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v

Firstly I want to thank all the authors who have given up so much of their time 
to write this comprehensive book on knee ligament and conservation surgery. 
There is no financial gain to any of them, but to be successful surgeons we are 
judged by more than the amount of money we make. Teaching young sur-
geons is very fulfilling because we can all remember when we were taught 
and how much it meant to us. We have many ways to teach or to learn but 
what is great about a book is that it puts everything in order and explains 
where it all fits in. For me the “Why” in surgery is more important than the 
“How,” and this book will give you an insight into the latest hot topics and 
controversies in knee ligament and conservation surgery. Make sure you 
always know “why” you are doing the surgery and for this you need basic 
science and anatomy and then somebody (expert) who can explain how it all 
comes together.
There are multiple perspectives on this variety of topics from around the 
globe, making for a complete guide that will help knee surgeons take care of 
their patients.

Willem M. van der Merwe
President ISAKOS, Sport Science Orthopaedic Centre 

Cape Town 
South Africa
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Thanks to an incredible collection of international surgeons, this textbook 
attempts to tackle all of the current hot topics and controversial areas in knee 
ligament and knee preservation surgery. Regarding the latest in ACL surgery, 
we cover indications, technique, lateral augmentation, return to play, and 
ACL revision surgery. We also review both multi-ligament surgery and patel-
lofemoral surgery. Complex meniscal issues are tackled along with cartilage 
repair, osteotomy, and biologic treatments to prevent osteoarthritis.

We include multiple perspectives on these topics from around the globe, 
making for a complete guide that will help every knee surgeon take better 
care of their patients.

Osaka, Japan Norimasa Nakamura
New York, NY, USA Robert G. Marx
Pittsburgh, PA, USA Volker Musahl
London, ON, Canada Alan Getgood
Pao Alto, CA, USA Seth L. Sherman
Antwerpen, Belgium Peter Verdonk
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Who Needs ACL Surgery?

Kenneth M. Lin, Evan W. James, 
and Robert G. Marx

1.1  Sequelae of Nonoperative 
Management of Acute ACL 
Injury

In order to understand who should get ACL sur-
gery, we must first understand the benefits of 
ACL surgery. Surgical treatment of acute ACL 
rupture generally consists of reconstruction 
using a variety of graft options, including 
allograft and/or autograft using hamstring ten-
dons, quadriceps tendon, or patella bone-tendon-
bone graft. Historically, primary repair of the 
ACL was considered a viable treatment option 
following rupture; however, outcomes studies 
showed up to a 94% rate of instability at 5-year 
follow-up [1]. The advent of advanced suture 
constructs improved failure rates somewhat, but 
reconstruction, and not repair, is generally pre-
ferred due to more predictable outcomes in 
young active patients [2–4]. Therefore, in this 
chapter, evidence will be largely drawn from the 
reconstruction literature. To answer the question 
of which patients need ACL surgery, it is impor-
tant to first understand what nonoperative man-

agement entails and how its outcomes differ 
from reconstruction.

1.1.1  Nonoperative Management 
Techniques

Nonoperative management for ACL ruptures is 
generally reserved for older patients, or those 
who wish to return to noncutting, straight-plane 
activities and do not have persistent functional 
instability [5]. It has been shown that nonopera-
tive treatment has higher failure rate with younger 
age and higher activity level [6]. Nonoperative 
management largely consists of lifestyle and 
activity modification, as well as neuromuscular 
rehabilitation programs and movement pattern 
optimization strategies. Numerous protocols 
have been described, but components of pro-
grams that have been shown to lead to good phys-
ical performance and muscle strength are 
goal-oriented and progressive in nature: early 
phases focus on motion, neuromuscular control, 
and balance, while later phases focus on muscle 
strength, endurance of stabilizers, and functional 
performance [7–10]. Recently, the Knee Anterior 
Cruciate Ligament, Nonsurgical versus Surgical 
Treatment (KANON) trial showed that at 2- and 
5-year follow-up, patients prospectively random-
ized to exercise program alone achieved similar 
rates of limb symmetry index>90% as those who 
underwent ACL reconstruction plus exercise [7].
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Division of Sports Medicine and Shoulder Surgery, 
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1.1.2  Biological Perspective

From a biological perspective, there are several 
important theoretical advantages to surgical treat-
ment of acute ACL rupture. Native healing of 
intra-articular ligaments is limited, as the syno-
vial healing response leads to stump retraction 
and lack of tissue bridging [2]. When bridging 
does occur, tension is often decreased due to the 
altered resting position of the femur and tibia, 
and newly formed tissue consists of fibrovascular 
scar rather than regeneration of native ligament 
and enthesis tissue [11]. For this reason, the tis-
sue that forms through the native healing response 
is biomechanically, histologically, and morpho-
logically inferior to the original ligament. 
Surgical reconstruction using quadrupled ham-
string autograft yields a construct that is signifi-
cantly stronger in tensile load and stiffness than 
the native ACL [12, 13]. Furthermore, the use of 
bone-tendon-bone grafts allows retention of a 
native tendon-bone insertion and relies on bone- 
bone healing which is more predictable [14]. 
During surgical reconstruction, tension of the 
graft construct can be directly manipulated and 
set. Finally, management of concurrent associ-
ated pathology, such as a meniscus tear or chon-
dral injury, may also occur at the time of ACL 
reconstruction.

1.1.3  Clinical Perspective

Nonoperative management of acute ACL rupture 
has generally been considered inferior to surgical 
management for young and active patients [5, 6, 
15, 16]. Clinical outcomes of importance in the 
setting of acute ACL injury include knee stability, 
prevention of subsequent repairable and irrepa-
rable meniscus tears or chondral injury, clinical 
outcome scores, return to work or sports, and 
patient satisfaction. Compared to nonoperative 
management, previous studies have shown that 
ACL reconstruction leads to improved stability 
and functional outcomes at 10-year [17] and even 
20-year follow-up [18, 19]. It should be noted, 
though, that short-term outcomes have been 
shown to be similar [7, 20]. Nonoperative man-

agement is known to lead to persistent laxity and 
incomplete tissue healing on MRI. For example, 
van Meer et al. [21] showed in a prospective mul-
ticenter study of over 150 patients that at 2 years 
post-injury, only 32% of patients had improved 
Lachman exams (improved but not normal 
exam), with only 2% showing improvement on 
KT-1000. In this population, 60% showed 
improvement in fiber continuity on MRI and 44% 
showed resolution of empty intercondylar notch. 
However, all other MRI-based parameters of 
ACL structure and tissue quality remained abnor-
mal, likely reflecting the presence of fibrovascu-
lar scar tissue, rather than regeneration of native 
ligamentous tissue, from the native healing 
response. It should be noted that several studies 
have highlighted advantages to nonoperative 
management. The KANON trial showed that at 
5-year follow-up, patients who underwent exer-
cise therapy alone (nonoperative treatment) had 
fewer knee symptoms compared to those who 
underwent early reconstruction followed by exer-
cise program [8]. The authors suggest that this is 
because ACL reconstruction involves iatrogenic 
damage to the knee, such as surgical incision, 
graft harvest site morbidity, and bone tunnel 
drilling.

ACL reconstruction for acute ruptures leads to 
decreased rates of secondary injury, namely of 
the meniscus [22, 23], and thus in theory 
decreases the likelihood of downstream arthritis, 
although the long-term data to date is somewhat 
mixed regarding late arthritis. ACL reconstruc-
tion is known to decrease reoperation rates as it is 
thought to be protective against meniscal and car-
tilage injury [24]. In a retrospective cohort study 
by Sanders et al. [18] of nearly 1000 patients at 
mean 13.7 years follow-up, patients treated with 
nonoperative management for ACL rupture had a 
5.4-fold increased risk of secondary meniscus 
tear. In this study, the nonoperatively treated 
cohort had a 6.0-fold increased risk of being 
diagnosed with arthritis. A case-control study by 
the same authors compared nonoperatively man-
aged acute ACL ruptures to age- and sex-matched 
controls without ACL tears [25]. There was a sig-
nificantly increased risk of secondary meniscal 
injury, osteoarthritis, and need for total knee 
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arthroplasty in the nonoperative ACL rupture 
group compared to the healthy matched controls. 
Studies by other authors in different populations 
have shown similar results regarding decreased 
arthritis in surgically treated patients with acute 
ACL rupture compared to nonoperative manage-
ment [26]. However, several large studies have 
also reported similar rates of arthritis in operative 
versus nonoperative ACL injury patients [17, 23, 
27]. Nonetheless, despite similar rates of arthri-
tis, these studies report fewer subsequent knee 
injuries and improved overall knee function in 
the surgical groups [17, 23, 27]. Because the 
operative groups tend to achieve higher function 
and activity, perhaps the comparison of arthritis 
rates is confounded, as increased activity-level or 
high-level sports participation may also be an 
independent risk factor for arthritis [28, 29]. A 
study comparing long-term outcomes in ACL- 
reconstructed knees to the contralateral “healthy” 
knee in the same individual showed no signifi-
cant difference in radiographic arthritis (on X-ray 
and MRI) at 10-year follow-up [30]. However, 
longer-term follow-up is still needed since many 
patients do not convert to total knee replacement 
until up to 20 or 30 years after ACL reconstruc-
tion. Taken together, the results in the literature to 
date largely suggest that the natural history of 
acute ACL rupture, which is thought to lead to 
worsened knee function and eventually degenera-
tive disease of the knee, is altered with surgical 
management, although the data surrounding risk 
of downstream arthritis are not definitive.

1.2  Return to Sport Following 
ACL Injury

Given the high prevalence of acute ACL injuries 
in the athletic population, return to sport is 
another important outcome to consider in the 
ACL rupture population. Following ACL recon-
struction, return to similar level of sport is 
extremely high in elite or professional athletes. 
Reports from National Basketball Association 
(NBA) athletes suggest return to play rates of up 
to 88%; however, performance upon return to 
sport declined based on statistical performance 

[31–33]. Similar studies from other professional 
sports show high return to same level of play 
rates: 77% in Major League Soccer (MLS) [34], 
92% (quarterbacks) and 74% (defensive players) 
in the National Football League (NFL) [35], and 
97% in the National Hockey League (NHL) [35]. 
Post-return performance was similar to pre-injury 
level in MLS, NHL, and NFL quarterbacks, but 
significantly reduced in NFL defensive players. 
In a nonprofessional athletic population, general 
return to sport rates are high, but return to same 
level of play is less predictable. Overall return to 
some form of sport has been reported up to 90%, 
with return to pre-injury level up to 72% [36–40]. 
In the pediatric population, return to play after 
ACL reconstruction has been reported to be as 
high as 91%, but with high rate of second ACL 
injury, many of which were to the contralateral 
knee [41]. While the goal is to return all patients 
to their pre-injury level of competition, it is 
important to council patients that a subset of ACL 
reconstruction patients will struggle to attain 
these levels of activity.

It should be noted that while the vast majority 
of the literature on return to sport following ACL 
injury focuses on ACL reconstruction, there have 
been reports of return to elite sport following 
nonoperative treatment [42].

1.3  Patient Stratification

In developing a framework for patient selection 
for ACL surgery following acute injury, the gen-
eral patient population should be stratified by age 
and activity level. With respect to age, patients 
can be split into pediatric and adolescent, younger 
adult (20–50), and older adult populations (>50). 
With respect to activity level, patients can be 
divided into high-level athletes, recreational ath-
letes, or sedentary individuals. In addition to age 
and activity level, there are several other factors 
that play into the decision-making for ACL sur-
gery indications. First, medical comorbidities 
must be considered and patients physiologically 
unfit for surgery should be contraindicated. 
Psychosocial factors, such as access to rehabilita-
tion resources or ability to comply with 

1 Who Needs ACL Surgery?
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 postoperative restrictions, are also important to 
consider. Injury factors, such as chronicity, 
degree of laxity, and functional limitation, are 
important factors that can shape decision making, 
as they can influence the type of surgery that is 
performed. Similarly, the presence of other intra-
articular pathology, such as repairable meniscus 
tears or arthritis, may be indications or contrain-
dications for surgery, respectively, and are 
extremely important for predicting long-term 
outcomes. While balancing this constellation of 
factors is integral for surgical decision-making, 
indicating a patient for ACL surgery is based 
principally on the patient’s age, desired activity 
level, and functional goals [6].

Some authors have suggested that activity 
level is the most important predictor for necessity 
to perform an ACL reconstruction [43], and that 
chronologic age in isolation may not be a reliable 
predictor [44, 45]. Several studies in the literature 
have assessed outcomes of ACL surgery in differ-
ing age groups, with 40  years of age as a 
commonly- used cutoff [44, 46–48]. Results have 
shown no significant difference in outcomes, 
although interpretations are limited by study 
design and heterogeneous populations with 
regard to operative technique, graft choice, reha-
bilitation, and other factors. In some populations, 
older (>40 years of age) patients have been shown 
to have greater satisfaction than younger patients 
[46]. Beyond being a proxy for activity level and 
demand on a patient’s knee, age is also thought of 
as a proxy for the amount of degenerative change 
in the knee. As older patients become increas-
ingly active, there is growing interest to expand 
indications for ACL reconstruction, particularly 
in adult patients with mild to moderate knee 
osteoarthritis, which will be discussed later in 
this chapter. A list of factors to consider when 
indicating patients for ACL surgery is presented 
in Table 1.1. To answer the question of who needs 
ACL surgery, in the sections below, patients will 
be stratified by age group, as age is universal and 
does not rely on various scoring systems (as 
activity level does). Within each age group, 
decision- making for ACL surgery will be 
discussed.

1.4  Pediatric and Adolescent

In the pediatric population, the incidence of acute 
ACL injury and ACL reconstruction is increasing 
[49–51], likely due to increased participation in 
organized sports, improved diagnostic capabili-
ties, and a greater awareness among doctors and 
families. Historically, nonoperative or delayed 
operative management was recommended in the 
pediatric and adolescent populations to avoid the 
rare but potentially devastating complication of 
physeal injury, growth arrest, and subsequent 
limb deformity [52]. However, studies of nonop-
erative management reported poor outcomes 
[53–55], including poor return to sports partici-
pation, high rates of subsequent knee injury and 
surgery, and early degenerative change. Recently, 
comparative studies of operative versus nonop-
erative management of pediatric injuries strongly 
favor operative management [15, 16]. Numerous 
techniques for surgical treatment of acute ACL 
injury in the pediatric patient have been described 
and studied in the literature [56, 57]. Outcomes 
following ACL reconstruction in the pediatric 
population are favorable and predictable, with 
improved stability, functional outcomes, high 
rate of return to sport, and low rate of physeal 
arrest [58, 59]. It should be noted, however, that 
in a subset of pediatric patients, specifically those 
age <14 years, with partial ruptures of <50% and 
a grade B pivot shift exam, have been shown to 

Table 1.1 Important preoperative factors to consider in 
ACL surgery

Patient factors
Activity level
Age
Sports participation (volume, type, level, position)
Preexisting arthritis and prior injuries
Medical comorbidities
Ability to comply with rehabilitation protocol
Injury factors
Chronicity
Concomitant injuries (meniscus, cartilage, collaterals, 
fractures)
Partial vs. complete rupture
Degree of instability on physical examination 
(Lachman, pivot shift)

K. M. Lin et al.
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have good outcomes with nonoperative treatment 
[60]. Taken together, the current literature sup-
ports surgical treatment for the vast majority of 
acute ACL ruptures in the pediatric population to 
restore stability, maximize sports participation, 
and prevent subsequent meniscal tears and chon-
dral injuries.

1.5  Young Adult (<40 Years)

The majority of patients with acute ACL rupture 
fall into the young adult category. In these 
patients, treatment is based on activity level and 
functional demands. For patients with medical 
contraindications to surgery in general, have sed-
entary occupation, and do not wish to return to 
jumping, cutting, or pivoting sports, nonoperative 
management can yield successful results [61, 
62]. Outside of these groups, the vast majority of 
patients in this cohort should be indicated for 
ACL surgery in the setting of complete rupture. 
The extensive body of research surrounding out-
comes following ACL reconstruction discussed 
previously strongly favors operative management 
in the young, active population, especially in ath-
letic individuals [5, 17–19, 23, 25].

1.6  Older Adult (>40 Years)

Similar to other age groups, consideration for 
ACL surgery is largely based on activity demand 
and degree of instability or functional limitation. 
In general, as older individuals may be less active 
or have baseline degenerative disease, nonopera-
tive management is a reasonable option; how-
ever, in the setting of continued symptomatic 
instability or further knee injury (such as menis-
cus tears), late ACL reconstruction may become 
necessary. For patients who elect to proceed with 
surgery, recent literature on ACL reconstruction 
in older patients has been shown to have good 
results even in those over 50 years of age [63] and 
60 years of age [64].

It must be noted that there is a sub-population 
of middle age adults that has been reported to 
benefit from nonsurgical treatment of acute 

injury. Specifically, recreational middle age 
alpine skiers (mean age 42, range 30–68), with 
MRI evidence of complete ACL tears but who 
have grade pivot shift and Lachman exams 
6–12 weeks after injury, can have good outcomes 
with conservative management at 2-year mini-
mum follow-up [65]. Postoperative activity 
scores were equivalent to preoperative scores, 
and knee laxity had returned to normal with mean 
side-to-side difference in KT-1000 under 1 mm, 
and 10 of 11 patients had a Lachman grade 0–1+. 
Based on these results, the authors suggest that 
middle-aged skiers presenting with an acute ACL 
tear may be re-evaluated at 6–12 weeks following 
injury. If the knee is stable to Lachman and pivot 
shift testing, nonoperative management should 
be considered and the patients can expect to 
return to their activities.

An important consideration in the middle age 
adult population is a preexisting degenerative 
disease. With increasing activity level and recre-
ational sports participation in an aging popula-
tion, there is a growing proportion of individuals 
who have early arthritis but are still active. These 
patients are difficult to classify into traditional 
diagnostic groups, as their activity level would 
place them in the ACL reconstruction category 
(as opposed to nonoperative), and despite their 
early arthritis, may be too active or not advanced 
enough for total knee arthroplasty. In these 
patients, joint preservation techniques, such as 
high tibial osteotomy, are frequently performed 
to offload the affected compartment. Recently, 
there is a growing body of evidence investigating 
ACL reconstruction in knees with early degener-
ative changes. Several cohort studies have 
assessed outcomes following simultaneous high 
tibial osteotomy (HTO) and ACLR [66–69]. The 
results show satisfactory to good outcomes fol-
lowing combined HTO and ACLR, with improved 
alignment, stability, and outcome scores com-
pared to preoperatively. Rates of arthritis pro-
gression are variable, with some studies reporting 
minimal progression [67], and others reporting 
higher rates of discernible progression [66]. 
Major demographic groups in the treatment of 
ACL injury are listed in Table 1.2, with their sug-
gested treatments.

1 Who Needs ACL Surgery?
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1.7  Summary

As ACL rupture becomes increasingly common 
across all age groups with earlier sports partici-
pation and increasing activity level in the aging 
population, it is imperative to understand who 
needs ACL surgery after acute injury. There are 
multiple biological and clinical advantages to 
operative management of acute ACL injuries 
compared to nonoperative management. It is 
known that ACL reconstruction restores stability 
and function to the knee, and predictably leads to 
high rates of return to sport in elite athletes, and 
good but slightly lower rates in recreational ath-
letes. Subsequent meniscal tears and chondral 
injuries occur less frequently and reoperation 
rates are reduced following ACL reconstruction. 
Many studies have reported decreased degenera-
tive changes in patients who undergo surgery, 
although this remains controversial, as the 
increased activity level achieved by ACL- 
reconstructed patients is a likely positive con-
founder for the development of arthritis.

In determining who needs ACL surgery fol-
lowing acute injury, patient factors and associated 
injuries must be taken into account. The most 
important factor to consider is activity demand, as 
active individuals and athletes will require a func-
tional ACL. ACL reconstruction is recommended 
for active adults, and can be performed in patients 
over 50 and 60  years of age, if necessary, for 
symptoms of recurrent instability. Age is a proxy 
for activity and function, but also for the remain-
ing “lifespan” of the joint and amount of degen-
erative change. In younger patients it is paramount 
to restore functional stability to prevent further 
injury and arthritis. For pediatric patients and 
young adults, ACL reconstruction is nearly uni-
versally recommended in the setting of complete 
rupture. There are two notable situations in which 
conservative management has been shown to pro-
duce good outcomes: partial ruptures in pediatric 
patients and acute ACL tears in middle-age alpine 
skiers. As our knowledge of ACL anatomy and 
the biology of ligament healing continues to 
evolve, further high-quality comparative studies 
are needed to further refine ACL indications 
across the general population.
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Patient-Specific Graft Choice 
in Primary ACL Reconstruction

Martin Lind and Ole Gade Sørensen

2.1  Introduction

The choice of graft for anterior cruciate ligament 
(ACL) reconstruction has since the start of ACL 
surgery been a key factor for both surgical tech-
nique and the expected clinical outcomes. The 
three categories of grafts are autograft, allograft, 
and synthetic graft [1]. Autografts usually consist 
of either hamstrings tendon (HS), Bone patella 
tendon-bone (BPTB), or quadriceps tendon (QT), 
but also iliotibial tract and peroneus longus auto-
graft have seen limited usage. Allografts are var-
ied but can consist of tibialis posterior tendon, 
Achilles tendon, tibialis anterior tendon, BPTB, 
and peroneus longus tendon [2, 3].

Synthetic grafts were highly popular in the 
infancy of ACL reconstruction in the 1980s and 
1990s. But catastrophic outcome and severe 
adverse effects led to these grafts being com-
pletely abandoned two decades ago [4, 5]. 
However, recently new synthetic grafts have been 
introduced both as complete grafts as the 
Ligament Augmentation Reconstruction System 
(LARS; Corin, Gloucestershire, England) or as 
augmentations to ACL reconstructions or repairs 
(Internal Brace, Arthrex, Naples, USA) [6].

The choice graft and technique to use during 
ACL reconstruction are based on patient’s anat-

omy, previous surgical history, concomitant inju-
ries as well as patient choice. Surgeon’s choice is 
dictated by a combination of these factors includ-
ing perceived functional outcome, rehabilitation 
speed, graft incorporation, graft availability, and 
donor site morbidity. The surgeon’s familiarity 
with the graft harvest and implantation technique 
also influences the graft choice. Much research 
has been performed to identify which particular 
graft or technique results in the best clinical out-
comes. Some of this research has been of good 
quality including meta-analyses, systematic 
reviews, and randomized controlled trials (RCT). 
Despite three decades of research there continues 
to be a wide variation in the choices made by sur-
geons. Limited research is available to guide sur-
geons to choose the best graft for ACL 
reconstruction when relating to patient-specific 
criteria such as age, sex, level of activity, and 
concomitant injuries. Also, long-term outcomes 
are not immediately available for newer tech-
niques which makes graft choice decisions even 
more challenging.

The key clinical outcome parameters for pre-
senting and comparing ACL reconstruction out-
comes are the following: risk of reinjury/revision 
surgery, knee stability as evaluated by quantita-
tive Lachman test, patient-reported outcomes, 
ability to return to sports, donor site morbidity, 
and functional outcomes such as muscles strength 
and hop tests. In the following data on these 
parameters will be presented.
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Our aim in this chapter is to present available 
knowledge on clinical outcome in relation to 
graft choice for ACL reconstruction and specifi-
cally present the knowledge of outcome impact 
with graft choice in relation to patient-specific 
factors. These data should provide a better deci-
sion platform for ACL surgeons to make opti-
mized graft choice decisions based on current 
evidence.

2.2  Outcome with Bone Patella 
Tendon Bone Autografts

BPTB grafts for ACL reconstruction have been 
used since in 1969 and are still first choice in 
certain countries and for specific patient catego-
ries [7]. BPTB has historically been considered 
the gold standard for ACL reconstruction. The 
method of harvest includes a horizontal or lon-
gitudinal skin incision followed by resection of 
the mid-portion of the patella tendon with bone 
block at both ends with the intervening tendon 
as a complete unit. Thus, the graft has bone 
block at both ends which allows potentially 
superior integration of the graft into the tibial 
and femoral tunnels. The graft is then detached 

and fed through the tibial tunnel into the femur. 
Fixation can take place using a variety of differ-
ent methods ranging from an interference fit 
with no fixation device to screw or suspensory 
fixation [8].

Revision rates for BPTB graft usage have 
recently been reported in high patient volume 
registry studies from Scandinavia and the USA 
demonstrating revision rates from 1.5 to 3.2% [2, 
9, 10]. Knee stability evaluated as percentage of 
patients with normal stability defined as less than 
3 mm side to side Lachman laxity is between 66 
and 81%. Patient-reported outcomes subjective 
IKDC and KOOS scores demonstrated improve-
ment of 15 points for KOOS with follow-up 
KOOS4 levels of 70 and Lysholm score of 90. 
Donor site morbidity incidence range from 5 to 
27% but was influenced by very different evalua-
tion methods (Table 2.1).

2.3  Outcome with Hamstring 
Grafts

Hamstring tendons are one of the more com-
monly used grafts for ACL reconstruction since 
Lipscombe in 1982 first described the technique 

Table 2.1 Literature overview of Bone Patella Tendon Bone graft for ACL reconstruction

Bone patella tendon bone graft for ACL reconstruction

Study Study type
Revision rate 
(5 years) Knee stability PROM

Return to sport 
ability

Donor site 
morbidity

Rahr-Wagner (2014)
[10]

Registry 3.0% 81% normal 
(<2 mm)

KOOS4
55–70

– –

Gifstad (2014)
[9]

Registry 2.7% –

Maletis (2017)
[2]

Registry 2.5% – – – –

Kaeding (2015)
[11]

MOON group 3.2% – -- – –

Mohtadi (2011) [12] Cochrane 
review

2.6% 66% normal 
(<2 mm)

Lysholm 
FU
89

77% 29%

Lind (2019)
[13]

Registry 1.5% 1.0 STS – –

Lund (2015)
[14]

RCT 0% 0.8 mm STS KOOS4

55–72
IKDC
61–70

– 40% unable to 
knee-walk

Outcome with BPTB graft for ACL reconstruction
STS side to side difference in instrumented sagittal knee stability
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[15]. The semitendinosus tendon with or without 
the gracilis tendon is harvested, typically from 
the ipsilateral leg. The resultant tissue is folded 
into a four-strand graft of 7–10  mm diameter, 
which is then used to reconstruct the ACL with 
different fixation techniques such as metal button 
with loops, transfixation pins, or interference 
screws.

Revision rates for hamstring graft usage have 
been reported in several valid high patient vol-
ume registry studies from both Europe and the 
USA.  These studies describe 5-year revision 
rates ranging from 2.5 to 4.5% (Table 2.2). Knee 
stability evaluated as percentage of patients with 
normal stability defined as less than 3 mm side- 
to- side Lachman laxity, was between 59 and 
84%. The patient-reported outcome scores used 
are numerous with Lysholm score, subjective 
IKDC and KOOS score being the most used 
instruments. For all scores patients generally 
experience significant improvements in score 
from preoperative to follow-up with Lysholm 
score and IKDC score 35- and 25-point improve-
ment respectively.

Return to sport ability after hamstring ACLR 
for light sports was 81% as seen in a Cochrane 
review [12]. Donor site morbidity as evaluated by 
subjectively experienced anterior knee pain was 
seen in 20% of patients [12].

2.4  Outcome with Quadriceps 
Autograft

The present literature on QT autografts for ACLR 
has until recently been limited by small study 
sizes, which has prevented reporting of failure 
rates and outcomes from a generalized surgical 
population. Now national clinical registries that 
contain high volume data enable investigation of 
accurate low incidence failure rates (ACL revi-
sion). For example the Danish Knee Ligament 
Reconstruction Registry (DKRR), that has 
recently published outcome from more than 500 
QT ACLRs and more than 20,000 PT and HT 
ACLRs with comparison of revision rates and 
objective clinical outcomes for these graft types 
alone [16]. But metanalysis and a two-level 1 
RCTs have also contributed to the present out-
come knowledge for QT ACLR [14, 17, 18].

QT grafts for ACL reconstruction were first 
described by Marshall in 1979 [19], but did not 
gain popularity as a graft for primary ACLR until 
the last 6–8 years [13]. Before this the QT graft 
was mainly used for ACL revision surgery and 
PCL reconstructions. The method of harvest 
includes a horizontal or longitudinal skin incision 
at the proximal part of the patella and distal part 
of the QT followed by resection of a 9–10 mm 
broad and 7–8  cm long tendon band from the 

Table 2.2 Literature review of hamsting graft for ACL reconstruction

Hamsting graft for ACL reconstruction

Study Study type
Revision rate 
(5 years) Knee stability PROM

Return to sport 
ability

Donor site 
morbidity

Rahr-Wagner 
registry
(2014)
[10]

Registry 4.5% 84% normal 
(<2 mm)

KOOS4

55–71
– –

Gifstad (2014)
[9]

Registry 4.2% – – – –

Maletis (2017)
[9]

Registry 2.3% – – – –

Kaeding (2015)
[11]

MOON 
group

4.8% – – – –

Mohtadi (2011) 
[12]

Cochrane 
review

3.3% 59% normal 
(<2 mm)

Lysholm 
FU
90

81% 20%

2 Patient-Specific Graft Choice in Primary ACL Reconstruction
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mid-portion of the QT. The graft can involve the 
full tendon thickness or partial thickness by leav-
ing the deep tendon portion that involves the vas-
tus intermedius. The graft can be harvested with 
or without a 15–20 mm long bone block from the 
proximal aspect of the patella tendon as a com-
plete unit. Fixation are made with metal interfer-
ence screw for the bone block end and the soft 
tissue part fixation can take place using absorb-
able and non-absorbable screws or suspensory 
fixation.

Revision rates for QT graft usage have recently 
been reported in a high patient volume registry 
study from Denmark [13]. This study found an 
overall revision rate of 4.7% which was higher 
compared to case series and RCTs where revision 
rates were between 2 and 3% [18].

Knee stability as side-to-side difference quan-
titatively evaluated has generally been found to 
be very good with laxity differences from 1.1 to 
2.8  mm. Normal pivot shift was seen in 75 to 
85%. Patient-reported outcome score subjective 
IKDC and KOOS scores demonstrated improve-
ment of 15 points for KOOS and 20 points for 
IKDC with follow-up KOOS4 levels of 84 and 
IKDC levels 82 to 85. Donor site morbidity inci-
dence ranged from 5 to 27% but was influenced 
by very different evaluation methods (Table 2.3).

2.5  Outcome with Allograft

The use of allograft is appealing particularly to 
the complete lack of donor site morbidity, rea-
sonably good availability, and a range of graft 
sizes with the options of bone blocks attached to 
the graft. Allograft material does come with its 
own unique risks including risk of microbiologi-
cal disease transmission and is an expensive 
option compared to autografts. The most com-
monly used allograft tendons are tibialis poste-
rior/anterior and Achilles tendon allografts; 
however, patellar tendon and HT are also widely 
available in some countries. Other disadvantages 
with the use of an allograft include the immuno-
genic response of the host to the graft and delayed 
graft incorporation when compared to the auto-
grafts. A histological study assessing allografts 
retrieved during autopsy at 2 years after implan-
tation demonstrated poor vascularization in the 
center portion of the graft, which had remained 
acellular [20]. Thus, unlike previous reports of 
good incorporation of allograft at 18 months, this 
study shows that graft incorporation might take 
3 years or more [21]. Allografts have been widely 
used for primary ACLR in the USA whereas only 
minimally used in the rest of the world due to 
cost, limited availability, and legal issues.

Table 2.3 Literature review of quadriceps tendon graft for ACL reconstruction

Quadriceps tendon graft for ACL reconstruction

Study Study type
Revision rate 
(5 years) Knee stability PROM

Return to 
sport ability

Donor site 
morbidity

Lind (2019)
ACL registry
[13]

Registry 4.7% 1.8 mm STS
76% neg. Pivot 
shift

– – –

Lind (2019)
[17]

RCT 0% 1.8 mm STS
84% neg. Pivot 
shift -

KOOS4

84
IKDC
82

– Any complaint
27%

Lund (2015)
[14]

RCT 0% 1.1 mm STS KOOS4

65–82
IKDC
68–84

– 5% unable to 
knee walk

Slone (2015)
[18]

Meta- 
analysis

0–2.9% 1.1–2.8 mm 
STS

85–92% good/
exc
Lysholm
88–93

– 5–15%

Outcome with quadriceps tendon graft ACL reconstruction
STS side-to-side difference in instrumented sagittal knee stability

M. Lind and O. G. Sørensen
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The literature comparing autograft and allograft 
have been scarce, with mainly small case series. A 
review of these studies concludes no differences in 
knee laxity and subjective outcome but higher fail-
ure rate between allografts and autografts [22, 23]. 
Revision rates with allograft used for primary 
ACLR have recently been reported in the USA in 
high patient volume registry studies from the 
MOON and MARS groups and the Kaiser 
Permanente ACL registry and demonstrating crude 
revision rates from 3.6 to 10% [11, 24]. The high-
est revision rates were seen for allografts that were 
either chemically processes or irradiated. 
Especially young patients under 21  years were 
demonstrated to have an increased risk of revision 
when reconstructed with an allograft with revision 
rates of 13% [24]. Similarly in the MOON cohort 
the revision rate for allograft in 20-year-old 
patients was found to be 10 times higher compared 
to BPTB autograft with revision rates of 2.5% and 
25% for BPTB and allograft respectively [11, 25].

Knee stability evaluated as percentage of patients 
with normal stability defined as less than 3  mm 
side-to-side Lachman laxity was between 66 and 
81%. Patient-reported outcomes, subjective IKDC 
and KOOS scores demonstrated improvement of 15 
points for KOOS with follow- up KOOS4 levels of 
70 and Lysholm score of 90 (Table 2.4).

2.6  Comparison of Graft Types 
Regarding Outcome

Regarding graft failure comparisons a meta- 
analysis found that patients undergoing primary 
ACL reconstruction with bone-tendon-bone 

autograft were less likely to experience graft rup-
ture and/or revision ACL reconstruction than 
patients treated with hamstring autograft (OR, 
0.83) [10, 26]. As seen in Tables 2.1 and 2.2. revi-
sion rates for patella tendon grafts ranged from 
2.6 to 3.2% and hamstring from 2.5 to 4.8%, with 
all large volume studies finding lower revision 
rates for patella tendon graft compared with ham-
string grafts.

Among patients who did not experience graft 
rupture or revision, there were no differences 
observed between the two graft types in graft lax-
ity as evaluated by KT 1000 knee arthrometer, 
pivot shift testing, or Lachman testing. Patients 
who received a hamstring tendon autograft 
reported superior KOOS in the sport and 
 recreation subscale (up to 7 points higher) at each 
follow-up compared with patients who received a 
patella tendon autograft [10, 16]. Patients who 
received a hamstring tendon autograft also had a 
higher Tegner Activity Scale compared with 
patients who received a patella tendon autograft 
(mean 4.9 versus mean 4.7) 1-year postopera-
tively [10]. Patients who received hamstring ten-
don autografts had increased odds of achieving 
functional recovery (defined as KOOS pain ≥90, 
symptoms ≥84, ADL ≥91, sport and recreation 
≥80 and QoL ≥81) and were less likely to report 
subjective treatment failure (defined as a KOOS 
QoL <44 points) compared with patients who 
received patella tendon autografts [27]. A recent 
randomized study comparing hamstring graft, 
double bundle hamstring graft, and patella ten-
don graft found equal subjective outcome and 
pivot shift stability at both 2 and 5 years follow-
 up [28].

Table 2.4 Allograft for ACL reconstruction

Study type
Revision rate 
(5 years) Knee stability PROM

Return to sport 
ability

Donor site 
morbidity

Maletis
[24]

Registry 3.6–13% – – – –

Keading
[11]

MOON 
multicenter cohort

4.8% – – – –

Foster
[22]

Review 8% KT-1000: 
1.6 mm

Lysholm 91

Outcome with allograft tendon graft ACL reconstruction
STS side-to-side difference in instrumented sagittal knee stability

2 Patient-Specific Graft Choice in Primary ACL Reconstruction
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2.7  ACL Graft Choice and Age

The choice of graft in ACL-R in adolescents and 
young patient groups is important because of an 
increased risk of graft rupture and revision surgery. 
Kaeding et al. reported on young patients graft rup-
ture risk from the MOON cohort [11]. In 2683 
patients, the risk of an ipsilateral ACL graft rupture 
was 4.4%, highest in the young population. The 
odds of an ACL graft tear significantly decreased 
by 0.09 for every yearly increase in age. A similar 
correlation between younger age and risk of ACL 
revision surgery is found in other studies [29–31]. 
Persson et al. found similar results. They reported 
on the revision risk following ACL-R in more than 
12,000 patients. The hazard ratio for ACL revision 
was 4.0 for the youngest age group (15–19 years of 
age) compared to the oldest age group (>30 years 
of age) [32].

Looking into study data of the effect of graft 
choice in the young patient group then one study 
found that after 5 years follow-up, the youngest 
age group showed a crude revision risk of 9.5% 
with the use of HT graft compared to 3.5% with the 
use of a BPTB graft for primary ACL-R [32]. Ho 
et al. also showed a difference in revision rate after 
ACL-R depending on graft choice. In 561 patients 
with a mean age of 15.4 years, they found that soft 
tissue grafts had a failure rate of 13% compared to 
a failure rate of 6%, when BPTB grafts were used 
[33]. Similar findings were reported by the MOON 
group. In a young, active patient group from 
14–22 years of age, they reported a 2.1 increased 
risk of ACL revision in the HT autograft group 
compared to the BPTB autograft group [25].

Smaller cohort studies have shown promising 
outcomes scores and revision rates after the use 
of Q-tendon autograft in ACL-R in young patient 
groups [34, 35]. There are no comparative studies 
addressing both age and QT graft in ACL-R.

2.8  Graft Consideration 
in Relation to Gender

Several papers have shown an increased relative 
risk in females to sustain an ACL rupture com-
pared to males, and especially young females 

have a very high risk of graft rupture after ACL-R 
if they return to contact and pivoting sports [36–
38]. For these reasons there is a high interest in 
finding the best surgical treatment options for the 
female ACL patient. Most studies on the subject 
compare HT autografts to BPTB autografts and 
the results are controversy.

A review by Paterno et al. included 11 cohort 
studies. They reported increased A-P knee laxity 
in a HT autograft female group compared to a 
BPTB female group. Moreover, they indicated 
inferior knee laxity results after ACL-R in the 
female HT group compared with male patients 
undergoing the same procedure. No randomized 
controlled trials were included in the review [8]. 
Ryan et al. also reported on gender differences in 
outcomes after ACL-R. They included 13 studies, 
which all were level 2 studies or less. They 
reported a graft failure risk of 4.0% for males and 
4.7% for females after ACL-R with use of a 
BPTB autograft. Hamstring graft failure risk was 
6.4% for males and 9.2% for females. Meta- 
analysis found no difference in graft failure risk 
according to sex [1].

The most recent review regarding graft choice 
and gender was performed by Tan et al. [3]. The 
study reported on outcomes in female patients 
only, having ACL-R with either HT autograft or 
BPTB autografts. Fifteen studies were included 
in the review, three randomized controlled trials, 
and 12 prospective cohort studies. These studies 
included a total of 948 female patients with ACL- 
R.  Almost half of the ACL-R were performed 
with BPTB autograft, the remaining with HT 
autograft. Meta-analysis found no difference in 
female patients between the two graft types at 
follow-up regarding knee laxity, pivot shift, graft 
rupture, or graft failure. Furthermore, no differ-
ences in objective or subjective outcome scores 
were found. The magnitude of anterior knee pain 
was the same in both groups. The study found a 
tendency to increased risk of anterior kneeling 
pain in the BPTB group compared to the HT 
group.

The QT has been used for ACL graft in both 
males and females. To our knowledge, no study 
address outcomes after ACL-R according to both 
QT graft and gender.

M. Lind and O. G. Sørensen
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2.9  Graft Choice and Sports 
Activity

2.9.1  Pivoting Sports

The surgeon choice of graft in ACL-R differs 
according to the sport, the patient is planning to 
participate in or return to. Bradley et al. reported 
on the treatment trends in primary ACL-R among 
team physicians treating American football play-
ers. The majority (83%) would use BPTB auto-
graft as the first choice ACL graft [39]. Similar 
numbers are reported by Ericksen et al. with 86% 
of the physicians favoring the BPTB graft [40]. 
The same group investigated the practice patterns 
among team physicians treating knee injuries in 
elite athletes competing in ice hockey, soccer, 
and alpine skiing. Seventy percent of the physi-
cians favored the BPTB tendon as the primary 
graft choice for ACL-R, 14.9% would use a four- 
strand semitendinosus graft, whereas the quadri-
ceps tendon autograft was chosen by 4.3% of the 
physicians [41].

The medical group guiding the international 
football association (FIFA) still advocates for the 
use of BPTB autograft in ACL-R in soccer 
players.

For several reasons, the BPTB autograft has 
been the graft of choice for cutting and pivoting 
sport. The properties of the BPTB graft might 
resemble the native ACL better compared to 
other graft types. Harvest of the patella tendon 
might result in a more favorable impairment of 
the muscle strength following ACL-R because of 
the sparing of the medial hamstring tendons, 
which are crucial in cutting and pivoting move-
ments. Moreover, the BPTB graft might have a 
superior fixation potential and better ingrowth 
because of the bone-to-bone interface which 
could lead to a faster return to play.

As mentioned earlier in this chapter, a lot of 
studies compare outcomes after primary ACL-R 
after the use of different graft types. Papers 
reporting on outcome according to both graft 
type and specific sports are sparse. Gifstad et al. 
reported on data from the Scandinavian ACL reg-
istries. Almost 46,000 patients were undergoing 
primary ACL-R. They found a lower risk of ACL 

revision with the use of a BPTB autograft com-
pared to HT autograft if the cause of primary 
ACL rupture happened at soccer, team handball, 
or alpine skiing [9]. The paper does not address 
the sport activity causing new graft rupture and 
subsequent ACL revision. The MOON knee 
group reported a cohort study of 770 high school 
or college athletes, aged 14–22  years, who had 
primary ACL-R. The patients were followed for 
6 years. The majority of the patients competed in 
pivoting sports such as basketball, American 
football, and soccer prior to the primary ACL 
tear. The MOON knee group found a 2.1 times 
higher risk of ACL revision surgery if a HT auto-
graft was used compared to a BPTB autograft. As 
with Scandinavian registry study, the MOON 
study did not report the sport activity leading to 
graft rupture and ACL revision [25].

The use of quadriceps tendon graft has become 
more and more popular in primary ACL-R and 
the graft has performed well in comparative 
 studies [42]. Some studies report acceptable out-
comes in patient with a high pre-operative activ-
ity score [43, 44], even in an adolescent patient 
group [34]. To our knowledge no studies com-
pare outcomes after use of quadriceps tendon 
according to specific sports activity.

2.9.2  Recreational Sports

A wide variety of grafts is used in ACL-R among 
recreational athletes. There is no real evidence in 
the literature for stating that one graft should be 
superior to other graft types in primary ACL 
reconstruction. It seems as if the use of graft for 
recreational athletes is based on surgeon prefer-
ences, donor site morbidity, and patient requests.

2.10  Graft Choice 
and Concomitant Injuries

Concomitant injuries to ACL injury such as col-
lateral ligament, cartilage, and meniscus injuries 
all influence the structure and biomechanical 
function of the ACL insufficient knee joint. 
Compromised function of these structures could 
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therefore impact the overall knee function after 
ACL-R and graft choice should optimally con-
sider and optimize knee function in relation to 
concomitant injuries.

Especially concomitant injury to the medial 
collateral ligament (MCL) which is normally 
treated non-surgically has raised concerns 
since residual valgus laxity caused by MCL 
deficiency increases the strain on the ACL and 
may jeopardize ACL graft survival [45]. Also, 
recent biomechanical studies have shown that 
the medial hamstrings are important to resist 
valgus forces in the MCL-deficient knee [46]. 
This has led to the dogma that hamstring graft 
should not be used in combined ACL and MCL 
injuries.

There is limited literature on the subject of 
graft choice in combined ACL and collateral liga-
ment injuries. But one biomechanical study has 
demonstrated that the hamstring tendons are 
important valgus stabilizers in the MCL insuffi-
cient knee and therefore suggest that hamstring 
tendons should not be used in MCL insufficient 
knees [46].

The only clinical study that has investigated 
the issue is a registry study from Sweden that 
looked at revision rates in MCL injured knees 
when the ACL was reconstructed with either HT 
or BPTB grafts. The study included 622 patients 
with combined ACL and MCL injuries and found 
no difference in revision rates between HT and 
BPTB grafts [47].

In conclusion, there is minor clinical evidence 
that suggests hamstring graft usage in ACL-R in 
combined ACL+ MCL injured knees is safe with-
out increased revision rates.

No studies have investigated the impact of 
graft choice with the presence of meniscus and 
cartilage injuries.

2.11  Conclusion

The graft choice for ACL-R and patient-specific 
factors do influence the outcome after ACL-R, 
but the literature in this area is not strong and 
mainly derived from recent registry studies that 
contain enough data for investigation for these 
factor combinations.

There are only comparative studies for ham-
string and patella bone tendon bone grafts and 
different patient factors such as gender, age, sport 
types, and concomitant injuries. The key point 
from the literature is presented below.

Key Points

• Patella tendon graft choice results in reduced 
revision risk in young patients compared to 
hamstring graft.

• Patella tendon graft choice results in reduced 
revision risk in female patients compared to 
hamstring graft.

• Patella tendon graft choice results in reduced 
revision risk in athletes performing contact 
sport compared to hamstring graft.

• Patella tendon graft choice results in increased 
donor site morbidity and poorer subjective 
outcome compared to hamstring graft.

• Hamstring graft usage for ACL-R does not 
result in increased revision rates in MCL 
injured knees.
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Assessment of Risk Factors 
for Failure of ACLR: When 
to Address Concomitant Pathology

Gian Luigi Canata, Valentina Casale, 
and Antonio Pastrone

3.1  Introduction

Tears of the anterior cruciate ligament (ACL) are 
one of the most common knee injuries in the 
active population. They are often associated with 
concomitant injuries, such as other ligamentous 
injuries, meniscal and chondral or osteochondral 
lesions. These concomitant afflictions may pre-
dispose patients to the development of functional 
instability, cartilage degeneration, and subse-
quent osteoarthritis within 10 to 15 years [1, 2]. 
ACL reconstruction (ACLR) is consequently one 
of the most common orthopedic procedures, with 
approximately 75,000 to 100,000 surgeries per-
formed annually in the United States alone [3].

Surgical reconstruction techniques have 
evolved considerably over the years, although 
there is still no consensus on the optimal tech-
nique [4]. Nevertheless, very satisfying results of 
ACLR restoring functional knee stability have 
been frequently reported [5].

Several studies have evaluated and cited the 
most common risk factors for native ACL tears. 
Some examples are female sex, reduced activity 
level, participation in cutting sports, anatomic 
factors such as intercondylar notch width and 

tibial slope, neuromuscular control, and lower 
extremity biomechanics [6–12]. However, there 
is a relative lack of scientific data analyzing risk 
factors for graft failures or re-tears after an 
ACLR [13].

The incidence of ACLR failure has been esti-
mated at between 2% and 6% in short term (less 
than 5-year) follow-up [14], while longer follow- 
ups (5–10 years) are associated with a higher fail-
ure risk, between 3% and 10% [15, 16]. After 
10 years, the incidence stabilizes within the 5-to- 
10-year range [17, 18].

To minimize this rate of failure, it is funda-
mental to identify the major risk factors, which 
may include poor surgical techniques, as well 
as a new trauma, failure of biological incorpo-
ration, the graft type used, postoperative infec-
tions, and missed concurrent knee injuries. 
Further risk factors may be patient-related, 
such as altered neuromuscular control, age, sex, 
or level of activity [13].

Risk factors may also be distinguished accord-
ing to time to development of recurrent postop-
erative instability. An early instability (<6 months 
after surgery) is usually caused by technical 
errors, failure of graft incorporation, premature 
return to high-demand activity, or an overly 
aggressive rehabilitation. A later development 
may be a consequence of repeated trauma to the 
graft, poor graft placement, generalized ligamen-
tous laxity, and concomitant abnormalities not 
addressed during the ACLR [19].
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3.2  Patient Risk Factors

3.2.1  Sex

While native ACL injuries occur more frequently 
in women than men, some recent studies high-
light that male patients have a higher risk of revi-
sion ACLR [20, 21]. However, other authors have 
reported different findings [22, 23], therefore an 
univocal consensus is still lacking. It has been 
widely demonstrated that female sex is a strong 
predictor of native ACL injury, but this has not 
been reported for ACL graft tears [24–27]. A pos-
sible explanation is the lower activity level of 
women post-surgery [5].

Another aspect to consider regarding the sex 
differences in ACLR results is the graft type used 
and the consequent presence or absence of post-
operative side-to-side difference in antero- 
posterior (AP) knee laxity [13]. In fact, it has 
been largely reported that women with hamstring 
tendon (HS) grafts show greater AP knee laxity 
than those with bone-patellar tendon-bone 
(BPTB) grafts [25, 28–32].

In summary, evidence for considering sex as a 
risk factor for ACLR failure is still lacking, 
mostly due to confounding factors such as activ-
ity level after surgery [13]. Nevertheless, women 
are usually more at risk for native ACL tears than 
males. This discrepancy may be explained by 
ACL graft being stronger than native ACL, by the 
patient returning to a lower level of activity after 
surgery, or by a neuromuscular adaptation during 
the postoperative rehabilitation [13].

3.2.2  Age

Younger age is the most frequently and widely 
reported risk factor for ACLR revision [33]. 
Females younger than 25 years and males aged 
26 to 45 years are more likely to develop a second 
ACL tear [34], according to current evidence on 
this issue [1, 5, 20, 33–35]. Increasing age, in 
fact, has been demonstrated to be associated with 
a decreased risk of ACLR revision, regardless of 
the postoperative level of activity [13]. According 
to the Grading of Recommendations and the 

Assessment and Development and Evaluation 
(GRADE) approach, age shows the highest qual-
ity evidence and correlation with ACLR failure: 
high relative risk increases with each incremental 
decrease in age [33].

3.2.3  Neuromuscular Factors

Recent studies have identified that biomechanical 
and neuromuscular factors are predictive of 
ACLR revision [35]. Some examples are hip 
internal rotation moment, altered postural stabil-
ity, knee valgus, and asymmetric sagittal-plane 
knee moment during landing [12, 36]. Deficits of 
hip muscle external rotation torque are particu-
larly correlated with ACLR failures: addressing 
the impaired hip strength may effectively reduce 
this risk [13].

3.2.4  Anatomical Abnormalities

Knee alignment plays a relevant role when 
approaching ACLR surgery. It is commonly 
known in fact that ACLR in knees with a varus 
thrust tends to fail secondarily, if the varus align-
ment is not addressed at the time of the recon-
struction [37–39]. It has been highlighted that a 
varus alignment may cause gait abnormalities, 
such as decreased flexion moment, increased 
external adduction moment, increased external 
knee extension moment, and increased hyperex-
tension during the stance phase [38, 40]. 
Furthermore, it has been reported how ACL defi-
ciency increases the thrusting pattern in a pre- 
existing varus alignment [38].

Recently, increased posterior tibial slope 
(PTS) has been reported among the anatomic risk 
factors for ACLR failure [41]. In particular, a 
slope ≥12° is associated with a higher risk of 
revision [42–44]. Several studies have suggested, 
in the case of an ACL-deficient knee, to decrease 
the PTS to normal values to avoid the risk of 
anterior tibial translation after ACLR [40, 45]. 
Normal PTS values may be considered as 9°–11° 
in the medial plateau and 6°–8° in the lateral pla-
teau. As a further result of the PTS reduction, 
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both the tension forces on the ACL graft decrease 
and the ACL re-rupture rates decrease [46].

At the same time, dynamic valgus moments 
are considered as risk factors for ACLR failures 
too [47], especially if associated with insuffi-
ciency of the posteromedial ligament complex, 
constituted by the medial collateral ligament 
(MCL) and the posterior oblique ligament (POL) 
[48]. This additional deficiency may result in 
high ACL graft forces and dynamic valgus angles. 
In conclusion, in the case of both knee malalign-
ment or a TPS ≥ 12°, a corrective osteotomy may 
be suggested, regardless of whether they occur 
during the ACLR [49–51] or the ACLR revision 
surgery [52].

Bony morphology, in particular the distal 
femur morphology, plays an important role in 
knee kinematics [53]. It has been recently demon-
strated that an increased femoral condylar depth is 
associated with increased rotatory knee laxity 
[54], and an increased rotatory knee laxity is a 
well-known risk factor for ACLR revision [55].

In a recent review, the knee hyperextension has 
been evaluated as a risk factor for ACLR failure, as 
literature on this aspect is still limited [56]. The 
results highlight that a hyperextension ≥5° is an 
independent significant predictor of ACLR revi-
sion, especially in association with age younger 
than 26  years and the use of an allograft. 
Furthermore, the BPTB graft guarantees more 
postoperative stability than the hamstrings grafts 
do, especially when hyperextension and other 
signs of increased joint laxity are present [57, 58].

3.2.5  Body Mass Index

Some authors have evaluated the body mass 
index (BMI) and its relationship with graft fail-
ure. They reported that a BMI ≥ 30 kg/m2 is asso-
ciated with a lower risk of ACLR revision [26, 
33, 59]. The reason could be that people with 
high BMI are less active, and consequently are at 
lower risk of revision surgery [59]. However, the 
literature reports contradictory results, such as no 
relationship between BMI and ACLR revision [4, 
60], or even that obesity (BMI between 30 and 
39 kg/m2) is a risk factor in itself [61].

3.2.6  Smoking

Smoking must be included among the risk fac-
tors for ACLR failure [13]. In fact, it has been 
well described how the consequent release of 
tissue- damaging oxygen free radicals, vasocon-
striction, impaired bone metabolism, and inhibi-
tion of the macrophages and fibroblasts may 
cause poor wound healing after surgery [62–64]. 
In a recent study, it has been reported that ciga-
rette smoke is associated not only with increased 
complication rates after ACLR, but also worse 
clinical postoperative results and an increase of 
anterior translation [65].

3.3  Concomitant Pathologies

3.3.1  Anterolateral Ligament 
Complex

ACL tears are often associated with injuries to 
the anterolateral complex, with a consequent 
high risk of development of anterolateral rota-
tory knee instability [66, 67]. The anterolateral 
complex includes the superficial and deep ilio-
tibial band (ITB), the capsule-osseous layer of 
the ITB, and a thickening of the lateral capsule 
known as the anterolateral ligament (ALL). 
The ALL, in particular, is an extra-articular 
structure of the knee and acts as a secondary 
restraint to anterior tibial translation and rota-
tional instability [68, 69].

There are conflicting data about the biome-
chanical role of the anterolateral capsule [70].

After ACLR, a persistent instability of the 
knee at follow-up has been reported in 11% to 
30% of cases [67]. To reduce these rates, it has 
been proposed to add a lateral extra-articular 
tenodesis (LET) to the intra-articular ACLR, 
especially if a high-grade preoperative pivot shift 
is noticed [71–73]. The LET technique was 
largely used to treat ACL-deficient knees, before 
the intra-articular and arthroscopic ACL 
 reconstruction techniques were developed [74]. 
This technique has only recently been reconsid-
ered, if added to the intra-articular ACLR, to bet-
ter control rotatory laxity [73, 75–78].
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To date there is no clear evidence about indi-
cations for LET; however, an ALL reconstruction 
or LET can be an option when a high-grade pivot 
shift and hyperlaxity are present and in view of 
resuming rotational sport activities [79].

Surgery consists of mimicking the native anat-
omy of ALL with an open technique using a ten-
don graft, usually a part of the ilio-tibial band. 
The Arnold-Cocker and the modified Lemaire or 
Andrews are three of the most widespread tech-
niques for LET [80, 81].

The rehabilitation program consists of quick 
discharge and total weight bearing with crutches 
without immobilization [82].

LET or reconstruction of the antero-lateral liga-
ment does not excessively constrain the lateral 
knee joint [83], reduces the risk of revision surgery 
for failure of ramp lesion, accelerate the return to 
sport, and improve rotational stability [71].

3.3.2  Posteromedial Ligament 
Complex

The ACL and the MCL together provide anterior, 
valgus, and anteromedial rotatory stability of the 
knee [84]. The MCL is known to have the ability 
to heal nonoperatively, and good results after non-
surgical management have been reported [85–88]. 
This has led many surgeons to consider not treat-
ing MCL tears even when they are associated with 
ACL injuries, choosing only an early or delayed 
ACLR [89–91]. Nevertheless, in patients with a 
combined injury of both ACL and MCL, leaving 
the MCL untreated may lead to a chronic symp-
tomatic valgus instability [92, 93]. Furthermore, 
an MCL deficiency may increase the forces on the 
ACL graft, so restoring the properties of the MCL 
is suggested for better healing of both the ACL 
graft and the injured MCL [93–96].

Whereas the MCL is considered the primary 
valgus restraint in 15–90° flexion and external 
rotation stabilizer, the posteromedial corner 
(PMC), formed by the MCL and the POL, pro-
vides valgus restraint in an extended knee [97–
99]. For this reason, it is clear that an injury of the 
PMC is significantly different and more serious 
than an MCL tear alone [90, 100].

Several surgical techniques have been described 
to treat MCL tears, including both suture repair and 
ligament reconstruction [84, 101–105]. There is no 
evidence that reconstruction is better than repair 
alone. To address both the MCL and the POL, other 
techniques have been proposed [93, 106].

3.3.3  Posterolateral Corner

Posterolateral corner (PLC) structures of the 
knee are basically divided into static (lateral col-
lateral ligament, popliteofibular ligament, and 
popliteus tendon) and dynamic (biceps femoris 
and lateral head of gastrocnemius). They signifi-
cantly contribute to the stability of the knee in 
varus and external rotation.

In case of combined ACL reconstruction and 
PLC lesion, in fact, the forces on graft increase, 
leading to higher risk of failure [107, 108]. For 
this reason, surgeons must diagnose and treat 
PLC lesions when present.

Diagnosis is set with physical examination 
and MRI, which is the diagnostic imaging of 
choice. Complete tear or avulsion of the lateral 
collateral ligament is the most significant predic-
tor at MRI of posterolateral instability [109].

In the case of an acute trauma, posterolateral 
corner injury combined with ACL tear must be 
treated with surgical repair. Reconstruction with 
an open technique using a tendon graft is the gold 
standard for chronic injuries [110].

There is no consensus about the best surgical 
technique for these complex knee injuries, but 
recent literature demonstrates that a single staged, 
combined reconstruction is optimal with 90% of 
successful outcomes [111]. The Arciero tech-
nique [112] and the LaPrade technique [113] are 
the most used reconstruction procedures, and 
they do not show relevant biomechanical differ-
ences among each other [114].

Peroneal nerve lesions (25% of patients) or 
vascular injuries must always be assessed and 
treated [110].

Medium-term (6  years) clinical results have 
been recently reported as satisfying with both 
repair and reconstruction of PLC, when com-
bined with ACL reconstruction. The only excep-
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tion concerns the regained activity level, which is 
higher in the PLC repair group. For this reason, 
early diagnosis and treatment is necessary in case 
of posterolateral corner injuries [115].

Rehabilitation program targets are the protec-
tion of the healing process wearing a cast for 
6 weeks, as well as a gradual restoration of range 
of motion, strength, and proprioception of the 
knee [116].

3.3.4  Posterior Cruciate Ligament

Simultaneous ACL and posterior cruciate liga-
ment (PCL) rupture usually occurs in the case of 
knee dislocation after high impact traumas [117]. 
Knee dislocation is a relatively rare event 
(0.02%–0.2% of orthopedic injuries), and is fre-
quently associated with neurovascular injuries or 
fractures that need to be treated first [118].

Once the patient has been stabilized, the sur-
geon must assess all the structures of the knee 
with MRI, which is the gold standard for diagno-
sis of simultaneous lesions. Clinically complete 
bi-cruciate lesions lead to an important AP trans-
lation instability >15  mm at all angles of knee 
flection [119].

Treatment consists on the reconstruction of 
both the cruciate ligaments and the repair of all 
the capsular and articular structures.

A single-stage early reconstruction with either 
allogenous tendon [120] or autologous graft [121] 
is a reproducible procedure and may be preferred 
for reducing the risks of infection, recovery time, 
and anesthesia-related complications. However, a 
multi-staged reconstruction decreases the risk of 
arthrofibrotic complications [122].

During a bi-cruciate reconstruction, particular 
attention should be paid to the posterolateral cor-
ner, for avoiding instability that may generate 
increased forces against cruciate ligament grafts 
and subsequent graft failure [123].

Post-operative rehabilitation is slow for this 
type of surgery and there is not large consensus 
about the best management to conform to. 
Generally, the knee must be protected by a poste-
rior tibial support brace in full extension for 
3  weeks, then weight bearing may be partially 

permitted with the assistance of crutches for 
6 weeks [117].

Clinical follow-up shows significant improve-
ment and good results, with satisfaction rate greater 
than 90% and return to pre-injury level activity in 
up to 85% of cases [117, 119–121, 123, 124].

3.3.4.1  Menisci
Clinical outcomes in ACL reconstruction mostly 
depend on the knee stability and the status of the 
menisci. Concomitant meniscus injuries at the 
time of ACL reconstruction have a relevant nega-
tive impact on the clinical results in terms of 
quality of life, pain, and recovery of sport activity 
at 5–10 years [125, 126].

The menisci are important secondary stabiliz-
ers of the knee and their function consists of car-
rying 40%–70% of the load of the joint, decreasing 
cartilage shear stress, and increasing joint congru-
ency [127]. In knees without a functioning menis-
cus, the load on cartilage is three times higher 
[128–131], with an increased risk of development 
of long-term knee osteoarthritis [132].

Meniscal tears are frequently diagnosed in 
patients with ACL rupture, with a prevalence of 
approximately 60%, including children and ado-
lescents [133]. The incidence of a medial menis-
cal tear in patients with an episode of significant 
instability is 10 times greater when compared to 
those with insignificant instability [129]. 
Increased medial meniscus slope [134] and 
greater relative anteroposterior length of the fem-
oral condyles are associated with a higher risk of 
meniscal lesions in association with acute ACL 
rupture [135]. Other risk factors for concomitant 
injury are elevated BMI and surgery delay [136]. 
In particular, ACL reconstruction within 
12 months can reduce by two times the risk of 
developing medial meniscal tears, but it does not 
change the risk for the lateral meniscus [136].

In the case of medial meniscal tear in ACL- 
deficient knee, meniscectomy significantly reduces 
knee stability and increases cartilage load [128–
131]. Medial meniscal meniscus extrusion second-
ary to meniscal root lesion or radial lesion can raise 
the cartilage load by up to 126% and reduce the 
contact area from 17% to 64%, leading to the risk 
of developing knee osteoarthritis [137].
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Removal of the lateral meniscus in case of tear 
increases shear stress 200% more than medial 
meniscectomy [138]. Lateral meniscus is a fun-
damental shock absorber due to the convexity of 
the lateral tibial plateau and the lateral femoral 
condyle, and an important restraint to anterior 
tibial translation during combined valgus and 
rotatory loads [130].

Long-term clinical outcomes of meniscal 
repair in ACL reconstruction are better than par-
tial meniscectomy, because of the well-known 
protective function of the meniscus [139].

However, although surgeons should attempt 
meniscal repair when possible, literature reports 
12–23% of failure after meniscal suture [140]. 
For this reason, the patient should always be 
informed about the failure risks of this procedure 
before surgery.

Several types of meniscal tears, such as longi-
tudinal (including RAMP lesions), radial, and 
complex tears are repairable. The clinical out-
come of repair depends on the size, the site of the 
tear, and the presence of associated injuries [141]. 
RAMP lesions will be discussed separately in the 
next paragraph.

Longitudinal vertical tears in a vascularized 
area (red-red zone) are the gold standard indica-
tion for repair and are usually treated with all- 
inside sutures [142]. Acute tears heal better 
especially if they are combined with ACL recon-
struction [131, 143]. In the case of tears of the 
body and anterior horn of the meniscus, the out-
side- in technique can be used, while horizontal 
lesions can be treated by arthroscopic outside-in 
or open meniscal suture [142].

Root tears, especially when traumatic, can be 
treated by transosseous pullout reinsertion, which 
statistically decreases the meniscal extrusion in 
both unloaded and loaded positions [137].

Satisfactory clinical outcomes are described 
for bucket handle, and also for deep red-zone 
radial meniscal tear with a healing rate of 80% to 
90% after repair at 1 year follow up [144–146].

Generally, repair failures in the first 6 months 
can be related to technical issues during surgery, 
while failures up to 24  months indicate a poor 
healing process [147].

Second-look arthroscopy is the most accurate 
way to verify achievement of meniscal healing; 
MRI has an accuracy of 62% and is not reliable in 
the evaluation of meniscal suture success [131]. 
Abnormal signal in the meniscus at 1 year after 
repair is frequent, however meniscal lack of 
extrusion or meniscal shortening are good indica-
tors for the meniscal healing [131].

Rehabilitation after meniscal repair is slower 
and different than that after meniscectomy, 
weight bearing is usually avoided in the first 
30 days and patients need to be careful especially 
in active flexion [148]. In addition, return to sport 
(86–91% of patients) is slower than in the case of 
meniscectomy, and should be delayed for up to 
6 months [149].

3.3.4.2  Ramp Lesions
Ramp lesions are peripheral longitudinal tears of 
the posterior horn of the medial meniscus com-
bined with ACL rupture. The presence of this tear 
in ACL rupture increases the rotational laxity of 
the knee [150]. Recently, ramp lesions have been 
in fact increasingly investigated to partially 
explain the frequent residual laxity in ACL 
reconstruction.

Approximately 26.6% to 40% of patients who 
undergo primary ACL reconstruction are suffer-
ing from ramp lesions [151]. In acute ACL inju-
ries, the incidence is about 21.8%, while in 
chronic injuries the incidence increases to 32.8% 
[152]. Chronic knee instability is a potential 
cause of this kind of meniscal tear [152]; in revi-
sion ACL reconstruction in fact the incidence of 
ramp lesion is up to 39% [153].

Risk factors for developing RAMP lesions are 
male sex, patients aged <30  years, longer time 
from injury, revision ACLR, preoperative 
 side-to- side laxity >6 mm, medial plateau edema, 
and concomitant lateral meniscal tears [154, 
155]. The prevalence of ACL-associated ramp 
lesions in children and adolescents is similar to 
that of adult population [156].

Diagnosis may be challenging, as ramp lesions 
may be easily overlooked in arthroscopic exami-
nation and MRI images. The sensitivity of MRI 
for ramp lesions (71, 7%) is significantly lower 
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than that for meniscal body tears (94.3%) [157]. 
The presence of bone marrow edema of the pos-
teromedial tibia on MRI increases by three times 
the risk for RAMP lesion [155].

A systematic inspection through the intercon-
dylar notch (Gillquist portal) or posterolateral 
transseptal portals is recommended during ACL 
reconstruction to ensure a precise diagnosis 
[158]. Postero-medial portal approach using 30 
or 70-degree arthroscope further improves the 
diagnostic accuracy [152, 159].

Ramp lesions can be repaired by all-inside 
suture using a meniscal hook and a posterior 
arthroscopic portal [160]. Meniscal suture sig-
nificantly increases postoperative knee stability, 
knee function scores, and patient satisfaction fol-
lowing ACL reconstruction [161]. Repair is rec-
ommended in the case of chronic lesions and 
those longer than 20  mm, if associated with 
meniscal instability, in young patients, or in ACL 
revision. Small stable ramp lesions treated with 
abrasion alone during ACL reconstruction may 
result in similar clinical outcomes compared with 
those treated with surgical repair [146]. 
Anterolateral tenodesis or reconstruction has a 
protective role on the RAMP repair [154].

3.3.5  Cartilage

Concomitant cartilage damage is commonly 
reported during ACL reconstruction, especially 
after a contact trauma or recurrent instability epi-
sodes [162]. Other risk factors are surgery delay 
over 12 months and high BMI [133]. Isolated car-
tilage lesions in ACL rupture are difficult to 
assess because of the frequent presence of a con-
comitant meniscal lesion; for this reason, there is 
no uniform consensus about the outcomes of 
ACL reconstruction in the case of chondral 
lesions [163].

The majority of the literature reports poorer 
clinical outcomes [164], and lower likelihood of 
achieving symmetry for extension strength at 
6 months after surgery [165] in the presence of a 
partial or full-thickness cartilage lesion. In spite 

of this, a study from the Norwegian registry 
reports a good restoration of the knee function in 
both patients with a cartilage lesion (ICRS grade 
3 or 4) or those without cartilage lesion 9 years 
after ACL reconstruction [164].

Treatment of cartilage lesions is challenging, 
because of its inability to regenerate or repair. 
Little evidence does exist of better results after 
surgical treatment of cartilage lesions [166]. 
Clinical scores 5 years after surgery do not show 
any differences between no treatment, debride-
ment, or microfractures in full-thickness carti-
lage lesions [167]. Furthermore, small 
asymptomatic lesions may not necessitate surgi-
cal treatment [168]. A large full-thickness defect 
in young patients can be treated by attempting 
autologous chondrocyte implantation, scaffold- 
based repair, or osteochondral transplantation 
[169].

In the case of patellofemoral cartilage lesions 
in ACL reconstruction, instability and malalign-
ment should be assessed and treated when pres-
ent [170]. Currently, no consensus does exist on 
the post-operative rehabilitation protocol [171], 
which should be based on individual case 
evaluation.

3.4  Conclusions

ACLR is one of the most common procedures 
performed aiming to restore knee function. 
Several factors influence results and the assess-
ment of possible associated risk factors of failure 
is mandatory before the operation. A careful eval-
uation of the patient including clinical, biome-
chanical, and radiological data is the best way to 
plan a successful treatment.

We know that an increasing percentage of ath-
letes can resume their previous activity at the 
same level with an appropriate surgical  technique. 
Associated biomechanical, ligamentous, menis-
cal, chondral, and osteochondral abnormalities 
could endanger the success of the ACLR: their 
proper treatment will further reduce the risk of 
unsatisfactory results.
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Technique Corner: ACLR Optimal 
Tunnel Placement: How to Get 
There?

Konsei Shino, Ryohei Uchida, Hiroyuki Yokoi, 
Tomoki Ohori, and Tatsuo Mae

4.1  Introduction

Apart from tenodesis surgery, ACLR is aimed to 
stabilize the knee without loss of motion. 
According to our biomechanical studies, the 
more anatomically simulated the grafts are, the 
more efficiently they function to stabilize the 
knee [1, 2]. Thus it is desirable to optimally place 
the tunnels for the proper graft to closely mimic 
the native ACL by creating the tunnel apertures 
inside the attachment areas.

4.2  Key Issues for Anatomical 
ACL Reconstruction

The following issues should be addressed to 
achieve ACLR goal to stabilize the knee without 
loss of motion.

 1. Graft choice and preparation
The graft should be chosen and prepared to 

mimic the native ACL with oblong cross sec-
tion. Thus our graft choice is a bone patellar 

tendon-bone (BPTB) graft with rectangular 
cross section for a single rectangular tunnel or 
multi-stranded hamstring tendon (MSHT) 
graft for multiple small round tunnels [3] 
(Fig. 4.1).

 2. Bony landmark strategy
The direct insertion areas should be exactly 

identified. The native ACL has direct type 
insertions along with fibrous cartilage layer to 
the femur as well as to the tibia. Hence, the 
areas are concave in bony surface. Thus the 
bony landmark strategy is advocated to strictly 
delineate the areas, as they are surrounded by 
the bony landmarks: the resident’s ridge and 
the posterior cartilage border on the femur; 
the anterior ridge, the medial intercondylar 
ridge, the central intercondylar ridge, and the 
intercondylar eminence on the tibia [4–12].

 3. Containing tunnel apertures inside the attach-
ment areas

The tunnel apertures should be created 
strictly inside the attachment areas.  This 
makes it possible not only for the graft to 
mimic the native ACL but to reduce tunnel 
widening, as the bone underneath the attach-
ment areas consists of thicker cortex [13]. 
Reaming of single 10-mm round tibial tunnel 
cause not only violate the border of the tibial 
attachment area but cause iatrogenic injury to 
the anterior horn of the lateral meniscus on the 
tibia [14].
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 4. Graft size
The whole attachment areas may not nec-

essarily be totally filled with grafts. The 
autogenous tendon grafts are greater than the 
native ACL in mechanical properties, and they 
become hypertrophic after implantation [15, 
16]. Thus the grafts with smaller cross- 
sectional area compared to the attachment 
areas are sufficient.

4.3  Anatomical Bony Landmarks 
for the Attachment Areas

4.3.1  Femoral Attachment Area

Iwahashi et  al. histologically demonstrated that 
the direct insertion of the ligament to the femur is 
located as a crescent-shaped fovea at supero- 
posterior margin of the lateral wall of the inter-
condylar notch, and provided the area on 3-D CT 
image by reconstituting the oblique-axial CT sec-
tions [6]. Thus, the femoral insertion area of cres-
cent shape has the following landmarks: the 
resident’s ridge, anteriorly; posterior cartilage 
border, posteriorly [5–8] (Fig. 4.2).

4.3.2  Tibial Attachment Area

Berg pointed out Parsons’ knob (tuberculum 
intercondylare tertium) as the anterior border of 
the tibial insertion, while it is called “anterior 
ridge of the tibia” by Tensho [9]. Purnell and 

PL

ba

AML + AML

Parallelepiped-shaped
for the rectangular femoral tunnel

Triangular prism-shaped
for distal round portion of the

tibial tunnel Tunnel 

Fig. 4.1 Prepared grafts. (a) A bone-patellar tendon-bone (BPTB) graft for the anatomical rectangular tunnel ACLR; 
(b) Multi-stranded hamstring tendon (MSHT) grafts for the anatomical triple-bundle ACLR

RR

PCB

* TPCB

Fig. 4.2 ACL femoral attachment area of crescent/trape-
zoid shape on 3-D CT of the right knee. There are 2 land-
marks to identify the area: RR the resident’s ridge, PCB 
posterior cartilage border. TPCB, Top of PCB (*) is 
extremely important to arthroscopically identify the area

K. Shino et al.



37

Clancy showed that the medial intercondylar 
ridge could be used as the bony landmark for 
medial border of the tibial insertion [5]. Siebold 
et al. have clarified the relationship in tibial inser-
tion between ACL and the anterior horn of the 
lateral meniscus [10]. Yonetani and Kusano found 
a distinct ridge bisecting the slope between the 
ACL and the anterior horn of the lateral meniscus, 
and named it “the central intercondylar ridge” [8, 
9]. Thus, there are four landmarks for the tibial 
attachment area: the anterior ridge, anteriorly; the 
intercondylar eminence, posteriorly; the medial 
intercondylar ridge, medially; the central inter-
condylar ridge/the anterior horn of the lateral 
meniscus, laterally (Fig. 4.3).

4.4  Arthroscopic Delineation 
of the Attachment Areas 
Based on the Bony 
Landmark Strategy

4.4.1  Three Portal Technique

The anteromedial (AM) portal is an essential 
viewing portal to visualize the femoral or tibial 
attachment areas with a 45-degree oblique scope. 
The areas could be nearly-perpendicularly 

observed by rotating the scope. This makes it 
possible to minimize error in visualization.

The other two portals for instruments are the 
anterolateral (AL) portal and the far anteromedial 
(FAM) portal located 2–2.5 cm posterior to the 
anteromedial portal and just above the medial 
meniscus [17].

4.4.2  Femoral Attachment Area

Viewing laterally the posterior third of the lateral 
wall of the notch via the AM portal, the fibrous 
tissues including ACL stump on superior- posterior 
half of the lateral wall of the intercondylar notch 
is thoroughly removed using a radiofrequency 
(RF) device through the FAM portal. While 
mechanical shavers could be utilized, care should 
be taken to preserve subtle undulation of the bony 
surface around the attachment area. After clean-
ing-up, the crescent-shaped attachment area is 
clearly delineated by the resident’s ridge, anteri-
orly; posterior cartilage border, posteriorly [8] 
(Fig. 4.4).

Even if the resident’s ridge could not be 
clearly identified, the proximal border of the pos-
terior cartilage margin could be used to assume 
the attachment area, as the long axis of the area or 
the ridge forms an angle of 31° to the distal femo-
ral axis [8].

4.4.3  Tibial Attachment Area

Viewing down the ACL tibial remnant and/or 
attachment area via the AM portal, the stump is 
roughly cut to 3–5 mm in length with a mechani-
cal shaver. Then, the fibrous tissues including 
ACL stump is thoroughly removed using a RF 
device through the AL portal while preserving 
the anterior horn of the lateral meniscus. After 
cleaning-up, the boot-shaped attachment area is 
clearly delineated by the anterior ridge/Parsons’ 
knob, anteriorly; intercondylar eminence, poste-
riorly; the medial intercondylar ridge, medially; 
the central intercondylar ridge, laterally [5, 9–
12]; (Fig. 4.5).

CIR

AR/ Parsons’  knob

MIR

IE
*

Fig. 4.3 ACL tibial attachment area of boot shape on 3-D 
CT of the right knee. There are 4 bony landmarks to iden-
tify the area: MIR medial intercondylar ridge, AR anterior 
ridge, CIR central intercondylar ridge, IE intercondylar 
eminence
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AR

MIR

IE

a b

CIR

Fig. 4.5 Arthroscopic views of the ACL tibial stump or 
attachment area via the anteromedial portal with a 
45-degree oblique arthroscope directed down. (a) ACL 
stump after roughly shaving. (b) View after clearage of the 
fibrous tissue around the area using RF device. The boot- 

shaped ACL tibial attachment area is clearly observed. 
The area has the following landmarks: MIR medial inter-
condylar ridge, AR anterior ridge, CIR central intercondy-
lar ridge, IE intercondylar eminence

PCB

RRb

*

TPCBa

Fig. 4.4 Arthroscopic Views of the ACL femoral attach-
ment area of the right knee through the anteromedial por-
tal with a 45-degree oblique arthroscope directed laterally. 
(a) View before clearage of the fibrous tissue around the 
area. (b) View after clearage of the fibrous tissue around 

the area using RF device. There are three landmarks to 
identify the area: RR resident’s ridge, PCB posterior carti-
lage border, TPCB Top of PCB (*). Note the tip of the 
guide pin at the center of the area (arrow)
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It is our recommendation to take plain lateral 
radiograph to double-check location of the tip of 
the guide pin (Fig. 4.6).

4.5  Creation of Anatomical 
Tunnels

To consistently create the robust femoral tun-
nel, outside-in approach is recommended, while 
small additional incisions are required [18, 19]. 
Once the femoral attachment area is delineated, 
a femoral drill guide is introduced via the AL 
portal to get access to the area. Two guide pins 
are drilled from the lateral femoral cortex to the 
attachment area, and then overdrilled with 4.5 
to 6-mm drill bit. For the BPTB graft, the two 
drill holes are dilated into one rectangular tun-
nel (Fig. 4.7a). For MSHT graft, the two drill 
holes are used separately (Fig.  4.7b). While 
inside-out approach via FAM portal could be 
used if the knee could be flexed over 130°, the 
graft fixation on the femoral cortex may be 
compromised by softer cortex of the distal 
epiphysis.

For the tibial attachment area, the FAM portal 
is used for the tibial drill guide. Two to three 
guide pins are drilled from the medial tibial 

Fig. 4.6 Intra-operative lateral radiograph to double- 
check location of the guide pin. Note the tip of the guide 
pin is located in the center of the tibial attachment area 
(dotted arrow)

a b

Fig. 4.7 Arthroscopic views of the anatomical femoral tunnels through the anteromedial portal. (a) A rectangular 
femoral tunnel for BPTB graft; (b) two round femoral tunnels for MSHT graft
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a b

Fig. 4.8 Arthroscopic views of the anatomical tibial tunnels through the anteromedial portal. (a) A rectangular tibial 
tunnel for BPTB graft; (b) three round tibial tunnels for MSHT graft. A Steinmann pin is inserted into each hole

a b

Fig. 4.9 Arthroscopic views of the anatomically-oriented 
grafts through the anterolateral portal: (a) single BPTB 
graft; (b) MSHT triple-bundle graft. Note that the grafts 

do not cause impingement to the notch or the posterior 
cruciate ligament without notchplasty

metaphysis medial to the tibial tubercle to the 
area, and then overdrilled with 4.5- to 6-mm drill 
bit according to the diameter of the grafts. For the 
BPTB graft, the longitudinal two drill holes 
along the medial intercondylar ridge are dilated 
into one rectangular tunnel (Fig.  4.8a). For 
MSHT graft, the three drill holes are used sepa-
rately (Fig. 4.8b).

4.6  Impingement-Free Grafting

After the tunnels are created inside the attachment 
areas, the proper graft: a BPTB or MSHT graft is 
placed according to the fiber arrangement inside 
the native ACL.  Then the grafts do not cause 
impingement to the notch or the posterior cruciate 
ligament without notchplasty (Fig. 4.9) [3].
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Evidenced-Based Approach 
for Anterolateral Surgery for ACL 
Reconstruction

Fares Uddin, Gilbert Moatshe,  
and Alan Getgood

5.1  Background

Contemporary anterior cruciate ligament (ACL) 
reconstruction techniques are reproducibly suc-
cessful in controlling anterior tibial translation 
associated with ACL ruptures; however, their 
utility in restoring rotational laxity is variable. 
Several surgical advances have been made over 
the years in an attempt to address this rotational 
laxity and restore normal knee kinematics. In 
recent years there has been increasing trend 
toward anatomic single-bundle ACL reconstruc-
tion employing the placement of the femoral tun-
nel within the ACL footprint resulting in a lower 
position and more oblique orientation [1]. 
Theoretically this provides a biomechanical 
advantage for controlling tibial rotation [2], with 
studies demonstrating improved patient-reported 

outcomes as well as rotational control with this 
technique [3–6]. Some authors have advocated 
for double-bundle ACL reconstruction in order to 
better recreate the normal anatomy and control 
rotational instability. Biomechanical studies have 
demonstrated that double-bundle ACL recon-
struction is probably superior in controlling rota-
tional laxity [7, 8]; however, clinical studies have 
failed to show any significant difference when 
compared to single-bundle techniques [9].

