movement is more limited. Within this more 
restricted space, the condyles can pinch the ACL 
as the knee bends or straightens. It is theorized 
that pinching the ACL may lead to its rupture. 
Another variation of this same theory is that the 
narrow notch may cause the ACL to be shaved or 
thinned due to the friction and that this may pre-
dispose the ligament to rupture [ 94 ].  

40.2.4.2     Increased Q Angle 
 The Q angle of the knee is a measurement of the 
angle between the quadriceps muscles and the 
patellar tendon [ 12 ]. The female pelvis is wider 
than the male pelvis, which increases the Q angle 
of the knee. The average Q angle in women is 
roughly 17° compared to only 10° in men [ 28 ]. 
Theoretically, this increases the pull of the quadri-
ceps femoris muscle on the patella [ 45 ]. The 
patella/patellar tendon ratio should be nearly equal 
[ 100 ]. When the patellar tendon is too long, then a 
high-riding patella exists and may more easily be 
laterally displaced [ 100 ]. This causes increased 
stress at the knee and may result in other compen-
satory changes [ 14 ]. This also may cause increased 
foot pronation and fl attening, especially in women 
[ 63 ]. The large Q angle concentrates more forces 
on the ACL for laxity restoration each time that the 
knee rotates especially with inward torque, predis-
posing it to a rupture [ 4 ].  

40.2.4.3     Skeletal Growth 
 During peak growth (height and mass) velocity in 
pubertal athletes, the tibia and femur grow rapidly. 
Rapid growth leads to increased height of the cen-
ter of mass, making muscular control of the trunk 
more challenging [ 51 ]. Moreover, increased body 
mass along with longer joint levers (extremities) 
creates greater forces that are more diffi cult to bal-
ance and dampen during athletic maneuvers. 
During this developmental period, male athletes 
show increased strength and power (“neuromuscu-
lar spurt”) to meet the increased demands of 
growth and development [ 51 ]. However, female 
athletes do not demonstrate similar neuromuscular 
adaptations to match the increased demands [ 51 ]. 

 In females, after the onset of puberty, there is 
a rapid increase in bone length and body mass 
without simultaneous increases in strength and 
recruitment of the musculature of the lower 
extremity posterior chain. Thus, there is a ten-
dency for increased knee abduction moments 
(KAM) during landing tasks. If female athletes 
reach maturity without adaptations in core power 
and control to match whole-body increases in 
inertial load, their tendency is to demonstrate 
increased GRF and KAM during dynamic tasks 
[ 51 ,  52 ]. This makes them more susceptible to 
ACL rupture.  

40.2.4.4     Body Mass Index Relative 
to Stature 

 Increased BMI relative to height has been 
reported to be a risk factor for ACL injuries, 
especially among female adolescent soccer play-
ers, college recreational athletes, and female 
army recruits [ 51 ,  66 ]. Women with a BMI 
greater than one standard deviation above the 
mean had a 3.5 times greater risk of ACL injury 
than those with lower BMI [ 95 ]. In female ath-
letes older than 8 years, BMI was also a signifi -
cant risk factor for increased knee injury risk 
[ 51 ]. When compared with a population of their 
peers, children with increased mass relative to 
their height had the potential for increased 
KAM. This plays a role in altered knee mechan-
ics, which may increase the risk of ACL injuries 
in female athletes [ 51 ]. While body mass is, by 
nature, a passive etiology of ACL injury risk, it is 
a modifi able factor that could be targeted when 
necessary.    

40.3     Active Factors 

 Active factors are related to how dynamic stabi-
lizers such as muscles around the knee joint and 
proximal segments such as the hip and trunk pro-
vide knee stability relative to ACL. As an indi-
vidual executes dynamic movements, different 
forces are placed on the extremities and often 
these forces may distribute stress on the liga-
ments. The combination of passive factors and 
dynamic forces may contribute to increased risk 
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in certain individuals. It is theorized that this 
stress may result in increased injury risk for those 
with a preexisting predisposition to ACL rupture. 

40.3.1     Trunk and Ligament 
Relationship 

 As athletes experience maturation, the trunk 
grows disproportionally compared to lower 
extremity musculatures such as the quadriceps 
and especially the hamstrings [ 48 ]. This causes a 
reduced level of neuromuscular and ligamentous 
control of dynamic knee joint stability because 
the supporting structure is not well developed 
relative to their growth. As a result, maturing ath-
letes may not be able to suffi ciently control lower 
extremity frontal plane motion during landing 
and cutting. Females often perform athletic 
movements with greater knee valgus angles and 
loads than males [ 17 ,  18 ]. As a result, there is a 
greater amount of stress placed on the ACL in 
dynamic movements because there is higher acti-
vation of the quadriceps despite the minimal knee 
fl exion, hip fl exion, greater hip adduction, and 
adductor movement [ 68 ]. Additionally, females 
typically land with their tibia rotated internally or 
externally as opposed to a neutral knee alignment 
[ 61 ]. Hewett et al. [ 27 ] reported that female 

 athletes who exhibited excessive knee valgus 
moments during the early deceleration phase of a 
side-step cutting maneuver utilized a different 
lower extremity loading strategy than those who 
exhibited normal knee frontal plane moments. In 
particular, as discussed by Sigward and Powers 
[ 86 ], these subjects demonstrate a lower extrem-
ity pattern that includes greater laterally directed 
GRFs, increased hip abduction, hip internal rota-
tion, and a more internally rotated foot progres-
sion angle. The most signifi cant difference 
between those individuals who exhibited exces-
sive valgus movement and those who do not was 
the lateral GRF, which was more than three times 
greater than those with normal knee frontal plane 
movements [ 86 ]. This suggests that these indi-
viduals contacted the ground differently. After 
accounting for the forces and moments acting at 
the foot segment, a laterally directed GRF would 
impose a laterally directed intersegmental force 
at the distal tibia. As a result of its long lever arm 
(the perpendicular distance from the center of 
mass of the tibia to the distal end of the tibia), a 
larger laterally directed force would create a 
greater valgus moment at the knee [ 86 ]. 
Additionally, it has been shown that knee fl exion 
movement asymmetry predicts reinjury in ath-
letes who had an ACL reconstruction [ 68 ] 
(Fig.  40.2 ).

  Fig. 40.2    Videographic depiction of an athlete with a 
kinematic pattern that is likely to demonstrate high knee 
abduction moment. The high knee abduction moment 
may indicate problems in the dynamic control of the knee. 

Those with high knee abduction moments combined with 
hip abduction moments are increasingly susceptible to 
ACL injury (Printed with permission from the  British 
Journal of Sports Medicine . Credit: Myer et al. [ 51 ])       
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   Moreover, those same individuals with 
excessive knee valgus motion also had exces-
sive hip abduction at the point of initial contact 
in cutting movement. This may suggest that 
these individuals were reaching out further with 
their foot at initial contact, possibly trying to 
facilitate the change in direction required of the 
cutting task [ 97 ]. Changing direction causes an 
overall alteration in posture, causing an imbal-
ance between the inertial demands of the trunk 
and control and coordination to resist it. The 
causes of high knee loads and risky knee 
motions do not stem from the knee joint itself; 
rather, placing the knee in a vulnerable position 
might be a result of reduced control of body 
posture and trunk accelerations. The valgus 
movement at the knee is not visually observ-
able, and the relative difference between safe 
knee positions and high-risk loads on the knee is 
just a few degrees [ 24 ,  34 ,  35 ]. Therefore, high-
speed cameras and three- dimensional motion 
analysis image capture systems are often used to 
identify the dynamic knee loads associated with 
ACL injury risk [ 51 ]. A few studies have uti-
lized video recordings of noncontact ACL inju-
ries in female athletes. Video analysis indicated 
that when the body shifted over one leg, it was 
associated with high knee abduction or medial 
knee collapse [ 27 ]. Concurrently, increased lat-
eral sway of the trunk may underlie medial col-
lapse of the knee joint. Furthermore, trunk 
displacement and coronal plane knee loads both 
predict ACL injury risk in female athletes with 
high sensitivity and specifi city up to 91 % of the 
time [ 24 ]. Thus, increased knee loading occurs 
through both neuromuscular and biochemical 
mechanisms related to increased trunk inertia 
and motion. Research has shown that neuromus-
cular control of the trunk and lower extremity 
can be improved with neuromuscular training 
[ 26 ]. This additional neuromuscular control has 
the potential to decrease the abduction load at 
the knee and decrease the risk of ACL injury. 

 The trunk and knee are coupled mechanisti-
cally and dynamically via the GRF lever arm, and 
a number of studies have reported the mechanical 
linkage between the proximal segment and knee 
joint kinematics. Hence, the ACL injury mecha-

nism can be classifi ed into two parts: the coronal 
plane components and the effects of lateral trunk 
motion on knee loads. The convergence of both 
these components makes females more suscepti-
ble to injury. 

40.3.1.1     Coronal Plane Components 
of the ACL Injury Mechanism 
in Female Athletes 

 Coronal plane components focus mainly on 
the knee abduction load; knee abduction load 
has predicted ACL injury risk with 78 % sensi-
tivity and 73 % specificity [ 24 ]. Female ath-
letes demonstrate greater valgus knee 
movement primarily in the coronal plane. As a 
result, most ACL injuries in the female occur 
via noncontact mechanisms during landing 
and lateral pivoting [ 24 ]. Video analyses have 
highlighted this mechanism as including a 
combination of knee abduction, low knee flex-
ion, lateral trunk motion causing the body to 
shift over one leg, and the plantar surface of 
the foot fixed flat on the surface, displaced 
away from the trunk [ 24 ]. 