Despite improved patient-reported outcomes 
with current ACL reconstruction techniques, an 
increasing amount of literature has demonstrated 
rising concerns over persistent instability and re- 
injury rates. Individuals under the age of 20 years 
have a re-injury rate as high as 20% (30% if 
contra- lateral knee injury included) [10–13]. It is 
not clear if rotatory laxity as measured by the 
pivot shift is a risk factor for repeat injury. 
However, a persistent positive pivot shift has 
been correlated with decreased patient satisfac-
tion as well as increased functional instability [3, 
14, 15]. Furthermore, a positive pivot shift may 
cause abnormal cartilage contact stress and 
increase the risk of wear [16, 17]. The literature 
demonstrates that current ACL reconstruction 
techniques are not as effective in controlling rota-
tion as once believed [12]. Return to sport at the 
pre-injury level and return to competitive sports 
may also be as low as 63% and 44%, respectively 
[7]. This suggests that while ACL reconstruction 
with modern techniques improves functional out-
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comes in many patients, there exists a subgroup 
of patients in whom addressing the additional 
rotational laxity may be indicated in order to fur-
ther improve clinical results.

This chapter will focus on the anterolateral 
complex (ALC) of the knee and how the use of 
anterolateral procedures to address persistent 
rotatory laxity may benefit patients undergoing 
both primary and revision ACL surgery.

5.2  Anatomy

Few anatomic regions in the orthopedic world 
have been as highly debated as the anterolateral 
side of the knee. In 1879, Segond was the first to 
describe the eponymous fracture now associated 
with injury to these structures [18]. At the time, 
he described a pearly band remaining attached to 
the fracture fragment. Kaplan detailed the layers 
and attachments of the iliotibial band (ITB) to the 
femur, further enhancing our understanding of 
this complex area [19]. He was also the first to 
coin the term anterolateral ligament; however, he 
had rather attributed it to a segment of the ilio-
tibial band (ITB). Terry [3] subsequently divided 
the facia lata into its component parts and was the 
first to describe the deep part of the ITB as the 
“true anterolateral ligament of the knee” [20]. 
Muller, as well as Lobenhoffer, separately docu-
mented the presence of a retrograde fiber tract 
connecting the deep fibers of the ITB to the 
anterolateral tibial plateau providing static stabil-
ity [21, 22].

To add to the perplexity of inherently compli-
cated anatomy, the literature is fraught with over-
lapping nomenclature for various structures. 
Lateral capsular ligament [23], capsule-osseous 
layer of the ITB [20], retrograde tract fibers [22], 
anterior oblique band [24], and the lateral femo-
rotibial ligament [25] are just a sample of the 
names used to describe a common structure. 
Cruels et al. are accredited with being the first to 
describe the anterolateral ligament (ALL) as a 
separate entity [25], even though confusingly, 
Terry et  al. used the same terminology for the 
capsule-osseous layer of the ITB. The ALL was 
further refined by Vincent et al. and described as 

being a ligamentous structure anterior to the fibu-
lar collateral ligament (FCL); they further stated 
that this was the same structure previously identi-
fied in the literature as the mid third capsular 
ligament [26].

The rediscovery of the ALL by Claes et  al. 
reignited much controversy and research into this 
topic [27]. They identified the ligament in 40 of 
the 41 dissected specimens and thoroughly 
described its structure. Interestingly, they found 
that it lacked connections to the overlying ITB 
but had a strong meniscal attachment. Dodds 
et al. [28] and Kennedy et al. [29] have since pub-
lished the most detailed descriptions of the ALL 
that we know to date. The femoral attachment of 
the ALL has been described to be somewhat vari-
able in position while the tibial attachment is 
fairly consistent. Some studies describe the fem-
oral attachment to be proximal and posterior to 
the FCL origin [28, 29], others distal and anterior 
[27, 30], while one cadaveric study even described 
both variants [31]. Helito et al. in their histologi-
cal study have demonstrated the ALL to have a 
similar well organized and dense collagenous 
structure to ligaments [30]. The ALL has also 
been described as capsular thickening present 
within the anterolateral complex (ALC) with col-
lagen bundle arrangement similar to ligaments 
[27, 31]. The biomechanical study by Smeets 
et al. [32] demonstrated the ALL to have different 
properties to that of the adjacent capsule and sim-
ilar to capsular ligaments such as the inferior gle-
nohumeral ligament. In the pivotal study by 
Seebacher [33] and colleagues describing the 
layers of the knee, they stated that Layer 3 of the 
anterolateral capsule divides into superficial and 
deep lamina just anterior to the lateral collateral 
ligament (LCL) and prior to enveloping it. It 
would seem that many of the structures identified 
in previous studies may actually be synonymous 
with the ALL. It is now that with advancements 
in imaging and histology that investigators are 
able to more accurately characterize this 
structure.

The recent International ALC Consensus 
Group Meeting [34] attributed the various 
nomenclature and heterogeneity of structures in 
the literature to the following reasons: the lack of 
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clear photographs and diagrams in historical 
papers, the use of both embalmed and fresh spec-
imens, and differences in dissection techniques 
that may introduce “artifacts.” The panel subse-
quently established six statements regarding 
anatomy of the anterolateral complex (ALC). 
They defined the ALL as being a structure within 
the ALC, as a capsular structure within Seebacher 
Layer 3, and having variable morphology 
between individuals, having an attachment to the 
lateral meniscus. They also defined the layers of 
the ALC as well the anatomic course and land-
marks of the ALL.  The layers of the ALC run 
from superficial to deep as follows: superficial 
ITB, deep ITB (with Kaplan fiber system), ALL, 
and capsule (Fig.  5.1a–d). The ALL originates 
proximal and posterior to the lateral femoral epi-
condyle and origin of LCL, runs superficial to 
LCL, and attaches to the tibia midway between 
Gerdy’s tubercle and the head of the fibula.

5.3  Biomechanics

Cadaveric biomechanical studies have been pub-
lished evaluating the kinematics of the knee fol-
lowing sectioning of the ALC structures. 
Transecting the ALL in ACL-deficient knees has 
been observed to significantly increase both 
anterior translation as well as internal rotation 
during the early phases of the pivot shift [35]. 
Using a 6-degree of freedom robot, Rasmussen 
et al. also demonstrated a clear increase in inter-
nal rotation following sectioning of the ALL 
[36]. Navigation studies evaluating dynamic 
pivot shift in ACL/ITB-deficient and ACL/LCL-
deficient knees have shown significantly 
increased internal rotation laxity [37]. Similarly, 
Kittl et al. examined the effect of sectioning the 
ALL as well as the superficial and deep layers of 
the ITB [38]. They found that the ALL demon-
strated a minor role in controlling internal rota-

a b

c d

Fig. 5.1 (a) Lateral side of right knee; (b) superficial ITB 
incised anteriorly and reflected from anterior to posterior 
exposing Kaplan fiber attachments and deep ITB; (c) 

Proximal and distal Kaplan fiber attachments; (d) 
Capsulo-osseous layer of deep ITB with retrograde fiber 
attachment on supracondylar region of distal femur
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tion in ACL-deficient knees. Conversely the ITB, 
specifically its deep capsule-osseous layer made 
a much greater contribution to internal rotation 
control at greater flexion angles. They also 
showed that the ACL contributed greatest to 
internal rotation control near full extension. One 
study evaluating anterior translation and internal 
rotation by the use of an optical tracking analysis 
and strain mapping found that the anterolateral 
capsule behaves more as a sheet of fibrous tissue 
rather than a ligamentous structure, disputing the 
existence of the ALL [39]. Thein et al. performed 
a serial sectioning study that demonstrated that 
the ALL only engaged in load sharing when the 
physiological limits of the ACL were surpassed 
[40]. They concluded the ALL acted as a second-
ary stabilizer only after the loss of the ACL. Huser 
et  al. performed a simulated pivot shift and 
showed that isolated ALL sectioning in ACL 
intact knees resulted in no increase in tibiofemo-
ral compartment translation. They also con-
cluded that the ALL does not function as a 
primary restraint to the pivot shift [41]. This 
same group subsequently performed another 
study that demonstrated that sectioning of the 
ALL and ITB in ACL-deficient knees trans-
formed 71% of the cadavers to a grade 3 pivot 
shift [42]. Other studies show that when com-
bined ACL and ALL injuries are present, iso-
lated ACL reconstruction is not sufficient to 
restore normal knee kinematics. In this scenario, 
only combined ACL and lateral extra-articular 
procedures were able to return kinematics back 
to normal [42].

Several studies have demonstrated that the 
lateral meniscus also plays an essential role in 
controlling anterolateral rotation. Increased lat-
eral compartment anterior translation and inter-
nal rotation have been demonstrated with lateral 
meniscus posterior root tears [43, 44]. Whether 
the ALL functions as a peripheral anchor to the 
lateral meniscus is not yet established; how-
ever, the inframeniscal ALL fibers have been 
found to be significantly stiffer and stronger 
than their suprameniscal counterparts. The clin-
ical implications of this are not yet fully under-
stood [45].

The biomechanics of ALC reconstruction has 
been examined by numerous studies. The major-
ity of them acknowledge the difficulty of extrap-
olating data from artificially created injury 
patterns and results to the clinical field. Spencer 
et al. [35] studied the effect on anterior transla-
tion and internal rotation in ACL-deficient knees 
with both a Lemaire type lateral extra-articular 
tenodesis (LET) as well as the ALL reconstruc-
tion as described by Claes et al. [27]. They found 
that the ALL reconstruction had little effect on 
controlling translation and rotation. We now 
know that the femoral graft position in this 
description was incorrect and should have been 
placed posterior and proximal, not anterior and 
distal. The LET group did show a significant 
reduction of internal rotation and anterior 
translation.

Changes in ALC reconstruction graft length 
based upon the attachment sites have been inves-
tigated by Kittl et  al. [46]. They found that the 
most isometric position was a proximal and pos-
terior attachment on the femur, with the graft 
passed deep to the LCL, and attached distally to 
Gerdy’s tubercle. The authors established that a 
LET passed deep to the LCL would therefore be 
the most efficient form of reconstruction.

With regard to ALL reconstruction, a femoral 
insertion point posterior and proximal to the LCL 
origin has been demonstrated to result in minimal 
length change during the flexion cycle [28]. But 
if the anterior and distal femoral attachment site 
as described by Claes et al. [27] was utilized, sev-
eral studies show that the ALL will tighten with 
flexion [46–48]. Therefore, it is clear that if an 
ALL reconstruction is to be of benefit to rota-
tional control then a posterior and proximal 
attachment should be chosen. This would be pos-
terior to the center of rotation of the knee and as 
a result the ALL graft would be tight toward full 
extension.

Studies have compared ALL reconstruction 
and LET in ACL reconstructed knees. Lateral 
extraarticular tenodesis graft tensioned at 20 N 
and passed deep to the LCL has been shown to 
be effective at controlling rotation with minimal 
over-constraint of internal rotation [49]. Both a 
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modified Lemaire and a modified Macintosh 
type tenodesis, with the graft passed deep to the 
LCL, have been shown to restore normal knee 
kinematics when combined with an anatomic 
ACL reconstruction. In contrast, ALL recon-
structions based on described anatomic tech-
niques were only found to minimally control 
rotation. The same group later published a study 
that showed passing an LET graft deep to LCL 
and tensioned at  different flexion angles did not 
result in any detrimental effects [50]. The study 
also reported that an ALL reconstruction tech-
nique as described by Sonnery-Cottet [51] only 
controlled knee laxity when the reconstruction 
was tensioned in full extension. Schon et  al. 
demonstrated that a single graft tensioned at 
88  N resulted in significant over-constraint of 
internal rotation despite the angle of fixation 
[52]. Ensuing studies have since suggested that 
20 N to be the optimal tension for ALL recon-
struction [49]. Geeslin et  al. compared ALL 
reconstruction to a modified Lemaire LET 
reconstruction with varying graft tension and 
knee flexion parameters. They found that the 
Lemaire LET resulted in a significantly greater 
reduction in anterior translation as well as inter-
nal rotation during a simulated pivot shift [53].

However, it has been shown that in a knee 
with ACL and ALC injury, an anatomical recon-
struction with a bone patella bone (BTB) secured 
in 25° of knee flexion without any ALC proce-
dure resulted in adequate restoration of knee 
kinematics during a simulated pivot shift [54]. 
But a residual increase of internal tibial rotation 
of 5–7° does occur at high flexion angles when an 
ALC injury is concomitantly present. This cannot 
be controlled by an ACL reconstruction on its 
own.

Further to this, Herbst et al. evaluated the role 
of augmentation of ACL reconstruction with LET 
in knees with and without ALC deficiency. They 
found that an addition of an LET provided no fur-
ther benefit in isolated ACL-deficient knees when 
an ACL reconstruction was performed [55]. 
Conversely, LET was required in the combined 
injuries to restore normal knee kinematics. 
Therefore, it can be deduced that it is important 

to identify ACL deficiencies in which a combined 
ALC injury may have occurred. Several studies 
have shown that in a knee exhibiting high-grade 
laxity, an isolated ACL injury is largely unlikely. 
Coexisting meniscal and ALC injuries are usu-
ally encountered and this supports the need for a 
combined ACL and anterolateral reconstruction 
[56]. Concomitant injuries in acute ACL have 
been reported in the literature to occur between 
40 and 90% of the time [31, 57, 58].

Currently, it is difficult to determine whether 
one reconstruction technique is superior to 
another. This is largely since the methods by 
which the experiments are conducted, and the 
measurement techniques differ between studies. 
When utilizing an LET procedure, the recom-
mendation is to pass the graft deep to the LCL 
prior to femoral fixation [49]. This provides a 
more optimal direction of action through the flex-
ion range, avoids over-constraint, and allows the 
LCL to serve as a fulcrum. However, if utilizing 
an ACL and ALL reconstruction as described by 
Sonnery-Cottet, having the graft tensioned in 
extension would provide the most biomechanical 
advantage [46, 49].

Concerns of over constraining the lateral com-
partment are a potential issue with ALC proce-
dures. Lateral compartment contact pressures 
following LET has been investigated and a small 
increase has been demonstrated [59]. This 
increased pressure was found to be insignificant 
when compared to that occurring physiologi-
cally. The clinical relevance of over-constraint is 
currently unknown but there is no evidence till 
date indicating accelerated osteoarthritis [60]. 
Furthermore, Shimikawa et al. also demonstrated 
that LET did not increase lateral compartment 
contact pressures even in the presence of lateral 
meniscectomy [61].

The ALC consensus meeting statement has 
recognized the potential to over constrain the 
normal motion of the lateral compartment. They 
have identified over tensioning of the graft and 
fixation with the tibia in external rotation to be 
possible reasons. As of yet there is no clinical 
evidence linking this procedure to accelerated 
osteoarthritis [62].
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5.4  Clinical Evidence: 
An Historical Perspective

Lateral extraarticular tenodesis procedures are 
by no means newcomers to orthopedic surgery. 
In the early twentieth century it was the proce-
dure of choice to deal with knee laxity associ-
ated with an ACL deficiency. Lemaire et al. had 
described a technique utilizing a 1.2  ×  18  cm 
strip of ITB left attached distally to Gerdy’s 
tubercle, passed deep to the LCL, through an 
osseous tunnel in the femur, and then anchored 
to a bone tunnel at Gerdy’s tubercle [63] 
(Fig.  5.2a). Macintosh also described an ITB-
based reconstruction using a 2  ×  20  cm strip 
from the midsection, left attached distally, 
passed deep to the LCL, through a subperiosteal 
femoral tunnel just behind the LCL proximal 
attachment, passed through the distal intermus-
cular septum, then tensioned and sutured onto 
itself deep to the LCL [64] (Fig. 5.2b). In 1979 

Arnold et  al. described a modification of the 
Macintosh utilizing a 2 cm strip of ITB with the 
distal attachment intact. This was routed deep to 
the proximal LCL where it was sutured. The 
remaining graft was reflected distal over the 
LCL and secured to the tibia at Gerdy’s tubercle 
with a staple at 90° flexion and in external rota-
tion [65]. The Ellison procedure differs from the 
above where the 1.5 cm strip of ITB was released 
distally with a bone block. This was subse-
quently passed deep to the LCL and anchored to 
a bone trough in the region of the lateral patellar 
tendon. Combining this with a deep lateral cap-
sular plication was determined to create a 
dynamic reconstruction [66] (Fig.  5.2c). Losee 
et  al., Andrews and Sanders described further 
variations of isolated ITB based procedures to 
treat ALRI [67, 68].

The early literature describing isolated LET 
procedures were heterogenous due to a variety of 
techniques, differing rehabilitation protocols, and 

a b

c

Fig. 5.2 (a) Original Lemaire lateral tenodesis; (b) Ellison procedure; (c) Macintosh procedure
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poor outcome reporting. On the whole, results 
were largely poor, with reduced outcome scores 
and high rates of residual instability. Neyret et al. 
reviewed outcomes in amateur skiers under 35 
and recommended against an isolated LET pro-
cedure [69]. They found poor subjective satisfac-
tion rates with significant residual laxity. At 
4.5 years, 12 of 15 patients had a positive pivot 
shift. Amirault et al. demonstrated 52% good to 
excellent outcomes with an isolated Macintosh 
procedure [70]. Ellison reported 44% excellent 
and 39% good results in their series of 18 knees; 
however, there was a 16.6% failure rate with 2 
out of 18 knees requiring reoperation [66]. 
Kennedy et al. evaluated 28 patients who under-
went an Ellison type reconstruction and found 
that only 57% of patients at 1 year had good or 
excellent outcomes [71]. Twenty-four patients in 
their series demonstrated residual laxity with a 
positive pivot shift assessment.

It eventually became apparent that an intraar-
ticular procedure would indeed provide better 
control of knee stability. Surgeons determined 
that the results of their lateral reconstruction 
which was designed to control anterolateral rota-
tory stability could be extrapolated to an intraar-
ticular reconstruction. Combined reconstructions 
could either be incorporated within the ACL 
reconstruction where a single graft is used for 
both intra- and extra-articular procedures or it 
could be augmented to an intraarticular proce-
dure with a separate graft.

The Macintosh “over the top” reconstruction 
described in 1985 is an ITB-based combined 
intra-articular and extra-articular reconstruction 
[72]. Here a 4 × 25 cm strip of ITB left attached 
distally is passed deep to the LCL.  It is then 
passed subperiosteally to the anterior aspect of 
the lateral intermuscular septum, then over the 
top and through the knee to reconstruct in the 
intra-articular ACL. Maracci et al. subsequently 
described a modification of this using a ham-
strings autograft. The semitendinosus and graci-
lis tendons are harvested but left attached distally 
where they are sutured together [73]. The graft is 
then directed intraarticularly through a tibial tun-
nel, to the over-the-top position on the femur, and 
passed superficial to the LCL and secured to 

Gerdy’s tubercle to reconstruct the extraarticular 
component. Lerat et al. described a “MacInJones” 
procedure involving the lateral third of the patel-
lar tendon harvested in continuity with 10  cm 
strip of the quadriceps tendon [74]. The quadri-
ceps component was passed deep to the LCL and 
secured to Gerdy’s tubercle.

An expanding literature of studies examining 
the effect of LET procedures as an augment to an 
intraarticular ACL reconstruction exists. The ear-
lier observational studies from the 1980s were 
largely encouraging. Bertoia reported 91% good 
to excellent outcomes with 97% of their cohort 
returning to pre-injury activity at 37 months uti-
lizing a Macintosh over-the-top reconstruction 
[72]. In 1988 Dejour et al. evaluated results of an 
augmented BTB ACL reconstruction with a 
Lemaire procedure and demonstrated 83% good 
or excellent outcomes at a 3 year follow-up [75]. 
Zarin and Rowe equally demonstrated satisfac-
tory outcomes in their review of 100 patients 
treated with a combined semitendinosus and ITB 
over-the-top reconstruction [76].

Subsequent comparative studies were how-
ever discouraging with concerns arising regard-
ing surgical morbidity, lateral compartment 
over-constraint, and the possible development 
of osteoarthritis with LET procedures. O’Brien 
et  al. published a retrospective series of 80 
patients treated with a BTB ACL reconstruction 
with or without a modified Macintosh procedure 
followed over 4  years [77]. They showed no 
improvements in stability with 40% of patients 
complaining of chronic pain or swelling in those 
with combined procedures. This study had sev-
eral methodological limitations; in particular it 
was not sufficiently powered to elicit a differ-
ence in clinical outcomes and included all age 
groups of patients, not those that are particularly 
at risk of ACL reconstruction graft failure. 
Strum et  al. performed a retrospective study 
evaluating intraarticular reconstruction with 
combined procedures and found no additional 
benefit of adding an LET procedure in the 127 
patients studied [78]. They, much like the previ-
ous study, did not provide any indication in 
patients in whom a LET procedure was per-
formed. Anderson et al. subsequently published 
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a randomized trial in 2001 comparing BTB, 
hamstring, and hamstring plus a Losee type 
LET procedure with a minimum of 2 years fol-
low-up [79]. They demonstrated no additional 
benefit of the extra-articular procedure. In 1989 
the American Orthopedic Society for Sports 
Medicine Conference raised concerns with the 
greater morbidity and higher risk of complica-
tions [80]. They issued a recommendation to 
abandon lateral based procedures and these as a 
result felt out of favor in North America. 
However, significant global variation existed at 
this time with LET augmentation still being 
popular in many European centers.

5.5  Clinical Evidence: 
The Current Concepts

An unacceptably high failure rate of ACL recon-
structions in young patients has been reported 
recently, with reports reaching as high as 20% 
[10–13]. Forty-seven percent of these injuries 
may occur within the first year while 74% within 
the first 2 years following surgery [81]. Several 
factors may contribute to such high numbers 
including the surgical technique, poor neuromus-
cular rehabilitation, participating in high-risk 
pivoting sports, and early return to sports. Many 
of these issues are not within the full control of an 
orthopedic surgeon to modify, but an emphasis 
on improving and maintaining an optimal surgi-
cal technique is. These include appropriate graft 
tunnel positioning as well as addressing concom-
itant injuries of the meniscus, soft tissue laxity 
patterns, and malalignment.

Zaffagnini et al. performed a randomized con-
trolled trial comparing the Marcacci technique as 
described above, a 4 strand hamstrings single- 
bundle ACL reconstruction, and a BTB ACL 
reconstruction [82]. They demonstrated improved 
patient outcomes with the addition of the lateral 
augmentation as well as a quicker return to sports. 
Vadala et al. explored the concept of LET as an 
augmentation in high-risk individuals. In their 
study, female patients with an ACL deficiency 

who had a grade 2 or 3 pivot shift preoperatively 
were randomized to a 4 strand hamstrings ACL 
reconstruction with or without an extraarticular 
Coker-Arnold procedure [83]. At 44.4  months 
follow-up 18.86% of patients in the combined 
ACL and LET group had residual positive pivot 
shift compared to 57.1% in the group with iso-
lated ACL reconstruction.

Hewison et al. published a systematic review 
demonstrating that the addition of a lateral-based 
procedure to an ACL reconstruction improves 
rotational control when assessed by a pivot shift, 
but does not alter anterior translation nor patient- 
reported outcomes [84]. Rezende and colleagues 
published a systematic review that found ACL 
reconstruction augmented with LET achieved 
improved anteroposterior stability when mea-
sured by Lachman and KT-1000 testing [85]. 
Devitt et  al. published a meta-analysis on the 
results of LET augmentation in early 
(<12  months) and delayed ACL reconstruction 
[60]. Fascinatingly, they found that LET aug-
mentation did not improve rotational stability in 
the early reconstruction group but saw a statisti-
cally significant improvement in the delayed 
group.

Augmenting with an LET in the case of revi-
sion ACL surgery is attractive particularly if no 
causative factor for failure was identified. This 
would allow the surgeon to address residual rota-
tional instability that may have been a cause for 
the failure. Furthermore, it allows the LET to 
shield the revision graft to excessive stress during 
the initial incorporation period, as has been 
shown by Engebretsen et  al. [86, 87]. In this 
cadaveric study, the addition of an LET reduced 
graft strain by 43%. A retrospective multicenter 
study was performed by the French Arthroscopic 
society to evaluate revision ACL reconstruction 
with or without a LET [88]. One hundred eighty- 
nine patients were reviewed in which 51% had an 
LET performed. There were varying reconstruc-
tion techniques and the indications of augment-
ing with a LET were not provided. At a 2-year 
follow-up there was a 15% failure rate in the iso-
lated ACL revision group and a 7% in the LET 
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augmented group. With regard to a pivot shift 
evaluation, 63% in the isolated ACL revision arm 
had a negative test compared to 80% in those 
who additionally underwent a LET procedure. 
Ferreti et  al. evaluated 30 patients who under-
went a revision ACL reconstruction utilizing a 
quadruple strand hamstrings autograft with the 
Coker-Arnold modification of the Macintosh 
LET [89]. Their study at a 5-year follow-up 
showed a 10% overall failure rate with only two 
patients having a pivot shift greater than grade 2.

In 2015, Sonnery-Cottet et  al. published 
2-year outcomes on augmenting a hamstring 
autograft ACL reconstruction with an ALL recon-
struction. Out of 92 patients, only 7 had a grade 1 
pivot shift and the re-rupture rate was 1% [51]. 
The same group subsequently published a com-
parative series of 502 young patients who were 
involved in pivoting sports, and therefore deemed 
to be at high risk of graft failure [90]. The com-
bined ACL and ALL group had graft failure rates 
of 4%, compared to 10% and 16% in the isolated 
hamstrings and the isolated BTB ACL recon-
struction groups, respectively.

Getgood et al. recently published the two-year 
results of the STABILITY Study, a prospective 
randomized controlled trial of 618 patients com-
paring ACL reconstruction with or without LET 
[91]. Patients 25 or younger with an ACL defi-
ciency were included if they met 2 or more of the 
following criteria: grade 2 pivot shift or greater, 
desire to return to high-risk pivoting sports, and 
generalized ligamentous laxity. They found an 
11% graft rupture rate in the ACL reconstruction 
group versus 4% in the ACL + LET group. The 
number needed to treat with LET to prevent 1 
graft rupture was 14.3. They demonstrated a sta-
tistically significant and clinically relevant reduc-
tion in graft rupture and persistent rotatory laxity 
at 2 years.

To date, no clinical studies have demonstrated 
an increased risk of osteoarthritis with the addi-
tion of LET as historically was alleged. In their 
20-year outcome report of an over-the-top ham-
strings reconstruction with an LET, Zaffagnini 
et  al. demonstrated no development of lateral 
compartment or patellofemoral osteoarthritis 

[92]. Pernin et  al. in their 24.5-year follow-up 
found similar results and attributed development 
of osteoarthritis to the status of the medial menis-
cus and femoral chondral defects at the time of 
surgery [93]. A recent meta-analysis did not find 
any evidence of osteoarthritis in the knee at an 
11-year follow-up with the addition of LET pro-
cedures [60].

5.6  Indications and Surgical 
Technique

Our current indications for LET include the 
majority of revision ACL reconstructions, young 
patients (<25 years old) returning to contact piv-
oting sports, young patients (<25 years old) hav-
ing ACLR with hamstring tendon autograft, 
high-grade pivot shift (2 or greater), patients with 
knee hyperextension (>10°)/generalized liga-
mentous laxity (Beighton score > 4), and patients 
with increased posterior tibial slope (>10°).

The surgical technique the authors employ for 
their lateral-based procedure is an LET utilizing 
a modified Lemaire technique (Fig. 5.3a–f). An 
oblique incision is made between the lateral epi-
condyle and the Gerdy’s tubercle approximately 
5–6  cm in length (Fig.  5.3a). A 1  ×  8  cm long 
strip of ITB is harvested, leaving the distal attach-
ment intact (Fig.  5.3b, c). The proximal end of 
the graft is then whipstiched using a No. 1 Vicryl 
suture. The FCL is subsequently identified, a soft 
tissue tunnel is created deep to the FCL and 
superficial to the joint capsule, and the ITB graft 
is passed deep to the FCL (Fig. 5.3d). The graft is 
then secured to the supracondylar metaphyseal 
flare of the distal femur anterior to the intermus-
cular septum and proximal to the LCL origin uti-
lizing a Richard’s fixation staple (Smith & 
Nephew Inc) (Fig.  5.3e). Fixation is performed 
with the knee at 60–700 flexion and 00 rotation 
with minimal tension being applied to the graft. 
The free end of the ITB is then looped back onto 
itself and sutured using a No. 1 Vicryl suture. The 
remaining defect in the ITB is then partially 
closed up to but not including the transverse reti-
nacular ligament (Fig. 5.3f).
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5.7  Conclusion

Cadaveric anatomic and biomechanical studies 
have demonstrated the importance of the ALC to 
the ACL-deficient knee and subsequent ACL 
reconstruction. Up until now, high-quality pro-
spective studies evaluating the effect of ALC pro-
cedures on outcomes following ACL 
reconstruction have been lacking. Overall, the 
current literature demonstrates a pattern suggest-
ing LET or ALL augmentation can improve rota-
tional stability and result in decreased graft 
rupture rates following ACL reconstruction. It is 
yet to be fully determined who most benefits 
from an anterolateral augmentation. However, 

young patients returning to contact pivoting sport 
and undergoing a hamstring tendon autograft 
ACL reconstruction seem to be at high risk, and 
likely benefit most from LET/ALL augmenta-
tion. It is these individuals that we as clinicians 
need to appropriately identify and treat accord-
ingly in order to improve results following ACL 
reconstruction.
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Why Does LET Work?

João V. Novaretti and Moisés Cohen

6.1  Introduction

Several lateral extra-articular tenodesis (LET) 
procedures have been described for treatment of 
anterior cruciate ligament (ACL) injury [1–5]. 
Since rotatory knee instability and ACL re- 
rupture are relevant concerns after ACL recon-
struction, there has been an increase in the use of 
the LET procedure in combination with ACL 
reconstruction in an attempt to address these 
issues. In this chapter, we discuss the biomechan-
ical and clinical rationale of why LET procedures 
work and may assist surgeons to achieve better 
outcomes after ACL reconstruction.

6.2  Biomechanics

The anterolateral complex (ALC) is a combina-
tion of structures on the lateral side of the knee 
that has been related to the anterolateral rotatory 
stability [6, 7]. Thus, most biomechanical studies 
use an ALC deficiency model to investigate the 
biomechanical functions of various LET proce-
dures, although ALC injury may not be com-
monly present in patients with ACL injuries. A 
previous study investigated the contribution of 

the ALC structures and the ACL in restraining 
knee kinematics in response to a simulated pivot- 
shift test in the ACL-intact and ACL-deficient 
knee [8]. The iliotibial tract (ITT) resisted 31% of 
drawer force with the ACL cut at 30° of knee 
flexion and was the primary restraint of internal 
rotation for both the intact and ACL-deficient 
knee from 30° to 90° of knee flexion while the 
other ALC structures provided no significant 
contribution. Further, the ITT provided 72% of 
the restraint at 45° during the pivot-shift test for 
the ACL-deficient group. In conclusion, the ITT 
showed significant contributions in restraining 
anterior subluxation of the lateral tibial plateau 
and tibial internal rotation, which are related to 
the anterolateral rotatory instability, while the 
other ALC structures had a minor role. Thus, it 
may be appropriate to identify and reconstruct 
ITT injuries in case of suspected anterolateral 
rotatory instability.

Another study investigated the biomechanical 
effects of anterolateral capsule injury and modi-
fied Lemaire LET in ACL-deficient and ACL- 
reconstructed knees in response to physical 
examinations [9]. Anterior translation of the lat-
eral knee compartment and internal tibial rotation 
during the pivot-shift test were highest in com-
bined ACL-deficient and anterolateral capsule- 
deficient knees (12.3 mm and 16.3°, respectively). 
Combined ACL reconstruction and LET reduced 
the anterior translation of the lateral knee com-
partment during the pivot-shift test with the 
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 presence of an anterolateral capsule injury while 
isolated ACL reconstruction did not. However, 
combined ACL reconstruction and LET led to 
overconstraint of internal tibial rotation when the 
anterolateral capsule was intact. Thus, surgeons 
should consider the potential benefits of LET with 
ACL reconstruction in the presence of an antero-
lateral capsule injury as well as the potential del-
eterious effects in an isolated ACL injury reported 
in this cadaveric study. A separate study evaluated 
the Macintosh LET with 20 N and 80 N of graft 
tension after anterolateral soft tissue transection 
[10]. Although no overconstraint was observed 
when the LET was performed with 20 N tension-
ing, grafts tensioned with 80 N caused significant 
overconstraint of the knee and increase in lateral 
tibiofemoral compartment contact pressures.

One study investigated the effects of ACL 
reconstruction and a type of LET procedure using 
a gracilis-tendon autograft on joint motion in 
ACL-deficient knees and in combined ACL and 
anterolateral capsule-deficient knees [11]. At 
higher flexion angles, the LET procedure added 
rotational stability to ACL reconstruction alone 
in a knee with combined ACL and anterolateral 
capsule deficiency. Yet, anterior tibial translation 
was not affected by the addition of the LET pro-
cedure. Meanwhile, the additional LET proce-
dure was unnecessary for the isolated 
ACL-deficient knee, as an ACL reconstruction 
alone was able to restore the kinematics of the 
knee. Of note, 2 of 7 specimens showed decreased 
internal tibial rotation with the combination of 
ACL reconstruction and LET procedure.

A recent study investigated the effects of a 
LET procedure with a semitendinosus graft on 
tibiofemoral compartment contact area and pres-
sures, knee kinematics, and forces [12]. Intact, 
anterolateral capsule deficient and post-LET 
knee states were tested. No overconstraint of the 
knee and no increase in contact pressure nor 
decrease in contact area in the lateral tibiofemo-
ral compartment were observed after LET with 
deficient anterolateral capsule. In situ force in the 
ACL decreased after LET while in situ force in 
the LET graft was higher than that of the native 
anterolateral capsule. The lack of knee overcon-
straint without significant increases in lateral 

compartment pressures indicates that if an LET 
with semitendinosus graft is not over tensioned, 
accelerated degenerative changes in the lateral 
compartment should not be expected after this 
procedure. Additionally, LET reduces the in situ 
force in the ACL in the setting of ALC injury pos-
sibly providing a protective effect to the ACL. Yet, 
when evaluating knee kinematics, LET did not 
restore all kinematics to the intact knee state. 
Another study tested LET with a semitendinosus 
graft to investigate the effects of different knee 
flexion angles of graft fixation and observed 
overconstraint of the knee at all flexion angles 
[13]. A separate study also evaluated LET with a 
semitendinosus graft and compared it with the 
Lemaire LET [14]. Significant overconstraint of 
the knee was observed with both techniques.

6.3  Clinical Studies

Earlier results with different LET procedures 
combined with ACL reconstruction were dis-
couraging and raised the concern of accelerated 
knee osteoarthritis due to overconstraint of the 
knee. One clinical study in 1990 reported chronic 
lateral knee pain and significant associated mor-
bidity with extra-articular augmentation of ACL 
reconstruction [15]. A randomized study includ-
ing 72 patients with ACL injury from 2000 to 
2002 had significantly worse subjective, objec-
tive, and functional results when ACL recon-
struction was combined with LET (sling 
technique [16]) when compared to isolated ACL 
reconstruction [17]. In a separate long-term case 
series, 71% of patients at 24-year follow-up had 
moderate or severe degenerative changes on 
radiographs after combined intra- and extra- 
articular ACL reconstruction with an iliotibial 
band graft left attached in the tibial insertion 
[18]. Therefore, these techniques were mainly 
abandoned for several years with the advances of 
intra-articular ACL reconstruction techniques. 
Yet, the persistence of rotatory knee instability 
after isolated intra-articular ACL reconstruction 
with current techniques in some cases led to a 
recent resurgence of the LET procedures in com-
bination with ACL reconstruction.
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A recent randomized controlled trial with 618 
patients investigated whether the addition of a 
modified Lemaire LET to a single-bundle, ham-
string ACL reconstruction could reduce the risk 
of ACL reconstruction failure in young, active 
patients at 2  years of follow-up [19]. Clinical 
failure was considered when persistent asym-
metric pivot-shift or graft failure was detected. 
The combined ACL reconstruction + LET group 
had significantly less clinical failure (25% vs. 
40%) and less graft rupture (4% vs. 11%) than 
the ACL reconstruction group. Of note, a num-
ber of patients in the ACL reconstruction + LET 
group reported hardware irritation that necessi-
tated staple removal and also had higher pain 
scores in the first 3 months compared with the 
ACL reconstruction group. The results of less 
graft failure with the addition of a combined 
extra-articular procedure are in agreement with 
previous nonrandomized comparative study 
[20]. With a cohort of 512 young patients partici-
pating in pivoting sports, authors investigated 
outcomes after ACL reconstruction with either 
patellar tendon autograft or hamstring tendon 
autograft, the latter with or without combined 
anterolateral ligament (ALL) reconstruction 
[20]. At a minimum follow- up of 2  years, the 
rate of graft failure with ACL reconstruction 
with hamstring graft combined with ALL recon-
struction was 2.5 times less than with ACL 
reconstruction with patellar tendon autograft and 
3.1 times less than with ACL reconstruction with 
hamstring graft. Yet, no differences were 
observed with or without the ALL reconstruction 
in functional knee scores.

A previous randomized controlled trial with 
110 patients compared isolated ACL reconstruc-
tion and combined ACL with ALL reconstruction 
with semitendinosus for the ACL and gracilis 
tendon for the ALL [21]. Interestingly, the ACL 
and ALL reconstruction group showed signifi-
cantly less anterior translation using an instru-
mented knee laxity testing (KT-1000) than the 
isolated ACL reconstruction group. However, no 
difference between groups was observed in func-
tional knee scores as well as in clinical examina-
tion findings. In contrast, another recent study 
observed better patient-reported outcomes and 

return to multi-directional sports after combined 
LET using the iliotibial band with ACL recon-
struction compared with isolated ACL recon-
struction [22]. In this study, authors performed 
LET only in cases with at least one major crite-
rion (high-grade pivot shift and revision ACL 
reconstruction) or ≥2 minor criteria (hyperlaxity, 
age <20  years, failed contralateral ACL recon-
struction and elite athlete). Additionally, No sig-
nificant difference in re-operation rate or type of 
surgery was found between the two groups.

6.4  Conclusions

The current literature shows that each LET pro-
cedure may have unique biomechanical behav-
iors and therefore different results. Different 
testing systems, loading conditions, fixation loca-
tions, type, and tensioning of the graft and fixa-
tion angles used in biomechanical studies may all 
play a role in the conflicting results observed 
across the literature. Thus, the biomechanical 
results of one type of LET procedure should not 
be extrapolated to others. Overall, different LET 
procedures have shown a role in adding rotational 
stability to ACL reconstruction when an injury to 
ALC structures is found combined with ACL 
injury. Yet, LET procedures should be used with 
caution for cases of isolated ACL injury since 
biomechanical studies have shown that it may 
overconstraint the knee in this scenario.

The exact mechanism of action of LET proce-
dures in the clinical setting cannot be answered, 
as stated in the recent randomized controlled trial 
on this subject [19]. One hypothesis is that LET 
may reduce load on the ACL graft as shown in 
biomechanical studies [12] and thus may provide 
a protective effect to the ACL graft while it heals 
during the ligamentization phase. The added 
rotatory stability after LET to ACL reconstruc-
tion shown in biomechanical studies has yet to be 
objectively confirmed in clinical studies. 
Therefore, further clinical studies are needed to 
evaluate the mid- and long-term outcomes of dif-
ferent LET procedures for rotatory knee instabil-
ity and may improve our understanding about 
how LET works.

6 Why Does LET Work?
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The Evidence Regarding ACL 
Repair

Andreas Persson, Gilbert Moatshe, 
and Lars Engebretsen

7.1  ACL Repair: Last Millennium 
and Current Status

7.1.1  Historical Pearls

A 41-year-old miner was admitted to the General 
Infirmary at Leeds, 1895, complaining of insta-
bility and weakness of the right knee. He sus-
tained the injury 9 months earlier, together with 
multiple rib fractures and a fracture of the left 
leg, falling from a height at work. Surgeon A. W. 
Mayo Robson performed open surgery, confirm-
ing the clinical diagnosis of bicruciate ligament 
injury. He found both ligaments avulsed from 
their proximal attachments and sutured them to 
their upper attachments with catgut sutures. The 
immediate postoperative period was without 
complications and 6  years after surgery the 
patient reported that “his leg is perfectly strong,” 
but with little aching on the medial side after 
being overworked especially in cold and damp 
weather. Mayo Robson claimed that repair by 

operation “is both feasible and hopeful as to its 
ultimate result” [1]. This is the first described 
suture repair of the anterior cruciate ligament 
(ACL), and in the following years, at the begin-
ning of the twentieth century, there were only a 
few more reports of surgical management of this 
injury.

In 1913, the German assistant surgeon dr 
H. Goetjes reported a review of in total 30 cases of 
cruciate ligament tears or tibial spine fractures 
[2]. In case of a substance tear of the ACL with 
possibility to adapt the ruptured end, he recom-
mended to reconnect the stumps with a suture. If 
not adaptable, he recommended the stumps to be 
resected. This treatment philosophy was debated, 
and in 1916 Sir Robert Jones stated that “The 
operation of stitching the ligaments is absolutely 
futile. Natural cicatricial tissue, allowed to mature 
without being stretched, is the only reliable means 
of repair” [3]. The first augmented repair was 
described in 1927 by Erwin Payr of Leipzig. He, 
like Goetjes, acknowledged stump atrophy, but 
described usage of an augment with a strip of fas-
cia tensor latae to fill the tissue defect [4].

In 1938, Ivar Palmer of Stockholm published 
his thesis in which he accounted for all aspects of 
knee injuries and their treatment [5]. He recom-
mended an early repair for all ACL ruptures, but 
also acknowledged that some patients have long- 
standing cruciate ligament injuries without any 
symptoms. The general approach at the time was 
either to do nothing, or to excise the torn ligament.
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O’Donoghue popularized the ACL suture 
repair in the USA. In 1950, he stated that “only 
by complete repair of all structures will these 
injuries show maximum recovery” [6]. He 
found best results in his patients when operated 
early after injury, independent of the severity 
of the injury and concluded that “surgery 
should not be reserved for those cases in which 
conservative treatment has failed” [7]. At that 
time, arthroscopy was still not widely recog-
nized as a treatment or diagnostic tool. Only in 
1976, Ejnar Eriksson recommended acute 
arthroscopy at clinical suspicion of and ACL 
tear, and suture if the ligament was found rup-
tured [8]. Further positive short-term results 
from numerous authors led to ACL suture 
being considered the treatment of choice in the 
1970s and 1980s.

Some worrying outcomes were acknowl-
edged, often cited Feagin and Curl presented 
their 5-year results from their cohort of 64 cadets 
in 1976. Most patients in their previous report 
with 2-year follow-up had good to excellent 
results, but after 5  years their results were dis-
couraging; “It is doubtful to us that surgery in its 
present form will ever prove successful, and 
therefore we are justified to consider tendon 
transfer or appropriate synthetic substitution” 
[9]. As an answer to the possible problems with 
the ACL suture, there was an increased interest 
by industry to develop synthetic ligaments made 
out of novel materials such as gore-tex, carbon, 
and dacron in the 1970s. The results were often 
disastrous with intraarticular foreign body reac-
tions and high failure rates [10–12]. John 
C.  Kennedy developed together with 3M the 
Kennedy-Ligament Augmentation Device. It was 
made out of braided polypropylene fibers 
designed to share the load and protect the host 
tissue during its initial fragile healing phase. He 
claimed that “The evolution of synthetic materi-
als to aid in the repair of ACL instability is in an 
embryonic stage of development” [13].

In 1989, Andersson et  al. published the first 
prospective randomized study on the topic of 
ACL repair. In this 3-armed prospective random-
ized study, the results of the ACL repair were 

similar to those where the injured ACL was left 
untreated, and an augmented repair had better 
overall function and higher activity level [14]. 
When Engebretsen et al. published a randomized 
controlled study comparing ACL repair to a 
Kennedy-LAD augmented repair or bone- patellar 
tendon-bone (BTB) reconstruction in 1990, the 
results were clear—the repair group deteriorated 
and the augmented repair did not do as well as the 
BTB reconstruction at 2-year follow-up [15]. 
Several reports simultaneously showed consis-
tently good or excellent results for the ACL 
reconstruction reported by Clancy, Shelbourne, 
and Eriksson among others [16–19], led to a shift 
in treatment and ACL repair with or without aug-
ment was no longer considered as a treatment 
option in the end of the 1990s.

7.1.2  Shift of Focus: Repair 
Re-invented?

The interest for the ACL repair has been increas-
ing in recent years. By comparing hits on PubMed 
for the search strings “ACL reconstruction” and 
“primary ACL repair,” we find the current expo-
nential increase in literature (Fig. 7.1). The dif-
ference between those two search strings was 
present already in the 1980s, before the suture 
technique was abandoned. Thomas Kuhn intro-
duced the concept Paradigm shift in 1962 as a 
“… fundamental change in the basic concepts 
and experimental practices of a scientific disci-
pline” [20]. One can argue that the experimental 
practice was changed from the 1980s, with more 
research conducted on ACL reconstructions com-
pared with ACL repair; hence, there was a para-
digm shift. This is a logical consequence and 
development with the knowledge present at that 
time. However, this does not mean that all factors 
have been considered, and that there are no more 
questions to be answered regarding who could 
benefit from an ACL repair, and how it poten-
tially should be performed. In the light of the 
development of arthroscopic surgery and todays’ 
improved framework to conduct studies, it could 
be reasonable to ask;
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 1. Are there new surgical techniques or modern 
postoperative treatment options that have doc-
umented an acceptable long-term outcome 
after ACL repair?

or

 2. Is there any evidence that subgroups of 
patients would benefit from a repair rather 
than a reconstruction?

And if not;

 3. Are the possible benefits with an ACL repair 
compared with reconstruction large enough to 
defend its resurge in scientific studies and 
clinical practice?

Based on the current literature, these ques-
tions will be discussed in the following sections.

7.2  What Has Changed?

During the last decades there has been a change 
in the treatment of a typical ACL deficient patient. 
A broader availability of medical services and 
diagnostic tools has improved patient outcomes. 
Magnetic resonance imaging enhances the pos-
sibility to assess concomitant injuries and ACL 
tear patterns opening for a diverse treatment 
approach to different injury patterns.

Originally, the suture of the ACL was per-
formed through open surgery while modern sur-
gical technique is mainly arthroscopically 
assisted with the advantage being decreased sur-
gical trauma. In addition, rehabilitation protocols 
have changed drastically, from a postoperative 
standard of 4–6  weeks of immobilization in a 
cast/splint [21, 22] to immediate weight-bearing 
and full range of motion for the repaired isolated 
ACL injury [23]. Postoperative patellofemoral 
pain, joint stiffness, and general loss of function 
[9, 24, 25] are symptoms that are likely to be 
improved by modern rehabilitation protocols. 
The recommended time for return-to-play for 
athletes was not always described in the histori-
cal literature and did not seem to have been given 
the same importance as in modern treatment. 
This could be important for allowing sufficient 
time for healing and rehabilitation. Strand et al. 
suggested that even though the failure rate at 
long-term follow-up is unacceptably high, the 
results when performed with new arthroscopic 
technique and modern rehabilitation should be 
investigated [26].

The treatment of concomitant injuries at the 
time of surgery will affect outcomes. O’Donoghue 
stated in 1960 “… the damaged or displaced 
meniscus must be removed..” [7], in contrast to 
today’s slogan; “save the meniscus” [27–29]. For 
some patients, the biomechanical support offered 
by a repaired meniscus may improve outcome in 
ACL repairs in the same way as for ACL recon-
structed patients [30].

7.2.1  Techniques: What’s New?

Recent advances in knowledge of ACL healing 
and tissue engineering have led to an evolution of 
surgical techniques involving ACL repair. A 
group of researchers lead by Dr. M. M. Murray in 
Boston hypothesizes that the reason for that the 
ACL does not heal, in contrast to the ligament 
healing of the MCL, is because of the negative 
effects of intra-articular plasminogen degrading 
the formation of a bridging blood clot formation 
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Fig. 7.1 Hits on PubMed for the strings “ACL recon-
struction” and “primary ACL repair” from 1980 through 
2019
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at the rupture site [31]. After substantial back-
ground research, including animal testing, they 
have developed an open technique using a xeno-
graft as a provisional collagen scaffold soaked in 
the patient’s full blood allowing for cell ingrowth 
and proliferation at the ACL rupture site, com-
bined with a mechanical suture repair [32]. The 
results from their first-in-human study comparing 
the Bridge-Enhanced Anterior Cruciate Ligament 
Repair (BEAR) technique with hamstring recon-
structions presented promising results, but with 
short follow-up [33]. A recent randomized con-
trolled trial demonstrated noninferiority of sub-
jective knee function and instrumented laxity in 
the BEAR group to patients treated with ACL 
reconstruction (ACLR) at 2 years [34]. However, 
it is worth noting that 14% of the patients in the 
BEAR group compared with 6% of the patients 
in the ACLR group required a conversion to 
ACLR/revision ACLR during the first 2  years. 
Even though the difference in hard failure rates 
did not reach statistical significance (p = 0.32), a 
14% revision rate to ACLR in the young popula-
tion already at 2  years requires further discus-
sion. This is important especially when 
considering most of the earlier studies also 
reported good outcomes at short term follow-up 
that was not maintained at long term follow-up.

In Switzerland, a “dynamic intraligamentary 
stabilization” (DIS) device (Ligamys; Mathys 
Medical) has been developed and tested in an ani-
mal model [35]. Their theory is that the biologic 
healing capacity of the ACL is dependent on 
8 weeks of immobilization, and to overcome the 
stiffness problems of traditional immobilization 
the repair is supported by braided polyethylene 
wire connected to a dynamic screw-spring mech-
anism and the patients are allowed full range of 
motion postoperatively. Similarly, static repair 
augmentation with a braided polyethylene tape 
(Internal Brace, Arthrex) is supposed to support 
the healing ligament and allow for early 
rehabilitation.

In a recent systematic review by Hoogeslag 
et  al., the authors concluded that “The current 
overall level and quality of evidence regarding 
contemporary ACL suture repair are poor” and 
they currently find no indication for usage of a 

suture repair technique for the acute ACL injury. 
However, further they discuss whether a “bridg-
ing collagen scaffold may improve future out-
comes for all ACL suture repair groups” [36].

7.3  Did We Miss Something?

7.3.1  Tear Site: What’s 
the Evidence?

Present advocates of ACL repair hold the location 
of the ACL tear as an important factor which 
could affect outcome, and indicate their belief 
that this has been forgotten in the practice away 
from ACL repair. In frequently cited historical 
studies in favor of abandoning repair [9, 15], all 
ACL tear types were included. Other highly cited 
historical papers by Weaver and Genelin et  al. 
[37, 38] on the topic have been presented to show 
evidence for better outcomes with proximal ACL 
ruptures, while others claim that tissue quality is 
also of importance in order to perform a success-
ful repair [39].

7.3.2  Proximal Tears: Historical 
Literature (→ 1990)

In a retrospective report from Weaver et al., they 
investigated the results from patients who had 
undergone either isolated ACL repair or in com-
bination with medial collateral ligament (MCL) 
repair in the skiing village of Aspen [37]. They 
found 304 patients treated at their clinic during 
the period 1976–1979, and in total 104 (31%) of 
those patients came for clinical examination at a 
mean follow-up of 42  months. In 92 of those 
patients, information regarding the type of ACL 
injury was available in the operation notes. The 
success rate according to cruciate disruption site 
were reported to be 79%, 23%, 100%, and 100% 
in the groups “avulsed from femur” (n  =  66), 
“interstitial tear” (n = 13), “anterior tibial spine 
avulsion” (n = 10), and “distal avulsion” (n = 3), 
respectively. The comparison of the numbers 
between “avulsed from femur” and “interstitial 
tears” is the part of the paper that is used to high-
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light the success of repair of type 1 tears (avulsed 
from femur). In contrast, the authors’ conclusion 
of the study was that “… patients do not do well 
following primary ACL repair” and “… even in 
the most favorable groups the success rate is not 
high enough to deny the patients supplementary 
procedures…”.

Genelin et  al. reported on patients operated 
between 1982 and 1984 [38]; at 5–7  years fol-
low- up 42 patients (86%) of the original 49 were 
available for reexamination. The average age at 
surgery was 27 years. A “totally stable knee” was 
found in only 29% of the patients; however, 81% 
had a side-to-side difference with a KT-1000 of 
less than 3 mm and 43% of the patients reported 
“no subjective complaints whatsoever.” Only 6 
out of 12 patients with “totally stable knees” had 
no subjective complaints. The authors discussed 
the discrepancy between patient’s satisfaction 
and knee stability and if this could be improved 
by a different post-operative treatment. Even 
though 29% of the patients were clinically stable, 
they claimed to have better results than similar 
studies, and hypothesized that this could be due 
to their selection of patients with proximal ACL 
tears. As there was no control group in this study, 
one can only speculate if similar patient satisfac-
tion and knee stability would be obtained in 
patients treated non-surgically.

Sherman et  al. performed an extensive retro-
spective review of patients operated in 1979–1984 
with the Marshall multiple suture technique [40]. 
Of the original 106 patients, 50 were available for 
reexamination at a mean follow-up of just above 
5 years. They reported a higher proportion of sta-
ble knees (negative Lachman’s test and negative 
pivot-shift test) compared with Genelin et al. 
(46% vs. 29%). Amongst the patients with stable 
knees, there was a higher proportion of type 1 
ACL tears (femoral avulsion rupture) compared 
with type IV ACL tears (midsubstance rupture) 
(35% vs 17%, respectively). However, this com-
parison was not statistically significant.

Recently, Van der List and DiFelice performed 
a systematic review analyzing historic literature 
aiming to investigate the role of tear location on 
the outcome of ACL repairs [41]. For the differ-
ent outcomes, they analyzed the correlation 

between the percentage of proximal tears in the 
individual studies to the percentage of success of 
the different outcome measures of interest. 
Despite that only “patient satisfaction” had a sig-
nificant moderate positive correlation (correla-
tion coefficient 0.56, p  =  0.01), the authors 
concluded that the “Tear location seems to have 
played a role on the outcomes of open primary 
ACL repairs.” They found no statistically signifi-
cant correlation when investigating stability test-
ing (KT-1000, Lachman test, anterior drawer test, 
pivot shift test), Lysholm scores, Tegner scores, 
return to sports or failure rates. In addition, there 
are several points that induces a great risk of bias 
in this systematic review; the heterogeneity of the 
included studies, such as common data defini-
tions, standardized collected outcome measures, 
and time-points for these, and most studies are 
non-comparable retrospective cohort studies or 
case series.

In summary, there is very weak evidence that 
proximal tears have better outcome compared to 
tears at other locations from a historical 
perspective.

7.3.3  Proximal Tears: Modern 
Literature (1991 →)

The majority of the literature available on 
arthroscopic ACL repair is based on studies from 
the last decade. To the author’s knowledge, there 
is only one study that reports on a “classic” ACL 
repair with an isolated suture pull-out technique 
[42]. Most studies report on a heterogeneous 
group of proximal ruptures and mid-substance 
ruptures [43], and only one study compares out-
come between tear patterns [44]. Current litera-
ture is focused on the previously mentioned three 
repair techniques previously mentioned (BEAR 
implant, Ligamys, and Internal Brace) in addition 
to non-augmented repair using suture anchors 
placed in the femoral ACL footprint.

7.3.3.1  Internal Brace
Jonkergouw et al. reported retrospectively on 27 
consecutive patients treated with a ACL suture 
anchor repair augmented with InternalBrace, 

7 The Evidence Regarding ACL Repair



66

exclusively on proximal tears [45]. At a mini-
mum of 2-year follow-up, 92% of the patients 
were available and 2 of the patients (8%) were 
reported to have a re-tear of their ACL, and 
another two patients required removal of tibial 
hardware. Smith et  al. presented results on two 
patients (5 and 6 years old) with proximal ACL 
suture repair combined with temporary augmen-
tation with non-absorbable braided tape 
(FiberTape, Arthrex, Naples, FL, USA), a static 
augment similar to Internal Brace [46]. The 
authors reported excellent outcome at 1 and 
2 years. Dabis et al. also argued that the proce-
dure is safe and has excellent short-term out-
comes for the adolescent population following 
their patients for 2 years [47]. Even though some 
results for treating proximal tears with a static 
augment are encouraging, their relevance is still 
limited due to their short follow-up time and 
small patient populations.

7.3.3.2  Ligamys
For the DIS technique with Ligamys, two studies 
report outcomes after repair of proximal ruptures. 
Ateschrang et  al. included 47 patients followed 
for 12 months [48]. At final follow-up, 37 patients 
(68%) were examined and a rather high propor-
tion of failures (KT-1000 >5 mm and/or <50% of 
ACL restoration volume upon arthroscopic re- 
evaluation) were detected (14%). In a study by 
Ahmad et  al. [49], 71 patients were treated for 
acute ACL ruptures in the period 2011–2013 with 
the same technique. Thirteen were lost to follow-
 up and four patients were excluded due to mid- 
substance or distal ruptures. At a median of 
6.3 years, 57 patients were available for follow-
 up (n = 48; physical follow-up, n = 13; telephonic 
follow-up), an overall 70% survivorship was 
reported. However, 29 patients (60%) were 
reported to have an “intact DIS” in the objective 
IKDC measure, and the real failure rate is there-
fore somewhat confusing. Even though the fol-
low- up is mid to long term, the failure rate is high 
and there is a high drop-out.

7.3.3.3  BEAR Implant
There is no study on the BEAR implant tech-
nique that includes only proximal ACL tears.

7.3.3.4  Suture-Anchor Technique
In a systematic review of clinical outcomes after 
proximal repairs with either a suture pull-out 
technique or repair by suture anchors, Houck 
et al. concluded that the literature is limited (six 
studies included) with inconsistent failure rates 
(0–25% at 28–79  months’ follow-up [50]. The 
outcome measures (failure/reoperation rates) 
also differed slightly between the studies, limit-
ing the possibility of comparison.

DiFelice et al. reported their results for patients 
with a mean follow-up of 6 years in a retrospec-
tive review [51]. Eleven patients were originally 
included, and the ACL stump was fixed with 2 
suture anchors. At final follow-up, one patient 
was classified as a failure (9%) due to an early re-
rupture, and one patient had slight laxity at clini-
cal evaluation (Lachman 1+, Pivot shift test grade 
1A) but with good subjective outcome.

Hoffmann et  al. included 13 patients with a 
mean follow-up of 6.6 years in their retrospective 
study [52]. They used one anchor in addition to 
microfracture of the ACL footprint, and ten 
patients were available for clinical examination. 
Of those patients, 2 had a side- to- side difference 
of >3 mm at Rolimeter testing at 30° of flexion 
(20%), and one more patient not available for 
clinical examination reported 1 give-way epi-
sode/month.

In contrast to the older patients in DeFelice’s 
and Hoffmann’s cohorts (average 43 and 37 years, 
respectively), Bigoni et  al. reported on five 
patients with an average age of 9 years at surgery 
[53]. The proximal tears were reinserted with 
bioabsorbable suture anchors, and at a mean fol-
low- up of 3.6 years one patient was reported to 
have a grade 1 Lachman test. The mean KT-1000 
side-to-side difference was 3 mm (2–4 mm) for 
the whole group, which may indicate that there 
was a significant laxity in many of those small 
adolescent knees.

Overall, there are only a few non-comparative 
studies for proximal tears performed with mod-
ern techniques and their results and design is not 
robust enough to guide present clinical practice. 
Furthermore, most of the studies included few 
patients, did not have a control group and had a 
short follow up.
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7.4  Possible Advantages 
with ACL Suture Repair

If the outcomes would be the same, the advan-
tages for the patients with ACL suture compared 
with ACL reconstruction are intriguing. No donor 
site morbidity and less surgical trauma would 
lead to a faster recovery. Furthermore, preserving 
the native ACL tissue may maintain propriocep-
tive functions [54], which is important in neuro-
muscular control and overall knee function. From 
the surgeons’ perspective, a failed repair can be 
treated almost as a primary reconstruction with 
all autografts available and no bone loss.

7.5  Future Studies

Taking the possible advantages of an ACL suture 
repair into account, one can argue that despite the 
discouraging results so far, we should aim to find 
subgroups where these techniques are successful. 
While bearing this in mind, a shift back to an 
accepted indication for early surgery for more 
patients would lead to an increase in sales for indus-
try, and perhaps overtreatment of patients who 
would manage with non-operative management.

Most of the current literature on ACL repair is 
based on few patients with heterogeneous tear 
patterns, different repair techniques, and short- 
term follow-up. Until larger studies with robust 
and stringent methodology and longer term fol-
low- up are available, it is difficult to determine 
the role of ACL repair in clinical practice. 
Anterior cruciate ligament repair should be prac-
ticed in a controlled and preferably in a multi-
center study setting, in order to improve the 
current knowledge.

7.6  Conclusions

• The interest in ACL suture repair has increased 
the last decade.

• Historic or contemporary literature does not 
clearly support that the outcome is better for 
suturing proximal ACL tears as opposed to 
other tear patterns.

• There is a risk of bias due to industry involve-
ment in studies performed evaluating ACL 
repair.

• There are theoretical advantages with suture 
repair compared with ACL reconstruction, 
and subgroups of patients may have good out-
comes with repair at long follow-up.

• There is an urgent need for independent com-
parative randomized studies comparing suture 
repair techniques to ACL reconstruction, or to 
non-operative treatment.

• Currently, ACL suture repair should not be 
used in everyday clinical practice, only in the 
setting of a research study.
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Laxity Objective Measurement 
Within MRI of ACL Lesions

Rogério Pereira, Renato Andrade, Sofia Florim, 
José Alberto Duarte, and 
João Espregueira-Mendes

8.1  Laxity Versus Instability

Joint laxity is an objective and measurable 
parameter. Within human joints, we may have 
physiological laxity (normal laxity) or pathologi-
cal laxity (abnormal laxity). Common language 
and definitions are crucial to enable a clear and 
constructive communication and scientific dis-
cussion. Back in 2006, during the works of the 
Anterior Cruciate Ligament (ACL) Study Group, 
John Feagin addressed the audience making a 
simplified but pretty clear distinction between 
instability and joint laxity, often used in an inter-

changeable manner. He stated that “instability is 
a symptom described by a patient, whereas laxity 
is an objective finding” [1]. Instability is present 
when the individual describes the joint as unsta-
ble when moving, walking, running, jumping, or 
twisting. Frequently, patients will refer that the 
joint “gives way”. Biomechanically joint laxity is 
the passive response of a joint to an externally 
applied force or torque [2]. The presence of 
abnormal laxity may or may not exist along with 
instability. The joint laxity profile varies among 
individuals. Differences in joint laxity have been 
reported related to sex [3–5], bone morphology 
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and morphometrics [6–9], in presence of liga-
ment or menisci injury [10–14], and outcomes of 
surgery [15–18], among others.

8.2  Measurement of Joint Laxity

When measuring any parameter, or you do it or you 
do not within an acceptable range. Resolution, pre-
cision, and accuracy of the measuring device are 
critical to enable the development of a screening 
system with clinical usefulness supported by its 
sensitivity and specificity. It should not be uncriti-
cally accepted the existence of important dispari-
ties in measurements outcomes (both under 
arthrokinematics and clinical views) that are 
obtained by different professionals, techniques, or 
devices [19] since they may mislead inappropriate 
interventions or absence of it. Both arthrokinematic 
and clinical outcomes may hinder the safety and 
efficacy that should support, by default, the clinical 
interventions. Precision and accuracy of joint laxity 
measurements should fit within physics conformity 
frames and not in general practices frames. Once it 
is considered a specific parameter, testing signifi-
cance and setting, for the same person within a 
determined anatomofunctional status and period of 
human development, the outcomes expected must 
be reproducible and accurate. Methodological rigor 
is indispensable for research validity, usefulness of 
joint laxity measurements, and especially safety 
and effectiveness. We acknowledge though that 
majority of tests and testing principles yield value. 
Even facing different outcomes when assessing a 
same parameter (e.g., knee sagittal joint laxity as a 
quantity under observation) with different tech-
niques or instruments, they may yield clinical use-
ful information if the resolution and precision are 
suitable, and the accuracy is sufficiently close to its 
actual value. This may however be deceptive if the 
outcomes do not comprehend magnitudes indexed 
to normal and abnormal ranges. Take as an exam-
ple that we acquired a thermometer which maxi-
mum scaling is 37 degrees Celsius (98.6 degrees 
Fahrenheit), it may yield an outstanding reliability, 
but there is no room for validity.

Knee joint laxity assessment has several 
angles that are worthy of research. We may allo-

cate factors that interfere with knee joint multi-
planar laxity envelope, to the individual intrinsic 
factors and the interplay of these with the choices 
and actions taken in case of need (e.g., treatment 
option in case of ACL ligament tear). Existing 
knee joint laxity may differ between uninjured 
and injured knees [20–22], either among differ-
ent people in the same clinical condition [23], 
ontogenetic status of development [3, 24], bio-
logical circumstances [24, 25], sex [3–5], and dif-
ferent patterns of ACL tears [19].

There is great clinical and preventive potential 
to characterize and quantify the multiplanar knee 
joint laxity envelope. We are in need of studies 
that accurately assess joint laxity within different 
biological, pathological, or clinical conditions. 
This should be accomplished using 
laximetry—i.e., objective measurement of joint 
laxity—and, eventually, combining tests and/or 
equipment either for screening and to improve 
diagnosis [26]. The two main categories of lax-
imetry are stress imaging and arthrometry. These 
two techniques classically aim to describe and 
quantify the displacement of the tibia in relation 
to the femur within the sagittal and transversal 
planes. These techniques often use cut-off values 
as dichotomic screening tools to elicit one of two 
diagnostic results: ruptured or not ruptured. The 
joint laxity data derive from an applied external 
force that aims to quantify bony displacement, 
either in unilateral or by side-to-side difference 
(SSD). Beyond the dichotomous application, lax-
imetry can become an important diagnosis and 
profiling tool of different patterns of ACL tears 
(partial or total rupture) [19] and their interfer-
ence in knee arthrokinematics, treatment deci-
sion, and surgical planning, prognostic purposes, 
or to quantify post-operative joint laxity.

8.3  Clinical Examination 
Combined with Laximetry 
and Imaging

While manual clinical examination is paramount 
for diagnosis, it is subjective both in the tech-
nique and interpretation [27]. The sensitivity and 
specificity of instrumented joint laxity measure-
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ments seem to increase with the combination of 
standard clinical examination in a two-step 
assessment process. Increased accuracy is found 
when combining clinical examination with 
Telos™ stress radiography [28]. The exposure to 
radiation and lack of ability to provide imaging 
evidence of soft tissue injury of stress radiogra-
phy make the combined use of magnetic imaging 
resonance (MRI) and instrumented joint laxity 
testing the obvious next step to accurately mea-
sure knee joint laxity [22, 29].

The MRI alone does not provide for biome-
chanical competence data and joint laxity under-
estimation associated with some laximeters can 
mislead algorithm of treatment. Accurate laxim-
etry combined with MRI will overcome barriers 
in anatomical and biomechanical competence 
assessment of apparent remaining intact ACL 
fibers or bundles or inserted grafts. When com-
bining MRI with instrumented joint laxity, we 
sum up the visualization of anatomical struc-
tural evidence of injury and the ligament func-
tional competence. The devices that are 
compatible with MRI use intrinsic anatomical 
landmarks [30] as references to measure the 
bony displacement and calculate the knee joint 
laxity.

Attempts also have been made, within a 
single- step assessment process, coupling measur-
ing devices with manual elicited testing maneu-
vers, as the pivot shift, to confer objectivity and 
quantification [27]. Yet, the subjective variability 
in the testing technique persists due to disparities 
among professionals when eliciting the motion 
and determining which parameters use. These 
disparities are predominantly dependent on the 
assessor skills, training and experience, being 
present even in the often-used clinical tests as the 
pivot-shift [31].

The quest for accuracy and clinical usefulness 
should be the main goal of researchers and health 
care providers. The type of information is not so 
important—whereas from static or dynamic sag-
ittal and/or rotatory testing, instrumented or not, 
separately or coupled with imaging assessment, 
under anesthesia or unanesthetized—but the 
validity, reliability, and accuracy should remain 
our focus. There are however premises learned 

from decades of research that pinpoint that set-
tings and parameters are critical in joint laxity 
objective assessment and quantification.

8.4  Joint Laxity After Single ACL 
or Combined with Other 
Anterolateral Structures 
Injury

The diagnosis of different patterns of ACL tear is 
important for precision health care. New knowl-
edge and evidence gathered in different domains 
as anatomy, biomechanics, pathomechanics, 
reinjury rates, and surgical techniques related to 
ACL injury and treatment should support cus-
tomized risk management interventions and sur-
gical planning.

Observed anterior translation and internal 
rotation of the tibia varies due to different ACL 
injury patterns. Partial or total tears, partial tears 
involving either the anteromedial or the postero-
lateral bundles and, it is also believed, that part of 
the abnormal rotatory joint laxity originates from 
additional injury to the anterolateral soft tissue 
structures. This is well documented in studies of 
biomechanical testing of cadaveric specimens. 
Lagae et al. [32] have recently reported different 
patterns of knee joint laxity after sectioning dif-
ferent anterolateral soft tissue structures which 
potentially mimic injuries subsequent to knee 
trauma, as the anterolateral ligament (ALL) and 
the deep fibers of the iliotibial band (ITB). 
Cutting the ACL did not significantly increase 
tibial internal rotation laxity significantly com-
pared to the intact knee at any flexion angle. In 
the ACL-deficient knee, sectioning the ALL sig-
nificantly increased the anterior laxity only at 20° 
to 30° of knee flexion, and only significantly 
increased internal rotation at 50° of knee flexion. 
A large increase in internal rotatory laxity is 
found however between 20° and 100° of flexion 
after sectioning the deep fibers of the ITB (includ-
ing the Kaplan fibers), specifically the proximal 
and distal bundles [33] and the condylar strap 
[34]. This goes in line with the findings of Godin 
et  al. [33] that support the role of the proximal 
and distal Kaplan fibrous bundles in rotational 
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knee stability. The proximal and distal (Kaplan) 
bundles are 22.5 mm apart at the distal femur and 
revealed a mean maximum load during pull-to- 
failure testing of 71.3  N and 170.2  N, respec-
tively. Later, Landreau et  al. [34] identified a 
third and more distal bundle of deep ITB fibers 
attaching to the femur between the distal Kaplan 
fibers and the epicondyle, which they named as 
“condylar strap”. Even lacking biomechanical 
analysis, the qualitative evaluation of behavior in 
internal rotation revealed a tenodesis effect of the 
ITB which may add to anterolateral knee 
stability.

Several legit questions and concerns of transla-
tion to the clinical practice arise when interpreting 
these valuable anatomic and biomechanical stud-
ies. While biomechanical evidence suggests an 
important role of ITB in anterolateral instability 
control, injury frequency of deep ITB fibers in the 
setting of acute ACL tear [35, 36] is low compared 
to that of the ALL [37]. Yet, in presence of Segond 
fractures [38], where the ITB seems to be attached 
approximately in half of the cases and even in the 
absence of a Segond fracture [39], an ITB injury is 
a good marker for ACL injury. In fact, Lagae et al. 
[32] have shown that an isolated ACL anatomic 
reconstruction restored anterior tibial translation, 
but the remaining and significant internal rotatory 
laxity was only normalized after adding an extra- 
articular lateral tenodesis. Inderhaug et  al. [40] 
also showed us that isolated ACL reconstruction 
does not restore normal kinematics, ACL com-
bined with ALL reconstruction resulted in abnor-
mal rotational joint laxity and that adding a lateral 
extra-articular tenodesis (MacIntosh or Lemaire) 
restored the knee internal rotation laxity to its 
native values. Other studies have also highlighted 
the importance of deep fibers of the ITB in con-
trolling rotational joint laxity, but with a minimal 
influence of the ALL [41–43]. This makes us think 
of a potential overlooking behavior in MRI pat-
terns in the setting of ACL injury and of the utility 
to combine the assessment of the ligament struc-
tural integrity and its functional competence 
within the same examination.

Correlational studies involving MRI and sur-
gical exploration of the anterolateral complex 
(ALC) have shown high incidence in the setting 

of acute ACL-injured knees. However, MRI alone 
has low sensitivity, specificity, and accuracy for 
the diagnosis of ITB injury. The ITB was consid-
ered abnormal in approximately 31% of the cases 
[36]. Giving the number of cases, low diagnostic 
values of MRI alone, and relevance of ITB injury 
on rotatory joint laxity [32], the PKTD can play a 
role in functional diagnosis workflow of these 
additional injuries through joint laxity profiling. 
Rotatory joint laxity assessment within MRI may 
also be of particular importance in presence of 
Segond fractures since different structures of the 
ALC can be detached along with the bone avulsed 
fragment. The ITB often detaches along with the 
fragment with frequency depending on the 
dimensions and volume of the fragment as dis-
tance sparing it from the center of Gerdy’s tuber-
cle [38, 44]. It is important to identify the patients 
with injury of the anterolateral structures, that if 
combined with increased rotatory joint laxity, are 
candidates to concomitant procedures such as lat-
eral extra-articular tenodesis to better control the 
tibial internal rotation [45] and decrease the risk 
of graft failure [46].

8.5  Partial ACL Tears: MRI 
Diagnosis, Instrumented 
Joint Laxity Discrimination 
and Assessment of 
Biomechanical Competence

The MRI has high diagnostic accuracy for com-
plete ACL tears [47]. Even the novel fully auto-
mated deep learning MRI techniques show high 
accuracy in identifying ACL tears [48]. However, 
when used to diagnose partial tears, the MRI is 
not capable to reliably detect partial tears [49] 
showing a high rate of false positives [47], even 
when using 3-Tesla MRI machines [50, 51]. 
Indeed, the MRI has low correlation with 
arthroscopic findings in cases of partial ACL 
tears [28, 52] and does not assess the functional 
competence of the intact ACL bundle. The instru-
mented joint laxity assessment is able to discrim-
inate and document significant differences in 
mean SSD anterior tibial displacement in partial 
ACL tears [28]. Near one-third of patients treated 
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arthroscopically for ACL injuries display a par-
tial tear, being 14.1% classified as intact postero-
lateral bundle, 4.0% as intact anteromedial 
bundle, and 12.4% as posterior cruciate ligament 
healing. The SSD tibial displacement between 
ACL complete tear and all types of partial tears 
was significantly greater with Telos (mean 
7.4 mm in total vs. 4.0 mm in partial ACL tears) 
than with the Rolimiter (mean 5.3 mm in total vs. 
2.6 mm in partial ACL tears) [19]. The underesti-
mation of joint laxity using the Rolimiter can 
hamper the desired accuracy for treatment deci-
sion and follow-up. The GeNouRoB, also com-
paring to Telos device, has showed a reasonably 
high diagnostic accuracy for ACL partial tears 
using a 2.5 mm cut-off (sensitivity of 84% and 
specificity of 81%) [53].

The ability to discriminate total from partial 
tears can be decisive for the surgical planning 
because the preservation of the ACL remnants 
enables anatomical landmarks for tunnel posi-
tioning [54] and provides vascular and mechani-
cal benefits to the graft [55–57]. A selected group 
of patients with partial ACL tears may also 
respond well to conservative treatment [58–61] 
and in these cases it is crucial to assess the intact 
bundle competence. In cases of suspected partial 
tears, we use MRI instrumented-assessment to 
evaluate if there is any associated abnormal joint 
laxity [62].

8.6  Post-operative Knee Joint 
Laxity

Residual sagittal [63] and rotatory joint laxity [30, 
64] as well as abnormal rotational motion [65–68] 
often persist after ACLR and are a common cause 
of poor long-term outcomes [69–71]. Residual 
knee joint laxity may disclose differences after 
ACL reconstruction procedures that might be 
related to the surgical technique [72–74], graft 
choice [75], concomitant procedures [16], graft 
tension or fixation angle [76, 77], and healing 
[78]. Residual anterior knee joint laxity 6 months 
following primary ACL reconstruction is associ-
ated with younger age (<30 years old), preopera-
tive anterior laxity (SSD >5  mm), hamstring 

tendon graft, and resection of the medial menis-
cus [79]. Residual rotatory joint laxity measured 
by the pivot shift at 1 year after ACL reconstruc-
tion is associated with knee hyperextension and 
greater preoperative pivot shift under anesthesia. 
Age, gender, Lachman test, KT-1000 measure-
ment, single-bundle vs. double-bundle, meniscus 
injury sites, and meniscus surgery were not pre-
dictors of residual rotational joint laxity [80].

Despite the evolution of surgical techniques, 
residual joint laxity should be a concern because 
it increases the ACL peak strain and has a four-
fold increased risk for ACL injury for every 
1.3  mm increase in SSD in anterior-posterior 
tibial displacement [81]. When athletes display 
residual joint laxity that is combined with neuro-
muscular deficits common in patients who tear 
the ACL [82]—such as weakness of hip external 
rotators—they will be exposed to a higher risk of 
reinjury during sport-specific tasks that involve 
pivoting or landing where the strain applied to 
graft is increased.

The use of accurate multiplanar laximetry 
techniques is important to monitor the post- 
operative outcomes. Restoration of knee stability 
is the main goal of surgical reconstruction and 
post-operative joint laxity evaluation should 
therefore always take part of a complete follow-
 up assessment. Despite the current literature on 
the importance of knee joint laxity on the treat-
ment outcomes [83], but only 6% of studies use 
laxity-based assessment as a criterion for the 
return to sport decision [84]. In our experience, 
we use the MRI instrumented-assessment [85] 
that, in addition to the other often reported clini-
cal and physical impairment-based objective cri-
teria, supports our decision on when the athlete is 
ready to return to unrestricted sports.

8.7  MRI Instrumented- 
Assessment of Knee Joint 
Laxity

The Porto Knee Testing Device (PKTD) is an 
MRI-safe knee joint laxity testing device, made 
of polyurethane-based mixed resins, for the mea-
surement of sagittal and rotatory knee joint laxity 
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(Fig. 8.1). The PKTD operates through two mov-
able platforms that are activated by plunger 
mechanisms. One platform induces an antero- 
posterior translation and the other internal or 
external rotation of the leg. These two movable 
platforms can operate isolated or in combination, 
allowing to measure isolated sagittal and rotatory 
joint laxity, or the two simultaneously combined. 
The operator can control the magnitude of load 
transmission and adjust for different degrees of 
knee flexion.

We combine the PKTD assessment with MRI 
visualization to objectively assess the knee joint 
laxity. After applying postero-anterior and/or 

rotatory stress, we measure the tibial displace-
ment in the medial and lateral plateaus relative to 
the resting baseline position (Fig. 8.2). The tibial 
displacement is used as an isolated measure—i.e., 
the total amount of displacement—and is also 
compared with the contralateral knee.

The PKTD is a valid tool to assess ACL com-
plete tears. The sagittal joint laxity is correlated 
with the KT-1000 and the rotational joint laxity is 
correlated with the pivot shift results [29]. While 
combining the anterior tibial displacement in 
both the medial and lateral plateaus, we obtain 
the most specific measure (94%); when combin-
ing the tibial internal and external rotation in the 
lateral plateau, we obtain the most sensitive mea-
sure (93%) [22].

The ability to visualize soft tissues concomi-
tantly with accurate objective joint laxity mea-
surement [30] allows to correlate the structural 
integrity of the ligament with its functional 
competence. Eventually, we can establish mul-
tiplanar knee joint laxity cluster profiles that 
may be associated with specific injury patterns 
[37, 86–88], time between injury and surgery 
[89], different ACL reconstruction surgical Fig. 8.1 Photograph of the Porto-Knee Testing Device 

(PKTD)

Fig. 8.2 PKTD exam of an ACL total rupture. MP medial 
plateau, LP lateral plateau, PA posteroanterior translation, 
ER external tibial rotation, IR internal tibial rotation. Blue 

line indicates tangent line to the posterior tibial plateau 
and orange line indicates tangent line to the posterior fem-
oral condyle
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techniques outcomes [68, 90], or anatomic fea-
tures such as bone morphology or morphomet-
rics [91–95]. The PKTD can have an important 
role in establishing these multiplanar knee joint 
laxity cluster profiles as it combines the assess-
ment of both “anatomy” and “function” [96]. 
For instance, the MRI visualization might iden-
tify a partial ACL tear with an intact bundle, 
that after the PKTD assessment can reveal 
incompetent to provide stability to the knee 
(Fig. 8.3) [62]. We may find also injury of the 

anterolateral structures of the knee that, if com-
bined with abnormal rotational joint laxity, may 
require the addition of a lateral extra-articular 
tenodesis. When examining external tibial rota-
tion laxity at 30 degrees of flexion, it may iden-
tify cases with posterolateral corner injury that 
may have been undetected during the dial test 
(Fig. 8.4) [97]. Using the PKTD, we can iden-
tify these subclinical groups that may require 
differentiated or additional surgical interven-
tion and thus refine our surgical indications and 

a b

Fig. 8.3 PKTD exam of two cases of ACL partial rup-
ture. (a) Partial ACL rupture with an intact, but non- 
functional bundle; (b) partial ACL rupture with an intact 
and functional bundle. MP medial plateau, LP lateral pla-

teau, PA posteroanterior translation, ER external tibial 
rotation, IR internal tibial rotation. Blue line indicates tan-
gent line to the posterior tibial plateau and orange line 
indicates tangent line to the posterior femoral condyle

Fig. 8.4 PKTD exam showing increased external rota-
tion that was undetected under the dial test. LP lateral pla-
teau, PA posteroanterior translation, ER external tibial 

rotation. Blue line indicates tangent line to the posterior 
tibial plateau and orange line indicates tangent line to the 
posterior femoral condyle
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individualize the treatment. In the follow-up of 
conservative or surgical approaches, the PKTD 
also plays an important role in the prospective 
monitoring of knee joint laxity and identify 
those with residual joint laxity (Fig. 8.5) [98]. It 
will provide useful information for the decision 
to clear the athletes to unrestricted sporting 
activities or those that may require further reha-
bilitation or surgical reintervention [85].

8.8  Conclusions

The PKTD is an MRI-safe knee joint laxity testing 
device which enables assessment of isolated or 
combined anteroposterior and rotatory joint laxity. 
Accurate assessment of multiplanar tibial dis-
placement with imaging visualization can estab-
lish joint laxity cluster profiles that may correlate 
with specific injury patterns. Joint laxity can vary 
in quantity and in quality if there is an isolated 
ACL injury or there is additionally injury to 
peripheral structures, such as the ALC (especially 
the ALL and deep fibers of the ITB) or the menisci. 
Combining the MRI visual inspection of anatomi-

cal injury with the mechanical capability using the 
PKTD, we are able to accurately assess and char-
acterize the knee joint multiplanar laxity and thus 
support treatment decisions and customized inter-
ventions while aiming for superior outcomes. The 
restoration of passive sagittal and transversal knee 
stability is the main purpose of surgical interven-
tions addressing ACL reconstruction and pre- and 
post-operative measurements should therefore be 
systematically performed to support orthopedic 
precision medicine.
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Return to Sport After Anterior 
Cruciate Ligament Reconstruction: 
Criteria-Based Rehabilitation 
and Return to Sport Testing

Kate E. Webster and Timothy E. Hewett

9.1  Introduction

Most anterior cruciate ligament (ACL) injuries 
occur during sports participation. Therefore, the 
goal for most athletes who undergo ACL recon-
struction surgery is to return their preinjury sport 
at a similar level of performance and in the 
absence of further injury. However, it has become 
apparent that for many athletes, these goals are 
not always attained. Rates of return to sport are 
often lower than expected and younger athletes 
are at considerable risk for sustaining multiple 
ACL injuries. This chapter will explore current 
knowledge regarding return to sport after ACL 
reconstruction, with a focus on criteria-based 
rehabilitation and return to sport testing.

9.2  Return to Sport Rates 
and Factors that Influence 
Return to Sport

An initial systematic review that investigated 
return to sport rates after ACL reconstruction sur-
gery showed that while 82% of patients returned to 

some form of sport, only 63% were participating 
at their pre-injury level at follow-up [1]. These 
return rates contrasted with the finding that 90% of 
patients rated normal or nearly normal on impair-
ment-based measures. This review was subse-
quently updated, and in the update similar rates 
were noted; 65% returned to the pre-injury level of 
sport and 55% returned to competition sport [2]. 
Comparable findings have also been reported for 
reviews in which only patients with revision recon-
struction have been included [3]. Perhaps not sur-
prisingly, elite-level athletes have the highest 
return rates whereby 83% return to their pre-injury 
sport [4], followed by younger aged athletes, in 
whom it has been reported that 81% return to com-
petition sport [5]. Despite higher return rates in 
some select groups, the overall message is that a 
return to sport is not guaranteed following ACL 
reconstruction surgery.

Many factors influence whether an individual 
will return to sport after ACL reconstruction, and 
include demographic and social characteristics, 
as well as surgical and rehabilitation factors [6]. 
There are empirical data to show that males have 
higher return rates, usually in the order of approx-
imately 10%, and that younger athletes can have 
up to 30% higher return rates [1, 7]. A positive 
psychological response and higher levels of moti-
vation during rehabilitation have also been asso-
ciated with higher rates of returning to pre-injury 
sport [8–11]. It is also highly relevant to consider 
the role of patient expectations and work in this 
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area has shown that for a first ACL injury, over 
80% of patients expect to be able to return to their 
previous level of sport [12, 13]. As this is higher 
than what return rates are, many athletes will not 
realize their goals, and may therefore need sup-
port and advice to readjust their expectations.

9.3  Return to Sport and Second 
ACL Injury

When planning a return to sport after ACL recon-
struction surgery patients are often concerned 
about the risk of sustaining the same injury again. 
This is logical, as return to sport puts the indi-
vidual at risk of both ACL graft rupture and rup-
ture of the contralateral ACL.  Therefore, there 
has been much effort to determine predictors, 
such as patient and surgical variables, that can be 
used to identify at risk individuals. Numerous 
variables for re-injury have been considered, 
often with mixed findings [7]. However, most 
studies do report on sex and age.

Findings in relation to patient sex and re- 
injury are not straightforward. Sex as a risk factor 
for graft rupture has either shown no influence or 
males, particularly younger males have been 
shown to be at greatest risk [14–16]. In contrast, 
females appear at greatest risk for subsequent 
contralateral ACL injury [17, 18]. Why such sex 
difference may occur is not clear and requires 
further investigations that consider potential con-
founders such as the type of sport played as well 
as the amount of exposure.

There is a large amount of evidence to show 
that younger athletes are at significantly increased 
risk for both graft ruptures and contralateral ACL 
injuries [19]. Although the definition, or cut-off, 
for ‘younger’ has varied (usually from <16 years 
to <25 years), both large cohort studies and regis-
try databases have confirmed this increased risk. 
The rate of second ACL injuries in the younger 
population is concerningly high, with cohort 
studies reporting that between 20% and 30% of 
younger athletes sustain a second ACL injury 
[16, 20–22]. It is therefore important to under-
stand the reasons why younger patients are at 
such increased risk so that this can form part of 

any rehabilitation strategy or return to play deci-
sion making.

It is well accepted that it is unlikely that age 
itself is the risk factor, but rather a proxy for mul-
tiple factors [23]. In this regard, there are a few 
salient aspects where younger patients tend to 
differ from their ‘older’ counterparts. These are 
that younger patients are more likely to return to 
sport and they are also more likely to return ear-
lier after surgery [24]. Furthermore, when they 
do return, the sports they play are high-risk sports 
for knee injury [25]. Recent studies have also 
shown that younger athletes resume these high- 
risk sports with strength and functional deficits 
[26, 27]. Data from a Swedish Rehabilitation 
Outcome Registry showed that 50% of adoles-
cent patients (15–20 years) had resumed strenu-
ous sports by 8 months post ACL reconstruction 
surgery despite only 29% having achieved satis-
factory muscle function [26]. A similar study by 
Toole et al. [28] reported that only 14% of ado-
lescent patients (mean age 17 years) met recom-
mended strength and functional thresholds when 
cleared to return at 8  months post-surgery. As 
such, the rehabilitation of and timing for return to 
sport needs to be carefully considered in this 
group.

9.4  When Should Athletes 
Return to Sport?

Whatever surgical technique or rehabilitation 
program is used, perhaps the most difficult ques-
tion to answer is when is it safe for the athlete to 
return to sport? There are two issues we are con-
cerned about in relation to this question. The first 
is graft rupture/failure which was discussed in the 
previous section. Damage to the rest of the knee, 
both in the short and longer term, also should be 
considered.

Animal studies have shown that there are dis-
tinct phases of graft maturation with early graft 
necrosis and subsequent hypercellularity and 
revascularization being potential risk periods for 
reinjury [29]. While there is less information in 
humans, it has been suggested that there are the 
same phases, but that these occur over a slower 
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time frame than in animals [30]. For example, the 
period of remodelling, where the graft is most at 
risk, corresponds roughly to the 4- to 12-month 
post-surgery time point. This also corresponds to 
the time when many athletes are considering a 
return to their pre-injury sport, which for most, 
includes pivoting and twisting movements. Data 
from hamstring tendon grafts also indicate that 
remodelling may take as long as 12–24 months 
[31]. This is the same time point where registry 
datasets have shown that the peak of second ACL 
injuries occurs.

In addition to these biological considerations, 
it is common for athletes to demonstrate deficits 
in neuromuscular control and knee extension 
strength that do not reach baseline levels until at 
least 2 years after surgery. To avoid reinjury, such 
functional deficits should ideally be resolved 
before return to sport is considered. Therefore, 
Nagelli and Hewett [32] suggested that patients 
wait for 2 years before making a return to sport 
and Fig. 9.1 shows a schematic diagram of both 
biological and functional factors which are sub-
ject to change by having such a delay. While the 
theory behind this notion is evidence based, it is 
also recognized that there is yet to be evidence to 

confirm that such a delay would make a differ-
ence. It is also not clear whether athletes, parents 
or coaches would be willing to adhere to such 
long timeframes and these may significantly 
impact on career prospects for some young ath-
letes. There is also wide individual variation in 
the recovery of ACL injury and reconstruction 
surgery and therefore an approach that is both 
time and criteria based may be preferable.

9.5  Criteria-Based Rehabilitation

One approach to address readiness to return to 
sport is to target modifiable neuromotor deficits 
known to be associated with both first and second 
ACL injury in phased rehabilitation programs 
and set criteria for progression from one phase to 
the next, which include return to sport. These 
modifiable deficits include trunk, ligament, quad-
riceps, and limb/leg dominance patterns [33].

These neuromotor deficits of trunk, ligament, 
quadriceps, and limb/leg dominance are fortu-
nately readily observable and serially measurable 
after ACL rupture and reconstruction and should 
be measured longitudinally during the return to 
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Fig. 9.1 Schematic showing that the time of recovery of baseline joint health and function is not indicated until 2 years 
post ACL injury or reconstruction surgery. From Nagelli and Hewett [32]
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sport (RTS) process [33]. The athlete should 
understand that although the surgical reconstruc-
tion of the ligament may have created a mechani-
cally stable joint, they may not have a functionally 
stable knee during dynamic movements and that 
they must be serially tested for any potential 
functional deficits [34, 35] and these deficits need 
to be addressed before return to play is advised.

Well-controlled, valid and reliable longitudi-
nal measurement of the aforementioned neuro-
motor imbalances of trunk, ligament, quadriceps 
and leg dominance are critical for the allowable 
progression of post-injury and post-operative 
progression of the injured athlete through both 
the early and late stages of rehabilitation. As 
such, coordination between active muscular and 
passive ligamentous control of tibiofemoral 
motion in all three planes of motion must be 
assessed and enhanced [33]. Fortunately, such 
neuromotor imbalances, trunk dominance, for 
example, are readily observable and measurable 
post ACL rupture and reconstruction. A dynami-
cally stable knee joint, which is prepared to return 
to demands of competitive play, must coordinate 
passive mechanical function of the ACL graft 
with appropriate neuromuscular control of the 
hip, knee and entire kinetic chain, and most espe-
cially of the trunk or “core,” to provide muscular 
dampening of joint loads and reduce strain on the 
graft [34]. A progressive, functional testing and 
rehabilitation program is required to provide the 
athlete with an effective means of facilitation of 
positive adaptations to the much needed and 
often impaired proprioceptive function of the 
knee joint. Proper ACL return to play testing and 
training can provide the athlete with a dynami-
cally functional joint that is prepared to respond 
to the extreme forces generated during athletic 
competition and reduce the risk of a second or 
even further subsequent injury and will optimally 
prepare even the young, highly active high-risk 
athlete to achieve pre-injury performance levels 
safely [36].

Neuromuscular control deficits, for example, 
quadriceps dominance, are readily observable 
and measurable after ACL rupture and well into 
the postoperative rehabilitation period [37]. 
Rehabilitation professionals should serially mea-

sure these deficits and focus rehabilitative inter-
ventions in these areas. Paterno et  al. [38] 
demonstrated the observable and measurable 
presence of quadriceps dominance by a straight 
knee and a “stiffening” strategy on balance test-
ing in athletes at high risk for a second ACL 
injury. Female athletes may have a greater loss of 
single-leg postural balance at return from a knee 
injury when compared with males. They may 
also return to their preinjury state slower than 
their male counterparts [37]. A standard level of 
proficiency in postural balance before return to 
sport is important to protect athletes from a sec-
ond ACL injury. Athletes that do not demonstrate 
postural balance within two standard deviations 
of normal have a significantly higher risk of 
injury [39]. Balance and proprioceptive training 
past the acute postsurgical rehabilitation phase is 
a necessary requirement, not only for restoration 
of functionality, but for its prophylactic effect on 
ligament reinjury [37, 38, 40, 41].

The observed presence of significant leg dom-
inance, as evidenced and measured by the 
absence of limb symmetry following ACL recon-
struction, may be due to imbalances between 
muscular strength and joint kinematics between 
contralateral lower extremity measures in ath-
letes at high risk for first and second ACL rup-
tures. For example, females may generate lower 
hamstrings torques on the non-dominant than in 
the dominant leg [42]. More specifically, adoles-
cent female athletes have significant side-to-side 
differences in maximum knee valgus angle com-
pared to males during a box drop vertical jump 
[43]. Side-to-side imbalances in muscular 
strength, flexibility and coordination are impor-
tant predictors of increased injury risk [44–46]. 
Side-to-side balance in strength and flexibility is 
important for the prevention of injuries and when 
imbalances are present, the athlete may be more 
injury-prone [44]. Patients with muscle strength 
imbalances may exhibit a higher incidence of 
first and second ACL injury [45]. We [46] devel-
oped a model to predict ACL injury risk with 
high sensitivity and specificity. Half of the 
parameters in the predictive model were leg dom-
inance indicators of side-to-side differences in 
lower limb kinematics and kinetics [46]. Side-to- 
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side limb neuromotor imbalances likely increase 
risk for both limbs. Over-reliance on the  non- ACL 
ruptured and reconstructed limb can put greater 
stress and torques on that knee, while the involved 
operated limb is also likely at increased risk due 
to an inability of the musculature on that side to 
effectively absorb the high forces associated with 
sporting activities.

A more advanced level of testing and train-
ing that should be utilized to observe, measure 
and target ligament, quadriceps, leg and trunk 
dominance patterns is the utilization of unan-
ticipated cutting movements. Prior to teaching 
unanticipated landing and cutting, rehabilita-
tion professionals, coaches and athletes should 
first consider the work of Paterno et  al. [38]. 
Trunk dominance may be evidenced by the 
observation of a net negative hip internal rota-
tion impulse on a drop vertical jump with 3D 
biomechanical testing or visually observable 
internal hip rotation. Ligament dominance can 
be observed by inward hip and knee collapse 
during the drop vertical jump. Quadriceps dom-
inance by a straight knee and a “stiffening” 
strategy on balance testing. Leg dominance can 
be observed and measured by side-to side dif-
ferences in relative quadriceps and hamstring 
activation via peak knee flexion/extension 
moments on a drop vertical jump during 3D 
biomechanical testing, peak torque on dyna-
mometer testing or with standardized hop test-
ing [33, 38, 47, 48].

Limb or leg dominance may not be fully cor-
rected by simple single-faceted sagittal plane 
training and conditioning protocols that do not 
incorporate cutting manoeuvres will not provide 
similar levels of external varus/valgus or rota-
tional loads that are seen during sport-specific 
cutting manoeuvres [49]. Testing and training 
programs that measure and teach safe levels of 
knee abduction/adduction moment dominated 
valgus and varus stresses may induce more mus-
cle dominant neuromuscular adaptations [50]. 
Such adaptations can better prepare an athlete for 
more multi-directional sports movements that 
can improve their performance and reduce risk of 
second ACL injury [42, 51, 52]. High-risk ath-
letes perform cutting techniques with decreased 

knee flexion and increased knee abduction/
adduction valgus/varus angles [53].

Ligament dominance, as evidenced by 
increased “valgus” knee abduction loads, can 
double when performing unanticipated cutting 
manoeuvres similar to those utilized in sport 
[54]. Thus the endpoint of training designed to 
reduce knee abduction/adduction ACL loading 
via valgus and varus torques can be gained 
through training the athlete to use movement 
techniques that produce the low abduction and 
adduction knee joint moments [50]. Training that 
incorporates unanticipated movements can 
reduce knee joint loads [55]. In addition, training 
individuals to pre-activate the neuro-musculature 
that surrounds and controls the position of the 
knee joint prior to ground contact may facilitate 
appropriate kinematic adjustments and ACL 
loads may be reduced [54, 56]. Training the ath-
lete to employ safe cutting techniques in unan-
ticipated sport situations may instil technique 
adaptations that will more readily transfer onto 
the field of play. If achieved, the ligament domi-
nant athlete may become muscular dominant, 
reducing their future risk of ACL injury [42, 52].

9.6  Return to Sport Testing

Another approach to assess readiness to return to 
sport that can be applied to either criteria or time- 
based rehabilitation is to use a set of criteria or 
‘test battery’ to give the athlete clearance for 
return to sport. This is typically used at the final 
stages of rehabilitation and athletes who pass are 
cleared to return. Not surprisingly, the content of 
such testing is varied, and several consensus 
statements and clinical practice guidelines have 
been put forward. van Melick et al. [57] attempted 
to reach a consensus in regard to which criteria 
should be used to determine the moment of return 
to play. It was recommended that an extensive 
test battery for both quantity and quality of move-
ment should be performed, and that the test bat-
tery itself should include a series of strength tests, 
hop tests and measurement of quality of move-
ment. A limb symmetry index of greater than 
90% was suggested as a pass criterion, but it was 
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also suggested that this could be increased to 
100% for patients planning a return to pivoting or 
contact sports. This seems a reasonable approach; 
however, as younger athletes are also more likely 
to meet criteria that are used to indicate readiness 
to return to sport, there may be a role for adjust-
ing ‘pass’ thresholds for these criteria based on 
age as well.

An additional consensus statement on return 
to sport concluded that, for any injury, the return 
to sport decision should always use information 
gained from a battery of tests and should assess 
direction change and reactive agility, as well as 
psychological readiness [58]. In this regard, it is 
interesting to note that more recent studies have 
attempted to cover a broad range of risk factors, 
often suggesting that 15–20 different tests be 
used [59, 60]. This is likely due to uncertainty 
regarding what the most important factors for 
various outcomes, such as player performance or 
risk of further injury, are. However, this approach 
may cause an unnecessary burden and use of 
resources for both the patient and clinician. It has 
therefore been suggested that the focus should be 
on fewer but important factors and that five fac-
tors should be enough as any one factor would 
ideally account for at least 20% of the predictive 
variance [61].

It is also worth discussing whether return to 
sport tests is designed to determine whether the 
patient is capable of returning to play or whether 
they are designed to determine whether it is safe. 
These are often used interchangeably, and the 
questions of safety and capability cannot neces-
sarily be addressed in the same way [62]. Most 
return to sport testing is done with the aim of 
assessing safety, i.e., whether the patient can 
make a return without suffering a further ACL 
injury. However, the same or similar measure-
ments can also be used as assessments of how 
much of their functional capacity a patient has 
regained and the likelihood of making a return to 
sport. For example, meeting return to sport crite-
ria at 6 months post-operatively has been associ-
ated with higher rates of returning to preinjury 
levels of activity up to 2 years [63]. The remain-
der of this chapter will focus on return to sport 
testing to assess the safety of returning to sport.

9.6.1  Return to Sport Testing 
for Making a Safe Return 
to Play

As it is becoming increasingly common for return 
to sport testing to be used as part of the decision- 
making process for a safe return to sport follow-
ing ACL reconstruction surgery, for such testing 
to be of value to both the clinician and the patient, 
its validity should be known, or at least scientifi-
cally assessed. Despite the many discussions 
about return to sport testing following ACL 
reconstruction, the evidence surrounding it is 
relatively limited and to some extent contradic-
tory. However, one aspect for which there is con-
sistency is that the proportion of patients who 
pass return to sport testing is actually rather low. 
This was highlighted in a recent systematic 
review which showed a 23% pass rate from 8 
studies with 876 patients who were tested before 
returning to sport at between 5- and 10-month 
post-surgery [64]. Most of these studies used 
>90% limb symmetry as the threshold for a pass. 
Of potential concern, the same pass rate was also 
reported for three studies (234 patients) in whom 
the patients had already resumed playing strenu-
ous sports.

The same systematic review also determined 
whether passing RTS test batteries reduced sub-
sequent rates of any knee injury [64]. The com-
bined results from two studies showed a 72% 
reduction in risk with passing RTS criteria. 
However, this reduction was not statistically sig-
nificant, and 95% confidence intervals were large 
(from 93% reduction in risk to 21% increase in 
risk). One of the studies also reported that the risk 
of subsequent knee injury markedly reduced for 
each month an athlete delayed returning to sport, 
until the 9-month mark, and this has been fre-
quently cited [65]. Of the individual components 
in the RTS test battery, having a quadriceps 
strength deficit prior to return to sport was the 
most significant predictor of further knee rein-
jury. However, since only 18 patients (out of 106) 
actually passed the RTS testing criteria, caution 
needs to be applied when interpreting these 
results and overall it is difficult to draw firm 
conclusions.
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Regarding passing RTS testing and subse-
quent ACL injury, two reviews showed that pass-
ing test batteries did not reduce the risk for all 
subsequent ACL injuries [64, 66]. However, one 
review found that passing an RTS test battery did 
significantly reduce the risk for subsequent graft 
rupture by 60%, although it increased the risk for 
a subsequent contralateral ACL injury by 235% 
[64]. This highlights the conflicting findings that 
are reported in the literature. Of the included 
studies in these meta-analyses, only two showed 
significant results [67, 68]. These also had the 
largest patient sample sizes, and as such made the 
greatest contribution to the weighting of the 
meta-analyses. It is therefore relevant to have a 
closer look at both.

Kyritsis et al. [67] recorded graft ruptures in 
elite male athletes and reported that those who 
did not meet all 7 RTS criteria had a four times 
greater risk of graft rupture. The hamstring-to 
quadriceps ratio of the involved leg alone was 
also highly associated with graft rupture, with a 
ten times greater risk for every 10% difference in 
strength. Unfortunately, the contralateral side 
was not reported on. In comparison, Sousa et al. 
[68] did not find a reduced risk for graft rupture 
in their group who passed criteria at 6 months, 
but they did find a significantly increased risk for 
contralateral injuries. As the patients who passed 
RTS testing were cleared for an early return, 
compared to those who failed and were advised 
to wait, the authors suggested that this increase in 
contralateral ACL injuries may be related to an 
increased activity level in the patients who had 
passed the criteria. This is a logical assumption; 
however, a close look at the Kaplan-Meier sur-
vival curves presented in Sousa et al. shows that 
there were few early second ACL injuries in the 
cohort. For graft ruptures, the earliest occurred 
after 36 months from surgery and for contralat-
eral ACL injury there are no differences between 
the RTS pass and fail groups until approximately 
20–30  months from surgery. Therefore, despite 
one group (those who passed RTS testing at 
6 months) being cleared for an earlier return this 
does not seem to have had an impact on the tim-
ing of subsequent ACL injuries. As such, the 
impact of any potential difference in early expo-

sure may in fact be minimal and this needs fur-
ther exploration [69].

Unfortunately, relatively few studies that 
investigate RTS testing and further ACL injury 
report return to sport rates along with re-injury 
rates. Even when they do, the definition of return 
to sport varies from one study to another. For 
example, Grindem et  al. [65] classified any 
reported participation, including training, as hav-
ing returned. If the patients who pass RTS test are 
not returning to comparable levels of activity or 
sport as those who fail testing, it is difficult to 
draw conclusions about the benefit of meeting the 
RTS criteria. It is also highly likely that other fac-
tors come into play in the time interval between 
when RTS testing is conducted and when further 
ACL injuries occur. It may not be meaningful to 
relate an injury that occurs back to an RTS test 
that occurred many years earlier. There has been 
little discussion in the literature as to what may 
be an appropriate follow-up time period follow-
ing RTS testing [64].

The frequency of conducting RTS testing has 
also received little attention. A recent study did 
nonetheless conclude that it is pointless to under-
take knee strength assessments that are closer 
than 2 months apart [70]. As knee strength out-
comes are one variable which has more fre-
quently been associated with reinjury [65, 67] 
such information can serve to reduce the pres-
sures therapists may feel to provide continual 
testing. However, as this was a cross-sectional 
study much work is needed to validate this initial 
data and extend it to other types of tests.

Whether clinical measures can be used to 
identify groups at high risk of reinjury has also 
been investigated [71, 72]. While some risk fac-
tors have been identified, such as increased knee 
laxity and performance on hop for distance tests, 
no matter what testing is done there are still ath-
letes who suffer a further injury without the pres-
ence of risk factors and don’t fit into a ‘high-risk 
classification’. Therefore, although some athletes 
may be able to be identified who go onto have a 
second injury, the accuracy of the prediction is 
low, and many athletes who are considered to be 
at low risk also sustain further injuries. Therefore, 
despite the increasing popularity surrounding 
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RTS testing, there are many questions that remain 
unanswered. Until further research data are avail-
able, caution should be exercised when using 
information from RTS testing to provide advice 
to patients—particularly at an individual patient 
level—regarding their risk for subsequent injury, 
if or when they choose to return to sport.

9.6.2  The Psychological Aspect

While much emphasis has been placed on tests 
for physical function and strength, as previously 
noted, the importance of addressing psychologi-
cal factors has been recognized. Although there 
has been much less empirical work in this area, 
what is available shows promise. Two initial pilot 
studies showed that fear of reinjury was associ-
ated with a second ACL injury. In the first, 
Tagesson and Kvist [73] conducted a battery of 
assessments in a cohort of 19 patients before sur-
gery and at 5  weeks after ACL reconstruction 
which included; fear of reinjury, knee confidence, 
patient-reported function, activity levels, static 
and dynamic tibial translation and muscle 
strength. They followed the group for 5 years and 
found that those who went on to have a second 
ACL injury had greater fear of reinjury and 
greater static tibial translation in both knees com-
pared to those who remained uninjured. In the 
second pilot study, Paterno et al. [74] assessed 40 
patients who had been cleared to return to sport 
and tracked them for 12 months to identify sec-
ond ACL injuries. Patients with a greater fear of 
injury were 13 times more likely to suffer a sec-
ond ACL injury. These authors suggested that it 
may be important to measure self-reported fear 
of movement and incorporate this into return to 
sport discharge criteria to reduce the risk of fur-
ther ACL injury.

In a subsequent larger study, McPherson et al. 
[75] had 429 athletes complete the anterior cruci-
ate ligament return to sport after injury (ACL- 
RSI) scale, a measure of psychological readiness 
for returning to sport, both before and at 
12  months after ACL reconstruction, and then 
followed the cohort for a minimum 2  years to 
determine further injury. Given that most ACL 

injuries occur in the context of sport, only those 
who had made a return to sport were included in 
the final analysed cohort of 329 patients. For this 
group, when measured at 12  months, younger 
injured patients (≤20  years) had significantly 
lower psychological readiness than younger non- 
injured patients. A follow-up study in the same 
young cohort showed that those who re-injured 
had little improvement in ACL-RSI scores from 
preoperative to 12 months post-surgery, whereas 
those not injured showed a 20-point increase 
[76]. While this work needs further validation 
and replication, it would appear prudent to con-
sider a psychological aspect alongside any physi-
cal return to sport assessment.

9.7  Conclusions

Many athletes do not return to their prior level of 
sport following ACL reconstruction surgery. Of 
those that do, a proportion will suffer a second 
ACL injury and younger patients who return to 
strenuous sports are at high risk of this. Criteria- 
based return to sport rehabilitation has been 
shown to be of significant benefit and should be 
preferred over solely time-based rehabilitation. 
Despite much interest in return to sport testing 
there is currently insufficient evidence that it can 
be used to provide advice to individual patients 
regarding their risk for further ACL injury.

ACL rupture and reconstruction should not be 
a career-ending injury; however, there are consid-
erable and serious obstacles to overcome during 
rehabilitation and prior to return to sport. Surgical 
management with appropriate early physical 
rehabilitation can bring an athlete back to base-
line functional level which allows the athlete to 
safely return to competitive play. However, the 
neuromotor imbalances of trunk, ligament, quad-
riceps, leg dominance may continue to exist and 
be observable and longitudinally measurable dur-
ing dynamic sports manoeuvres out to and even 
beyond 2  years in competitive athletes if not 
appropriately assessed and treated. Therefore, 
additional focus on longitudinal measurement 
and maximization of strength along with minimi-
zation of the aforementioned neuromotor 
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 imbalances is necessary to ensure successful 
rehabilitative management and return to sport 
following ACL reconstruction of the young, 
highly active high-risk competitive athlete.
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Revision ACL Reconstruction

Jonathan D. Hughes and Bryson P. Lesniak

10.1  Introduction

10.1.1  Background

The rate of failure after anterior cruciate ligament 
(ACL) reconstruction remains low, with a 
reported failure rate of 3–14% [1–6]. However, 
when failures do occur, patient outcomes are less 
favorable after revision ACL reconstruction. A 
recent prospective cohort study showed that after 
revision ACL reconstruction, 38% of patients 
met subjective failure criteria, while only 20% of 
patients undergoing primary ACL reconstruc-
tions met subjective failure criteria [7]. Data from 
the Multicenter Orthopedic Outcomes Network 
(MOON) and Multicenter ACL Revision Study 
(MARS) groups demonstrated meniscal and car-
tilage injury in 90% of patients at the time of 
revision ACL reconstruction, and these patients 
had a 1.7 times greater risk of Outerbridge grade 
3 or 4 cartilaginous lesions than patients under-
going primary ACL reconstruction [8, 9]. 
Additionally, these data concluded patients 
undergoing multiple revision ACL reconstruc-
tions had lower activity scores, increased risk of 
chondral injuries in the patellofemoral and 

medial compartments, and had a high rate of non-
traumatic, recurrent graft tears [10]. Various stud-
ies have demonstrated that patient-reported 
outcomes, activity levels, and return to sport rates 
are worse after revision ACL reconstruction com-
pared to primary ACL reconstruction [11, 12].

10.1.2  Factors Contributing 
to Failure

The most important aspect when approaching 
failure of ACL reconstruction is understanding 
the reason for failure. Although reasons for fail-
ure are multifactorial, repeat traumatic events or 
technical errors are the most common causes for 
failure. Recent data from the MARS group dem-
onstrated the most common reason for failure 
after primary ACL reconstruction was a trau-
matic event causing graft failure. However, 
when looking at patients undergoing multiple 
revisions, technical error was reported to be the 
most common error [10]. A separate study from 
the MARS database showed that femoral tunnel 
malposition was a contributing cause of failure 
in 48% of cases and the only cause of failure in 
25% of cases. They concluded that anterior and 
vertical femoral tunnel malposition was the 
most common error [13]. A retrospective review 
reported anterior femoral tunnel placement in 
36% of revision cases [14]. Anterior femoral 
placement results in excessive graft tension, 
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leading to loss of flexion and stretching of the 
graft. Vertical femoral tunnel placement, 
although adequately restoring anteroposterior 
stability, may lead to continued rotational insta-
bility and failure. On the tibial side, an anteri-
orly placed tibial tunnel may lead to loss of knee 
extension due to graft impingement against the 
intercondylar notch. A posteriorly placed tibial 
tunnel may lead to impingement against the 
posterior cruciate ligament. Medial or lateral 
tibial tunnel placement may also lead to graft 
impingement on the intercondylar notch, as well 
as possible injury to the cartilage on the tibial 
plateau.

Graft choice has also been implicated in 
causes for ACL reconstruction failure. Numerous 
studies have demonstrated allograft is associated 
with a higher rate of failure in young patients, 
with one study showing a failure rate of 23.1% 
and a reoperation rate of 38% [5, 15, 16]. A study 
from the MARS cohort reported a 4.4 times 
greater risk of failure with allograft compared to 
autograft [15], while a recent meta-analysis 
found allograft had a significantly higher risk of 
rupture than autograft, with an odds ratio of 5.03 
[17]. When comparing autograft options, various 
studies have demonstrated equivalent graft fail-
ure among quadriceps tendon (QT), patellar ten-
don (BPTB), and hamstrings tendon (HT) 
[18–20]. However, recent literature has indicated 
a higher failure rate with HT compared to BPTB 
in younger patients [21–23].

Graft size can be a cause of ACL reconstruc-
tion failure. One retrospective review concluded 
that HT graft size less than 8 mm in diameter had 
an increased re-tear risk [24], while a recent sys-
tematic review concluded that HT graft diameter 
greater than 8 mm reduced the failure rate [25]. A 
recent study determined for HT graft diameters 
within 7 mm and 9 mm, there was a 0.82 times 
lower likelihood of revision with every 0.5 mm 
increase in graft diameter [26]. However, for 
patients with small intercondylar notches or bony 
morphology, smaller grafts may be beneficial and 
decrease rate of failure in this subset of patients 
[27, 28]. Therefore, each case must be individual-
ized to the particular patient.

10.2  Preoperative Workup

10.2.1  History and Physical Exam

The most important aspect of the preoperative 
workup is elucidating the cause for ACL recon-
struction failure. A detailed history should be 
taken, including mechanism of injury, activity 
level and sports participation, antecedent pain or 
feelings of instability in the knee, and surgical 
history on the knee. Prior clinical and operative 
notes should be reviewed, if available. Additional 
information to obtain includes prior surgical his-
tory on either knee, history of infections and 
bleeding disorders, risk factors for osteoporosis, 
personal or family history of hyperlaxity, and his-
tory of smoking. All these factors can play a role 
in ACL reconstruction failure, and aid in future 
surgical planning.

A thorough physical exam should be per-
formed, including the contralateral, healthy knee. 
Range of motion, alignment, muscle strength and 
girth, and scars from prior surgery should be doc-
umented for bilateral extremities. The knee rota-
tional and anteroposterior stability should be 
evaluated and compared to the contralateral side. 
The injured knee should be assessed for physical 
signs of latent infection. Any signs of hyperlaxity 
should also be noted. A pivot shift of bilateral 
knees should be performed and compared, as 
high-grade rotatory knee laxity is an inclusion in 
the recently published STABILITY trial discuss-
ing the addition of further stabilization proce-
dures such as lateral extra-articular tenodesis 
(LET) [29].

10.2.2  Imaging Studies

Initial radiographic evaluation includes standing 
anterior-posterior, weight bearing 45° flexion 
posterior-anterior, lateral, and Merchant views. 
The weight bearing 45° flexion posterior-anterior 
views can be utilized to measure the angle of the 
prior femoral tunnel, while the lateral view can 
be used in conjunction with the 45° flexion 
posterior- anterior views to measure the angle of 
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the prior tibial tunnel. The type and position of 
fixation devices can be identified on these views. 
These fixation devices, including interference 
screws, staples, and buttons, are important for 
operative planning, as these may need to be 
removed during revision surgery. Additionally, 
full-length standing radiographs should be 
obtained to evaluate overall mechanical align-
ment in the coronal and sagittal planes. The cur-
rent magnetic resonance imaging (MRI) as well 
as the MRI from the initial injury should be 
reviewed in detail to look for concomitant pathol-
ogy such as meniscus tears, chondral injury, 
anterolateral capsule injuries, and additional liga-
mentous injuries.

The authors prefer to obtain a thin-cut com-
puted tomography (CT) scan with three- 
dimensional (3D) reconstructions in all revision 
settings. These images can provide crucial infor-
mation on the position of the tunnels, tunnel wid-
ening, position of radiolucent fixation devices, 
and concomitant bony pathology. One study 
reported bone tunnels seen on CT were also iden-
tified on radiographs, but there can be discrepan-
cies in the measurements of the femoral tunnels 
between the imaging modalities [30]. Therefore, 
CT scans with 3D reconstructions can add valu-
able and more accurate measurements for preop-
erative planning, as well as understanding the 
spatial orientations of the tunnels [31].

10.3  Surgical Planning

After a thorough review of the available imag-
ing studies, a surgical plan can be developed 
that addresses tunnel position, possible hard-
ware removal, mechanical alignment, and any 
meniscal deficiency. Revision ACL reconstruc-
tion can be performed as a one-stage or two-
stage procedure, which can usually be 
determined preoperatively through the initial 
workup. The location and size of the prior tun-
nels on the tibial and femoral sides is the main 
determinant of one- stage versus two-stage pro-
cedures. The location of these tunnels can be 
accurately assessed via CT scans with 3D recon-

structions and categorized according to the The 
REVision using Imaging to guide Staging and 
Evaluation (REVISE) in ACL Reconstruction 
Classification (Table 10.1) [32]. A REVISE type 
1A includes tibial and femoral tunnels that have 
acceptable size, position, and trajectory 
(Fig.  10.1). These cases are approached as a 
one-stage revision without the need to revise the 
prior tunnels. Type 1B also refers to a one-stage 
revision, but requires modifications to the femo-
ral (F) and/or tibial (T) tunnels (Fig. 10.2). This 
classification type can be sub-classified based 
on the tunnel needing revised (1B-F for femoral 
tunnel, 1B-T for tibial tunnel, and 1B-FT for 
both tibial and femoral tunnels). Type 2 refers to 
a two-stage revision, due to significant tunnel 
widening or overlap, poor tunnel position, 
malalignment, or infection (Fig.  10.3). This 
classification type can be subdivided into W, M, 
and I modifiers to identify tunnel widening or 
overlap (2-W), presence of malalignment (2-M), 
and infection (2-I). Prior studies have demon-
strated that ∼34% of revision ACL reconstruc-
tions follow Type 1A, 50% follow Type 1B, and 
15% follow Type 2 [9, 33]. Hardware should be 
left in place, if possible, to prevent the creation 
of bone defects, if it does not interfere with tun-
nel placement.

Table 10.1 The REVision using Imaging to guide 
Staging and Evaluation (REVISE) in ACL Reconstruction 
Classification

Type 1A One-stage revision, tibial and femoral 
tunnels have acceptable size, position, and 
trajectory

Type 1B One-stage revision with modifications 
needed to tunnel(s)

   1B-F    Femoral tunnel needs modification
   1B-T    Tibial tunnel needs modification
   1B-FT    Femoral and tibial tunnels need 

modification
Type 2 Two-stage revision
   2-W    Tunnel widening or overlap
   2-M    Presence of malalignment
   2-I    Infection

This classification system evaluates the prior tibial and 
femoral tunnels after ACL reconstruction and determines 
the need for a one-stage versus two-stage revision ACL 
reconstruction. ACL anterior cruciate ligament
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a b

Fig. 10.1 REVision using Imaging to guide Staging and 
Evaluation (REVISE) Type 1A. Three-dimensional com-
puted tomography (3-D CT) reconstruction of a prior 
anterior cruciate ligament reconstruction (ACL-R). The 

sagittal femur (a) and axial tibia (b) demonstrate accept-
able location and size of the prior femoral and tibial tun-
nels. These tunnels can be utilized again for the revision 
ACL-R

a b

Fig. 10.2 REVision using Imaging to guide Staging and 
Evaluation (REVISE) Type 1B-F.  A sagittal computed 
tomography of a prior anterior cruciate ligament recon-
struction (ACL-R) demonstrates a vertical and anterior 

tunnel on the femur (image a) and an appropriately placed 
tibial tunnel (image b). A new femur tunnel will need to 
be drilled, while the prior tibial tunnel can be used again 
for the revision ACL-R

10.3.1  Type 1A

Tunnels that are appropriately placed can be used 
again in the revision setting, even with widening 
identified preoperatively. Hardware removal may 

be necessary if interference screws were utilized. 
Cortical fixation devices, staples, and cortical 
screws can be avoided during surgery and there-
fore most often do not need to be removed. While 
addressing screw removal, a curette or burr should 
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be used to remove all bone around the head of the 
screw. If the type of prior screw is unknown, one 
should have screw removal sets available. Once 
the screw is removed, the  remaining soft tissue in 
the tunnel is debrided and the tunnel is dilated to 
the appropriate size (Fig. 10.4). The authors’ pref-
erence is to debride the index tunnels by starting 
with a small reamer and sequentially increasing 
the diameter until healthy, bleeding bone is 
exposed in the tunnel. Placing a dry arthroscope 
into the tunnel between reamings can help deter-
mine when fresh  bleeding bone is exposed circum-
ferentially in the tunnel. A larger soft tissue graft 
can be used with adjustable or continuous loop 
cortical fixation devices, especially if the posterior 
wall is incompetent on the femoral side. 
Interference screws can be utilized if the surgeon 
prefers if there is no wall breach. On the femoral 
side, if the tunnel remains larger than the graft 
after tunnel debridement, or a defect remains from 
the screw removal, an interference screw or bone 
graft can also be placed into the tunnel (Fig. 10.4). 

Grafts with bone blocks can also be used, either 
autograft or allograft, with allograft providing the 
ability to obtain a larger bone block if needed to 
fill the prior tunnel. However, the authors preferred 
method is to avoid the use of allograft in primary 
or revision ACL reconstructions when possible 
given the recent studies demonstrated increased 
failure rates with allograft tissues [4, 15, 34].

10.3.2  Type 1B

In many instances for Type 1B-F, the prior femo-
ral tunnel is placed sufficiently anteriorly or ver-
tically that a new tunnel can be placed without 
addressing the prior tunnel (Fig. 10.5). A recent 
case series of the MARS cohort detailed drilling 
an entirely new femoral tunnel in 82% of cases 
[13]. If the prior tunnel is widened or enlarged, 
bone graft or an interference screw can be placed 
into the tunnel to fill the void and avoid collapse 
between the two tunnels.

a b

Fig. 10.3 REVision using Imaging to guide Staging and 
Evaluation (REVISE) Type 2-W.  A sagittal computed 
tomography of a prior anterior cruciate ligament recon-
struction (ACL-R) demonstrates tunnel widening and 

osteolysis on the femur tunnel on the sagittal (image a) 
and coronal (image b) images. This will require a two- 
stage procedure, with bone grafting at the index surgery

10 Revision ACL Reconstruction



100

a b

c

Fig. 10.4 Hardware removal and Single-stage bone 
grafting on the femoral side. Image (a) demonstrates the 
prior femoral tunnel screw with the prior, appropriately 
placed femoral tunnel distal to it (marked by the shaver). 

Image (b) shows the large femoral defect after removal of 
the screw and debridement of the tunnel. Image (c) dem-
onstrates the bone dowel within the prior screw tunnel

a b

Fig. 10.5 Intra-operative images of a REVision using 
Imaging to guide Staging and Evaluation (REVISE) Type 
1B-F. Image (a), as viewed from an anterolateral portal, 
demonstrates the prior vertically and anteriorly placed 
femoral tunnel. Image (b) demonstrates the placement of 

a new femoral tunnel in the anatomic footprint. Also in 
image (b), a dilator can be seen within the prior tibial tun-
nel, as this was placed in appropriate position and will be 
utilized in the revision surgery
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A very common scenario in revision cases 
occurs when the prior tunnel is not quite ana-
tomic, and will overlap with the new, anatomic, 
tunnel. In this situation, the “divergent tunnel” 
technique should be employed (Fig. 10.6). This 
involves drilling the new tunnel in a divergent 
angle to the previous tunnel to minimize tunnel 
overlap [35]. If the tunnel aperture becomes 
 significantly widened due to the overlap, several 
options exist intraoperatively to address this 
issue. One option includes bone grafting the pre-
vious tunnel with autograft, allograft bone chips, 
allograft bone graft substitute, or allograft bone 
dowels. This option provides stability of the bone 

graft with the ability to drill a new tunnel through 
the bone graft [36, 37]. Another option includes 
placing a large interference screw in the widened 
tunnel and diverge its trajectory from the new 
tunnel to allow bony fixation of the screw.

If significant widening of the tunnels is pres-
ent, there are two options to complete a single- 
stage ACL revision: the over-the-top (OTT) 
procedure and one-stage bone grafting. The defi-
nition of “significant tunnel widening” is up for 
debate. While some authors have suggested 
greater than 14 mm, recent literature has demon-
strated inferior results with one-stage revisions 
with index tunnels greater than 12.5 mm diame-
ter [38]. The OTT procedure can be an effective 
single-stage option in these cases and includes 
creating a trench in the anatomic footprint of the 
femur to allow graft healing. The graft is passed 
from the tibia through the femoral notch and pos-
terior to the lateral femoral condyle and through 
the posterolateral capsule and secured to the lat-
eral femoral condyle with a staple, bicortical 
screw, or other suspensory fixation devices. This 
technique avoids the need for a femoral tunnel 
and allows the graft to heal along the trench in the 
femur along the posterior cortex of the lateral 
femoral condyle (Fig.  10.7). Additionally, an 
Achilles allograft with a bone block can be used, 
allowing a large bone block to be used on the 
tibial side depending on the size of the prior tun-
nel. A recent systematic review demonstrated 
comparable outcomes between OTT ACL recon-
struction and traditional ACL reconstruction in 
the primary and revision setting [39].

10.3.3  Type 2

A two-stage procedure is indicated for poorly 
placed tunnels that don’t allow a new, anatomic 
tunnel to be created, tunnel widening so signifi-
cant on both the tibia and femur that over-the-top 
procedure or one-stage bone grafting are not fea-
sible, or significant infection. The two-stage pro-
cedure involves an initial bone-grafting 
procedure, or in the case of infection multiple 
debridements followed by bone-grafting, and 
then an incorporation phase allowing the bone 

Fig. 10.6 The divergent tunnel technique. A coronal 
radiograph of a right knee demonstrates prior hardware 
from multiple anterior cruciate ligament reconstructions 
(ACL-R). The prior tibial tunnel (red box) aperture is 
appropriate but the proposed tunnel angle and direction 
(purple box) are new
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graft to fully heal before the subsequent revision 
ACL reconstruction. At the initial surgery, hard-
ware is removed from the tunnels and the tunnels 
are debrided of all soft tissue and sclerotic bone 
as described above. Bone graft is impacted into 
the tunnels. The source of bone graft can be auto-
graft from the tibia or iliac crest, allograft, or syn-
thetic graft. Following the primary bone grafting 
procedure, the patient is followed clinically for 
3–4 months to allow the bone graft to fully incor-
porate. Repeat radiographs and CT scan are taken 
at the 3-month mark to ensure adequate incorpo-
ration. If the bone grafts have not fully incorpo-
rated, the patient should continue to be followed 
clinically with repeat imaging studies in 
1–2 months to ensure adequate incorporation.

10.3.4  Graft Choice

The graft choices for revision ACL reconstruc-
tion should be individualized to each patient, 
with the index surgery graft choice taken into 
consideration. Options include ipsilateral or con-
tralateral QT, BPTB, and HT autografts, as well 
as allografts. QT and BPTB autografts are advan-
tageous, as a bone block can be harvested with 
either graft, allowing initial bony fixation and 
addressing the bony void from the index tunnel. 

Another advantage of QT is the flexibility of graft 
size. Most patient’s QT can be harvested from 
8 mm up to 11–12 mm diameter without  difficulty 
or concern. However, BTB and QT harvests are 
limited in terms of graft length when compared to 
HT.  Therefore, HT autografts are the authors’ 
preferred choice for OTT procedures. As stated 
previously, allografts are avoided in young 
patients due to the increased risk of failure [4, 15, 
34]. However, the Achilles allograft with a bone 
block is a great tool for widened tunnels or OTT 
procedures. The bone block can be cut to match 
the size of the index tibial or femoral tunnel, thus 
avoiding bone grafting or placement of an inter-
ference screw.

10.3.5  Additional Considerations

The cause of ACL reconstruction failure should 
be sought in all cases. In many cases, there is 
concomitant malalignment or bony morphology 
or unrecognized ligamentous or meniscal pathol-
ogy that may be contributing to failure. 
Mechanical alignment should be evaluated with 
full-length standing radiographs. Varus malalign-
ment may place excessive strain on the recon-
structed knee, especially in the setting of a varus 
thrust [40]. A proximal tibial osteotomy may be 

a b c

Fig. 10.7 Revision anterior cruciate ligament reconstruc-
tion (ACL-R) using the over-the-top (OTT) method. 
Image (a) is an intra-operative arthroscopic view from the 
anterolateral portal of the completed OTT ACL-R. Images 

(b, c) are postoperative coronal and sagittal computed 
tomography images, respectively, of a healed OTT 
ACL-R
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warranted to address this malalignment. A more 
subtle malalignment is in the sagittal plane. Prior 
studies have demonstrated that an increased pos-
terior tibial slope was found to predict high-grade 
rotatory knee laxity, while a smaller medial tibial 
depth and increased lateral tibial plateau slope 
were associated with increased risk of ACL inju-
ries [41–43]. For cases with increased posterior 
tibial slope, an anterior closing wedge tibial oste-
otomy may be indicated. Distal femoral charac-
teristics, such as an increased posterior femoral 
condylar depth, a decreased notch width, and a 
decreased notch width index have also been asso-
ciated with persistent knee instability after ACL 
rupture [44–46].

Unrecognized injuries to the posterolateral or 
posteromedial soft tissue structures may lead to 
early graft failure and necessitate surgical inter-
vention for optimal outcomes [47, 48]. Meniscus 
tears, especially root tears, can cause knee insta-
bility in an ACL-deficient knee [49–51]. A bio-
mechanical study showed the medial meniscus is 
an important stabilizer to anterior tibial transla-
tion, while the lateral meniscus contributes to 
rotatory knee stability [52]. If these characteris-
tics are identified preoperatively, they should be 
addressed appropriately with a staged or simulta-
neous meniscal transplant. Lastly, there is a sub-
set of patients who are at high risk of ACL 
reconstruction failure, including those that have 
hyperlaxity, are returning to high impact, pivot-
ing activities, and are young. A recent multi-
center, randomized control trial compared ACL 
reconstruction with and without LET in these 
young patients. The authors found decreased 
rates of failure and rotatory knee laxity in the 
ACL reconstruction with LET group [29]. While 
further studies are ongoing to examine this inter-
vention and patient population, surgeons should 
consider LET in the high-risk ACL patient.

10.4  Conclusion

Revision ACL reconstruction is an increasingly 
common procedure, but may present challenges 
to the operating surgeon. Recent literature has 
shown that outcomes after revision ACL recon-

struction are worse than primary ACL recon-
struction, highlighting the importance of 
approaching revision ACL surgery with care and 
expertise. The most important aspect of the pre-
operative workup is elucidating the cause of fail-
ure of the index ACL reconstruction, and 
addressing those causes in the revision setting. A 
thorough preoperative workup is essential to 
ensure optimal outcomes.
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Complications of ACL 
Reconstruction

Iftach Hetsroni, Niv Marom, and Noam Reshef

11.1  Introduction

ACL reconstruction is a reproducible proce-
dure. Rate of return to sport is between 80 and 
90% in elite athletes with graft rupture rates 
lower than 9% [1]. Nevertheless, complications 
do occur, ranging between 1 and 15% [2], and 
are important to recognize as early as possible. 
The definition of a “complication” however, 
may not be straightforward. This may refer to 
severe post- surgical complications such as joint 
infection or thromboembolic events, to compli-
cations which are specific to ligament surgery 
such as graft rupture or tunnel widening, and 
also to minor postoperative complications such 
as loss of skin sensation or anterior knee pain 
which may not interfere with the athlete’s abil-
ity to return to sport. This chapter provides a 
spectrum of postoperative complications after 

ACL reconstruction which should be discussed 
with patients during preoperative informed 
consent, and also taken into consideration in 
decision-making junctions during and after 
surgery.

11.2  General Complications

11.2.1  Infection

The incidence of infected ACL reconstruction 
ranges from 0.32% to 1.8% [3–7]. Common 
causes are bacteria, followed by tubercular [8] 
and fungal [9, 10] infections. The most com-
mon culprit is Staphylococcus aureus followed 
by Staphylococcus coagulase negative, respon-
sible for 31% and 13% of the infection cases, 
respectively [11]. It is not unlikely that the skin 
flora of the operated knee is the main inocula-
tion point. Skin incision for graft harvesting 
may be the main port of entry. Judd et al. [12] 
reported that, in 11 cases of intra-articular 
infection, 9 had concomitant extra-articular 
sites of infection, and 8 of these were at the 
hamstring graft harvesting site. In each case, 
both intra- and extra-articular cultures grew the 
same offending organism. Therefore, the inocu-
lation event likely occurred at the time of sur-
gery. Several risk factors for infection in ACL 
reconstruction were described and are pre-
sented in Table 11.1.
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Armstrong et al. [13] noted that long-acting, 
intra-articular steroids, along with increased sur-
gical time, prior knee procedures, and concurrent 
soft-tissue procedures are all risk factors for 
infection. Meniscus repair was found to be the 
most prevalent concomitant procedure (66–71%) 
and therefore considered a risk factor for infec-
tion of ACL reconstruction [14, 15]. Judd et al. 
[12] found that previous knee surgery carries 1.9 
higher relative risk for infection following ACL 
reconstruction and that the risk rises to 5.1  in 
revision cases. Among the graft types used for 
ACL reconstruction, hamstrings autograft is the 
most susceptible for infection. The infection rate 
of hamstrings autograft was reported 1.4%, 
higher than BPTB autograft (0.49%) and allograft 
(0.44%) [4]. Watterman et al. [14] found an infec-
tion rate of 0.32% in a cohort of 9511 patients. 
Others also reported that autograft hamstrings 
were the most common type of graft in the infec-
tion group, corresponding to 55% and followed 
by allograft (35%) and BPTB (10%). According 
to Judd et al. [12], all the infected cases were in 
reconstructions done with hamstrings autograft. 
The exact reason for higher infection rates in 
hamstrings autograft is not clear. An explanation 
could be the extensive extra dissection needed for 
the tendon harvest and the hematoma running 
from the muscle in a direct tunnel towards the 
knee. The superficial fixation of that graft was 
also raised as a reason. Accordingly, fixation of 
the hamstrings autograft with screw and washer 
was found to increase the risk of deep infection 
after ACL reconstruction compared to hamstrings 
autograft without screw and washer tibial fixation 

[12, 16]. The use of bioabsorbable screws was 
evaluated compared to metallic screws in two 
larges reviews [17, 18]. No difference was found 
as a risk factor for infection.

Regarding the optional use of antibiotics as a 
preventive measure of infection, Garamycin solu-
tion for keeping the graft between harvest and 
implantation does not seem to reduce the risk for 
infection after ACL reconstruction [19]. However, 
the usage of vancomycin solution showed a sig-
nificant reduction in infection rate post ACL 
reconstruction and therefore should be consid-
ered for routine use [20, 21].

Although may appear at any point after sur-
gery, septic arthritis following ACL reconstruc-
tion usually appears between 2 weeks (acute) and 
2 months (subacute) after the reconstruction [22]. 
Arthrocentesis and synovial fluid culture remain 
the gold standard in the diagnosis of septic arthri-
tis. Arthrocentesis should be performed upon the 
establishment of a substantial suspicion and prior 
to antibiotics administration. Synovial fluid eval-
uation should be obtained for WBC and cell 
count, glucose and protein levels, direct micros-
copy, and gram stain and bacterial cultures. 
Although post-operative infection can be seen 
with synovial fluid WBC levels as low as 25,000 
cells, it is acceptable that WBC level over 100,000 
cells in the synovial fluid is considered septic 
arthritis [15, 23, 24]. Bacteriological cultures 
taken prior to antibiotic administration are posi-
tive in high rates [12, 15] and are important not 
only to confirm the diagnosis but to conduct the 
accurate antibiotic treatment. Negative culture 
with the presence of continuous clinical and lab-
oratory signs of infection should raise the possi-
bility of fungal or tubercular infection and 
specific cultures should be obtained accordingly.

Arthrocentesis should be performed followed 
by blood cultures—prior to antibiotic administra-
tion. That will be followed by arthroscopic lavage 
and debridement which should be carried out as 
soon as the diagnosis of septic arthritis is made. 
Tissue biopsy and fibrin tissue culture should be 
taken. Graft removal is a controversial issue. 
Most of the studies are in favor of graft preserva-
tion as much as possible, and graft removal only 
if grossly damaged or if substantial infected tis-

Table 11.1 Risk factors for infection post ACL recon-
struction surgery

Intrinsic factors Extrinsic factors
Hamstrings autograft Long-acting 

intraarticular steroid 
injection

Concurrent soft tissue 
procedures, particularly 
meniscus repair

Increased surgical time

Tibial fixation of hamstrings 
autograft with screw and 
washer
Prior knee procedures
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sue is found within the graft itself [3, 6, 7, 14, 
25]. Graft integrity should be evaluated clinically 
and arthroscopically. Arthroscopically, the fibrin-
ous film surrounding the graft should be debrided 
gently without harming the graft. This is a good 
sign for potent retainable graft [12, 15]. Extensive 
lavage and synovectomy should be performed 
during arthroscopy with debridement of the gut-
ters, suprapatellar pouch, and the anterior com-
partment. Inspection of the posterior compartment 
should be mandatory, and even minimal signs of 
infected tissue should be treated with posterior 
compartment synovectomy using posteromedial 
and posterolateral portals. The number of 
arthroscopic lavages is not fixed, and depends on 
the clinical improvement of the patient. The use 
of continuous irrigation system, close suction 
system, and antibiotic beads were all described 
[11, 25, 26]. However, there is not enough data to 
support a routine use of them. Intravenous admin-
istration of broad-spectrum antibiotics, tailored 
to the causing bacteria in consultation with infec-
tious disease specialist [12, 27] should be initi-
ated after cultures were taken. Treatment period 
should be from 3 to 6 weeks and third generation 
Cephalosporin or Vancomycin is usually recom-
mended [12]. If the graft and hardware were 
removed, there should be a gap of at least 
3 months [28] to a year [15] from the event of 
infection to the surgery of revision. Inflammatory 
markers and laboratory tests should be normal-
ized prior to revision surgery [28]. Although not 
specified as a criteria we recommend that blood 
culture and knee aspiration culture should be 
obtained and documented sterile before perform-
ing the revision ACL reconstruction surgery.

11.2.2  Arthrofibrosis

Arthrofibrosis has been recognized as an adverse 
outcome after ACL reconstruction [29–31] and a 
major factor associated with patient dissatisfac-
tion [32]. While multiple factors are associated 
with this outcome, time interval from injury to 
ACL reconstruction has been pointed out by sev-
eral investigators as a leading risk factor. 
Shelbourne et al. [30] originally reported in a ret-

rospective analysis of 169 autologous BPTB 
ACL reconstructions in young athletes that 
patients who had surgery within the first week or 
between 8 and 21 days from the injury had sig-
nificantly increased incidence of arthrofibrosis 
compared to patients who had their ligament 
reconstruction at more than 3  weeks from the 
injury (i.e., up to 17% vs. 0%, respectively). Of 
note, follow-up time was 3 months only. It should 
be noticed however, that in cases where ACL 
reconstruction was performed between 8 and 
21  days from the injury, accelerated postopera-
tive rehabilitation program resulted in substantial 
decrease in the incidence of arthrofibrosis. 
Inferior outcomes were observed in the “early” 
reconstruction group also in regard to strength 
isokinetic tests. The authors concluded that 
delaying ACL reconstruction at least 3  weeks 
from the injury will result in earlier return to 
strength and in significantly decreased incidence 
of arthrofibrosis. These outcomes were repro-
duced by Wasilewski et al. [31] who performed a 
retrospective analysis of 87 autologous ham-
strings ACL reconstructions with concomitant 
ITB tenodesis who were divided into three groups 
based on timing of surgery. Follow-up was 
reported up to 18  months. They showed that 
arthrofibrosis was found in 22% of reconstruc-
tions performed within 1 month from injury com-
pared to 0% when reconstruction was performed 
between 1 and 6 months or 12.5% when recon-
struction was performed after 6  months from 
injury. They also showed inferior Quadriceps 
torque in the “early” reconstructions. Of note, the 
standard rehabilitation protocol used in their 
study mandated substantial motion limitations 
and included immobilization at 30° knee flexion 
for 7 to 10  days postoperatively, followed by 
braced motion from 20° to 60° for a few addi-
tional weeks. They also pointed out that recovery 
after ACL reconstruction performed within 
1  month from injury was significantly slower 
compared to recovery when reconstruction was 
performed later than 1 month from injury.

Cosgarea et al. [29] performed a retrospective 
analysis of 191 consecutive autologous BPTB 
ACL reconstructions and similarly to Shelbourne 
et al. [30] and Wasilewski et al. [31] showed that 
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surgery performed within the first 3  weeks of 
injury had a significantly higher incidence of 
arthrofibrosis compared to surgery performed 
later than 3  weeks from injury (21% vs. 9%, 
respectively). However, an important finding of 
their study was that incidence of arthrofibrosis 
decreased from more than 20% to less than 3% 
when postoperative rehabilitation protocol was 
changed from bracing in 45° flexion for 7 days 
before the initiation of passive extension to brac-
ing in full extension immediately after surgery.

Mayr et  al. [33] performed a retrospective 
analysis of risk factors for arthrofibrosis after 
ACL reconstruction in 223 patients, 75% of 
which had their reconstruction with autologous 
BPTB graft. They also demonstrated that inci-
dence of arthrofibrosis was increased in cases 
where reconstruction was performed within 
4  weeks from injury, but that irritated knee 
(swelling, effusion, hyperthermia) and lack of 
full ROM before surgery were more important 
risk factors for the development of arthrofibrosis 
than time interval from injury to surgery. In other 
words, when surgery was performed later than 
4 weeks from injury but the knee was irritated, 
there was an increased risk for the development 
of arthrofibrosis compared to when surgery was 
performed within the first 4  weeks from the 
injury.

The first prospective randomized clinical trial 
that investigated the incidence of arthrofibrosis in 
“early” versus “delayed” ACL reconstruction 
was performed by Meighan et al. [34]. They stud-
ied a small series of athletic patients that under-
went ACL reconstruction using autologous 
quadrupled hamstrings graft and used similar 
postoperative rehabilitation protocols for both 
groups. The “early” reconstruction group had 
surgery within 2  weeks from injury, and the 
“delayed” group had surgery between 8 and 
12  weeks from injury. Although loss of knee 
motion was more pronounced at 2 weeks after the 
operation in the “early” group, at 1 year follow-
 up there were no differences in knee motion, nor 
there were differences between the groups in 
relation to IKDC, Lysholm, Tegner scores, and 
examination of Quadriceps and hamstrings mus-
cle power and torque.

The outcomes of “early” versus “delayed” 
ACL reconstruction were also investigated in a 
systematic review and meta-analysis by Smith 
et al. [35]. This meta-analysis could not identify 
any significant differences in the incidence of 
arthrofibrosis or in any functional outcome score 
or activity level outcome scores between recon-
structions performed “early” compared to those 
performed “late”.

In summary, ACL reconstruction may prefer-
ably be performed later than 3  weeks after the 
injury to lower potential risk of knee arthrofibro-
sis. In cases that require earlier intervention, such 
as lack of knee extension due to displaced bucket 
handle meniscus tear or anteriorly flipped ACL 
fragment that blocks extension, attention should 
be applied during the immediate postoperative 
protocol to maintain full extension and start knee 
flexion as early as possible.

11.2.3  Thromboembolic Events

Thromboembolic disease is potentially a com-
mon complication in orthopedic surgery. Without 
receiving prophylaxis, the reported incidence is 
over 50% for total knee replacement [36, 37]. 
Symptomatic cases may range from swelling of 
the calf and soreness to a post-phlebitic syndrome 
and in severe cases, thromboembolism. While 
arthroscopic meniscectomy carries a low risk, 
with a reported incidence of 0.3% without throm-
boprophylaxis [38], cruciate ligament recon-
struction has a four times higher risk of DVT than 
other non-major arthroscopic surgery [39, 40]. 
Recently, a large prospective series of nearly 
1000 patients with ACLR [41] had an overall 
reported incidence of thromboembolic complica-
tions reaching 0.6%. However, for the specific 
complication of symptomatic pulmonary embo-
lism after outpatient arthroscopic procedures of 
the knee which is extremely rare, with a reported 
incidence of 2.8 cases for every 10,000 arthros-
copies, ACL reconstruction by itself was not a 
risk factor [42]. For this specific complication, 
significant risk factors were age over 40  years, 
operative time over 90  min, history of malig-
nancy, and female gender [42]. The diagnosis of 
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DVT should be based on clinical suspicion and 
evaluation, followed by supporting additional 
tests, such as the D-dimer blood test and imaging 
tests [43, 44]. The clinical prediction tool pub-
lished by Wells et al. [43] has been assessed and 
validated in multiple clinical studies and can 
accurately categorize outpatients as low, moder-
ate, or high clinical probability. In terms of the 
preferred imaging modality, ultrasound imaging 
was utilized in the majority of the studies investi-
gating rates of DVT after ACL Reconstruction 
[39] and is considered the test of choice [44]. In 
their systematic review reporting on rates of 
thromboembolic events following ACL recon-
struction, Erickson et  al. [39] reported that 
included studies screening for DVT were con-
ducted during the period of post-operative day 3 
to 28, which is the expected post-operative period 
when ambulation is most affected by surgery and 
therefore poses the higher risk for a DVT to 
occur. While clear recommendations for throm-
boprophylaxis after arthroscopic knee procedures 
lack evidence [45], wise approach to avoid over-
treatment with possible bleeding complications 
and at the same time decrease the likelihood of 
symptomatic life-threatening thromboembolic 
disease after ACL reconstruction would therefore 
be considering the following: decreasing opera-
tive times to below 90 min, avoiding unnecessary 
tourniquet use, counseling to patients to cease 
contraceptive pills and smoking a few weeks 
prior to surgery, and tailoring postoperative pro-
phylaxis to patients at risk such as those with 
prior thromboembolic disease and patients with 
medical history of malignancy.

11.2.4  Recurrent Postoperative 
Hemarthrosis

Recurrent postoperative hemarthrosis is rare after 
ACL reconstruction. Potential causes which 
should be considered include blood thinners 
administered for thromboprophylaxis, coagula-
tion cascade anomalies (i.e., hemophilia, factor 
VII deficiency, factor XI deficiency, Von 
Willebrand’s disease), iatrogenic vascular inju-
ries, and others. Minor vessels such as geniculate 

branches may be injured during surgery. 
Tsubosaka et al. [46] described a case of pseudo- 
aneurysm of the articular branch of the descend-
ing genicular artery presenting as medial 
pulsating mass 2  days after the reconstruction. 
This was treated by embolization after 
CT-angiography confirmed the diagnosis. Lamo- 
Espinosa et  al. [47] reported a case of inferior 
lateral genicular artery lesion as a result of ante-
rior horn lateral meniscectomy presenting as 
knee swelling and pulsatile knee bleeding 1 day 
after surgery. This was treated by selective 
embolization.

In summary, postoperative recurrent hemar-
throsis is rare but should be discussed with 
patients as a potential complication which might 
delay the rehabilitation process. When recurrent 
knee aspirations following surgery are not effec-
tive, unusual etiologies should be thought of.

11.3  Complications Related 
to Autograft Harvest

The three most commonly used autografts will be 
reviewed: (1) Bone-Patellar tendon-bone, (2) 
Hamstrings tendons, and (3) Quadriceps tendon.

11.3.1  Bone-Patella Tendon-Bone 
Autograft-Related 
Complications

BPTB autograft is still considered the gold- 
standard graft for many surgeons when planning 
surgery for highly active young adults, promising 
the lowest graft failure and revision rates [48]. 
Nevertheless, there are a few potential complica-
tions which have been discussed in relation to 
this type of graft. These include the risk of patella 
fracture and the risk of “anterior knee pain” and 
persistent quadriceps weakness. With regard to 
patella fracture, the risk seems extremely low 
with incidence of 0.3% in a recent large prospec-
tive cohort of nearly 1000 cases [41]. Several 
strategies to lower the risk of fractures were pre-
viously described and include harvesting the cen-
tral part of the patella and not more than 30% of 
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the patella thickness, not using osteotomes for 
the initial bone cuts, and the use of minimal 
required force if using a mallet in this area [49]. 
With “anterior knee pain”, despite the concerns 
that patellar tendon harvest is likely to result in 
more anterior knee pain compared to other auto-
grafts [50], Rousseau et al. [41] recently showed 
that after 2 years follow-up the incidence of ante-
rior knee pain is only about 3% and similar in 
BPTB and hamstrings autograft. Yet, the specific 
complication of kneeling pain is higher with 
patellar tendon reconstruction and may reach 
10% at a 5-year follow-up [48]. This should 
therefore be taken into consideration in sports 
which require kneeling, wrestlers for example 
which need to bend forward on their knees fre-
quently during their sports. With regard to persis-
tent quadriceps weakness, it has been suggested 
that there is continued weakness of up to 6% in 
the quadriceps on the reconstructed compared 
with the uninjured side when using BPTB auto-
graft with current ACL reconstruction techniques 
[51]. However, the clinical significance of these 
findings is unclear.

11.3.2  Hamstrings Autograft-Related 
Complications

Hamstrings tendons are commonly used as graft 
source in ACL reconstruction. This might have 
several potential morbidities, including: (1) 
Sensory nerve injury; (2) Hamstrings retraction 
and persistent crumps; (3) Persistent hamstrings 
weakness; and (4) Residual medial side knee lax-
ity. A fifth and serious morbidity is knee infection 
which was discussed earlier in this chapter and 
shown to be at higher rates when using Hamstrings 
autograft compared to other graft sources for 
ACL reconstruction.

11.3.2.1  Sensory Nerve Injury
The infrapatellar branch of the saphenous nerve 
passes medially to laterally, just over the pes 
anserinus. Incision made over that area carries 
the risk for sensory branch injury. Franz et  al. 
[52] reported 14% of injury of the sensory branch 
of the saphenous nerve during anteromedial har-

vesting of the hamstring tendon. Haviv et  al. 
reported incidence of 58% decreased sensation of 
the sartorius branch of the saphenous nerve in 
patients with autograft hamstrings tendon [53]. 
25% had full recovery after 8  months. Patients 
nevertheless considered loss of sensation as mini-
mal complication. Oblique anteromedial inci-
sion, single semitendinosus tendon graft 
technique, and popliteal (posteromedial) harvest-
ing approach may reduce the risk of this 
complication.

11.3.2.2  Hamstring Retraction 
and Persistent Cramps

Although the regeneration of the hamstring ten-
dons was described, it does not happen consis-
tently and the structure of the muscle is known to 
be altered. Konrath et al. [54] showed that in 35% 
of the cohort there was a regeneration of the 
Semitendinosus and Gracillis tendon. The size of 
the Semitendinosus and Gracillis muscle was 
lower when the tendons did not regenerate. The 
overall medial thigh muscle volume was 
decreased compared to the contralateral thigh. 
This was in direct correlation to decreased knee 
flexion strength. Nakamae et  al. [55] described 
two cases of unsuccessful hamstrings tendon 
regeneration presenting severe posterior thigh 
pain and muscle bulk retraction. Janssen et  al. 
[56] described full regeneration of the Gracillies 
tendon and 66% regeneration of the semitendino-
sus tendon in their cohort 1 year after ACL recon-
struction. Patient that did not regenerate the 
tendon showed muscle retraction and decrease in 
cross-sectional area. Without good regeneration, 
the muscles tend to be smaller and retracted 
which might lead to posterior thigh cramps.

11.3.2.3  Persistent Hamstrings 
Weakness

Konrath et al. [54] showed decreased knee flex-
ion strength in 65% of the patients who had 
undergone ACL reconstruction using hamstring 
tendons autograft. Rogowski et  al. [57] showed 
that at 6 months after ACL reconstruction, ham-
strings tendon group had weakness in flexion 
compared to patellar tendon group. Bourne et al. 
[58] showed that, in elite Australian Football 
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female athletes, at 1–10  years after single leg 
ACL reconstruction with hamstrings tendon, 
there was a significant decrease in eccentric knee 
flexion strength compared to the uninjured leg. 
Yet, all players returned to their previous activity 
level. To conclude hamstrings tendon harvesting 
may lead to hamstrings muscle weakness. Yet, 
although weakness may persist years after the 
reconstruction, the clinical significance of such 
weakness in returning to sports is unclear.

11.3.2.4  Medial Side Laxity
Hamstring tendons contribute to the dynamic sta-
bility of the knee. Sacrificing the hamstring ten-
don as a graft for ACL reconstruction may 
contribute to medial side instability. Toor et  al. 
[59] demonstrated in a cadaveric study that the 
pes anserinus contributes to control movements 
of valgus stress, translation, and rotation. 
Unloading the pes anserinus may therefore alter 
movements of anterior translation, external rota-
tion, and valgus stress. Yet, using a single tendon 
graft seems to decrease such negative effect on 
medial knee constraints. In the presence of con-
comitant medial instability due to MCL injury, 
surgeons should address the MCL lesion or con-
sider a different graft rather than autograft ham-
strings for ACL reconstruction.

11.3.3  Quadriceps Autograft-Related 
Complications

Quadriceps tendon autografts have gained inter-
est in recent years [60–62]. It is suggested that 
Quadriceps tendon harvest does not compromise 
the extensor mechanism [60–63] and is “safe”. 
However, three principal complications have 
been described: (1) Bleeding and hematoma for-
mation: It has been suggested by Slone et al. [62] 
that lateral violation of the Quadriceps muscle, 
where the perforating vessels exist can lead to 
significant hematoma and even a compartment 
syndrome, if this bleeding is not recognized. 
Additionally, extravasation of intraarticular blood 
through a full-thickness quadriceps harvest can 
cause a hematoma anterior to the quadriceps. A 
centralized graft harvest within the Quadriceps 

tendon, partial thickness harvest, and no harvest 
proximal to the myotendinous junction of the 
Rectus Femoris (6 to 8 cm proximal to the tendon 
insertion on the patella) can minimize the risk; 
(2) Cosmetic deformity of the distal thigh: This 
uncommon complication is in most cases the 
result of retraction of the Rectus Femoris muscle 
after full or partial-thickness graft harvest. There 
seems to be a correlation with extensive tendon 
harvest and violation of the myotendinous junc-
tion of the Rectus Femoris [62]. Despite the obvi-
ous distal thigh deformity, it does not appear to 
have functional implications; (3) Patella fracture: 
Patella fracture is a rare complication of a com-
bined Quadriceps tendon and patella bone plug 
harvest with a reported incidence of 0.03% [62, 
64]. As with Bone patellar tendon bone harvest, it 
is recommended to avoid the use of osteotomes 
for the initial bone cuts, harvest the central part of 
the patella and avoid harvesting more than 30% 
of the patella thickness [49, 64]. Despite the 
recent resurgence of interest in Quadriceps ten-
don autograft, it is still the least studied and least 
used graft for ACL reconstruction among sur-
geons today [62]. Future studies may introduce 
additional harvest complications and may also be 
able to categorize complications based on 
Quadriceps autograft characteristics (i.e. full vs. 
partial thickness, length of harvest, with vs. with-
out bone plug).

11.4  Other Complications

11.4.1  Recurrence of Anterior Laxity

Graft instability after ACL reconstruction can be 
the consequence of multiple factors, including 
inaccurate tunnel positioning, overlooked or 
unaddressed concomitant ligamentous instabili-
ties, low-quality or low-volume graft tissue, 
unsecured graft fixation techniques, hardware 
failure, return to pivoting activities before graft 
maturation or before fulfilling return-to-sport cri-
teria, among others. Meta-analyses, large cohorts, 
and recent prospective studies [41, 48, 50] have 
shown that graft rupture is around 5% for autolo-
gous BPTB and around 10% for hamstrings auto-
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graft. Graft failure may be higher also with the 
use of allografts compared to autografts, and par-
ticularly in active young adults [65].

11.4.2  Hardware Failure

Secured and stable graft fixation is of paramount 
importance for a successful ACL reconstruction. 
While the graft fixation implant is considered the 
weakest link in the graft fixation complex, it 
plays a major role in its effectiveness [66]. Any 
technical error during the surgical placement of 
the implant may lead to hardware failure and this 
includes using defective hardware, mal- 
positioning and/or mal-deployment of the hard-
ware and failure to achieve good and secured 
fixation after the implanted device is utilized. It 
has been suggested that some fixation devices are 
more prone to failure than others [66] or may 
have worse adverse outcomes [67, 68], though it 
is important to note that all devices have possible 
risks and complications. Suspensory/cortical fix-
ation devices, for example, are applying fixation 
away from the joint, which may allow graft 
movement within the tunnel [69], compromise 
the integrity of the graft fixation complex, and 
lead to loss of stability and graft failure [66]. 
Animal studies reported that ACL graft fixation 
in the tunnel and closer to the joint improves 
tendon- to-bone healing [69, 70] and can provide 
less graft tunnel motion and tunnel enlargement 
[69]. Nevertheless, using new-generation devices, 
utilizing sockets instead of tunnels, confirming 
proper device deployment and proper graft ten-
sioning are all possible ways to minimize the 
risks. It is also crucial to make sure no violation 
of the cortex has happened while establishing the 
socket/tunnel and passing the cortical fixation 
device through the cortex, as this will lead to 
migration of the device and failure of fixation. On 
the other hand, intra-tunnel interference fixation 
devices may influence graft rotation/orientation 
while being applied, break within the joint, cause 
tunnel widening while inserted, and may lead to 
osteolysis when bio-absorbable screws are used 
[66]. Confirming optimal position and trajectory 
prior and during the interference device insertion, 

inserting the device while applying constant ten-
sion on the graft and under continuous visualiza-
tion, assessing for adequate resistance while the 
device is utilized and post-surgical radiographs 
when metal devices are used are all possible ways 
to minimize the risks. With this fixation method it 
is crucial to make sure all tunnel walls (especially 
the posterior femoral wall) are preserved and 
were not compromised during rimming or pass-
ing the graft since this may lead to unstable con-
struct and failure. While fixation techniques and 
devices are numerous and new generations of 
fixation devices are still introduced, it is the sur-
geon responsibility to be aware of the risks and 
possible complications of the used hardware and 
take them into consideration while planning the 
surgery, executing the surgery, and during the 
post-surgery period. Whenever such complica-
tion is encountered, it should be addressed imme-
diately. Additional hardware complication is pain 
related to hardware material. A recent large 
cohort study [41] reported that this can affect up 
to 10% of patients and may require a second pro-
cedure for hardware removal. A supplementary 
tibial fixation for hamstrings autograft was the 
reason for pain in most cases. Choosing low- 
profile fixation devices and avoiding a supple-
mentary tibial fixation in older patients or patients 
with disorders affecting bone mineral density 
have all been proposed as ways to minimize the 
risk.

11.4.3  Tunnel Widening

Tunnel widening after ACL reconstruction is an 
imaging finding that may or may not be associ-
ated with clinical symptoms. It may be related to 
tears and insufficiency of the reconstructed liga-
ment and may complicate the surgical technique 
during revision surgery. There are several theo-
ries that suggest potential culprits. Graft type, 
graft fixation device, type of screw fixation or 
suspensory fixation, surgical technique of tunnel 
placement, and tunnel angle were all evaluated as 
potential reasons for tunnel widening. Li et  al. 
[71] evaluated the graft bending angle (GBA- the 
angle between the femoral tunnel and the line of 
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the intra-articular tract of the graft) as a cause for 
delayed graft maturation and tunnel widening. 
They found that high GBA (between 60° and 
70°) was associated with higher increased graft 
signal and wider femoral tunnel at 12  months 
after surgery. No correlation with functional out-
come measures was found. Regarding bone patel-
lar tendon bone, due to the bone to bone interface 
in the tibial and femoral tunnels, it is widely 
acceptable that bone to bone healing should not 
result in tunnel widening. However, Struewer 
et al. [72] showed that 17% of the patients after 
this graft type had tunnel widening of up to 40% 
and 12% of the patients had widening up to 50%. 
Yet, no correlation to clinical outcome measure-
ment was noted. Nevertheless, the phenomenon 
was mostly investigated in soft tissue grafts 
which have greater tunnel widening than bone 
patellar grafts [73]. In addition, soft tissue 
allograft is related to more pronounced tunnel 
widening, both femoral and tibial side, when 
compared to hamstrings autograft. Again, no dif-
ference was found in the clinical outcome mea-
surements [73, 74]. Type of fixation device is also 
a factor studied as a cause for tunnel widening. 
Choi et al. [75] and Ahn et al. [76] found no dif-
ference in tunnel widening nor in clinical out-
come between fixed loop and adjustable loop 
fixation devices. Comparing titanium and absorb-
able screws showed similar clinical results but 
bioabsorbable screws were associated with 
greater tunnel widening and bone cyst formation 
compared to titanium screws [77]. In summary, 
bone tunnel widening is a common phenomenon. 
The actual influence on the clinical outcome is 
not clear and suspected to be negligible. Soft tis-
sue grafts, and particularly allografts, seem to 
present a bit wider tunnels compared to bone 
patellar tendon bone autografts. The main impor-
tance of that parameter seems to be higher com-
plexity during ACL revision when required.

11.5  Summary

This chapter reviewed a spectrum of minor and 
major postoperative complications of ACL recon-
struction. With awareness of surgeons about 

these potential complications, decision-making 
during pre-, intra-, and postoperative periods can 
be optimized in order to avoid some of these and 
also to properly address such challenges when 
encountered.
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Osteotomy: Slope Change Tibial 
Osteotomy to Address ACL 
Deficiency
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12.1  Introduction

As the incidence of anterior cruciate ligament 
(ACL) reconstructions continues to increase, the 
rate of revision surgery continues to climb. 
Despite technical and rehabilitation advances in 
primary ACL surgery, the rate of revision and 
even re-revision remains higher than desired.