 When the trunk moves laterally (relative to 
the stance limb), the GRF vector will move 
slightly lateral to the side of the femoral head, 
which results in a greater lever arm relative to 
the knee joint center. This chain of events will 
trigger the potential knee abduction loading in 
combination with increased inertial accelera-
tion of the trunk and thigh segments during 
dynamic movement. This knee load simultane-
ously increases the magnitude of vector force 
from ground reaction because of partial knee 
joint loading. It becomes essential to counteract 
the knee load with increasing reactive hip 
adductor torque to maintain upright stance and 
dissipate lower extremity forces. This can 
increase knee abduction  movements, which are 
predictors of peak GRF and important parts of 
joint load. These movements cause pain in 
females and place knee ligaments in the high 
slope (load) segment of their force- length 
curve. Video analysis study suggests that the 
female trunk moves laterally toward the ACL- 
injured limb as the knee abducts. In order for 
the pelvis and trunk to maintain stance, the hip 
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adductors are activated to the lateral side; how-
ever, employment of this strategy during 
dynamic, high-load movements appear to be 
indicative of a viscous mechanical cycle, which 
may be an underlying mechanism of knee 
injury in female sports [ 24 ] (Fig.  40.3 ).

40.3.1.2        Mechanical Linkage Related 
to Lateral Trunk Motion 
and Knee Load in Female 
Athletes 

 Trunk position and knee external abduction 
movement (load) may be linked mechanically, 
since lateral fl exion of the trunk creates abduc-
tion loads at the knee [ 23 ]. If trunk-mediated load 
infl uences the GRF to pass lateral to the head of 
the femur, then the knee is exposed to an external 
abduction torque [ 23 ]. As a result, a hip adductor 
must generate torque of equal magnitude to bal-
ance the external movement [ 23 ].   

40.3.2     Quadriceps Dominance 

 Quadriceps dominance is an imbalance between 
knee extensor and fl exor strength, recruitment, 
and coordination. Rapid growth occurs during 
puberty. With this growth comes a substantial 
increase in the movement of inertia of the limbs, 
which creates greater muscle strength to control 
the limbs during dynamic movements [ 67 ]. 
Vertical growth during the teenage years has a 
very different neuromuscular control profi le for 
females than in males. Recent studies have shown 
that males experience a signifi cant increase in 
neuromuscular strength and coordination as skel-
etal growth and maturation progress [ 24 ]. Further, 
as bone length and body mass increase, males 
demonstrate greater neuromuscular control of the 
knee joint compared with females, which allows 
them to better absorb loads because of the suffi -
cient neuromuscular development [ 24 ]. This 
causes female knees to be exposed to greater 
GRF and high external knee abduction moments 
(load), which becomes especially signifi cant in 
landing, pivoting, and deceleration [ 24 ]. 

 Moreover, due to the hormonal changes that 
females undergo during puberty, the changes in 
lower limb strength are most evident during 
puberty. The quadriceps muscles are activated 
during an extensor movement to the knee prior to 
landing in order to prevent the knee from collapse 
upon landing. Round et al. [ 78 ] monitored 

  Fig. 40.3    Free-body diagram of the forces that act on the 
tibia. There is an equilibrium between the external valgus 
( V ), articular contact force ( C ), quadriceps force ( Q ), 
medial hamstrings ( MH ), and anterior cruciate ligament 
( ACL ). When there is external valgus loading, contact 
shifts to the lateral compartment. The moment is balanced 
with respect to the contact position and shows that Q and 
MH both help the ACL (and the MCL, not shown) stabi-
lize the joint against valgus loading. Under a particular 
valgus load, any reduction in these muscular forces 
increases ligament loading (Printed with permission from 
the  Journal of Athletic Training . Credit: Myer et al. [ 56 ])       

 

R.K. Grandhi et al.



483

changes in height, quadriceps strength, and 
 testosterone level over the course of 4 years from 
8 to 12 years of age that highlighted that boys and 
girls displayed similar increases in strength as 
they developed until one year prior to peak height 
velocity (PHV). This research demonstrated that 
there are clear gender differences in the rate of 
strength increases that were evident from 0 to 2 
years PHV, whereby boys demonstrated an accel-
erated strength development and girls did not 
[ 78 ]. There was consistent increase in quadriceps 
strength in girls, which was proportional to the 
general increase in height and weight throughout 
the growth spurt [ 78 ]. In contrast, increased tes-
tosterone levels explained the greater increase in 
quadriceps strength displayed in boys [ 98 ]. 
Further studies have illustrated the development 
of isokinetic and isometric quadriceps strength 
after PHV and throughout puberty in boys, but 
not in girls. This may highlight the androgenic 
role of testosterone in promoting increased mus-
cle mass and strength. Although estrogen has 
some androgenic properties, it is not as potent as 
testosterone. When normalized to body mass, 
boys showed an increase in strength of approxi-
mately 75 Nm/kg, whereas girls reported an 
increase of only 1–2 Nm/kg [ 98 ]. Therefore, 
despite a lack of statistical difference between 
genders, there is approximately 70–100 Nm of 
both absolute and relative torque, which could be 
considered clinically relevant [ 99 ]. 

 The hamstring muscles also play a vital role 
during landing movements by impairing a poste-
rior drawer force to the tibia, acting as a synergist 
to the ACL [ 93 ]. Many studies reporting changes 
in lower limb strength in girls throughout puberty 
focus on development of quadriceps strength, 
while only four studies [ 21 ,  40 ,  44 ,  96 ] investi-
gated changes in hamstring strength through 
puberty in girls. Similar to changes in quadriceps 
strength, a signifi cant increase in peak concentric 
and isometric hamstring muscle torque is typi-
cally displayed by males throughout puberty, 
while females do not express this increase [ 25 ]. 
Females also display weaker hamstring muscles 
relative to the quadriceps with age when 

 compared with their male counterparts [ 25 ]. 
Further research has shown that females dis-
played an increase in quadriceps, but not ham-
string, muscle strength with age. It is speculated 
that this decrease in hamstring strength relative to 
quadriceps strength with age may result in less 
protection of the ACL during dynamic move-
ments, which may increase the risk of ACL injury 
in females [ 25 ]. 

 In girls, there is a general consensus that mus-
cle strength is continuously developing but the 
rate of the strength development is slower than 
the rate of skeletal growth compared with boys. 
The greater increase in quadriceps compared 
with hamstring muscle strength causes a greater 
reliance on the quadriceps and underutilization of 
the hamstrings. As a result, this reduced ham-
string muscular torque is unable to act as an ago-
nist to aid the ACL during dynamic movements 
such as landing.   

40.4     Interplay of Active 
and Passive Control 
of the Knee 

 Dynamic knee stability is affected by both pas-
sive and active (neuromuscular) joint restraints, 
and interactions between both of these factors 
can infl uence dynamic control of the knee [ 54 ]. 
Some of the relationships between passive and 
active restraints may have their bases in genet-
ics. Both structural and signaling genes have 
been linked to ACL injury, as mentioned above. 
While this evidence relates to the ligamentous 
structures of the knee, genetic makeup may play 
a role in determining one’s neuromuscular char-
acteristics. According to a recent review by 
Santos et al. [ 80 ], between 20 and 80 % of traits 
linked to physiological performance are highly 
associated with genetics. This evidence stretches 
back to 1973, when a study comparing neuro-
muscular characteristics of monozygotic and 
dizygotic twins reported high heritability indi-
ces for refl ex and reaction time [ 33 ]. More 
recently, a 7-repeat allele in the dopamine D4 
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receptor gene has been implicated in those with 
longer reaction times [ 91 ]. 

 Additionally, genetics infl uence fast-twitch 
muscle protein production via the ACTN3 gene, 
which encodes the protein α-actinin-3. The 
R577X polymorphism of this gene is associated 
with decreased production of fast-twitch muscle 
protein [ 80 ]. Athletes who are homozygous with 
two Rs, or normal alleles, produce greater power 
during anaerobic movements such as jumping 
and sprinting and also register increased peak 
quadriceps torque relative to those who are 
homozygous for the R577X polymorphism [ 32 , 
 65 ,  99 ]. Interestingly, those with one or two nor-
mal (R) copies of the ACTN3 gene suffer fewer 
noncontact ankle injuries compared with R577X 
homozygotes [ 82 ]. 

 These two specifi c genes serve as examples to 
illustrate how genetics may affect one’s neuro-
muscular profi le. Fortunately, dedicated neuro-
muscular training protocols can be initiated in 
athletes with defi cits in these areas. Previous 
investigators have reported signifi cant improve-
ments in peroneus longus reaction time following 
a 6-week training program [ 37 ]. These improve-
ments may give athletes more time to make neces-
sary kinematic adjustments to reduce loads on the 
ACL during pivoting and cutting activities [ 37 ]. 
Strength defi cits or imbalances are also risk fac-
tors that can be improved via neuromuscular 
training [ 49 ,  53 ]. Athletes may soon turn to gene 
sequencing in attempts to gain a competitive edge. 
As collaboration between the fi elds of genetics 
and sports medicine increases, clinicians may be 
able to add genetic information to their arsenal of 
tools used to identify at-risk individuals. 

 The potential exists for the coexistence of 
independent passive and active risk factors as 
well. For example, a female athlete with ligamen-
tous laxity may develop quadriceps dominance 
during puberty and maturation. These neuromus-
cular changes could predispose this athlete to 
risky movement patterns that may place her 
already vulnerable ACL at increased risk for 
injury. The same notion can be applied for ana-
tomical risk factors, such as small intercondylar 
notch width and small ACL. If this passive factor 
coexists with a weak trunk-stabilizing 

 musculature that causes trunk dominance in an 
athlete, he/she would be at greater risk than if 
these factors existed singularly. 

 Athletes with a history of ACL injury can 
illustrate another scenario of the interplay of 
these factors. Previous injury and surgical recon-
struction are not modifi able, but they can lead to 
both passive and active risk factors in athletes 
who return to sports. The kinematics and kinetics 
of the knee joint are compromised during ACL 
injury and are not fully restored by surgical 
reconstruction. Neuromuscular risk factors also 
develop following ACL injury, as graft tissue 
does not replace the proprioceptive functions of 
mechanoreceptors in the original ligament [ 36 ]. 
Additionally, quadriceps defi cits and asymmetri-
cal landing strategies are common after rehabili-
tation and return to sport [ 67 ]. When any of the 
aforementioned passive factors are observed in 
an athlete in combination with active factors, it is 
likely that a multiplicative effect exists that sub-
stantially increases the athlete’s risk for ACL 
injury. Clinicians should therefore attempt to 
identify both categories of risk factors in athletes 
via the use of a variety of screening tools and 
techniques. By taking a holistic approach to 
screening athletes, at-risk individuals may be 
identifi ed with high accuracy and subsequently 
enrolled in neuromuscular training programs to 
reduce the risk of injuries (Fig.  40.4 ).