Primary anterior cruciate ligament reconstruc-
tion (ACLR) generally leads to good outcomes and 
has a revision rate of between 1.6% and 2.1% [1]. 
With follow-up longer than 10 years, the ACL graft 
rupture rate increases to 6% and clinical failure 
occurs in approximately 10% of ACLR cases 
(range, 2–26%) [2]. Revisions of previously recon-
structed ACLs show even higher re- rupture rates of 
approximately 13.7% [3]. Furthermore, outcomes 
with subsequent revisions can be dismal, with one 
study showing less than one-third of patients return-
ing to their prior levels of activity [4]. Additionally, 
based on long- term follow-up, osteoarthritis devel-
ops in 21–48% of patients after combined ACL, 
meniscus, and cartilage injuries but in only 0–13% 
of patients with isolated ACL rupture [5].

Despite a relatively high failure rate of revision 
ACL reconstructions, additional reconstructive pro-
cedures are not commonly performed. This is for 
multiple reasons, including decreased patient activ-
ity and expectations with increasing age and con-
cerns of undergoing a further surgical procedure [6].

Since the outcomes of revision ACL procedures 
remain poor compared to the results of primary 
reconstructions [7–10] it is crucial to identify and 
address the factors that may have contributed to 
graft failure. These factors can be divided in 
“extrinsic” or “intrinsic”. Extrinsic factors, related 
to surgical technique and rehabilitation, are often 
determined according to the patients’ intended 
sports activities, [11, 12] while intrinsic factors 
include specific anatomic features such as an 
increased posterior tibial slope (PTS), a narrow 
intercondylar notch, hyperlaxity or gender.

12.2  Biomechanics

The factors that contribute to the abnormal knee 
kinematics after ACL injury and reconstruction 
remain unclear. Bone shape has been implicated 
in the development of hip and knee osteoarthritis, 
although there is little knowledge about the 
effects of bone shape on knee kinematics.

Many risk factors have already been identified 
for ACL injuries. These include a decreased 
notch width, generalized joint laxity, subtalar 
pronation, hormonal factors, body mass index, 
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knee recurvatum, and increased Q angle. 
Previously, it has been demonstrated that anterior 
tibial translation (ATT) increased 0.6  mm per 
degree of posterior tibial slope (PTS) in ACL- 
deficient knees [13] and, more recently, studies 
have shown that increased PTS is an independent 
risk factor for primary ACL injuries [14].

The normal PTS is within the range of 5–7°, 
depending on the measurement technique, and it 
is considered pathologic if it exceeds 12° [15].

An increase in PTS leads to an anterior shift of 
the tibia’s resting position, which not only inten-
sifies the stress on the ACL, but can also lead to 
abnormal loading of the knee, resulting in dam-
age to menisci and articular cartilage [16].

Andrew et  al. [17], in their cadaveric study, 
quantified the effect of changes in sagittal plane 
tibial slope on ACLR graft force at varying knee 
flexion angles. They proved with axial loading that 
the PTS had an independently significant, linearly 
increasing effect on graft force regardless of flex-
ion angle (coefficient = 0.92, SE = 0.08, P < 0.001). 
Meanwhile, significantly higher graft force was 
observed at 0° of flexion as compared with all 
other flexion angles for the loaded (all P < 0.001) 
and unloaded (all P < 0.001) conditions.

In a more recent clinical study, Dejour et al. [18] 
have proved that static ATT increased significantly 
in knees with tibial slopes >7°, by approximately 
0.3 mm per degree, and that dynamic ATT increased 
significantly in knees with tibial slope ≥12°, by 
approximately 0.2 mm per degree. These findings 
confirm the relationship between tibial slope and 
ATT first described by Dejour [19, 20] and con-
firmed more recently by Schatka et al. [21].

It is important to highlight that these studies 
did not find an association between the pivot shift 
test and tibial slope, possibly because the latter is 
generally measured at the medial compartment, 
while rotational stability may depend more on 
lateral tibial slope [14, 22].

Of course, meniscal status is another signifi-
cant contributor to knee stability and anterior 
tibial translation control that has been well estab-
lished in the literature.

The role of the menisci in limiting ATT can be 
explained by considering them as part of a ‘soft 
tissue slope’ which increases the coverage and 
reduces the bony slope [23].

The association of medial meniscal tears with 
dynamic ATT, as well as the pivot shift has been 
corroborated by cadaveric studies [24, 25] gait 
analyses and simulations, which detected a sig-
nificant impact of medial meniscal tears on ATT 
during gait [24, 26, 27].

Samuelsen et al. [28] found a significant inter-
action between PTS and posterior medial menis-
cal root tear (PMMR), where a PMMR tear was 
observed to potentiate the effect that increased 
PTS has on ACLR graft forces at 30° of knee 
flexion. A PMMR tear also led to a significant 
increase in ACLR graft force when compared 
with the intact state, whereas the meniscal repair 
state was not significantly different from the 
intact state. This finding corroborates and high-
lighted the importance of the medial meniscus as 
a secondary stabilizer of the knee.

Meanwhile, it is important to notice that 
Dejour et al. [18] recently found that the lateral 
meniscus was not a major component of either 
static anteroposterior or rotational knee stability 
in ACL-deficient knees.

Taking all these biomechanical considerations 
into account, a slope-reducing osteotomy proce-
dure can significantly reduce ACL force and 
anterior tibial translation with tibio-femoral com-
pression (TFC) alone as well as combined with 
anterior force or valgus moment [29].

12.3  Measurement

Radiographic examination includes an antero- 
posterior view (in monopodal stance when it is 
possible at 20° of flexion), a Rosenberg view (pos-
tero-anterior at 35–40° of knee flexion), a true lat-
eral view (in monopodal stance at 25–30° of knee 
flexion), and an axial view at 30° of knee flexion. 
Assessments are made using true lateral views of 
the knee under fluoroscopic control to ensure that 
the femoral condyles are superimposed.

As for the PTS measurement, there is little 
consensus on the ideal references to be used. 
Many anatomical references have been described 
but there is little information about the values 
measured with the different methods, and, for 
this reason, it is difficult to compare the measure-
ments of different studies. The authors utilize the 
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method described by Dejour and Bonnin [19], 
using a goniometer with a precision of ±1° to 
measure the angle between the line perpendicular 
to the proximal tibial diaphyseal axis and the line 
tangent to the most superior points at the anterior 
and posterior edges of the medial tibial plateau 
(Fig. 12.1). According to this method, the physi-
ological PTS measures ~7°. Other anatomical 
references, however, have been described and 
applied as the longitudinal axis.

Jae Ho Yoo et  al. [30] have utilized the 
mechanical axis (MA, a line connecting the mid-
points of the tibia plateau and the tibia plafond), 
the anterior tibial cortex (ATC, a line connecting 
2 points on the anterior tibial cortex at 5 and 

15 cm distal to the knee joint line), the proximal 
tibial anatomical axis (PTAA, a line connecting 
midpoints of outer cortical diameter at 5 and 
15  cm distal to the knee joint line), the central 
tibial anatomical axis (CTAA, a line connecting 
midpoints of outer cortical diameter at 10 cm dis-
tal to the knee joint line and at 10 cm proximal to 
the ankle joint line), the posterior tibial cortex 
(PTC, a line connecting 2 points on the posterior 
tibial cortex at 5 and 15 cm distal to the knee joint 
line), and the fibular shaft axis (FSA, a line con-
necting midpoints of outer cortical diameter of 
proximal and distal ends of the fibular diaphysis) 
(Fig. 12.2). They evaluated 90 knees in 60 con-

°

− ° = Posterior Tibial Slope
ATT = Anterior Tibial Translation

Fig. 12.1 Posterior tibial slope (PTS) and anterior tibial 
translation (ATT) measurements

MA

FSA

CTAA

PTAA

ATC

PTC

Fig. 12.2 Different anatomical references for PTS mea-
surement: ATC anterior tibial cortex, PTA proximal tibial 
axis, CTA central tibial axis, MA mechanical axis, PTC 
posterior tibial cortex, FA fibular axis
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secutive female patients and found that the mean 
PTS varied up to 5° based on the axis chosen. It 
was 10.6° with the mechanical axis, 13.8° with 
the anterior tibial cortex, 10.8° with the proximal 
anatomical axis, 12.9° with the central anatomi-
cal axis, 7.8° with the posterior tibial cortex, and 
9.5° with the fibular shaft diaphysis.

The ATT is defined as the distance between 
two lines parallel to the posterior tibial cortex: 
the first, tangent to the posterior aspect of the 
medial tibial plateau, and the second, tangent to 
the posterior femoral condyles. Static ATT is 
measured on monopodal weight-bearing radio-
graphs with the knee flexed by 20° (Fig. 12.1). 
The dynamic tibial translation (DTT) measure is 
realized by using the Telos™ stress device (Telos 
GmbH, Marburg, Germany) with 150 N at 20° of 
knee flexion and the side-to-side difference 

(SSD) between the injured and healthy knee is 
then calculated (Fig. 12.3).

The patellar height is expressed by the Caton–
Deschamps index [31, 32].

The presence of radiographic signs of osteoar-
thritis is graded following the classification of 
Ahlback [15].

It is also important to consider the presence of 
meniscal lesions or previous menisectomy that 
could exacerbate the effects of a high PTS. The 
recent study of Lustig et  al. [23] demonstrated 
how “soft tissue tibial slope”, measured using 
magnetic resonance imaging (MRI), is influenced 
by menisci which shift the tibial slope toward the 
horizontal.

In this regard, it has to be mentioned that 
much of what is known about the geometry of the 
asymmetric, three-dimensional, osseous portion 

DTT = 1,3 cm DTT = 4,4 mm

DTT DTT

Fig. 12.3 Dynamic 
tibial translation (DTT)
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of the tibial plateau is based on two-dimensional 
measurements obtained from lateral radiographs. 
With that approach, it is difficult to differentiate 
between the medial and lateral aspects of the pla-
teau because they are superimposed.

As such, Hashemi et al. [33] performed the 
slope measurements with the accepted radio-
graphic methods using MRI (Fig.  12.4a–c), 
which allowed them to characterize the slope of 
the tibial plateau at the center of the articular 

Fig. 12.4 Magnetic resonance images illustrating the 
method used to determine the medial and lateral tibial 
slopes. (a) The sagittal plane (represented by the green 
lines in the axial view at the center of the tibial spines) 
was used to determine the orientation of the diaphyseal 
axis in the sagittal plane. The axis L is the line connecting 
the midpoints of the lines 1 and 2 drawn at 4–5 cm from 
the joint line. (b) The axis L is copied and pasted in the 
sagittal plane (represented by the green lines in the axial 

view) that can clearly show the orientation of the tibia. 
The peak anterior and posterior points on the tibial plateau 
are identified (A and B) and a line perpendicular to the 
axis is drawn (P). The slope of the line extending between 
A and B represents the medial tibial slope, and it is mea-
sured by the angle between the line itself and the line P. (c) 
The same procedure is utilized in order to measure the 
lateral tibial plateau slope

L

2

1

a

b

L B

P
A

12 Osteotomy: Slope Change Tibial Osteotomy to Address ACL Deficiency



124

surfaces of both the medial and lateral 
compartments.

Furthermore, they advocate for measuring the 
depth of the concavity of the medial compart-
ment to better characterize the complex three- 
dimensional geometry of the tibial plateau. A 
deep medial plateau will constrain the femoral 
condyle to a greater extent and result in increased 
resistance to displacement of the tibia relatively 
to the femur. Conversely, the combination of a 
high medial tibial slope and low depth of concav-
ity may be associated with a decreased resistance 
to displacement of the tibia relative to the femur, 
placing the knee at increased risk for ligament 
injury.

These recent findings indicate that a surgeon 
will need to combine the assessment of radio-
graphic images and MRI in order to have a more 
complete idea of the three-dimensional geometry 
of the “soft tissue tibial slope” and the knee kine-
matics for each patient.

12.4  Clinical Application

The importance of the adverse effect of a high 
PTS on the ACL biomechanics has been con-
firmed by many clinical studies, evaluating the 

correlation between PTS and the rate of native 
and grafted ACLs (re-)rupture.

Regarding primary ACL injuries, Sonnery- 
Cottet et al. [34] performed a case-control study 
comparing a study group of 50 patients who had 
sustained an isolated, complete rupture of the 
ACL and a control group of 50 patients who had 
consulted for other reasons to determine whether 
there was a difference in the PTS and notch width 
index (NWI) between them. They found a statis-
tically significantly steeper PTS and narrower 
NWI in the patients with a ruptured ACL than in 
the uninjured group. Waiwaiole et  al. [35] 
reviewed medical records of 221 patients who 
underwent MRI of the knee between January 
2003 and December 2009 and separated them 
into two subgroups: a study group of 107 subjects 
who had undergone surgery for ACL injury and a 
control group of 114 patients diagnosed with 
patellofemoral syndrome. They found signifi-
cantly greater values for lateral PTS (6°  ±  4°; 
P < 0.001) and medial PTS (7° ± 4°; P = 0.002) 
in the study group compared with controls 
(5° ± 3° and 5° ± 4°, respectively). They found 
also a statistically significant relationships 
between young age and lateral PTS with ACL 
injury. Zeng et al. [36] performed a case-control 
study containing 146 patients in total (73 non-

c

A

L

P

B

Fig. 12.4 (continued)
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contact ACL injuries and 73 meniscus injuries) 
and found that the mean PTS of the ACL-injured 
group was significantly higher than that of the 
control group (P < 0.001).

Historically, anatomic features such as an 
increased PTS or narrow intercondylar notch 
have not been routinely addressed during ACL 
reconstructions, despite the biomechanical stud-
ies documenting their negative effect on the ACL 
graft. As such, there are many studies that inves-
tigated the correlation between them and the risk 
of ACL graft failures.

Webb et  al. [37] enrolled 200 consecutive 
patients who underwent primary ACLR with 
hamstring autografts in a prospective longitudinal 
study over 15 years and found that the mean tibial 
slope was significantly greater in patients with 
ACL graft tear (50 of them) compared with 
patients with no further injury (9.9° vs 8.5°). The 
mean PTS for those with both an ACL graft and 
contralateral ACL rupture was 12.9°. Patients 
with a tibial slope of 12° or higher had an odds 
ratio of further ACL injuries increased by a factor 
of 5, to an incidence of 59%. Christensen et  al. 
[14] compared, in a case-control study, 35 patients 
with early (within 2  years) failure of primary 
ACLR with 35 control patients who underwent 
ACLR with a minimum of 4 years of clinical fol-
low-up and no evidence of graft failure. They 
compared their lateral tibial posterior slope 
(LTPS) and they found it to be significantly higher 
in the early ACL failure group (8.4° vs 6.5°; 
p = 0.012), with a 1.6, 2.4, and 3.8 odds ratio for 
graft failure considering respectively a 2°, 4°, and 
6° increase in the LTPS value. The most striking 
correlation between an increasing LTPS and graft 
failure was observed in women. In this popula-
tion, a 4° change in the slope increased the risk of 
graft failure nearly five times, and a 6° change 
resulted in over ten times the increased risk. 
Lately, Salmon et al. [38] further highlighted the 
negative effect that a steep PTS has on ACL grafts. 
They reviewed 179 patients who underwent iso-
lated primary ACLR with hamstring autograft and 
they found out that ACL graft survival was signifi-
cantly affected by age <18  years at the time of 
reconstruction (hazard ratio, 3.3; 95% CI, 1.7–
6.4; P = 0.001) and a PTS of 12° or more (hazard 

ratio, 3.1; 95% CI, 1.5–5.9; P = 0.001), while con-
tralateral ACL injury was significantly affected 
only by a PTS of 12° or more (hazard ratio, 7.3; 
95% CI, 3–18; P = 0.001). In particular, adoles-
cents with a tibial slope of 12° or more were 11 
times more likely to rupture their ACL graft and 
seven times more likely to rupture their contralat-
eral ACL than were adults with tibial slopes of 
12° or less. At 20 years, the ACL survival for ado-
lescents with a PTS of 12° or more was 22%, 
showing the catastrophic effect of tibial slope on 
further ACL injuries.

The negative correlation between PTS and 
ACL graft survival has also been shown in cases 
of combined ACL reconstruction and alignment 
correction osteotomies addressing chronic cases 
of early osteoarthritis and instability. It is well 
known that bony procedures treating coronal 
deformity can incidentally change the PTS and 
affect the sagittal balance. Schuster et al. [39] ret-
rospectively evaluated 50 cases of combined high 
tibial osteotomy (HTO), ACL reconstruction, and 
chondral resurfacing (CR, abrasion plus micro-
fracture), and analyzed the graft failure rates in 
relation to the tibial slope. They found that graft 
insufficiency was strongly dependent on tibial 
slope, with a failure rate of 7% in cases of post-
operative tibial slope <7.5°, 24% in cases of slope 
between 7.5° and 12.5°, and 36% in cases of 
slope >12.5°.

Finally, some studies have shown a high PTS 
in rare cases of congenital absence of the 
ACL.  Frikha et  al. [40] presented a descriptive 
analysis of 8 knees with congenital agenesia of 
the ACL in five patients of the same family and 
they found that the tibial slope was increased in 
all knees (mean 20.6°).

All of this evidence draws attention on PTS as 
an important and independent risk factor for ACL 
(re)rupture and instability. It becomes crucial, 
then, to address this feature in cases of 
ACL-deficiency.

A high PTS can be associated with deformi-
ties in the coronal plane (frequently a double 
varus), and in these cases it is recommended to 
combine the ACL reconstruction with a HTO.

In general, the tibial slope tends to increase 
after opening-wedge HTO while it has an inverse 
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tendency after closing-wedge HTO [41, 42]. Arun 
et al. [43] retrospectively analyzed data from 30 
patients who underwent arthroscopic ACLR along 
with medial opening-wedge osteotomy, measur-
ing preoperative and postoperative tibial slopes. 
They found that patients who had a PTS decrease 
of 5° or more postoperatively had the best results 
compared with the others in terms of ACL graft 
survival and functional outcomes. Thus, they sug-
gested that placing the tricortical graft posterior to 
midline in the opening wedge could reduce the 
PTS and, consequently, the stress on the graft, 
leading to better functional outcomes.

However, not all patients who present with an 
increased PTS has a coronal plane deformity or 
arthritis issues. In order to properly treat these 
patients, it has been suggested that decreasing the 
PTS could potentially protect ACL grafts and 
reduce the risk of failed revisions. As such, sev-
eral authors have described a deflexion osteot-
omy performed with an anterior closing-wedge 
osteotomy.

That is a complex and technically demanding 
procedure, and limited studies can be found in 
literature about it.

In the first article, Dejour et al. [13] reported a 
series of 22 knees with chronic anterior laxity 
and excessive PTS (average 16.5°). Four of them 
were isolated tibial deflexion osteotomies while 
the other 18 were combined with ACLR. Better 
clinical results were observed in the latter group. 
PTS was corrected to an average of 7° postopera-
tively. ATT in monopodal stance decreased from 
12.5  mm preoperatively to 3  mm at last 
follow-up.

Sonnery-Cottet et al. [6] retrospectively evalu-
ated five patients after a slope-reducing anterior 
closing-wedge osteotomy in combination with an 
ACL re-revision after a mean 32 months follow-
 up. All patients presented an excessive PTS as an 
intrinsic risk factor for graft failure. The mean 
PTS decreased from 13.6° preoperatively to 9.2° 
postoperatively and the anterior laxity measured 
with the KT-1000 arthrometer decreased from 
10.4  mm to 2.8  mm. As regards clinical out-
comes, Lysholm score and IKDC score both 
improved from preoperatively to the last follow-
 up and the mean Tegner activity score reached 

the same level as before the last ACL injury (7.4 
and 7.2).

Finally, Dejour et  al. [15] reported the out-
comes, at a minimum of 2-year follow-up, of 
nine patients that underwent second revision 
ACLR combined with tibial deflexion osteotomy 
for a high PTS value (all patients had a 
PTS  >  12°). The mean PTS decreased from 
13.2° ± 2.6° (median 13°; range 12–18°) preop-
eratively to 4.4° ± 2.3° (median 4°; range 2–8°) 
postoperatively. With regard to the clinical out-
comes, the mean Lysholm score was 73.8 ± 5.8 
(median 74; range 65–82), and the IKDC-SKF 
was 71.6 ± 6.1 (median 72.8; range 62.2–78.5) 
showing satisfactory results and suggesting that 
tibia slope correction protects reconstructed 
ACLs from fatigue failure.

12.5  Indications 
and Contraindications

In patients with multiple ligament tears and sur-
geries, it is of paramount importance to carefully 
analyze the causes of the previous failures and to 
address the risk factors in order to avoid another 
rerupture. The authors, therefore, recommend a 
correction of the PTS with an anterior closing- 
wedge osteotomy in patients with a failed ACLR 
and a PTS  >  12°. Contraindications include 
hyperextension (>10°), a significant deformity in 
the coronal plane, and end-stage osteoarthritis. In 
patients with more than 10° of hyperextension, it 
is not possible to perform the osteotomy because 
it would generate an excessive genu recurvatum 
while patients with lower degree of hyperexten-
sion (0–10°) are treated like all the other. Since 
there are very few studies reporting outcomes of 
slope reduction techniques, there is still no con-
sensus regarding their indications and 
contraindications.

12.6  Preoperative Planning

All the patients must undergo a standard radio-
graphic evaluation as explained before. The PTS 
must be carefully measured and the amount of 
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slope correction is estimated in order to obtain a 
PTS between 3° and 5° considering 1  mm of 
resection equal to 1° of correction.

12.7  Surgical Technique

In the literature, there are two surgical techniques 
described to perform a tibial deflexion osteotomy. 
Originally, Dejour et  al. [13] proposed an 
approach to the osteotomy site above the patellar 
tendon insertion. On the contrary, Sonnery-Cottet 
et al. [6] proposed to detach the tibial tubercle to 
reach the osteotomy site 4 to 5 cm distal to the 
joint line. The main advantages of the original 
procedure are that it maintains the patellar height 
while keeping both the patellar tendon and tibial 
tuberosity intact, though it is technically chal-
lenging to position the osteotomy at the appropri-
ate level above the anterior tibial tuberosity. The 
alternative procedure allows more comfortable 
exposure of the osteotomy site, but it requires 
detachment of the patellar tendon and the tibial 
tuberosity, which may be associated with 
increased morbidity and tougher rehabilitation.

In the technique proposed by the authors, the 
patient is positioned in the supine position and a 

tourniquet is placed high on the thigh. A lateral 
post at the level of the tourniquet maintains the 
leg position in the frontal plane, and a distal sup-
port holds the knee at 90° of flexion, allowing full 
range of motion when desired (Fig. 12.5).

The first step is the harvesting of the autograft, 
depending on where the previous grafts were 
taken (hamstrings, patellar tendon, or quadriceps 
tendon).

Second, the knee is arthroscopically assessed 
through the anterolateral and anteromedial por-
tals, in order to evaluate the status of the cartilage 
and the menisci, as well as the shape of the inter-
condylar notch (a notchplasty is performed if 
needed) and previous tunnel positions. Third, the 
femoral and tibial tunnels are drilled to match the 
graft diameter, but the graft is not yet inserted. 
Fourth, all meniscal interventions (either menis-
cal suture or removal) are performed if required. 
Fifth, the tibial deflexion osteotomy is performed 
through an anterior longitudinal incision medial 
to the tibial tuberosity. The deep medial collateral 
ligament and the iliotibial band on Gerdy’s tuber-
cle are detached up to the posterior part of the 
tibia, in order to expose the place of the osteot-
omy site, and the patellar tendon insertion on the 
tibia. Detachment of the tibial tubercle is not nec-

Fig. 12.5 The knee is 
positioned at 90° of 
flexion with fluoroscopy 
ready to be utilized 
during surgery
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essary because the osteotomy is performed at the 
level of the insertion of the patellar tendon and a 
biplanar osteotomy will be done. Two monocorti-
cal parallel K-wires are positioned under fluoros-
copy on both sides of the patellar tendon aimed 
towards the posterior tibial cortex, 1  cm below 
the joint line. The level of the osteotomy always 
starts at the superior margin of the patellar tendon 
insertion and continues distally. Other two mono-
cortical parallel K-wires are positioned distally in 
accordance with the amount of correction decided 
at the preoperative planning. They are orientated 
distally to proximally aiming to the end of the 
first two K-wires and their position is controlled 
under fluoroscopy (Fig.  12.6). The K-wires are 
placed until their tips are 10 mm away from the 
tibial plateau surface just below the tibial inser-
tion of the posterior cruciate ligament. These 
4  K-wires will serve as the guide for the bone 
cuts for the closing wedge osteotomy (Fig. 12.7). 
The first bone cut will be exactly behind the tibial 
tubercle in the coronal plane in order to perform 
a biplanar osteotomy. The tibia is then osteoto-
mized cutting under the proximal pins (to be sure 
not to violate the joint cartilage), keeping the 
posterior cortex intact as a hinge. The patellar 
tendon is protected from the oscillating saw using 

spreaders. Before the distal osteotomy is exe-
cuted, the measurement of the correction is con-
firmed. The distal osteotomy is performed with a 
convergent orientation toward the posterior part 
of the proximal osteotomy. The proper orienta-
tion of the saw is assessed under fluoroscopic 
guidance. In patients with a slightly varus-valgus 
deformity, the osteotomy can also be 
2- dimensional with an anterior and lateral-medial 
based wedge respectively.

After making the distal cut, the anterior wedge 
of bone is removed (Fig. 12.8a, b). With the intact 
posterior cortex acting like a hinge, the osteot-
omy gap can be decreased by manipulation of the 
limb. To decrease the gap, it is possible to push 
down on the proximal tibial plateau, or simply 
extend the leg. Extending the leg will exert pres-
sure through the femoral condyles onto the tibial 
plateau. The amount of slope correction is con-
firmed and measured under fluoroscopy. Then the 
osteotomy fixation is achieved using two staples 
on both sides of patellar tendon (Figs. 12.9 and 
12.10). After osteotomy fixation (checked at fluo-

Fig. 12.6 The 4  K wires are positioned under fluoros-
copy, aiming just below the tibial insertion of the posterior 
cruciate ligament

Fig. 12.7 The 4 K wires will serve as the guide for the 
bone cuts
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roscopy), the final step is completing the ACL 
graft. The tibial tunnel is gently hand-redrilled to 
debride tibial tunnel from bone fragments. The 
graft is then pulled and fixed using interference 
screws or suspensory fixation. The fixation is 

done at 90° of flexion in order to give a little bit 
of stiffness to the knee in order to compensate for 
the negative effect of the “genu recurvatum” 
caused by the osteotomy. As a final step, a double 
fixation of the graft is obtained by passing the 
sutures under the staples and tying them together 
firmly.

12.8  Postoperative Rehabilitation

After surgery, patients are immobilized in an 
extension brace during transfers, in order to 
address the “genu recurvatum”, and weight bear-
ing is not allowed for the first 3 weeks. According 
to the patient tolerance, nonaggressive rehabilita-
tion is immediately begun with passive and active 
motion exercises and full range of motion. The 
main objectives in the first phase are reduction in 
knee swelling, quadriceps control, and recovery 
of range of motion, while always avoiding hyper-
extension. After 3 weeks, weight bearing is grad-
ually progressed in the extension brace with the 
goal of full weight bearing at day 45. Afterward, 
patients are placed on a standard phase 2 ACL 
protocol from days 45 to 90, with swimming and 
cycling activities. They are finally moved to 
phase 3 for 3 months (3–6 months post- opera-
tion), during which the schedule comprises a pro-

a b

Fig. 12.8 (a) The anterior wedge of bone is removed. (b) and the osteotomy is checked under fluoroscopy

Fig. 12.9 Osteotomy fixation
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gressive return-to-sport program. After 6 months, 
isokinetic and functional tests are performed: 
patients can return to full sports activities if they 
have a good quadriceps/hamstrings ratio and 
muscle recovery comparable with the contralat-
eral side.

12.9  Conclusions

Preliminary outcomes of ACLR combined with 
anterior closing-wedge osteotomy in patients 
with ACL re-ruptures and high PTS show prom-
ising results in restoring good knee stability, sat-
isfactory functional levels, and reduced recurrent 
failures. The authors emphasize the importance 
of this procedure since it is the only way to prop-

erly address the increased forces produced by 
high values of PTS to which ACL grafts are sub-
jected, even while standing and during normal 
activities like walking [44].

Given the mounting evidence from recent 
studies of the strong correlation between high 
PTS and ACL re-rupture rate as well as the prom-
ising results obtained by the deflexion osteotomy 
procedure, it is worth discussing whether this 
intervention may also be indicated in the high- 
risk patient with primary ACL ruptures 
(PTS > 15° and/or ATT > 10 mm in monopodal 
weight-bearing).

Larger series and longer follow-up are needed, 
however, to confirm the efficacy of this tech-
nique, considering that still few studies are pub-
lished on this topic.

a b

ATT = 20 mm

ATT = 5 mm

10°

18°

Fig. 12.10 Comparison 
between the PTS and the 
ATT from (a) 
preoperative and (b) 
postoperative in the 
lateral view

S. Muzzi et al.



131

References

 1. Björnsson H, Andernord D, Desai N, et  al. No dif-
ference in revision rates between single- and 
double-bundle anterior cruciate ligament reconstruc-
tion: a comparative study of 16,791 patients from 
the Swedish National Knee Ligament Register. 
Arthroscopy. 2015;31:659–64.

 2. Crawford SN, Waterman BR, Lubowitz JH.  Long- 
term failure of anterior cruciate ligament reconstruc-
tion. Arthroscopy. 2013;29:1566–71.

 3. Wright RW, Gill CS, Chen L, et al. Outcome of revi-
sion anterior cruciate ligament reconstruction: a sys-
tematic review. J Bone Joint Surg Am. 2012;94:531–6.

 4. Griffith TB, Allen BJ, Levy BA, Stuart MJ, Dahm 
DL.  Outcomes of repeat revision anterior cruci-
ate ligament reconstruction. Am J Sports Med. 
2013;41:1296–301.

 5. Øiestad BE, Engebretsen L, Storheim K, Risberg 
MA.  Knee osteoarthritis after anterior cruciate liga-
ment injury: a systematic review. Am J Sports Med. 
2009;37:1434–43.

 6. Sonnery-Cottet B, Mogos S, Thaunat M, Archbold P, 
Fayard J-M, Freychet B, Chambat P. Proximal tibial 
anterior closing wedge osteotomy in repeat revision 
of anterior cruciate ligament reconstruction. Am J 
Sports Med. 2014;42(8):1873–80.

 7. Colombet P. Knee laxity control in revision anterior 
cruciate ligament reconstruction versus anterior cru-
ciate ligament reconstruction and lateral tenodesis: 
clinical assessment using computer-assisted naviga-
tion. Am J Sports Med. 2011;39(6):1248–54.

 8. Gifstad T, Drogset JO, Viset A, Grøntvedt T, Hortemo 
GS.  Inferior results after revision ACL reconstruc-
tions: a comparison with primary ACL recon-
structions. Knee Surg Sports Traumatol Arthrosc. 
2013;21(9):2011–8.

 9. Lind M, Lund B, Fauno P, Said S, Miller LL, 
Christiansen SE.  Medium to long-term follow-up 
after ACL revision. Knee Surg Sports Traumatol 
Arthrosc. 2012;20(1):166–72.

 10. Wright RW, Gill CS, Chen L, Brophy RH, Matava 
MJ, Smith MV, Mall NA. Outcome of revision ante-
rior cruciate ligament reconstruction: a systematic 
review. J Bone Joint Surg Am. 2012;94(6):531–6.

 11. Bien DP.  Rationale and implementation of ante-
rior cruciate ligament injury prevention warm-up 
programs in female athletes. J Strength Cond Res. 
2011;25(1):271–85.

 12. Ebben WP, Fauth ML, Petushek EJ, Garceau LR, Hsu 
BE, Lutsch BN, Feldmann CR. Gender-based analy-
sis of hamstring and quadriceps muscle activation 
during jump landings and cutting. J Strength Cond 
Res. 2010;24(2):408–15.

 13. Dejour D, Kuhn A, Dejour H. Tibial deflexion oste-
otomy and chronic anterior laxity: a series of 22 cases. 
Rev Chir Orthop. 1998;84:28–9.

 14. Christensen JJ, Krych AJ, Engasser WM, Vanhees 
MK, Collins MS, Dahm DL. Lateral tibial posterior 

slope is increased in patients with early graft failure 
after anterior cruciate ligament reconstruction. Am J 
Sports Med. 2015;43(10):2510–4.

 15. Dejour D, Saffarini M, Demey G, Baverel L. Tibial 
slope correction combined with second revision 
ACL produces good knee stability and prevents 
graft rupture. Knee Surg Sports Traumatol Arthrosc. 
2015;23(10):2846–52.

 16. van de Pol GJ, Arnold MP, Verdonschot N, van 
Kampen A. Varus alignment leads to increased forces 
in the anterior cruciate ligament. Am J Sports Med. 
2009;37:481–7.

 17. Bernhardson AS, et  al. Tibial slope and its effect 
on force in anterior cruciate ligament grafts: ante-
rior cruciate ligament force increases linearly as 
posterior tibial slope increases. Am J Sports Med. 
2019;47(2):296–302.

 18. Dejour D, Pungitore M, Valluy J, Nover L, Saffarini 
M, Demey G.  Preoperative laxity in ACL-deficient 
knees increases with posterior tibial slope and medial 
meniscal tears. Knee Surg Sports Traumatol Arthrosc. 
2019;27(2):564–72.

 19. Dejour H, Bonnin M. Tibial translation after anterior 
cruciate ligament rupture. Two radiological tests com-
pared. J Bone Joint Surg Br. 1994;76(5):745–9.

 20. Dejour H, Walch G, Neyret P, Adeleine P. Results of 
surgically treated chronic anterior laxities. Apropos 
of 251 cases reviewed with a minimum follow-up 
of 3 years. Rev Chir Orthop Reparatrice Appar Mot. 
1988;74(7):622–36.

 21. Schatka I, Weiler A, Jung TM, Walter TC, Gwinner 
C.  High tibial slope correlates with increased pos-
terior tibial translation in healthy knees. Knee Surg 
Sports Traumatol Arthrosc. 2018;26(9):2697–703.

 22. Rahnemai-Azar AA, Abebe ES, Johnson P, Labrum J, 
Fu FH, Irrgang JJ, Samuelsson K, Musahl V. Increased 
lateral tibial slope predicts high-grade rotatory knee 
laxity preoperatively in ACL reconstruction. Knee 
Surg Sports Traumatol Arthrosc. 2017;25(4):1170–6.

 23. Lustig S, Scholes CJ, Leo SP, Coolican M, Parker 
DA. Influence of soft tissues on the proximal bony tib-
ial slope measured with two-dimensional MRI. Knee 
Surg Sports Traumatol Arthrosc. 2013;21(2):372–9.

 24. Ahn JH, Bae TS, Kang KS, Kang SY, Lee 
SH. Longitudinal tear of the medial meniscus poste-
rior horn in the anterior cruciate ligament-deficient 
knee significantly influences anterior stability. Am J 
Sports Med. 2011;39(10):2187–93.

 25. Stephen JM, Halewood C, Kittl C, Bollen SR, 
Williams A, Amis AA.  Posteromedial meniscocap-
sular lesions increase tibiofemoral joint laxity with 
anterior cruciate ligament deficiency, and their repair 
reduces laxity. Am J Sports Med. 2016;44(2):400–8.

 26. Ali AA, Harris MD, Shalhoub S, Maletsky LP, 
Rullkoetter PJ, Shelburne KB.  Combined mea-
surement and modeling of specimen-specific knee 
mechanics for healthy and ACL-deficient conditions. 
J Biomech. 2017;57:117–24.

 27. Lorbach O, Kieb M, Herbort M, Weyers I, Raschke 
M, Engelhardt M. The influence of the medial menis-

12 Osteotomy: Slope Change Tibial Osteotomy to Address ACL Deficiency



132

cus in different conditions on anterior tibial transla-
tion in the anterior cruciate deficient knee. Int Orthop. 
2015;39(4):681–7.

 28. Samuelsen BT, Aman ZS, Kennedy MI, Dornan GJ, 
Storaci HW, Brady AW, LaPrade RF. Posterior medial 
meniscus root tears potentiate the effect of increased 
tibial slope on anterior cruciate ligament graft forces. 
Am J Sports Med. 2019;48(2):334–40.

 29. Yamaguchi KT, Cheung EC, Markolf KL, 
Boguszewski DV, Mathew J, Lama CJ, Petrigliano 
FA. Effects of anterior closing wedge tibial osteotomy 
on anterior cruciate ligament force and knee kinemat-
ics. Am J Sports Med. 2018;46(2):370–7.

 30. Yoo JH, Chang CB, Shin KS, Seong SC, Kim 
TK. Anatomical references to assess the posterior tib-
ial slope in total knee arthroplasty: a comparison of 5 
anatomical axes. J Arthroplast. 2008;23(04):586–92.

 31. Caton J.  Method of measuring the height of the 
patella. Acta Orthop Belg. 1989;55:385–6.

 32. Caton J, Deschamps G, Chambat P, et  al. Patella 
infera. Apropos of 128 cases. Rev Chir Orthopédique 
Réparatrice Appar Mot. 1982;68:317–25.

 33. Hashemi J, Chandrashekar N, Gill B, et al. The geom-
etry of the tibial plateau and its influence on the bio-
mechanics of the tibiofemoral joint. J Bone Joint Surg 
Am. 2008;90(12):2724–34. https://doi.org/10.2106/
JBJS.G.01358.

 34. Sonnery-Cottet B, Archbold P, Cucurulo T, et al. The 
influence of the tibial slope and the size of the inter-
condylar notch on rupture of the anterior cruciate liga-
ment. J Bone Joint Surg Br. 2011;93(11):1475–8.

 35. Waiwaiole A, Gurbani A, Motamedi K, Seeger 
L, Sim MS, Nwajuaku P, Hame SL.  Relationship 
of ACL injury and posterior tibial slope with 
patient age, sex, and race. Orthop J Sports Med. 
2016;4(11):2325967116672852.

 36. Zeng C, Yang T, Wu S, Gao SG, Li H, Deng ZH, Zhang 
Y, Lei GH.  Is posterior tibial slope associated with 

noncontact anterior cruciate ligament injury? Knee 
Surg Sports Traumatol Arthrosc. 2016;24(3):830–7.

 37. Webb JM, Salmon LJ, Leclerc E, Pinczewski LA, 
Roe JP.  Posterior tibial slope and further anterior 
cruciate ligament injuries in the anterior cruciate 
ligament–reconstructed patient. Am J Sports Med. 
2013;41:2800–4.

 38. Salmon LJ, Heath E, Akrawi H, Roe JP, Linklater J, 
Pinczewski LA. 20-year outcomes of anterior cruciate 
ligament reconstruction with hamstring tendon auto-
graft: the catastrophic effect of age and posterior tibial 
slope. Am J Sports Med. 2018;46(3):531–43.

 39. Schuster P, Geßlein M, Schlumberger M, Mayer P, 
Richter J. The influence of tibial slope on the graft in 
combined high tibial osteotomy and anterior cruciate 
ligament reconstruction. Knee. 2018;25(4):682–91.

 40. Frikha R, Dahmene J, Ben Hamida R, Chaieb Z, 
Janhaoui N, Laziz Ben Ayeche M. Congenital absence 
of the anterior cruciate ligament: eight cases in the 
same family. Rev Chir Orthop Reparatrice Appar 
Mot. 2005;91(7):642–8.

 41. El-Azab H, Halawa A, Anetzberger H, Imhoff AB, 
Hinterwimmer S.  The effect of closed- and open- 
wedge high tibial osteotomy on tibial slope: a ret-
rospective radiological review of 120 cases. J Bone 
Joint Surg Br. 2008;90:1193–7.

 42. Hohmann E, Bryant A, Imhoff AB.  The effect of 
closed wedge high tibial osteotomy on tibial slope: 
a radiographic study. Knee Surg Sports Traumatol 
Arthrosc. 2006;14:454–9.

 43. Arun GR, Kumaraswamy V, Rajan D, et al. Long-term 
follow up of single-stage anterior cruciate ligament 
reconstruction and high tibial osteotomy and its rela-
tion with posterior tibial slope. Arch Orthop Trauma 
Surg. 2016;136:505–11.

 44. Shelburne KB, Kim HJ, Sterett WI, Pandy MG. Effect 
of posterior tibial slope on knee biomechanics during 
functional activity. J Orthop Res. 2011;29(02):223–31.

S. Muzzi et al.

https://doi.org/10.2106/JBJS.G.01358
https://doi.org/10.2106/JBJS.G.01358


133© ISAKOS 2022 
N. Nakamura et al. (eds.), Advances in Knee Ligament and Knee Preservation Surgery, 
https://doi.org/10.1007/978-3-030-84748-7_13

Biologics: Post-traumatic 
Osteoarthritis Following Anterior 
Cruciate Ligament Reconstruction

Sami Chergui, Antoine Denis, James Meterissian, 
Lee Benaroch, and Thierry Pauyo

13.1  Introduction

Anterior cruciate ligament (ACL) tears are 
amongst the most common injuries treated in 
orthopedic surgery [1]. While both conservative 
and surgical treatments are available, ACL recon-
struction (ACLR) is usually recommended for 
healthy patients who participate in pivoting 
sports [2]. The frequency of ACLR surgeries is 
consistently increasing as the annual incidence of 
this surgical treatment rose from 68.6/100000 
person-years in 2010 to 74.6/100000 person- 
years in 2014 in the United States [1, 3].

One of the possible consequences that can 
arise following surgical ACL reconstruction is 
post-traumatic osteoarthritis (PTOA). There is 
some debate surrounding the specific etiologies 
of PTOA; however, traumatic injury and iatro-
genic trauma arising from the surgical interven-
tion are known to be major players in the 
development of PTOA [4]. This traumatic etiol-

ogy differentiates PTOA from OA as the latter 
tends to be caused by chronic cellular or matrix- 
derived factors [5]. The patient population in 
PTOA tends to be younger and more active than 
the patients affected by OA [5, 6]. Besides the 
etiology and patient population, the pathophysi-
ology and progression of both diseases is believed 
to be very similar.

PTOA is a common adverse event following 
ACLR as its prevalence among patients after 
reconstruction (44%) is reported to be greater 
than those who are ACL-deficient (37%) [7]. 
More recently, a meta-analysis by Chen et  al. 
showed that the prevalence of PTOA following 
ACLR is even greater than previously reported 
with 51.6% of patients experiencing this postop-
erative complication within 10  years following 
surgery [8]. PTOA also has important individual 
and societal implications as patients with a his-
tory of knee ligament reconstruction tend to 
undergo total knee arthroplasty 9 years prior to 
patients who had other knee surgeries [9]. Lower- 
extremity PTOA alone costs the United States 
(US) healthcare system over 3 billion dollars 
annually [10].

The initial management of PTOA typically 
includes lifestyle modifications, weight manage-
ment, unloader bracing, physical therapy, or 
intra-articular injections [11]. In more advanced 
cases and when conservative treatment fails, sur-
gical treatment such as cartilage repair, debride-
ment, osteotomy, or total knee replacement is 
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undertaken [12]. Currently, most first-line treat-
ments offered are pharmacologic in nature and 
are focused on improving symptoms and joint 
function. However, none of these medications 
appear to modify the progression of PTOA by 
tackling the underlying cause, which is cartilage 
injury [13]. Since PTOA can be a disabling con-
dition that may greatly affect patients’ quality of 
life, more emphasis is starting to be placed on 
the use of orthobiologics and other injectables as 
an adjunct to ACLR in order to prevent and 
potentially reverse articular degradation. 
Orthobiologics are a category of treatments 
based on substances naturally derived from the 
human body (platelet- rich plasma, amniotic 
products, or stem cells). These differ from inject-
ables such as hyaluronic acid, corticosteroids, or 
monoclonal antibodies which are not treatments 
produced from external sources and not directly 
produced by the body [14].

This chapter will discuss the intra-articular 
injectable biologic agents that are administered 
as adjuncts to ACLR in order to prevent or delay 
the development of PTOA.

13.2  Platelet-Rich Plasma (PRP)

Introduced in the field of orthopedics in the 
1990s, platelet-rich plasma (PRP) is a blood 
product that has a concentration of platelets that 
is 3–15 times higher than normal blood concen-
tration [15, 16]. Various methods are available to 
produce this orthobiologic, and they all differ in 
terms of platelet concentration, leukocyte levels, 
cost, and time necessary for production. PRP is 
shown to be an effective adjunct to various 
orthopedic procedures such as total knee arthrot-
omy (TKA) and meniscal repair. A meta-analy-
sis conducted by Ma et  al. showed that 
administration of PRP during TKA significantly 
decreases intraoperative blood loss [13 (switch 
old source w new)]. A systematic review by 
Muchedzi et  al. also observed that PRP led to 
statistically lower post- TKA VAS pain scores 
[17]. However, both authors found no significant 
differences in terms of function, quality of life, 

or length of hospital stay [16, 17]. The chemo-
kines and cytokines within the PRP solution are 
reported to accelerate healing by regulating local 
inflammation and by increasing the deposition of 
proteoglycans and type II collagen. The various 
contents in PRP also promote tissue repair 
through the stimulation of medicinal signaling 
cells, macrophages, fibroblasts, and chondro-
cytes. Furthermore, PRP promotes the prolifera-
tion, differentiation, communication, and 
chemotaxis of these cells [18].

PRP products can be classified in two catego-
ries according to their cellular concentrations: 
leukocyte-rich PRP (LR-PRP) and leukocyte- 
poor PRP (LP-PRP). LR-PRP and LP-PRP are 
differentiated by containing leukocyte concentra-
tions higher or lower, respectively, compared to 
human baseline levels [19]. LR-PRP tends to 
increase the release of pro-inflammatory media-
tors such as tumor necrosis factor alpha (TNF-a), 
interferon gamma (INF-y), interleukin-6 (IL-6), 
and IL-1B.  In contrast, the anti-inflammatory 
cytokines IL-4 and IL-10 increase in the presence 
of LP-PRP [20–22].

13.2.1  Preparation 
and Administration

During the preparation of the PRP product, blood 
is usually drawn from the antecubital vein using 
preferably an 18-gauge needle to prevent damage 
to the platelets. About 30–60 mL of whole blood 
needs to be extracted in order to obtain 3–6 mL of 
PRP [23]. Three methods are available to pro-
duce PRP using whole blood: single centrifuga-
tion, double spin centrifugation, and 
plasmapheresis followed by centrifugation. They 
can produce a solution with a platelet concentra-
tion up to 3, 8, and 15 times, respectively, higher 
than normal physiologic levels. However, the 
higher concentration obtained with plasmapher-
esis also comes with a much higher financial 
cost. Several administration methods such as 
graft coating are available. But intra-articular 
injections are the most common method of 
administration [16].
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13.2.2  Outcomes

PRP has multiple potential applications in the 
context of ACLR. Most notably, PRP is used by 
surgeons as an adjunct to ACL surgery to help 
with graft-to-bone healing, graft maturation, as 
well as preventing postsurgical pain and 
PTOA. PRP is observed to be safe as only minor 
complications are reported. The main adverse 
events observed are moderate pain, swelling, and 
mild effusion lasting a few days at the target 
joint [24].

The effects on ACL graft healing is the most 
studied outcome regarding PRP use during 
ACLR.  Graft maturation following ACLR was 
evaluated via MRI by Seijas et al. who revealed a 
beneficial role of PRP in stimulating faster and 
more complete graft remodeling within 
12 months [25]. A review on ACLR by Andriolo 
et al. also highlighted how PRP can improve the 
graft’s mechanical properties such as linear stiff-
ness and tensile load [26]. However, Figueroa 
et al. conducted a randomized control trial (RCT) 
and observed no significant advantage in the use 
of PRP with ACLR in terms of graft maturation 
after 14 months [27].

There is no specific evidence regarding the use 
of PRP for PTOA in the setting of ACLR, as 
research efforts focus currently on osteoarthritis 
unrelated to trauma. Sampson et  al. found that 
three sets of PRP injections at 4-week intervals 
improve KOOS and VAS scores significantly for 
up to 12  months in knee OA patients [28]. 
Moreover, Kon et al. reported that PRP injections 
at 21-day intervals yield significant improve-
ments of IKDC and VAS scores in knee OA at 
12-month follow-up. However, it was seen that 
the benefits decline after 6 months while remain-
ing significantly better compared to baseline 
[29]. Hence, PRP is thought to improve patient- 
reported outcomes and pain scores on a short- 
term basis. One could extrapolate that these 
results would positively impact patient with 
PTOA in the setting of ACL reconstruction. 
However, more research is needed to support its 
use in patient with PTOA.

LR-PRP and LP-PRP have been compared to 
hyaluronic acid (HA) in the context of knee OA 

through a meta-analysis conducted by Riboh 
et al. that compiled six RCTs and two prospective 
studies. The group observed that only LP-PRP 
yields significantly superior WOMAC scores 
compared to HA and placebo [30]. Furthermore, 
an RCT conducted by Filardo et al. demonstrated 
that, when compared to HA, LR-PRP did not lead 
to statistically significant improvements in IKDC, 
KOOS, EQ-VAS, or Tegner scores. However, the 
PRP group experiences significantly higher rates 
of post-injection swelling and pain [31]. These 
studies consequently suggest that LP-PRP is 
more efficacious comparatively to LR-PRP in 
patients suffering from knee OA. These findings 
are probably related to the fact that LP-PRP pro-
motes the release of anti-inflammatory factors 
contrarily to LR-PRP as previously mentioned 
[20–22].

When looking at the effects of single vs mul-
tiple injections, Vilchez-Cavazos et al., in a meta- 
analysis, found no difference between a single or 
multiple PRP injections in terms of pain relief 
based on the VAS score in knee OA. However, 
multiple injections provided improved function 
with higher WOMAC and IKDC scores [32]. 
While more research is needed on dosing regi-
men, this meta-analysis suggests that the number 
of injections may vary according to the goals of 
care (pain control vs function). Even if many 
studies concluded that PRP is advantageous, 
Altamura et al. demonstrated that PRP adminis-
tration without surgical intervention leads to a 
poor rate of return to sport for patients with knee 
OA.  In this prospective study, patient-reported 
outcomes (IKDC, VAS, Tegner scores) signifi-
cantly improved, but only 48.9% of patients 
returned to the same level of physical activity 
after 24 months [33]. Thus, PRP injections alone 
might not be an ideal treatment for patient with 
PTOA who wish for a successful return to sport. 
In this light, in patients with PTOA, combining 
PRP with ACL reconstruction could provide an 
interesting avenue to potentially improve out-
comes and return to sports rates.

There currently are no guidelines for the use 
of PRP with ACLR or PTOA.  The American 
Academy of Orthopedic Surgeons (AAOS) does 
not find the evidence strong enough to recom-
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mend its use in patients with OA of the knee [24]. 
A major obstacle to the implementation of PRP 
treatment is the heterogeneity in PRP complex 
preparation and administration protocol. 
Different PRP products are available, with varia-
tions in preparation, platelet concentration and 
cellular content. This renders the standardization 
of PRP challenging. Despite the lack of clear evi-
dence or guidelines, PRP is still widely used by 
clinicians for OA patients unresponsive to first- 
line treatment due to its simple preparation tech-
nique, low costs, noninvasiveness, and safety.

13.3  Hyaluronic Acid (HA)

In healthy articular cartilage, hyaluronic acid 
(HA) is one of many glycosaminoglycans found 
in the synovial fluid and extracellular matrix 
(ECM). This compound is naturally secreted by 
chondrocytes, fibroblasts, and synoviocytes. HA 
greatly contributes to joint maintenance by acting 
as a lubricant during slow movements and as a 
shock absorber during rapid or high-impact 
movements [34]. Additionally, HA can reduce 
general inflammation through the regulation of 
macrophage proliferation and phagocytosis, leu-
kocyte chemotaxis, and cellular reactionary cas-
cades [35]. HA is consequently hypothesized to 
have disease-modifying effects by acting upon 
the inflammatory processes of OA.

13.3.1  Preparation 
and Administration

HA preparations are most commonly derived 
from bacterial sources, such as streptococcus, as 
it is associated with the least amount of side 
effects and is the most cost-effective option cur-
rently available compared to animal sources 
(mostly avian) [36]. Thus, it is not classified as an 
orthobiologic. Several preparations of injectable 
HA are available for clinical use. An important 
difference is that HA products can be naturally 
derived and not cross-linked or artificially cross- 
linked to increase the molecular weight [37]. The 
fundamental differences between the various 

preparation methods are the molecular weight 
and the duration of treatment (number of injec-
tions). Migliore et al. observed that high molecu-
lar weight preparations (6,000,000–7,000,000 Da) 
result in a better increase in fluid retention in the 
joint. They consequently proposed that this can 
lead to a stronger anti-inflammatory effect [38].

13.3.2  Outcomes

HA has been approved by the FDA in 1997 and 
used, similarly to PRP, to promote graft repair, 
control pain and prevent further degeneration of 
the knee. For now, HA is only classified as a 
symptom-modifying agent for OA [34]. However, 
during the earliest uses of HA, the pain relief 
experienced by patients in studies lasted multiple 
months, which is much longer than the half-life 
of HA.  Intra-articular HA is consequently 
hypothesized to have disease-modifying and pre-
ventative effects in the treatment of osteoarthritis 
and PTOA [39]. Despite this treatment’s poten-
tial, there is a lack of studies for the prevention of 
PTOA in patients with ACL injuries.

Experiments in animal models exploring this 
hypothesis revealed that HA injections trigger 
multiple mechanisms potentially beneficial to the 
osteoarthritic knee. It was found in rabbit models 
that underwent ACLR that HA can improve tis-
sue healing, angiogenesis, and production of car-
tilage matrix components [39]. HA injections in 
canine models of ACLR also seemed to prevent 
chondrocyte apoptosis and decrease the secretion 
of local inflammatory cytokines. Other common 
benefits observed in this animal model include 
reduced lymphocyte motility, inhibition of chon-
drodegradative enzymes, and significant 
improvements in gross morphology [39]. Similar 
experiments focused on the mechanisms of HA 
in humans with OA and found that these injec-
tions improve chondrocyte density and metabo-
lism while reducing inflammation and edema 
[39]. Thus, it is believed that HA could promote 
the restauration of cartilage as well as reverse the 
inflammatory cartilaginous destruction present in 
OA and PTOA.  However, the progression of 
PTOA seems unaffected by HA in ACL-deficient 

S. Chergui et al.



137

rat models. This suggests that proper reconstruc-
tion and stabilization of the knee is necessary for 
HA’s therapeutic effect [40].

Currently, no studies have explored the use of 
intra-articular injections of HA to prevent PTOA 
following ACLR in humans. Due to this lack of 
studies, papers on the effects of HA on ACLR 
outcomes not specific to PTOA will be discussed. 
In an RCT, Huang et al. divided 120 patients into 
a control group that received saline and three 
other groups that received intra-articular HA at 4, 
8, and 12 weeks post-ACLR, respectively. After 
1 year, HA groups experienced significantly bet-
ter range of motion, Lysholm scores, ambulation 
speed, and muscle peak torque compared to the 
saline control group. The patients receiving HA 
at 8  weeks following ACLR had significantly 
superior Lysholm scores compared to the other 
two HA groups [41]. Chau et  al. conducted an 
RCT to compare in 32 patients the outcomes of 
ACLR with HA injections to ACLR alone. The 
greatest difference was found 2 days postopera-
tively with significantly better KOOS scores and 
diminished postoperative swelling in the HA 
group. However, the improvements in the two 
groups equalized after 2 weeks [42]. Moreover, 
Di Martino et al. performed an RCT involving 60 
patients and demonstrated that a single injection 
HA administered 1 day after ACLR does not pro-
vide statistically significant clinical improve-
ments compared to saline in terms of SF-36, 
IKDC, VAS, or Tegner scores [43]. Wang et al. 
also observed in OA patients over 2  years that 
HA knee injections every 6 months led to signifi-
cantly better cartilage preservation on MRI com-
pared to control patients that only used NSAIDs, 
analgesics, or physical therapy [44]. This carti-
lage preservation on MRI could justify the 
improvements of clinical scores seen in other tri-
als and shows that HA might be associated with a 
change in the progression of OA.

The efficacy of high molecular weight (HMW) 
and low molecular weight (LMW) variants of 
HA in OA have been compared through multiple 
studies. A meta-analysis by Hummer et  al. 
showed that HMW HA leads to pain relief that is 
statistically and clinically superior to LMW HA 
on the VAS pain scale [45]. Atamaz et  al. have 

also demonstrated through their randomized 
study that HMW HA yields significantly better 
scores on the VAS pain scale and WOMAC func-
tional scales compared to LMW HA [46]. 
Furthermore, Bahrami et al. have observed that a 
single injection of HMW HA has similar effects 
than 3 weekly injections of LMW HA in terms of 
WOMAC, Lequesne, and VAS scales [47]. Thus, 
it seems that HMW HA is the ideal alternative for 
patients suffering from knee OA as it seems to 
yield significantly better effects while being more 
convenient by requiring fewer doses. However, 
randomized trials by Lee et  al. and Gigis et  al. 
show no significant effect of molecular weight of 
HA on VAS or WOMAC scores [48, 49]. Shewale 
et al. also found that the use of HMW or LMW 
HA does not affect the likelihood of OA patients 
requiring eventual surgery [50]. Despite these 
results, the evidence still seems overall to be in 
favor of administering HMW HA for knee OA 
patients. Consequently, HMW HA might be a 
more interesting treatment option than LMW HA 
for PTOA as well.

HA was compared to other treatment modali-
ties as well for the treatment of OA.  Bannuru 
et al. carried out a meta-analysis compiling seven 
RCTs on knee OA and showed that HA has sig-
nificantly superior pain relief compared to corti-
costeroids after 8 weeks post-injection. However, 
they observed that corticosteroids have good 
short-term effects and are more effective than HA 
in the first 2  weeks following injection [51]. 
Function restauration and stiffness were similar 
for both treatments. Furthermore, Wu et al. com-
piled 10 RCTs in a meta-analysis and reported 
significantly better results with PRP compared to 
HA when recording WOMAC, VAS, and IKDC 
scores in patients with OA [52]. Conversely, 
Filardo et al. conducted an RCT and observed no 
significant difference in IKDC, KOOS, EQ-VAS, 
or Tegner scores between OA patients treated 
with PRP or HA. But this team did find signifi-
cantly higher rates of self-limited episodes of 
post-injection swelling and pain in the PRP group 
[31]. Lamo-Espinosa also conducted an RCT on 
patients with knee OA and found that intra- 
articular stem cell injections yielded better pain 
relief on the VAS score compared to HA injec-
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tions after 12  months [53]. Moreover, a meta- 
analysis of RCTs performed by Miller et  al. 
demonstrated slight knee pain and function 
improvements that are statistically superior with 
HA injections compared to NSAIDs in OA 
patients within 26 weeks. But even if the differ-
ence was statistically significant, it was not great 
enough to be clinically significant [54]. Thus, the 
evidence is still mitigated on whether or not HA 
is the optimal intra-articular treatment for OA or 
PTOA patients.

Pseudosepsis is a rare but important adverse 
condition occurring following HA injection and 
is also called severe acute inflammatory reaction 
(SAIR) [f]. It is characterized by (1) intra- 
articular knee infusion and pain with an acute 
onset 24–72  h following the HA injection, (2) 
more than one injection in the past, (3) absence of 
calcium pyrophosphate crystals and infectious 
agents in the synovial fluid, (4) elevated mono-
nuclear cells (mostly macrophages) in the syno-
vial fluid, and (5) requires treatment (nonsteroidal 
anti-inflammatories, intra-articular steroid injec-
tion, arthrocentesis) [55]. Pseudosepsis is hypoth-
esized to be an immunologic reaction [56]. 
Cross-linked hyaluronic products have been 
shown through animal studies to lead to the 
development of significantly more serum anti-
bodies in primates and rabbits compared to non- 
crosslinked HA [55, 57]. Consequently, the 
former has been proposed to be more strongly 
associated with pseudosepsis. However, a meta- 
analysis conducted by Bannuru et al. shows that 
there are no significant differences in the rates of 
complications, including pseudosepsis, between 
various HA products even if they differed in their 
cross-linkage, molecular weight, or source (bac-
terial fermentation or avian) [58].

Due to the debatable evidence, the American 
College of Rheumatology has no recommenda-
tions on the use of HA in OA, and the American 
Academy of Orthopedic Surgeons (AAOS) dis-
courages the use of HA to treat knee OA [24]. 
But despite HA not being supported by these 
organizations, it is still widely used as HA injec-
tions are considered to be safe for the patient 
since adverse events are rare. Only 2–4% of 
patients in clinical trials reported transient 

inflammation at the joint [24]. Moreover, Miller 
et al. observed that 19.8% of OA patients using 
HA reported adverse events (local pain or inflam-
mation, gastrointestinal symptoms, headache) 
compared to 29.0% of OA patients using NSAIDs 
[54]. Further research must be conducted to fully 
understand the scope of HA’s physiological 
action on the osteoarthritic knee following 
ACLR, and whether different formulations, dos-
ages, and timing of administration improve the 
patient’s outcome.

13.4  Intra-Articular Corticosteroid 
Injection

Since the early 1950s, intraarticular corticoste-
roid injections are frequently used for multiple 
rheumatological conditions and OA [59]. In 
recent years, increasing expertise in biochemical 
analysis of articular fluids has led to the recogni-
tion that biochemical disturbances are the earliest 
indicators of osteoarthritis (OA) disease, espe-
cially in post-traumatic osteoarthritis (PTOA) 
[60]. These disturbances and pro-inflammatory 
responses are also found early in knee synovial 
fluid after ACL injury and are known to ignite the 
cascade leading to cartilage damage [61]. As a 
result, administration of corticosteroids has been 
believed to prevent OA from progressing to sig-
nificant cartilage damage by reducing the inflam-
matory cascade following trauma [62].

13.4.1  Preparation 
and Administration

Different corticosteroid injections are available 
for use. The various options can be classified in 
two groups: particulate and non-particulate corti-
costeroids. Particulate corticosteroids are not 
water-soluble and consequently aggregate on the 
joint. This causes the drug to remain in synovial 
fluid and be constantly released over longer peri-
ods of time. As an example, methylprednisolone 
acetate, one of the most commonly injected ste-
roids, has an effect that lasts around 7 days. On 
the other side, non-particulate steroids are water- 
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soluble, meaning that they are cleared quickly 
from the joint and have shorter lasting effects. 
Corticosteroids are usually administered along-
side a local anesthetic. Fluoroscopy and ultra-
sound can improve accuracy of the injection if 
needed [63]. Since these compounds are not nat-
urally found in the human body, they are not con-
sidered as orthobiologics.

13.4.2  Outcomes

Corticosteroid intra-articular injections are fre-
quently used in the context of acute or chronic 
inflammatory processes in order to alleviate pain 
while inhibiting the release of inflammatory 
mediators [24]. However, intra-surgical adminis-
tration of corticosteroids is rare due to the signifi-
cant increase in risk of postoperative infection in 
the knee [64]. Despite widespread use in patients 
with OA, very few studies have been published 
on the effects of corticosteroids for the preven-
tion of PTOA in patients with ACL injuries. 
Lattermann et al. studied with an RCT the effect 
of corticosteroid administration within days fol-
lowing ACL rupture. It was found that 
C-telopeptide of type II collagen (CTX-II) is the 
only 1 out of 12 biochemical markers with a con-
centration significantly lower in the treatment 
group. It is a marker associated with collagen 
type II breakdown. Moreover, there were no dif-
ferences between patient-reported outcomes 
(KOOS, IKDC, VAS pain, PCS) in placebo and 
intervention groups after 5 weeks [62]. Bellamy 
et  al. carried out a meta-analysis compiling 27 
trials to evaluate the efficacy of corticosteroid 
injections for OA and demonstrated that cortico-
steroids correlate with only small to moderate 
improvements to the WOMAC score until 
6 weeks following the injection. They found no 
evidence of improvements after 13 weeks post- 
injection [65]. However, Raynauld et al. noted in 
their RCT significant improvements of knee pain 
and stiffness in the corticosteroid group based on 
the VAS and WOMAC scores [66]. Thus, despite 
showing limited effects on patient-reported 
scales, corticosteroid injections show promise by 
affecting markers of chondral degeneration. 

Further exploration is needed to determine if 
these biochemical changes can translate in 
decreased onset or severity of PTOA in the con-
text of ACLR.

Commonly used corticosteroid agents for 
intra-articular injection include methylpredniso-
lone acetate, triamcinolone hexacetonide, triam-
cinolone acetonide, and betamethasone. No 
corticosteroid has been shown to result in signifi-
cantly superior outcomes compared to others 
[67–69]. However, these studies were not tailored 
specifically to patients with PTOA following 
ACL repair. Corticosteroids were also studied 
alongside HA products by Bannuru et  al. who 
found corticosteroids to deliver significantly bet-
ter short-term pain relief to OA patients over a 
2-week period following injection compared to 
HA [51].

Side effects have been reported after the use of 
corticosteroid injections. Most commonly, reac-
tive flares may occur 6–12  hours following the 
injection and resolve within 1–3  days [70]. An 
adverse event that is important to consider while 
using intra-articular corticosteroids is chondro-
toxicity. Dragoo et  al. observed within in  vitro 
models that triamcinolone, betamethasone sodium 
phosphate, and betamethasone acetate lead to a 
significant decrease in chondrocyte viability after 
a single injection dose [71]. A systematic review 
by Wernecke et al. noted that corticosteroid toxic-
ity is dose- and time- dependent, where beneficial 
effects can start to be overshadowed by negative 
outcomes with high doses and prolonged duration 
of treatment [72]. To further this point, McAlindon 
et al. conducted an RCT in which a 2-year regi-
men of intra-articular triamcinolone leads to sig-
nificant cartilage loss without significant pain 
improvement compared to saline injections [73]. 
They consequently suggested that intra-articular 
corticosteroids may worsen osteoarthritic disease 
without any worthwhile symptomatic benefits. 
However, Raynauld et  al. performed an RCT 
using triamcinolone as well and observed no sig-
nificant cartilage loss compared to the saline con-
trol group after 2 years [66]. Thus, corticosteroids 
can be an appropriate and safe solution if low 
dosages and low treatment durations are 
prioritized.
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Local anesthetics have also been found to 
have chondrotoxic effect that is dependent on the 
dose, duration, and type of local anesthetic used 
[74]. This is crucial to keep in mind because local 
anesthetics and corticosteroids have been 
observed to have a compounded deleterious 
effect on cartilage when used together. Jayaram 
et  al. have shown through a systematic review 
that adding corticosteroids to local anesthetics 
significantly aggravated chondrotoxicity com-
pared to local anesthetics alone within in  vitro 
and in  vivo models [75]. Consequently, the 
simultaneous administration of corticosteroids 
and local anesthetics in the knee should be 
avoided as much as possible.

The current evidence supporting the injection 
of intra-articular corticosteroids is weak. 
Consequently, AAOS finds the evidence to be 
inconclusive and has not issued recommenda-
tions on the subject [24]. More high-level studies 
with conclusive results are necessary to assess 
the clinical potential of corticosteroids in PTOA.

13.5  Medicinal Signaling Cells

Cartilage degradation present in conditions such 
as PTOA is a challenging condition to repair due 
partly to the inability of chondrocytes to self- 
regenerate. Consequently, medicinal signaling 
cells (MSCs) have been one of the most studied 
potential solutions for osteoarthritis. These cells 
spark interest because they could potentially 
induce cartilage repair and relieve symptoms 
through cytokine release, cell-to-cell interactions, 
and chondrocyte repopulation [76]. The injected 
stem cells are believed to reduce inflammation by 
releasing anti-inflammatory factors. This orthobi-
ologic treatment also exerts an immunoregulatory 
effect that blocks T-cell function at the joint by 
inhibiting TNF-a and INF-y [76].

13.5.1  Preparation 
and Administration

Medicinal signaling cells that are used for treat-
ment of OA can either be autologous to the 

patient or allogeneic. Allogeneic cells are the 
most used due to convenience and lower costs. 
Autologous cells might be safer and have lower 
risks of adverse reactions but the increased cost 
and necessity to harvest the cells invasively are 
important aspects to consider [77]. MSCs are 
harvested in various tissues such as bone marrow, 
adipose tissue, the spleen, synovial fluid, and 
lung tissue. Bone marrow is an optimal collection 
site for stem cells. Indeed, a higher concentration 
of bone-marrow-derived stem cells (BMSC) can 
be obtained in less volume compared to other 
sources such as adipose tissue and peripheral 
blood. Also, the bone marrow is also relatively 
easy to access for collection and can be offered as 
an outpatient procedure [78]. MSCs can be 
administered in various ways but they are most 
commonly injected in the target joint or surgi-
cally implanted using an artificial scaffold [78].

13.5.2  Outcomes

The use of medicinal signaling cells for tissue 
regeneration is still in its beginnings and shows 
promise in various fields ranging from autoim-
mune diseases to musculoskeletal conditions. 
MSCs are currently used as adjuncts to many 
knee surgeries such as ACLR and meniscectomy 
as they are believed to improve graft healing and 
prevent complications [76].

In rabbit models, when used in conjunction 
with ACLR, BMSCs administered at the tendon- 
bone junction were found to form a fibrocartilage 
that closely resembles that of normal ACL with 
improved biochemical properties [79]. However, 
it was subsequently shown in human adults that 
noncultivated BMSCs do not appear to accelerate 
graft-to-bone healing in ACLR when compared 
to a group of patients who underwent ACLR 
without additional BMSCs [80].

Stem cells have been studied by various 
groups for OA, but the efficiency of stem cells for 
PTOA post-ACLR seems to be a knowledge gap 
that still has not been explored. Garay-Mendoza 
et  al. tested the efficacy of BMSCs against OA 
while using acetaminophen (a common OA treat-
ment) as a control. The VAS scale improved sig-
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nificantly at the 1-week, 1-month, and 6-month 
follow-ups. The WOMAC score improved sig-
nificantly at 1 month and 6 months. Thus, the use 
of BMSCs is associated with significant improve-
ment in terms of knee pain and quality of life of 
OA patients. The procedure is also associated 
with a small rate of adverse events. In that study, 
only 1 out of 30 patients in the BMSC group 
reported joint swelling and pain [78].

Other sources of medicinal signaling cells 
have also been explored. Adipose tissue is an 
abundant source and easy to access. Cattaneo 
et al. evaluated the injection of micro-fragmented 
adipose tissue in osteoarthritic knees while 
undergoing corrective meniscectomy or chondral 
shaving. A steady and statistically significant 
improvement of all KOOS scores within 1, 3, 6, 
and 12  months follow-up was observed, with 
KOOS sport and quality of life being the most 
improved scores. 92% of the patients clinically 
improved and 100% of them were satisfied with 
the treatment [81]. No adverse events nor rele-
vant complications were recorded. The result of 
the study pointed to adipose-derived medicinal 
signaling cells (ADMSCs) as a safe and benefi-
cial adjuvant in the surgical treatment of degen-
erative knee chondropathies. While there are no 
studies on the use of ADMSCs in ACLR to treat 
PTOA, their effects in OA show that they might 
have potential benefits in PTOA and that more 
research is warranted on the subject.

Limited comparison has been done on the dif-
ferences in clinical outcomes between bone- 
marrow and adipose-derived stem cells. Huang 
et al. showed with an in vitro study that BMSCs 
have greater chondrogenic differentiation and 
produce more cartilage compared to ADMSCs in 
a noninflammatory environment [82]. However, 
Pagani et al. demonstrated recently in vitro that 
ADMSCs have increased chondrogenic potential 
compared to BMSCs in an inflammatory setting 
such as in OA [83]. These results suggest that 
ADMSCs may be more effective at regenerating 
chondrocyte populations and regenerating carti-
lage in the setting of OA.  Mautner et  al. com-
pared these two types of stem cells and found no 
statistical differences in EQOL, VAS, or KOOS 
score improvements in 110 OA patients [84].

The use of medicinal signaling cells has also 
been explored in conjunction with PRP for adult 
OA.  Bastos et  al. compared the use of BMSCs 
with and without PRP. The KOOS score improved 
significantly within 12  months. However, there 
were no statistically significant differences in 
KOOS score improvements between both groups 
at the 12-month endpoint [85]. This study sug-
gests that BMSCs on their own are an effective 
treatment for knee OA and that the addition of 
PRP might not be warranted.

Centeno et al. have observed a prevalence of 
serious adverse events of 1.5% in patients treated 
with stem cells for degenerative joint conditions 
[86]. Neoplasm, neurologic symptoms, and vas-
cular events were the most common serious 
adverse events seen by that group. Pain was the 
most common side effect overall and affected 
29% of patients after treatment [86]. Even though 
stem cells seem safe when administered properly, 
AAOS has not issued guidelines or clear recom-
mendations regarding the use of stem cells in the 
treatment of OA or PTOA [87]. Due to their large 
potential and relatively low risks, stem cells are 
still an important subject of interest that contin-
ues to be explored.

13.6  Amniotic Suspension 
Allografts (ASA)

The placenta, amniotic fluid, and amniotic mem-
branes have long been a strong subject of interest 
in regenerative medicine. The field of orthope-
dics has in the past paid a particular interest 
towards the amnion, which is the inner layer of 
the fetal membrane. It is deprived of vasculature, 
neurons, or lymphatic ducts and exhibits low 
immunogenic potential [88]. This membrane 
contains collagen type I, III, V, and VI, making it 
a durable surface against mechanical stress [88]. 
The cells composing the amnion have also been 
suggested to play an anti-inflammatory and anti-
microbial effect by affecting levels of various 
bioactive compounds. In the setting of OA, amni-
otic membranes IL-1 and IL-10, two cytokines 
that inhibit the progression of inflammation and 
cartilage damage [89, 90].
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13.6.1  Preparation 
and Administration

Various amniotic products are available and are 
mostly in the form of allografts or injectables. 
The amnion is obtained from voluntary donors 
through elective uncomplicated cesarian section 
since vaginal delivery leads to exposure to bacte-
ria from the vaginal flora [88]. The membrane is 
then treated with antifungals and antibiotics 
(against gram-positive and gram-negative) before 
being divided in smaller sections and stored. The 
tissue is either stored as cryopreserved human 
amniotic membrane (CHAM) or as dry human 
amniotic membrane (DHAM). The main differ-
ence between both preparation methods is that 
DHAM can be stored at room temperature con-
trarily to CHAM that needs to be stored at −80 °C 
[91]. Dehydrated human amniotic/chorionic 
membrane (DHACM) is another type of pre-
served membrane that contains both tissue from 
the chorion and amnion [91]. These tissues will 
then be manipulated in different ways depending 
on the desired product. Various injectable formu-
lations, called amniotic suspension allografts 
(ASA), are available with different methods of 
production. One of injectables is micronized 
DHACM (μ-DHACM). It is produced via the 
PURION® process that allows the donated tissue 
to be devitalized and dehydrated while conserv-
ing bioactive compounds [92].

13.6.2  Outcomes

Amniotic products have been used for over a cen-
tury in ophthalmology and dermatology [93]. 
The use of amniotic products in the field of ortho-
pedics is still not a widespread practice. However, 
there is a growing amount of literature showing 
its potential in multiple situations such as preven-
tion of postoperative scarring, plantar fasciitis, 
tendon repair, or OA [88, 94].

Animal models suggest that this treatment can 
potentially have a therapeutic effect on OA and 
slow down cartilage degradation. Marino- 
Martinez et  al. have observed that rabbit knees 
treated with amniotic membrane injections had 

significantly healthier cartilage after 6  weeks 
compared to untreated knees. Untreated knees 
showed significantly greater rates of hypertrophy, 
cracks, cell clusters, and structural loss [95]. 
Raines et  al. also showed in rats that one high 
dose injection led to significantly improved carti-
lage thickness and volume as well as decreased 
degradation after 4 weeks compared to untreated 
rats [94]. Similarly, Willett et  al. noted after 
3 weeks decreased proteoglycan loss and signifi-
cantly less advanced cartilage erosion in rats 
injected with μ-DHACM [92]. Consequently, 
ASA might be an interesting product to slow 
down the rate of cartilage degradation and delay 
the onset of PTOA following ACLR.

The literature on the use of ASA to treat 
human knees affected with OA is very limited. 
Only two studies are available on the subject. 
Vines et al. conducted an open-label prospective 
feasibility study where six patients were adminis-
tered a single dose of intra-articular ASA.  The 
baseline KOOS, IKDC, and Single Assessment 
Numeric Evaluation (SANE) scores were 43.35, 
41.70, and 51.25, respectively. After 12 months, 
these scores increased to 70.23, 64.40, and 85.80, 
respectively. However, due to the small sample 
size and lack of control group, no statistical anal-
ysis was made to establish any significant conclu-
sions [96]. Farr et  al. conducted an RCT 
comparing single injections of ASA, HA, and 
saline in OA patients. The group found that ASA 
had the lowest failure rate at 13.20% compared to 
68.80% for HA and 75.00% for saline. The ASA 
group also showed significantly greater improve-
ments on VAS, KOOS-pain, and KOOS-activities 
daily living scores compared to both other groups 
after 6  months. ASA patients also experienced 
significantly better improvements in KOOS- 
symptoms scores when compared to HA at 
3  months and saline at 6  months [97]. 
Consequently, the RCT shows that ASA can be 
an effective treatment against OA that it poten-
tially yields even better outcomes than other 
intra-articular injectables already in use.

Although very limited, the current literature 
on ASA suggests that they are relatively safe to 
use. Both previously mentioned studies on ASA 
did not identify any inflammatory reactions or 
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other side effects following treatment administra-
tion. Amniotic cells have also been proposed to 
not possess tumorigenic potential. An in  vivo 
study by Miki et al. noted that injected amniotic 
cells were not tumorigenic in immunodeficient 
mice [98]. Amniotic products are also thought to 
not be immunogenic due to not expressing human 
leukocyte antigen class II [99]. This was further 
supported by Akle et al. who documented that no 
immunologic reactions were provoked when 
amniotic cells were injected in the forearms of 
healthy human volunteers [100]. There is still a 
gap regarding the use of amniotic products in 
OA, resulting in no recommendations to be made 
by AAOS regarding their use. However, promis-
ing initial findings warrant further research for 
the potential development of guidelines for 
ASA. Further investigations could also show this 
treatment’s potential for PTOA following ACLR.

13.7  Monoclonal Antibodies

Chronic pain is one of the most debilitating and 
important symptoms of OA, yet the least well 
studied [101]. The inability to treat this chronic 
pain in individuals with OA leads to reduced 
functional activity and a markedly diminished 
quality of life [102]. In OA, articular degradation 
produces classical inflammatory molecules such 
as prostaglandins, bradykinins, cytokines, and 
chemokines [103]. These molecules have been 
shown to trigger the nociceptive pathway [104–
107]. Continuous stimulation from these mole-
cules may lead to peripheral nociception 
sensitization, effectively decreasing the threshold 
of the stimuli required for activation [103]. The 
inhibition of these neural pathways has been pro-
posed as means to diminish pain associated with 
OA and PTOA.

Nerve growth factor (NGF), a member of the 
neurotrophin family, was found to play a pivotal 
role in the development of sympathetic and sen-
sory neurons responsible for nociception and 
temperature sensation [104, 106]. NGF has been 
found to be expressed in the subchondral bone of 
patients with OA, connecting NGF to osteoar-
thritic pain [105, 107]. Novel monoclonal anti-

bodies are hypothesized to be able to alleviate 
chronic pain by preventing NGF from binding to 
its receptor, tropomyosin-related kinase-A 
(TrkA) [108].

13.7.1  Preparation 
and Administration

Some of the most notable examples of human 
anti-NGF antibodies are tanezumab and 
fasinumab. Ideal dosages and durations of treat-
ments are still being determined through various 
trials. Intra-articular, subcutaneous, and intrave-
nous injections are still being considered as 
potential administration possibilities for both 
antibodies [109].

13.7.2  Outcomes

Tanezumab is by far the most studied monoclonal 
antibody for the treatment of OA.  An RCT by 
Schnitzer et al. with 696 patients compared sub-
cutaneous administration of tanezumab using 
three groups of patients with OA (two groups 
with different antibody doses and one control 
group). The WOMAC pain subscale, WOMAC 
function, and global assessment were signifi-
cantly better in the tanezumab groups compared 
to placebo. There was no significant difference 
found between the two tanezumab doses. The use 
of acetaminophen as rescue medication was simi-
lar in all three groups as well [110]. Furthermore, 
Kan et al. and Chen et al. performed two meta- 
analyses encompassing 14 RCTs in total and 
observed that tanezumab has significant positive 
effects on pain, function, and overall assessment 
when compared to placebo [111, 112].

Fasinumab has also only been weakly studied. 
Only one randomized control trial was available 
on its use for OA. An RCT by Dakin et al. divided 
342 patients in four groups that got different doses 
of fasinumab and one placebo group. All fasinumab 
groups experienced significantly better pain, func-
tion, and overall assessment scores. The clinical 
improvements did not seem to share a clear rela-
tionship with the doses of antibody [113].
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Alongside the positive clinical outcomes, OA 
trials found that monoclonal antibodies can cause 
serious adverse events. Hochberg et al. reported 
an association between an increase in tanezumab 
dosing and higher rates of osteonecrosis, which 
was even more evident when combined with 
NSAID use [114]. However, Chen et al. demon-
strated no significant increase of serious adverse 
events in the tanezumab groups but rates of dis-
continued treatment due to paresthesia, arthral-
gia, hypesthesia and peripheral edema were 
significantly greater [111]. Kan et al. also showed 
that tanezumab significantly increased the rates 
of peripheral neuropathy [112]. Fasinumab is 
believed to potentially have similar side effects to 
tanezumab. The FDA considered the risks severe 
enough to place a temporary hold on the clinical 
use of NGF antibodies in 2010. The FDA had 
instituted another temporary restriction on their 
use in 2012 when it was observed that these anti-
bodies caused damage to the sympathetic ner-
vous system of certain animal models. Their use 
has been, however, reinstituted by the FDA with 
the implementation of additional measures to 
protect patients [109].

Although significant clinical benefits have 
been observed, monoclonal antibodies are still a 
novel treatment that has not been deeply explored. 
Consequently, no AAOS recommendation had 
been found regarding their use in OA or PTOA 
[115]. Moreover, no work has been done on the 
use of monoclonal antibodies as an adjunct to 
ACLR. Further studies are required to fully deter-

mine the clinical advantages and the risk of 
adverse effects associated with this treatment.

13.8  Conclusion

The use of injectable modalities in the treatment 
of knee PTOA after ACLR seems to be a promis-
ing approach to control symptoms and improve 
knee function by correcting the underlying path-
ological processes at the molecular level. 
Orthobiologics (PRP, amniotic products, MSCs) 
and other intra-articular treatments (HA, cortico-
steroids, monoclonal antibodies) spark the most 
interest in the literature. However, research on 
the use of these modalities in PTOA following 
ACLR is still limited, and their efficacy in this 
setting still has not been clearly demonstrated. 
Furthermore, there are currently no guidelines 
regarding the use of biologics in PTOA.  The 
majority of the evidence relates to their use in the 
context of osteoarthritis, but their potential use in 
post-traumatic osteoarthritis is not a far leap. 
Despite a lack of clear guidelines or consensus on 
their clinical impact, orthobiologics and inject-
ables are commonly used as adjuncts to multiple 
surgical procedures or chronic conditions in 
orthopedics. While intra-articular treatments are 
promising adjuncts for surgeons treating post- 
traumatic knee arthritis after ACLR, more studies 
are required to improve our understanding of 
their clinical benefits and applications.

 Summary Table

Treatment type Orthobiologic? Preparation Outcomes Safety
Platelet-rich 
plasma (PRP)

Yes – Blood centrifugation
– Plasmapheresis (more 
expensive)
– Two types: Leukocyte 
rich (LR) and leukocyte 
poor (LP) PRP

– Significant positive 
effects on pain and 
function
– LP-PRP possibly 
more effective than 
LR-PRP for OA
– Possibly not best 
option if return to sport 
is the treatment goal
– No recommendations 
by AAOS

– Swelling, pain, effusion 
have been reported
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Treatment type Orthobiologic? Preparation Outcomes Safety
Hyaluronic acid 
(HA)

No – Bacterial fermentation
– Animal sources (avian 
mostly)
– Two types: High 
molecular weight 
(HMW) and low 
molecular weight 
(LMW) HA

– Significant positive 
effects on pain and 
function
– HMW HA possibly 
more effective than 
LMW HA for OA
– Possibly less efficient 
than PRP or MSCs
– No recommendations 
by AAOS

– Low risk of 
pseudosepsis
– Most common: Local 
pain or inflammation, 
gastrointestinal 
symptoms, headache

Corticosteroids No – Two types: Particulate 
and non-particulate

– Significant positive 
effects on pain and 
function
– Possible better 
short-term pain relief 
than HA
– No recommendations 
by AAOS

– Risk of infection if 
used intraoperatively
– Risk of chondrotoxicity 
if high doses or long 
durations
– Possible reactive flares

Medicinal 
Signalling cell 
(MSC)

Yes – Allogeneic cells most 
commonly used
– Bone marrow most 
common source. Adipose 
tissue also important 
source

– Significant positive 
effects on pain and 
function
– Similar efficacy of 
bone marrow and 
adipose stem cells
– No recommendations 
by AAOS

– Pain most common
– Low risk of serious 
adverse event (neoplasm, 
neurologic, or vascular 
mostly)

Amniotic 
suspension 
allografts (ASA)

Yes – Cells from amniotic 
membranes
– Used as tissue allograft 
or ASA injectable

– Significant positive 
effects on pain and 
function
– No recommendations 
by AAOS

– No adverse events 
recorded for now
– Non-teratogenic or 
immunogenic

Monoclonal 
antibodies

No – Various antibody 
options are available

– Significant positive 
effects on pain and 
function
– No recommendations 
by AAOS

– Risk of osteonecrosis, 
paresthesia, arthralgia, 
hypesthesia and 
peripheral edema
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Assessment of the Multiligament 
Knee

Marcel Betsch and Daniel B. Whelan

14.1  Physical Examination

14.1.1  Acute Assessment 
of Multiligament Knee

Multiligament knee injuries (MLKI), which are 
defined as a tear of at least two of the four major 
ligament structures of the knee, can lead to sig-
nificant morbidity [1]. These types of injuries 
require an extensive force, and they are frequently 
associated with a knee dislocation or subluxation 
of the knee. Knee dislocations often result in a 
MLKI; however, not all MLKI are knee disloca-
tions. Rates of knee dislocations in the current 
literature range from 0.001 to 0.013% per year; 
however, it is believed that the actual incidence is 
higher due to spontaneous knee reduction and 
missed injuries [2].

Because of the nature of MLKI, a prompt 
examination of injured patients is key to guide 
proper treatment and to rule out associated seri-
ous neurovascular injuries, joint malposition or 
open dislocations. Often these patients suffer 
from multisystem traumatic injuries that should 

be triaged using the Advanced Trauma and Life 
Support protocol [2]. Initial treatment of patients 
with knee dislocations, if necessary, should 
include resuscitation and stabilization of their 
vital signs followed by the assessment of limb 
viability. In cases of a grossly dislocated knee, it 
is necessary to reduce the knee immediately with 
clear documentation of the neurovascular status 
pre- and post-reduction. After successful reduc-
tion of the dislocated knee, it should be immobi-
lized to keep the knee reduced, maintain 
neurovascular function and decrease swelling. 
Thereafter, an examination of the knee should be 
conducted.

MLKI comprise of a wide range of ligamen-
tous and intra-articular injury patterns, as well as 
severe injuries to the neurovascular structures of 
the affected limb. Because of the complexity of 
these and associated injuries, a standardized and 
methodical approach to their assessment is rec-
ommended including inspection, palpation, range 
of motion, neurovascular exam and clinical tests.

14.1.1.1  Inspection
Every inspection should include a visual exami-
nation of the affected leg to rule out deformity, 
malalignment, evidence of active bleeding, open 
injuries, soft tissue swelling, ecchymosis, skin 
mottling or blisters [3]. MLKI due to low-energy 
trauma, for example, during sports activities, 
may be overlooked since they usually result in 
less soft tissue injury than high-energy traumas 
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and may, therefore, present with a relatively 
benign appearing limb. Even more challenging is 
the fact that approximately 50% of the dislocated 
knees spontaneously reduce prior to their presen-
tation in the emergency room [4, 5]. In cases 
where the joint capsule is damaged, there may 
not be a joint effusion present during initial 
assessment, rather than synovial fluid and blood 
leaking into the adjacent soft tissues [3, 6]. 
Additionally, in patients with a high BMI, the 
deformity and swelling may be obscured by 
excess tissue around the knee [6]. In cases with a 
posterior knee dislocation, oftentimes bruising 
and hematoma can be found over the anterior 
tibia due to a dashboard-type injury mechanism, 
which is frequently associated with a posterior 
cruciate ligament (PCL) and posterolateral cor-
ner (PLC) injury [7]. In patients with an open 
knee dislocation, which occurs with an incidence 
of 5–30%, urgent surgical treatment with irriga-
tion and debridement is required to prevent infec-
tion and further complications [8, 9]. Open knee 
dislocations may result in a worse outcome 
because of the secondary injuries to the soft tis-
sue enveloping the knee, which often require 
open or staged reconstruction of knee structures. 
Approximately 4% of knee dislocations are irre-
ducible, which was first described in 1906 by 

Ruppanner [10]. The majority of these cases are 
posterolateral and lateral dislocations with 
entrapment of medial knee structures [11]. The 
“dimple sign” named by Reckling and Peltier is 
one of the hallmark signs of a posterolateral knee 
dislocation associated with irreducibility of a 
knee dislocation [12]. This clinical sign is pre-
sented by the medial femoral condyle buttonhol-
ing through the medial capsule so that soft tissues 
and skin become trapped. Different medial knee 
structures can invaginate the joint causing this 
sign, such as the MCL, vastus medialis, adductor 
magnus tendon and, therefore, oftentimes open 
reduction is required to successfully reduce the 
knee joint (Fig. 14.1a, b).

14.1.1.2  Palpation
After the inspection of the injured limb, we rec-
ommend palpation of all bony landmarks and soft 
tissues around the knee. The examiner should 
palpate for any swelling, gaps and points of ten-
derness in order to identify injuries. Focus should 
be laid on the palpation of the fibular head, since 
tenderness here can indicate an avulsion of the 
lateral collateral ligament (LCL) with a respec-
tive injury to the lateral knee structures. Crepitus 
and tenderness over the medial side of the knee 
on the other hand may indicate a medial-sided 

a b

Fig. 14.1 (a) Coronal MRI and (b) intraoperative photo 
demonstrating “buttonholing” of the medial femoral con-
dyle through the medial capsule with incarceration of the 

MCL and medial capsule in the joint preventing reduc-
tion. (From C. Fanelli (Ed) The Multiple Ligament Injured 
Knee, Springer, 2019. With permission)
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tibial plateau fracture, which can be associated 
with a knee dislocation. The position of the 
patella after a knee dislocation should also be 
examined, since knee dislocations can also be 
associated with a patellar dislocation. An anterior 
knee dislocation with an associated ACL injury 
can be diagnosed by the prominence of the femo-
ral condyles posteriorly. On the other hand, a 
“posterior sag” sign, which is described by the 
posterior sag of the tibia which diminishes the 
contour of the tibial tubercle, is associated with 
PCL injuries and should create awareness for 
neurovascular injuries. A varus recurvatum found 
in full knee extension after knee dislocation is a 
common finding with posterolateral corner inju-
ries. Injuries to the knee extensor mechanism 
with a knee dislocation are rare; however, if 
missed they can lead to unfavourable outcome. 
Therefore, the assessment and palpation of the 
extensor mechanism should be included in the 
clinical examination of MLKI. It can be difficult 
or impossible to evaluate range of motion of the 
acutely injured knee due to associated pain. After 
a MLKI, it can take weeks of intensive physio-
therapy to regain knee range of motion.

14.1.2  Vascular Assessment

Failure to diagnose a vascular injury in the setting 
of a MLKI can result in severe consequences for 
the patient, including limb amputation. Incidence 
rates of vascular injury in patients with a knee 
dislocation vary between 4.8 and 65% [13, 14]. 
Examiners should be concerned for possible vas-
cular injuries especially in high-energy traumas. 
A recent systematic review showed that 80% of 
patients with a vascular injury due to a knee dis-
location required surgery and 12% ended in an 
amputation of the affected limb [14]. Every vas-
cular exam should start by inspecting the leg for 
capillary refill, warmth, skin colour, and actively 
bleeding wounds. The pulses of the dorsalis pedis 
and posterior tibial artery should be palpated, 
documented and compared to the contralateral 
limb. However, the examiner should be aware 
that the presence of palpable pulses does not rule 

out a vascular injury [15]. Especially, because 
there is evidence that shows that non-occlusive 
intimal tears of the popliteal artery can occur 
with a normal initial presentation, they can go on 
to cause an occlusive thrombus 48–72 h after the 
time of injury [16]. In cases of a knee dislocation 
with absent or abnormal pulses, we recommend 
to perform a closed reduction followed by a re- 
evaluation of the vascular status. The direction of 
the knee dislocation may indicate the mechanism 
of a possible vascular injury. An anterior disloca-
tion of the knee joint may lead to overstretching 
of the popliteal artery, which is due to the ana-
tomical tethering of the artery at the adductor hia-
tus and at the entrance of the gastrocnemius-soleus 
complex. Posterior dislocations can lead to a con-
tusion of the artery with resulting intimal damage 
by the posterior tibial plateau. Previously, it was 
shown that popliteal artery injuries are most com-
monly caused by a posterior knee dislocation, 
occurring in up to 44% of the cases [17]. In 
patients that present with a “reduced” knee after 
a dislocation and bi-cruciate ligament injury, an 
arterial injury should be suspected with high inci-
dence as in a frank knee dislocation with a tear of 
both cruciate ligaments [18]. The ankle-brachial 
index (ABI), which is performed with a Doppler 
probe and a blood pressure cuff, is recommended 
as a screening tool if ANY physical sign of vas-
cular injury is present at ANY time during the 
assessment. For this test, the ratio between the 
systolic blood pressure of the affected limb and 
of the arm is calculated. Uncompromised arterial 
flow is defined by an ABI >0.9 [15, 19]. However, 
these values can be falsely inflated in patients 
with peripheral arterial disease [20]. A study by 
Mills et al. showed that the ABI can be used to 
identify vascular injuries that require surgical 
intervention after knee dislocation with 100% 
sensitivity and specificity [15]. However, in the 
setting of an inconclusive or abnormal ABI, we 
strongly recommend that a computed tomogra-
phy (CT) angiogram should be performed fol-
lowed by a vascular surgery consultation. This is 
of great importance, because the lack of limb per-
fusion for longer than 6–8 h increases the risk of 
amputation [17].

14 Assessment of the Multiligament Knee



154

14.1.3  Neurologic Assessment

Nerve injuries occur in up to 25% of all knee dis-
locations, which was previously confirmed in a 
systematic review by Medina et  al. [21]. Most 
commonly, the peroneal nerve (14–26% of knee 
dislocations), rather than the tibial nerve, is 
involved in MLKI [22]. The higher frequency of 
peroneal nerve injuries in knee dislocations is 
likely due to the anatomic location of the nerve, 
which passes around the proximal fibula. Of 
importance is also the direction of the knee dislo-
cation, because lateral and posterolateral disloca-
tions increase the likelihood of sustaining a 
common peroneal nerve injury by stretching it 
(45% incidence) [6, 23–25]. In the setting of 
MLKI, a thorough and focused neurological 
examination and documentation, with testing of 
sensibility and motor function of the whole limb 
is recommended. However, this might be difficult 
in an acute setting due to pain. Sensory assess-
ment in all nerve distributions of the lower leg 
and foot should be performed. Strength of all 
muscles innervated by the peroneal and tibial 
nerves should be evaluated, which produces 
movements related to ankle dorsiflexion and 
plantar flexion, foot inversion and great toe exten-
sion. Injury to the peroneal nerve will result in 
loss of sensation at the dorsum and lateral aspects 
of the foot, including the first web space as well 
as drop foot and an altered gait pattern. The 
severity of nerve injuries can vary from neuro-
praxia to complete nerve disruption, and findings 
from the neurological exam can help prognosti-
cate the chance of recovery. Factors that are asso-
ciated with peroneal nerve function recovery are 
younger age and the absence of a fracture [26]. 
Eighty-seven percent of partial common peroneal 
nerve injuries fully recovered compared to 38% 
of complete nerve injuries [27]. We recommend 
repeat neurologic examination with complete 
documentation during every step of MLKI treat-
ment and in particular when a closed reduction of 
a knee dislocation is necessary to rule out iatro-
genic nerve injury.

14.1.4  Clinical Exam and Special 
Tests

In every patient an exam of knee stability and 
ligamentous structures should be performed. 
However, assessment of the injured knee can be 
challenging in the acute setting because of pain, 
hematoma, or associated injuries. Despite these 
challenges, we recommend an examination of 
every knee dislocation with thorough documen-
tation of gross knee instability and laxity, which 
can indicate disruption of multiple ligaments. A 
more definitive examination of the injured knee 
can be performed once swelling and pain have 
decreased. A comprehensive evaluation of the 
knee should include the following structures: 
ACL, PCL, MCL, LCL, PLC and posteromedial 
corner (PMC).

14.1.5  Anterior Cruciate Ligament

The Lachman test is considered the “gold stan-
dard” for assessing anterior knee stability 
because of its high sensitivity [28]. This test is 
performed with the knee in 30° of flexion and 
the amount of anterior translation is graded and 
compared to the uninjured knee. The Lachman 
test can be false positive in patients with a PCL 
injury and an intact ACL, because of the poste-
rior tibial drop back that occurs with a PCL 
injury. The examiner should also pay close 
attention to keep the leg in neutral rotation dur-
ing this test, because excessive rotation may 
result in false-positive findings. Furthermore, 
this test may be difficult to interpret in the set-
ting of MLKI. The anterior drawer test can also 
be used to assess for ACL injuries; however, this 
test has lower sensitivity and specificity in 
patients with concomitant knee injuries, in 
swollen knees, and in cases with protective 
hamstring muscle spasms. The advantage of this 
test is that it can be combined with internal and 
external rotation to also check for rotational 
instability of the PCL.
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14.1.6  Posterior Cruciate Ligament

The integrity of the PCL can be assessed by the 
posterior sag and posterior drawer test. The pos-
terior sag test is a passive test, where the hips and 
knees are kept at 90° of flexion, and a posterior 
translation or sag of the proximal tibia relative to 
the distal femur is noted (Fig. 14.2). For the pos-
terior drawer test, we position the patient in 45° 
of hip and 80° of knee flexion with the feet being 
flat on the examining table. Care must be taken to 
keep the leg in neutral rotation to decrease the 
risk of false-positive findings. The posterior 
drawer test is performed by directing a posterior 
force on the tibia while quantitatively and quali-
tatively assessing the posterior translation of the 
tibia in relation to the femur. A PCL tear can be 
presented by excessive posterior tibial transla-
tion, a soft end feel or the combination of both 
findings.

14.1.7  Collateral Ligaments

Examination of the collateral ligaments is per-
formed with controlled valgus and varus forces. 
The knee should be evaluated at both full exten-
sion and 30° of flexion and compared with the 

uninjured knee to rule out pre-existing symmetric 
physiologic knee laxity. A valgus force that 
results in an excessive medial opening of the 
knee at 30° of flexion indicates an isolated MCL 
injury [29]. If there is significant medial opening 
with valgus forces in the fully extended position, 
this can indicate MCL, ACL, PCL or PMC com-
bined injuries. It should also be noted that the 
ACL is a secondary restraint to medial joint 
opening. Lateral joint opening with varus forces 
at 30° of knee flexion can be a sign of an isolated 
LCL injury. Lateral opening at both full exten-
sion and 30° of flexion suggests an injury not 
only to the LCL, but also of the lateral capsule 
and PCL [6].

14.1.8  Posterolateral 
and Posteromedial Corner 
Injuries

Antero-medial and antero-lateral rotational insta-
bilities can be assessed by the Slocum test, which 
is a modification of the anterior drawer test. The 
knee should be positioned at 90° of flexion with 
both external and internal rotational positions of 
the tibia to evaluate the integrity of the PLC and 
PMC, respectively [7, 29, 30]. A further test to 
check for the integrity of the PLC is the so-called 
external rotation recurvatum test. During this 
test, the examiner holds the great toe of each foot 
while the patient’s knees move towards full pas-
sive extension. This test is considered to be posi-
tive, when the injured knee stays in varus 
alignment, hyperextension, and external rotation 
compared to the uninjured leg [31]. However, 
care must be taken not to re-dislocate the knee 
during this test. Posterolateral instability can also 
be assessed by the dial test. This test is performed 
with the patient in the prone position and the 
knee held at both 30° and 90° of flexion. An 
external rotational force is applied to the foot and 
the thigh-foot angle is measured. Differences 
greater than 10° between the legs are considered 
significant. An increase of external rotation at 30° 
of knee flexion, but not at 90° is suggestive of a 
PCL and PLC injury. Increased external rotation 
just at 30° and not at 90° of knee flexion on the 

Fig. 14.2 Tibial posterior sag evident on patient’s left 
side, demonstrating PCL insufficiency. (From C. Fanelli 
(Ed) The Multiple Ligament Injured Knee, Springer, 
2019. With permission)
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other hand is consistent with an isolated PLC 
injury [6, 7]. It must be noted that a positive dial 
test at 30° and 90° may also be significant for 
PMC instability [32].

14.2  Chronic Presentation 
of Multiligament Knee

MLKI cannot be accurately identified in the acute 
setting especially in multi-trauma patients and in 
cases when the patients present with an already 
reduced knee dislocation in the emergency depart-
ment. Although the approach to a chronic MLKI 
assessment is different than that to an acute injury, 
every evaluation should include a detailed history, 
clinical exam supplemented with appropriate 
radiographic studies to identify the injured struc-
tures. In some cases, patients with MLKI are pre-
sented to surgeons, weeks or months after their 
injury, either due to initial misdiagnosis, geo-
graphic proximity, or a previous trial of conserva-
tive treatment before seeing a specialist. The 
assessment of a chronic MLKI should include all 
necessary diagnostic steps and exams of an acute 
injury, including special tests for ACL, PCL, MCL, 
and LCL injuries as described above. However, the 
concern for an acute vascular injury has usually 
passed. We also recommend a thorough assessment 
of the peripheral nerves and their status should be 
documented and compared to initial reports to 
determine if there has been any change or recovery 
in neurologic function over time. The assessment 
of chronic MLKI should also include the identifica-
tion of concomitant injuries to the knee including 
cartilage and meniscus pathologies. Furthermore, 
we do recommend an evaluation of leg alignment 
under static and dynamic conditions, because varus 
instability or thrust can lead to graft stretching or 
failure if misdiagnosed. In these cases, a realign-
ment osteotomy may be necessary prior to or con-
comitant with the ligamentous reconstruction. In a 
chronic setting, we also routinely perform the 
external rotation recurvatum test as described 
above, to evaluate for possible PCL injuries 
(Fig. 14.3). Additionally, the dial test and Slocum 
test should be applied to patients presenting in a 
chronic setting as described above.

14.3  Imaging of MLKI

14.3.1  Plain Radiographs

Diagnostic imaging should always begin with 
standard anterior-posterior, lateral, 30° anterior- 
posterior, skyline and intercondylar notch views 
of both knees. These views should be obtained 
to rule out knee dislocation or subluxation, 
assess bony alignment, and to evaluate for inser-
tion site bony avulsions of the cruciate liga-
ments, collateral ligaments complexes, and the 
extensor mechanisms (e.g. Segond fractures, 
avulsion of fibular head, tibial spine). In MLKI 
with an associated knee dislocation, plain radio-
graphs are essential to assess the direction of the 
dislocation. Fractures of the tibial plateau and 
less commonly of the femoral condyles are also 
associated with MLKIs. In obvious knee dislo-
cations, as a result of a low-energy trauma, an 
immediate reduction without prior imaging can 
be carried out because of the lower likelihood of 
associated fractures. However, in high-energy 
knee dislocations, we do recommend radio-
graphs prior to the reduction, because of the 
higher chance of associated fractures. Three-
foot alignment views of both legs should be per-
formed in order to obtain information regarding 
malalignment. Isolated ligamentous injuries 
usually do not affect leg alignment; however, a 

Fig. 14.3 Grossly positive external rotation recurvatum 
test performed under anaesthesia with significant hyper-
extension in a chronic injury. (From C. Fanelli (Ed) The 
Multiple Ligament Injured Knee, Springer, 2019. With 
permission)
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combined cruciate ligament and posterolateral 
corner injury can lead to varus malalignment 
over time.

14.3.2  Stress Radiographs

The assessment of knee joint laxity by physical 
examination alone has been reported to be sub-
jective, inaccurate and poorly reproducible [33, 
34]. In addition, the experience of the physician, 
patient’s pain and concomitant knee injuries may 
bias the interpretation of the physical exam [35, 
36]. Therefore, we recommend the use of stress 
radiographs in order to objectively measure knee 
joint laxity. Stress radiographs are defined as the 
visual measurement of a resultant joint transla-
tion captured on x-rays in the presence of a direc-
tionally applied force. In the sub-acute and 
chronic setting, these radiographs can be useful 
to objectively measure joint laxity. However, 
many considerations should be considered when 
performing stress radiographs in order to achieve 
reliable and reproducible measurements. Focus 
should be on the consistent patient positioning, 
correct identification of anatomical reference 
points, how to reproducibly apply forces, and 
what measurements suggest significant laxity 
[37]. A valgus stress applied to both knees indi-
vidually and compared to an AP radiograph can 
be used to evaluate MCL laxity (Fig. 14.4). The 
difference in opening of the medial joint space 
with and without valgus stress is measured and 
compared to the uninjured knee. For the assess-
ment of the LCL, a varus stress is applied and the 
difference in opening of the lateral side is also 
compared to the contralateral knee. Medial or lat-
eral joint opening greater than 3 mm with valgus 
or respectively varus stress is considered patho-
logic. In cases with a joint opening of more than 
5  mm, reconstruction of the injured structures 
should be considered [36, 38]. Stress radiographs 
can also be used for the assessment of PCL tears. 
PCL stress radiographs are performed with the 
patient kneeling on an edge so that the patient’s 
weight stresses the injured PCL. PCL incompe-
tency is demonstrated by excessive posterior 
translation of the tibia compared to the uninjured 

knee. Posterior tibial translation greater than 
5 mm is considered abnormal, 10 mm or greater 
generally requires treatment. Bilateral skyline 
x-rays can also be used to quantify the posterior 
sag by comparing the position of the tibial pla-
teau relative to the anterior femur [39] (Fig. 14.5).

14.3.3  Computed Tomography (CT)

There is an acute indication for vascular imaging 
in MLKIs where a vascular injury is suspected. 
Previously, angiograms were performed in the 
setting of knee dislocation to diagnose vascular 
injuries. More recently, angiography has been 
replaced by CT angiograms, since they are less 
invasive, fast, and readily available. When there 
is clinical suspicion for a vascular injury or the 
ABI is inconclusive or abnormal, a CT angio-
gram should be performed. CT scans are less 
accurate in diagnosing ligament injuries than 
MRI; however, they can be helpful in order to 
provide more detailed imaging of bony avulsions, 
for example, in case of a PCL tibial avulsion, or 
other fractures.

14.3.4  Magnetic Resonance Imaging 
(MRI)

MRI is considered the gold standard in the diag-
nosis and formulation of a treatment plan for 
MLKI.  Moreover, MRI scans can also help to 
evaluate chondral defects, meniscal tears, capsu-
lar tears, bone marrow oedema, muscle injuries 
and occult fractures. A study by Bui et al. showed 
that 75% of patients after a knee dislocation had 
signs of bone bruising and 25% showed meniscal 
tears [40]. In addition, the MRI can be helpful in 
the planning of the surgical strategy, repair versus 
reconstruction, and in determining the amount of 
graft needed for reconstruction [41]. Previously, 
it was shown that MRI can diagnose ligamentous 
and meniscal injuries in patients with a knee dis-
location in the realm of 85–100%, exceeding by 
far that of physical exam [42]. We do recommend 
to perform MRI scans in patients that require 
urgent surgical management with an irreducible 
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Fig. 14.4 Valgus stress 
x-rays with medial 
opening on the left knee. 
Varus stress x-rays with 
lateral opening on the 
right knee. (From 
C. Fanelli (Ed) The 
Multiple Ligament 
Injured Knee, Springer, 
2019. With permission)

Fig. 14.5 Bilateral 
skyline views with tibial 
sag on the right knee. 
(From C. Fanelli (Ed) 
The Multiple Ligament 
Injured Knee, Springer, 
2019. With permission)
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or open knee dislocation or an acute vascular 
injury. Coronal MRI cuts of the knee are usually 
used to assess the integrity of the medial and lat-
eral collateral ligaments, whereas sagittal cuts are 
most helpful in the evaluation of the ACL and 
PCL (Fig. 14.6).

14.4  Controversies 
in the Treatment of MLKI

14.4.1  Early Versus Late Ligament 
Reconstruction

In the past, MLKIs were treated with prolonged 
immobilization in a hinged brace or in a splint 
[43]. Improved functional outcomes after surgi-
cal management of MLKIs compared to non- 
operative treatment have been shown in a 
meta-analysis by Dedmond and Almekinders in 
2001 and in a systematic review by Peskun et al. 

in 2011 [43, 44]. Based on these findings, surgi-
cal treatment is recommended in order to restore 
pain-free and stable knee function. The timing of 
surgery is influenced by the nature of the injury, 
multiple-system injuries, vascular status of the 
injured limb, open injuries, stability after reduc-
tion, skin conditions and the surgeon’s preference 
[45, 46]. All MLKIs that are associated with vas-
cular injuries, open knee dislocations, compart-
ment syndrome, and irreducible knee dislocations 
should be treated urgently. In patients with an 
acute arterial injury, urgent vascular intervention 
is necessary to avoid distal limb ischemia, and 
the unstable knee should be stabilized with a 
spanning external fixator [47]. Open knee dislo-
cations also require urgent surgical treatment 
with debridement, irrigation and soft-tissue man-
agement to reduce the risk of infection and asso-
ciated complications. Irreducible knee 
dislocations should be taken to the operating 
room urgently for an open reduction to prevent 
point loading of the articular cartilage and further 
tension and injury to neurovascular structures.

However, in all other cases of MLKIs, the tim-
ing of the operative treatment is still a topic for 
debates. So far, there is no clear consensus on the 
definition of acute and chronic MLKIs. 
Previously, the 3-week mark was set as the criti-
cal time to acutely treat MLKIs with improved 
outcomes [23, 48, 49]. Other authors have used 
the 6-week mark to delineate between acute and 
chronic [50].

Many authors advocate early surgical treat-
ment within the first 3 weeks after the injury [23, 
51]. It is believed that early operative interven-
tion leads to better functional and clinical out-
comes with lower risks of further meniscal and 
chondral injuries [52, 53]. Additionally, authors 
state the importance of returning the knee to its 
anatomical state and alignment before tissue 
necrosis and scarring occur [48, 49]. In cases 
where injured ligaments or the joint capsule 
needs to be repaired, it is preferably done before 
tissues retract and when anatomical structures 
can still be easily identified. Harner et al. reported 
on 19 patients with a knee dislocation that were 

Fig. 14.6 Coronal T1-weighted MRI cut showing tibial- 
sided MCL avulsion. (From C. Fanelli (Ed) The Multiple 
Ligament Injured Knee, Springer, 2019. With 
permission)
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treated <3  weeks (acute) and on 12 patients 
treated >3 weeks after injury (chronic) [23]. After 
a mean follow-up of 44 months, patients in the 
acute treatment groups scored significantly 
higher in the Knee Outcome Survey Sports 
Activity Score, and there was a trend towards 
higher scores in the Lysholm Score and Knee 
Outcome Survey Activities of Daily Living score. 
However, knee range of motion at the final fol-
low- up was similar between the two groups, and 
more patients in the acute treatment group 
required manipulation under anaesthesia because 
of arthrofibrosis. This was also confirmed by 
Tzurbakis et  al. in a study of 44 patients with 
knee dislocations [54]. Patients in the acute group 
scored higher on the International Knee 
Documentation Committee (IKDC) subjective 
and symptom subgroups. No differences were 
found for the overall IKDC and Lysholm scores, 
and the final knee range of motion was also simi-
lar between the acute and chronic groups. In a 
retrospective study of 22 knee dislocations, Liow 
et  al. also reported higher Lysholm scores and 
Tegner activity rating scores for the acute treat-
ment group, with no differences in knee range of 
motion [51]. Finally, Fanelli et  al. did not find 
any significant differences between acutely and 
chronically managed knee dislocations in terms 
of Lysholm score, Tegner activity level score, and 
Hospital for Special Surgery (HSS) scores at a 
minimum of 24 months [55].

A systematic review by Mook et al. suggested 
that early surgical treatment of knee dislocations 
may lead to more complications compared with 
delayed treatment [56]. Hohmann et  al. per-
formed in 2017 a systematic review and meta- 
analysis comparing early versus late surgical 
treatment of multiligament knee injuries [57]. A 
total of eight studies with 260 patients were 
included in this review, and the pool estimate for 
clinical outcome showed that earlier surgical 
intervention results in superior clinical outcomes 
compared to late reconstruction; however, only a 
trend towards improved knee range of motion 
was found for the early intervention group. So far 
there do not exist high-quality level 1 evidence 
studies guiding the decision of surgical timing in 
MLKIs. Prospective, high-quality studies are 

necessary to clearly identify the benefits of early 
versus late ligamentous reconstruction after knee 
dislocation.

14.4.2  Ligament Repair Versus 
Reconstruction

There is growing evidence that surgical manage-
ment of MLKIs leads to superior clinical and 
functional outcomes compared to conservative 
treatment. However, there is still some contro-
versy on whether ligament repair or reconstruc-
tion should be performed. In general, it is 
recommended to repair ligaments around the 
knee only in an acute setting. Three weeks seems 
to be the threshold to determine between “acute” 
and “chronic” injuries [58, 59]. After 3 weeks of 
the injury, reconstruction of the injured structures 
is preferred, because of scarring, granulation, and 
retraction of the ligament stumps [23, 51].

Over the last years, there have been multiple 
studies that compared outcomes between repair 
and reconstruction of MLKIs. Most surgeons 
prefer reconstruction of the cruciate ligaments, 
while repair of the corners (PMC and PLC) seems 
to be mixed as to whether this is superior to 
reconstruction.

Medial collateral ligament injuries in the set-
ting of a MLKI should be repaired or recon-
structed if it is unstable during examination under 
anaesthesia. This was confirmed in a review by 
Kovachevich et al. who showed similar outcomes 
for both techniques [60]. Halinen et al. also found 
comparable results in patients with either conser-
vative or surgical treatment of their MCL injuries 
with early ACL reconstruction [61]. Combined 
reconstruction of both ACL and MCL may reduce 
the risk of graft failure and loosening; however, it 
can also lead to a significant decrease in knee 
range of motion and arthrofibrosis.

The posteromedial corner (PMC) contains the 
posterior oblique ligament (POL), the oblique 
popliteal ligament, fibres of the semimembrano-
sus, and the posterior horn of the medial menis-
cus. So far there are conflicting reports as to 
repair or reconstruct the PMC in MLKIs. 
Different techniques have been described to 
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reconstruct or repair the PMC, with no clear evi-
dence to which technique is superior. Within 
3 weeks after the injury, the medial structures are 
considered robust enough to facilitate a repair 
[62]. However, a study by Stannard et al. showed 
that repair of the PMC leads to a significantly 
greater failure rate [63]. In a retrospective study 
by King et al., it was reported that reconstruction 
of the PMC results in significantly improved out-
comes relative to repair [64].

The posterolateral corner of the knee is often 
injured in the setting of MLKIs. In a study by 
Stannard et al., 56 patients with a PLC tear were 
managed either by repair or reconstruction [65]. 
In their study, the failure rate of repair was 37% 
compared to 9% in the reconstruction group. This 
was also confirmed in a recent systematic review 
by Geeslin et al. that showed a 38% failure rate 
with acute PLC repair compared to a 9% failure 
rate with reconstruction [66]. There are various 
anatomical and non-anatomical techniques for 
PLC reconstruction described in the literature, 
with paucity of high-level evidence to  recommend 
the best reconstructive technique. In acute 
MLKIs, with a bony avulsion of the lateral col-
lateral ligament, repair of the ligament can lead to 
satisfactory outcome [67].

Our approach to ACL tears in MLKIs is to per-
form a staged reconstruction using an anatomical 
single bundle reconstruction with an ipsilateral 
bone-patellar-bone graft. Mariani et al. compared 
direct repair of ACL and or PCL injuries with 
reconstruction after knee dislocations [49]. In 
their study, they found improved stability and bet-
ter range of motion in patients with reconstruction 
compared to repair after a mean follow- up of 
6.9 years. In addition, Owens et al. treated patients 
with knee dislocations and ACL/PCL injuries in 
their retrospective study with primary repair [68]. 
All patients in this study were able to return to 
their previous work with little or no activity modi-
fication; however, 5 out of 25 patients required 
treatment due to arthrofibrosis of the knee.

PCL injuries can be treated with transtibial or 
tibial inlay single bundle or double bundle tech-
niques. Recent biomechanical studies have dem-
onstrated that double PCL reconstruction can 
better restore the native knee kinematics than 

single bundle reconstruction [69, 70]. However, 
there was no difference in clinical outcomes [71, 
72]. For acute bony avulsions of the PCL, we rec-
ommend direct repair, since studies have shown 
favourable clinical outcomes with this technique 
[68, 73]. In a systematic review, Levy et al. found 
that PCL reconstruction leads to better outcomes 
than repair in the setting of MLKIs; however, like 
most controversies in MLKIs, more high-level 
evidence specific to these complex patients is 
needed [59].

14.4.3  Rehabilitation After MLKIs

Although knee dislocations are rare, their clinical 
significance has been well-documented. Due to 
the high-energy mechanism of knee dislocations, 
they often result in concomitant limb- and life- 
threatening injuries. Operative treatment is con-
sidered superior to conservative management for 
MLKIs, since surgically treated patients are more 
likely to return to work and sports [43, 74]. The 
great variability in surgical treatment options for 
MLKIs has led to a lack of studies examining the 
timing and composition of rehabilitation proto-
cols. Because of this, rehabilitation after knee 
dislocation is poorly understood and remains a 
subject of intense debate. Rehabilitation after 
MLKIs should focus on early immobilization of 
the knee and a gradual return to activities. Risks 
of too early and aggressive rehabilitation are fail-
ure of the repaired or reconstructed knee struc-
tures. Therefore, the treating physicians must 
balance these two competing factors by frequent 
examinations. Recovery after MLKIs usually 
takes 9–12  months of intensive rehabilitation 
before patients can return to full activities. This 
extensive rehab period allows for proper graft 
healing and incorporation in order to prevent 
graft failure. Every rehab plan after MLKIs 
should emphasise on functional outcomes includ-
ing regaining of motion, function and strength as 
well as on graft protection. In cases with PCL 
reconstruction, we do recommend the use of a 
dynamic PCL brace throughout the whole reha-
bilitation period (9–12 months) in order to pro-
tect the reconstructed ligament.
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During the initial phase of rehabilitation, 
focus should be on supportive measures such as 
pain, inflammation, and effusion control.

Following the STaR Trial investigators, reha-
bilitation after MLKI surgery can be divided into 
three phases: (a) tissue protection, (b) restoration 
of motor control, and (c) optimization of knee 
function [75]. During the tissue protection, rehab 
phase patients should focus on the restoration of 
the knee function without over-stressing the 
repaired/ reconstructed knee structures, as well as 
on gait training with appropriate assistive devices. 
During the first 4–6 weeks after the surgery, knee 
flexion should be limited to 60° and neutral knee 
extension. By 12  weeks post-surgery, patients 
should achieve 90° of knee flexion. For patients 
with PCL and PLC reconstructions, initial flexion 
exercises should be performed passively, either 
prone or supine, to avoid a posterior sag, which 
could stretch out the reconstructed ligaments. 
Stationary cycling without resistance is recom-
mended in individuals that have achieved 90° of 
knee flexion and neutral extension not earlier 
than 6–7  weeks after the surgery [50, 76]. 
Recommendations for weight bearing after 
MLKI surgery are highly variable. Weight bear-
ing should initially be limited and performed in a 
knee immobilizer to prevent excessive knee 
motion. The knee brace and crutches should be 
used for at least 6 weeks, but the patients are able 
to bear little weight through the crutches if toler-
able. Even during the tissue protection phase, 
patients should start with exercises to restore 
quadriceps activation as well as gluteal sets, 
ankle pumps, and four-way straight leg raises. It 
is recommended to gradually introduce force to 
the knee and not to provide excessive stress, and 
therefore, resisted exercises should follow a clear 
timeline.

During the restoration of motor-control phase, 
the repaired or reconstructed tissues can be 
loaded in a gradual fashion. The goals of this 
phase are the restoration of nearly symmetrical 
muscle strength, full knee range of motion and 
normal gait, with a return to activities of daily 
living. It is recommended that external resistance 

should be added when patients can perform a 
bilateral squat without pain and a step down from 
a 7-in. step [77]. Stationary cycling for aerobic 
conditioning can begin 10 weeks after the opera-
tion when the patients have achieved the neces-
sary knee range of motion and control. Elliptical 
machines are recommended once the patient can 
walk independently with sufficient quadriceps 
strength. All training loads should be progressed 
slowly, by 10–20% per week.

Goal of the final phase of rehabilitation is the 
optimization of knee function so that patients can 
return to their pre-morbid knee function level. 
During this phase, tissue considerations are no 
longer relevant, and the physical therapist can 
advance knee function without restrictions of tis-
sue protection. Exercises during this phase should 
include cycling or elliptical trainer for condition-
ing, and bilateral weight training with free 
weights. However, running should not begin 
before the 16th week after the surgery, and hop-
ping, cutting and pivoting sport specific drills 
should not be performed before the 20th post- 
operative week.

In summary, we believe that rehabilitation 
after MLKIs strongly depends on the condition 
of patient and his/her comorbidities, the pattern 
of injury, and the quality of the reconstruction. 
Therefore, we advocate rehabilitation protocols 
that consider inflammation, knee range of 
motion, and muscle strength. Careful rehabilita-
tion can maximize the clinical outcome after 
MLKIs.
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When Do You Need to Reconstruct 
the Posterior Cruciate Ligament?

Vishal Pai and Andy Williams

15.1  Introduction

PCL injuries are relatively common, particularly 
in the sporting world. The most common causa-
tion is a blow to the front of the proximal tibia, 
particularly when landing heavily on the front of 
the flexed knee. An alternative method is forced 
hyperextension. The latter can be associated with 
more significant injury including other structures. 
With pure hyperextension, the posterolateral cor-
ner is the most likely structure in line for over-
load, but with applied valgus as well as 
hyperextension, the posteromedial structures are 
also vulnerable.

The annual incidence of isolated PCL injury is 
estimated to be 2 per 100,000 persons [1]. Sporting 
injuries followed by traffic accidents (the typical 
‘dashboard’ injury) were the most common cause 
of isolated PCL injury [2]. Whilst isolated PCL 
injuries are common, significant PCL ruptures as 
part of a combined ligament injury, such as with 
knee dislocation, are thankfully less common. It 
should be stated early in this chapter that the vast 
majority of PCL injuries are relatively minor and 
are correctly treated non-operatively.

15.2  Clinical and Kinematic 
Consequences

15.2.1  Clinical Consequences

The patient will often present with a history in 
keeping with a heavy blow to the front of the 
knee or hyperextension along with a feeling of 
discomfort in the popliteal fossa area. This pain 
will be worsened by flexion over 60–90° and, on 
occasion, by extension. Frequently, the patient is 
able to finish the activity they were undertaking 
at the time of injury (such as sport), and the 
symptoms then worsen for a period of 24–48 h. 
The more severe injuries, particularly when com-
bined with other ligament ruptures, present more 
dramatically.

The classic physical sign on examination is a 
posterior sag/posterior drawer [3] on forced pos-
terior displacement of the tibia with the knee at 
80°. Typically, in a more chronic case, the quad-
riceps ‘active test’ [4] is positive when extending 
the knee from a flexed position, and the tibia is 
seen to move forwards. The best way of under-
taking this test is with the patient’s distal thigh 
supported by the examiner’s knee placed under 
the patient’s limb, allowing the tibia to sag poste-
riorly under the effect of gravity prior to active 
extension.

The clinical grading of PCL injuries is partic-
ularly important for determining not only the 
severity of the injury but also appropriate man-
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agement. Rather like medial collateral ligament 
injuries, the grading system on MRI scan has 
minimal clinical use in terms of determining 
treatment as there is little correlation with clini-
cal grading. An MRI scan performed acutely will 
show what is injured [5] but not how severe the 
injury is [6]. The same is true for chronic PCL 
injuries. There may be an appearance of a liga-
ment in continuity, looking virtually normal, 
despite even Grade III clinical laxity in chronic 
cases [7, 8].

MRI scans show a normal PCL as a well- 
defined continuous band of low signal intensity 
in all sequences. A normal PCL measures no 
more than 6 mm in diameter on sagittal imaging. 
Injury to the PCL causes abnormal widening [6]. 
Despite being torn, the PCL can still appear as a 
single continuous structure on images [9].

There are a number of clinical grading sys-
tems but the most practical is to compare the 
medial tibial ‘step off’ between knees. With the 
knee placed at 80–90° flexion and with comfort-
able neutral tibial rotation, the gap between the 
anteromedial tibia and the medial femoral con-
dyle is assessed in the normal knee. This is usu-
ally 1–1.5 cm. The injured knee is then examined 
in the same way. Sometimes, quadriceps activity 
inadvertently applied by the patient will bring the 
tibia forward into a seemingly normal position, 
so it is essential that the patient is fully relaxed. 
In cases of major PCL laxity (Grade II and III), 
the tibia will immediately be seen to be sagging 
posteriorly. When placing the open palm on the 
front of the tibia and patella, the tibia is normally 
encountered prior to the patella. In cases of sig-
nificant PCL laxity, the palm touches the tibia 
and patella simultaneously. The medial tibial step 
off is then assessed with palpation. Following 
this, a gentle posterior drawer force is placed on 
the proximal tibia and sustained until the maxi-
mum limit of posterior displacement is achieved. 
In the grading assessment preferred by the senior 
author, symmetric medial tibial step off equates 
to normality or a PCL sprain (i.e. no excess lax-
ity). In Grade I, the posterior step off is present 
but reduced compared with the other side. Grade 
II indicates that the tibia has sagged back suffi-

cient to abolish the posterior sag but not to reverse 
it, that is, the anteromedial tibia is level with the 
distal end of the medial femoral condyle. With 
Grade III injuries, the tibia displaces posterior to 
the distal medial femur. With easily palpable 
landmarks, the method just described is easily 
reproducible unlike clinical assessment of differ-
ences in millimetres of laxity used in other 
techniques.

Grade I injuries will heal well with non- 
operative treatment. Grade II injuries may or may 
not need surgery as described below. Grade III 
injuries indicate that there is likely to be at least 
another ligamentous injury (usually medial or 
lateral), and these injuries normally require sur-
gery especially in the acute setting.

X-ray evaluation can be helpful. In the 
chronic setting, Skyline x-rays to assess the 
patellofemoral joint often reveal a posterior sag 
when the observer compares the position of the 
tibial tuberosity that is superimposed on the dis-
tal femur  – usually just below the trochlear 
groove. Particularly when both knees are 
x-rayed on the same film, the side to side differ-
ence can be seen [10, 11]. In a similar manner, a 
more objective assessment can be undertaken 
using stress x-rays. A Telos device can be used 
to apply posterior directed force to the upper 
tibia with the knee at 30° and 90° and the healthy 
and injured knees compared. This is not easily 
tolerated in the acute setting due to discomfort 
and is more relevant to chronic laxity. A simpler 
method [12, 13] is to assess a lateral radiograph 
comparing the abnormal and normal knees with 
the patient kneeling so that the tibial tuberosity 
is at the edge of a support and allows the weight 
of the body and femur to slide anteriorly on the 
tibia.

Although the use of a stress device such as 
Telos is attractive and millimetre measurements 
are possible, the quality of measurement is highly 
dependent on the observer and the rotational 
alignment of the tibia. Nevertheless, with sym-
metrically aligned radiographs, the measure-
ments can be useful. It is said that a side to side 
difference of more than 12  mm indicates that 
there must be damage to structures in addition to 
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the PCL, for example, posterolateral or postero-
medial [2, 12, 14].

15.2.2  Kinematic Consequences

There is the paradox that many posterior cruciate 
ligament knees have significant laxity and yet 
remain asymptomatic allowing full activity for 
prolonged periods compared to ACL-deficient 
knees that have little laxity but gross instability. 
The reason for this is related to the kinematic 
consequences of injury and the articular geome-
try. It is well established that ACL deficiency 
causes abnormality of kinematics in the lateral 
compartment [15]. For a long time, it was thought 
that the PCL-deficient knee caused similar poste-
rior displacement of medial and lateral tibia on 
the femur. This led to the belief that PCL defi-
ciency causes patella-femoral overload and sub-
sequent osteoarthritis.

However, in fact, the kinematic abnormality is 
in the medial compartment alone. A study of liv-
ing subjects standing in an open access MRI 
scanner allowed assessment of the kinematic 
consequence of isolated PCL rupture [16] to be in 
the medial tibiofemoral compartment. The differ-

ent shapes of the articular surfaces in the medial 
and lateral compartments, particularly tibia, 
explains the paradox above. In an ACL-deficient 
knee, there is anterolateral instability, which 
allows the lateral femoral condyle to slide down 
the inferiorly directed sloping articular surface of 
the posterolateral tibia. This unstable situation 
produces joint subluxation and clinical instabil-
ity. Whereas on the lateral tibia in the sagittal 
plane, there is a flat central portion ‘drop-off’ 
anteriorly and posteriorly, the medial tibia is 
fairly flat in its posterior half but has an anterior 
upslope. In the PCL-deficient knee, the medial 
femur will ride up the upslope of the anterior half 
of the medial tibia, which represents a self- 
stabilising situation, and thereby the patient does 
not have instability symptoms. However, the 
price is increased stress concentration with point 
loading and chondral overload. It was previously 
thought that posterior sag of the tibia meant 
increased pressure on the patellofemoral joint; 
whilst this may be true [17], the usual arthritic 
consequence of PCL deficiency is medial com-
partment osteoarthritis affecting the anterior/dis-
tal femur as an isolated chondral lesion 
progressing to anteromedial chondral damage on 
both sides of the joint as shown in Fig. 15.1 [18].

Fig. 15.1 Pattern of anteromedial osteoarthritis (red arrows) in a PCL-deficient knee
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15.3  Management

The goal of treatment for ligament injury is either 
to provide stability and function in cases of 
chronic instability, or acute cases where instabil-
ity is inevitable. There is also the consideration of 
reducing the osteoarthritis risk from the abnor-
mal kinematics.

Only a minority of PCL injuries will come to 
require surgery. This must be emphasized, par-
ticularly as non-operative treatment has greatly 
improved with the advent of PCL-directed braces. 
Such braces apply an anteriorly directed force on 
the tibia to reduce the posterior tibial translation 
associated with a PCL injury [19]. PCL braces 
can be static or dynamic. Dynamic braces apply 
larger forces with an increasing flexion angle 
which simulates physiological loading [20].

The senior author finds that he does much less 
PCL surgery nowadays compared to that done a 
few years ago. Unlike the wholly intra-articular 
and intra-synovial ACL, which has little healing 
capacity (there is some), the PCL, being extra- 
synovial, can heal due to the persistence of con-
tained haematoma in the presence of ligament 
fibre damage. Modern PCL braces will reduce 
the posterior sag and allow PCL healing with less 
final laxity than with previous braces or with no 
bracing at all.

15.3.1  Acute Isolated PCL Tears

Isolated Grade I injuries can be treated non- 
operatively with physiotherapy. In this group, no 
bracing is required, and early weight-bearing and 
range of motion exercises can be commenced.

A Grade II isolated PCL injury is a relative 
indication for surgical reconstruction in a very 
young active patient. However, Grade II laxity in 
professional and semi-professional athletes can 
correctly be treated non-operatively and with 
good outcome [21, 22]. This involves dynamic 
bracing for up to 12 weeks, and a rehabilitation 
program that would strengthen the quadriceps 
muscle as a priority. Avoidance of open chain 
hamstrings exercises, or concentric and eccentric 
hamstrings contraction is recommended for the 

first 3  months following the injury. The main 
challenge is convincing athletes to tolerate 
12  weeks of bracing—many opt for a compro-
mise. The senior author’s current practice is to 
treat isolated Grade II PCL tears non-operatively, 
but in those patients with lesions that are still 
causing symptoms at 3 months, he will undertake 
PCL reconstruction.

Isolated Grade III PCL laxity is rare. In most 
cases, early PCL reconstruction/repair is required. 
With the advent of high-quality synthetic tapes, a 
combination of repair and protection of repairs 
by splinting them with such tapes can be an 
attractive and effective option [23, 24]. Repair, if 
possible and successful, is always preferable to 
reconstruction in the context of ligament surgery 
as only repair allows the chance of maximal if not 
normal proprioceptive function of the ligament. 
A reconstruction can improve joint propriocep-
tion by improving joint congruency allowing the 
motor areas of the brain to ‘better recognise’ the 
knee, but is clearly second best to successful 
repair. The question that is unanswered is whether 
or not the results of repair will actually be better 
than successful reconstruction.

15.3.1.1  Surgical Technique

PCL Repair
Repair is a very good option if there is an avul-
sion of the PCL and meniscofemoral ligaments 
from the medial femoral condyle. Suture tapes 
can be passed individually through the two bun-
dles of the PCL and the meniscofemoral liga-
ments and these can be connected into the 
anatomic positions on the femoral footprint. The 
repairs can be protected by passing a synthetic 
tape through the tibia to the tibial insertion of the 
PCL, retrieved and then taken through the joint to 
the centre of the anterolateral bundle femoral 
footprint for the PCL. This construct will abolish 
the posterior sag on the tibia and help healing of 
the PCL.

PCL Reconstruction
However, most PCL injuries requiring surgery 
will be more suitable for a PCL reconstruction 
rather than a repair. The decision to perform a 
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single or double bundle reconstruction is contro-
versial. The senior author prefers a single bundle 
technique in most cases because the posterome-
dial bundle (PMB) of the PCL is usually func-
tionally intact and is worth preserving. This is 
especially true if the meniscofemoral ligaments 
are intact as they lie anterior to and posterior to 
the PMB and may protect the PMB during the 
injury episode. Surgeons often completely clear 
the medial wall of the intercondylar notch to 
undertake PCL reconstruction, and this fre-
quently means that useful posteromedial bundle 
tissue is lost, and the meniscofemoral ligaments 
can be completely defunctioned. Although more 
technically demanding, working above and below 
the PMB and anterior meniscofemoral ligament 
for single bundle reconstruction can be justified 
by preserving useful tissue, and is straightfor-
ward once practiced in the cadaver lab.

Although some studies have shown that the 
performance of a double bundle reconstruction 
more closely simulates natural kinematics of the 
knee with a native PCL, none of these left an 
intact PMB in the experimental design, and it is 
unclear of the integrity or otherwise of the 
menisco-femoral ligaments [25, 26]. Furthermore, 
there seems to be no significant clinical superior-
ity of the double-bundle technique over a single 
bundle reconstruction [27–31]. In addition a sin-
gle femoral tunnel weakens the medial femoral 
condyle less than two femoral tunnels [32]. 
Therefore, whilst respecting good results pub-
lished for double-bundle PCL reconstruction [33] 
for the senior author, the only indication for a 
double bundle technique is in chronic cases or 
revision cases in which the PMB and menisco-
femoral ligaments no longer attach to the medial 
femoral condyle, that is, there is a ‘bare’ medial 
wall to the notch.

The senior author respects the use of allograft, 
but has a strong preference for autograft since the 
results for allograft ACL reconstructions are infe-
rior to PCL reconstructions [34, 35]. He tends to 
reconstruct the PCL using doubled bilateral grac-
ilis and ipsilateral semitendinosus autograft ten-
don to make a six-strand graft. Allograft is widely 
used by surgeons and has the advantage of being 
able to be prepared away from the operation thus 

saving time, as well as large bulk. The role of 
synthetic grafts is less certain [36–38].

If surgical reconstruction is undertaken, most 
patients will have some degree of persistent pos-
terior laxity after the healing phase. The graft 
failure rate in this setting varies from 2.3 to 30% 
[39]. In the senior authors experience, results 
have improved significantly by using a PCL- 
directed brace routinely. The senior authors’ 
post-operative rehabilitation protocol involves 
wearing a dynamic PCL brace full time for 
12 weeks post-operatively. The range of motion 
in this brace is restricted to 0–60° for the first 
2  weeks after surgery. Thereafter, the range is 
increased to 0–90° in the brace from 2 to 6 weeks 
post-operatively. A gradual progression is made 
to a full range of motion from 6 to 12  weeks. 
Weight bearing with crutches is allowed for the 
first 6 weeks post-operatively. Hamstrings exer-
cises are avoided for 12 weeks. A return to sport 
can be considered from 9  months after the 
surgery.

15.3.1.2  Results of Surgery
There is very little data on PCL repairs but with 
reconstruction there is reasonable data [40–42]. 
Hermans [41] noted an improvement in the 
International Knee Documentation Committee 
(IKDC), Lysholm and functional VAS scores 
with a single anterolateral bundle PCL recon-
struction with a mean follow-up of 9.1 years. Of 
note, they found the reconstructed PCL had more 
laxity when compared to the uninjured side. 
Different graft choices were used in this study 
which may affect the residual graft laxity at the 
final follow-up.

Jackson reviewed the long-term outcome fol-
lowing single anterolateral bundle PCL recon-
struction using a hamstrings tendon autograft, 
with a 10-year follow-up. They showed that PCL 
reconstruction resulted in improved IKDC and 
Lysholm scores. A significant proportion of 
patients increased their ability to perform moder-
ately strenuous activities. At 10  years post- 
operatively, most patients had Grade I or no 
residual laxity. Instrumented knee testing showed 
a mean increase in anterior to posterior transla-
tion of 1.1 mm compared to the uninjured side.
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Neither of the aforementioned studies used a 
dynamic PCL brace post-operatively. Li et  al. 
compared the use of a standard hinged brace to a 
tibial support brace (TSB) for 12 weeks follow-
ing a PCL reconstruction using a hamstrings 
graft [43]. They noted that the mean laxity was 
significantly lower in the group that used the TSB 
post-operatively. It is the senior authors’ routine 
practice to use a PCL brace post-operatively for 
12  weeks whilst the graft is healing to prevent 
residual laxity.

A study by the LaPrade group [25] has shown 
that the kinematics of a double bundle PCL 
reconstruction more accurately represents the 
native knee, particularly in flexion ranges beyond 
90°. There was significantly less posterior tibial 
translation with a double bundle compared to a 
single bundle PCL reconstruction. Gwinner [44] 
has shown that a decreased posterior tibial slope 
is associated with an increase in post-operative 
posterior tibial translation and, therefore, 
increased graft laxity. Post-operative graft laxity 
does not seem to be influenced by the posterior 
tibial slope when a double bundle PCL recon-
struction is performed [45]. Double bundle PCL 
reconstruction has been shown to have compara-
ble subjective and functional outcomes to an iso-
lated ACL reconstruction group in a recent cohort 
study [33].

15.3.2  Acute PCL Avulsion Fracture

If there is a significant bony avulsion, then fixa-
tion back to the tibia usually yields normal PCL 
laxity and function. The opportunity for this 
should not be missed. Whilst there is a place for 
non-operative management for absolutely 
undisplaced lesions, too often surgeons elect to 
brace these patients who then end up with per-
manent and excessive PCL laxity (Fig.  15.2). 
There is understandably fear about undertaking 
posterior surgery but with good dissection, 
exposure and surgical technique, it is straight-
forward, and a failure to take this opportunity of 
early fixation is regrettable. Open surgery was 
traditional with a posterior approach [46] but 
modern arthroscopic techniques are also possi-
ble [47].

15.3.3  Acute PCL Injuries 
in the Context of a Combined 
Ligament Injury

Most PCL surgery is undertaken for cases that 
have a combined ligament injury. The surgical 
treatment of knee dislocation and combined liga-
ment injury is evolving. In this area, the variety 
of injury patterns and surgical options, and evo-

a b

Fig. 15.2 (a) CT scan showing non-union of a PCL avulsion fracture. (b) Intra-operative photo of a posterior approach 
to the knee and screw fixation of the PCL avulsion fracture
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lution of these, mean that evidence base is hard 
to come by. Experiential-based decision making 
will almost certainly prevail. Acute surgery is 
still often necessary but less often undertaken by 
the senior author as he has realised that the con-
sequence of such surgery is often stiffness. If 
surgery is required, a staged approach can often 
be beneficial to the patient or a period of bracing 
first [48]. A suggested approach to the manage-
ment of an acute PCL injury is shown in 
Fig. 15.3.

15.3.3.1  Combined Ligament Injury 
with No Vascular Injury

Amongst the components of multiligament injury, 
posterolateral corner disruption requires early sur-
gery as the results are superior to late reconstruc-
tion alone. In the acute setting, an anatomic repair 
of structures combined with a reconstruction to 
protect the repairs is more effective [49].

Most MCL injuries (even Grade III) can be 
treated with bracing initially [50, 51]. If persistent 
excess laxity persists, then a delayed surgery 
around 3  months later to tighten the excessively 
slack structures and reconstruct the MCL can be 
effective and rival results in the general population 
from early anatomic repair with reconstruction to 
protect the repair. It has a much lower risk of sig-
nificant stiffness. With high-level athletes, the best 
results do come from early surgery [52, 53].

With PCL involvement, surgery is required for 
most Grade III lesions. Nevertheless, PCL- 
directed bracing can allow good healing of Grade 
II PCL lesions even if other parts of the injury, for 
example, posterolateral, need surgery. Many of 
these PCL lesions will heal and not need delayed 
surgery. This is even with a combined ACL rup-
ture as an isolated delayed ACL reconstruction is 
an attractive alternative to acute multiligament 
reconstruction.

Acute PCL injury in a normal
population

Isolated

Grade II PCLGrade I PCL

Non-operative
management with
12 weeks in a PCL

brace*

Early PCL repair
or reconstruction

Reassess 12-16
weeks post injury

Significant
symptoms?

No

Sucessful
non-operative
management

PCL
reconstruction

Reassess stability of involved
ligaments & delayed

reconstruction as indicated

ACL and MCL injuries treated as
appropriate including 6/52 bracing
for a Grade 2/3 MCL component

12 weeks in a
PCL brace**

PCL brace for
12/52

Grade II/III PCL

Grade III PCLGrade II PCLGrade I PCL

Posterolateral corner injury
present?

Early PLC repair and
reconstruction**

Vascular
injury?

Vascular reconstruction takes
precedence

Early PLC repair & reconstruction
possible

Early PCL repair
or reconstruction

+/- repair or
reconstruction of
other ligaments

** In athletes consider early repair and/or
reconstruction of involved ligaments. Only absolute
need for early surgery is an irreducible knee
dislocation due to a ‘button-holed’ media femoral
condyle through medial soft tissue envelope, or MCL
unfolded into joint of superficial to pes tensons

* Relative indication for early repair or reconstruction
in a very oung active patient

Yes

Yes
No

Combined

Non-operative
management with

physiotherapy

Grade III PCL
(rare)

Fig. 15.3 Algorithm for management of PCL injuries
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15.3.3.2  Combined Ligament Injury 
with a Vascular Injury

The incidence of vascular injury following a mul-
tiligament knee injury is 6.2–14% [54–57]. A 
detailed discussion of the acute management of a 
knee dislocation is outside the scope of this chap-
ter. However, it goes without saying that the man-
agement of the vascular injury takes precedence 
over the rest of the knee injury. This may involve 
vascular bypass surgery to overcome the partial 
or complete occlusion of the popliteal artery. The 
acute management of the knee injury can involve 
placement of an external fixator or a knee brace. 
If an external fixator is used, it is best to ensure 
the knee is held just into hyperextension—com-
munication with the vascular surgeon is impor-
tant as they frequently prefer to keep the knee 
flexed which is certain to cause a fixed flexion 
deformity. The senior authors’ preference is to 
use a PCL brace to allow motion if there is a 
Grade II or III PCL injury and reassesses the sta-
bility of the knee 12  weeks after the injury. A 
delayed ligament reconstruction will be per-
formed as necessary. Patients with an associated 
vascular injury have significantly lower func-
tional outcomes than those that do not [57]. If a 
vascular reconstruction has been performed and 
PCL reconstruction is subsequently needed, the 
following precautions are suggested: (1) close 
liaison with the vascular surgeon, (2) pre- 
operative angiography to assess position of 
reconstructed vessels, and (3) tourniquet-free 
surgery is ideal. The tourniquet is applied but not 
inflated. If tourniquet is needed, it is inflated but 
deflated as soon as possible during the 
procedure.

15.3.4  Chronic PCL Injuries

Patients do still present with chronic symptoms 
related to PCL-insufficiency. Instability is most 
commonly in cases of a multiligament injury that 
was overlooked and was assumed to have been an 
isolated PCL lesion. The patients with isolated 
PCL lesions will present later, particularly on 
descending inclines if they have instability, but 
this is usually relatively subtle, and the patient 

simply feels that there is ‘something wrong with 
the knee’. With combined ligament injury, how-
ever, instability is usually more gross, and the 
majority of cases will have an associated postero-
lateral corner insufficiency. However, posterome-
dial insufficiency is also not uncommon.

Another scenario is that the patient presents 
not with instability but rather with symptoms of a 
chondral lesion on the medial femoral condyle 
related to impingement on the upslope of the 
anterior tibia, as described above, or later with 
medial osteoarthritis. If an isolated articular car-
tilage lesion requires resurfacing treatment, then 
these techniques will fail without addressing 
PCL laxity that has caused the lesion. A tibial 
osteotomy is required if excess varus or a reversed 
or reduced tibial slope are present.

If a patient presents with frank medial osteoar-
thritis related to PCL insufficiency, then assuming 
the lower limb concerned is no longer than the 
other side and there is no valgus alignment, a 
medial opening wedge high tibial osteotomy is 
appropriate [58]. When undertaking this tech-
nique for standard medial osteoarthritis, it is nota-
ble that it is difficult to maintain the same 
preoperative posterior tibial slope [59, 60] as it is 
very easy to inadvertently increase the slope. In 
the context of PCL-related medial osteoarthritis, 
this is advantageous as increasing the posterior 
tibial slope tends to translate the tibia forward and 
allows the femur to articulate more posteriorly on 
healthy articular surface under weight- bearing 
conditions. It does, however, cause a loss of exten-
sion and, therefore, the surgeon has to be careful 
not to produce a fixed flexion deformity. Due to 
the nature of the osteotomy being an opening 
wedge, it is usually best to stage a PCL recon-
struction if needed. Often the result is sufficiently 
good that delayed PCL reconstruction is no longer 
necessary. This can even be the case when there is 
associated posterolateral insufficiency when a 
medial opening wedge technique is used. The val-
gising effect of the osteotomy will tend to shift the 
mechanical axis into the lateral compartment, 
which closes down under load, and thereby coun-
ters LCL laxity. In addition, by increasing the 
tibial slope, the femur tends to move posteriorly. 
This is resisted medially by the well-fixed poste-
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rior medial meniscus, but laterally the femur 
slides down the inferiorly inclined posterolateral 
tibia with little resistance from the mobile lateral 
meniscus and thereby there is more posterior fem-
oral translation laterally causing a relative exter-
nal rotation of the femur/internal rotation of tibia 
which counters the external tibial rotation seen in 
posterolateral rotatory instability following 
lesions of the popliteus complex [61, 62].

An aspect of chronic PCL-deficient cases that 
is rarely considered is the problem of fixed poste-
rior tibial translation that results from chronic 
capsular contracture. In the study mentioned 
above, using weight-bearing MRI confirming 
that isolated PCL insufficiency causes altered 
medial compartment kinematics, the study sub-
jects had an anterior drawer force applied to their 
upper tibia during scanning [16]. In none could 
the abnormal posterior tibial subluxation be com-
pletely corrected. All of the subjects were asymp-
tomatic with only isolated Grade 1 or 2 injuries 
of the PCL but despite relatively minor PCL defi-
cits had fixed posterior subluxation. This sug-
gests this phenomenon is more common than 
realized. It may be one of the reasons why iso-
lated PCL reconstruction is less successful than 
ACL reconstruction. In clinically obvious cases 
of fixed posterior subluxation, which are thank-
fully rare, slope changing osteotomy will slowly 
correct the deformity. In chronically dislocated 
knees, the senior author is aware of slow reloca-
tion of the joint being possible with the use of 
external fixators.

15.4  Conclusion

The number of cases of PCL reconstruction in a 
knee surgeon’s practice should be relatively 
small, especially given the improvements in non- 
operative management with bracing. 
Nevertheless, nearly all Grade 3 injuries and 
some Grade 2 lesions will benefit from recon-
struction. PCL repair is an ever-improving tech-
nique but its role is yet to be defined. When PCL 
surgery is needed, in competent hands, the results 
are pleasing but less predictable than ACL 
reconstruction.
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16.1  Introduction

The posterior cruciate ligament (PCL) is the larg-
est and strongest intra-articular ligament in the 
knee [32, 53]. The PCL is comprised of two bun-
dles, the anterolateral and posteromedial bundles, 
that function synergistically to resist posterior 
translation of the tibia at all degrees of knee flex-
ion [34]. PCL injuries account for 3% of all acute 
knee injuries and typically occur with an acute 
hemarthroses in trauma patients [15]. PCL inju-
ries typically occur after a direct injury that 
results in a posterior load being applied to the 
proximal anterior tibia, with typical mechanisms 
being dashboard injuries after a motor vehicle 
collision. However, PCL injuries rarely occur as 
an isolated injury, with more than 90% of tears 
occurring along with other knee ligament tears 
[75]. While these injuries are most common in 
trauma patients, they are frequently seen in sports 

such as football and skiing when there is a direct 
posterior load on the tibia with the foot in a plan-
tarflexed position [15]. PCL injuries may lead to 
persistent instability and increase the risk of post- 
traumatic osteoarthritis if not addressed properly 
[43]. A recent retrospective review demonstrated 
patients with an isolated PCL tear have a signifi-
cantly higher risk of developing symptomatic 
arthritis compared to individuals without PCL 
injury [62]. Despite this potential long-term dis-
ability, the treatment algorithm for complete, iso-
lated PCL tears remains controversial. In this 
chapter, we will discuss the anatomy and biome-
chanics of the PCL, the evaluation and treatment 
of PCL injuries, and the outcomes following PCL 
injuries.

16.2  Anatomy/Biomechanics 
of the PCL

The PCL originates on the anterior aspect of the 
medial femoral condyle within the notch and 
inserts approximately 1 cm distal to the joint line 
on the posterior aspect of the tibial plateau. The 
PCL is comprised of two bundles, the anterolat-
eral and posteromedial bundle. The total length is 
between 32 and 38  mm with an average mid- 
substance diameter of 11–13  mm [44]. The 
anterolateral bundle is the larger of the two bun-
dles and its femoral footprint is approximately 
11.0 mm from the medial arch point and 7.9 mm 
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proximal to the distal articular cartilage [2]. The 
femoral footprint of the posteromedial bundle is 
located 11.1 mm from the medial arch point and 
10.8 mm from the posterior point of the articular 
cartilage margin [2]. The tibial insertion of the 
anterolateral and posteromedial bundles are 10.7 
and 4.7  mm anterior to the champagne glass 
drop-off of the posterior tibia, respectively [2]. 
The relative distance between the PCL and the 
popliteal fossa, mainly the popliteal artery, is 
important to know when reconstructing the liga-
ment. The mean sagittal distance from the proxi-
mal PCL fovea to the popliteal artery was found 
to be 9.7 ± 5 mm (range 3–15 mm) with the dis-
tance increasing with increasing knee flexion [12, 
48]. Establishing the landmarks for these bundles 
and understanding their relationships with sur-
rounding structures is key when reconstructing 
the ligament as will be discussed later in this 
chapter.

Many studies have been performed to ana-
lyze the function of the PCL bundles and the 
consequences of PCL injury. The tensile 
strength of the PCL has reported to be between 
739 and 1627 N, with the anterolateral bundle 
contributing significantly more than the pos-
teromedial bundle to overall tensile strength 
[44]. The anterolateral bundle functions pri-
marily to resist posterior translation of the tibia 
between 70° and 105° of knee flexion. The pos-
teromedial bundle also resists posterior transla-
tion of the tibia, but it functions primarily 
between 0° and 15° [34]. The PCL also func-
tions as a secondary stabilizer to rotation, espe-
cially at knee flexion angles greater than 90°. 
Sectioning of both bundles was required to pro-
duce greater than 10  mm of posterior tibial 
translation (11.7  mm) in one biomechanical 
study, suggesting that a complete tear is needed 
in order to observe a clinical grade 3 injury. 
Complete rupture of the PCL results in fixed 
anterior subluxation of the medial femoral con-
dyle relative to the tibia and may predispose to 
accelerated osteoarthritis if it not properly 
addressed [43]. This information is important 
to consider when analyzing findings of the 
physical exam and determining the best treat-
ment for isolated PCL injuries.

16.3  Clinical Presentation

For patients with PCL injury, a thorough clinical 
history most commonly identifies a description 
of hyperflexion of the knee with or without pre-
tibial trauma, most frequently resulting from ath-
letic injury or traffic accidents [15, 17]. Patients 
with PCL injury often present with vague symp-
toms such as unsteadiness, knee stiffness, swell-
ing, or pain, and are often unable to identify the 
exact mechanism of injury [5, 46, 63]. In fact, 
many patients with PCL insufficiency present 
over 30  days from injury [63]. Patients with 
chronic PCL deficiency may present with vague 
complaints of increased knee pain and impaired 
function [8].

The physical exam should start with a careful 
neurovascular exam, as PCL injury may occur as 
a result of knee dislocation [4, 15, 35, 36]. A sys-
tematic review found an 18% rate of vascular 
injury and a 25% rate of nerve injury in the set-
ting of knee dislocation [50]. Concern for vascu-
lar injury on initial exam, such as a pale or cool 
foot or abnormal pulses, should be further evalu-
ated by measurement of the ankle-brachial 
index, and if <0.9, followed by angiography or 
duplex ultrasonography. Close observation of 
gait and weight-bearing limb alignment, as well 
as inspection of the injured and contralateral 
knees, should be performed. A mild bloody effu-
sion, bruising in the popliteal fossa, anterior 
knee abrasions, and varus malalignment or thrust 
may be observed [17, 51, 74]. Palpation should 
be performed to assess for areas of tenderness or 
effusion, and range of motion should be evalu-
ated, although in the acute setting this can be 
limited due to discomfort [5, 74]. Finally, stress 
testing of the cruciate and collateral ligaments to 
identify concomitant injuries is important as 
PCL injuries rarely occur in isolation [4, 74]; 
additional injuries to evaluate for include liga-
mentous or meniscal injuries and peri-articular 
fractures [4, 15, 36].

There are numerous special tests described to 
evaluate PCL deficiency. The posterior drawer 
test coupled with palpation of the tibia-femur 
step-off has been shown to be the most sensitive 
clinical test, with a sensitivity of 90% and speci-
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ficity of 99% [61]. It is performed by applying a 
posteriorly directed force to the anterior tibia 
and assessing the amount of posterior tibial 
translation (Fig.  16.1) [74]. When performing 
this test, the examiner must ensure that the tibia 
is in its neutral position as posterior subluxation 
of the tibia, as would occur with a PCL injury, 
can lead to a false negative finding for PCL 
injury or a false positive finding for ACL injury 
with relative excess anterior translation of the 
tibia. The presence of such a posterior sublux-
ation is known as the Posterior Sag Test, and is 
recognized by loss of contour of the tibial tuber-
cle or posterior sagging of the tibia [74]. 
Classification of PCL injuries relies on the 
amount of posterior translation with this test. A 
grade 1 injury is represented by <5 mm of poste-
rior translation or when the anterior border of the 
tibial plateau lies anterior to the femoral con-
dyle; a grade 2 injury is between 5 and 10 mm of 
posterior translation or when the anterior border 
of the tibial plateau lies flush with the femoral 
condyles; a grade 3 injury is >10 mm of poste-
rior translation or when the anterior border of the 
tibial plateau lies posterior to the femoral con-
dyles [5, 24, 46]. Another more descriptive clas-
sification from the international knee 
documentation committee (IKDC) describes 
posterior translation of 0–2  mm, 3–5  mm, 
6–10 mm, and >10 mm as “normal,” “nearly nor-
mal,” “abnormal,” or “severely abnormal,” 
respectively [26]. A grade 2 posterior drawer 

should alert the clinician to the likely presence 
of a PCL injury, while grade 3 indicates com-
bined PCL and posterolateral corner (PLC) 
insufficiency [64].

The quadriceps active test [13] is performed 
with the patient in the supine position starting 
with the injured knee flexed to 90° and asking the 
patient to slide his or her foot down the table 
which causes the quadriceps to fire [5]. In a knee 
without PCL deficiency, the force of the extensor 
mechanism is directed slightly posterior, but with 
PCL deficiency, the tibia is translated posterior in 
relationship to the femur resulting in an anteri-
orly directed force with contraction of the quadri-
ceps. For this reason, when a patient with PCL 
deficiency flexes the quadriceps muscle, the tibia 
translates anteriorly into its reduced position. Of 
note, this test is not accurate in patients with a 
history of injury or surgery on the patella or prox-
imal tibia, such as patellectomy or tibial tubercle 
osteotomy, as these procedures alter the force 
vector which may cause inaccurate findings. The 
quadriceps active test has been shown to detect 
97% of patients with PCL deficiency without a 
single false positive test [13].

A reverse pivot shift and dynamic posterior 
shift test have also been described [3]. The 
reverse pivot shift is performed with the patient 
supine and the knee flexed to 90°. The examiner 
externally rotates the femur while applying a val-
gus stress and extends the knee. A positive test is 
indicated by reduction of the tibia anteriorly 

Fig. 16.1 Posterior drawer exam. It is performed by 
applying a posteriorly directed force to the anterior tibia 
and assessing the amount of posterior tibial translation. 
When performing this test, the examiner must ensure that 

the tibia is in its neutral position, as seen on the left image. 
On the right image, a posterior directed force on the tibia 
yields significant posterior tibial translation
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around 20–40° of flexion. The dynamic posterior 
shift test involves slowly extending the knee and 
observing for anterior reduction of the tibia as the 
knee approaches full extension [5, 74].

The dial test is useful for evaluating for PCL 
and concomitant PLC injury. It is performed with 
the patient prone and the knee flexed to 90° while 
the examiner externally rotates the tibia. The test 
is then performed with the knee flexed to 30°. 
The examiner’s hand (left hand while testing a 
left knee, and right hand testing a right knee) is 
placed on the dorsal thigh. The contralateral hand 
is placed on the ankle and foot, and an external 
rotation force is applied to the leg. Classically, a 
positive test is indicated by an increase in 10°of 
external rotation; a positive test at 30° of knee 
flexion raises concern for isolated PLC injury, 
while a positive test at both 30° and 90° raises 
concern for combined PLC and PCL injuries [5]. 
Grading can also be done according to the IKCD 
in which grade 0 is <5°, grade 1 is 6–10°, grade 2 
is 11–19°, and grade 3 is >20° of rotational dif-
ference compared to the contralateral side. 
However, cadaveric analysis of the dial test [64] 
demonstrated an average of 10° of external rota-
tion at 30° and 90° of knee flexion in intact knees. 
With sectioning of the PCL, external rotation 
increased to 15° and 16° at 30° and 90° of knee 
flexion, respectively. After additional sectioning 
of the PLC, external rotation at 30° and 90° of 
knee flexion increased to 22° and 28°, 
respectively.

The overall accuracy of clinical evaluation for 
diagnosis of PCL injury was assessed by blinding 
five sports-medicine trained orthopedic surgeons 
who performed a physical exam on 40 patients 
who had either PCL injury, ACL injury, or a nor-
mal knee [61]. Clinical examination was found to 
be 96% accurate with 90% sensitivity and 99% 
specificity for the diagnosis of PCL injury. The 
sensitivity of clinical examination for detection 
of grade 1 PCL tear was 70%, but 97% for high 
grade (grade 2–3) tears. Notably, KT-1000 
arthrometer testing was found to be 89% accu-
rate, but sensitivity was found to be only 33%, 
with 94% specificity for low-grade injuries while 
sensitivity was 86% with specificity of 100% for 
high-grade injuries.

16.4  Imaging

In the evaluation of PCL injury, imaging should 
begin with standard AP, lateral, 45° weight- 
bearing, and axial views of the knee [5]. This 
allows detection of overall limb alignment as 
well as identification of an avulsion injury or 
fracture. Long leg cassette views are helpful to 
better evaluate lower extremity alignment [51]. 
In the setting of chronic PCL injury, as time 
from injury increases, radiographic evidence of 
articular degeneration may be found [8]. Close 
scrutiny of radiographs may reveal a reverse 
Segond fracture of the medial tibial plateau 
which has been described in patients with com-
bined PCL, medial meniscus, and MCL injuries; 
this finding is thought to result from valgus stress 
and external rotation of the flexed knee [14, 23]. 
Additional peri-articular fractures may also be 
seen [36, 51].

Multiple stress radiographic techniques have 
been described in the evaluation of PCL insuffi-
ciency. An AP varus stress radiograph may be 
useful in the evaluation of lateral ligament, PLC, 
and PCL injuries. A cadaveric study showed that 
with increase in lateral compartment gap of 
approximately 2.7  mm, 4.0  mm, and 7.8  mm 
compared to the intact state, clinicians should 
suspect an isolated fibular collateral ligament 
injury, a grade-3 PLC injury, and combined inju-
ries to the ACL, PCL, and PLC, respectively [40]. 
Stress techniques for measurement of posterior 
laxity include use of a stress device, hamstring 
contraction, kneeling, and gravity to provide a 
posteriorly directed force on the tibia while a lat-
eral radiograph of the knee is obtained, as well as 
an axial view [30]. For measurement of posterior 
translation on lateral radiographs, the distance 
between the posterior tibial plateau and femoral 
condyles is measured. In the Telos method, the 
Telos GA II stress device is used to apply a 150 N 
posterior load to the anterior aspect of the tibia 
while the patient is in the lateral decubitus posi-
tion with the knee flexed to 90°, and a lateral 
radiograph of the knee is taken [30]. The ham-
string contraction method consists of active ham-
string contraction with the knee at 90° of flexion 
while a lateral x-ray is performed [30]. A kneel-
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ing stress radiograph involves applying the full 
body weight to the injured knee flexed to 90° 
with the tibial tubercle supported on a padded jig, 
and has been shown to be reliable and reproduc-
ible [28, 30]. A gravity stress view involves 
obtaining a lateral x-ray while the patient is 
supine and the hip and knee are flexed to 90° to 
allow gravity to apply a posterior force to the 
tibia [30]. In the Puddu axial view [30, 57], the 
patient lays supine with the knees flexed to 70°, 
feet in moderate plantarflexion, and the tibia in 
neutral rotation. With the patient holding the cas-
sette, the x-ray beam is oriented distal to proxi-
mal parallel to the long axis of the patella. To 
measure posterior instability, a line is drawn tan-
gential to the femoral condyles and the distance 
to the anterior tibial profile is measured and com-
pared to the contralateral side. The use of a stress 
device and kneeling test has shown to be the most 
sensitive in detection of posterior translation; 
however, they were also found to be the most 
painful and time-intensive [30].