40.5        Effects of Neuromuscular 
Training 

 ACL injuries are truly multifactorial not just 
based on the passive and active factors’ theories 
presented in this chapter but also based on the 
environment and the activity levels of the indi-
vidual. Much of the risk reduction can be miti-
gated via neuromuscular training starting at an 
early age [ 59 ], before the onset of symptoms. 
While many of the passive factors such as genet-
ics, family histories, or gender cannot be modi-
fi ed, neuromuscular training will positively 
impact the dynamic forces that affect ACL tears. 

 The stability of the trunk is related to the hip’s 
ability to control the trunk in response to forces 
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generated from distal body segments and unex-
pected disturbances [ 24 ]. Defi cits in proximal 
trunk neuromuscular control during dynamic 
movement may lead to uncontrolled lateral trunk 
motion, which may increase knee abduction 
motion and torque. This may lead to increased 
strain on the ACL and thus a propensity for 
injury. Neuromuscular control of the hip is 
required to control coronal plane trunk and pelvis 
motion, as hip adductor torque will counterbal-
ance an external hip abduction movement created 
by a GRF lateral to the center of the femoral 
head. 

 Female athletes activate the hip musculature 
differently than the male subjects. Women adduct 
the hip more than men during both low- and high- 
intensity activities [ 24 ]. Increased hip adduction 
during dynamic motion and decreased hip abduc-
tor muscle recruitment can increase knee load 
and thus injury risk. During a landing or a squat-
ting motion, females begin their descent in a 
more abducted knee position relative to males. 
They continue to remain in this position through-
out the motion [ 24 ]. Ipsilateral trunk lean is a 
sign of weak hip abductors, because it moves the 
center of mass closer to the stance limb to reduce 
demand on the weak abductors. 

 When athletes land or cut on a single leg, the 
entire body must be balanced over one lower 
extremity. The trunk comprises greater than half 
of the body’s mass. As a result, lateral trunk 
motion increases GRF and load. The body 

 compensates with an equal and opposite force to 
counterbalance hip adductor torque. This 
increases the relative hip adductor-abductor 
torque ratio and most likely knee load, causing the 
individual to be more susceptible to injury [ 24 ]. 
Similarly, increased lateral trunk motion and 
change in direction of the GRF velocity augment 
the knee load of female athletes. Neuromuscular 
control of the hip, trunk, and knee is based on 
feedback control from the position and load of 
each segment. Dynamic stability of the knee is 
dependent on accurate sensory input and appro-
priate motor responses to rapid changes in body 
position. To maintain stability and performance, 
high levels of neuromuscular control are required 
during landing and cutting. Defi cits in neuromus-
cular control of the trunk may contribute to lower 
extremity joint instability and injury. For exam-
ple, abdominal muscle fatigue has a role in the 
etiology of hamstring injuries, and females have a 
greater body sway before injury compared to 
uninjured controls [ 24 ]. 

 Neuromuscular control associated with the 
trunk segment and knee joint can predict ACL 
injury risk with very high sensitivity and specifi c-
ity. It is therefore theorized that lateral trunk posi-
tioning creates high knee abduction torque (load). 
Trunk dominance suggests that males typically 
exhibit greater control of the trunk in perfor-
mance situations as evidenced by greater activa-
tion of the internal oblique muscle. Leg 
dominance suggests that females exhibit greater 

  Fig. 40.4    The strategic 
importance of an 
integrative 
neuromuscular training 
to not only improve 
fi tness but greater skill 
(Printed with 
permission from 
 Current Sports 
Medicine Reports . 
Credit: Myer et al. [ 47 ])       
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kinematic leg asymmetry in knee valgus angles, 
hip abduction, and ankle abduction in perfor-
mance situations. Future research needs to focus 
on utilizing neuromuscular training to prevent 
ACL injuries in all planes of motion. 

 Biomechanics and lower extremity strength 
can be altered in female subjects with neuromus-
cular training initiated during preadolescence 
[ 47 ], and a recent meta-analysis indicated that 
earlier implementation of neuromuscular training 
results in fewer ACL injuries in female athletes 
[ 59 ]. Neuromuscular power (i.e., rate of muscular 
recruitment and force generation, as evidenced by 
vertical jump height) can increase within 6 weeks 
of training [ 24 ]. Regular participation in sports is 
often not suffi cient to increase power and a 
focused commitment to this type of training can 
reduce the risk of an ACL tear. Integrative neuro-
muscular training programs by trained profes-
sionals to develop fundamental motor skills rather 
than enhancing sports performance are the most 
benefi cial [ 47 ]. Changes seen in female subjects 
may be greater than those in male subjects, since 
their baseline neuromuscular performance levels 
are lower [ 56 ]. Additionally, female athletes who 
were rated higher risk exhibited greater responses 
to alter the ACL risk movements compared to 
female athletes with low risk [ 50 ]. 

 Despite strong training programs, it is nearly 
impossible to eliminate all sports-related injuries, 
but it is possible to reduce the number of acute 
injuries by 15–50 % through adequate strength 
and conditioning practices [ 47 ]. It can be chal-
lenging to convince preadolescents to participate 
in prolonged periods of exercise; however, inter-
mittent integrative neuromuscular training has 
been shown to be equally valuable to young ath-
letes [ 47 ]. Similar challenges have existed trying 
to convince coaches to use their precious practice 
time for injury prevention. At the same time, add-
ing this additional training program to the young 
athletes’ already total exercise dose may increase 
the frequency of chronic repetitive stress frac-
tures or other stress injuries due to overuse. As a 
result, this neuromuscular training should be a 
part of the total athlete training workload and 
adjusted accordingly during times of high 
demand. The exact amount of fi tness to avoid 

stress injuries or other fatigue-related issues is 
often based on age and genetic makeup and can 
be quite variable among a given group of indi-
viduals. Healthcare providers, fi tness specialists, 
and coaches need to be extremely cognizant of 
this to maximize the training and overall well- 
being of the individual [ 47 ]. 

   Conclusion 

 The knee joint consists of four major stabiliz-
ing ligaments, and the ACL plays a primary 
role to stabilize anterior-posterior translation 
on sagittal plane. In addition to its primary 
function, the ACL also stabilizes the knee joint 
in the coronal/frontal and horizontal planes. 
Risks of ACL rupture consist of both passive 
and active factors. The passive risk factors 
include hormonal infl uences, as well as genet-
ics and anatomy, in addition to past medical 
history, and under the current medical prac-
tices, they are not modifi able to reduce the risk 

 Fact Box 2 

•     Passive risk factors include hormones, 
genetics, anatomy, and past medical 
history.  

•   Active risk factors include elevated 
GRF, excessive lateral trunk fl exion 
angles, increased knee valgus loading 
patterns, and insuffi cient muscular 
development around the knee joint.  

•   Both categories may exist simultaneously 
in an athlete, placing him/her at greater 
risk than if one factor existed alone.  

•   Prior injury to the ACL can further 
propagate dynamic and passive defi cits 
and may be related to the high risk of 
secondary ACL injury in athletes who 
return to sport.  

•   Neuromuscular training optimizes 
dynamic knee control and may be help-
ful for athletes to develop strategies that 
can overcome defi cits in both dynamic 
and passive knee stability.    
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of ACL injury. In contrast, active risk factors 
are modifi able to a greater or lesser extent. 
Active and passive factors may coexist and 
place athletes at even greater risk than if they 
were affected by a sole risk factor. The effect of 
trunk movement, particularly lateral fl exion, in 
conjunction with a chain of inertial movements 
including GRF, hip musculature activation, and 
knee loads on ACL injury, is considered the 
underlying mechanism of ACL injury. A 
mechanical connection between trunk motion 
and knee load, especially knee valgus move-
ment, is reported from various laboratory-based 
biomechanical studies. Moreover, greater risk 
of ACL injury in females compared to males 
may stem from muscular strength development 
during puberty and PHV. From prepubescent to 
pubescent/maturation phases, males develop 
suffi cient muscular strength in the quadriceps 
and hamstrings, which deliver a suffi cient base 
of support. However, muscular development of 
females is less than that of their male counter-
parts. In order to facilitate the muscular devel-
opment that delivers adequate support for the 
knee joint and especially the ACL during 
dynamic movements, neuromuscular training 
is proposed. The effect of neuromuscular train-
ing on ACL injury reduction in female athletes 
is well documented in recent meta-analyses. To 
optimize the effects of neuromuscular training, 
programs should be initiated at younger ages 
and provide additional training to coaches to 
help to mitigate the potentially negative effects 
of puberty.       
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41.1         Evidence-Based Medicine 

 The movement to incorporate evidence-based 
medicine (EBM) into clinical problem solving is 
relatively new. Since 1980, the use of current evi-
dence from scientifi c literature to improve patient 
care has become more and more commonplace in 
clinical practice. EBM supplements physicians’ 
individual experiences to inform patient care and 
provides statistical data and evidence to create 
medical guidelines and recommendations that 
improve patient outcomes [ 15 ]. 

 Additionally, EBM aids in standardizing the 
care that patients receive. According to epidemi-
ological data, the likelihood that a woman under-
went a hysterectomy by age seventy varied from 
20 to 70 % in different geographic areas in Maine 
[ 18 ]. Other surgeries, such as prostate surgery, 
heart bypass, and thyroid surgery, also showed 
wide variations in rates throughout the same geo-
graphical region [ 15 ]. 

 Disagreements between physicians are not 
uncommon. One study sent surveys to 1100 
orthopedic surgeons about rotator cuff surgeries 
and found variation in clinical and surgical 
decision- making [ 3 ]. Clinical agreement, defi ned 
as >80 % agreement among the respondents, was 
reached on only four out of nine clinical ques-
tions. There was no clinical agreement on the 
four hypothetical vignettes [ 3 ]. There are many 
variables present in the clinical setting that con-
tribute to the variable care patients receive. EBM 
provides scientifi c evidence that can help control 
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for those variables and standardize the quality of 
care across patients. 