MRI is considered the gold standard for detec-
tion of PCL injuries, with sensitivity and speci-
ficity approaching 100% for acute injuries [16, 
21, 22]. The native PCL appears as a low-signal 
intensity structure on T1- and T2-weighted 
sequences [22]. Disruption of the PCL fibers or 
high-signal intensity indicates PCL injury [60]. 
In cases of isolated injury, a mid-substance tear is 
most commonly seen [60]. Although MRI is 
accurate for acute injuries, care must be taken not 
to rely too heavily on MRI for diagnosis of 
chronic tears, as the ligament can often appear 
continuous with chronic PCL insufficiency [73]. 
However, as previously discussed, the sensitivity 
of detecting PCL injury is limited with low-grade 
injury; in these situations adjunctive tests such as 
an MRI may be particularly helpful [61]. As in 
ACL injuries, bone bruises can often be seen on 
MRI following PCL injury; however, the location 
is more variable, often occurring opposite of an 
MCL or PLC injury [45].

CT and Ultrasound may also be used to in 
the diagnosis or management of PCL injury. 
Although MRI has been shown to outperform 
CT in detecting ligamentous injuries of the 
knee [52], CT can be useful in the evaluation of 

bony injury, including avulsion injuries. A 
recent systematic review and meta-analysis 
found a 99% sensitivity and 99% specificity for 
the use of ultrasound in the diagnosis of PCL 
tears; however, there was considerable hetero-
geneity, as the technique is considerably 
affected by both patient positioning and the 
skill of the examiner [42].

16.5  Treatment

The treatment for isolated PCL injuries remains 
controversial. The treating physician must first 
determine whether the injury is acute or chronic, 
and grading needs to be performed to objectify its 
severity. As stated previously, if the knee has 
greater than 12 mm of posterior tibial translation 
on exam, one must consider a combined injury, 
which would routinely be treated surgically [28, 
63]. Most authors advocate for nonoperative 
treatment for acute, isolated partial PCL injuries, 
as long-term studies have demonstrated favorable 
outcomes [29, 55, 66, 69]. Other studies have 
shown nonoperative management leads to degen-
erative changes in the patellofemoral and medial 
compartments at long term follow-up with vari-
able outcomes [8, 19, 72]. Therefore, many sur-
geons recommend surgical intervention for acute, 
complete PCL tears or chronic, symptomatic 
PCL injuries.

16.5.1  Nonoperative Management

Nonoperative treatment for PCL injuries is fea-
sible due to the inherent healing potential of the 
PCL after acute injury [29, 67, 68, 73]. However, 
many of these patients demonstrated increased 
posterior tibial translation after full healing. 
Successful healing requires minimizing poste-
rior tibial translation and elongation of the PCL 
during knee flexion [29, 31]. Dynamic PCL 
braces apply an anterior force to the proximal 
posterior tibia, preventing posterior tibial trans-
lation and allowing the PCL stumps to remain 
approximated for improved healing. Since the 
PCL has variable tension with knee flexion, the 
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brace applies increasing force with more knee 
flexion, replicating the anatomic forces of the 
PCL [29, 41]. A recent prospective study found 
significantly reduced mean posterior tibial trans-
lation at 24 month follow-up in all patients pre-
scribed the dynamic PCL brace after acute 
injury. All patients, though, did have some resid-
ual knee laxity at final follow-up [29]. Another 
study demonstrated similar findings after immo-
bilization in a cylinder cast for 6 weeks followed 
by treatment in a dynamic brace [31]. Although 
both studies detailed residual knee laxity, a 
recent prospective study concluded residual 
knee laxity did not correlate with functional out-
comes [67]. Dynamic PCL braces are indicated 
as first-line treatment for acute, partial PCL 
tears. However, further long-term studies are 
warranted to investigate the effectiveness of 
dynamic PCL bracing on residual knee laxity 
and functional outcomes.

16.5.1.1  Nonoperative Treatment 
Protocol

Although specific treatment algorithms vary 
among surgeons, the key elements of each proto-
col remain similar. These key elements include 
preventing posterior tibial subluxation, strength-
ening of the quadriceps muscles, and weight 
bearing as tolerated. The authors’ preferred pro-
tocol is as follows. After a patient is diagnosed 
with an acute PCL injury, they are placed in a 
functional PCL brace. The patient may begin 
weight bearing immediately, but for complete 
PCL tears, the treating surgeon may consider 
keeping the brace locked in full extension. Partial 
PCL tears are allowed weight bearing in an 
unlocked brace while avoiding hyperextensions. 
The brace may be unlocked for range of motion 
exercises and quadriceps strengthening exercises 
in all cases. Open chain quadriceps exercises are 
encouraged while avoiding hyperextension of the 
knee. Open chain hamstrings exercises are not 
permitted during the rehabilitation process. 
Return to sport is individualized to the athlete, 
but may begin as early as 2  weeks for partial 
tears, and 6–8 weeks in complete tears. If nonop-
erative management fails, then surgical interven-
tion is warranted.

16.5.2  Operative Management

There are several described techniques for PCL 
reconstruction (PCL-R), including single bundle 
and double bundle reconstruction with autograft 
or allograft and transtibial tunnel and tibial-inlay 
techniques.

16.5.2.1  Isometric vs Anatomic PCL-R 
Techniques

Historically, two approaches were utilized for 
PCL-R, which included isometric and anatomic 
approaches. The isometric approach involved 
finding the isometric femoral attachment of the 
PCL that would allow minimal length changes 
of the graft, and thus minimize strain on the 
graft [20, 56]. This approach, though, was found 
to overconstrain the knee near extension leading 
to high graft tension near full knee extension 
and excessive graft laxity in knee flexion [59]. 
The anatomic approach involves placing the 
graft in the center of the PCL-AL bundle on the 
femoral side, and the anatomic center of the 
tibial footprint. Various studies have demon-
strated that the anatomic approach, as compared 
to the isometric approach, leads to improved 
clinical outcomes and decreased posterior tibial 
translation [18, 49].

16.5.2.2  Transtibial Tunnel vs Tibial- 
Inlay PCL-R Techniques

Two techniques for tibial graft fixation have been 
described: transtibial tunnel and tibial-inlay tech-
niques. The transtibial tunnel technique involves 
placing a bone tunnel into the anatomic PCL 
footprint on the tibia. This technique creates a 
sharp angle, or “killer turn,” of the graft at the 
posterior aperture of the tibial tunnel, which may 
lead to abrasion and attritional rupture of the 
graft [7, 47]. The tibial-inlay technique, first 
introduced in 1995 [6], avoids the “killer turn” by 
placing a bone plug on the posterior aspect of the 
tibia without the need for a bone tunnel. Initially, 
this procedure was performed open through a 
posteromedial approach between the semitendi-
nosus and medial gastrocnemius muscles. 
Recently, an all-arthroscopic approach has been 
described with good outcomes [37]. Recent stud-
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ies have demonstrated improved knee stability 
and good clinical outcomes with both techniques 
[27, 37, 54].

16.5.2.3  Double-Bundle PCL-R
Double-bundle PCL-R was introduced to recon-
struct the anterolateral (AL) and posteromedial 
(PM) bundles and restore normal anatomy and 
knee biomechanics [1]. Several biomechanical 
studies have shown that double-bundle PCL-R 
more closely restores the biomechanics of the 
normal knee than single-bundle PCL-R [25, 77]. 
To perform double-bundle PCL-R, either the 
transtibial tunnel or tibial-inlay technique can be 
utilized. The transtibial tunnel technique involves 
creating two femoral tunnels within the anatomic 
footprints of the AL- and PM-bundle and one 
tunnel on the tibial side [71]. Any graft choice 
can be utilized for this approach, with the bone 
block placed in the tibial tunnel. For the tibial- 
inlay technique, an Achilles allograft with bone 
block or quadriceps tendon autograft with bone 
block can be used. The soft tissue portion of the 
graft is split down the center to create two limbs 
for the double-bundle reconstruction. A trough is 
created on the PCL tibial footprint and the bone 
block is placed in this trough. The two limbs are 
then placed through femoral tunnels placed in the 
anatomic footprints of the AL- and PM-bundle. 
The AL-bundle is fixed at 90° of knee flexion 
with an anterior drawer on the tibia, and the 
PM-bundle is fixed in full knee extension. As 
stated previously, this technique can be per-
formed open or arthroscopically depending on 
the preference of the treating surgeon [6, 37].

16.5.2.4  Graft Options
Graft options for PCL-R include quadriceps ten-
don autograft with or without bone block, bone- 
patellar tendon-bone (BPTB) autograft, BPTB 
allograft, hamstrings tendon (HT) autograft, HT 
allograft, and Achilles tendon allograft with bone 
block. A biomechanical study demonstrated a 
quadruple-stranded HT had significantly higher 
load to failure than either the BPTB or Achilles 
grafts, but the BPTB grafts resisted elongation 
significantly more than the HT [10]. A recent 
clinical study comparing autografts and allografts 

found no difference in clinical outcomes, but did 
report increased donor-site complications with 
autografts [76].

16.5.2.5  Complications
Although various complications exist for all sur-
gical procedures, there are specific complications 
related to PCL-R. The most common complica-
tion after PCL-R is residual posterior tibial laxity 
[79]. A dreaded, albeit rare, complication 
involves injury to the popliteal artery. The popli-
teal artery is intimately associated with the poste-
rior knee capsule and can be inadvertently 
damaged during tibial tunnel reaming if the sur-
geon breaches the far tibial cortex [11]. 
Additionally, during tibial tunnel reaming, the 
meniscal roots of the medial or lateral menisci 
can be damaged with errant placement of the tun-
nel, stressing the importance of adequate visual-
ization of the PCL tibial footprint and use of 
intraoperative fluoroscopy [33].

16.5.2.6  Surgical Outcomes
A recent systematic review described outcomes 
after PCL-R using the transtibial tunnel tech-
nique. The authors demonstrated that 75% of 
patients had normal or nearly normal subjective 
IKDC scores. This systematic review also 
reported posterior knee laxity ranged between 2.0 
and 5.9 mm postoperatively, which was improved 
from preoperative scores ranging between 8.4 
and 12.3 mm. The authors reported the transtibial 
tunnel technique can improve posterior knee lax-
ity by one grade; however, the procedure does not 
restore normal knee stability. Additionally, 
degenerative knee osteoarthritis was frequently 
encountered at final follow-up [38].

Various authors have reported significantly 
improved Lysholm and Tegner scores, as well as 
side-to-side posterior tibial translation, after the 
tibial-inlay technique. However, the authors 
reported residual laxity as compared to the native 
knee [65, 70].

A systematic review compared the open tibial- 
inlay and arthroscopic transtibial tunnel tech-
niques. The authors found no difference in 
anteroposterior (AP) stability nor graft forces in 
biomechanical analysis between the two tech-
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niques. Clinically, the authors reported no signifi-
cant difference in the Tegner and Lysholm knee 
scores and AP stability at short-term follow-up 
between the two techniques [54]. Another recent 
retrospective review showed no significant differ-
ence in side-to-side posterior tibial translation 
nor Lysholm and Tegner scores between 
arthroscopic transtibial tunnel and tibial-inlay 
techniques. The authors did report the posterior 
tibial translations of the transtibial tunnel and 
tibial-inlay techniques were 5.6  ±  2  mm and 
4.7 ± 1.6 mm, respectively, which were signifi-
cantly greater than a native knee [37].

Many authors have advocated for double- 
bundle PCL-R due to residual knee laxity after 
single-bundle reconstruction [37, 71, 77]. 
However, recent literature has shown mixed 
results. Various studies have shown improved 
postoperative subjective scores and decreased 
posterior tibial translation from preoperative mea-
surements after double-bundle reconstruction. 
However, the posterior tibial translations ranged 
from 0.9 to 3.9 mm, which is still increased com-
pared to a native knee [71, 78]. A recent system-
atic review and meta-analysis found significantly 
improved posterior tibial translation and IDKC 
scores in the double-bundle group compared to 
the single-bundle group, but no difference in 
Lysholm nor Tegner scores [9]. A retrospective 
review of single-bundle and double-bundle tech-
niques showed improved mean side-to-side poste-
rior tibial translation in the double-bundle group 
compared to the single- bundle group, but no dif-
ference in knee range of motion nor Lysholm 
scores [37]. Another recent systematic review of 
seven articles reported no difference in clinical 
nor functional outcomes between single-bundle 
and double-bundle PCL-R [58].

16.5.2.7  Author’s Preferred 
Technique

The author’s preferred technique is an 
arthroscopic single-bundle anatomic PCL-R 
using a transtibial tunnel technique. For this tech-
nique, in an isolated PCL-R, the authors will use 
a quadriceps tendon autograft with bone block 
for younger patients, while an Achilles allograft 
with bone block is used for older patients and 

multiligamentous knee injuries. On the femoral 
side, a 10 mm diameter tunnel is reamed in the 
anatomic footprint of the AL bundle (Fig. 16.2). 
Augmentation of residual PCL fibers is per-
formed whenever possible, with preservation of 
the PM bundle. On the tibial side, the tibial foot-
print is fully visualized with a 70° arthroscope 
through a modified Gilquist and posteromedial 
portal. A tibial guide is then used under fluoro-
scopic guidance to place a guide pin in the center 
of the PCL tibial footprint (Fig.  16.3). A prior 
cadaveric study showed that aiming at the AL 
bundle, instead of the center of the footprint, 
increases the risk of injury to the medial menis-
cus root attachment and subsequent increased 
joint contact pressures comparable to a total 
meniscectomy [39]. A 10 mm diameter tunnel is 
reamed, with great care taken when reaching the 
far cortex, as the neurovascular bundle resides 
just posterior to tibial footprint. Before passing 
the graft, a flexible rasp is used to smooth the 
anterior aspect of the tibial tunnel aperture to pre-
vent graft attritional rupture. The graft is passed 
into the joint through the anteromedial portal. 
The soft tissue portion will be placed in the tibial 
tunnel, while the bone block placed on the femo-
ral side (Fig. 16.4). Fixation on the femoral side 

Fig. 16.2 Intraoperative femoral tunnel placement in 
single-bundle PCL-R on a left knee, as seen from the 
anterolateral portal above. The femoral tunnel has been 
reamed through an accessory anterolateral portal. The 
femoral tunnel is placed within the anatomic footprint of 
the anterolateral bundle on the medial femoral condyle. 
PCL-R posterior cruciate ligament reconstruction
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is with continuous loop suspensory fixation. The 
graft is secured on the tibial side with an interfer-
ence screw on the anterior aspect of the tunnel, 
and tensioned with the knee at 90° of flexion and 
an anterior drawer placed on the tibia.

16.5.2.8  Postoperative Rehabilitation 
(Table 16.1)

The patient is placed in a dynamic anterior drawer 
brace locked in extension immediately postoper-
ative. The patient remains non-weight-bearing 
for the first 2 weeks after surgery. At the 2 week 
mark, the patient can begin the rehabilitation pro-
gram outlined in Table 16.1. The patient primar-
ily focuses on quadriceps exercises and 
strengthening, as well as normalization of gait 
and knee range of motion. The goal of return to 
sport is approximately 6–9 months.

Fig. 16.3 Intraoperative fluoroscopy of a left knee. The 
above sagittal view demonstrates the placement of a guide 
pin for the tibial tunnel in a PCL-R.  A tibial guide is 
placed through the notch onto the anatomic tibial footprint 
of the PCL, and a guide pin is then drilled through the 
tibia to the far cortex under fluoroscopy. PCL-R posterior 
cruciate ligament reconstruction

Fig. 16.4 Intraoperative arthroscopic view from the 
anterolateral portal of a completed PCL-R of a left knee. 
The quadriceps tendon autograft with bone block is seen 
in anatomic alignment behind the ACL, with good tension 
on both the PCL graft and native ACL. PCL posterior cru-
ciate ligament, PCL-R posterior cruciate ligament recon-
struction, ACL anterior cruciate ligament reconstruction

Table 16.1 Postoperative PCL rehabilitation program

2 week • ROM from 0° to 90°
• WBAT with knee locked in extension
• Brace on at all times
• Straight leg raises

6 week • WBAT with brace unlocked
• Closed chain quadriceps strengthening in 
90° arc (leg press, wall slides)
• Quadriceps isotonics with proximal pad in 
90–40° arc
• Closed chain stationary bike, minimal 
resistance for 20 min
• Nordic track exercises
• Isometric hamstring strengthening only

12 week • Quadriceps isotonics
    – Full arc for closed chain
    – 90–40° arc for open chain
• Isokinetic quadriceps with distal pad
• Walk on treadmill (forward) and slow 
retrostep
• Continue stationary bike
• Begin straight line running at 18 weeks

24 week • Full arc progressive resistance exercises
    – Concentrate on quadriceps
• Agility drills
• Progressive running program
    – Cutting and pivoting
• Advanced functional exercises

At 0–2  weeks, the patient remains in brace locked in 
extension and is non-weight-bearing. At 2 weeks postop-
erative, the patient begins a formal rehabilitation program 
with physical therapy. The patient primarily focuses on 
quadriceps exercises and strengthening, as well as nor-
malization of gait and knee range of motion. Return to 
sport usually occurs at the 9  month postoperative time-
point. PCL posterior cruciate ligament
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16.6  Summary

PCL injuries are quite rare and account for around 
3% of all acute traumatic injuries. The diagnosis 
of PCL injuries is based on a careful clinical 
examination and radiological analysis. It is of tre-
mendous importance to combine clinical and 
radiological examinations carefully to rule out 
chronic PCL injuries. The treatment options 
include nonoperative treatment for isolated, par-
tial PCL injuries and grade 1 and 2 PCL injuries, 
and operative reconstruction for high-grade acute 
isolated PCL injuries, chronic PCL injuries, or 
multiligamentous knee injuries. The surgical 
approach can be either open or arthroscopic, and 
a single or double bundle approach can be per-
formed. Various PCL reconstruction techniques 
exist, including transtibial tunnel or tibial-inlay 
techniques. The authors prefer to perform an all- 
arthroscopic transtibial tunnel PCL reconstruc-
tion with quadriceps tendon autograft with a bone 
block.

Common complications in PCL reconstruc-
tion include persistent posterior laxity and injury 
to the neurovascular structures and meniscal 
roots during tunnel reaming. The postoperative 
treatment protocol should be individualized to 
each patient. This includes restriction of knee 
flexion initially with weight bearing as tolerated 
with the knee locked in extension, followed by 
free range of motion in a brace with weight bear-
ing as tolerated. Physical therapy should focus on 
quadriceps muscle strengthening, with a goal to 
return athletes to sport in 9–12 months.
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Technique Corner: Posterolateral 
Corner Reconstruction

Evan W. James, Kenneth M. Lin, Bruce A. Levy, 
and Robert G. Marx

17.1  Introduction

Posterolateral corner injuries are rare compared 
to other knee ligament injuries and can pose a 
significant challenge to the treating surgeon [1]. 
Diagnosis is best made using a combination of 
history, physical exam, and imaging. The mech-
anism of injury is often high energy involving 
either a varus directed force with knee hyperex-
tension or excessive tibial external rotation 
with knee flexion [2–4]. Special physical exam 
maneuvers such as the varus stress test at 0° and 
30° of knee flexion, prone dial test at 30° and 
90° of knee flexion, posterolateral drawer test, 
posterolateral spin test [5], and reverse pivot 
shift test can be used to evaluate for posterolat-
eral corner injuries [6]. Physical exam to evalu-
ate for anterior cruciate ligament (ACL), 
posterior cruciate ligament (PCL), and medial 
collateral ligament (MCL) injuries is also 
imperative since many posterolateral corner 
injuries are part of a multiligament injury pat-
tern. Plain radiographs, including knee antero-

posterior (AP), lateral, tunnel, and Merchant 
views, and magnetic resonance imaging (MRI) 
are recommended to characterize the extent of 
intra- and extra-articular pathology [7]. In addi-
tion, stress radiographs can also be useful to 
help differentiate between isolated LCL tears 
and complete (grade III) posterolateral corner 
injuries [8].

The posterolateral corner consists of static 
and dynamic stabilizers which together confer 
varus and rotational stability to the knee. The 
three primary static stabilizers include the lat-
eral collateral ligament (LCL), popliteofibular 
ligament (PFL), and popliteus tendon (PT). The 
LCL functions as the primary restraint to varus 
instability and a secondary stabilizer to internal 
and external rotation torques [9, 10]. Similarly, 
the popliteus tendon primarily provides stabil-
ity to external rotation, but also functions as a 
secondary stabilizer against varus stress, inter-
nal rotation, and anterior translation [11, 12]. 
The PFL functions as a restraint to external 
rotation torques, with highest loads seen at 60° 
of flexion [13]. Other important lateral knee 
structures include the long head of the biceps 
femoris, lateral gastrocnemius tendon, iliotibial 
band, proximal tibiofibular ligament, lateral 
joint capsule, anterolateral ligament, peroneal 
nerve, and lateral meniscus [14, 15]. A thor-
ough understanding of this complex anatomy is 
imperative when performing a posterolateral 
corner reconstruction.
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17.2  Surgical Indications

Indications for posterolateral corner reconstruc-
tion include acute midsubstance tears of the LCL, 
PFL, and/or popliteus tendon which are generally 
in association with cruciate ligament injury. 
Rarely, isolated posterolateral corner injury can 
lead to functional instability and require surgery, 
although this is far less common. The authors 
recommend using a single-stage approach when-
ever possible since outcome studies show no dif-
ference in knee function between single and 
staged posterolateral corner reconstructions in 
the multiligament injured or dislocated knee [16–
18]. Timing of posterolateral corner reconstruc-
tion is also an important variable. Emergent 
surgical intervention should be performed for 
patients with open injuries, vascular injuries, and 
irreducible dislocations. All other patients may 
undergo either acute repair or reconstruction or a 
combination thereof, typically defined as surgery 
within the first 3 weeks after injury [19–21], or 
delayed reconstruction, which occurs 4 weeks or 
later after injury. Proponents of early operative 
intervention argue that this approach allows for 
repair of some types of injuries, such as avulsion 
injuries, safer and easier exposure of the peroneal 
nerve, comparatively better clinical and func-
tional outcomes, and decreased risk for subse-
quent intra-articular injuries while awaiting 
surgery [19, 22, 23]. Additionally, as noted above, 
the surgical dissection beyond 14 days after the 
injury is much more difficult due to scarring of 
the common peroneal nerve and as such, if early 
surgery is contemplated, the surgeon should 
make every effort to approach the injury within 
that time frame. Proponents of delayed operative 
intervention cite evidence that waiting allows for 
resolution of soft tissue swelling, better knee 
range of motion, and decreased risk of wound 
complications [24, 25]. Taken together, these fac-
tors highlight that decision-making in posterolat-
eral corner injuries is complex and the operative 
plan must account for a host of variables, includ-
ing repair versus reconstruction, single stage ver-
sus multistage, and acute versus delayed surgical 
intervention.

17.3  Surgical Technique

17.3.1  Surgical Approach

The authors’ preferred technique for posterolateral 
corner reconstruction utilizes one Achilles tendon 
allograft to reconstruct the lateral collateral liga-
ment, popliteus tendon, and popliteofibular liga-
ment, along with a posterolateral capsular shift 
[17, 21, 26, 27]. Anatomic socket position and 
graft placement is essential. After anesthetic is 
administered, the patient is positioned supine on 
the operating table. An examination under anes-
thesia (EUA) is performed to assess the pattern of 
instability and to compare this with preoperative 
physical exam and imaging findings. Stress views 
with fluoroscopy can be helpful to confirm the 
diagnosis as well [28]. The extremity is then ster-
ilely prepped and draped in the standard fashion.

Surgical exposure begins with a curvilinear lat-
erally based incision made extending proximally 
along the middle of the iliotibial band and distally 
over Gerdy’s tubercle and anterior to the fibula. 
The incision must be sufficiently anterior to allow 
for exposure of the distal femur with the knee 
flexed. A skin flap is raised which falls posteriorly 
and the biceps femoris is located. The common 
peroneal nerve is identified just posterior to the 
biceps femoris and a peroneal neurolysis is per-
formed to allow the nerve to be protected through-
out the procedure. The nerve is tagged with a 
vessel loop or Penrose drain to facilitate safe 
mobilization and protection for the duration of the 
procedure. The iliotibial band is incised longitudi-
nally following the trajectory of the skin incision. 
Next, subperiosteal dissection is performed over 
the proximal lateral aspect of the fibular head 
using a Cobb elevator. Blunt dissection is carried 
posteriorly to develop the interval between the 
posterior border of the fibula and biceps femoris. 
This creates space to facilitate graft passage.

17.3.2  Graft Preparation

The graft of choice for this technique is a nonir-
radiated fresh-frozen Achilles tendon allograft. 
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The graft can be prepared at the back table either 
by an assistant during the surgical approach or by 
the surgeon at this point in the case or prior. The 
calcaneus allograft is trimmed to create a 
9 × 20 mm bone block, and the tendinous portion 
is trimmed and tubularized with no. 5 suture to 
7-mm in diameter for the distal half of the graft 
for passage through the fibular head tunnel. 
Passing sutures are placed to help facilitate graft 
passage after creation of the fibular and femoral 
tunnels.

17.3.3  Associated Pathology

Concomitant meniscal and/or cruciate ligament 
pathologies are addressed arthroscopically. This 
can be done prior to the open lateral surgery, or in 
the acute situation the open lateral surgery can be 
done first, allowing fluid from the subsequent 
arthroscopy to egress through the lateral capsular 
disruption which avoids fluid leak into the leg 
and possible compartment syndrome. If a menis-
cus tear is present, it can be treated either with 
meniscal repair, if amenable, or partial meniscec-
tomy. If a cruciate ligament injury is present, 
ACL and/or PCL reconstruction tunnels are cre-
ated and the graft(s) secured in the femoral 
tunnel(s). For PCL reconstructions, the graft may 
be secured in the tibia at the same time. For ACL 
reconstructions, fixation on the tibial side should 
occur after the posterolateral corner graft is 
secured due to a risk of creating a fixed external 
rotation deformity [29]. Osteochondral injuries 
may also be addressed at this time as needed.

17.3.4  Reconstruction Tunnels 
and Graft Passage

A Kirschner wire is passed from anterolateral to 
posteromedial in the fibular head at the insertion 
of the LCL to the fibular styloid at the attachment 
site of the PFL. Care must be taken not to over-
penetrate the wire, which could cause iatrogenic 
injury to the popliteal artery or common peroneal 
nerve. The wire is over-reamed with a 7-mm 
reamer. Any residual soft tissue obscuring the 

tunnel aperture is removed with a rongeur and 
electrocautery. A passing suture is used to pass 
the graft posterior to anterior through the fibula 
and under the biceps femoris.

Next, attention is turned to the femur. A guide-
wire is placed in the anterior one-fifth of the pop-
liteal sulcus and position is confirmed on 
fluoroscopy. The guidewire is over-reamed with a 
9-mm reamer to create a closed socket tunnel that 
is 20 mm in depth. The bone plug of the Achilles 
tendon allograft is then advanced into the tunnel 
and secured with a 7 mm by 20 mm metal inter-
ference screw. Gentle traction should be applied 
to the graft to ensure satisfactory fixation and 
purchase of the interference screw. The graft is 
then passed down the popliteal tendon trajectory 
deep to the biceps towards the posterior aspect of 
the fibular head and then from back to front 
through the fibular head (Fig. 17.1).

Attention is then turned back to the femur. The 
femoral origin of the LCL is identified just proxi-
mal and posterior to the lateral epicondyle, 
approximately 18 mm from the popliteus tendon 
insertion, which recreates the native anatomic 
distance between the femoral attachments of the 
LCL and popliteus tendon [30]. A Beath pin is 
advanced at the LCL femoral origin. The graft is 
then draped over the Beath pin and the knee 
cycled through flexion and extension to evaluate 
for graft isometry. Once satisfactory isometry is 
confirmed, the pin is over-reamed with a 7-mm 
reamer to a depth of 50 mm, or to the far cortex. 
The sutures are passed through the eyelet of the 
Beath pin and pulled from lateral to medial in 
order to pass the graft into the tunnel. After defin-
itive cruciate graft fixation, the LCL graft is ten-
sioned while applying a valgus force with the 
knee in 30° flexion and gentle internal rotation 
and secured with a 8  ×  25  mm bioabsorbable 
interference screw or metal soft tissue screw. 
This completes the ligament reconstruction por-
tion of the procedure.

Finally, a posterolateral capsular shift is per-
formed to further augment the reconstruction. 
Non-absorbable No. 2 sutures are passed through 
the joint capsule, advanced anteriorly, and tied to 
plicate the capsule. This confers additional 
strength to the repair construct and restores nor-
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mal tension to the posterolateral joint capsule 
that is often torn or attenuated in posterolateral 
corner injuries. In the acute setting, the capsule 
can be repaired directly to the femur or tibia from 
where it has been avulsed with anchors.

The wounds are then copiously irrigated and 
closed in a layered fashion. The iliotibial band is 
closed with a nonabsorbable No. 1 suture. The 
peroneal nerve is again inspected to ensure that it 
was adequately protected for the duration of the 

procedure. The subcutaneous layers are closed 
with absorbable suture and the skin with a run-
ning subcuticular stitch. A sterile dressing is 
applied. A knee brace is applied with a slight val-
gus bend prior to the patient being awoken from 
anesthesia to ensure that the reconstruction 
remains protected. Our protocol is to provide 
chemoprophylaxis for deep vein thrombosis to 
the patient until transitioned back to full weight 
bearing.

Fig. 17.1 The authors’ preferred posterolateral corner 
reconstruction depicting (a) lateral view of fibular and 
femoral reconstruction tunnels and graft placement, and 

(b) anteroposterior view of tunnel and graft placement 
and the posterolateral capsular shift. (Reproduced with 
permission from Schechinger et al. [21])
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17.4  Rehabilitation Protocol

Postoperatively, the operative extremity is placed 
in either a valgus-producing unloader brace or a 
straight hinged knee brace with a slight valgus 
bend. This brace is worn continuously for the first 
6  weeks before switching to a custom valgus 
unloader brace for the next 8–12  months [21]. 
Rehabilitation follows a staged approach, with 
sequential phases of rehabilitation focusing on 
range of motion, muscular endurance, muscular 
strength, and power [20, 31, 32]. During the first 
6  weeks, knee range of motion is gradually 
increased to a full arc of motion. Patellar mobility 

can be performed along with quadriceps activa-
tion to achieve terminal extension. During weeks 
2–6, weight bearing is progressively increased to 
full, and after that, gentle strengthening exercises 
are initiated. The strength program focuses first 
on building a muscular endurance base followed 
by increasing muscular strength. Once symmet-
ric strength is achieved, the focus shifts to build-
ing power, performing functional exercises such 
as plyometrics, and initiation of sport-specific 
movements. When satisfactory gains have been 
achieved, the decision to return to full participa-
tion in activities and sport is based on functional 
testing, psychological readiness, and clearance 
by the treating surgeon.
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17.5  Surgical Outcomes

Outcomes following this posterolateral corner 
reconstruction technique show excellent results at 
short to mid-term follow-up. Sanders et  al. 
reported outcomes in 61 patients with multiliga-
mentous injuries who underwent PLC reconstruc-
tion [17]. At a mean follow-up of 3.8 years (range 
2–9 years), the mean IKDC score was 74.1 ± 22.3, 
mean Lysholm score was 80.3 ± 21.8, mean range 
of motion 0–126°, and 95% of patients had no 
increased laxity in full extension. Similarly, 
Schechinger et  al. reported outcomes in 16 
patients (7 patients with a two-ligament injury 
such as ACL or PCL and PLC injury and 9 patients 
with multiligamentous injuries) at a minimum 
follow-up of 24  months (range 24–75  months) 
[21]. There were no significant differences found 
in the International Knee Documentation 
Committee [33] subjective scores or Lysholm 
scores [34] between the two ligament and multi-
ligament cohorts. Four patients demonstrated per-
sistent 1+ varus laxity, but no appreciable 
functional deficits were noted. With respect to 
complications, one patient experienced arthrofi-
brosis requiring manipulation, but no patients 
required revision surgery. Taken together, this 
data supports the effectiveness of this technique 
for restoring posterolateral knee stability in both 
two ligament and multiligament injury patients. 
However, additional follow-up is required to fur-
ther evaluate long-term outcomes.

17.6  Complications

Complications following posterolateral corner 
reconstruction include those associated with 
any open lower extremity surgery: superficial 
and deep infection, wound dehiscence, and 
deep vein thrombosis. Injury to the distal femo-
ral and proximal fibular physis may occur in 
skeletally immature patients during tunnel 
reaming and may require non-anatomic tunnel 
placement [35]. Common peroneal nerve injury 
is rare but has been reported to occur in approx-
imately 2% of cases [36, 37]. In addition, the 
tourniquet should be let down and hemostasis 

achieved prior to closing due to the risk of a 
postoperative hematoma causing compression 
of the common peroneal nerve at the level of 
the fibular neck [38]. Range of motion loss may 
occur due to arthrofibrosis or graft malposition. 
Finally, persistent varus or posterolateral rota-
tory instability may result from graft failure, 
failure of fixation, or unrecognized concomi-
tant injury.

17.7  Conclusions

Posterolateral corner injuries represent a signifi-
cant challenge to the treating surgeon. These 
injuries can be difficult to diagnose, requiring 
integration of a constellation of findings in the 
patient’s history, physical exam, and imaging. 
Furthermore, posterolateral corner injuries are 
often high energy and associated with ACL, PCL, 
MCL, and/or neurovascular injuries, which can 
pose an even greater challenge. In this chapter, 
the authors’ preferred posterolateral corner 
reconstruction technique is presented, which uti-
lizes an Achilles tendon allograft to reconstruct 
the LCL, popliteus tendon, and the PFL along 
with a posterolateral capsular shift to provide 
additional stability. The technique is based on 
anatomic sockets and graft placement. Two- to 
nine-year outcome studies show excellent clini-
cal and functional outcome scores with low risk 
of need for revision surgery.
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Technique Corner: MCL

Robert S. Dean, Brady T. Williams, Jill K. Monson, 
Robert F. LaPrade, and Jorge Chahla

18.1  Anatomy and Function

The PMC extends from the medial aspect of the 
patellar tendon to the medial border of the gas-
trocnemius tendon. It is comprised of five major 
structures including the superficial MCL (sMCL), 
deep MCL (dMCL), posterior oblique ligament 
(POL), oblique popliteal ligament (OPL), and 
posterior horn of the medial meniscus (PHMM) 
[1]. Additionally, the semimembranosus and its 
respective expansions provide dynamic stability 
to the PMC. In contrast to the lateral side of the 
knee, the bony anatomy of the medial femoral 
condyle and the medial tibial plateau articulates 
in a convex on concave fashion, which is inher-
ently stable [1].

The superficial medial collateral ligament 
(sMCL) is the largest structure of the medial 
aspect of the knee and serves as the primary 
restraint to valgus forces and gapping and has a 
secondary role in resisting external tibial rotation, 
and serves as a minor restraint against anterior 
translation in ACL-deficient knees. The center of 
the femoral attachment is located 3.2 mm proxi-
mal and 4.8 mm posterior to the medial epicon-
dyle. Distally, there are two distinct tibial 

attachments. The proximal tibial attachment is 
found directly over the anterior arm of the semi-
membranosus, approximately 11.2  mm distal to 
the joint line. The sMCL continues distally, cours-
ing over the inferior medial genicular artery and 
vein and branch of the tibial nerve, before reat-
taching at its distal tibial insertion, 61.2 mm distal 
to the joint line [1]. This attachment is largely 
within the pes anserine bursa and constitutes a 
significant portion of the posterior floor of the 
bursa. The sMCL is approximately 9–10  cm in 
length (Figs. 18.1 and 18.2) [1].

The deep medial collateral ligament (dMCL) 
or mid-third medial capsular ligament is essen-
tially a thickening of the medial joint capsule that 
is deep and partially adherent to the sMCL, with 
deep attachments to the medial meniscus [1]. The 
dMCL has distinct portions including a menisco-
femoral portion that attaches distal and deep to 
the femoral attachment of the sMCL, and a 
meniscotibial portion that is much shorter and 
thicker, which attaches just distal to the edge of 
the articular cartilage of the medial tibial plateau 
(Fig. 18.3) [1].

The posterior oblique ligament (POL) con-
tains three fascial attachments including the 
superficial, central, and capsular arms [3, 4]. 
Collectively, they course from the distal aspect of 
the semimembranosus tendon and travel longitu-
dinally across the joint line. The POL originates 
on the femur 7.7 mm distal and 6.4 mm posterior 
to the adductor tubercle, and 1.4 mm distal and 
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2.9 mm anterior to the gastrocnemius tubercle [1, 
2]. Proximally, the superficial arm blends with 
the central arm, while distally it courses parallel 
and posterior to the sMCL, ultimately blending 
with the distal tibial expansion of the semimem-
branosus and its respective tibial attachment [1, 
5]. The central arm of the POL is the largest and 
most substantial division. It originates from the 
distal aspect of the semimembranosus tendon, 
reinforcing the posteromedial capsule with 
attachments to the medial meniscus. Anteriorly, 
the central arm blends with the posterior aspect 
of the sMCL. Lastly, the capsular arm of the POL 
originates from the distal semimembranosus ten-
don, just posterior and lateral to the meniscofem-
oral capsular attachments of the central arm. The 
capsular arm blends with the posteromedial joint 
capsule and the medial aspect of the OPL [1] 
(Figs. 18.1 and 18.2) [1].

The semimembranosus tendon bifurcates into 
the direct arm and the anterior arm as it crosses 
the joint line. The direct arm is the primary 
attachment and inserts distally into a small groove 
just proximal to the tuberculum tendinis and pos-
terior to the medial tibial crest. The anterior arm 
of the tendon blends with the capsular arm of the 

POL, which then merges with the posteromedial 
joint capsule with a reported attachment to the 
posterior inferior margin of the PHMM [1, 4, 6]. 
The anterior arm continues, passing deep to the 
superficial arm of the POL to its tibial attach-
ment, deep to the proximal tibial attachment of 
the sMCL (Figs. 18.1 and 18.2).

The oblique popliteal ligament (OPL) is a 
broad fascial band that courses diagonally across 
the posterior aspect of the knee with an average 
reported length of 48 mm [1]. It originates from 
the capsular arm of the POL and the lateral 
expansion of the semimembranosus tendon and 
extends laterally until reaching its two attach-
ment sites. The proximal and lateral attachment 
is to an osseous or cartilaginous fabella including 
the meniscofemoral portion of the posterolateral 
joint capsule and the plantaris muscle. The distal 
and lateral attachment is just lateral to the poste-
rior cruciate ligament (PCL) and distal to the pos-
terior root of the lateral meniscus.

The posterior horn of the medial meniscus 
(PHMM) is the most important weight-bearing 
portion of the medial meniscus and is intimately 
associated with the posteromedial capsule, POL, 
and distal expansion of the semimembranosus 

Fig. 18.1 Anatomical 
illustration of the major 
medial structures of a 
left knee. AMT adductor 
magnus tendon, AT 
adductor tubercle, GT 
gastrocnemius tubercle, 
MPFL medial 
patellofemoral ligament, 
ME medial epicondyle, 
MGT medial 
gastrocnemius tendon, 
SM semimembranosus, 
sMCL superficial medial 
collateral ligament, POL 
posterior oblique 
ligament, VMO vastus 
medialis obliquus 
muscle, MM medial 
meniscus. (Adapted with 
permission from Coobs 
et al. [2])
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tendon [1, 7]. The posterior meniscocapsular 
attachment of the PHMM has an average reported 
length of 20.2  mm. The entire PHMM has an 
average total length of 21.3 mm measure along 
the periphery and is largely confluent with the 
posterior capsule [8, 9].

The adductor magnus tendon (AMT) attaches 
in a small bony depression 3.0 mm posterior and 
2.7  mm proximal to the adductor tubercle. The 
adductor magnus tendon is rarely injured and 
serves as a reliable anatomical reference for 
medial knee reconstructions. Posteriorly, the 
adductor magnus tendon has a thick fascial 
attachment, originating distally and attaching to 
the proximal aspect of the medial gastrocnemius 
tendon and posteromedial joint capsule 
(Fig. 18.4) [1].

18.2  Mechanism of Injury 
and Clinical Presentation

Patients with medial knee injuries typically pres-
ent after having experienced a forced valgus 
stress to the knee. Severe injuries can present 
with side-to-side instability, valgus thrust with 

Fig. 18.2 Dissection of a right knee from a medial view-
point. AT adductor tubercle, ME medial epicondyle, 
MPFL medial patellofemoral ligament, POL posterior 
oblique ligament, sMCL superficial medial collateral liga-
ment, Semimemb semimembranosus

Fig. 18.3 Dissection of a left knee from a medial view-
point. dMCL deep medial collateral ligament, MC medial 
femoral condyle, MM medial meniscus

Fig. 18.4 Medial view of a right knee positioned in 90°of 
flexion, dissected to demonstrate the muscular and tendi-
nous structures of the medial knee. AMT adductor magnus 
tendon, GT medial gastrocnemius tendon, P patella, PT 
patellar tendon, SM semimembranosus, VMO vastus 
medius obliquus muscle
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ambulation, and significant limitations in physi-
cal activity [10].

The joint line should be palpated, making sure 
to individually palpate the meniscofemoral and 
meniscotibial divisions. A comprehensive exam, 
including gait observation, should be performed 
to evaluate concomitant ligamentous or meniscal 
pathologies. Additionally, a valgus stress test 
should be performed with the knee in 20° of flex-
ion and also in full extension. The medial joint 
line can be palpated while performing the valgus 
stress exam to approximate the amount of medial 
compartment gapping. Increased gapping with 
valgus stress testing at 20° is indicative of an iso-
lated sMCL injury. Conversely, increased medial 
compartment gapping in full extension suggests a 
more severe medial-sided injury with possible 
cruciate ligament involvement [11]. Another 
medial knee specific exam maneuver is the 
anteromedial drawer test. Increased rotation 
compared to the contralateral extremity indicates 
an injury to the distal aspect of the sMCL, POL, 
and meniscotibial portion of the dMCL. The dial 
test should also be performed at both 30° and 90° 
of knee flexion [10, 12, 13].

18.3  Diagnosis and Imaging

Suspicion for medial knee injury warrants valgus 
stress radiographs, which are both objective and 
reproducible [14]. Typically, these are performed 
with the knee in 20° flexion with a foam bolster 
under the knee, and a 10 N clinician-applied val-
gus stress. The radiographs are assessed for side- 
to- side differences (SSD) in medial compartment 
gapping using the contralateral uninjured leg as a 
reference [10]. LaPrade et al. [14] reported that at 
20°, an isolated grade III sMCL tear results in an 
average of 3.2 mm SSD in medial compartment 
gapping, while complete rupture of the PMC 
results in an average of 9.8 mm SSD in medial 
gapping [14]. Objective metrics such as valgus 
stress radiographs are particularly valuable in the 
chronic setting when the clinical exam findings 
may be equivocal (Fig. 18.5) [10, 15].

Standard anteroposterior (AP) and lateral 
radiographs can demonstrate avulsions near the 
native attachment sites of the sMCL should 
increase the suspicion for medial-sided injuries 
[16–18]. For chronic injuries, full-length weight- 
bearing radiographs to assess for coronal plane 

a b

Fig. 18.5 Valgus stress radiographs obtained in 20°of 
flexion demonstrating medial knee laxity. (a) The injured 
right knee demonstrates 12.8 mm of medial gapping on 
valgus stress testing, compared to (b) the contralateral 

healthy limb (left knee) which demonstrates 9.4 mm of 
medial gapping. This 3.4  mm side-to-side difference is 
consistent with a grade III sMCL tear

R. S. Dean et al.
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alignment can be valuable given that valgus 
malalignment leads to an increased risk for 
medial instability. If valgus malalignment is 
identified in chronic cases, alignment correction 
via osteotomy can be considered prior to, or con-
current, with surgical intervention [19].

Magnetic resonance imaging (MRI) is highly 
sensitive with a reported sensitivity of 86% for 
diagnosing acute grade III sMCL injuries [20, 
21]. In addition to evaluating for sMCL attenua-
tion or increased signal intensities at the bony 
attachment sites, clinicians should also evaluate 
for lateral compartment bone bruises, which may 
be present in 45% of isolated sMCL tears [22].

18.3.1  Conservative Management

Grade I or II sMCL injuries can initially be 
treated conservatively. Early ROM promotes col-
lagen proliferation and organization that contrib-
ute to increased tissue strength [15, 23], and 
helps avoid the deleterious effects of immobiliza-
tion including ground substance leaching at liga-
ment attachment sites and decreased tissue 
biomechanical properties [24–27].

Early goals of conservative management are 
to create a protective environment for healing, 
reduce joint inflammation, and gradually restore 
ROM, strong volitional quadriceps activation, 
and normal functional movement patterns [28, 
29]. Hamstring muscle activation and strengthen-
ing should be phased in gradually, as the proxim-
ity of medial hamstring’s insertion to the area of 
injury may contribute to pain and irritation. 
Postural stability and balance should also be 
addressed to improve limb and trunk motor con-
trol and reduce the risk of reinjury. Sport-specific 
training progressions may be implemented as 
individual muscle strength testing and athletic 
performance measures (Y-balance, hop testing) 
demonstrate first >80% limb symmetry index 
(LSI), and eventually >90% LSI. Objective test-
ing should guide decision making with regard to 
return to sport participation [30–34]. The litera-

ture on biological augmentation is both inconclu-
sive and controversial [35, 36].

Overall, conservative treatment of isolated 
sMCL tears have been reported to provide good 
or excellent subjective patient-reported outcomes 
as defined by the Hospital for Special Surgery 
Knee Score [37–41]. However, more severe inju-
ries, particularly those distal to the joint line, 
often require surgical management.

18.3.2  Operative Treatment

Failed conservative management of sMCL tears, 
patients with valgus gapping in full extension, or 
chronic medial-sided laxity, can result in debili-
tating, persistent instability, ACL dysfunction 
and injury, weakness, and accelerated progres-
sion of osteoarthritis [42]. In these cases, surgical 
intervention is usually warranted. Multiple surgi-
cal techniques have been described including 
direct suture repair of the sMCL and POL [43], 
primary repair with augmentation [44], advance-
ment of the tibial insertion site of the superficial 
medial collateral ligament [45], pes anserinus 
transfer [46], proximal advancement of the super-
ficial medial collateral ligament [47], non- 
anatomic reconstruction techniques [48], and 
anatomic reconstruction techniques [2]. The sur-
gical options discussed in the current chapter will 
focus on the authors’ preferred technique, while 
also discussing non-anatomic reconstruction and 
ligament repair.

18.4  Authors’ Preferred Operative 
Treatment

For single-stage procedures, the authors’ pre-
ferred techniques are either an anatomic, double- 
bundle reconstruction of the PMC or an anatomic 
augmented repair. Biomechanically, there is no 
significant difference between these procedures, 
with both resulting in significantly improved 
knee stability [15, 49].

18 Technique Corner: MCL
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18.4.1  Anatomic Reconstruction, 
Double Bundle

Coobs et al. [2] developed, and biomechanically 
validated, an anatomic reconstruction of the PMC 
that recreates the sMCL, including proximal and 
distal segments, and the POL using two indepen-
dent grafts and a total of four bone tunnels, 
including two femoral and two tibial tunnels [2]. 
Soft tissue (hamstrings or anterior tibialis) 
allografts or gracilis and semitendinosus auto-
grafts are the preferred graft choices for this tech-
nique. On average, the sMCL graft should be 
16  cm in length and the POL graft should be 
12 cm in length. The original technique describes 
a single anteromedial incision; however, adapta-
tions may use three smaller incisions for this pro-
cedure. First, the distal tibial insertion of the 
sMCL is identified. It can be found deep to the 
pes anserinus bursa, approximately 6.12 cm dis-
tal to the joint line [1, 50]. Once the distal tibial 
footprint is identified, the hamstring tendons can 
be harvested if utilizing an autograft-based recon-
struction. Next, a 2.4-mm eyelet guide pin is 
placed medial to lateral through the tibia, fol-
lowed by a 7-mm tunnel reamed to a depth of 
25 mm. Next, the central arm of the POL is iden-
tified. It is located along the posteromedial tibia, 
slightly anterior to the insertion of the semimem-
branosus tendon at the posterior margin of the 
anterior arm. With the footprint located, a guide 
pin is placed in an oblique direction toward 
Gerdy’s tubercle, followed by a 7-mm tunnel 
reamed to a depth of 25 mm.

Next, attention is turned to the femur. In order 
to accurately identify the femoral landmarks, the 
distal attachment of the AMT is identified. The 
AMT is utilized to dissect down to and identify 
the adductor tubercle [51]. From there, the medial 
epicondyle can be identified 12.6 mm distal and 
8.3  mm anterior to the adductor tubercle. The 
sMCL attachment site is 3.2  mm proximal and 
4.8 posterior to the medial epicondyle. 
Identification of key anatomic landmarks on the 
femur may require fluoroscopy to assist with 
proper identification [52]. Once the sMCL femo-
ral origin is identified, a guide pin is placed 
anterolaterally across the distal thigh. However, 

this tunnel should not be reamed until the femoral 
footprint of the POL is also identified in order to 
avoid tunnel convergence. The POL attachment 
site is 7.7 mm distal and 2.9 mm anterior to the 
gastrocnemius tubercle. This can be more easily 
identified if the posteromedial capsule is torn off 
the femur; however, if the capsule is still intact, a 
small incision can be made just posterior to the 
remnants of the sMCL, vertically and into the 
joint, to identify its femoral attachment site. Once 
the POL attachment site is identified, an eyelet 
passing pin can be placed and both femoral tun-
nels can be reamed with a 7-mm reamer to a 
depth of 25  mm. Next, any additional medial 
knee pathology should be addressed: This 
includes repair of the semimembranosus using a 
suture anchor, and/or repair of the dMCL using a 
suture anchor. From here, the grafts can be passed 
and tensioned using 7 × 20 bioabsorbable screw. 
The POL is fixed with the knee in full extension 
and neutral rotation, followed by the sMCL 
which is fixed with the knee in 20° of flexion and 
neutral rotation, while applying a gentle varus 
force (Fig. 18.6) [54].

18.4.2  Anatomic Augmented 
Surgical Repair with 
Semitendinosus Tendon 
Autograft

The sMCL augmented repair begins with dissec-
tion of the superficial medial knee and identifica-
tion of the semitendinosus tendon at its anatomic 
tibial attachment for graft harvesting. The tendon 
is then anchored to the tibia at the sMCL distal 
attachment (approximately 6  cm distal to the 
joint line) [1] using both suture anchors and addi-
tional sutures to reattach the graft to the underly-
ing remnant of the distal sMCL. The graft is then 
passed proximally, deep to the intact sartorius 
facia, to the femoral attachment site of the sMCL 
described previously. This attachment site can be 
found proximal and posterior to the medical epi-
condyle. At the anatomic footprint, a femoral 
tunnel is reamed with a 7-mm reamer to a depth 
of 35 mm. The free end of the graft is measured 
and 3 cm of the graft is whip-stitched. The graft 
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is then fixed with a 7  ×  25  mm bioabsorbable 
interference screw, while a 60 N traction force is 
applied with the knee in 20° of flexion, neutral 
rotation, and a slight varus force [55]. Finally, a 
suture anchor is used to anatomically restore the 
proximal tibial division of the sMCL, directly 
over the anterior arm of the semimembranosus 
(Fig. 18.7) [44, 45, 56].

18.4.3  Staged Surgical Management

When valgus malalignment is identified on full- 
length weight-bearing radiographs for chronic 

PMC and sMCL tears, surgeons may consider a 
two-stage intervention, beginning with an oste-
otomy to correct the alignment followed by 
medial-sided reconstruction as described above 
[57]. Osteotomy can be particularly valuable in 
the setting of chronic medial-sided knee injuries 
with valgus malalignment. One study demon-
strated a 36% reduction in medial compartment 
gapping on valgus stress radiographs following 
a lateral opening-wedge distal femoral osteot-
omy for the correction of a valgus deformity 
[58].

Fig. 18.6 Illustration of a left knee depicting the anatomic 
posteromedial corner reconstruction utilizing two grafts 
and four separate bone tunnels. POL posterior oblique 
ligament, sMCL superficial medial collateral ligament. 
(Reproduced with permission from Coobs et al. [53])

Fig. 18.7 Illustration of a left knee depicting the ana-
tomic augmented superficial medial collateral ligament 
(sMCL) repair. The semitendinosus is rerouted and 
secured at the sMCL footprint on the medial femoral 
condyle. (Reproduced with permission from Wijdicks 
et al. [49])

18 Technique Corner: MCL



208

18.5  Other Surgical Options

18.5.1  MCL Repair

Repairs have been reported to result in inferior 
outcomes compared to augmented repair or 
reconstruction techniques [59, 60]. When per-
formed, a small incision is made over the medial 
epicondyle near the femoral origin of the 
sMCL.  After careful dissection, the proximal 
stump and the avulsed sMCL are identified. 
Starting distally, the sMCL is sutured toward the 
proximal avulsion using a Bunnell-type pattern. 
Once suture passing is complete, a punch tap is 
used to create a threaded hole for suture anchor at 
the anatomic footprint. The repair sutures are 
passed through a suture anchor loaded with 
FiberTape that will function as the internal brace. 
The knee is flexed to 30° during fixation in order 
to avoid capturing the joint [61]. Repetition of 
this technique can be used to reapproximate other 
damaged structures including the POL.

18.5.2  Non-anatomic Reconstruction

Non-anatomic reconstructions have been 
described in the literature [48]. While there are 
several reported variants of this technique, one 
such technique places the tibial attachment more 
proximal to allow for the use of a shorter graft 
[62]. Another technique involves rerouting the 
semitendinosus without augmentation at the dis-
tal sMCL attachment on the tibia [63–65]. Given 
the subtle alterations in native anatomy associ-
ated with these procedures, it is likely that these 
surgeries either alter the native joint biomechan-
ics or eventually lead to graft failure.

18.6  Rehabilitation

Postoperative rehabilitation emphasizes early 
range of motion as it has been shown to decrease 
stiffness [31]. Specific rehabilitation protocols 
are dependent on the concomitant surgical proce-
dures; however, isolated PMC reconstruction 
rehabilitation entails non-weight bearing with 

crutches and the use of a stabilizing knee brace 
for the first 6 weeks postoperatively. During this 
time, patients should undergo intensive physical 
therapy with focus on pain and swelling reduc-
tion, progressive passive to active-assisted ROM, 
and quadriceps activation exercises [66–69]. 
Conversely, surgical reconstruction of isolated 
sMCL injuries allows for partial weight bearing 
during the first 6 weeks after operation. Compared 
to nonoperative management, postoperative reha-
bilitation is more restricted in the early recovery 
period due to soft tissue trauma associated with 
surgery. This ensures protection for adequate 
healing at the bone tunnel and suture graft fixa-
tion sites. Goals for therapy progression and 
return to activity/sport are similar to those for the 
nonoperative management pathway, but with 
slightly delayed progression. Assuming progres-
sive functional milestones are met, including 
passing the Sport Performance TRAC Testing 
(Testing for Return to Athletic Competition), 
patients with isolated PMC injuries are expected 
to return to sport 6–9  months following PMC 
reconstruction. The step-by-step milestones for 
MCL rehabilitation are provided in Fig. 18.8.

18.7  Outcomes

Historically, repairs were the preferred surgical 
technique; however, clinical outcomes following 
surgical repair of PMC injuries in the setting of 
multiligament knee injuries have reported failure 
rates of 20%, compared to 4% following recon-
struction techniques [60].

Kim et al. [70] described clinical outcomes of 
nonanatomic reconstructions of the PMC using a 
semitendinosus autograft with a preserved tibial 
attachment in a 24 patient case series. They 
reported a reduction from 7.8 mm of medial com-
partment gapping on valgus stress radiographs to 
less than 2 mm postoperatively in 91.7% (22/24) 
of patients. Furthermore, they reported normal or 
nearly normal IKDC scores in 92% of patients 
and mean postoperative Lysholm score of 91.9 
[70]. Ibrahim et al. [71] reported 33% (5/15) of 
patients demonstrated 1+ residual valgus laxity at 
average 43  month follow-up after nonanatomic 
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36

0

Weeks

Phase 5

Phase 4

Muscular Power

Weeks 16-24

Return to play

Weeks 20+

Phase 3

Muscular Strength

Weeks 10-20+

Phase 2

Muscular Endurance

Weeks 8-12

Phase 1

ROM/Muscular Initiation

Weeks 0-8

Goals:
1- Independent with exercise program
2- Demonstrate good self-awareness of proper
lower extremity alignment during high-level
drills

Goals:
1- Demonstrate self-awareness of proper lower
extremity alignment with closed kinetic chain and
impact drills

Progression Criteria:
1- Y-Balance anterior reach test <5cm difference
compared to uninvolved side.

Progression Criteria:
1- Y-Balance test score >94%
2- Quadriceps Index >90%
3- Modified agility T-test >90% of uninvolved
side
4- straight leg hop series >90%

Frogression Criteria:
1- Quadriceps index >80%
2- Anterior reach on Y-Balance test <8cm
difference compared to uninvolved side

Goals:
1- Resume normal stair climbing
2- Proper mechanics with closed kinetic chain
lower extremity activities

Progression Criteria:
1- Resolution of joint effusion
2- Restoration of full ROM

Goals:
1- Control effusion and pain
2- Maintain full extension
3- Knee flexion >115 degrees
4- Reactivating quadriceps
5- Straight leg raise with no lag
6- Patellofemoral mobility

Progression Criteria:
1- 90 second hold in single leg squat position at 45
degrees of knee flexion

Goals:
1- ROM without knee extension lag
2- Normal gait mechanics
3- Normalization of walking speed & distance

Fig. 18.8 Progressive rehabilitation protocol and timeline of milestones
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sMCL reconstruction [71]. In 61 patients with 
grade III or IV medial instability at time of sur-
gery, Lind et  al. [72] reported 98% normal or 
nearly normal medial stability, and a reported 
91% satisfaction rating with nonanatomic recon-
struction at 2 year follow-up [72]. Liu et al. [73] 
reported a relative increase of 1.1 mm in SSD on 
stress radiographs, but excellent subjective 
patient reported outcomes scores after nonana-
tomic double-bundle reconstruction. Dong et al. 
[74] reported anteromedial rotary instability in 
9.4% of patients, with an average of 2.9 mm of 
residual SSD of medial compartment opening on 
stress radiographs after double bundle, nonana-
tomic reconstruction.

LaPrade and Wijdicks reported on 28 patients 
with single-stage anatomic reconstructions of the 
PMC (POL and sMCL), with concurrent cruciate 
ligament reconstruction [2]. Patients reported 
improved subjective IKDC scores, and all 
patients demonstrated resolution of side-to-side 
medial instability at 2-year follow-up. On valgus 
stress radiographs, there was improvement from 
6.3 mm preoperatively to 1.3 mm in side-to-side 
medial compartment gapping [10].

The most common reported complications for 
anatomic reconstruction techniques included 
subsequent deep implant removal, persistent 
pain, superficial wound infection, joint stiffness, 
and arthrofibrosis [50, 75, 76]. However, recent 
progression in rehabilitation practices including a 
focus on early range of motion and more aggres-
sive weight-bearing protocols have favored 
single- stage surgery [77].

18.8  Management in Concomitant 
Cruciate Injury

It has been reported that 78% of patients with 
grade III MCL injuries have a concomitant cruci-
ate injury [61, 62]. Of note, a previous study 
reported that in patients with combined sMCL 
and ACL tears confirmed operatively, 95.7% 
(22/23) of patients were also found to have a POL 
injury [78].

Previous studies have reported positive out-
comes following delayed ACL reconstruction 

with early surgical management of sMCL inju-
ries and subsequent rehabilitation to regain val-
gus stability [79]. Conversely, biomechanical 
analysis suggests that in the ACL-deficient knee, 
there is increased tension on the sMCL with 30° 
of flexion and anterior translation suggesting that 
ACL deficiency may potentially compromise the 
sMCL graft [80]. Reciprocally, biomechanical 
research has also demonstrated that both persis-
tent anteromedial rotatory instability and valgus 
instability leads to increased forces on the ACL 
suggesting that isolated ACL reconstruction with 
a deficient sMCL may compromise the ACL 
graft. As such, the majority of literature supports 
operative treatment of complete PMC injuries at 
the time of cruciate ligament reconstruction, 
especially for those patients with residual valgus 
laxity after nonoperative management of medial 
knee injury [66, 81–83].

In the case of suspected combined PCL and 
MCL injury, it is important to surgically recon-
struct all injured ligaments in the acute setting, 
with thorough exploration of the additional PMC 
structures [83]. Specifically, the POL plays an 
important role in the stability of the PCL and fail-
ure to address any injury to this structure could 
compromise the PCL reconstruction [84]. The 
current authors preferred surgical technique has 
been described by Crawford et al. [85].

18.9  Conclusion

Both conservative and operative management of 
medial ligamentous knee injuries have an impor-
tant role. Clinical examination, including the use 
of valgus stress radiographs and MRI, allows for 
an appropriate diagnosis and objective classifica-
tion of medial-sided knee ligament injuries, 
which can then help dictate the appropriate 
course of treatment. When surgery is indicated, 
anatomic reconstruction or augmented repair is 
preferred given that they have been both biome-
chanically and clinically validated. Furthermore, 
staged or concurrent correction of valgus 
malalignment and concomitant cruciate injuries 
are imperative to restore native stability and pro-
tect both cruciate and PMC reconstructions. 
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These anatomic reconstructions can be techni-
cally more demanding given the multiple grafts 
and reconstruction tunnels; therefore, relying on 
surgically relevant anatomical landmarks is cru-
cial for a successful surgical intervention. Finally, 
postoperative therapy must utilize current reha-
bilitation principles focusing on range of motion, 
and regaining strength, while appropriately pro-
tecting the reconstruction grafts.
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19.1  Intra-articular Proximal Tibia 
and Distal Femur Fracture/
Dislocations

19.1.1  Background and Mechanism 
of Injury

While the relationship between ligamentous inju-
ries and knee instability is well described, there is 
no comprehensive classification system to 
describe the range of bony injuries that may 
occur with high-energy injuries and fracture dis-
location. A high index of suspicion for ligamen-

tous instability must be maintained when 
approaching periarticular fracturs around this 
complex joint. Periarticular fracture dislocations 
about the tibiofemoral joint include both distal 
femur fractures and proximal tibial fractures.

For tibial plateau fractures, the Hohl and 
Moore classification (Table 19.1) fills the void in 
describing true tibial fracture dislocations about 
the tibiofemoral joint, and draws attention to pat-
terns with associated joint instability, which often 
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Table 19.1 Hohl and Moore classification of proximal 
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Type I Coronal split fracture
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goes underrecognized when using systems such 
as the Schatzker classification [1, 2]. Tibial pla-
teau fractures account for 1.7–2.0% of all frac-
tures in adults and about 8% of fractures in the 
elderly [3]. These complex fractures represent a 
wide clinical spectrum that can be accompanied 
by skin and muscle compromise, neurovascular 
injury, compartment syndrome, ligament and 
meniscal tears, posterolateral corner (PLC) dis-
ruption and associated dislocation [4–8]. 
However, few of these fractures require separate 
soft tissue stabilization procedures. In a prospec-
tive cohort of 82 tibial plateau fractures, 73% had 
associated soft tissue injuries but only 2% required 
secondary soft tissue repair or reconstructive pro-
cedures [9]. Conversely, in a series of 90 consecu-
tive multiligament knee injuries, Porrino et  al. 
found 19 (21%) to have associated tibial plateau 
fracture (47% lateral plateau fractures, 37% 
medial plateau,16% bicondylar fractures) [4].

For distal femur fractures, there has been no 
definitive classification developed to describe true 
fracture dislocations; however, the OTA/AO classi-
fication system can be used to accurately describe 
the fracture pattern in terms of articular involvement 
and comminution. The eponymous Hoffa’s fracture 
is a coronal plane fracture of one of the posterior 
femoral condyles. In the context of femoral shaft 
fractures, up to 30% of femoral shaft fractures have 
concomitant significant ligament injury [10]. In a 
series of 26 femoral shaft fractures, the ACL (50%) 
was found to be most commonly injured, followed 
by the MCL (31%), LCL (13%), and PCL (6%) 
[11]. In another series of 27 consecutive diaphyseal 
femur fractures who underwent MRI scans of the 
knee, 19% were found to have ACL injuries, 19% 
had grade 3 MCL injuries, 15% had grade 3 LCL 
injuries and 7% PCL injuries [12]. Similarly, in a 
series of ipsilateral femoral shaft and tibial shaft 
fractures (i.e. floating knees), 30% of patients had 
evidence of ligamentous injuries [13].

19.1.2  Clinical Presentation 
and Diagnostics

The first line of imaging investigations are stan-
dard orthogonal radiographs. These are typically 

followed by dedicated computed tomography 
(CT) scans to delineate fracture configuration, 
particularly the orientation, location and degree 
of displacement of depressed intra-articular frag-
ments. Three-dimensional CT reconstruction 
offers a useful adjunct to the intra-articular sagit-
tal, coronal and axial cuts to plan surgical 
approaches, reduction and fixation. Magnetic 
resonance (MR) imaging, even in the acute 
period, is a valuable tool to assess ligamentous, 
capsular, meniscal and chondral injury. MR 
imaging can be done following the initial injury, 
or, more typically, following provisional stabili-
zation with an MRI-compatible external 
fixation.

19.1.3  Management Options 
and Evidence-Based 
Outcomes

Given the articular nature of these injuries, opera-
tive management is routinely necessary to restore 
joint stability, and limit functional impairment. In 
polytrauma patients, the timing of surgery is 
often dictated by the severity of the accompany-
ing injuries and overall physiologic stability of 
the patient. General determinants such as cardio-
vascular, pulmonary, and neurologic function, as 
well as markers of response to resuscitation (i.e. 
lactate) play a major role in the timing and nature 
of acute and definitive surgical management; 
however, surrounding soft tissue envelope of the 
knee is often the definitive factor.

The high-energy nature of these injuries often 
precludes the use of internal fixation in the early 
post-injury period, given there may be surround-
ing soft tissue loss or rapid onset of swelling. 
This is illustrated as early definitive stabilization 
of high-energy tibial plateau fracture dislocations 
has been associated with a higher risk of wound 
breakdown and infection [14]. Alternatively, tem-
porary external fixation, wherein a knee spanning 
external fixator is fixed to the femur and the tibia 
while the fracture zone is bridged and provisional 
reduction is achieved with distraction (Fig. 19.1). 
This technique is then followed by delayed defin-
itive internal fixation once soft tissue swelling 
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settles (e.g. resolution of fracture blisters, return 
of skin wrinkles) and has been shown to result in 
decreased rate of soft tissue complications [15]. 
This approach also facilitates the management of 
open wounds or vascular injuries and collection 
of advanced imaging (CT, MRI) with the knee in 
a provisionally reduced position.

For optimal external fixation, place pins on 
both the lateral (proximal femoral fragment) and 
anteriomedial (proximal tibial fragment) such 
that the connecting rod(s) are angled over the 
tibia in an oblique fashion. This provides area 
under the frame for swelling around the plateaus 
and allowing varying degrees of flexion through 
the knee joint should the reduction require it. 
Place pins at a minimum of 2 cm away from the 
joint line on the tibia (although farther is better in 
this context), and well proximal of the suprapa-
tellar pouch on the femoral side to avoid intra- 
articular infection. For provisional reduction, use 
the half frames of the distal (tibial) and proximal 
(femoral) fragment as handles, and manually 
reduce the fracture in length with slight knee 
flexion (aided by a bolster), alignment and 
rotation.

Irrespective of the classification system used 
for the planning of definitive surgical treatment 
in tibial plateau fractures, it is important to deter-
mine the stability of the medial, lateral and poste-
rior columns and the degree of any associated 
articular comminution or depression [16]. In the 
setting of distal femur fractures, it is equally 
important to determine the stability and integrity 
of the femoral condyles, the notch and trochlea, 
and whether there is a coronal plane fracture. 
With a 38.1% incidence of a coronal plane frac-
ture (i.e. Hoffa fracture) in distal femur fractures 
with intracondylar extension, and nearly 30% of 
coronal plane fractures missed with plain radio-
graphs, it is recommended to obtain CT imaging 
for all supracondylar-intercondylar distal femur 
fractures [17, 18]. This aids in determining the 
nature of the forces acting at the knee joint at the 
time of injury, and ultimately those that will need 
to be countered and resisted to provide a stable 
environment for fracture healing following 
fixation.

Once soft tissues allow, choice of surgical 
approach is paramount. Efforts must be made to 
utilize extensile exposures to provide adequate 
access to the compromised tibial column, or fem-
oral condyle, while maximizing skin bridges and 
respecting the traumatized soft tissue envelope. 
There is insufficient evidence to broadly recom-
mend an optimal fixation option among open 
reduction internal fixation (ORIF), hybrid/circu-
lar external fixation, and unilateral locked plating 
in proximal tibia fractures [19, 20]. For open 
reduction and internal fixation, anterolateral and 
posteromedial approaches in the supine position 
offer the safest and best exposure to the lateral 
and medial tibial columns, respectively, while 
prone positioning and posterior approaches may 
occasionally be required for select posterior col-
umn patterns. Midline anterior exposure should 
be avoided as a surgical approach option for 
proximal tibial fractures, particularly when 
access to more than one column is required to 
avoid soft tissue stripping and soft tissue compli-
cations [21]. Similarly, there is insufficient evi-
dence to broadly recommend an optimal fixation 
option in the setting of intra-articular distal femur 
fractures between: locked plating options, 
dynamic condylar screws, and intramedullary 
fixation [22–24]. The surgical incision and 
approach used in the treatment of distal femur 
fractures will be dictated mostly by the fixation 
method used.

The overall goals in management are to restore 
articular congruity, bony alignment and stability 
at the knee to provide a normal mechanical axis 
during weight bearing in efforts to prolong lifes-
pan of the native knee joint. Despite this, post-
traumatic arthritis occurs after intra-articular 
fractures about the knee and causes disability in 
young active patients [25]. Moatshe et al. found 
that 42% of surgically treated knee dislocations 
developed OA at a minimum of 10-year follow-
 up [26]. Additionally, a large cohort study by 
Wasserstein et  al. showed that 7.3% of patients 
treated with ORIF for a tibial plateau fracture 
underwent total knee arthroplasty (TKA) at 
10 years [27]. This was compared with 1.8% in 
the matched control group. After adjustment for 
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comorbidity in the statistical model, the risk of 
TKA was more than five times as likely in the 
tibial plateau ORIF group as in the control group, 
with older patients and those with bicondylar 
fractures having increased risk. However, the 
authors did not determine the role of mechanism 
of injury or associated knee stability, as there 
may have been unaddressed associated soft tissue 
compromise leading to advanced joint 
degeneration.

Although delayed, post-ORIF TKA does offer 
a definitive reconstructive option for those with 
ongoing functional compromise. It is well estab-
lished that TKA for posttraumatic osteoarthritis 
secondary to malunion is associated with a higher 
rate of complications and poorer functional 
results than TKA for primary osteoarthritis of the 
knee [28]. This has led to increased interest in 
acute TKA for complex periarticular knee frac-
tures, particularly as an option for elderly patients 
with poor bone stock and for whom prolonged 
non-weight-bearing status can be associated with 

considerable problems [29]. Interest has focused 
primarily on fractures of the distal femur, with 
some recent articles showing that TKA bypasses 
fracture healing issues and facilitates early mobi-
lization and immediate weight bearing for tibial 
plateau fractures as well [30].

19.1.4  Case Presentation

A 59-year-old male presents to the emergency 
department after being struck by a car while rid-
ing his motorcycle. He had sustained an isolated 
right knee injury that was closed and had an 
intact peripheral neurovascular status. There 
were no clinical signs of compartment syndrome. 
The patient noted that he had to ‘realign’ his leg 
after the accident. The patient also had pre- 
existing right knee pain and was scheduled to see 
an Orthopaedic Surgeon for ‘osteoarthritis’ (OA). 
Preoperative radiographs and CT scan images are 
shown in Figs. 19.2 and 19.3, respectively.

a b

Fig. 19.2 Anteroposterior (a) and lateral (b) radiographs demonstrating preoperative right knee injury consistent with 
a Type V Hohl and Moore proximal tibial fracture dislocation
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The patient’s history, physical examination 
and radiographs were consistent with a high- 
energy bicondylar tibial plateau fracture, with 
complete dissociation between the metaphyseal 
articular condyles and the tibial diaphysis. The 

tibia was shortened and in valgus alignment. In 
addition to condylar widening, the lateral and 
central joint surfaces were depressed. Further, 
there was significant comminution at the metaph-
yseal/diaphyseal junction with a large anterior 

a b

c d

Fig. 19.3 Preoperative CT scan images of injured right 
knee. (a) Distal axial image showing comminuted diaphy-
seal dissociation. (b) Posterior-coronal image showing 
meta-diaphyseal dissociation and marked articular surface 

impaction. (c and d) Sagittal images showing marked 
articular surface comminution, a large tibial tubercle frag-
ment and a large posterolateral tibial plateau fragment
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tibial tubercle fragment. Given the history and 
the fracture pattern (Type V Hohl and Moore 
proximal tibial fracture-dislocation), care was 
taken in assessing for associated vascular injuries 
with serial ankle-brachial index measurements, 
and a full trauma team assessment was carried 
out to rule out non-orthopaedic injury.

19.1.4.1  Clinical Decision-Making
Given the extensive soft tissue swelling around 
the proximal tibia, a spanning external fixator 
was applied to this patient’s knee within 24 h of 
the initial injury. After 8 days, the soft tissues had 
settled enough clinically, with wrinkling present 
on the anteromedial skin of the proximal tibia, 
that the patient was taken to the operating room 
for definitive fixation.

Bicondylar fixation was performed using a 
combined anterolateral and posteromedial 
approach. This allowed direct visualization of the 
fracture fragments for anatomic reduction while 
respecting soft tissue bridges. Further, both 
medial and lateral approaches were positioned at 
minimum 7 cm away from midline to allow for 
adequate skin bridges should this patient go on to 
need a TKA in the future. Although this patient 
had a history and radiographic signs consistent 
with mild OA of the knee, his age, bone quality 
and marked meta-diaphyseal comminution pre-
cluded the use of acute TKA in the treatment of 
this fracture. With that said, this patient will be at 
risk for needing a TKA in the future, and this 
should be incorporated into the clinical decision- 
making process, including the placement of inci-
sions and management strategies to restore 
alignment and promote adequate bone healing.

19.1.4.2  Intraoperative Findings
Intraoperatively, the fracture was extensively 
comminuted, especially at the lateral tibial pla-
teau and the lateral metaphyseal-diaphyseal junc-
tion. This called for a lateral-sided sub-meniscal 
arthrotomy, which revealed a lateral meniscus 
that was avulsed from its capsular attachments 
and displaced along with the depressed articular 
segments. The meniscus was tagged for later 
repair once the bony stability was restored. It 
should be noted that arthroscopy can be used as 

an adjunct to assess meniscal pathology and 
entrapment in the tibial plateau fracture scenario. 
However, it is the authors’ opinion that in the 
fracture dislocation population, formal arthrot-
omy with well-visualized fracture reduction, 
along with open meniscal surgical management 
leads to more optimal fracture reduction. The 
fracture pattern necessitated long, bridging fixa-
tion using a lateral locking plate extending from 
the articular block to the diaphysis, augmented 
with calcium phosphate bone substitute for a 
large bone void that remained once the articular 
surface was elevated and reduced, and a medial 
1/3 tubular plate to provide stability while avoid-
ing making the construct too rigid to promote 
healing. Stabilization of the tibial tubercle frag-
ment to the reconstructed columns was achieved 
with lag-by-technique fixation, which allowed 
fragment specific fixation for this challenging 
fracture pattern. As a final step, the lateral menis-
cal avulsion was repaired to the lateral capsule, 
and the knee was examined through a full range 
of motion. The ligaments were deemed stable 
post-fracture fixation, precluding the need for 
any further soft tissue procedures.

19.1.4.3  Outcome
Post-operatively, this patient was initially made 
non-weight bearing with no range of motion for 
2 weeks. Passive range of motion exercises in a 
hinged knee brace began thereafter. By the 
6-week mark, this patient began weight bearing 
with knee range of motion from 0° to 90°. Post- 
operative and 6-month follow-up radiographs are 
shown in Figs. 19.4 and 19.5, respectively.

19.1.5  Case Presentation

A 39-year-old female who presents to the emer-
gency department after falling off her bicycle at 
high speeds. She had sustained a left knee injury 
as well as a right wrist injury. The knee injury 
was open and had an intact peripheral neurovas-
cular status. On examination of the left knee, 
there was a large 7 cm laceration with protruding 
bone from both the patella and distal femur. On 
irrigation in the trauma bay, a complete rupture of 
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a b

Fig. 19.4 Anteroposterior (a) and lateral (b) radiographs 
demonstrating immediate post-operative right knee fixa-
tion with a locked lateral plating along the diaphysis, aug-

mented with calcium phosphate bone substitute, a medial 
1/3 tubular plate and custom, lag by technique fixation of 
the tibial tubercle fragment

a b

Fig. 19.5 Anteroposterior (a) and lateral (b) radiographs demonstrating immediate post-operative right knee fixation 
with adequate ossification and blurring of the fracture lines
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the quadriceps could be palpated. Preoperative 
radiographs and CT scan images are shown in 
Figs. 19.6 and 19.7, respectively.

The patient’s history, physical examination 
and radiographs were consistent with a high- 
energy open bicondylar intra-articular commi-
nuted distal femur fracture, with associated 
ipsilateral patellar fracture and extensor mecha-
nism disruption. The patient received the appro-
priate antibiotics, and a provisional irrigation and 
debridement in the trauma bay. The femur was 
shortened with a flexion deformity and condylar 
widening. Further, there was significant commi-
nution at the metaphyseal/diaphyseal junction 
with bone loss. Given the history and the fracture 
pattern, care again was taken in assessing for 
associated vascular injuries with serial ankle- 
brachial index measurements, and a full trauma 
team assessment was carried out to rule out non- 
orthopaedic injury.

19.1.5.1  Clinical Decision-Making
Given the open nature of the fractures and the 
extensive soft tissue damage around the knee, the 
patient was brought to the operating room 
urgently. A thorough irrigation and debridement 
was carried out with normal saline and gravity 
flow. Fixation with a lateral locking plate was 

used given the intra-articular nature of the frac-
ture with associated comminution. Fixation was 
achieved through an anterior approach centred 
over the patella that was extended laterally to 
allow fixation of both the distal femur and patella 
while incorporating the open wound for 
debridement.

19.1.5.2  Intraoperative Findings
After appropriate irrigation and debridement, the 
traumatic arthrotomy, with extension superolat-
erally, allowed for adequate visualization of the 
distal femur. The trochlear groove fragment was 
provisionally stabilized to the lateral condyle 
fragment and the lateral Hoffa fragment in an 
anterior to posterior plane. Anatomic reduction at 
these osteochondral intra-articular fracture lines 
was obtained and stabilized with two fully 
threaded cancellous screws. K-wire joysticks 
were used to manipulate the medial osteochon-
dral articular block to obtain a provisional reduc-
tion relative to the lateral side. Compression 
across the condyles was achieved with a periar-
ticular reduction forceps. Once stabilized the 
entire articular block was then provisionally fixed 
to the femoral shaft. Even though there was bone 
loss at the meta-diaphyseal junction, cortical 
keys were used on both the lateral and medial 

a b

Fig. 19.6 Anteroposterior (a) and lateral (b) radiographs demonstrating preoperative left knee injury consistent with a 
Type 33C OTA/AO distal femoral intra-articular fracture
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a b

c d

e f

Fig. 19.7 Preoperative CT scan images of injured right 
knee. (a and b) Axial images showing intra-articular com-
minution with condylar widening/split with a large troch-
lear fragment. (c and d) Coronal images showing 
meta-diaphyseal dissociation and marked articular surface 

impaction, with meta-diaphyseal bone loss. (e and f) 
Sagittal images showing flexion deformity of the fracture 
pattern as well as a substantial lateral condyle Hoffa 
fragment
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sides to achieve anatomic length and rotation. A 
long distal femoral locking plate was positioned 
appropriately on the distal segment. Care was 
taken not to position the plate too posterior, to 
ensure limited internal rotation of the articular 
block relative to the femoral shaft. As well, care 
was taken to limit medial displacement of the 
articular block, thus ensuring that no ‘golf club 
deformity’ was produced. After fixation of the 
distal femoral fracture the concomitant patellar 
fracture and extensor mechanism disruption was 
surgically addressed. As a final step, the bone 
void was filled with calcium sulphate resorbable 
beads (Osteoset®, Wright Medical) and vanco-
mycin powder. The ligaments were deemed sta-
ble post fracture fixation, precluding the need for 
any further soft tissue procedures.

19.1.5.3  Outcome
Post-operatively, this patient continued on a 48-h 
course of IV antibiotics and the wound was mon-
itored. She was initially made non-weight bear-
ing with no range of motion for 2 weeks. Passive 
range of motion exercises in a hinged knee brace 
began thereafter. By the 6-week mark this patient 
began weight bearing with knee range of motion 
from 0° to 90°. Post-operative radiographs are 
shown in Fig. 19.8.

19.2  Acute Proximal Tibiofibular 
Injuries

19.2.1  Background and Mechanism 
of Injury

Acute proximal tibiofibular joint dislocations are 
rare injuries, accounting for less than 1% of all 
knee trauma [31]. Nonetheless, the majority of 
these injuries occur during sporting activities and 
may go unrecognized leading to prolonged pain 
and dysfunction [32].

The proximal tibiofibular joint is a synovial 
joint that has multiple normal anatomical vari-
ants in the population. In one of the earliest 
detailed descriptions of this joint, Ogden 
described two proximal tibiofibular joint ana-
tomic variants: oblique and horizontal, with hori-
zontal configuration being defined as <20° joint 
surface inclination relative to the horizontal plane 
[33]. In 10–12% of the population, the joint com-
municates directly with the knee joint [33–35]. 
The stabilizing structures around the joint include 
three broad ligamentous bands passing anteri-
orly, the posterior proximal tibiofibular ligament, 
and the structures of the posterolateral knee, 
including the popliteus and the lateral collateral 
ligament (LCL) [36].

a b

Fig. 19.8 Anteroposterior (a) and lateral (b) radiographs 
demonstrating immediate post-operative left knee fixation 
with a locked lateral plating along the diaphysis, aug-

mented with calcium sulphate bone beads, with two can-
cellous screws providing fixation of the lateral Hoffa and 
intercondylar notch fragments
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The most common mechanism of injury to 
the proximal tibiofibular joint is rotational, 
often through twisting of the knee in a flexed 
and externally rotated position, with concomi-
tant inversion and plantar flexion of the foot 
[32, 37]. While sports injuries are the most 
common aetiology, high-energy polytraumatic 
injuries can also lead to proximal tibiofibular 
dislocations.

19.2.2  Clinical Presentation 
and Diagnostics

Diagnosis may be clinical or require imaging 
depending on the type and severity of the injury. 
In patients presenting with an isolated proximal 
tibiofibular joint disruption, localized pain and 
swelling over the fibular head is common. As 
well, prominence of the fibular head may be 
evident. Careful neurovascular examination 
should be undertaken as transient peroneal 
nerve palsy is common given its proximity to 
the proximal tibiofibular joint [36]. Plain radio-
graphs may reveal the diagnosis, though not all 
cases are immediately evident. Contralateral 
radiographs can be helpful for direct compari-
son, with CT or MRI often being unnecessary 
for isolated injuries but may be indicated in 
polytrauma or cases with persistent posterolat-
eral knee pain.

In his original case series, Ogden classified 
proximal tibiofibular joint dislocations into four 
types (Table 19.2). Type II injuries are the most 
common and usually sports-related, while Type 
III and IV injuries are more commonly related 
to high-energy mechanisms and direct trauma 
[38, 39].

19.2.3  Management Options 
and Evidence-Based 
Outcomes

19.2.3.1  Non-operative Management
Closed reduction should ideally be attempted 
under general anaesthesia with full muscle relax-
ation, which also allows conversion to open 
reduction if necessary. To facilitate reduction, the 
knee should be flexed between 80° and 110° to 
relax the biceps femoris and LCL [32, 36]. The 
foot can also be externally rotated, everted, and 
dorsiflexed to also relax the peroneals, extensor 
hallucis longus, and extensor digitorum longus 
(EDL) [36, 37, 39], though some authors argue 
that this is not necessary [40]. Direct pressure is 
then applied to the fibular head, with orientation 
of force depending on the direction and type of 
dislocation. Successful reduction is often accom-
panied by an audible and palpable “pop” [36].

19.2.3.2  Operative Management
In cases where closed reduction is unsuccessful, or 
surgery is required to address other injuries about 
the knee, open reduction internal fixation may be 
undertaken. To approach the proximal tibiofibular 
joint in isolation, a lateral curvilinear incision is 
made centred over the joint and the peroneal nerve 
is identified and protected just distally as is wraps 
around the fibular neck from posterolateral to 
anteromedial. Open reduction can then be 
attempted under full general anaesthesia with 
muscle relaxation. If still unsuccessful, muscular 
attachments of the proximal fibula including EDL, 
biceps femoris, and peroneus longus may need to 
be released to allow for complete reduction [36, 
41, 42]. Successful reduction should be confirmed 
both by direct visualization and fluoroscopic con-
firmation following which fixation of the fibula to 
the tibia is needed to maintain alignment as the 
surrounding soft tissues heal. At least three differ-
ent fixation techniques have been described: 
K-wire fixation, screw fixation, and dynamic sus-
pensory suture button fixation. Tricortical fixation 
with a screw or K-wire have been demonstrated to 
be adequate, and are performed in a similar fash-

Table 19.2 Ogden classification of proximal tibiofibular 
joint dislocations

Type I Atraumatic subluxation
Type II Anterolateral dislocation
Type III Posteromedial dislocation
Type IV Superior dislocation
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ion, with either a screw or k-wire being placed per-
pendicular to the joint in a posterolateral to 
anteromedial direction, while taking care to  protect 
the posterolateral structures of the knee [36, 42]. 
Alternatively, Warner et  al. (2016) describe the 
treatment of chronic proximal tibiofibular joint 
instability using an anatomic reconstruction of the 
posterior ligamentous structures of the PTFJ with 
a semitendinosus autograft [43].

The dynamic yet powerful suture button may 
offer an option that more closely recreates the 
proximal tibiofibular anatomy, and has been 
described by Main et al. who used the Tightrope™ 
(Arthrex, Naples, Florida) device [41]. In their 
case report, the patient already had a history of 
mild degenerative joint disease in both knees, and 
was presenting with a chronic and recurrent case 
of proximal tibiofibular dislocation. It was felt 
that allowing micro-motion at the proximal tibio-
fibular joint would have a protective effect against 
accelerated OA for the patient. Two divergent sets 
of suture buttons were placed, one from anterolat-
eral to posteromedial and the other from postero-
lateral to anteromedial. This was augmented by a 
bio-absorbable screw placed just below the level 
of the proximal syndesmosis. At 1 year post-oper-
atively, the patient was asymptomatic from the 
perspective of her proximal tibiofibular joint [41].

Given the rarity of proximal tibiofibular disloca-
tions, the body of literature on the topic is almost 

entirely composed of case reports. Ogden’s original 
case series, circa 1974, may in fact be the largest 
case series on this condition, consisting of 43 
patients. In that series, Ogden described a number 
of complications, specific to the dislocation type. 
Type I was associated with chronic subluxation and 
peroneal nerve injury leading to foot drop. Patients 
with Type II dislocations were all treated non-oper-
atively, which was associated with chronic instabil-
ity in some patients eventually leading to surgical 
fixation [39]. More recent reports generally attempt 
closed reduction, followed by immediate open 
reduction in cases of failed closed attempts. 
Unsurprisingly, these case reports generally demon-
strate no complications, and full return to activity, 
including competitive sports, with both operative 
and non-operative management, but higher quality 
evidence is needed to confirm [36, 42, 44–46].

19.2.4  Case Presentation

The patient had been involved in a head-on motor 
vehicle collision and presented as a trauma team 
activation. The patient was diagnosed with a left 
olecranon fracture, bilateral femur fractures, a 
left proximal tibiofibular dislocation, and a left 
tibial shaft fracture. An anterolateral dislocation 
was noted on plain radiographs and confirmed on 
CT scan (Fig. 19.9) [32, 39].

a b

Fig. 19.9 (a) Anteroposterior radiograph demonstrating comminuted distal femur fracture and proximal tibiofibular 
dislocation; (b) Axial Computed Tomography scan confirming a Type II Anterolateral dislocation of the fibula
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The patient was being taken to the operating 
room for their other injuries, and thus open reduc-
tion was performed. Minimally invasive-open 
reduction was achieved without any releases; 
however, a large enough incision was used to 
endure that the common peroneal nerve was 
intact and safe. A percutaneous tricortical screw 
was used to secure fixation of the proximal tibio-
fibular joint (Fig.  19.10). The patient was kept 
non-weight bearing in a long leg splint post- 
operatively. The patient will be monitored for 
symptomatology at the proximal tibiofibular joint 
at post-operative follow-ups to discern if hard-
ware removal will be necessary.

19.3  Patellar Dislocation 
with Associated 
Osteochondral Fractures

19.3.1  Background and Mechanism 
of Injury

Lateral patellar dislocations are a common ortho-
paedic injury with a documented prevalence of 
2.29–5.8 per 100,000  in the general population 
[47, 48]. The prevalence rises dramatically in 
adolescents to 11.9–29 per 100,000 and most 

commonly occurs during athletic endeavours [47, 
48]. Several osseous and soft-tissue risk factors 
for dislocation have been identified including 
trochlear dysplasia, patella alta, tibial tubercle 
lateralization, generalized ligamentous laxity, 
and a history of previous dislocations [49–52].

Common associated injuries of patellar dis-
locations include chondral and osteochondral 
fractures. They are often found on the medial 
and central patellar facets and the lateral femo-
ral  condyle [53]. The prevalence of associated 
patellar chondral injuries is high, ranging from 
38 to 95% [54–56]. Femoral-sided chondral 
injuries are less common and range from 5 to 
32% [53, 54, 57, 58]. The high prevalence of 
osteochondral damage is thought to be due to 
the high prevalence in adolescents and differ-
ences in the properties of the chondral surface 
and subchondral bone [59]. Osteochondral 
lesions are more common in traumatic, high-
energy dislocations when compared to low-
energy recurrent dislocations in patients with 
underlying anatomic risk factors for dislocation 
[55]. Regardless of mechanism, however, the 
presence of osteochondral injuries in the setting 
of patellar dislocations significantly increases 
the rate of posttraumatic patellofemoral arthritis 
later in life [60, 61].

a b

Fig. 19.10 Anteroposterior (a) and lateral (b) radiographs demonstrating fixation of the proximal tibiofibular joint 
with tricortical screw, intramedullary fixation of the tibia, and distal femoral locking plate
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19.3.2  Clinical Presentation 
and Diagnostics

First-time patellar dislocations usually occur with 
a flexed knee and internal rotation of the tibia [62]. 
Acute patellar dislocations occur most commonly 
during athletics and tend to dislocate laterally [63]. 
Cartilage defects may present with ongoing pain 
and swelling, clicking and instability [64].

Plain radiographs of patellofemoral and tibio-
femoral joints consisting of anteroposterior, lat-
eral and skyline views should be obtained. Given 
that plain radiographs miss a large proportion of 
osteochondral injuries, they should primarily be 
utilized to assess for predisposing factors of 
patellar instability as well as concomitant injuries 
[49, 63]. Trochlear dysplasia can be assessed on 
plain radiographs utilizing the sulcus line, double 
contour sign and supratrochlear spurs [65, 66]. 
The Insall-Salvati, Caton-Deschamps and the 
Blackburn-Peel ratios are all measures of patellar 
height to assess for patella alta [67–69].

CT provides fine bony detail and three- 
dimensional reconstruction but comes with added 
radiation exposure. CT scans can be used to mea-
sure all of the same values as plain radiographs 
with the added benefit of accurately measuring 
the distance between the tibial tubercle and the 
trochlear groove (TT-TG) [70]. The TT-TG dis-
tance quantifies the lateralization of the tibial 
tubercle. Increased TT-TG distance increases the 
risk of recurrent patellar instability and is partic-
ularly important when tibial tubercle osteotomies 
are being considered in patients with predispos-
ing malalignment [70].

MRI is considered the gold standard imaging 
modality for assessing both soft tissue, cartilagi-
nous and bony injuries that occur with patellar 
dislocations [63, 71, 72]. Disruption of the medial 
ligamentous stabilizers, mainly the medial patel-
lofemoral ligament (MPFL) and patellar retinac-
ulum, are well visualized on MRI [57, 72–74]. 
Magnetic resonance imaging demonstrates a sen-
sitivity of 81% when compared with arthroscopic 
evaluation of MPFL tears [72].

Bone oedema secondary to the contusion is 
seen on the medial patellar facet and the lateral 
femoral condyle after acute dislocations [71, 74]. 

Magnetic resonance imaging demonstrates a sen-
sitivity of greater than 90% in assessing for chon-
dral damage when compared to arthroscopy. 
Intra-articular loose bodies present as a separated 
fragment of chondral or osteochondral tissue and 
can be found in up to 33% of patients following 
patellar dislocations [57, 63, 75]. MRI should be 
obtained when there is clinical suspicion of an 
MPFL tear, osteochondral injury not elucidated 
on prior imaging, and recurrent patellar disloca-
tions refractory to non-operative management.

19.3.3  Management Options and 
Evidence-Based Outcomes

The management of patellar dislocations with 
associated osteochondral lesions varies widely 
and is based largely on level IV evidence and 
expert opinion. Patients presenting with osteo-
chondral lesions or loose intra-articular bodies 
are often excluded from clinical trials given the 
risk of further damage if left untreated [76–78]. 
Lesion size, location, chronicity, patient and sur-
geon preferences all play a role in the decision- 
making process. Given the lack of high-level 
evidence, there remains significant variation in 
the management of these injuries [79].

The presence of a loose intra-articular body 
following an episode of patellar instability is con-
sidered an indication for operative intervention in 
order to prevent symptoms and further chondral 
damage [76, 80–82]. Nikku et  al. (2005) have 
performed the largest RCT to date examining the 
operative management of 127 primary patellar 
dislocations [76]. They did not find patellar 
realignment surgery to be beneficial, but they did 
find that the subset of patients presenting with 
loose bodies led to significantly poorer functional 
outcomes.

Surgical repair of unstable osteochondral frac-
tures is the preferred method of management [83, 
84]. Historically, these patients have had poor 
outcomes when treated non-operatively [85]. 
However, there is no consensus on the size, depth 
or location of a fragment that is considered 
 amenable to fixation. Duthon et  al. (2015) sug-
gested that surgical fixation is favourable for 
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fractures involving >10% of the articular surface 
[83]. Although limited to small case series and 
retrospective reviews, the outcomes of fixation 
after osteochondral fractures have been favour-
able for lesions of both the patella and femoral 
condyle [86–91]. Gesslin et al. (2019) retrospec-
tively reviewed patients who underwent fixation 
compared to debridement for OCF lesions. 
Despite the fixation group presenting with larger 
fracture fragments, they had significantly better 
long- term clinical outcome scores and signifi-
cantly fewer reoperations [86]. Kang et al. (2018) 
reviewed patients who underwent fixation com-
pared to debridement for OCFs that did not 
involve the weight-bearing surface. They demon-
strated that excision and debridement in this sub-
group had improved clinical outcomes [92]. 
Should the fracture fragment be amenable to fix-
ation, techniques for fixation vary widely and 
include bioabsorbable or nonabsorbable counter-
sunk screw or pin fixation [86–91, 93]. The theo-
retical advantage of bioabsorbable implants is 
that they do not need to be removed if further 
revision surgery is required. Given the lack of 
comparative studies, method of fixation is left to 
the discretion of the treating surgeon.

Microfracture is a well-established technique 
aimed at marrow stimulation for chondral and 
osteochondral lesions [94]. Although short-term 
results have been favourable in younger patients, 
there is variable long-term efficacy particularly 
when examining older patients and microfrac-
tures of the patella and trochlea [95, 96]. 
Microfractures result in a fibrocartilaginous tis-
sue that is biomechanically inferior when com-
pared to the natural hyaline cartilage . 
Meta-analysis data has suggested that functional 
outcomes were improved if the lesions were 
<4 cm for all patients and <2 cm for the athletic 
subpopulation [97]. However, given the lack of 
literature that examines the efficacy of microfrac-
tures for the patellofemoral joint specifically, it is 
difficult to draw any conclusions about the size, 
depth and location that would benefit from micro-
fracture [98]. It is the authors’ experience that 
microfracture is rarely required or warranted by 
the time the patient seeks operative management 
following lateral patellar dislocations.

The MPFL is disrupted in the vast majority of 
acute patellar dislocations. However, the role of 
repair or reconstruction in the setting of an acute 
patellar dislocation remains controversial [79, 
82]. Early randomized controlled trials focused 
on acute repair of the MPFL and demonstrated no 
differences in outcomes between surgical and 
conservative management [76, 99, 100]. The 
understanding of the anatomy and biomechanics 
of the MPFL has increased considerably in recent 
years, which has aided in the popularization of 
various reconstruction techniques [101, 102]. 
There is level I evidence that demonstrates lower 
dislocation rates and improved clinical outcomes 
in patients undergoing MPFL reconstruction 
compared to non-operative management in the 
setting of both acute and recurrent patellar dislo-
cation [103–105]. However, these studies include 
both patients with normal anatomy and those 
who have anatomic risk factors for dislocation, 
making it challenging to apply these results to the 
individual patient. There remains a lack of data 
guiding the management of the MPFL in the set-
ting of operative osteochondral lesions.

It is the senior author’s recommendation that 
patients undergo a thorough preoperative assess-
ment to assess for risk factors for patellar insta-
bility. In the absence of these risk factors, MPFL 
reconstruction is of questionable additional ben-
efit in first time dislocators with osteochondral 
defects. However, if the patient presents with a 
history of recurrent instability and/or anatomic 
risk factors for instability, MPFL reconstruction 
is warranted. There are several proposed methods 
of MPFL reconstruction including single bundle 
vs. double bundle and various autografts or 
allografts [106].

19.3.4  Case Presentation

An otherwise healthy 13-year-old female pre-
sented to the orthopaedic outpatient clinic 4 days 
after a left knee injury. The patient reported that 
she was playing ball hockey in gym class and 
planted her foot when another player fell onto the 
outside of her knee. A “pop” was felt and the 
patient stated that she saw her knee cap dislocate 
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laterally and reduce spontaneously. She had sig-
nificant pain and swelling to the knee and was 
unable to ambulate. She presented to the 
Emergency Department where she was placed in 

a knee immobilizer. Initial plain radiographs 
demonstrated a fracture off the lateral femoral 
condyle with an intra-articular loose body 
(Fig. 19.11).

a b

c

Fig. 19.11 Anteroposterior (a) lateral (b) and skyline (c) radiographs demonstrating acute fracture of the lateral femo-
ral condyle with intra-articular loose body, circled in white
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The patient was seen in the orthopaedic clinic 
where a CT scan was triaged. The CT scan dem-
onstrated an ossific fragment measuring 1.6 cm 
in its craniocaudal dimension  ×  0.5  cm in its 
transverse dimension × 1.5 cm in its AP dimen-
sion within the lateral aspect of the knee joint just 
superior to the lateral femoral condyle. The donor 
site involving the cortical and subcortical aspect 
of the inferior portion of the lateral femoral con-
dyle measured 1.4 × 0.9 × 1.4 cm. The CT scan 
also demonstrated some lateral shift of the patella 
and subtle widening of the patellofemoral articu-
lation in its medial aspect (Fig. 19.12).

Given the osteochondral fracture and associ-
ated loose bodies, we discussed the potential 
risks and benefits of undergoing operative inter-
vention. The patient and his family consented to 
left knee arthroscopic loose body removal with 
possible open reduction and internal fixation of 
the osteochondral fracture. Given that the patient 
had no history of recurrent patellar instability and 
no risk factors on imaging, the decision was 
made to not perform an MPFL reconstruction at 
the index surgery.

19.3.4.1  Intraoperative Findings
Diagnostic arthroscopy identified a significant 
chondral defect at the lateral femoral condyle. 

This was subsequently debrided with the 
arthroscopic shaver. The loose osteochondral 
fragment was found in the lateral gutter and 
retrieved in one piece. It measured approximately 
2.5 cm × 2 cm with a small piece of bone on the 
underside.

The operation was converted to an open proce-
dure with the lateral vertical portal site extended 
proximally. A small lateral parapatellar approach 
was utilized to enter the knee joint. The defect was 
visualized and surrounding soft tissue and callous 
were removed. The osteochondral fragment was 
reduced and fixed with six 16 mm biodegradable 
SmartNail® implants (CONMED, Linvotec). 
Intraoperative images are shown in Fig. 19.13.

19.3.4.2  Outcome
The patient was placed in a hinged knee brace 
locked in full extension and instructed to be non- 
weight bearing for the first 6 weeks with progres-
sive range of motion in the brace. At last follow-up 
this patient regained painless gait and range of 
motion of her knee with only 3° of terminal 
extension deficit and 90% quadriceps bulk com-
pared to the contralateral knee. She continues 
with her athletic endeavours with a patellar brace. 
Post-operative radiographs have remained nor-
mal (Fig. 19.14).

a b c

Fig. 19.12 Sagittal (a) and Coronal (b) cuts of the CT scan demonstrating osteochondral donor site on the lateral femo-
ral condyle and associated cartilage fragment in the lateral joint recess on an anterior coronal slice (c)
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19.4  Tibia Physeal Fractures 
of the Knee in the Paediatric 
Population

19.4.1  Proximal Tibia Physeal 
Fractures

19.4.1.1  Background and Mechanism 
of Injury

Proximal tibia physeal fractures most commonly 
occur in adolescents 11–14 years of age. Given 
the stability of the proximal tibia via the medial 
collateral ligament (MCL), LCL, fibula, and tib-

ial tubercle, displaced fractures of the proximal 
tibial physis requires a high-energy mechanism 
[107]. The mechanism of injury affects the degree 
and direction of the resulting displacement; 
hyperextension injuries result in anterior dis-
placement of the epiphyseal fragment, and hyper-
flexion injuries result in anterior displacement of 
the metaphyseal fragment [108]. Given the loca-
tion of the popliteal artery which runs along the 
posterior tibia and trifurcates just below the phy-
sis, these injuries present serious concern for lac-
eration or thrombosis of the popliteal vessel in 
children [109].

a b

c d

Fig. 19.13 Intraoperative images showing the 4 day-old 
lateral femoral condyle fracture fragment measuring 
approximately 2 cm in height (a) and the corresponding 

defect on the condyle (b). Provisional fixation (c) fol-
lowed by definitive fixation with biodegradable SmartNail 
implants (d)
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19.4.1.2  Clinical Presentation 
and Diagnostics

Patients with proximal tibial physeal fractures 
present with focal pain, soft tissue swelling 
and commonly a knee joint effusion. For all 
proximal tibial physeal fractures, a thorough 
neurological and particularly vascular exami-
nation of the leg is critical given that the inci-
dence of vascular injuries are equivalent to that 
of multi- ligamentous knee dislocations [110]. 
Anteroposterior and lateral radiographs are 
required for initial diagnosis, with CT scans 
helpful as an adjunct to assess for the existence 
and degree of articular involvement. An MRI is 
another useful adjunct in displaced patterns to 
assess for ligamentous injuries that may be 
entrapped within the fracture gaps [110]. The 
widely used Salter-Harris classification for 
paediatric physeal fractures is the most com-
monly used system to classify proximal tibial 
physeal fractures [111].

19.4.1.3  Management Options 
and Evidence-Based 
Outcomes

For Salter-Harris types I and II fractures with dis-
placement, an initial trial of closed reduction and 
long-leg casting may be acceptable if reduction 
achieves less than 2 mm of residual displacement 
[108, 110]. Residual displacement warrants open 
reduction to assess for soft tissue interposed 
between the fragments (MCL, LCL, pes anseri-
nus, or periosteum), and pinning using trans- 
physeal, smooth wires. Pins are typically placed 
in a crossed manner and can be inserted either 
anterograde or retrograde. Benefits of antero-
grade pinning include a less technically demand-
ing procedure; however, the pins are often 
intra-articular leading to a higher risk of septic 
arthritis [110, 112].

Salter-Harris types III and IV fractures that 
are non- or minimally displaced can be managed 
with closed reduction and percutaneous screw 

a b

Fig. 19.14 Anteroposterior (a) and lateral (b) radiographs taken 6 weeks post-operatively demonstrating fracture heal-
ing and normal alignment
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fixation; however, any displacement warrants 
open reduction to achieve anatomic reduction of 
the articular surface under direct visualization 
[112]. The construct for fixation typically con-
sists of screws or pins that are perpendicular to 
the physis within both the metaphysis and 
epiphysis.

The most commonly reported complications 
following physeal fractures of the proximal tibia 
are growth disturbances, vascular injury, neuro-
logical compromise, and less commonly non- 
union. Growth disturbances have been reported 
to occur in up to 25% of proximal tibial physeal 
fractures, resulting in either unequal limb 
lengths or angular deformities [113]. Therefore, 
it is recommended that these patients be fol-
lowed regularly until skeletal maturity with full 
leg-length films [113]. Vascular injuries of the 
limb occur in 10–15% of cases, and therefore, it 
is recommended that these patients be admitted 
for monitoring for at least 24 h post-operatively 
[109, 112].

19.4.2  Tibial Tubercle Fractures

19.4.2.1  Background and Mechanism 
of Injury

Fractures of the tibial tubercle most commonly 
occurs in adolescent males 12–17 years of age, 
comprising approximately 3% of all proximal 
tibia fractures [107, 114, 115]. The closure of 
the tubercle physis from proximal to distal dur-
ing skeletal maturity leaves the distal aspect of 
the tubercle susceptible to injury [116]. The 
mechanism of injury is typically caused by 
jumping or forced flexion of the knee leading to 
a powerful contraction of the quadriceps muscle 
[107, 114, 117].

19.4.2.2  Clinical Presentation 
and Diagnostics

Patients with tibial tubercle fractures present 
with local soft tissue swelling and focal tender-

ness to palpation of the tubercle. When minimal 
swelling precludes an obvious diagnosis, pain 
with straight leg raise or resisted knee extension 
may provide a clue towards a possible diagno-
sis. Serial neurovascular examination is critical 
for any diagnosed or suspected tubercle frac-
tures as damage to the anterior recurrent tibial 
artery may result in swelling and compression 
to the anterior compartment where the deep 
peroneal nerve and anterior tibial artery may be 
occluded [116].

Anteroposterior and lateral radiographs of 
the knee are required for initial diagnosis. In 
order to obtain a perfect lateral view of the 
tubercle, slight internal rotation of the leg pro-
vides a direct view of the apophysis, which is 
slightly lateral to the midline [116]. However, 
plain radiographs have been shown to underesti-
mate the severity more than 50% of the time, 
and therefore, CT scans are useful to assess 
whether there is intra-articular or metaphyseal 
extension. The most commonly used classifica-
tion is the Ogden modification of the Watson-
Jones classification with grades I–III (relating to 
the location relative to the junction between the 
proximal tibia and the apophysis) each divided 
into subtypes A and B (for non- displaced or dis-
placed/comminuted fractures, respectively) 
(Table 19.3) [118].

Table 19.3 Ogden modification of the Watson-Jones 
classification for tibial tubercle fractures

Type 
IA

Fracture line through ossification center of 
tibial tubercle with no displacement

Type 
IB

Anterior and proximal displacement of the 
fracture fragment

Type 
IIA

Fracture extends through the junction of 
proximal tibia and the tibial tubercle

Type 
IIB

Similar to IIA with comminuted tubercle 
fracture fragment and anterior displacement

Type 
IIIA

Fracture extends to the articular surface with 
associated discontinuity

Type 
IIIB

Intra-articular with comminution

L. Rubinger et al.
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19.4.2.3  Management Options 
and Evidence-Based 
Outcomes

Non-displaced fractures may be treated non- 
operatively with a long leg cast in extension 
[119]. Displaced fractures of the tubercle often 
require open reduction and internal fixation. A 
midline anterior approach is typically used, with 
intra-articular fractures commonly requiring 
arthroscopic assistance, or a parapatellar arthrot-
omy. The construct for fixation typically consists 
of two- to three cannulated, partially threaded 
screws perpendicular to the fracture, as screws 
have been shown to offer superior compression 
and fixation to percutaneous pins [120]. Washers 
may be used to prevent penetration into soft 
apophyseal bone [110, 117]. Given the antici-
pated significant anterior compartment swelling 
due to injury of the recurrent anterior tibial artery, 
intraoperative compartment pressure monitoring 
may be used if clinically indicated, necessitating 
possible decompression of the hematoma alone 
or in combination with a prophylactic anterior 
compartment fascia release distal to the surgical 
site [114]. Post-operative management includes 
admission to hospital for 24–48  h to monitor 
swelling of the anterior compartment, with the 
leg braced or splinted in extension for a mini-
mum of 4 weeks [115].

The most common complications in order of 
acuity following tibial tubercle fractures are com-
partment syndrome, hardware prominence, bursi-
tis, and growth disturbances. Compartment 
syndrome has been reported with incidence rang-
ing from 2 to 20% [117, 118]. Hardware promi-
nence resulting in bursitis is a problem primarily 
for thinner patients, and removal may be required 
in more than 50% of patients treated with open 
reduction and internal fixation [116, 120]. For 
patients younger than 13 years of age, long-term 
follow-up is suggested to monitor for growth 
arrest resulting in genu recurvatum [110, 114].

19.4.2.4  Case Presentation
A 12-year-old male presented to the Emergency 
Department with a left knee injury sustained dur-
ing soccer, when early in the kick phase, the kick-
ing leg was abruptly stopped and forced into 
eccentric contraction of the quadriceps, after hit-
ting a section of raised playing surface. The 
patient was found to have no neurological com-
promise and compartments were monitored. 
Imaging, including plain radiographs and CT 
scan were performed, demonstrating a type IIA 
fracture of the tibial tubercle (Fig. 19.15) as well 
as a minimally displaced Salter-Harris type IV 
fracture of the proximal tibial physis.

Fig. 19.15 Lateral sagittal CT image demonstrating a 
type IIA fracture of the tibial tubercle as well as a mini-
mally displaced Salter-Harris type IV fracture of the prox-
imal tibia physis
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19.4.2.5  Intraoperative Findings
Operative management was undertaken using a 
midline incision. Given the swelling of the ante-
rior compartment, the hematoma was evacuated, 
and a small fascial opening over the anterior 
compartment was made and left open. Two can-
nulated, partially threaded screws were placed 
parallel to both the physis and perpendicular to 
the fracture were placed using a washer to pre-
vent penetration into the bone (Fig.  19.16). A 
long leg cast was applied, and the patient was 
admitted to hospital for monitoring of his com-
partments for 72-h post-operatively.
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Advances in Treating 
Arthrofibrosis

João V. Novaretti

20.1  Introduction

Arthrofibrosis typically involves a persistent and 
usually painful restriction of joint motion due to 
pathological proliferation of connective tissue. 
Knee joint arthrofibrosis is usually provoked by a 
complication of knee surgery, treatment of intra- 
articular fractures, ligamentous lesions, damage 
to the knee joint extensor muscle, or total arthro-
plasty of the knee [1]. The most commonly per-
formed treatment options are limited to aggressive 
physical therapy, manipulation under anesthesia, 
and arthroscopic debridement. Yet, even after sur-
gical treatment, the intraoperative range of 
motion achieved at the time of release is difficult 
to maintain. A significant number of patients 
develop residual or recurrent stiffness [2–4]. 
Therefore, several treatment options using bio-
logical interventions have been investigated to 
address such issues (Table 20.1). In this chapter, 
we discuss the advances in treating arthrofibrosis 
with some of the main emerging drug therapies 
and biological treatments.

20.2  Sulfasalazine

Sulfasalazine is an anti-inflammatory drug that 
inhibits κB kinase, an activity that promotes 
myofibroblast apoptosis [5, 6]. Myofibroblasts, 
in fibrotic tissues, resist apoptosis and continue to 
synthesize and contract the extracellular matrix 
(ECM), leading to tissue stiffening [5, 7]. A 
recent study investigated the outcomes of intra- 
articular therapy with sulfasalazine in a rabbit 
model [8]. Drugs were encapsulated and 
implanted into the joints after fibrosis induction. 
Non-immobilized, untreated (normal) joint were 
compared to joints that were immobilized for 
8 weeks with Kirschner wires. Joint stiffness was 
quantified by flexion-extension testing 8  weeks 
after removal of the Kirschner wires. Stiffness 
and intimal thickness were lower in joints treated 
with sulfasalazine compared with controls. 
Sulfasalazine also inhibited contractile activity in 
the cells. In conclusion, the results of the study 
demonstrate that sulfasalazine reduced stiffness 
by clearing myofibroblasts from fibrotic joints.

20.3  Rosiglitazone

Rosiglitazone is an antidiabetic drug in the thia-
zolidinedione class that has shown anti- 
fibrogenic effects [9]. The production of fibrotic 
connective tissue by activation of fibroblasts in 
response to Transforming Growth Factor beta 
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proteins (TGF- beta) is related to development of 
arthrofibrosis. Previous study used hydrogels 
loaded with rosiglitazone intra-articular to eval-
uate the safety and efficacy of rosiglitazone in 
mitigating joint contracture in rabbits [10]. In 
vivo results after 8  weeks of immobilization 
showed a significantly improved contracture 
angle in animals that received rosiglitazone 
compared with controls. After 24  weeks from 
index surgery, benefits of the drug were still 
noticeable. Additionally, no adverse effects such 
as gross inflammation or arthritis were observed 
in the rabbits that received the intra-articular 
delivery of rosiglitazone. Another study investi-
gated the use of rosiglitazone intramuscular and 
orally in rabbits that underwent contracture-
forming surgery [11]. Eight weeks after, the ani-
mals underwent a surgical capsular release. One 
group received the drug and the other were con-
trols. The animals were sacrificed after 16 weeks 
of free cage mobilization. No significant differ-
ence in post-traumatic contracture between 
groups was observed. Additionally, there was no 
difference in number or percentage of myofibro-
blasts between groups. However, there were 10 

genes and 17 pathways that were significantly 
modulated by rosiglitazone in the posterior cap-
sule. Thus, potentially antifibrotic genetic 
changes were observed after treatment with rosi-
glitazone in this animal model.

20.4  Celecoxib

Celecoxib is a nonsteroidal anti-inflammatory 
drug that selectively inhibits cyclooxygenase-2 
(COX-2) thereby inhibiting prostaglandin E2 
synthesis and downregulating a host of inflam-
matory cell types and growth factor activation 
[12, 13]. Decreased inflammatory cascade may 
decrease myofibroblast activation and, therefore, 
inhibit scar tissue formation.

A recent study investigated the efficacy of 
celecoxib in a rabbit model of arthrofibrosis by 
administering via intra-articular injection and a 
combination of intra-articular injection plus oral 
dosing [13]. Biomechanical and molecular analy-
ses of contracted rabbit knee posterior capsule 
tissue after COX-2 inhibition revealed increased 
maximal passive extension and downregulation 

Table 20.1 Drugs used for arthrofibrosis treatment

Drug Type Function on arthrofibrosis
Sulfasalazine Anti-inflammatory—κB kinase 

inhibitor
Promotes myofibroblast apoptosis

Rosiglitazone Antidiabetic—Thiazolidinedione 
class

Inhibits fibroblasts activation

Celecoxib Nonsteroidal anti-inflammatory 
selective COX-2 inhibitor

Decreases myofibroblast activation

Recombinant 
antibodies

Non-modified anti-alpha2Ct antibody 
(ACA) and PEGylated ACA (P-ACA)

Blockage of collagen-collagen interaction mediated by 
the C-terminal telopeptide

Relaxin-2 Native antifibrotic hormone Promotes MMP production and represses collagen 
production and expression of tissue inhibitors of 
metalloproteinases and TGF-β1

Interleukin-1 
antagonist

Antagonism of interleukin-1, a 
mediator of the inflammatory 
response

Inhibits profibrotic mediators, fibroblast proliferation, 
and chemotaxis

Bevacizumab Recombinant humanized monoclonal 
lg G1 antibody that targets the VEGF

Prevents deposition of fibrinous exudates, formation of 
the extracellular matrix with collagen deposition

Fosaprepitant Neurokinin-1 receptor antagonist—
Substance P inhibitor

Inhibits hypertrophic scarring, abdominal adhesions, and 
other types of fibrosis

Artesunate Antimalarial drug Inhibitory effect on cell proliferation and anti-fibrotic 
activity

COX-2 cyclooxygenase-2, VEGF vascular endothelial growth factor, MMP matrix metalloproteinase
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of collagen messenger RNA compared with con-
trols. Histopathologic examination suggested a 
trend of decreased quantities of dense fibrous 
connective tissue with COX-2 inhibition. Thus, 
the study suggests that inhibiting the inflamma-
tory cascade could potentially reduce pathologic 
myofibroblast activation, thereby reducing scar 
tissue formation and increasing the range of 
motion in arthrofibrotic joints. Another study 
investigated the properties of an collagen mem-
brane as a potential celecoxib delivery scaffold 
intra-articular for the treatment of arthrofibrosis 
also in a rabbit model. Scaffolds exhibited cele-
coxib release through an initial burst release fol-
lowed by sustained release of anti-fibrotic doses 
over 7  days. Therefore, the use of collagen 
 scaffolds may be promising for treatment of 
arthrofibrosis [14].

20.5  Recombinant Antibodies

The arthrofibrosis formation in stiff joints consist 
mainly of fibril-forming collagen I and collagen 
III [15, 16]. A previous study used recombinant 
antibodies to interfere with the extracellular pro-
cess of collagen fibril formation by blocking the 
critical collagen-collagen interaction mediated 
by the C-terminal telopeptide region of collagen I 
molecules in a rabbit model [17]. Two recombi-
nant antibody variants of IgG type were used: 
non-modified anti-alpha2Ct antibody (ACA) and 
PEGylated ACA (P-ACA). The antibody was 
delivered directly to the cavities of injured knees 
in order to block the formation of collagen fibrils 
produced in response to injury. The authors 
observed that the antibody-treated knees demon-
strated a significant reduction of flexion contrac-
ture in a mechanical test when compared with 
controls. Detailed microscopic and biochemical 
analyses verified that the reduction of flexion 
contracture in the treated group resulted from the 
antibody-mediated blocking of the assembly of 
collagen fibrils. Thus, the use of recombinant 
antibodies to target the formation of collagen 
fibrils may represent a valid treatment option for 
limiting joint stiffness.

20.6  Relaxin-2

Relaxin-2 is a native antifibrotic hormone upreg-
ulated during pregnancy to increase tissue laxity 
by promoting matrix metalloproteinase (MMP) 
production and by repressing collagen produc-
tion and expression of tissue inhibitors of metal-
loproteinases and TGF-β1 [18, 19]. A recent 
study investigated the effects of relaxin-2  in a 
murine model of shoulder arthrofibrosis [19]. 
Multiple intra-articular injections of human 
relaxin-2, single intra-articular injections and 
multiple intravenous injections were tested. 
Multiple intra-articular injections of human 
relaxin-2 significantly improved range of motion, 
returning it to baseline measurements collected 
before limb immobilization. However, single 
intra-articular injection or multiple intravenous 
injections of relaxin-2 did not restore range of 
motion to baseline measurements. The histologi-
cal hallmarks of contracture (e.g., fibrotic adhe-
sions and reduced joint space) were absent in the 
animals treated with multiple intra-articular 
injections of relaxin-2 compared with the 
untreated controls and the single intra-articular 
injection and multiple intravenous injection- 
treated animals. Therefore, local delivery of 
relaxin-2 may be of value for treatment of 
arthrofibrosis.

20.7  Interleukin-1 Antagonist

Interleukin-1 is a crucial mediator of the inflam-
matory response and has an important role in pro-
moting profibrotic mediators [20] and stimulating 
fibroblast proliferation and chemotaxis [21]. A 
previous study investigated the potential thera-
peutic effects of an intra-articular interleukin-1 
receptor antagonist, anakinra, for treatment of 
arthrofibrosis in four patients with chronic refrac-
tory arthrofibrosis and four patients for limited 
arthrofibrosis of the knee [22]. All patients had 
improvements in range of motion and swelling 
while 75% of these patients were able to return to 
prior activity level. No adverse clinical reactions 
or infections were observed. These findings pro-
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vide support for further study of interleukin-1 
inhibition in the management of postoperative 
arthrofibrosis.

20.8  Bevacizumab

Bevacizumab is a recombinant humanized mono-
clonal lg G1 antibody that targets the vascular 
endothelial growth factor (VEGF). Apart from 
angiogenesis, VEGF facilitates deposition of 
fibrinous exudates, formation of the extracellular 
matrix with collagen deposition, and is released 
by fibroblasts and monocytes in the tumor stro-
mal compartments [23–25]. Moreover, a previ-
ous study investigated the efficacy of 
intra-articular injection of bevacizumab in reduc-
ing arthrofibrosis and tested the effect of two 
injections in comparison to a single injection in a 
rabbit model [26]. The one-injection group had 
less microscopic aspects of arthrofibrosis (e.g., 
less inflammatory cells infiltration, less fibroblast 
number, less giant cell formation, less vascular 
density and less collagen deposition) than the 
control group. Yet, no statistically significant dif-
ference was found between the two groups in 
terms of range of joint motions and macroscopic 
adhesion score. The two-injection group had a 
better macroscopic adhesion score and a greater 
mean range of motion than the one-injection 
group. Additionally, all microscopic aspects 
except granulation tissue were significantly bet-
ter in the two-injection group.

20.9  Fosaprepitant

Substance P is a neurotransmitter found predomi-
nantly in nerve tissues and is released after tissue 
injury. Increased substance P levels have been 
linked to hypertrophic scarring, abdominal adhe-
sions, and other types of fibrosis [27–29]. 
Neurokinin-1 receptor is the cellular target of sub-
stance P. Fosaprepitant is a neurokinin-1 receptor 
antagonist and, therefore, a substance P inhibitor. 
A recent study investigated the effects of substance 
P inhibition using fosaprepitant to contracture for-
mation after tissue injury in a rabbit model. Intra-

articular injection of fosaprepitant was performed 
at four time points after the initial surgery (3, 6, 12, 
and 24 h) and compared with controls. Specimens 
were sacrificed at 72 h and at 24 weeks post-sur-
gery. After sacrifice, all groups were analyzed by 
gene microarray expression profiling, bioinfor-
matics, and biomechanical measurement. No 
changes in mean contracture angles between 
groups were observed. Yet, microarray gene 
expression analysis revealed that mRNA levels for 
proteins related to cell signaling, pro-angiogenic, 
pro-inflammatory and collagen matrix production 
were significantly different between control and 
fosaprepitant- treated rabbits. Thus, the study dem-
onstrates that inhibition of substance P alters 
expression of pro- fibrotic gene in vivo and that tar-
geting substance P may reduce the formation of 
post-traumatic joint contractures.

20.10  Artesunate

Artesunate (ART) is an antimalarial drug 
extracted from the Chinese medicinal herb 
Artemisia annua L that can exert inhibitory effect 
on cell proliferation and has shown anti-fibrotic 
activity [30–32]. A recent study investigated the 
effects of artesunate on post-traumatic knee 
arthrofibrosis in a rabbit model [33]. Sixty-four 
New Zealand white rabbits were randomly and 
equally divided into four groups: (1) low dose 
group administered with 15  mg/kg ART; (2) 
mediate dose group treated with 30 mg/kg ART; 
(3) high dose group fed with 60 mg/kg ART; (4) 
control group treated with the same volume of 
saline. After surgical removal of approximately 
10  ×  10  mm2 area of cortical bone from both 
sides of the left femoral condyle, the surgical 
limb was then fixed in fully flexed position using 
Kirschner wires. All rabbits were administered 
intragastrically once a day for a total of 4 weeks. 
Artesunate induced cellular autophagy flux and 
inhibited cell proliferation in fibroblasts. 
Additionally, the severity of knee arthrofibrosis 
in the animals was alleviated with the use of 
intra-articular artesunate. Thus, artesunate may 
have a potential role for prevention of post- 
surgery knee arthrofibrosis.
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20.11  Extracorporeal Shock Wave 
Therapy

Extracorporeal shock wave therapy (ESWT) has 
been used for treatment of musculoskeletal disor-
ders. In particular, ESWT has been applied to 
treat fibrotic conditions such as adhesive capsuli-
tis, plantar fibromatosis, and Dupuytren contrac-
ture [34, 35]. A recent study investigated the 
effects of ESWT on the arthrofibrosis formation 
immediately after the knee surgery in a rabbit 
model [36]. After surgery to induce knee arthrofi-
brosis with cortical bone resection of femoral 
condyle, knee joint of the animals was immobi-
lized in full flexion with a fiberglass cast from the 
groin to the foot. On the cast, a circular opening 
in a diameter of 1.5  cm was made to facilitate 
administration of ESWT.  In the ESWT group, 
1000 shock waves at energy flux density of 
0.2 mJ/mm2 were delivered at the pulse repetition 
frequency of 3 Hz (about 5.5 min. For each ses-
sion), 5 days per week for 4 weeks. After 4 weeks 
of surgery, contracture angle and macroscopic 
score of arthrofibrosis (i.e., the amount of adhe-
sion) were significantly higher in the control 
group. Additionally, in the histological evalua-
tion, the density of blood vessels was higher in 
the control group. No significant complication by 
the use of ESWT were observed. Therefore, 
ESWT was able to noninvasively and safely 
reduce formation of knee arthrofibrosis after sur-
gery and may have a role in preventing arthrofi-
brosis in a clinical setting.
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A View of Predisposing Factors 
by Novel 3D Imaging Techniques 
for the PF Joint

Yukiyoshi Toritsuka and Yuzo Yamada

Patellar dislocation or patellar instability (PI) 
usually occurs in patients with predisposing fac-
tors [1, 2]. Regarding treatments, medial patello-
femoral ligament (MPFL) reconstruction has 
been widely performed with the intention of 
reconstructing the stabilizers against lateral dis-
location of the patella [3–5]. In addition, troch-
leoplasties [6, 7] and tibial tubercle transfers [8] 
have been applied in order to reduce predisposing 
factors. Elimination of such factors by normaliz-
ing indicators is considered to be theoretically 
the best approach; however, various physical bal-
ances that had been maintained for years might 
be changed by the surgery and those changes 
might cause new problems. In addition, they are 
generally apt to be underestimated when com-
pensating for prevention of dislocation [9].

Another question is whether current evalua-
tion of predisposing factors is appropriate at all. 
The indicators for predisposing factors are 
defined on a plane obtained using diagnostic 
imaging modalities such as plain radiographs, 

computed tomography (CT), or magnetic reso-
nance imaging (MRI). However, it is unclear 
whether they are sufficiently appropriate as indi-
cators for evaluation of predisposing factors to 
decide indications for specific surgeries. Of 
course, there was no other option in times when 
evaluations were always carried out on films. But 
recently, progress in imaging technology has 
brought great benefits to the orthopedic field. 
Now, the technologies allow us to reconstruct 
images to create three-dimensional (3D) models 
from data obtained by those modalities leading to 
easier recognition of the real bones and joints 
[10–13]. If the conventional indicators are inad-
equate, can the new technologies bring new 
insights?

21.1  Limitation of Conventional 
Indicators for Predisposing 
Factors

Below are specific examples of limitations of 
conventional indicators on 2D images from the 
3D point of view. The congruence angle is shown 
in Fig. 21.1 [14]. The reference points for mea-
surement of the angle on the skyline view are 
shown in the figure. These points are actually not 
on one plane in the 3D space (Fig. 21.1). These 
show that the original sense of an indicator 
defined on an image projected onto a plane would 
become unclear in the 3D space.
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The bisect offset index or the patellar tilt 
angle is typically evaluated by measuring the 
translation or rotation relative to the femoral 
reference lines on cross-sectional images 
(Fig. 21.2a) [15]. As the contour of the femur 
varies among images according to cross-sec-
tional level or knee flexion angles, the refer-
ence lines on the femur become inconsistent. 
For example, when evaluated at the mid-patel-
lar level, the cross section of the femur would 
be more proximally located in patients with 
patellar alta (Fig.  21.2b). When evaluated in 
the knee flexed position, the contours of the 
femur on the cross section might differ from 

those in knee extension (Fig. 21.2c). Hence, it 
is clear that the conventional indicators cannot 
help being influenced by the geometries of the 
femur on 2D images which differ depending on 
the location of cross sections and/or knee flex-
ion angle, leading to unreliability when com-
paring the values among patients or among 
different knee positions even in the same 
patient.

However, 3D computer models could pro-
vide consistent references for direct evaluation, 
which are not affected by location of cross sec-
tion or knee flexion angle. Thus, we believe that 
indicators should also be redefined for evalua-

c

−+
a b

d

Fig. 21.1 Knee Merchant view. (a) A 3D image of X-ray 
projection. (b) The congruence angle. The open circle 
indicates the reference point on the patella and the three 
closed circles show the reference points on the trochlea 
used to determine the congruence angle. (c) The same ref-

erence points shown on the 3D image. (d) Image showing 
the planes including the reference point on the patella and 
those on the trochlea. There are at least two planes in the 
3D space
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tion of 3D images as a result of progress in 
imaging technology. We believe that new indi-
cators for 3D images preserving the original 
senses of the conventional indicators would 
clearly describe anatomical characteristics in 
real bones and joints, or would accurately elu-
cidate changes of the alignment with knee 
motion.

21.2  Method of Creating a 3D 
Knee Computer Model 
and the Coordinate System

In this chapter, we introduce our studies of the 
patellofemoral (PF) joint and provide a new view 
of predisposing factors recognized by a new 
imaging technology [12, 13, 16–18]. Our meth-

bisect offset index patellar tilt angle

a

PI
b c

Normal

Fig. 21.2 (a) The bisect offset index (BSO) and the patel-
lar tilt angle. These two images were created at the mid-
patellar level. (b) Cross-sectional planes of a patient with PI 
and a normal control at the mid-patellar level in clinically 
used CT or MRI in relation to the location of the plane in 
each 3D computer model. These show that the locations of 
the two planes on which each indicator is calculated are 

different on each femur. PI patellar instability, Normal nor-
mal control. (c) Cross-sectional planes of a patient with PI 
at the mid-patellar level in clinically used CT or MRI in 
knee extension and in knee flexion in relation to the loca-
tion of the plane in each 3D computer model. These show 
that the locations of the planes on which each indicator is 
calculated are different on each femur

21 A View of Predisposing Factors by Novel 3D Imaging Techniques for the PF Joint



252

ods are described briefly as follows: first, three- 
dimensional MR images were taken in the supine 
position at several knee flexion angles with the 
quadriceps muscle relaxed. Contours of the 
femur, patella, and tibia were semiautomatically 
extracted from 3D MRI data using the 3D motion 
analysis system. Three-dimensional computer 

models were then constructed and were automat-
ically superimposed over images taken at each 
position by voxel-based registration (Fig. 21.3a) 
[13]. The coordination system for evaluation (the 
global coordination system) was established as 
follows: the patella at 0° of knee flexion was 
defined as the zero position, and the reference 

x-axis

z-
ax
is

y-axis

Flexion

Tilt

Spin

+

+

+

b

a

Fig. 21.3 (a) Creation of a 3D computer knee model. 
The positions of the patella and tibia are indicated at dif-
ferent degrees of knee flexion. The light blue indicates 
their position at 0°, the pink at 10°, the yellow at 20°, the 
blue at 30°, the red at 40°, and the green at 50°. (b) The 
global coordinate system. The line passing through the 
most proximal point and the most distal point was defined 
as the z-axis. The midpoint between these two points was 

defined as the patellar reference point (the light blue 
sphere). The line perpendicular to the z-axis and parallel 
to the line passing through the mediolateral osseous bor-
der of the patella was defined as the x-axis. The line per-
pendicular to the z-axis and x-axis was defined as the 
y-axis. Each motion around the x-axis, y-axis, and z-axis 
relative to the initial zero position was defined as flexion, 
spin, and tilt of the patella, respectively
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axes (x-, y-, and z-axis) were then set for each 
patella (Fig. 21.3b) [13]. Our results on normal 
patellar motion were closely comparable to pre-
vious cadaver studies despite the different meth-
ods employed [19–21]. Therefore, our method is 
reliable enough to assess patients’ patellar 
motion.

21.3  New References for New 
Indicators in the 3D Space 
(the Anatomical Coordinate 
System)

Next, the anatomical coordinate system was 
established to reevaluate clinically relevant mor-
phology or motions because the abovementioned 
global coordinate system, usually used in the 
field of basic science, is unsuitable to do so. The 
purpose of this coordinate system is to describe 
clinically relevant morphology or alignment 
instead of the conventional indicators for predis-
posing factors. In this coordinate system, predis-
posing factors were reevaluated in the 3D space 
using newly established indicators defined by 
newly established reference planes or lines in 3D 
space [12, 13]. Two new reference planes, the 
mid-sagittal plane and the femoral condylar 
planes (FCPs)/the femoral trochlear planes 
(FTPs) are explained here [12, 18].

21.3.1  The Mid-Sagittal Plane

The trans-epicondylar axis (TEA) was selected 
as the femoral reference axis because it forms 
not only an anatomical landmark but also the 
mechanical axis of the knee. The mid-sagittal 
plane was set on the femur defined as the plane 
perpendicular to the TEA and passing through 
the midpoint between the medial and lateral 
femoral epicondyles (Fig.  21.4) [13]. Thus, it 
formed a reference independent of the geome-
tries of the femoral condyle and/or the femoral 
trochlea. In addition, since the mid-sagittal plane 
was set in 3D space, it forms a reproducible fem-
oral reference that allows accurate description of 
patellar movement without the influence of knee 
flexion.

21.3.2  The Femoral Condylar Planes 
(FCPs) or the Femoral 
Trochlear Planes (FTPs)

Next, we considered whether it is appropriate to 
evaluate a 3D structure such as the femoral 
trochlea using planes perpendicular to the femo-
ral axis, as in generally used CT or MRI evalua-
tion. The femoral condylar planes (FCPs) or the 
femoral trochlear planes (FTPs) have been 
developed as another reproducible group of ref-
erence planes [12, 18]. The FCPs were estab-
lished as virtual cross sections including the 
TEA [12]. FCP 0 was defined as the base plane 
including the superior bone–articular cartilage 
border of the intercondylar notch and FCP θ was 
also defined as the plane making optional angle 
θ to FCP 0 (Fig. 21.5a) [12]. These enable us to 
obtain reproducible cross sections which are as 
close as possible perpendicular to the articular 
surface of the trochlea and to evaluate the mor-
phology of the femoral trochlea without the 
influence of the condylar/trochlear geometry. 
The femoral trochlear planes (FTPs) were simi-
larly established [18]. Here, FTP 0 was defined 
as the base plane including the proximal edge of 
the femoral trochlea and FTP θ was also defined 

TEA

Fig. 21.4 The mid-sagittal plane was defined as the plane 
perpendicular to the TEA and passing through the mid-
point between the medial and lateral femoral epicondyles. 
TEA trans-epicondylar axis

21 A View of Predisposing Factors by Novel 3D Imaging Techniques for the PF Joint
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as the plane making optional angle θ around the 
TEA to FTP 0 (Fig.  21.5b) [18]. These were 
essentially the same evaluation planes as the 
FCPs except that the base plane was set on the 
inlet of the trochlea, which is more appropriate 
to evaluate the morphological characteristics of 
the trochlea.

21.4  A New View of Predisposing 
Factors According 
to the New Indicators 
in the 3D Space

21.4.1  Patella Alta

Patella alta is one of the major predisposing fac-
tors for PI. As parameters for patella alta, mea-
surements such as the ratio of patellar tendon 
length to the long axis of the patella (Insall- 
Salvati ratio), the ratio of the distance between 
the lower pole of the patella and the upper limit 
of the tibia, and the length of the patellar joint 
surface (Caton-Deschamps index) [22], and the 
patella:trochlea ratio of the cartilage baselines 
(the patellotrochlear index) [23] are commonly 
used; however, they do not directly indicate the 
patellar location relative to the femur. Thus, we 

have expressed how proximally the patella is 
located in comparison to the reference of the 
femur using the FCPs as the patellar center height 
[12]. The location of the patellar reference point 
was defined as the patellar center height and was 
expressed as the angle θ between FCP 0 and FCP 
θ including the patellar reference point 
(Fig.  21.6a) [12]. Our results indicated that the 
patellar center height in patients with PI was 
larger than that of normal controls, and showed a 
statistically significant correlation with articular 
cartilage height (Fig.  21.6b) [12]. The articular 
cartilage height was defined as the angle θ 
between FCP 0 and the FCP θ containing the 
proximal edge of the articular cartilage as an 
indicator expressing proximal distribution of 
articular cartilage (Fig. 21.6c) [12]. Thus, these 
measurements suggested that the patellae in 
patients with PI were located not simply proxi-
mally but maintained congruence with the more 
proximally distributed articular surface of the 
trochlea [12]. The distalization of the tibial tuber-
cle is sometimes applied to patients with patella 
alta; therefore, distal transfer of the tibial tubercle 
might cause deterioration in the congruence 
between the patella and the trochlea leading to PF 
osteoarthrosis even if it would prevent disloca-
tion of the patella.

TEA
FCP 0

FCP 

a

FTP 0

FTP 

b

Fig. 21.5 (a) The femoral condylar planes (FCPs). The 
green sphere shows the superior bone–articular cartilage 
border of the intercondylar notch (black arrow). FCP θ 
was also defined as the plane making optional angle θ (red 
arrow) from FCP 0. TEA trans-epicondylar axis. (b) The 

femoral trochlear planes (FTPs). The light blue sphere 
shows the proximal edge of the femoral trochlea (black 
arrow). FTP θ was also defined as the plane making 
optional angle θ (red arrow) from FTP 0. TEA trans- 
epicondylar axis

Y. Toritsuka and Y. Yamada



255

21.4.2  Lateral Shift of the Tibial 
Tubercle

Lateralization of the tibial tubercle is commonly 
expressed using tibial tubercle–trochlear groove 
(TT–TG) distance [22]. TT–TG distance is more 
advantageous than the Q angle in terms of inde-
pendence from the location of the patella; how-
ever, the inter-observer and/or intra-observer 

reliability remains controversial due to difficulty 
in deciding on the reference point of the trochlear 
groove especially in cases with severe dysplasia. 
In brief, reliability of the TT–TG distance unfor-
tunately depends on trochlear geometry. To com-
pensate for this weak point, the tibial 
tubercle–posterior cruciate ligament (TT–PCL) 
distance would be another choice to express lat-
eralization of the tibial tubercle [24]. However, 

FCP 0

TEA

Patellar center height

FCP 

a

b

83.1 ± 7.9° 91.3 ± 8.3°

Normal PI

FCP 0

TEA

Articular cartilage height

FCP 

c

Fig. 21.6 (a) The patellar center height. The light blue 
sphere shows the patellar reference point. The patellar 
center height (red arrow) was expressed as the angle θ 
between FCP 0 and FCP θ including the patellar reference 
point. (b) Patellar center height in normal controls vs. 
patients with PI. The red spheres show the patellar refer-
ence points of a normal control and a patient with PI. The 
values are expressed as the mean  ±  standard deviation 

(SD) [12]. The mean values in patients with PI were sig-
nificantly larger than those in normal controls (P < 0.05, 
Mann-Whitney U test) [12]. PI patellar instability. (c) The 
articular cartilage height. The red sphere shows the proxi-
mal edge of the articular cartilage of the femoral trochlea. 
The articular cartilage height (red arrow) was expressed as 
the angle θ between FCP 0 and FCP θ including the proxi-
mal edge of the articular cartilage
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using the reference plane in 3D space after con-
structing a 3D model of the knee joint is a more 
advantageous alternative. First, the location of 
the tibial tubercle was defined as the distance 
between the top point of the tibial tubercle and 

the mid-sagittal plane. Then, after dividing by 
each inter-epicondylar width, the individual val-
ues were expressed as % tubercle shift standard-
ized by the knee size (Fig. 21.7a) [13]. This new 
indicator enables accurate presentation of the 

TEA
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d (mm)
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Fig. 21.7 (a) % tubercle shift. The red sphere shows the 
top point of the tibial tubercle. TEA trans-epicondylar 
axis. (b) % tubercle shift at 0° of knee flexion in normal 
controls vs. patients with PI. The red spheres show the top 
points of the tibial tubercle of a normal control and a 
patient with PI.  The values are expressed as the 
mean ± standard deviation (SD) [13]. The mean values in 
patients with PI were significantly larger than those in 
normal controls (P < 0.05, Mann-Whitney U test) [13]. PI 
patellar instability, TEA trans-epicondylar axis. (c) 
Change of % tubercle shift of patients with PI and normal 
controls with knee flexion. The open triangles represent % 
tubercle shift of the normal controls and the closed trian-
gles represent that of patients with PI. The values in the PI 
patients were significantly larger at 0° and 10° compared 
to those in the normal controls [13]. Values are 
mean  ±  standard deviation (SD). *P  <  0.05, Mann- 

Whitney U test. (d) Percentage of patellar shift. The light 
blue sphere shows the patellar reference point. TEA trans- 
epicondylar axis. (e) Change of % tubercle shift and % 
patellar shift of normal controls under knee flexion. The 
values are shown as the mean ± SD. The open triangles 
represent % tubercle shift and the open circles represent % 
patellar shift of the normal controls. Values of % tubercle 
shift were significantly larger at all angles than % patellar 
shift [13]. *P  <  0.05, Wilcoxon signed-rank test. (f) 
Change of % tubercle shift and % patellar shift in patients 
with PI under knee flexion. The values are shown as the 
mean  ±  SD.  The closed triangles represent % tubercle 
shift and the closed circles represent % patellar shift of 
patients with PI. Values of % tubercle shift were signifi-
cantly larger than % patellar shift only at 0° [13]. 
*P < 0.05, Wilcoxon signed-rank test
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location of the tibial tubercle relative to the femur 
even in cases with severe trochlear dysplasia. 
This indicator also identifies a more laterally 
located tibial tubercle in patients with PI 
(Fig. 21.7b) [13].

As TT–TG distance is originally an indicator 
in knee extension, changes cannot be seen with 
knee flexion. Expanded interpretation of TT–TG 
distance in the knee-flexed position might lead to 
inaccurate comparison among values in different 
positions due to changes of the contour of the 
trochlea on the evaluation planes caused by knee 
flexion. However, % tubercle shift enables accu-
rate presentation of values even under changes of 
knee position. In addition, this enables us to 
describe the individual relationships between the 
lateralization of the tibial tubercle and the patella 
in the same flexion angle.

Our results showed that % tubercle shift 
showed a slight decrease with knee flexion both 
in the normal controls and the patients (Fig. 21.7c) 
[13]. The values in the patients were significantly 
greater at 0° and 10° than in the normal controls, 
indicating that the tibial tubercle was not more 
laterally located throughout the range of motion 
[13]. These findings suggested that tibial tubercle 
transfer might cause a potential risk of a too 
medially transferred tubercle in the knee flexed 

position if uniformly applied at 0° leading to 
increased pressure on the articular surface some-
where in the medial facet in the flexed position.

Next, the location of the patellar center was 
defined as % patellar shift expressed as the dis-
tance between the patellar reference point and the 
mid-sagittal plane divided by each inter- 
epicondylar width (Fig.  21.7d) [13]. When % 
patellar shift and % tubercle shift were compared 
in the same case, the latter showed significantly 
greater values at all angles in the normal controls 
but only at 0° in the patients (Fig. 21.7e, f) [13]. 
No case showed smaller % tubercle shifts in the 
normal control; however, smaller % tubercle 
shifts were found in the knees of half of the 
patients, indicating the patellae were located 
more laterally compared to the tibial tubercle in 
the patients (Table 21.1) [13]. These data suggest 
that the relationship between the patella and the 
tibial tubercle in patients with PI is different from 
that in normal controls because of the lateral 
location of the patella caused by disruption of the 
medial stabilizers, and that the relationship var-
ied among cases and differed depending on knee 
flexion angles in patients with PI.  Considering 
these observations, application for tibial tubercle 
transfer should be decided depending on the 
change of location of the tibial tubercle. 

Table 21.1 Percentage of patellar shift vs. % tubercle shift in the patients

Knee flexion angle (degree)
Knee 0 10 20 30 40 50
P2 L % patellar shift 27.2 28.9 29.9 22.1 15.4 12.3

% tubercle shift 25.3 23.3 20.6 19.8 19.6 18.9
P3 % patellar shift 21.6 20.5 14.4 14.2 7.2 7.2

% tubercle shift 23.8 20.0 14.2 13.2 11.4 11.9
P6 % patellar shift 16.7 16.1 12.2 11.0 8.4 10.1

% tubercle shift 15.3 14.9 11.2 10.0 8.6 9.6
P7 % patellar shift 29.2 30.5 29.2 41.9 42.5 43.9

% tubercle shift 25.9 25.2 23.9 27.4 26.7 26.5
P8L % patellar shift 21.5 18.6 14.0 10.6 11.9 13.2

% tubercle shift 23.7 21.2 17.1 15.1 15.1 12.0
P9 % patellar shift 26.0 26.3 28.8 30.5 33.7 34.6

% tubercle shift 29.2 26.9 26.9 25.9 24.5 25.1
P11 % patellar shift 25.7 22.8 22.5 20.3 18.4 13.9

% tubercle shift 24.3 23.6 22.9 22.4 22.9 20.3

Bold italic letters in % patellar shift indicate values larger than % tubercle shift
This table is cited from Yamada et al. JBJS Br 2007 [13]. Identification numbers of patients’ knee were described in the 
first column. Fourteen knees from 12 patients with PI were analyzed in the study. A larger % patellar shift at more than 
one position was found in seven patients among them
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Therefore, tibial tubercle transfer may be less 
applicable to patients than previously believed.

21.4.3  Patellar Shift and Tilt

Patellar shift and tilt have been widely used as 
indicators of malalignment of the patella. Thus, 
we tried to express these indicators in 3D space 
while retaining their original senses.

First, 3D shift was defined as the same indi-
cator as % patellar shift; location of the patellar 
reference point from 0° to 50° of knee flexion 
was defined as the distance from the mid-sagit-
tal plane and was expressed as a percentage of 
the inter-epicondylar width standardizing the 
values according to individual knee size 
(Fig. 21.8a) [16, 17]. This can express lateral-
ization of the patella throughout the range of 
knee flexion.

TEA

d (mm)

Inter-epicondylar width (mm)

Mid-sagittal plane

3D shift (%) =
d (mm) x 100

Inter-epichondylar width (mm)

3 D shift (%)
-10

0

10

20

30

40

50

60

70

3 
D

 ti
lt 

(°
)

r = 0.752
p < .01

-1

C
o

rr
el

at
io

n
 c

o
ef

fi
ci

en
t

0

0.4

0.7

1

0.2

-0.2 no correlation

weak

moderate

strong

c d

TEA

y-axis

x-z plane

z-axis

x-axis

3D tilt

a b

Fig. 21.8 (a) 3D shift. 3D shift is the same indicator as % 
patellar shift. The light blue sphere represents the patellar 
reference point at 0°, the pink at 10°, the yellow at 20°, the 
blue at 30°, the red at 40°, and the green at 50°. TEA trans- 
epicondylar axis. (b) 3D tilt. 3D tilt was defined as the 
angle between the x-z plane and the trans-epicondylar 
axis. TEA trans-epicondylar axis. (c) The relationship 
between 3D shift and 3D tilt. The data of 66 knees from 60 
patients with PI at 0°, 10°, 20°, 30°, 40°, and 50° were 

used. Pearson’s correlation coefficient between the 3D 
shift and 3D tilt was 0.752 (P < 0.01). (d) Distribution of 
individual correlation coefficients between 3D shift and 
3D tilt in patients with PI.  Pearson’s correlation coeffi-
cient between the 3D shift and 3D tilt of the patella at 0°, 
10°, 20°, 30°, 40°, and 50° was calculated for each knee. 
Correlation coefficient values >0.7 were defined as strong, 
0.4–0.7 as moderate, 0.2–0.4 as weak, and 0–0.2 as no 
correlation
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3D tilt was defined as the spatial angle between 
the TEA and the x–z plane of the patella in the 
abovementioned global coordinate system 
expressing inclination of the patella in 3D space 
(Fig. 21.8b) [13, 16]. This can also describe incli-
nation of the patella through the range of knee 
flexion.

The analysis of 3D shift and 3D tilt at 0°, 10°, 
20°, 30°, 40°, and 50° of knee flexion in patients 
with PI revealed a close relationship between the 
two indicators (Fig.  21.8c) (unpublished data). 
Then, Pearson’s correlation coefficient between 
the 3D shift and 3D tilt of the patella of each knee 
was calculated. Correlation coefficient values 
>0.7 were defined as strong, 0.4–0.7 as moderate, 
0.2–0.4 as weak, and 0–0.2 as no correlation. 
Overall, 95% of the knees showed a moderate/
strong correlation (Fig.  21.8d) [16]. It may be 
natural from the 3D point of view because the 
patella is a sesamoid bone within the extensor 
mechanism of the knee. When the patella moves 
laterally, it inclines laterally under certain balanc-
ing conditions from the surrounding soft tissue 
before entering the femoral groove. It also tilts 
laterally on the convex trochlea after contacting 
the femoral groove and vice versa.

21.4.4  Classification of Patellar 
Tracking

These results suggested that it is not always nec-
essary to use both indicators when evaluating or 
describing individual patellar alignment, at least 
for knees from PI patients in 0–50° of flexion 
[16]. Such a description may enable surgeons to 
describe patellar alignment more simply, which 
would lead to better and easier understanding of 
the individual characteristic pathology of each 
patient with PI.  For better description of the 
patellar tracking, the maximum 3D shift (Max- 
shift) and the change of 3D shift from 0° to 50° 
(Change0–50) were considered [17]. Max-shift was 
used as an indicator that represents the extent of 
lateral deviation of the patella and Change0–50 for 
the movement direction of the patella with knee 
flexion [17]. First, the cutoff value (COV) of 
Max-shift was defined based on data from healthy 
volunteers. When a value was greater than the 

COV, it was defined as a major subluxation while 
it was defined as a minor subluxation when 
smaller than the COV (Fig. 21.9a) [17]. Next, the 
two COVs of Change0–50 were similarly defined. 
When values were greater than the upper COV, 
they were defined as the major-lateral type, later-
ally moving patella with flexion, while they were 
defined as the major-medial type, medially mov-
ing patella with flexion when smaller than the 
lower COV [17]. When a value lay between the 
two COVs, it was defined as a major-straight 
type (Fig. 21.9b) [17].

This classification is very convenient for select-
ing surgical procedures. PI knees with a very simi-
lar tracking pattern to that of normal patellae 
(minor-type tracking) would be good candidates 
for conservative treatment, especially when they 
are first-time dislocators and would be safely able 
to undergo MPFL reconstruction. Patients with the 
major-medial-type of tracking would also be good 
candidates for MPFL reconstructions because a 
reconstructed MPFL tightens in knee extension, 
preventing lateral deviation of the patella. Patients 
with the major-lateral- type tracking might need 
lateral release in combination with MPFL recon-
struction because the MPFL becomes lax with 
knee flexion. Tightness of the lateral retinaculum 
may cause lateral movement of the patella [17, 25, 
26]. No further classification was performed on 
the minor subluxations because it is difficult to 
distinguish moving direction due to small medio-
lateral movement. Consequently, they were 
defined as the minor type.

Analysis using 3D shift has enabled a new 
view of patellar tracking; however, we should be 
aware that there are not four separate types in PI 
because this classification is performed using 
cut-off values. Each parameter used in this clas-
sification showed continuous distribution. In 
other words, there are no clear borders between 
the types. However, these simultaneously imply a 
new concept in PI.  As mentioned above, the 
results seem to present visually vague borders 
between habitual dislocators and the major- 
lateral type, and between the normal and the 
minor type in terms of patellar tracking. Thus, PI, 
in entirety, might be conceptually regarded as a 
continuous spectrum from normal to congenital 
patellar dislocation (Fig. 21.9c) [17, 25].

21 A View of Predisposing Factors by Novel 3D Imaging Techniques for the PF Joint
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0°, the pink at 10°, the yellow at 20°, the blue at 30°, the 
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models represent the COV. HV healthy volunteers, COV 
cutoff value, SD standard deviation. (b) The major- 
medial, major-lateral, and major-straight types of major 
subluxations. The distribution of each value of Change0–50 
is shown in the chart on the left. The cutoff value (COVs) 
of Change0–50 was defined based on data from healthy vol-
unteers (blue circles). The COVs were the mean ± 2SD of 

Change0–50 of the healthy volunteers. When greater than 
the upper COV, it was defined as a major-lateral type 
while it was defined as a major-medial type when smaller 
than the lower COV [17]. When a value fell between the 
two COVs, it was defined as a major-straight type. The 
red circles represent the major subluxations and the yel-
low circles, the minor subluxations in the chart on the left. 
The solid lines on the 3D models represent the COVs. The 
light blue sphere represents the patellar reference point at 
0°, the pink at 10°, the yellow at 20°, the blue at 30°, the 
red at 40°, and the green at 50°. The dotted lines show the 
locations of the patellar reference points at 0° and at 50°. 
The arrows show the direction of movement of the patel-
lae. HV: healthy volunteers. COV cutoff value, U-COV the 
upper COV, L-COV the lower COV, SD standard devia-
tion. (c) A new concept of PI spectrum. PI, in entirety, 
might be conceptually regarded as a continuous spectrum 
from normal to congenital patellar dislocation
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21.4.5  Morphology of the Trochlea

While trochlear dysplasia has also been evaluated 
by indicators on the 2D plane, it can be quite dif-
ficult to express the 3D structure of the femoral 
trochlea by simple cross-sectional CT or MR 
images, potentially resulting in misunderstand-
ings. However, 3D models would visually pres-
ent the real structural characteristics leading to 
much easier understanding of them. For example, 
we reported that articular cartilage on the troch-
lea is distributed more proximally and more later-
ally according to the patellar position in patients 
with PI compared to the normal position [12]. 
The use of 3D models could thus bring impres-
sive images more directly to us.

From this point of view, there is still room for 
improvement in conventional evaluation of the 
trochlear morphology. The Dejour classification 
has been widely used but unfortunately the 
intra- and inter-rater agreements were still only 
fair [7, 27, 28]. This discrepancy might be 
caused by the 2D evaluation of the trochlea. 
While it originally consisted of a combination 
of a projected lateral view radiograph together 
with CT or axial MRI, the classification is some-
times performed based on an axial MR image 

alone. Thus, we have tried to three-dimension-
ally reevaluate the trochlear shape using repro-
ducible cross sections as perpendicular to the 
articular surface of the trochlea as possible [21]. 
The trochlear types were evaluated on FTP 10, 
20, 30, 40, 50, and 60 according to Dejour clas-
sification (Fig.  21.10a) [21]. This analysis 
revealed that the majority of patients with PI 
showed changes in their trochlear types on FTPs 
with various patterns (Fig.  21.10b) [21], and 
that low rates of agreement were found between 
the trochlear type on each FTP and the classifi-
cation obtained in the clinical setting in patients 
with PI (Table 21.2) [21].

These findings suggested that types of troch-
lear dysplasia on one axial image provided by the 
Dejour classification could not represent the 
entire trochlear geometry. In other words, dys-
plastic trochleae would show morphological vari-
ation from a 3D point of view even when they 
were categorized within the same types accord-
ing to Dejour classification. Thus, it should be 
noted that it is difficult to describe the entire 
trochlear shape using 2D images, especially for 
surgeons who intend to decide surgical indication 
for a trochleoplasty depending on the trochlear 
type.
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Fig. 21.10 (a) Change of trochlear type in patients with 
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according to Dejour classification in 90 knees of 81 

patients with PI. The majority of patients with PI showed 
changes in their trochlear types on FTPs with various pat-
terns [18]. The number of knees is shown in the squares or 
on the arrows
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21.5  Summary

Anatomical characteristics in PI that could not be 
expressed by conventional indicators on 2D 
images have been revealed by analyses using 3D 
computer models as shown above. The new eval-
uation does not deny the conventional method but 
we believe it is time to introduce new indicators 
for 3D imaging to improve the understanding of 
PI. This approach is not applicable for daily prac-
tice now but we hope it can be a new standard for 
evaluation of PI as technology progresses.
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MPFL Reconstruction and 
Patellofemoral Chondral Status

Keisuke Kita, Shuji Horibe, Norimasa Nakamura, 
and Konsei Shino

22.1  Medial Patellofemoral 
Ligament Reconstruction

22.1.1  History

The MPFL was first described by Kaplan in 1957 
as the transverse reinforcement extending from the 
base of the patella to the tendon of the medial head 
of the gastrocnemius [1]. In 1979, Warren and 
Marshall named it as the patellofemoral ligament 
[2]. In the 1990s, several authors revealed the 

importance of the MPFL as a primary restraint for 
the lateral deviation of the patella, which provides 
50–60% of resistance to lateral displacement [3–
5]. Nomura reported that MPFL injury was 
observed in 96% of the patients with acute patellar 
dislocation [6]. Thereafter, numerous surgical 
techniques to restore the function of the MPFL 
have been reported with excellent outcomes in 
terms of the prevention of re-dislocation.

22.1.2  Anatomy

Warren and Marshall [2] described the MPFL as a 
collection of transverse fibers running across the 
plane of Layer II from the region of attachment of 
the medial collateral ligament to the patella. In 
2002, Tuxøe [7] reported the MPFL as being 
1.9 cm (1.0–3.0) in width and 5.3 cm (4.5–6.4) in 
length. Nomura [8] investigated the anatomy of the 
MPFL in detail and described that the total length 
of the MPFL was 58.8 ± 4.7 mm, the width and 
thickness being 12.0 ± 3.1 mm and 0.44 ± 0.19 mm 
in the middle. The center of the patellar attachment 
was located at 27 ± 10% from the upper end of the 
patella in the longitudinal patellar height, and the 
femoral attachment was superoposterior to the 
medial femoral epicondyle and just distal to the 
adductor tubercle. Thereafter, several researchers 
reported similar results [9–12]. Recently, 
Mochizuki [13] reported that the proximal fibers of 
the MPFL were mainly attached to the vastus 
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 intermedius tendon, without tight adhesion to the 
vastus medialis. Fulkerson [14] named it as the 
medial quadriceps tendon femoral ligament 
(MQTFL). Thereafter, the existence of the MQTFL 
has been supported by several authors [15, 16].

22.1.3  Repair or Reconstruction

Several attempts made to restore the function of 
impaired MPFL have been reported. Repair or 
reconstruction of the MPFL is a fundamental issue. 
Christiansen et  al. [17] compared the effect of 
delayed surgical reinsertion of the MPFL with con-
servative treatment in patients with primary dislo-
cation of the patella. They concluded that delayed 
primary repair did not reduce the risk of re-disloca-
tion; nor did it produce any significantly better sub-
jective functional outcome. Several authors 
reported similar results in chronic cases [18, 19]. 
Sillanpää et al. [20] reported that initial arthroscopic 
medial retinacular repair was neither followed by 
improved patellar stability nor reduced incidence 
of re-dislocations compared to nonoperative treat-
ments. On the other hand, Schöttle et  al. [21] 
reported that arthroscopic repair of the medial reti-
naculum was an effective technique in patients 
without trochlear dysplasia. Askenberger [22] 
described that operative repair of an MPFL injury 
in the acute phase in skeletally immature children 
with primary traumatic lateral patellar dislocation 
significantly reduced the rate of re-dislocation. A 
similar result was reported by Bryant [23] wherein 
MPFL repair in pediatric patients resulted in a low 
risk of recurrent instability, comparable to or better 
than that in allograft reconstruction. With regard to 
repair vs reconstruction, Puzzitiello [24] retrospec-
tively compared the two and concluded that MPFL 
reconstruction may provide improved midterm 
clinical outcomes and a decreased recurrence rate 
compared with MPFL repair. More recently, a 
meta-analysis which compared repair with recon-
struction was conducted by Previtali et  al. [25]. 
This analysis concluded that MPFL reconstruction 
and medial patellofemoral soft-tissue surgical pro-
cedures were effective in restoring the medial 
restraining forces that prevent re- dislocation. But, 
MPFL reconstruction provided better functional 

outcomes, both at short-term and long-term follow-
ups. Most patients with lateral patellar dislocation 
have underlying predisposing factors. To overcome 
these factors, the patella should be reinforced by a 
substance stronger than the native MPFL. Therefore, 
indications for MPFL repair should be limited to 
pediatric patients or patients without predisposing 
risk factors.

22.2  Chondral Damage After 
Patellar Dislocation

22.2.1  Osteochondral Fracture

Osteochondral fractures in association with acute 
patellar dislocation were first reported by Kroner 
in 1905 [27]. Since then, many authors have 
described similar cases [28, 29]. In most cases, 
the fracture is located in the inferior part of the 
medial facet of the patella; however, sometimes, 
the lateral edge of the femoral condyle is also 
involved. The presence of loose body formation 
lowers mid-term functional patient outcomes 
[30]. Several surgical techniques have been pro-
posed for the reattachment of osteochondral frag-
ments using metal screws, bioabsorbable pins, or 
sutures [31–33]. However, a controversy on the 
superiority of reattachment over only debride-
ment still exists. Lee et al. [34] compared the sur-
gical outcome of reattachment with that of loose 
body excision with microfracture. They con-
cluded that while the excision group had smaller 
lesions, patients without fixation were less symp-
tomatic. Gesslein et al. [35] retrospectively com-
pared the results of refixation of large 
osteochondral fractures with those of debride-
ment and concluded that refixation showed better 
clinical outcomes at mid- to long-term follow-up. 
While the medial reefing was performed for most 
of their patients and the rate of re-dislocation in 
the refixation group was significantly less than 
that of the debridement group, re-dislocation still 
occurred in 35.7% of the patients. There is 
another controversy regarding whether the func-
tion of the MPFL should be restored at the time 
of refixation of an osteochondral fragment. 
However, almost no data exists on this topic. 
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According to a survey by the International 
Patellofemoral Study Group [36], if an operative 
osteochondral fracture was identified, 89% of 
experts would choose to surgically address patel-
lar instability at the same time as treating the 
osteochondral fracture with repair or excision. 
Sixty percent of experts would use MPFL or 
MQTFL reconstructions. However, 63% of the 
surgeons were more likely to perform MPFL 
repair if the ligament was avulsed off the patella.