 However, although EBM is a useful supple-
ment in clinical practice, its successful applica-
tion relies on the physicians’ clinical knowledge. 
The role of EBM is to give clinicians a founda-
tion of scientifi c evidence from which to build 
their clinical decision-making. However, it is 
ultimately the clinician’s decision whether evi-
dence from certain studies applies to a specifi c 
patient’s situation. EBM does not eliminate the 
role for clinical acumen but rather adds to it.  

41.2     The Pivot Shift 

 The anterior cruciate ligament (ACL) works with 
lateral structures to stabilize the knee and prevent 
excessive anterior tibial translation [ 13 ]. The 
ACL also serves a role in preventing knee hyper-
extension and excessive tibial rotation [ 13 ]. 
When the ACL is torn, it may result in rotary 
instability of the femoral condyle that patients 
will describe as knee “giving way.” For athletes, 
rotary knee laxity can preclude participation in 
sports that require cutting and sharp changes in 
direction, and even for nonathletes, intermittent 
episodes of knee “giving way” have a signifi cant 
effect on patient satisfaction.  

 The pivot shift diagnostic test evaluates the 
rotational instability of the knee. The clinician 
fi rst extends the patient’s leg, applying a valgus 
force. In the ACL-defi cient knee, this maneuver 
results in an anterior subluxation of the lateral 
tibial plateau against the femoral condyle. The 
clinician then applies gentle internal rotation and 

fl exion with valgus, and the knee should reduce 
around 15–30° of fl exion [ 4 ]. The pivot shift’s 
rotational subluxation and subsequent reduction 
can reproduce the feeling of “giving way” and 
can be predictive of patient outcomes, especially 
when performed postoperatively [ 12 ]. The pivot 
shift measures rotator laxity as opposed to other 
clinical tests for anterior cruciate ligament insuf-
fi ciency such as the Lachman test, which mea-
sures anterior tibial translation [ 14 ]. 

 Due to its complexity, pivot shift techniques 
vary based on surgeons’ training and even region 
of practice [ 16 ]. Pivot shift grading is also sub-
jective, and it is further complicated because 
patients have different baseline pivot shifts. The 
pivot shift test would benefi t from standardiza-
tion, suggesting a role for EBM. This chapter will 
focus on the evidence surrounding the use of the 
pivot shift test in clinical practice. 

41.2.1     Pivot Shift Correlations 
with Patient Outcomes 

 The pivot shift offers valuable knowledge about 
the rotary stability of the knee, which correlates 
with patient satisfaction and outcomes. This is 
shown in a retrospective prognostic study by 
Leitze et al., who followed a cohort of 87 patients 
with an average follow-up of 9 years. The cohort 
was largely male (78 %) with an average age of 
26 years at the time of surgery. Cases were 
chronic, and the time to surgery was 39 months 
on average [ 12 ]. Leitze et al. found that the pres-
ence of a positive pivot shift test was correlated 
with poor patient satisfaction ( p  < 0.01) and mea-
surable patient outcomes including the Losee 
score, HSS score, Feagin and Blake symptom 
and function scores (all  p  < 0.001) [ 12 ]. Patients 
with positive postoperative pivot shifts were 14.4 
times more likely to have unsatisfactory subjec-
tive outcomes, and laxity on the Lachman test 
alone did not correlate with a decline in patient 
satisfaction [ 12 ]. This study suggests that the use 
of the pivot shift is particularly valuable and 
practical among clinical tests for ACL laxity 
because it can predict functional status and 
outcomes.  

 Fact Box 1 

 The pivot shift test measures rotary laxity. 
Typically, the clinician extends the patient’s 
leg and applies a valgus force followed by 
gentle internal rotation and fl exion with 
valgus. An ACL-defi cient knee should 
demonstrate subluxation with subsequent 
reduction of the lateral tibial plateau. 
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 These fi ndings were replicated in other stud-
ies. The Jonsson et al. study evaluated 63 patients 
from a 68-patient cohort similar to the cohort in 
the Leitze et al. study (66 % male, average age 25 
years, time to surgery 43 months) and found that 
a positive pivot shift 2 years postsurgery was cor-
related with decreased patient functional 
 outcomes [ 6 ]. Kocher et al. also found signifi cant 
correlations between pivot shift and patient satis-
faction, giving way, diffi culty cutting, sport par-
ticipation, activity limitation, and overall knee 
function. In contrast, no signifi cant correlations 
were found for the Lachman test or instrumented 
knee laxity and functional outcome [ 9 ]. 

 Patients with severe pivot shifts (grades 2+ or 
3+) in Kaplan et al.’s 52-patient large cohort were 
unable to return to unrestricted sports participa-
tion, while 29 of 37 patients with no pivot shift 
and 3 of 8 patients with 1+ pivot shift returned to 
unrestricted sports [ 7 ]. Finally, Ayeni et al. con-
ducted a meta-analysis of randomized control tri-
als about ACL reconstructions [ 1 ]. They included 
65 papers, including the Leitze et al. and Jonsson 
et al. studies, with a total of 5061 patients. Forty- 
seven of these papers included the pivot shift test 
as an outcome, and 40/47 (80 %) demonstrated 
that the test correlated with patient’s functional 
outcomes [ 1 ]. 

 There is also some evidence that suggests a 
positive pivot shift may predict the development 
of osteoarthritis (OA). Neither Leitze et al. nor 
Jonsson et al. found correlations between pivot 
shift and radiographic evidence of OA [ 6 ,  12 ]. 
However, the latter study found that patients with 
a positive pivot shift 2 years after ACL recon-
struction had a greater difference in bone scinti-
graphic uptake at 5–9 years post-op over the 
whole knee and in the lateral joint compartment 

( p  = 0.03 for both). Although there is no clear 
radiographic evidence of OA, increased scinti-
graphic uptake may precede radiographic signs 
of OA by several years [ 6 ]. Though the range of 
follow- up in the Leitze et al. study varied from 5 
to 21 years, the average follow-up was 9 years, 
similar to the follow-up time in Jonsson et al.’s 
cohort. Perhaps a correlation would be found 
between positive pivot shift and radiographic OA 
onset with longer follow-up, and further research 
is needed.  

41.2.2     Clinical Use of Pivot Shift Test 

 The pivot shift test is subjective, and its perfor-
mance varies. The pivot test varies from surgeon 
to surgeon, and the forces applied during the 
pivot shift vary [ 10 ]. The test is diffi cult to stan-
dardize due to the multiple described ways to 
perform the examination, different forces applied 
in different directions, and confounding soft tis-
sue contributions [ 10 ]. Moreover, the resultant 
grading of the shift adds further subjectivity to 
the process, and some patients naturally have 
some degree of joint laxity [ 10 ]. To compensate 
for this, surgeons should also perform a pivot 
shift test on the contralateral, non-injured leg to 
serve as a comparison [ 10 ].  

 Another aspect of the pivot shift that should be 
considered is its sensitivity and specifi city. 
Scholten et al.’s meta-analysis of 17 studies found 
pivot shift sensitivity was low ranging from 18 to 
48 % [ 17 ]. Due to its low sensitivity, the pivot 
shift test should be performed in conjunction 
with other clinical tests, such as the Lachman 
test, which has a high sensitivity. The same study 
found that the Lachman test had a pooled sensi-
tivity of 86 % (95 % CI 76–92 %). The pivot shift, 
however, had a higher specifi city. Pivot shift 
specifi city ranged from 97 to 99 %, while the 

 Fact Box 2 

 In one study, patients with positive postop-
erative pivot shifts were 14.4 times more 
likely to have unsatisfactory subjective out-
comes, while laxity on the Lachman test 
alone did not correlate with a decline in 
patient satisfaction [ 12 ]. 

 Fact Box 3 

 The pivot shift test has been found to have 
a low sensitivity but a high specifi city. 
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Lachman test’s pooled specifi city was 91 % (95 % 
CI 79–96 %) [ 17 ]. 

 In another retrospective study of 147 patients, 
the Lachman test was positive in 98.6 % of 
patients with proven chronic ACL injuries, and 
the pivot shift was positive in 89.8 % [ 8 ]. Both 
tests were done under anesthesia, and the authors 
note that the pivot shift test may be less sensitive 
without anesthesia. This is demonstrated in 
another study that showed the pivot shift was 
positive in 35 % of knees with an ACL injury, and 
the number increased to 98 % with testing under 
anesthesia [ 2 ]. There was a smaller difference for 
the Lachman test. It was positive in 99 % of knees 
and 100 % under anesthesia [ 2 ]. This is a signifi -
cant consideration because preoperative and 
postoperative evaluations are typically done in 
the clinical setting without anesthesia. As such, 
the clinician should accept and account for this 
limitation of the pivot shift.  

 The relationship between the pivot shift and 
Lachman test was further explored in a labora-
tory study by Markolf et al. Seventeen cadaver 
knees underwent pivot shift tests, and the antero-
posterior (AP) knee laxities (mm), plateau dis-
placement (mm), and tibial rotation (degrees) 
were all measured [ 14 ]. The measurements were 
taken under various knee conditions (intact, 
ACL-defi cient, and post-ACL reconstruction) to 
simulate the progress of patients through ACL 
reconstruction. Markolf et al. found a weak cor-
relation between absolute laxity and lateral tibial 
plateau displacement in ACL-defi cient knees 
( r  2  = 0.41). Correlation between absolute laxity 
and tibial rotation was also weak ( r  2  = 0.34). 
Markolf et al. found a stronger correlation when 
change in plateau displacement was plotted 
against change in laxity ( r  2  = 0.70) in the 17 knees 
[ 14 ]. Tibial rotation also had a fair correlation 
with change in AP laxity in intact knees 
( r  2  = 0.53). Markolf et al. also gradually increased 

the laxity in individual knees and found that the 
pivot shift initially increased linearly with knee 
laxity up to an end point that falls before the point 
of ACL defi ciency. After this end point, the slope 
decreases and fl attens [ 14 ]. 

 Although this is a laboratory study rather than 
clinical, it offers insight into the correlation 
between the pivot shift and Lachman test. There is 
a stronger correlation between the changes in AP 
laxity and changes in pivot shift than between the 
absolute values of those same measurements. 
Furthermore, when loosening the graft, the plateau 
displacement/tibial rotation largely stops increas-
ing with laxity after a certain point. This evidence 
suggests that while the differences in laxity between 
the intact and ACL-defi cient knees could predict 
differences in pivot shift, surgeons should be care-
ful of using the pivot shift to distinguish between 
different types of ACL- defi cient knees due to the 
observed weak correlation between absolute pivot 
shift magnitude and absolute laxity. 

 However, although correlations between the 
pivot shift and Lachman tests were reported, 
most of the reported correlations were not very 
large [ 14 ]. Clinical evidence indicates that using 
these tests together may not always be straight-
forward, and outcomes of the tests are not always 
consistent with each other. The majority of Leitze 
et al.’s patients who had positive 1–10 mm 
Lachman grades did not have concurrent positive 
pivot shifts [ 12 ]. For Lee et al., while the majority 
of patients had consistent pivot shift and Lachman 
tests, 13 of 137 patients demonstrated a negative 
Lachman and a positive pivot shift [ 11 ]. Clinical 
experience and knowledge together with evi-
dence from the literature about these two tests 
can work together to aid decision-making.   

41.3     Future Directions 
for Research 

 The development of a standardized technique 
would improve the pivot shift and promote its use 
in both research and clinical practice. Despite the 
diffi culties, there has already been research 
aimed at standardizing the pivot shift. One group 
of researchers had 12 expert surgeons perform a 
pivot shift test on one cadaver leg and found that 

 Fact Box 4 

 The sensitivity of the pivot shift test 
increases when the patient is under anes-
thesia due to the absence of guarding. 
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the techniques and clinical grading varied 
between them. The researchers then introduced a 
standardized technique that, while easily adopted 
by the surgeons, did not provide additional stan-
dardization of clinical grading [ 16 ]. Nonetheless, 
the authors recommended continued research 
toward development of a standardized pivot shift. 

 Another study coauthored by many of the 
same authors also looked at standardizing the 
pivot shift. Twelve expert surgeons performed 
pivot shifts on two cadaver legs, one with a low- 
grade pivot shift and one with a high-grade pivot 
shift. Electromagnetic tracking was used to mea-
sure anterior tibial translation and acceleration of 
the reduction during the pivot shift. There was no 
signifi cant difference in anterior tibial translation 
between the surgeons’ preferred technique and 
the standardized technique. However, there was 
less variation in acceleration. The increased con-
sistency in acceleration supports the development 
and use of a standardized pivot shift test, though 
electromagnetic tracking is not currently widely 
used in a typical clinical setting [ 5 ]. 

 There is awareness that the subjectivity and 
variability of the pivot shift test are limitations of 
this maneuver. Research toward developing a 
standardized pivot shift already exists, but no 
technique has yet been designated the “gold stan-
dard” of pivot shifts. The creation of a standard-
ized pivot shift test, especially one that could be 
easily applied in the clinic, might be the next sig-
nifi cant development in this fi eld. 

   Conclusion 

 EBM does not replace clinical knowledge and 
experience. Rather, it supplements the physi-
cian’s judgment with a foundation of evi-
dence. EBM helps to standardize the 
treatments that patients receive to improve 
their outcomes. The pivot shift is a clinical 
diagnostic test for ACL defi ciency, and its 
subjectivity and variability indicate a role for 
EBM in informing its use and application. 

 The pivot shift provides the clinician with 
valuable information, which supports its use 
in evaluating patients’ knees post-ACL recon-
struction surgery. However, there are also lim-
itations to the pivot shift test. The main 
limitation is the differences in performance 

technique between surgeons that vary based 
on training. Patients also vary. Some may have 
some inherent degree of pivot shift, and a 
glide or positive shift is not necessarily indica-
tive of ACL defi ciency. Subjectivity even 
plays a role in the grading of the pivot shift. 
There has been research into creating a stan-
dardized pivot shift, but none has yet been 
developed and disseminated into general 
practice. 

 Despite these limitations, many studies in 
the literature point to the various merits of the 
pivot shift test. It measures the rotary instability 
of the knee, which signifi cantly impacts patient 
satisfaction. Rotary instability contributes to 
the feeling of “giving way” that often prevents 
patients from returning to high levels of activ-
ity. Additionally, unlike other tests of ACL defi -
ciency such as the Lachman test, the pivot shift 
has been shown to have a signifi cant correlation 
with patients’ functional outcomes, and there is 
some evidence that it correlates with possible 
future osteoarthritis development. 
 EBM helps clinicians to utilize the strengths 
of the pivot shift while being mindful of its 
limitations. Pivot shift should be used in con-
junction with the Lachman test. The two tests 
measure different aspects of knee instability 
and can serve as complements. The Lachman 
test’s high sensitivity can compensate for the 
pivot’s low sensitivity, and the pivot shift can 
offer information on functional outcomes that 
the Lachman cannot predict. However, using 
these two tests together is not always a 
straightforward process, but evidence from the 
literature and the clinician’s experience and 
judgment are ideally combined for optimal 
patient evaluation and management.      
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42.1         Introduction 

 Quantitative assessment of the outcomes of surgery 
and rehabilitation is evolving as a method to 
decrease the error rates in surgery and improve 
patient care. There are currently several quality 
steps taken towards understanding and improving 
the quantitative functional evaluation of the patients’ 
conditions, but there remains a need for research 
efforts that could optimize such approaches. 

 In particular, anterior cruciate ligament (ACL) 
tears represent a common injury in the fi eld of 
orthopaedics that demands considerable techni-
cal expertise by the surgeon as well as commit-
ment to rehabilitation by the patient. The injury is 
a devastating event to the athlete, who is often 
forced to a long lay-off period during the recu-
peration interval (nearly 5–6 months). ACL 
reconstruction is currently the seventh most com-
mon surgical procedure in the United States [ 12 ]. 
During the period of 2000–2010, data generated 
specifi cally to ACL research have more than dou-
bled [ 36 ]. 

 The outcomes related to ACL reconstruction 
are by no means optimal. Almost two-thirds of 
patients are reported to be unable to return to pre- 
injury level of performance [ 3 ] and as a conse-
quence are counselled to undergo ACL 
reconstructive surgery [ 33 ]. Even after recon-
structive surgery, the rate of return to sport at 12 
months of follow-up is not so high. Moreover, in 
those patients who return to sport, there is a one 
in four chances for reinjury [ 19 ,  24 ]. 
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 Currently the accuracy of the surgeon’s assess-
ment of injury severity as well as recovery after 
surgical treatment is mainly based on the sur-
geon’s sensibility in interpreting the clinical 
examination. However, as can be expected, this 
method does not have any element of standard-
ization. The signifi cance and role of any preop-
erative grading method lies in its ability to 
consistently support the decision-making process 
during diagnosis, surgical treatment and recovery 
phase after surgery. Moreover, an accurate diag-
nosis may be benefi cial to provide patients with 
the correct information in order to help manage 
their expectations. 

 For the ACL-defi cient patient, the need for 
careful determination of the condition of the 
injured knee reaches multiple levels in the treat-
ment process. Preoperatively, the quantifi cation 
of knee laxity level is critical during early evalu-
ation of suspected ACL injury in order to deter-
mine if and what surgery is required. 
Intraoperatively, it is important to quantify the 
laxity level to immediately evaluate the recovery 
achieved during the surgery and identify the need 
to perform a secondary restraint procedure. 
Postoperatively, during the recovery processes, it 
is important to follow the laxity recovery in order 
to verify the healing process and rehabilitation 
course. Moreover, it is also clear that not only the 
surgical approach but also the rehabilitation 
phase plays a recognized role and needs to be 
carefully analysed in a systematic manner in 
order to achieve consistent results. Indeed, taking 
all these aspects together in respect to the assess-
ment of the ACL-injured and ACL-reconstructed 
knee, it is necessary that a valid, reliable and 
quantitative evaluation can be performed at all 
stages of treatment. 

 The aim of the present chapter is to present 
measurement methods available for preoperative, 
intraoperative and postoperative quantitative 
functional evaluation (Fig.  42.1 ). In addition, the 
fundamental aspects of rehabilitation following 
ACL surgery will be described in detail in order 
to highlight this important area that guides the 
athlete towards a successful return to sporting 
activities.

42.2        Navigation System 
for Intraoperative Evaluation 

 Navigation systems allow precise measure-
ments to be made intraoperatively in different 
planes in real time. With relation to the ortho-
paedic fi eld, total knee arthroplasty (TKA) is 
probably the most well-known procedure to 
apply the use of navigation systems. The main 
goal of the navigation system in TKA is to 
improve the accuracy of bone resections, 
thereby correcting the alignment of the knee 
and optimizing the fi t of the prosthetic implant. 
Analogously, during the fi rst ACL-navigated 
reconstruction surgery, the navigation system 
was utilized to address tunnel placement for 
graft insertion. However, the purpose of the 
navigation system for ACL reconstruction 
quickly shifted towards measuring knee laxity 
in 3D conditions [ 22 ,  39 ,  45 ]. 

 The reliability of the navigation system was 
demonstrated in 1997 by [ 39 ] who compared an 
image-free navigation system to robotic/UFS 
testing system in an in vitro study. The results 
demonstrated that the accuracy is in the range of 
±0.1 mm for linear measurements and ±0.1° for 
angular measurements. Subsequently, the possi-
bility to objectively quantify residual laxity and 
improve the evaluation of ACL reconstructive 
surgery was highlighted with the aid of this tech-
nology [ 32 ]. This study used the navigation sys-
tem (BLU-IGS system) commercially distributed 
by Orthokey LLC (Lewes, DE, USA). 

  Fig. 42.1    Different approaches for quantitative functional 
evaluation of surgery and rehabilitation       
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 For the purposes of navigational assessment 
of knee laxity, the clinical tests commonly per-
formed are as follows: Lachman and anterior 
drawer tests for anterior-posterior laxity assess-
ment, internal/external rotation test at 30° and 
90° of knee fl exion, varus/valgus stress tests at 
0° and 30° of fl exion (VV30) and the pivot shift 
test. The Lachman, anterior drawer, internal/
external rotation and varus/valgus stress tests 
provide information regarding static laxity, 
while the pivot shift test provides information 
in terms of dynamic laxity of the examined 
knee. 

 The acquisition data is collected from the 
measurement of the position of passive refl ecting 
spherical markers fi xed on specifi c trackers 
(Fig.  42.2 ). A single marker position is defi ned 
with a 3D root mean square (RMS) volumetric 
accuracy of 0.35 mm and a 3D RMS volumetric 
repeatability of 0.2 mm (at 20 °C).

   The main hardware and software features are:

•    User-friendly interface focusing on essential 
information and specifi c results  

•   Real-time feedback of the computer-assisted 
procedure for knee laxity assessment  

•   Simplifi ed 3D graphical display of data and 
results  

•   Quantitative description of the kinematic tests 
performed by the surgeon  

•   Real-time computation of clinical test results  
•   Flexibility in the order and number of kine-

matic acquisitions  
•   Fast elaboration and recording of data  
•   Flexible design suitable for different surgical 

techniques    

 An example of the interface observed during 
acquisition of navigational data is shown in 
Fig.  42.3 .

   No alteration of the normal surgical practice is 
needed in order to perform a navigated ACL 
reconstruction. Moreover, the surgical time is 
less than 10 min longer than the equivalent sur-
gery without navigation [ 31 ]. The main advan-
tage in using this system is to obtain a real-time 
quantifi cation of the knee laxity during the entire 
surgical procedure, thus giving the surgeon the 
opportunity to immediately monitor the effect of 
the interventions administered on knee laxity. 

 Despite these attributes that contribute to the 
surgical precision during ACL reconstruction, 
there are some reservations that may deter from 
the use of navigation systems intraoperatively. 
Firstly, intraoperative navigational systems 
require the drilling of markers into the bone in 

  Fig. 42.2    Passive 
markers required by the 
navigation system for 
intraoperative laxity 
evaluation during ACL 
reconstructive surgery       
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order to obtain information. While this may be 
considered a minor intervention, the idea of 
introducing further trauma into the bone may 
seem unnecessary in light of mandated reaming 
of bone tunnels that is required for ACL recon-
struction. Secondly, another signifi cant question 
concerning the use of these navigation systems 
is the reproducibility of knee laxity measure-
ments. For example, while conducting in vivo 
assessments, the applied load is not standard-
ized leading to variability in the calculation of 
measured knee laxity. This undoubtedly may 
affect the reliability of preoperative-to-postop-
erative comparisons in terms of the stability of 
the knee. Nevertheless, the reliability of the 
navigation system, both for static and dynamic 
assessments for knee laxity, has been demon-
strated to be somewhat dependable [ 25 ,  28 ,  31 ]. 
Most of these reports have shown very good 
reliability for the pivot shift analysis (with a 
mean intra-tester ICC about 0.98) and an intra-
tester repeatability of approximately 1 mm for 
the anterior drawer/Lachman, 1° for the varus/
valgus stress test and 2° for the internal/external 
rotation stress test. 

 Over the course of the years, the use of navi-
gation system for intraoperative ACL reconstruc-
tion evaluation has made it possible to 

quantitatively analyse many different aspects of 
the surgery [ 23 ]. For example, it has provided 
insight into the comparison of different surgical 
approaches [ 20 ,  46 ,  47 ] aided in determining the 
relationship between pre- and postoperative static 
and dynamic laxity level [ 26 ,  42 ], examined the 
effect of gender on surgery outcome [ 2 ], and pro-
duced information on the different contributions 
of the anteromedial and posterolateral bundle to 
knee laxity [ 22 ]. In the area of biomechanics, the 
application of the navigation system has allowed 
to quantify the effect of combined lesions in the 
ACL-defi cient knee [ 5 ,  34 ]. 

 It is apparent that the immediate feedback of 
intraoperative navigation has potential benefi ts in 
providing a real-time assessment of knee laxity 
during ACL reconstruction. Along with the cur-
rent shift in paradigm towards anatomic ACL 
reconstruction, navigation provides an accessible 
tool to achieve the goals related to this concept.   

  Fig. 42.3    Navigation 
system interface for 
intraoperative laxity 
evaluation       

 Fact Box 1 

•     Intraoperative navigational technology 
is a highly accurate quantifi cation tech-
nique that can measure translational and 
rotary movements in the range of 
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42.3     Systems for Preoperative 
and Postoperative Clinical 
Assessment 

 The diagnosis of an ACL injury is a process that 
includes information collected from a set of clini-
cal tests such as the Lachman and pivot shift to 
confi rm suspicions of injury. Often it is diffi cult to 
identify clinically signifi cant laxity because of the 
small alterations in knee mechanics, as in the case 
with partial ligament injury. The detection of knee 
laxity may be improved calculations attained 
from computerized measurement systems. 

42.3.1     System Based on Inertial 
Sensors 

 One of the fi rst noninvasive systems based on 
inertial sensors validated for the clinical assess-
ment of the pivot shift test was the KiRA 
( Orthokey LLC ,  DE ,  USA ). KiRA is a medical 
device that can be utilized to analyse the severity 
of knee laxity, providing both real-time graphics 
and quantitative information about the pivot shift 
and Lachman tests. The device is a viable aid to 
the clinical examination, assisting in detecting 
and quantifying the grade of a suspected ACL 
injury. 

 During the routine knee examination, the 
KiRA can generate numerical values of the 
movement of the tibia in space and can be par-
ticularly useful for the assessment of the pivot 
shift test. The KiRA device is based on the con-
cept that the pivot shift phenomenon can be mea-
sured by a dynamic parameter, such as 3D 
acceleration, and that the dynamic instability that 

may be detected by the pivot shift test is directly 
correlated with this value. The concept is sup-
ported by the analysis of the literature [ 27 ] that, 
as previously underlined, considers the velocity 
as well as the acceleration of the tibia during 
pivot shift test as a strong indicator of dynamic 
knee instability. 

 The sensors used with the KiRA each have a 
triaxial accelerometer and gyroscope embedded 
inside. These devices are able to communicate 
wirelessly to the software that is activated from 
common laptop computer. The sensor must be 
skin fi xed on the tibial bone by the provided 
hypoallergenic strap. The device must be placed 
between the lateral aspect of the anterior tuberos-
ity and the Gerdy’s tubercle to achieve an optimal 
stability and minimize skin artefacts during the 
manoeuvre (Fig.  42.4 ).

   The KiRA can also be used to quantify the 
grade of the Lachman examination. This applica-
tion may be more essential to the treating sur-
geon, since the literature affi rms that the Lachman 
test is the most sensitive test for the diagnosis of 
ACL injury and also the most common test per-
formed by the surgeon to evaluate knee joint lax-
ity [ 40 ]. In order to accurately quantify tibial 
translation while conducting the Lachman test, it 
is necessary to place the device against the distal 
aspect of the tibia. In addition, in order to mini-
mize the interference from soft tissue artefact, the 
sensor must be fi xed to a shin guard. 

 It is worth noting that the device may aid the 
surgeon in obtaining a rapid measurement of both 
dynamic and static knee laxity in the case of ACL 
injury without requiring excessive expenditure of 
costs and time. Furthermore, it may help to con-
fi rm the presence of laxity in circumstances in 
which only a partial ligament injury is encoun-
tered. The noninvasiveness, simplicity and porta-
bility of the tool have the advantage of 
accessibility of use in any clinical setting, 
whether academic or private, as well as allowing 
easy comparison of the mechanics of the injured 
to the contralateral joint. In the case of varying 
grades of pivot shift patterns, the fi ndings may 
push the surgeon towards customizing the surgi-
cal approach to meet the demands of larger pivot 
shifts, such as adding an extra-articular 
tenodesis. 

±0.1 mm for linear measurements and 
±0.1° for angular measurements.  

•   The use of intraoperative navigation 
increases surgical time on average by 
only 10 min.  

•   Intraoperative navigation requires the 
use of static markers that are drilled into 
bony landmarks.    
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 The KiRA is not limited to the outpatient set-
ting, but can be applied to the intraoperative the-
atre. For this specifi c purpose, the sensor needs to 
be enclosed in a specifi cally developed steriliz-
able box, which will then be affi xed to the skin of 
the patient. 

 In recent years, several similar systems have 
been proposed to clinicians for the same purpose 
of quantifying dynamic knee stability with 

 noninvasive tools. However, the KiRA device 
still represents one of the fi rst reliable, inexpen-
sive and simple methods to use as a quantitative 
aid for noninvasive evaluation of the knee sus-
pected to have an ACL injury.   

42.3.2     Image Capture Software 
System 

 In objective quantifi cation of the pivot shift test 
in routine, a clinical setting warrants methods 
that can easily and reliably measure rotatory lax-
ity even in healthcare facilities with limited 
resources. 

 Tibial translation has been suggested to be a 
more realistic kinematic determinant of grade of 
the pivot shift grade than rotation [ 8 ]. This is 
highlighted in a study using a computer naviga-
tion system, which demonstrated that anterior 
translation of the lateral compartment of the knee 
correlates with the severity of the pivot shift test 
[ 7 ]. Image analysis techniques exploit this obser-
vation by directly quantifying the amount of tib-
ial translation along the lateral aspect of the knee 
while the pivot shift test is being conducted. 
Utilizing a digital camera to record the video of 
the examination, the video must then be analysed 
by a linked software program one way such as 
ImageJ (National Institute of Health, Bethesda, 
MD, USA) [ 17 ]. The ImageJ software allows the 
user to display, edit and analyse images and is 
easily accessible to the scientifi c community free 
of charge [ 13 ,  21 ,  44 ]. However, analysis by the 
ImageJ software is time-consuming and is not 
applicable in routine clinical settings. 

 Fact Box 2 

•     The KiRA is an accelerometer that can 
quantify the speed of movements in a 
triaxial plane.  

•   Both the Lachman exam and the pivot 
shift test can be assessed using the KiRA.  

•   The portability of the KiRA allows for 
ease of use in the outpatient or operative 
setting.    

  Fig. 42.4    Positioning of the KiRA ( Orthokey LLC ,  DE , 
 USA ) device.  X ,  Y ,  Z  are the three axis along which the 
acceleration measurement is performed       
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 Recently, a software has been introduced that 
can be installed on a tablet computer such as the 
iPad and quantifi es the pivot shift test by calculat-
ing lateral tibial compartment translation in 
nearly real time [ 35 ]. To improve visualization, 
circular markers are attached to the skin over 
three bony landmarks on the lateral side of the 
knee. The following landmarks were selected as 
they are easily identifi able: (1) lateral epicondyle 
of the knee, (2) Gerdy’s tubercle and (3) the fi bu-
lar head. In order to reduce background noise 
from the surroundings, the colour of the circular 
markers should contrast with the patients’ skin, 
and a solid coloured background should be used. 

 During a test, the tablet’s camera records the 
movement of the markers while the knee is being 
examined (Fig.  42.5 ). The software scans the 
images in real time and utilizes custom algo-
rithms that shade the entire image except the 
markers by adjusting the brightness and contrast. 
The software then automatically tracks the move-
ment of the markers and calculates the translation 

of the pivot point defi ned by the intersection of 
the line between markers on the fi bular head and 
Gerdy’s tubercle with a perpendicular line cross-
ing the femoral condyle marker (Fig.  42.6 ). After 
tracking the markers, the software provides a 
reduction plot that represents reduction of the 

  Fig. 42.5    Confi guration of skin markers and display of 
software interface for PIVOT application for the iPad. A 
pivot shift test is performed in the photograph on the upper 
right with skin markers placed on the lateral femoral con-
dyle, Gerdy’s tubercle and the fi bular head. Tracking of the 
skin markers as observed on the iPad interface is shown in 
the two  lower left boxes  prior to and during the performance 
of the pivot shift. The change in the anterior-posterior 

 position of the femur in relation to Gerdy’s tubercle is 
recorded as a function of time as observed in the  lower right 
image . The velocity of the pivot shift or reduction is then 
calculated by subtracting the highest and lowest values 
along the graft and dividing this number by the time elapsed 
during the test. This is known as the reduction time. The 
information related to the test period is shown in the boxes 
above the  lower right image        

Lateral epicondyle
point (L)

Gerdy’s tubercle
point (G)

Pivot point (P)

Fibula head
point (F)

a

b

  Fig. 42.6    Schematic for calculation of tibial movement 
using skin markers over the lateral epicondyle of the 
femur, fi bular head and Gerdy’s tubercle       
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tibia during pivot shift test. From this plot, the 
amount of translation can be determined by 
selecting the maximum and minimum points of 
the plot at the time of the reduction.

    The validity of the software and its application 
has been investigated in controlled laboratory set-
tings. The maximum error of the software in quanti-
fying the movement of the markers was determined 
to be less than 6 % at distances between 75 and 
125 cm and a deviation angle of less than 45° [ 35 ]. 
The reliability of the PIVOT software in predicting 
the 3D bony motion during the pivot shift test has 
been evaluated in a cadaveric study utilizing an elec-
tromagnetic tracking system. It has been demon-
strated that lateral compartment translation measured 
by the PIVOT software has a strong correlation with 
3D bony motion with about three times higher trans-
lation in bony motion (Pearson correlation, 0.75–
0.79;  p  < 0.05). The intra-examiner reliability of the 
methodology was also demonstrated to be strong 
(intra-class correlation coeffi cient = 0.70–0.82). 

 In ACL-injured patients, it was demonstrated 
that the PIVOT software can consistently detect 
and quantify lateral compartment translation 
[ 16 ]. The quantitative results from PIVOT soft-
ware have also been validated by clinical grade of 
pivot shift test where incremental increase in lat-
eral compartment translation measured by soft-
ware was associated with increase in clinical 
grade of the pivot shift test [ 18 ]. 

 Overall PIVOT software provides an easy, 
noninvasive and reliable tool to quantify the pivot 
shift test. This method allows clinicians who 
desire to obtain objective quantifi cation of the 
pivot shift exam by providing the opportunity to 
do so portability, accurately and with data record-
ing capabilities.   

42.3.3     Radiostereometry Analysis 
(RSA) 

 The radiostereometry analysis (RSA) was devel-
oped in 1973 to analyse the stability of bone- 
prostheses interfaces. Initially, it was based on a 
technique that required tantalum beads to be 
implanted into the prosthesis as well as the bone. 
The position of the beads from two radiographic 
projections could then give information regard-
ing the movement of the studied anatomic struc-
tures and components in space, confi rming 
suspected loosening of the prosthesis. 

 Over the recent years, the application of the RSA 
has evolved to study not only the micro- movements 
and microadjustments of the bone- prosthesis inter-
face but also joint kinematics. The most well-known 
apparatus that achieves this purpose is the dynamic 
RSA. The dynamic RSA set-up is made of two 
x-ray tubes and two digital radiographic detectors 
(Fig.  42.7 ). The radiologic devices need to be highly 
synchronized to avoid motion artefacts and to 
increase accuracy. The radiographic detectors can 
be of two possible types: an image intensifi er which 
allows more rapid capture of images (about 60 
frames per seconds) at the expense of image quality 
or digital fl at panels. The latter have the ability to 
produce higher-quality images at lower doses of 
radiation, but attain a much slower capture rate 
(8–15 frames per seconds). The typical accuracy of 
a dynamic RSA motion tracking is approximately 
1 mm for translational movements and 1° for rota-
tional movements.

   In order to detect the movement of anatomic 
structures, the dynamic RSA does not require the 
use of tantalum beads as was the case with the 
original RSA technique. Instead, it utilizes a 
method known as model-based positioning. This 
method functions by constructing an external 
three-dimensional model of the analysed 

 Fact Box 3 

•     Software analysis systems such as 
PIVOT provide instant feedback regard-
ing tibial translation and rotation during 
the Lachman and pivot shift test.  

•   Measurements are calculated from the 
relationship of three markers  strategically 

placed on the lateral femoral condyle, 
fi bular head and Gerdy’s tubercle.  

•   PIVOT readings demonstrate a high cor-
relation with bony motion despite the 
fact that markers are placed on the skin.    

S. Zaffagnini et al.



505

 component (prosthesis or bone) with respect to 
the corresponding orthogonal radiographic pro-
jections taken prior to and after manipulation of 
the targeted joint (Fig.  42.8 ). Dedicated image 
processing and segmentation algorithms are then 
fed through software to optimize the computer-
ized depiction of the anatomical models.

   Model-based and dynamic RSA methods 
allow positional changes to be evaluated during 
real-time activities, making it possible to study 
the effect of ligamentous structures on the stabil-
ity and mechanics of joints, such as is the case in 
ACL reconstruction. 

 Another notable advantage of dynamic RSA is 
its ability to track the three-dimensional move-

ment of bones along with the interaction of the 
soft tissues that surround them. For this purpose, 
the base images are taken from MRI studies. The 
model-based algorithm that is generated from 
this data can then reproduce the position as well 
as the response of the soft tissues and bony struc-
tures during specifi c motor tasks. When com-
bined with other applications, such as force 
platforms and electromyography, dynamic RSA 
can provide much information regarding joint 
stresses as well as the pattern of muscular group 
activation associated with certain movements. An 
example of dynamic RSA interpreting the joint 
reaction forces on the articular cartilage and 
menisci of the knee joint is shown in Fig.  42.9 .

  Fig. 42.7    Dynamic 
RSA set-up 
(BI-STAND DRX2, Cat 
Medical Systems spa)       

  Fig. 42.8    Radiographic 
bone and bone model 
for RSA analysis       
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   After ACL reconstruction, information in 
terms of the joint mechanics and muscular con-
trol can be gathered during some common motor 
tasks such as level walking and ascent/descent of 
steps as well as a single-leg squat through the aid 
of dynamic RSA. Taken together, dynamic RSA 
is a highly accurate system that can explore in a 
noninvasive manner the biomechanics of a joint 
in motion in the setting of specifi c modifi cations. 
Moreover, direct tracking of the bony structures 
using radiographs may circumvent inaccuracies 
and motion artefacts that may be encountered 
with conventional motion capture systems that 
aim to accomplish the same purpose. 

 The dynamic RSA opens up further opportuni-
ties to acquire a deeper comprehension of the bio-
mechanics of human joints. Future applications of 
this technique may add to the body of knowledge 
concerning ACL surgery through the comparison 
of different surgical approaches and the predic-
tion of the development of osteoarthritis.    

42.4     Full-Body Motion Analysis 
Systems 

 For all the technology that has been described to 
enhance the accuracy of ACL reconstruction, the 
fact remains that in order to limit the risk of rein-
jury, the evaluation of both biomechanical and 
neuromuscular aspects of the athlete need to be 
considered during the postoperative phase. 
Presently, there is a lack of clear criteria available 
to defi ne when the athlete has achieved suffi cient 
ability to advance to the next step in the rehabilita-
tion phase after ACL reconstruction. In particular, 
it is unclear how to quantitatively assess where the 
athlete resides within their functional range dur-
ing a specifi c stage in their  rehabilitation [ 41 ]. 

  Fig. 42.9    Dynamic RSA data processing: bone position and ground reaction force ( on the left ). Finite element (FE) 
simulation of the stresses on the tibial cartilage and menisci ( on the right )       

 Fact Box 4 

•     Dynamic radiostereometry analysis 
(RSA) assesses motions in bony struc-
tures by reconstructing three- dimensional 
models from orthogonal radiographs 
taken during dynamic activity.  

•   The capabilities of dynamic RSA can be 
expanded to the analysis of soft tissue 
structures by using MRI images as the 
source data.  

•   By combining dynamic RSA with other 
analytical devices, such as force plat-
forms and electromyograms, informa-
tion regarding the distribution of joint 
contact forces and muscle activity can 
be studied in detail.    
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Moreover, there are no standardized methods to 
provide a quantitative assessment about an ath-
lete’s performance during on-the- fi eld rehabilita-
tion tasks and specifi c motor gestures. 

 A solution to overcome this problem may be 
the use of a motor analysis system to perform on- 
the- fi eld data acquisition. This particular kind of 
system would be based on the gait analysis sys-
tems that have been seen used in human motion 
laboratories. Currently, there are multiple motion 
analysis systems available, with the Xsens sys-
tem (Xsens Technologies, NL) and the Microsoft 
Kinect Sensor (Microsoft Corp, Redmond, WA, 
USA) being the most technological advanced of 
their kind. These lightweight kinetic tracking 
devices communicate wirelessly with a local 
computer to generate data regarding the move-
ment of the subject under study. 

 An example of its use in the scientifi c literature 
in the context of a validated clinical protocol is the 
project ‘Outwalk’, a system designed to analyse 
gait in children suffering from cerebral palsy [ 10 ]. 
This protocol helps to determine the 3D kinemat-
ics of individual body segments and can be used 
to isolate the interaction of certain joints, such as 
the thorax-pelvis complex. The product, in addi-
tion to the computed data, is shown in Fig.  42.10 . 
Such a device can easily be translated to the moni-
toring of athletic rehabilitation. Some examples 

of motor tasks that can be studied for sport appli-
cations include the single- leg hop test, triple hop 
test, single-leg squat or jump/land. All of these 
manoeuvres have been used to judge in a subjec-
tive way the ability of the athlete to return to play.

   The reliability of these devices for the assess-
ment of rehabilitation parameter is currently 
underway. This technology would help to pro-
vide an objective measure to rehabilitation 
 milestones. More specifi cally, it would allow the 
quantifi cation of specifi c kinematic and temporal- 
spatial parameters, giving context to athletic per-
formance acquired real time during the execution 
of the motor tasks. The potential afforded by this 
approach may further advance postoperative 
treatments that may then optimize the outcome of 
surgeries used to treat sport-related injuries such 
as ACL ruptures.   

 Fact Box 5 

•     Motion analysis systems offer the poten-
tial to provide more accurate objective 
feedback regarding rehabilitation stages 
following ACL reconstruction.  

•   A device of this kind, termed the 
‘Outwalk’, has been used to describe the 
kinematics of cerebral palsy patients.  

  Fig. 42.10    ( a–c ) The Xsens system (Xsens Technologies, 
NL) used during fi eld acquisition (Courtesy of Isokinetic, 
Bologna, Italy): ( a ) static calibration, ( b ) landing after a 

single-leg hop, ( c ) example of kinematic patterns 
(Courtesy of NCS Lab, Carpi, Italy)       
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42.5     Rehabilitation After ACL 
Reconstruction 

 Returning to sports and avoiding knee joint insta-
bility associated with reinjury are key measures of 
success after anterior cruciate ligament recon-
struction [ 29 ]. The clinical return to sport decision- 
making process emphasizes a highly structured set 
of objective tests, with associated criteria for pro-
gression between phases, which is recommended 
but commonly reported in the literature [ 6 ,  43 ]. 

 Individuals progress through this rehabilita-
tion programme in fi ve phases. Phase 1 begins 
immediately after surgery and is centred on 
regaining range of motion, strength, patella 
mobility and fl exibility and normalizing gait. 
Phases 2–5 encompass progressive return to run-
ning, agility training, jumping, hopping and cut-
ting and assume clearance from the surgeon for 
running and agreement with the criteria estab-
lished for advancement to subsequent stages. The 
objective tests and criteria to progress between 
phases focus on three areas to determine whether 
or not individuals are ready to attempt more 
demanding activities: (1) mastery of the current 
phase, (2) neuromuscular control and (3) quadri-
ceps strength. Phases 2–5 involve working with a 
physical therapist to initiate new activities. 
Mastery is typically assessed through observa-
tion of the highest level of performance allowed 
in the progression. Failure to master the tasks of 
an individual phase is mediated with focused 
practice and instruction in respect to proper tech-
nique. The inclusion of activity mastery as a pre-
requisite for advancement to the next phase 
ensures that individuals take time to practise each 
skill and incorporate proper movement patterns 
during dynamic tasks even if their strength and 
neuromuscular control would allow them to 
progress in multiple phases. 

 Quadriceps strength should be measured as 
precisely and accurately as possible within the 
clinical setting due to its importance in the recov-
ery of function and its propensity to be underreha-
bilitated. When available, isometric or isokinetic 
dynamometry should be used, as it isolates the 
quadriceps and provides reliable measures of 
strength without compensation. In cases where 
dynamometry is not available, a 1  repetition max-
imum (1-RM) on a knee extension machine [ 4 , 
 37 ] or leg press machine [ 37 ] can be used to assess 
strength. The contralateral leg cannot assist in ini-
tiating the lift and cannot be on the fl oor or on the 
platform. For the 1-RM leg extension, the indi-
vidual is positioned in 90° hip and knee fl exion 
with the resistance pad placed proximally to the 
malleoli. The individual is instructed to extend 
their knee as smoothly as possible to 45 o  of knee 
fl exion (early phases of rehabilitation) or full knee 
extension (after 4 months post- op) against the 
weight. The limb symmetry index is calculated as 
the 1 repetition maximum load of the involved 
limb divided by the 1 repetition maximum load of 
the uninvolved limb expressed as a percentage. 

 Movement patterns and stability are tested 
with three basic tests. The step and hold is a low 
level approximation where the individual steps 
from the uninjured limb onto the injured limb, at 
least the distance of the individual’s normal stride 
length. Mastery of this exercise is when the 
patient demonstrates no loss of balance or exces-
sive movement outside of the sagittal plane. The 
single-leg squat is performed to appropriate pre-
scribed angle of knee fl exion for ten repetitions to 
screen for deviations. Deviations are operation-
ally defi ned as the use of compensatory patterns 
including loss of balance, contralateral hip drop, 
excessive femoral abduction or adduction, exces-
sive femoral internal rotation or abnormal trunk 
movement. Progression to phases 3, 4 and 5 
require the individual to complete the single-leg 
squat with additional weight to increase the chal-
lenge. The Y-balance test is a measure of stability 
between limbs [ 14 ]. 

 When beginning to run, alternating periods of 
walking and jogging are implemented with pro-
gressive increases in distance [ 1 ]. A distance- 
based progression over a time-based progression 

•   The devices can be applied to analyse 
simple and complex athletic maneuvres 
such as single-leg hop test, triple hop 
test, single-leg squat or jump/land.    
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is advocated in order to more accurately control 
the load experienced by the knee joint. 

 Basic agility drills include forward/backward 
shuttle running, side shuffl ing, carioca and “quick 
feet” drills using a ladder or hurdles in a forward 
and lateral direction. Deceleration with hip and 
knee fl exion to absorb the load for direction 
changes is emphasized when running and prepar-
ing to change directions. Effort begins at approxi-
mately 50 % speed and continues at that level 
until the individual can complete the drills with-
out hesitation or compensation during decelera-
tion to change directions. 

 When beginning to jump, the individual 
begins with forward jumps and jumps onto a box. 
Cues are given to emphasize avoiding dynamic 
valgus, to exaggerate hip and knee fl exion and to 
equally distribute weight on both extremities 
when loading into the jump and landing [ 11 ,  15 , 
 30 ,  38 ]. When the individual demonstrates good 
form with forward jumps, they will progress with 
lateral jumps and rotational jumps. Hopping fol-
lows the same progression as jumping in phase 
4 – single forward hops on the fl oor and onto a 
box – progressing to hops out of the sagittal plane 
and multiple hops. 

 For cutting activities, individuals should fi rst 
practise running in an “S” pattern as shown in 
Fig.  42.10  and then progress to 45° cuts and then to 
sharper angle cuts. Pivoting should begin when the 
individual is competent with cutting at sharp angles. 
As with low level agility drills, confi dence and per-
formance dictate the speed of cutting and pivoting 
drills, and the individual should not progress to high 
level cutting and pivoting drills if they demonstrate 
compensation patterns or express decreased confi -
dence at higher speeds [ 9 ]. Individuals should be 
able to tolerate controlled cutting and pivoting at 
full speed before practising unanticipated cutting 
and sport- specifi c movements. 

 Return to practise testing can occur when the 
individual can run and perform all agility and 
plyometric and sport-specifi c drills without any 
hesitation, compensatory patterns and complaints 
of increased pain or display any signs or symp-
toms of infl ammation. The return to practise test 
includes a strength assessment, functional testing 
for symmetrical performance and functional 

 testing for running situations. Individuals must 
demonstrate a 90 % quadriceps LSI to pass the 
return to sport test. 

 After clearance from the physical therapist 
and surgeon, patients may return to practise. 
Individuals typically begin practising with unop-
posed drills with sport-specifi c movements and 
general conditioning. When their unopposed 
performance is suffi cient per the discretion of 
the coach and athletic trainer, individuals can 
begin controlled contact drills. Lastly, individu-
als can return to organized competitive practices 
in their respective sports. Individuals return to 
their physician for full return to competition 
clearance when they can practise at 100 % effort 
(with contact if applicable) and have no com-
plaints of pain or signs and symptoms of 
infl ammation.  

 Fact Box 6 

•     Return to sport following ACL recon-
struction involves fi ve individual phases 
of rehabilitation.  

•   Phase 1 of the return to sport programme 
typically concentrates on recovery of 
functional range of motion.  

•   Through phases 2–5, the athlete must 
demonstrate progressive competency in 
motion and agility tests, running, and 
cutting exercises.  

•   The three main criteria that are used to 
assess whether an athlete may safely 
progress to the next stage in therapy are 
mastery of the current phase, neuromus-
cular control and quadriceps strength.  

•   Assessment of quadriceps strength 
must be performed accurately due to 
the propensity for this muscle to be 
underrehabilitated.  

•   Return to practise requires a strength 
assessment, functional testing for sym-
metrical performance and functional 
testing for running situations.  

•   Return to full sport may be allowed 
when the athlete demonstrates ability to 
practise at 100 % effort.    
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   Conclusion 

 Quantitative measurements of joint mechanics 
in the setting of ACL surgery offer the poten-
tial of maximizing surgical outcomes. These 
assessments can be done in the preoperative, 
intraoperative and postoperative phases. 
Information gathered from this technology 
can provide direct feedback regarding the sta-
bility of the knee after graft placement, as is 
the case with the measurement of the pivot 
shift using the KiRA or iPad system. 
Furthermore, subjective milestones in the 
course of rehabilitation after ACL reconstruc-
tion can be objectively quantifi ed. In the 
future, these applications may lead to develop-
ment of a standardized treatment algorithm 
for the ACL- injured patient with the goal of 
achieving maximum athletic potential while at 
the same time preventing post-traumatic OA 
for the patient.      
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