22.2.2  Articular Cartilage Damage

A clear history of patellar dislocation or sublux-
ation was noted in 28% of isolated PFOA diag-
nosed by X-ray that was reported by Iwano in 
1990 [37]. With advancements in arthroscopy and 
MRI, intraarticular cartilage damage after patellar 
dislocation that could previously not be detected 
well by plain X-ray, has been mentioned in detail 
[38]. In 2003, Nomura [39] evaluated the fre-
quency and precise pathology of articular cartilage 
injuries after acute patellar dislocation. He found 
95% of the patients had articular cartilage injuries 
in the PF joint. All patients with cartilage injuries 
showed cartilage lesions on their patellar surfaces. 
Thirty-one percent of the patients had cartilage 
injury of the lateral femoral condyle. He also cat-
egorized the appearance of the cartilage lesions 
into three groups: cracks alone, cartilage defects 
caused by osteochondral or chondral fractures 
associated with cracks, and cartilage defects 
caused by osteochondral or chondral fractures. He 
also reported cartilage lesions in recurrent patellar 
dislocations as 96% of the patients had cartilage 
lesions of the patella. Fissuring was observed in 
76% of the patients, commonly on the central 
dome, and erosive lesions were assumed as the 
extensions of the original acute injury [40]. In 
2005, he suggested that the continuation of the 
patellar dislocation definitely made the patellar 
cartilage lesions worse [41]. Vollnberg [42] inves-
tigated MR images of 129 knees with patellar dis-
location and concluded that cartilage defect size 
and prevalence of OA were correlated with the 
number of dislocations. Biomechanically, Stephen 
reported that peak lateral PF contact pressures sig-

nificantly elevated the following MPFL transec-
tions [43]. Recently, Salonen [44] described that 
even single first-time or infrequently recurring 
traumatic lateral patellar dislocations seemed to be 
associated with gradual cartilage deterioration. 
Sanders [45] compared the risk of patellofemoral 
arthritis between patients who experienced a lat-
eral patellar dislocation and matched individuals 
without a patellar dislocation and concluded that 
nearly half of the patients had symptoms and 
radiographic changes consistent with arthritis at 
25 years after lateral patellar dislocation.

22.3  Conventional Surgical 
Procedure and Prevention 
of PFOA

Several surgical procedures for stabilizing the 
patella have been developed in the nineteenth 
century, including proximal and distal realign-
ment. Transposition of the patellar ligament was 
first performed by Roux [46]. Since then, many 
authors have reported various techniques for dis-
tal realignment [47–50].

In 1976, Crosby reported that the incidence of 
late osteoarthritis was disturbingly high after tib-
ial tubercle transfer (TTT) [51]. Juliusson [52] 
followed the patients who had undergone the 
modified Hauser procedure for 18  years, and 
revealed that more than two-thirds of the patients 
had some degree of OA. Similarly, PF cartilage 
deterioration after the Elmslie-Trillat procedure 
has been reported by several authors [53, 54]. On 
the other hand, more recently, Tscholl [55] 
reported that MPFL reconstruction with and 
without TTT is a reliable treatment option for 
recurrent patellar dislocation without deteriora-
tion of the PF joint at midterm follow-up when 
the indication for TTT was limited to patients 
with tibial tubercle-trochlear groove (TT-TG) 
distance >15  mm. Haj-Mirzaian et  al. [56] 
revealed that TT-TG distance was associated with 
simultaneous lateral PF OA-related structural 
damage. Biomechanically, Kuroda [57] con-
ducted a cadaveric study with regard to PF 
contact- pressure change after TTT and concluded 
that overmedialization of the tibial tuberosity 
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tends to increase PF contact pressure, especially 
in patients with a normal Q angle. In addition, 
Stephen et al. [58] biomechanically investigated 
the ability of MPFL reconstruction to correct 
patellar kinematics and contact mechanics in the 
presence of a lateralized tibial tubercle and con-
cluded that in patients with TT-TG greater than 
15  mm, patellofemoral kinematics and contact 
mechanics could not be restored with isolated 
MPFL reconstruction. There is a possibility that 
past reports on PFOA after TTT could not accu-
rately evaluate the lateral deviation of the tibial 
tubercle as they would have included patients 
with normal values due to the relatively ambigu-
ous evaluation methods used (e.g., the Q angle). 
Recently, several authors reported good results in 
MPFL reconstruction when coupled with the 
TTT for patients with increased TT-TG distance. 
Neri [59] reported good clinical and radiological 
results in 133 MPFL reconstructions with or 
without TTT. Franciozi [60] reported that MPFL 
reconstruction with TTT yielded better clinical 
outcome than isolated MPFL reconstruction in 
patients with increased TT-TG distance. With 
regard to radiographic OA progression, Tscholl 
[55] reported no significant differences in post- 
operative clinical scores and osteoarthritis pro-
gression between patients with MPFL 
reconstruction with or without TTT at a mean 
follow-up time of 5.4 years. Therefore, when the 
indication for TTT was limited to increased 
TT-TG distance or patella alta, PFOA after TTT 
could be avoided. However, exact threshold val-
ues indicating TTT have never been addressed so 
far.

Advancement of the vastus medialis has been 
known as Insall’s proximal realignment [61]. 
Zeichen [62] reported the midterm results after 
Insall’s proximal realignment and PFOA was 
seen in 36.8% of the patients. Schüttler [63] 
described that plain radiographs showed a sig-
nificant increase in PFOA in 43% of the patients 
at a mean follow-up period of 52 months. So far, 
there has been no promising surgical procedure 
preventing both further dislocation and future 
osteoarthritis.

22.4  MPFL Reconstruction and PF 
Chondral Status

In 1992, Ellera Gomes [64] first reported the 
results of MPFL reconstruction using artificial 
ligaments and 83.3% of the patients showed sig-
nificant improvement in their initial knee-related 
complaints at an average follow-up of 39 months. 
Thereafter, numerous techniques to reconstruct 
the MPFL have been reported and they continue 
to gain popularity [65]. However, few reports 
exist on the long-term outcomes after MPFL 
reconstruction, especially with regard to the pro-
gression of PFOA. Long-term knee osteoarthritic 
changes after MPFL reconstruction were first 
reported by Nomura [66] in 2007. According to 
the paper, only 2 of the 22 knees showed definite 
progression from none to mild or moderate grade 
PFOA on plain X-ray at a mean follow-up of 
11.9 years. Sillanpää [67] reported that no PFOA 
was seen on radiography after MPFL reconstruc-
tion at a median 10-year follow-up. Considering 
that previous published data revealed that PFOA 
after patellar stabilizing procedure was seen in 
17–70% of the patients, MPFL reconstruction 
seems to reduce the risk of osteoarthrosis com-
pared with the aforementioned procedures. 
However, factors that could overload the patello-
femoral joint, including the usage of short grafts 
[68], over-tensioning the graft, and anteroproxi-
mal graft placement [69] must be taken care of.

Arthroscopic evaluation of the cartilaginous 
surface of the PF joint after MPFL reconstruc-
tion revealed that patellofemoral chondral status 
after isolated anatomical MPFL reconstruction 
was not altered at second-look arthroscopy in 
most parts of the patellofemoral joint [26]. 
Moreover, at the central ridge of the patella, sig-
nificant improvement of the ICRS grading was 
observed and, in the lateral femoral condyle, 
recovery of chondral damage was seen in some 
cases (Fig. 22.1). This means that elevated lat-
eral PF contact pressures after patellar disloca-
tion [43] might decrease by correcting the 
alignment of the PF joint. These results suggest 
that MPFL reconstruction could change the nat-
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ural course of PFOA for patients with recurrent 
patellar subluxation. On the other hand, half of 
the patients with improvement of chondral 
lesions in the central ridge had low- grade dys-
plasia, while half of the patients with deteriora-
tion of cartilage lesions in the femoral groove 
had high-grade trochlear dysplasia. It means 
that isolated MPFL reconstruction might 
increase PF contact pressure in high-grade 
trochlear dysplastic knees. However, there has 
been no biomechanical study addressing the 
effect of trochlear dysplasia on patellofemoral 
contact pressure after MPFL reconstruction.

Trochleoplasty is the only surgical procedure 
for correcting a dysplastic trochlea. Bereiter [70] 
first described the sulcus deepening trochleo-
plasty in 1994. He also reported good long-term 
clinical results of the procedure, but degenerative 
changes of the PF joint developed in 30% of the 
knees at a mean follow-up of 8.3  years [71]. 
Rouanet [72] reported similar results on sulcus 
deepening trochleoplasty, correcting PF stability 
even in patients with severe dysplasia, and the 
long-term functional outcome was better in this 
group; but it did not prevent PFOA. On the other 
hand, Ntagiopoulos [73] reported no radiological 
patellofemoral arthritis at a mean follow-up of 

7 years after Dejour’s sulcus deepening trochleo-
plasty. It is not clear whether trochleoplasty could 
prevent PFOA. Several short to midterm clinical 
results after MPFL reconstruction combined with 
trochleoplasty have been reported [74, 75]. 
However, there have been no data on whether 
trochleoplasty should be added to MPFL 
reconstruction.

22.5  Summary

• The prevalence of patellofemoral cartilage 
lesions is increased in conditions of patellar 
instability.

• Although there is little data on the long-term 
outcomes of MPFL reconstruction, it seems to 
be a more reliable surgery than other proce-
dures, not only with regard to the prevention 
of further dislocation but also in the progres-
sion of PFOA, especially in patients with low- 
grade trochlear dysplasia.

• Coupling tibial tubercle osteotomy with 
MPFL reconstruction seems to be better for 
patients with increased TT-TG distance. 
However, its indications have not been 
described clearly.

a b

Fig. 22.1 Arthroscopic view of the chondral surface of the 
central ridge through the lateral suprapatellar portal at MPFL 
reconstruction (a) and at second-look arthroscopy (b). A 
gross articular cartilage fibrillation on the central ridge was 

seen, and the lesion was found to be deep to the subchondral 
bone on probing (a). A smooth fibrocartilaginous tissue cov-
ered the surface of the central ridge 6 months after MPFL 
reconstruction (b). (From [26], with permission)
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• Adding trochleoplasty to MPFL reconstruc-
tion might be better in case of high-grade dys-
plasia; however, further clinical and 
biomechanical investigations are needed.
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Osteotomy: Coronal and Axial 
Plane Deformity
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23.1  Introduction

The knee is a complex joint that is subject to a 
high degree of mechanical stress throughout 
weight bearing and range of motion. The align-
ment of the lower extremity has a substantial 
impact on the biomechanical function of the knee 
joint. Deviations from normal alignment of the 
lower extremity subject intra- and extra-articular 
structures to abnormal forces, predisposing the 
knee joint to a variety of pathologies [1–4]. 
Furthermore, intra-articular pathologies such as 
cartilage injuries or meniscal deficiency can be 
further affected by limb alignment deviations. 
Fortunately, malalignment of the lower extremity 
can be addressed through surgical procedures 
aimed at correcting alignment – either in isola-
tion or in the setting of concomitant intra- articular 
procedures. In general, varus deformity of the 
lower extremity results in overload of the medial 
compartment and can be corrected with osteoto-
mies about the proximal tibia such as medial 

opening wedge or lateral closing wedge proce-
dures. Tibial osteotomies are also useful to cor-
rect sagittal plane malalignment, such as excess 
posterior tibial slope. In contrast, valgus limb 
alignment results in lateral compartment over-
load and can be corrected with procedures about 
the distal femur, including medial closing wedge 
and lateral opening wedge osteotomies. These 
procedures are commonly performed in conjunc-
tion with articular cartilage procedures or menis-
cal transplantation, to treat symptomatic lateral 
compartment osteoarthritis in the setting of lower 
extremity deformity. Furthermore, rotational 
malalignment of the lower extremity can have a 
significant effect on not only the knee, but also 
the hip and ankle as well. Rotational abnormali-
ties most commonly occur with derangement of 
the patellofemoral joint, particularly patellofem-
oral instability. Fortunately, derotational osteoto-
mies to correct femoral anteversion and external 
tibial torsion are available to treat these abnor-
malities. Correcting the underlying deformity 
can treat symptomatic pathology about the knee, 
such as patellofemoral instability. This chapter 
will provide an overview of the assessment of 
limb alignment as well as the indications and 
techniques to correct malalignment about the 
knee in the treatment of lower extremity 
deformity.

H. Shaikh · R. Reddy · C. M. Gibbs · R. Murray 
Department of Orthopaedic Surgery, University of 
Pittsburgh Medical Center, Pittsburgh, PA, USA
e-mail: shaikhh@upmc.edu; rpr17@pitt.edu 

V. Musahl (*) 
Department of Orthopaedic Surgery, University of 
Pittsburgh Medical Center, Pittsburgh, PA, USA 

UPMC Center for Sports Medicine, Pittsburgh, PA, 
USA
e-mail: musahlv@upmc.edu

23

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-84748-7_23&domain=pdf
https://doi.org/10.1007/978-3-030-84748-7_23#DOI
mailto:shaikhh@upmc.edu
mailto:rpr17@pitt.edu
mailto:musahlv@upmc.edu


274

23.2  Limb Alignment 
and Preoperative Planning

The knee joint is the largest and among the 
most complex joints in the human body. Due to 
its location and weight-bearing function, the 
knee joint encounters substantial axial and 
mechanical load. Thus, malalignment of the 
knee joint can cause significant harm over 
time. Proper understanding of lower limb ana-
tomic and mechanical axes, and knee joint 
angles, is crucial for surgical decision-making 
[5, 6].

The anatomic axes of the femur and tibia refer 
to a line drawn along the diaphysis of these long 
bones, while the mechanical axis of the lower 
extremity is defined as a line connecting the cen-
ter of the femoral head to the center of the tibial 
plafond [7], Fig. 23.1.

Due to the greater distance between the femo-
ral heads compared with the centers of the knee 
and ankle joints, the mechanical axis of the lower 
extremity runs craniolateral to caudomedial. In 
the coronal plane, the distance between the 
mechanical axis and center of the knee joint is 
termed the mechanical axis deviation (MAD), 
and is commonly used to define coronal align-
ment [8], Fig. 23.2. More commonly used is the 
mechanical femorotibial angle (mFTA), the angle 
between the mechanical axes of the femur and 
tibia [9], Fig. 23.1.

Lines tangent to the distal femoral condyles 
and tibial plateau are used to determine joint ori-
entation angles and the joint line convergence 
angle (JLCA). The medial proximal tibial angle 
(MPTA) and lateral distal femoral angle (LDFA) 
are most commonly used, and are defined as the 
angle between the joint line and corresponding 
long bone anatomic axis [9], Fig. 23.3.

Additionally, sagittal and axial plane deformi-
ties effect kinematics and can mimic coronal 
malalignment, so both clinical and radiographic 
evaluation is imperative. Posterior tibial slope 
(PTS) and femoral and tibial torsion must also be 
evaluated.

Physiologic ranges for all parameters, for pur-
poses of deformity analysis, are listed in 
Table 23.1.

23.3  Varus Malalignment

Although physiologic varus can exist, in varus 
malalignment, the lateral angle between the ana-
tomic axes of the femur and tibia is greater than 
173–175°. The mechanical axis is more than 
4 ± 2 mm medial to the center of the knee joint, 
resulting in increased medial MAD and decreased 
mFTA [8].

Fig. 23.1 Full-length standing lower extremity x-ray 
demonstrating the mechanical (white) and anatomic (red) 
axes of the femur and tibia of the left lower extremity. The 
anatomical mechanical femoral angle is 5°. The mechani-
cal axis of the left lower extremity is marked with a blue 
line. The anatomical axis of the femur and tibia of the left 
leg are marked with a yellow line and forms a 174° ana-
tomical femorotibial angle
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In the presence of varus malalignment, more 
load bearing occurs in the medial compartment, 
which correlates with increased medial tibio-
femoral contact pressures and increased medial 
meniscal extrusion [10]. This may result in accel-
erated degeneration of the medial compartment 
and subsequent symptoms. Symptomatic 
 degeneration of the medial compartment can be 
addressed in the setting of malalignment with 
osteotomies which redirect the mechanical, 
weight-bearing axis toward the midline, off- 
loading the symptomatic compartment. Often, 
valgus-producing HTOs can be done in conjunc-

tion with medial compartment cartilage restora-
tion or meniscal transplant procedures.

For coronal plane deformities, the aim is typi-
cally to restore native valgus, with a correction to 

Fig. 23.2 Full-length standing lower extremity x-ray 
demonstrating varus alignment of the left lower extremity. 
The femorotibial angle is 6° varus (red line). The mechan-
ical axis of the left lower (white line) extremity is 24.6 mm 
medial to the center of the knee joint

Fig. 23.3 Full-length standing lower extremity x-ray 
demonstrating the anatomic medial proximal tibial angle 
of 86° and anatomic lateral distal femoral angle of 81° of 
the right lower extremity. Femoral and tibial joint lines are 
demonstrated on the left lower extremity

Table 23.1 Coronal plane parameters and physiologic 
ranges

Parameter Physiologic range
mFTA [°] 177–181
mMPTA [°] 85–90
mLDFA [°] 85–90
JLCA [°] 0–3
MAD [mm] 3–17 (medial)
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3–5° valgus mechanical axis, largely following 
methodology described by Dugdale and Noyes 
[11]. In short, a femoral weight-bearing line is 
defined as the line from the center of the femoral 
head to the point on the tibial plateau that is 
62.5% of the coronal width, measured from 
medial to lateral. The tibial weight-bearing line is 
measured similarly, from this point on the tibial 
plateau to the center of the tibial plafond. The 
angle formed by these two lines defines the angle 
of correction, and an equivalent wedge of bone is 
either resected (LCW) or gap is created (MOW).

23.3.1  Medial Opening High Tibial 
Osteotomy (HTO)

The purpose of the medial open-wedge high tib-
ial osteotomy (MOW-HTO) is to treat symptom-
atic medial compartment pathology in the setting 
of varus deformity [12, 13], Fig. 23.4a. The pro-
cedure shifts the mechanical weight-bearing axis 
laterally to decompress the medial compartment, 
thereby reducing medial compartment load, 
which is particularly useful in young, active 
patients. It can also be protective for concurrent 
ligament reconstructions. With PCL reconstruc-
tions, increased PTS has been shown to limit pos-
terior tibial translation, off-loading the 
translational forces on the reconstructed ligament 
[14]. Similarly, decreased PTS limits anterior 
tibial translation, off-loading ACL reconstruc-
tions and decreasing failure rates [3, 15]. In con-

trast to the lateral closing-wedge technique, the 
MOW-HTO requires only one osteotomy, can be 
fine-tuned intraoperatively, does not shorten the 
lower extremity, spares the proximal tibia-fibular 
joint, and obviates the need for dissection of the 
peroneal nerve.

Indications for MOW-HTO include symptom-
atic medial compartment cartilage defects, 
meniscal deficiency, medial compartment osteo-
arthritis with varus deformity of the lower 
extremity in young, active patients, proximal tib-
ial vara, and ligamentous deficiency that may 
benefit from change in tibial slope. The preopera-
tive range of motion of the knee should be at least 
0–10° of extension and 120° of flexion. Patients 
should be younger than 50–60 years old.

Contraindications include severe obesity, 
inflammatory arthropathy, femoral-sided defor-
mity, poor bone quality, lateral compartment 
degeneration or meniscal deficiency, and limited 
range of motion, especially flexion contractures.

23.3.1.1  Surgical Technique
The patient is positioned in the supine position. A 
longitudinal 6–8  cm anteromedial incision is 
made between the tibial tubercle and posterome-
dial border of the tibia. Dissection is carried 
down to the sartorial fascia. The medial collateral 
ligament, sartorial fascia, and patellar tendon are 
identified and protected. The sartorial fascia is 
incised in line with the gracilis tendon, and the 
tibial attachments of the sMCL and the pes anser-
ine are mobilized. Retractors are placed deep to 

a b c d

Fig. 23.4 Medial opening high tibial osteotomy (HTO). 
(a) Preoperative radiographs of a 40 yo with symptomatic 
medial compartment OA. (b, c) Once the osteotomy is 
complete, a lamina spreader is used to gently distract the 

osteotomy. (d) 2y follow-up XRs showing preserved 
medial compartment joint space with mild OA 
progression
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the patellar tendon and the medial collateral liga-
ment and popliteus muscle following subperios-
teal dissection. The posteromedial retractor is 
passed safely behind the tibia to protect the neu-
rovascular structures.

Several techniques are described for the plan-
ning and execution of the osteotomy. In general, a 
pair of reference pins may be placed parallel, and 
approximately 5 cm distal, to the medial joint line, 
from distal-medial to proximal-lateral as a guide 
for saw trajectory during axial osteotomy. Two 
additional parallel pins are inserted anterior to pos-
terior, parallel to the posterior tibial slope, to mon-
itor sagittal plane alignment. Fluoroscopy is used 
to confirm the level and trajectory of the saw cut. 
An oscillating saw is then used to perform the 
osteotomy to achieve the desired correction. 
Beginning at the medial cortex, the osteotomy 
should aim for the level of the proximal tibiofibu-
lar joint. Depending patellofemoral joint condi-
tion, the initial frontal osteotomy, is either made 
distal or proximal to the tibial tubercle, as supra-
tubercle osteotomies can induce patella baja and 
increase patellofemoral contact pressures [16]. 
The osteotomy should stop at least 1 cm medial to 
the lateral cortex to avoid violating the lateral 
hinge and it should not terminate less than 1.5 cm 
inferior to the tibial plateau to avoid iatrogenic 
intra-articular extension. The osteotomy is often 
completed with osteotomes and with attention 
paid to the posterior cortex as this is a common site 
for incomplete osteotomy. Once the osteotomy is 
complete, stacked osteotomes or a lamina spread 
may be used to begin to gently distract the osteot-
omy to a predetermined level based on the desired 
correction, Fig. 23.4b, c. Commercially available 
wedges and sizing devices may also be used for 
this purpose. Once the desired amount of distrac-
tion has been achieved, a medial plate is selected 
and fixed distally with a non-locking screw, then 
proximally with locking screws, followed by at 
least two to three locking screws distally. 
Fluoroscopy is used to verify screw positioning 
and to ensure that the lateral cortex and tibial pla-
teau remain intact. Allograft or autologous bone 
graft is used to pack into the osteotomy site. The 
wound is irrigated and closed in layers. The patient 
is placed in a hinged knee brace [17].

23.3.1.2  Postoperative Management
Cryotherapy accompanied by intermittent pneu-
matic compression for venous thromboembolism 
(VTE) prophylaxis should begin immediately 
after the operation. Pharmacologic VTE chemo-
prophylaxis should be employed postoperatively 
based on patient risk factors. Patients are kept 
non-weight bearing for 6 weeks and are advanced 
as tolerated thereafter.

Skin sutures are removed on postoperative day 
10–12. Radiological follow-up is done on post-
operative day 3 and postoperative week 6.

23.3.1.3  Results
MOW-HTO performed for medial compartment 
varus osteoarthritis of the knee has good clinical 
outcomes with high patient satisfaction. 
Cumulative survival rate is 97% at 5 years, 87% 
at 10 years, and 85% at 13 years [18]. In a study 
by Schuster, subjective IKDC scores significantly 
improved from 44 ± 11 preoperatively to 70 ± 13, 
66  ±  15, 66  ±  15, and 65  ±  17 at 1, 3, 5, and 
10  years, respectively. Poor cartilage regenera-
tion and low preoperative IKDC score (<40) were 
associated with decreased survival [19]. Another 
study found that at follow-up 95% of patients 
reported an excellent or good score according to 
the IKDC and HSS scoring systems [20].

23.3.2  Lateral Closing HTO

The closing-wedge procedure was once the gold 
standard osteotomy in the treatment of arthritis 
[21]. Direct cortical contact is believed to 
improve osteotomy union and decrease risk of 
implant failure [22]. However, with the advent of 
implant designs such as plate fixators with angu-
lar stable locking head screws, the medial open- 
wedge technique has now gained popularity over 
the closed-wedge technique [23–27]. Although 
the medial open-wedge technique offers increased 
precision, decreased surgical time, and reduced 
risk of peroneal nerve injury, there are still cer-
tain indications for lateral closing-wedge osteot-
omy. In the setting of revision ACL reconstruction, 
with associated proximal tibia vara and increased 
posterior tibial slope, LCW-HTO could help 
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 protect the reconstruction. Additionally, LCW 
may be preferable in obese patients who would 
benefit from direct cortical contact, in patients 
with existing patella baja, and those with leg 
length discrepancies in whom the operative leg is 
longer. If a lateral approach to the knee is planned 
or has previously been done, LCW also obviates 
the need for a second medial incision.

23.3.2.1  Surgical Technique
Patient is positioned in a supine position. A 
straight longitudinal incision is made on the 
anterolateral aspect of the proximal tibia. The 
extensor muscles are then detached from the tibia 
and fibula. The peroneal nerve is exposed, and 
the neck of the fibula is prepared. A proximal 
fibular osteotomy or partial fibular head resection 
is then performed to allow for closure for osteot-
omy gap. Fluoroscopy is now used to determine 
the level of the oblique tibial osteotomy. 
Reference pins are then placed to guide the coro-
nal correction, as determined preoperatively, 
Fig. 23.5. A partial osteotomy of the tuberosity is 
performed in the coronal plane with an osteo-
tome in place, in order to protect the tuberosity 

during the horizontal osteotomy. The horizontal 
osteotomy is performed between the K-wires 
using a saw blade. After wedge resection, the 
osteotomy gap is closed, and the osteotomy is 
fixed with a locking compression plate. The 
extensor muscles are reattached, and the wound 
is closed [28].

23.3.2.2  Postoperative Management
The patient is immediately allowed to be partially 
weight bearing with the knee extended in a 
removable splint. Passive physical therapy should 
also begin on the first postoperative day. 
Follow-up radiography is performed at 6 and 
12 weeks postoperatively. If bone consolidation 
is present radiographically at 6 weeks postopera-
tively, the patient is allowed full weight bearing 
[7, 29].

23.3.2.3  Results
Closing-wedge osteotomy performed for medial 
varus osteoarthritis of the knee has good clini-
cally reported outcomes with high patient satis-
faction. According to the Crosby–Insall grading 
system, 97% of patients reported excellent and 
good results. Mean survivorship is reported at 
12.6 ± 7.1 years, with rates of 92% at 10 years, 
82% at 15  years, and 80% at 20  years [30]. 
Adverse events are reported at 5% and revision 
rate is 10% at a mean period of 12.8 years [31]. 
Unsatisfactory results are typically due to unsta-
ble implants, poor patient selection, or inadequate 
preoperative planning.

23.3.2.4  Complications
Rare complications unrelated to limb alignment, 
such as neurovascular injuries, are possible and 
require an intraoperative multidisciplinary team 
to acutely manage injuries to the blood vessels or 
nerves with appropriate procedures.

Common complications include failure to 
achieve proper correction as well as overcorrec-
tion. Preoperative planning is essential in order to 
avoid errors in correction. Intraoperative verifica-
tion of limb alignment prior to fixation can help 
avoid potential errors. With the medial opening 
wedge technique, lateral cortical hinge fractures 
and intra-articular fractures are also possible if 

Fig. 23.5 Cadaver model. *patellar ligament. x joint line. 
The position of the two pins shows where the osteotomy 
will be performed
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the saw is taken too deep laterally or proximally. 
Additionally, nonunion is a risk. Delayed con-
solidation of the osteotomy gap presents as per-
sistent pain with ambulation 6–12  weeks 
postoperatively without evidence of radiographic 
healing. Oftentimes, watchful waiting will result 
in union on a delayed basis; however, secondary 
bone grafting may be required.

Complications with lateral closing wedge 
osteotomy are similar, with the exception of 
increased risk of damage to the peroneal nerve, 
given the surgical approach and need for high 
fibular osteotomy.

Additional complications, common to many 
orthopedic procedures, including infection, VTE, 
postoperative hematoma, or compartment syn-
drome require vigilant monitoring and proper 
treatment. Compartment syndrome, in particular, 
requires diagnostic suspicion and vigilance to 
ensure early diagnosis and treatment with fasci-
otomies when indicated.

23.4  Valgus Malalignment

In valgus malalignment, the lateral angle between 
the anatomic axes of the femur and tibia is less 
than 173–175°, the deviation of the mechanical 
axis from the center of the knee joint is greater 
than 10 mm laterally, and the distance between 
the medial malleoli is increased [8], Fig. 23.6. In 
the presence of such a deviation, the mechanical 
transfer of stress in the joint is no longer uniform 
because it is distributed more to the lateral com-
partment. Thus, valgus malalignment is also 
regarded as a pre-arthritic deformity.

23.4.1  Medial Closing Distal Femoral 
Osteotomy (DFO)

The indications for varus distal femoral osteot-
omy are lateral compartment degeneration 
including cartilage lesions, or meniscal defi-
ciency with valgus alignment. The ideal patient 
desires an active lifestyle and is under 60 years of 
age, although no strict age cutoffs are followed. 
The preoperative range of motion in the knee 

should be at least 90°of flexion-extension with-
out flexion contracture. This osteotomy is partic-
ularly suited for larger angular corrections, 
>17.5°, patients with limb length discrepancies 
(longer operative limb), those at higher risk for 
nonunion, and in patients requiring earlier post-
operative weight bearing [32].

Contraindications for this procedure include 
restricted movement at the knee (especially an 
extension deficit greater than 10°) and medial 
compartment cartilage lesions or meniscal 
deficiency.

Fig. 23.6 Full-length standing lower extremity x-ray 
demonstrating valgus alignment of the right lower extrem-
ity. The femorotibial angle is 3° valgus (red lines). The 
mechanical axis of the right lower (white line) extremity 
is 12.1 mm lateral to the center of the knee joint
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23.4.1.1  Surgical Technique
Patient is positioned supine. A 10 cm longitudi-
nal skin incision extends proximally in line with 
the medial epicondyle of the femur. Dissection is 
performed to the level of the vastus medialis, 
which is then elevated anteriorly from the inter-
muscular septum, taking care to identify and pro-
tect the femoral artery proximally in the adductor 
canal.

A pre-contoured plate is placed on the medial 
femur. The site of the osteotomy between the 
screw holes at the metadiaphyseal region is 
marked. Using cautery, a transverse medial inci-
sion is made through the periosteum and extended 
along the femur. A blunt retractor is placed poste-
riorly to protect the neurovascular structures and 
anteriorly to protect the quadriceps.

The osteotomy is guided with two bicortical 
K-wires from medial to lateral according to the 
planned osteotomy angle and cortical length of 
the triangle base. The medial cortex of the 
femur is cauterized longitudinally to serve as a 
perpendicular referencing guide to avoid mal-
rotation. An oscillating saw is used between 
the two K-wires to create the wedge osteotomy, 
while preserving 5 mm of lateral femoral cor-
tex. Irrigation is essential in order to avoid 
thermal injury from the saw. The wedge is 
resected, K-wires are removed, and the osteot-
omy is closed with a varus force on the lower 
leg.

The pre-contoured medial distal femoral 
locking plate is placed and pinned distally and 
proximally. A locking screw is inserted dis-
tally into the plate. Fluoroscopy is used to 
confirm alignment, and a long rod is used to 
check that the weight-bearing line from the 
femoral head to the talus passes through the 
center of the knee. The remaining distal lock-
ing holes are now filled with screws. The oste-
otomy site is compressed using an eccentrically 
drilled bicortical non-locking screwing just 
proximal to the osteotomy. Unicortical lock-
ing screws are used on the remaining three 
holes. Fluoroscopy is used to verify plate posi-
tioning. The wound is irrigated and the fascia 
overlying the vastus medialis and skin are 
closed [33].

23.4.1.2  Postoperative Management
Gentle range of motion can be performed on the 
day of the surgery as long as the compression ban-
dage is in place. Swelling will persist but can be 
reduced with cryotherapy and an intermittent 
pneumatic pump. The bandage must be changed, 
and the soft tissue must be evaluated on postop-
erative day 1. Mobilization with partial weight 
bearing starts on postoperative day 1. Partial load-
ing should continue for 6 weeks. If the patient has 
unrestricted range of motion and is radiographi-
cally healing the osteotomy, loading should be 
increased up to the pain threshold in postoperative 
week 7. If the osteotomy is not fully closed or the 
fixation stability is suboptimal, loading should be 
increased slowly over 2–4  weeks. Sutures are 
removed on postoperative day 10–12. Radiological 
assessment of the osteotomy should take place 
immediately after the procedure, after mobiliza-
tion of the patient, 6 weeks postoperatively, and 
3 months postoperatively. Full weight bearing is 
permitted if radiological assessment shows a fully 
consolidated osteotomy.

During the rehabilitation period, the patient 
should not apply torsional loading to the leg, as 
the implant is particularly sensitive to torsional 
weight bearing. The physical therapy regimen 
should include active and passive exercises. 
Prophylactic anticoagulation should be contin-
ued until full weight bearing is allowed. 
Electrotherapy with an EMS device is recom-
mended for muscle stimulation, especially for the 
vastus medialis.

23.4.1.3  Results
There is a high reoperation rate ranging from 
25–40% in patients who undergo medial closing- 
wedge osteotomy, often due to the need for hard-
ware removal or conversion to total knee 
arthroplasty. Survival rate is 98% at 5 years and 
92% at 10 years, and patients requiring conver-
sion to arthroplasty tend to be older [34].

23.4.2  Lateral Opening DFO

Though the medial closing wedge has histori-
cally been more popular, lateral opening wedge 
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osteotomies are becoming increasingly common 
due to ease of surgical exposure, need for single 
bone cut, and improved accuracy of correction 
[32]. The ideal candidate is an active patient 
under 65 years of age with a valgus malalignment 
of less than 20° with lateral compartment osteo-
arthritis, Fig. 23.7a. The procedure is indicated in 
valgus knees with lateral meniscal deficiency and 
can be an isolated procedure or combined with a 
lateral meniscal transplant. It is also indicated in 
osteochondral lesions of the lateral compartment 
with valgus malalignment, Fig. 23.7b. Lastly, it 
can also be performed in case of chronic MCL 
deficiency and can be done in conjunction with 
MCL reconstruction [35].

Contraindications include obesity, inflamma-
tory arthropathy, impaired range of motion, large 
corrections requiring greater than 15 mm of lat-
eral opening, and advanced bi/tricompartmental 
arthrosis [35].

23.4.2.1  Surgical Technique
The patient is positioned supine. A 12 cm inci-
sion is made over the lateral portion of the femur 
starting from the lateral epicondyle and extend-
ing proximally. The iliotibial band is split and the 
vastus lateralis is elevated anteriorly from the 
intermuscular septum. The lateral femoral cortex 
is now exposed. The starting point of the guide 
wire is the mid antero-posterior position on the 
lateral femur, three fingers proximal to the lateral 
epicondyle. The trajectory is 20 degrees caudal, 
aiming towards the medial epicondyle while 
making sure the osteotomy plane is proximal to 

the medial femoral condyle. A mark perpendicu-
lar to the osteotomy is made on the lateral femo-
ral cortex to reduce the risk of malrotation. The 
knee must be flexed to minimize injuries and pro-
vide slack for the neurovascular structures. The 
osteotomy is started with an oscillating saw prox-
imal to the guide wire to prevent distal migration. 
The blade should be on a plane perpendicular to 
the coronal plane. The cut is made with thin 
osteotomes within 1 cm from the medial cortex. 
Gentle varus forces should be applied to check 
mobility of the osteotomy. The osteotomy is gen-
tly and gradually opened using a lamina spreader 
until the proper correction is attained. A long 
alignment rod is now placed from the center of 
the femoral head to the center of the ankle to 
assess the alignment correction with fluoroscopy. 
The rod should pass through the center of the 
knee for neutral alignment. The osteotomy is 
fixed with a femoral plate, Fig. 23.7c. After plat-
ing, the osteotomy gap is bone grafted. Although 
different options are available, the preferred 
option is the femoral head allograft in which two 
wedges are obtained [35].

23.4.2.2  Postoperative Management
In the postoperative period, the patient is kept in 
a sterile cotton dressing and ace wrap bandage. 
Mechanical and chemical DVT prophylaxis are 
provided based on preoperative risk factors. The 
leg is placed in a knee immobilizer and locked in 
full extension for ambulation for 6 weeks postop-
eratively. Knee range-of-motion exercises may 
be performed. The patient is partial weight bear-

a b c d

Fig. 23.7 Lateral opening distal femoral osteotomy 
(DFO). (a) Preoperative radiographs of a 19 yo runner 
with symptomatic lateral compartment OA. (b) 

Osteochondral lesion of lateral compartment. (c) A pre- 
contoured medial distal femoral locking plate. (d) 3y fol-
low- up XRs showing preserved lateral compartment joint 
space with mild OA progression
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ing for 6 weeks postoperatively but may subse-
quently progress to full weight bearing thereafter. 
Low-impact strength and aerobic exercises are 
permitted. Radiographic follow-up occurs at 
postoperative month 3 [36].

23.4.2.3  Results
Opening-wedge distal femoral osteotomy has 
shown good results with a low rate of conversion 
to arthroplasty. Reported survival rates vary from 
study to study and range from 79% to 91% at 
5 years. Conversion to total knee arthroplasty is 
12% at 45–78 months [35]. Biomechanical stud-
ies have similarly shown that opening-wedge 
DFOs decrease lateral compartment pressures 
throughout knee range of motion [37].

23.4.2.4  Complications
Preoperative planning is essential in order to 
avoid errors in the degree of correction. Given 
that the osteotomy is more proximal, angular cor-
rections are affective over a longer length, accen-
tuating errors. Intraoperative verification of the 
corrected mechanical axis prior to fixation can 
help avoid these errors. With MCW-DFO, repairs 
of the incised medial patellofemoral ligament 
and the distal insertion of the vastus medialis pre-
vents lateral patellar instability. Many potential 
complications specific to medial closing DFO 
arise from the application of the plate. The fixed- 
angle locking must be performed precisely with 
the orientation of the locking head screws dic-
tated by the plate-hole design. Proper positioning 
of the implant is essential, with the plate shaft 
aligned parallel to the longitudinal axis of the 
femur and the distal plate head anteromedial to 
the medial femoral condyle. In order to prevent 
the locking head screws from protruding posteri-
orly from the condylar block, they should be 
angled in the frontal plane.

The procedure places the femoral artery, femo-
ral vein, sciatic nerve, and vascular bundle at risk 
of injury at the posterior aspect of the femur. 
Therefore, the posterior femoral cortex should 
only be cut if the soft tissues beyond it are pro-
tected by a retractor. Furthermore, the genicular 
arteries and veins are susceptible to bleeding if the 
intermuscular septum is inadvertently divided. In 

the case of injury to large blood vessels, repair by 
vascular surgery is required.

Delayed bone healing presents as persistent 
pain upon loading and an absence of callus on 
radiographs. However, given the biomechanical 
strength of this closing wedge construct fixed in 
compression, an absence of callus may result 
from primary bone healing. Therefore, careful 
attention should be paid to the resolution of the 
osteotomy line on radiographs, particularly in 
cases without a gap in the osteotomy. If no signs 
of bone healing are present after more than 
3  months, secondary bone grafting procedures 
should be considered after a thorough evaluation 
with advanced imaging.

With LOW-DFO, intra-articular fractures and 
breaches of the medial hinge are the most com-
mon intraoperative complications. This is often 
due to incomplete osteotomy or guide pin place-
ment too near the joint line. Hardware irritation is 
also a particular issue with LOW- 
DFO. Neurovascular injuries can also occur and 
may be prevented by using the lateral transverse 
artery as a landmark for finding proper osteotomy 
height. Nonunion occurs at a rate of 2–5%, with 
significantly increased risk associated with smok-
ing and obesity [38]. Implant failure or osteot-
omy collapse may occur due to inadequate 
fixation or aggressive rehabilitation [35].

Complications common to many orthopedic 
procedures include postoperative tissue swelling, 
lymphedema, VTE, compartment syndrome. 
Postoperative infection remains a possible com-
plication, but if early, may be treated by surgical 
revision with debridement and systemic antibiot-
ics. The plate fixator does not need to be removed 
if the soft tissue cover is intact and if the osteo-
synthesis is stable. If this is not the case, an exter-
nal fixator should be applied.

23.5  Torsional Deformities

Torsion deformities of the leg often present as ante-
rior knee pain due to patellar maltracking or patel-
lofemoral instability, gait disturbance, and hip 
impingement. In the absence of clinical symptoms, 
torsional deformities do not require correction. If 
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clinical symptoms are present but pathological tor-
sion is only slight, conservative treatment with 
physical therapy and corrective insoles is usually 
successful. For more severe symptoms refractory 
to conservative management, derotational osteoto-
mies may be indicated. In the setting of concomi-
tant axial and coronal plane deformity, multiplanar 
corrections are possible [39].

23.5.1  Femoral Rotational 
Osteotomy

Acetabular anteversion angle typically ranges 
from 15–20°, while femoral torsion angle is 

roughly 15 ± 5°. Femoral torsion (or version) is 
measured as the angle between a line drawn tan-
gential to the posterior femoral condyles and one 
in line with the femoral neck, based on axial CT 
images, Fig.  23.8. Though there is no clear 
threshold, for excess, symptomatic femoral tor-
sion, femoral rotational osteotomy may be 
considered.

23.5.1.1  Surgical Technique
The patient is positioned supine. A 10–15 cm skin 
incision is made beginning at the greater trochan-
ter and running distally. The fascia lata is incised 
longitudinally and the vastus lateralis is detached 

a b

c

Fig. 23.8 Preoperative planning for femoral derotational 
osteotomy. (a) Full-length standing lower extremity x-ray 
of a 24-year-old male, demonstrating right lower extrem-
ity valgus with increased mFTA and mLDFA after ACL 
reconstruction. (b) On axial CT cuts through the distal 
femur, angle of posterior femoral condyles to horizontal is 

measured and similarly (c) femoral neck anteversion is 
calculated. The difference between these two measure-
ments demonstrates femoral torsion. This patient femoral 
internal rotation of 24° (11° + 13°) on the right, as com-
pared to 6° (9° + (−3°)) of internal rotation on the left
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in an L-shape from the innominate tubercle. Two 
Hohmann elevators are inserted to expose the 
femur and intertrochanteric region. Using an 
osteotome or cautery, the location of the trans-
verse osteotomy is marked cranial to the lesser 
trochanter. Image intensification is used to plan 
the position of the angled-blade plate on the femur 
(Synthes). The lower bend in the plate should be at 
the level of the planned osteotomy so that the plate 
blade is in the femoral neck. The insertion site of 
the blade is also marked using a chisel or cautery 
at the greater trochanter. K-wire is now inserted 
bicortically cranial to the osteotomy mark. 
Another bicortical threaded wire is also placed 
caudal to the mark and is positioned to form the 
calculated correction angle with the first wire. The 
wires must lie perpendicularly to the mechanical 
femoral axis. Using image intensification, another 
wire is advanced into the femoral neck in contact 
with the bone in order to mark the position and 
anteversion of the femoral neck. The insertion site 
and blade bed are now prepared by hammering a 
seating chisel with U-profile parallel to this wire. 
Advancing the chisel into the bone using a slotted 
hammer will allow controlled rotation. For proper 
orientation of the chisel blade in the frontal and 
sagittal planes, the tongue of the guiding angle 
must be aligned parallel to the femoral shaft in 
both planes. The osteotome is then left in position 
to act as a guide. The leg is positioned in full 
extension. The blade should now be hammered 
back out 1–2 cm to help extract the seating chisel 
after the osteotomy. The oscillating saw is used 
under cooling to perform the osteotomy under the 
protection of two Hohmann retractors. The oste-
otomy is performed at 90° to the mechanical axis. 
The saw blade must be in the same plane as the 
first and second wires. The chisel is now with-
drawn, and the blade plate is hammered into the 
implant bed. The planned correction angle is 
achieved by rotating the distal segment until the 
second K-wire lies parallel to the first K-wire. The 
angled blade plate is stabilized temporarily with 
Verbrugge clamps. Compression is applied to the 
osteotomy gap by a plate compression device. 
After inserting the bicortical screws, radiographic 
documentation is recorded, and drains are inserted 
followed by wound closure [40].

23.5.1.2  Postoperative Management
Dressings are changed and the drains are removed 
on the first postoperative day. Mobilization 
should begin with partial weight bearing. Active 
hip motion against resistance should be avoided 
although passive hip motion is permitted. 
Radiological follow-up should be performed on 
postoperative day 3 and after postoperative week 
6. Weight bearing can be increased after postop-
erative week 7 based on clinical and radiological 
findings [7].

23.5.1.3  Results
Femoral rotational osteotomy has shown good 
results clinically. Good to excellent outcomes are 
reported at a range of 93–98%. In one study, the 
modified Harris Hip Score improved by 29 points 
at an average follow-up of 6.5  years. Seventy- 
eight percent of patients required a subsequent 
surgery, of which 91% were implant removals 
[41].

23.5.2  Tibial Rotational Osteotomy

The standard tibial torsion angle is 23  ±  5.1°, 
measured on axial CT as the angle between the 
knee joint axis and transmalleolar axis. Again, 
though no clear threshold exists, if the patient’s 
torsion angle exceeds two standard deviations 
from the norm (>35° or < 1°), and the patient has 
symptomatic gait disturbance or pain, tibial rota-
tional osteotomy may be considered.

23.5.2.1  Surgical Technique
Patient is placed in a supine position. The knee is 
in near full extension with the knee slightly flexed 
on a towel. A 5–7 cm longitudinal skin incision is 
made anterior to the tuberosity. The tibialis ante-
rior fascia is dissected longitudinally from 1 cm 
lateral to the tibial attachment. A 5 cm portion of 
the tibialis anterior muscle is detached in order to 
expose the lateral tibia. A longitudinal incision is 
now made on the periosteum medial to the tuber-
osity in order to pass a bone rasp beneath it. The 
medial collateral ligament and tendons of the pes 
anserinus must now be protected. Image intensi-
fication is used with a measuring rod to identify 
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the tibial axis and to mark the direction of the saw 
cut with a K-wire. Another mark is made with 
cautery perpendicular to the tibial mechanical 
axis 1 cm distal to the cranial margin of the tuber-
osity. This marks the level of osteotomy. Image 
intensification is used to position the internal 
plate fixator on the lateral tibia. The two proximal 
screw holes are pre-drilled. The plate is removed, 
and a mark is made for the osteotomy. If the 
tuberosity needs to be rotated with the distal seg-
ment, the anterior osteotomy should be cranial. If 
the tuberosity need not be rotated, the saw cuts 
may run distally. For valgus opening-wedge tib-
ial correction osteotomy, the angle between the 
oblique osteotomy and the transverse osteotomy 
should be 100° and the tuberosity segment should 
be 10–15 mm wide.

A thin saw blade is used to make the anterior 
oblique osteotomy. The saw cut should be strictly 
in the frontal plane and the patellar tendon should 
be protected. K-wires are inserted bicortically 
parallel to each other with one proximal to the 
osteotomy site and one distal to it. Both wires 
should be perpendicular to the tibial axis. 
Transverse tibial osteotomy is performed using 
image intensification from lateral to medial, as 
well as perpendicular to the tibial mechanical 
axis. An angled protection plate should be left in 
the osteotomy cut while the transverse tibial saw 
cut is made in order to protect the tibial tuberos-
ity. After removing the protective saw blade from 
the tuberosity cut, a small portion of bone should 
be removed from behind the tibial tuberosity to 
allow rotation. The segment should be verified to 
see if rotation without resistance is possible, and 
if not, any residual bone bridges are chiseled. The 
distal segment is rotated relative to the proximal 
segment until the proper correction is achieved. 
Proper alignment of the foot relative to the patella 
and tibial tuberosity is essential. Before applying 
the fixed-angle plate fixator, the correction should 
be temporarily stabilized with two K-wires. The 
plate should be positioned so that the two proxi-
mal plate holes are aligned with the two holes in 
the proximal tibial segment. Two locking head 
screws are inserted bicortically. Three monocor-
tical locking screws should be inserted for stable 
fixation distal to the osteotomy [42].

If the derotation is less than 20°, decompres-
sion of the peroneal nerve or osteotomy of the 
fibula are not necessary. It is recommended, how-
ever, to split the fascia of the anterior compart-
ment to prevent pressure increase. The muscles 
should now be reattached, and drains inserted. 
Wound closure should happen in layers.

23.5.2.2  Postoperative Management
Dressings are changed and the drains are removed 
on the first postoperative day. Mobilization starts 
with partial weight bearing. Active knee motion 
against resistance should be avoided although 
unrestricted passive and active motion is permit-
ted. Radiological follow-up should be performed 
on postoperative day 3 and after postoperative 
week 6. Full weight bearing is permitted postop-
erative week 7 based on clinical and radiological 
findings.

23.5.2.3  Results
A study done by Fouilleron shows good clinical 
results. Ninety-four percent of patients in the 
study who underwent proximal tibial derotational 
osteotomy were satisfied or very satisfied with 
the outcome. Seventy-five percent of the patients 
in the study had good to excellent results based 
on the Lille test. The functional results were sig-
nificantly improved on the Lille score, increasing 
from 54.8  ±  16.9 to 85.2  ±  14. Patellofemoral 
pain improved significantly in all patients. Mean 
postoperative tibial torsion measured at clinical 
follow-up was 8.6°, with a mean decrease of 
25.2° [43].

23.5.2.4  Complications
Complications associated with femoral rotation 
surgery include overcorrection or under correc-
tion due to poor preoperative planning, postop-
erative infections, malalignment of the frontal or 
sagittal planes, fractures, secondary loss of cor-
rection, implant fatigue failures, and alteration to 
the foot progression angle. In addition, femoral 
head necrosis has been reported after intertro-
chanteric femoral osteotomy. Lastly, if extensive 
torsional correction is required, internal rota-
tional osteotomy of the femur may damage the 
sciatic nerve [7].
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With tibial osteotomies, distal external rota-
tion of the tibia may also damage the peroneal 
and tibial nerve. Thus, intracompartmental 
decompression by fasciotomy is recommended.

23.6  Take Home Message

Osteotomies about the knee are useful, often for-
gotten procedures, that have proven success with 
correction of malalignment in the setting of early 
degenerative changes, ligament reconstruction 
procedures, and augmentation of joint preserving 
procedures such as osteochondral and meniscus 
reconstruction. Precise preoperative planning is 
crucial to determining appropriate correction.

Computed tomography can render models that 
allow surgeons to improve their multiplanar pre-
operative planning [44]. With careful planning 
and execution, osteotomies and concomitant pro-
cedures allow for return to work/play for patients 
[45–47].

The reported physiological ranges are based 
on [10]. JLCA, joint line convergence angle (pos-
itive values indicate medial convergence); MAD, 
mechanical axis deviation (positive values indi-
cate medial MAD); mFTA, mechanical femoro-
tibial angle (values >180° indicate valgus 
alignment, values <180° indicate varus align-
ment); mLDFA, mechanical lateral distal femoral 
angle; mMPTA, mechanical medial proximal 
tibial angle.

References

 1. Samuelsen BT, et al. Posterior medial meniscus root 
tears potentiate the effect of increased Tibial slope on 
anterior cruciate ligament graft forces. Am J Sports 
Med. 2020;48(2):334–40.

 2. Mehl J, et al. Osseous valgus alignment and postero-
medial ligament complex deficiency lead to increased 
ACL graft forces. Knee Surg Sports Traumatol 
Arthrosc. 2019;28:1119–29.

 3. Bernhardson AS, et  al. Tibial slope and its effect 
on force in anterior cruciate ligament grafts: ante-
rior cruciate ligament force increases linearly as 
posterior Tibial slope increases. Am J Sports Med. 
2019;47(2):296–302.

 4. Yamaguchi KT, et  al. Effects of anterior closing 
wedge Tibial osteotomy on anterior cruciate liga-

ment force and knee kinematics. Am J Sports Med. 
2018;46(2):370–7.

 5. Morrison J.  Bioengineering analysis of force 
actions transmitted by the knee joint. Biomed Eng. 
1968;3:164–70.

 6. Morrison J. Function of the knee in various activities. 
Bio-Med Eng. 1969;4:573–580s.

 7. Lobenhoffer P, et  al. Osteotomies around the knee: 
indications, planning, surgical techniques using plate 
fixators. Stuttgart: AO Publishing; 2008.

 8. Paley D, Pfeil J. Principles of deformity corrections 
around the knee. Orthopade. 2000;29(1):18–38.

 9. Paley D, et al. Deformity planning for frontal and sag-
ittal plane corrective osteotomies. Orthop Clin North 
Am. 1994;25(3):425–65.

 10. Willinger L, et al. Varus alignment increases medial 
meniscus extrusion and peak contact pressure: a 
biomechanical study. Knee Surg Sports Traumatol 
Arthrosc. 2020;28(4):1092–8.

 11. Dugdale TW, Noyes FR, Styer D. Preoperative plan-
ning for high tibial osteotomy. The effect of lateral 
tibiofemoral separation and tibiofemoral length. Clin 
Orthop Relat Res. 1992;274:248–64.

 12. Coventry MB.  Upper tibial osteotomy for gonar-
throsis. The evolution of the operation in the last 18 
years and long term results. Orthop Clin North Am. 
1979;10(1):191–210.

 13. Lobenhoffer P, De Simoni C, Staubli AE.  Opening 
wedge high-tibial osteotomy with rigid plate fixation. 
Tech Knee Surg. 2002;1:93–105.

 14. Novaretti JV, et al. The role of osteotomy for the treat-
ment of PCL injuries. Curr Rev Musculoskelet Med. 
2018;11(2):298–306.

 15. Yoon KH, et al. Influence of posterior Tibial slope on 
clinical outcomes and survivorship after anterior cru-
ciate ligament reconstruction using hamstring auto-
grafts: a minimum of 10-year follow-up. Arthroscopy. 
2020;36(10):2718–27.

 16. LaPrade RF, et al. Patellar height and tibial slope after 
opening-wedge proximal tibial osteotomy: a prospec-
tive study. Am J Sports Med. 2010;38(1):160–70.

 17. Chahla J, et al. Medial opening wedge proximal Tibial 
osteotomy. Arthrosc Tech. 2016;5(4):e919–28.

 18. Jin C, et  al. Survival and risk factor analysis of 
medial open wedge high Tibial osteotomy for uni-
compartment knee osteoarthritis. Arthroscopy. 
2020;36(2):535–43.

 19. Schuster P, et  al. Ten-year results of medial open- 
wedge high Tibial osteotomy and chondral resurfacing 
in severe medial osteoarthritis and Varus malalign-
ment. Am J Sports Med. 2018;46(6):1362–70.

 20. Puddu G.  Outcomes of opening wedge high tibial 
osteotomy. Orthopaedic Proc. 2018;91.

 21. Coventry MB. Osteotomy of the upper potion of the 
tibia for degenerative arthritis of the knee. A prelimi-
nary report. J Bone Joint Surg Am. 1965;47:894–990.

 22. Luites JW, et al. Fixation stability of opening- versus 
closing-wedge high tibial osteotomy: a randomised 
clinical trial using radiostereometry. J Bone Joint Surg 
Br. 2009;91(11):1459–65.

H. Shaikh et al.



287

 23. Franco V, et  al. Open wedge osteotomy of the 
distal femur in the valgus knee. Orthopade. 
2004;33(2):185–92.

 24. Jacobi M, Jakob RP.  Open wedge osteotomy in the 
treatmen of medial osteoarthritis of the knee. Tech 
Knee Surg. 2005;4(2):70–8.

 25. Lobenhoffer P, Agneskirchner JD.  Improvements 
in surgical technique of valgus high tibial oste-
otomy. Knee Surg Sports Traumatol Arthrosc. 
2003;11(3):132–8.

 26. Staubli AE, et  al. TomoFix: a new LCP-concept for 
open wedge osteotomy of the medial proximal tibia-
-early results in 92 cases. Injury. 2003;34(Suppl 
2):B55–62.

 27. Stoffel K, Stachowiak G, Kuster M. Open wedge high 
tibial osteotomy: biomechanical investigation of the 
modified Arthrex Osteotomy Plate (Puddu Plate) and 
the TomoFix Plate. Clin Biomech (Bristol, Avon). 
2004;19(9):944–50.

 28. Mattei L, et  al. Closing wedge tibial osteotomy: is 
it an actual procedure nowadays? Annals of Joint. 
2017;2(6):6.

 29. Lee DC, Byun SJ. High tibial osteotomy. Knee Surg 
Relat Res. 2012;24(2):61–9.

 30. Berruto M, et al. Closing-wedge high tibial osteotomy, 
a reliable procedure for osteoarthritic varus knee. In:  
Knee Surgery, Sports Traumatology, Arthroscopy; 
2020. p. 1–7.

 31. Berruto M, et al. Closing-wedge high tibial osteotomy, 
a reliable procedure for osteoarthritic varus knee. 
Knee Surg Sports Traumatol Arthrosc. 2020;28:1–7.

 32. Sherman SL, Thompson SF, Clohisy JCF.  Distal 
femoral Varus osteotomy for the Management of 
Valgus Deformity of the knee. JAAOS - J Am Acad 
Orthopaedic Surg. 2018;26(9):313–24.

 33. Duethman NC, et  al. Medial closing wedge 
distal femoral osteotomy. Clin Sports Med. 
2019;38(3):361–73.

 34. Wylie JD, Maak TG.  Medial closing-wedge distal 
femoral osteotomy for genu Valgum with lateral com-
partment disease. Arthrosc Tech. 2016;5(6):e1357–66.

 35. Pilone C, et al. Lateral opening wedge distal femoral 
osteotomy for lateral compartment arthrosis/overload. 
Clin Sports Med. 2019;38(3):351–9.

 36. O’Malley MP, et  al. Distal femoral osteotomy: 
lateral opening wedge technique. Arthrosc Tech. 
2016;5(4):e725–30.

 37. Wylie JD, et al. The effect of lateral opening wedge 
distal femoral Varus osteotomy on tibiofemoral con-
tact mechanics through knee flexion. Am J Sports 
Med. 2018;46(13):3237–44.

 38. Liska F, et al. Smoking and obesity influence the risk 
of nonunion in lateral opening wedge, closing wedge 
and torsional distal femoral osteotomies. Knee Surg 
Sports Traumatol Arthrosc. 2018;26(9):2551–7.

 39. Imhoff FB, et al. Derotational osteotomy of the distal 
femur for the treatment of patellofemoral instability 
simultaneously leads to the correction of frontal align-
ment: a laboratory cadaveric study. Orthop J Sports 
Med. 2018;6(6):2325967118775664.

 40. Nelitz M.  Femoral Derotational osteotomies. Curr 
Rev Musculoskelet Med. 2018;11(2):272–9.

 41. Buly RL, et  al. Femoral derotation osteotomy in 
adults for version abnormalities. J Am Acad Orthop 
Surg. 2018;26(19):e416–25.

 42. Walton DM, et al. Proximal tibial derotation osteot-
omy for torsion of the tibia: a review of 43 cases. J 
Child Orthop. 2012;6(1):81–5.

 43. Fouilleron N, et  al. Proximal tibial derotation oste-
otomy for torsional tibial deformities generating 
patello-femoral disorders. Orthop Traumatol Surg 
Res. 2010;96(7):785–92.

 44. Yan J, et  al. Outcome reporting following navi-
gated high tibial osteotomy of the knee: a system-
atic review. Knee Surg Sports Traumatol Arthrosc. 
2016;24(11):3529–55.

 45. Kunze KN, et al. Return to work and sport after proxi-
mal Tibial osteotomy and the effects of opening ver-
sus closing wedge techniques on adverse outcomes: 
a systematic review and meta-analysis. Am J Sports 
Med. 2019:363546519881638.

 46. Hoorntje A, et al. High rates of return to sports activi-
ties and work after osteotomies around the knee: a 
systematic review and meta-analysis. Sports Med. 
2017;47(11):2219–44.

 47. Ekhtiari S, et al. Return to work and sport following 
high Tibial osteotomy: a systematic review. J Bone 
Joint Surg Am. 2016;98(18):1568–77.

23 Osteotomy: Coronal and Axial Plane Deformity



289© ISAKOS 2022 
N. Nakamura et al. (eds.), Advances in Knee Ligament and Knee Preservation Surgery, 
https://doi.org/10.1007/978-3-030-84748-7_24

Patient-Specific Instrumentation 
and 3-D Osteotomy

Wouter Van Genechten, Annemieke van Haver, 
and Peter Verdonk

24.1  Introduction

Osteotomies around the knee are well- 
established, joint-preserving surgical interven-
tions which primarily aim to correct the 
mal-aligned lower limb in the coronal plane, 
hereby inducing mechanical unloading of either 
the medial or lateral arthritic knee compartment 
[1]. In neutral alignment, the medial compart-
ment bears up to 55–70% of a person’s weight 
during the stance phase of gait, which increases 
with 5% for every 1° of additional varus defor-
mity [2]. The fact that a constitutional varus 
alignment of 3° or more is found in a significant 
number of adults, contributes to the overall high 
prevalence of medial relative to lateral knee 
osteoarthritis (OA) [3–5]. Consequently, osteot-
omies towards valgus are most commonly per-

formed, and since varus deformities are 
frequently found in the proximal tibia (mechani-
cal medial proximal tibial angle (mMPTA) < 
85°), surgical corrections are preferred at this 
level. Both the medial opening- wedge and the 
lateral closing-wedge high tibial osteotomy 
(HTO) have shown to be effective for unloading 
the diseased medial compartment [6]. When per-
formed in a timely fashion, it can delay or even 
prevent the development to end-stage knee OA 
[7]. For several reasons such as the need for a 
fibular osteotomy, risk of peroneal nerve dam-
age, and extended soft tissue dissections, the lat-
eral closing-wedge approach has fallen into 
disuse [2, 6, 8]. Therefore, modern opening-
wedge HTO forms currently the standard with 
reported survival rates of >90% at 10  years in 
young (<65 years) and physically active patients 
[8–10]. Nevertheless, conventional opening-
wedge HTO remains a technically demanding 
procedure with a considerable risk of complica-
tions, including (unstable) lateral hinge frac-
tures, delayed or non-union of the gap, over/
under-correction, and unintended increase of the 
tibial slope [11–14].

Considering the accuracy of conventional 
HTO procedures in the coronal plane, Van den 
Bempt et  al. uncovered a surprisingly low 
achievement of the planned correction [15]. Eight 
out of 11 conventional HTO cohorts were unable 
to reach a threshold of 75% accurate corrections 
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within a self-defined accuracy interval. Since 
realignment surgery is a highly individualized 
intervention associated with a small tolerance for 
error, these results are posing a major concern 
regarding intervention durability [16]. Both 
unprecise preoperative osteotomy planning and 
subsequent challenging translation into surgery 
are considered to form the basis of inaccurate 
osteotomy corrections [17]. The introduction of 
computer navigation in the field of knee osteoto-
mies has certainly been a step towards more 
accurate surgical outcomes, mainly due to the 
real-time visualization of the corrected limb [18]. 
However, expensive equipment, a long learning-
curve with prolonged surgical duration and 
unpredicted technology failure have constrained 
this approach from becoming widespread among 
orthopaedic knee surgeons [15, 19].

Since modern volumetric imaging modalities 
such as very low-dose computer tomography 
(CT) scans and magnetic resonance imaging 
(MRI) became available on large-scale, several 
attempts have been made to virtually simulate 
surgeries in suitable medical software and to 
print 3-D anatomical models [20]. Shortly after-
wards, the intra-operative use of 3-D-printed 
patient-specific instrumentation (PSI) was intro-
duced, first in maxillofacial surgery which was 
later successfully translated to surgical correc-
tions of the spine and mal-union fractures of the 
forearm [21–23]. The implementation of PSI in 
realignment surgery of the lower limb, however, 
is relatively new [24]. The thought of having cus-
tomized surgical tools available during surgery, 
which instantly determine the osteotomy plane 
together with the intended correction in both the 
coronal and sagittal plane, sounded very appeal-
ing and led to the development of a handful inno-
vative PSI approaches for knee osteotomies [16, 
25–28]. Therefore, this chapter provides an over-
view about the clinical use of 3-D osteotomy 
planning, customized guide printing and PSI in 
the operating room (OR) with accuracy outcomes 
of several techniques developed for knee osteot-
omy surgery. Further, the author’s onsite pre-
ferred PSI approach is discussed, together with 
general considerations and concerns about the 
topic.

24.2  Osteotomy Planning

A proper full-leg bipodal standing radiograph has 
always been the benchmark both for determining 
mal- alignment of the lower limb and for osteot-
omy planning [29]. However, questions have 
been raised about the reliability and effect of 
slight knee flexion and limb rotation on 2-D 
image measurements [30–32]. Moreover, the fac-
tor weight-bearing might cause an overestima-
tion of the preoperative varus alignment, which 
should theoretically result in high numbers of 
overcorrected osteotomies [33–35]. Finally, full-
leg radiographs only allow osteotomy planning in 
a single plane (coronal), while most HTO surger-
ies consist of a biplanar bone cut.

Despite the imperfections, a full-leg standing 
radiograph still forms a cornerstone in the plan-
ning phase, even in the majority clinical PSI stud-
ies (Table  24.1) [14, 25–27, 36, 37]. Now, 
considering 3-D bone modelling for osteotomy 
planning, a baseline CT-scan appears to be the 
better option over MRI because it is less expen-
sive, the imaging waiting times are shorter, and it 
provides clearer spatial resolution to segment the 
bones [38]. A scan of the knee joint, or at mini-
mum of the proximal tibia is obligatory to per-
form a multiplanar osteotomy simulation and to 
design PSI. The obtained imaging DICOM files 
from the scan are easily loaded into the dedicated 
segmentation software after which the anatomi-
cal bone models are exported as STL-files to 
maintain scale and composition. Finally, the bone 
models are transferred to 3-D medical planning 
software to virtually pre-plan the correction size 
and define the bone cut (plane, depth and starting 
point) which is ultimately followed by PSI design 
and printing. [25, 26, 36, 37].

Some authors have recently implemented the 
mechanical medial proximal tibial angle 
(mMPTA) as primary planning angle. [25, 37] 
The mMPTA strictly limits the correction change 
to the tibial bone in contrast to the mechanical 
femorotibial angle (mFTA) or weight-bearing 
line (WBL%) which might be prone to variation 
by a patient’s position during preoperative imag-
ing. Moreover, this angle has proven to be the 
only predictor for alignment errors after opening- 
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wedge HTO and makes its inclusion in modern 
HTO planning recommendable to improve cor-
rection accuracy [39]. In addition, the authors 
support the conduction of mMPTA measure-
ments in order to control joint line orientation 
((JLO) <5°) after HTO and to maintain the con-
version option to arthroplasty in a later stadium. 
The planned mMPTA should not exceed 95° as 
this might induce excessive joint line obliquity 
with increased shear stress on the articular carti-
lage [40]. A double-level osteotomy might be 
indicated in large varus corrections which can, on 
their turn, be planned more precisely in 3-D 
imaging software. In one PSI strategy, final plate 
type and positioning are already included in the 
3-D planning by determining the predrilled screw 
holes in the PSI guide (Fig. 24.1). [14, 24, 25, 37] 
This eventually facilitates immediate and correct 
implant positioning intraoperatively but leaves a 
small margin for unexpected alternations during 
surgery.

Chernchujit et al. recently reported on a plan-
ning technique to correct the non-weight bearing 
component of a full-leg supine CT-scan by using 
a 2-D full-leg standing radiograph [41]. 
Accordingly, a full-leg 3-D model under ‘weight- 
bearing circumstances’ was created to simulate 
the intended osteotomy; however, no PSI was 
printed or used intraoperatively. Despite precise 
3-D planning, only 79% of cases (n = 19) fell into 
a wide ±3° range around target, which empha-
sizes the actual need for customized surgical 

tools during surgery on top of preoperative 3-D 
simulation [41].

Overall, the main advantages of executing a 
preoperative 3-D osteotomy planning are (1) the 
reliable angle measurements based on exact iden-
tification of unique bony landmarks, (2) the mul-
tiplanar and multilevel simulation of the surgery 
and finally (3) the ideal tool for designing PSI 
and tailor-made anatomical models [42]. With 
the availability of 3-D bone models, the intended 
correction size can be planned very precisely in a 
way that even the thickness of the sawblade can 
be taken into account [16].

24.3  3-D Printing of PSI: Materials 
and Equipment

The availability of 3-D planning software, medi-
cal grade resin, a 3-D printer and most impor-
tantly, trained personnel are mandatory for 
streamlining an in-hospital preoperative planning 
and printing process of PSI.  If one of these 
requirements onsite is missing, external compa-
nies can be involved; however, this may result in 
an increased cost per case, a longer manufactur-
ing process and more complex logistics. 
Therefore, it can be recommended for certain 
hospitals/orthopaedic departments to invest in a 
3-D core facility, especially in case of high surgi-
cal turnovers and short waiting lists. Moreover, 
3-D planning and PSI is far from only reserved 

Fig. 24.1 Design of a customized osteotomy guide 
equipped with drill holes which eventually match with the 
screw holes of the plate during optimal (planned) gap dis-
traction in opening-wedge HTO.  Final plate type and 

positioning are included in the 3-D osteotomy planning. 
(Donnez et  al. [45], Munier et  al. [25], Chaouche et  al. 
[37]; permission from the authors was obtained to publish 
illustrations)

24 Patient-Specific Instrumentation and 3-D Osteotomy
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for knee osteotomies. PSI has proven its value in 
multiple disciplines and operations such as max-
illofacial/craniofacial surgery, bone tumour 
resections, osteotomies for mal- or non-union 
fractures and corrections of forearm deformities 
[43]. So theoretically, a 3-D core facility can sup-
ply several departments of interest, hereby 
 sharing the costs of its own establishment and 
maintenance.

When used in the OR, anatomical patient 
models and PSI are printed in medical grade 
resin. Polyamide (or nylon) is the most com-
monly used material for guide manufacturing 
because of its biocompatibility and good mechan-
ical properties [14, 16]. When devices are printed 
with selected laser sintering (SLS), the polyam-
ide powder is fused into a solid model, which 
does not need structural support. Further, acrylo-
nitrile butadiene styrene (ABS), a thermoplastic 
polymer, forms another choice and has been fre-
quently used to print PSI guides for knee osteoto-
mies [26, 27, 44]. Using this material, 
Perez-mananez was able to print PSI for less than 
€5 euro per patient, based on an ABS purchase 
price of €0.04/gram [26]. Arnal- burro et al. used 
polylactic acid (PLA), a thermoplastic polyester, 
and was able to print the required PSI per patient 
for even half of this price [36]. His group pro-
posed a reasonable price range of €500–2000 for 
purchasing a suitable 3-D printer compatible 
with this material. The drawback of these inex-
pensive fused deposition modelling (FDM) 3-D 
printers, however, is the lower printing accuracy 
and the obvious layer lines which are inherent to 
filament printing. Since 2016, it is also possible 
to 3-D print medical grade photopolymer resins 
with a desktop stereolithography (SLA) printer, 
which offers a high resolution, accuracy and a 
smooth surface finish. A drawback of SLA print-
ing is that the models need support structures 
which require manual removal after printing. 
Nevertheless, the authors have been using this 
printing technique for several years onsite with 
overall satisfying outcomes. Finally, the device 
should be safely sterilized in a standardized 
steam pressure autoclave, gamma ray steriliza-
tion or low temperature hydrogen peroxide steril-

ization (STERRAD sterilization) according to 
the instructions on the technical data sheet of the 
used material [14, 16, 28].

24.4  PSI Techniques and Accuracy

In a recent controlled laboratory study, the impor-
tance of PSI cutting guides was highlighted for 
improving osteotomy accuracy [17]. Customized 
slot guides (closed) were compared to open 
guides and free-hand sawing on a mid-shaft 
femur model. The closed guides had favorable 
outcomes in both precision of the osteotomy cut 
and translation of the preoperative 3-D planning. 
The authors concluded that the use of PSI guides 
(open and closed) leads to more predictable out-
comes in osteotomy surgery and bony resections 
and can be recommended especially in multipla-
nar and rotational corrections [17].

In the context of osteotomies around the knee 
joint, PSI guides can be beneficial in two ways: 
first by defining the starting point, inclination 
angle and plane for the actual bone cut(s) and 
secondly by determining the planned gap open-
ing at the medial cortex. Victor et  al. designed 
and clinically tested the first PSI prototype for 
knee osteotomies (HTO and distal femur osteoto-
mies (DFO)) which included a robust frame for 
fitting patient’s bony landmarks to assure proper 
positioning (Table  24.1) [24]. This guide was 
equipped with a cutting slot and drill holes which 
would later match with the screw holes of the 
fixation plate as under optimal gap distraction 
(Fig. 24.2). After 14 cases, an accuracy outcome 
of 0° ± 0.72 ΔmFTA relative to the planning was 
found in the coronal plane with all cases falling 
within [−1°; +1°] around the target. Overall, 
minor changes were observed in the sagittal 
plane. Despite these highly accurate results, a 
large incision (13 cm femur and 12 cm tibia) and 
soft tissue dissection was required to properly fit 
the guide, inducing higher risk for wound infec-
tions and delayed or non-union of the gap [16]. 
Nevertheless, this pioneer technique was later 
adopted by several research groups developing 
their own PSI technique for opening-wedge 
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HTO. [14, 25, 37, 45] The largest case series with 
PSI was recently published by Chaouche et al., 
who included 100 opening-wedge HTO cases 
(Figs. 24.1 and 24.3) [37]. In the coronal plane, 
an accuracy of 1.0° ± 0.9 ΔmFTA and 0.5° ± 0.6 

ΔmMPTA was established, while the planned 
and postoperative tibial slope differed with 0.4° ± 
0.8. The authors concluded that by applying this 
PSI technique, predictable correction outcomes 
can be delivered, without increasing (non-)spe-
cific HTO complications [37].

To avoid large skin incisions for robust PSI 
guides, Jones et al. developed an external device 
to align the osteotomy cutting guide based on dis-
tant superficial bony landmarks including the 
fibular head and maleolli [16]. His group sug-
gested to use a customized ‘correction block’ 
fixed with 3 k-wires to determine and maintain 
the intended gap opening during surgery. 
Preliminary results with this technique ensure an 
accuracy within 3° around the target after 18 
HTO cases [16]. In this way, an HTO can be per-
formed minimally invasive while maintaining 
freedom for the surgeon to choose the fixation 
device and plate positioning. However, the 
authors admit to a longer multi-step procedure 
which is in conflict with a principal advantage of 
PSI, namely, reducing the time and complexity of 
the operation [17, 26, 36].

Another way to obtain the planned limb 
realignment is simply to print the complementary 
wedge spacers needed to fill the osteotomy gap 
[26, 27, 44]. Perez-Mananez et al. described this 
approach by exchanging the spacers for struc-
tural bone autograft derived from the iliac crest in 
8 HTO cases [26]. In combination with a custom-

Fig. 24.2 Design of the first PSI guide for osteotomies around the knee (distal femur osteotomy (DFO)). (From Victor 
et al. [24]; permission from the corresponding author was obtained for illustration reprinting)

Fig. 24.3 Intraoperative positioning and fixation of a PSI 
cutting guide in opening-wedge HTO. (Donnez et al. [45], 
Munier et al. [25], Chaouche et al. [37]; permission from 
the authors was obtained to publish illustrations)
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ized positioning guide, an average accuracy of 
0.5° ΔmFTA (ranging 0°–1.2°) was demon-
strated. Twenty conventional control HTOs were 
performed, and although showing lower accuracy 
(average 1.1° ΔmFTA (ranging 0°–2.8°)), both 
groups were not significantly different. 
Interestingly, an additional 3-D anatomical model 
of the proximal tibia was always available intra-
operatively to confirm fitting of the cutting guide. 
Shortly thereafter, the exact same PSI approach 
was evaluated for 12 DFOs and compared to the 
conventional technique [36]. Mechanical axis 
deviation in the coronal plane was on average 
0.28° ΔmFTA (ranging 0°–1°) for PSI and 1.8° 
ΔmFTA (ranging 0°–4°) in controls, which was 
significantly different.

Similarly, but without the inclusion of an oste-
otomy cutting guide and the implementation of 
bone autograft, Kim et al. demonstrated a lower 
absolute difference from the correction target of 
62.5% in 20 PSI HTO cases (2.3% ± 2.5 ΔWBL) 
compared to 20 conventional controls (6.2% ± 5.1 
ΔWBL) [27]. The tibial slope remained almost 
unchanged in the PSI cases, while for the conven-
tional approach, a statistically significant increase 
was observed. Finally, Yang et al. found an alter-
native way to obtain the desired wedge opening 
by designing a biplanar cutting guide consisting 
of a proximal and distal part, each equipped with 
an aligning hole [28]. While distracting the oste-
otomy, a metal rod was placed in the proximal 
hole and only fitted in the second distal hole of 
the guide when the planned osteotomy gap was 
obtained. A pilot study of 10 HTOs yielded a 
postoperative alignment of 60.2%  ±  2.8 while 
aiming for 62.5% and a tibial slope that barely 
increased relative to the preoperative status.

24.5  PSI Technique of the Authors

24.5.1  3-D Planning

Preoperatively, the patient receives a full-leg bip-
odal standing radiograph and a supine CT-scan of 
the affected limb according to the Trumatch knee 
scanning protocol [38]. This low-dose protocol is 
specially designed for creating 3-D models by 

scanning the anatomical reference points, includ-
ing hip and ankle joint at 5 mm slice thickness 
and spacing and the knee joint at 0.5 mm slice 
thickness and spacing in a 150  mm range. The 
resultant Digital Imaging and Communications 
in Medicine (DICOM) files are loaded into the 
segmentation software Mimics® (Materialise®, 
Heverlee, Belgium) to separate bony structures 
from surrounding soft tissue. The 3-D model of 
the lower limb is then transferred to the planning 
software 3-matic® (Materialise®, Heverlee, 
Belgium), in which the desired osteotomy cut 
and wedge opening are simulated, aiming for the 
postoperative mechanical axis to pass through the 
lateral spine (Fig. 24.4). All osteotomies are sim-
ulated using the mMPTA as main planning angle. 
At the end of the planning process, a personal-
ized fitting wedge and cast are designed and 3-D 
printed in certified biocompatible photopolymers 
and sterilized by hydrogen peroxide gas plasma 
(Fig. 24.5). For safety reasons, the printed cast is 
labeled with the surgery side, the amount of cor-
rection (°) and the patient’s initials. To ensure 
proper positioning of the printed wedge in the 
osteotomy gap, two grooves are created which 
should match with the medial cortex of the proxi-
mal and distal tibial fragment. Although this 
planning method looks seemingly time-consum-

Fig. 24.4 Alignment determination on a 3-D bone model 
of the lower limb with virtual 3-D HTO planning and 
required gap opening/spacer size
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ing, the time from scanning the lower extremity 
up to the availability of sterilized PSI in the OR 
can be fit in a 48 h streamlined flow due to the 
onsite availability of the required software, resin 
and 3-D printing equipment.

24.5.2  Surgical Technique 
for MOW-HTO

A vertical medial skin incision is made on the 
tibia. Under fluoroscopic control, two parallel 
K-wires are introduced horizontally, starting 
3–4 cm below the medial tibial joint line on the 
medial cortex and aimed laterally, proximally of 
the tibiofibular joint and 1 cm below to the lat-
eral joint line. The horizontal osteotomy is per-
formed distal in contact with the 2 K-wires on 
the medial side using an oscillating saw, fol-
lowed by an oblique step osteotomy at the level 
of the tibial tubercle, as planned in 3-D.  The 
horizontal osteotomy is gently opened by insert-
ing five chisels in a progressive manner posteri-
orly, without full engagement. The personalized 
wedge spacer is now introduced in the gap while 
giving mild valgus stress (Fig.  24.6). The two 
grooves on the printed wedge are checked for 

matching the medial cortices. The bone graft 
preparations are started, while the customized 
spacer remains in the osteotomy gap, keeping 
the tibia in the intended corrected position. The 
printed negative cast is used as a box in which 
the bone allograft (half femoral head) can be 

Fig. 24.5 Final design and 3-D printed models of the wedge spacer with complementary cast to trim customized bone 
allograft

Fig. 24.6 Intraoperative introduction of the personalized 
wedge spacer which instantly provides the intended cor-
rection, while the identical structural bone graft is 
prepared
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precisely customized. The bone allograft is 
trimmed triangularly by a sawblade until the 
size matches the original printed wedge 
(Fig.  24.7). When ready, the printed spacer is 
exchanged for the wedge-shaped structural bone 
graft which ultimately provides an identical 
alignment correction. The osteotomy is finally 
fixed with a TomoFix® locking plate (Depuy-
Synthes GmbH, Solothurn, Switzerland).

24.5.3  Accuracy Outcome

For study purposes, ten patients that were oper-
ated according to this novel PSI technique 
received a full leg CT-scan and radiograph at 
3 months postoperatively to assess accuracy out-
comes in the coronal and sagittal plane 
(Table 24.2). Accuracy results showed that 90% 
(9/10) were within an accuracy range of 
[−1.5°;+1.5°] mFTA around the target, while all 
cases were within [−2°;+2°]. In the sagittal plane, 
an absolute ΔTS of 2.7° ± 1.8 was observed with 
an effective average slope increase of 2.1°. In 
comparison to previous PSI osteotomy studies 

(Table 24.1), our pilot study showed highly accu-
rate and therefore similar results in the coronal 
plane, while assessment was performed on more 
reliable 3-D imaging postoperatively. However, 
in the sagittal plane, an unintended slight increase 
of the posterior slope was observed. The authors 
hypothesize that this might have been due to the 

Fig. 24.7 Precise 
trimming of the 
structural bone allograft 
derived from half of a 
femur head in the 
dedicated cast of the 
patient

Table 24.2 Accuracy outcomes of the authors personal 
PSI technique for opening-wedge HTO

Angle Outcome
3-D imaging 
(mean ± SD)

2-D imaging 
(mean ± SD)

mFTA 
(°)

Relative 
Δ

−0.4 ± 1.0 -0.5 ± 1.3

Absolute 
Δ

0.9 ± 0.6 1.2 ± 0.7

mMPTA 
(°)

Relative 
Δ

−1.0 ± 1.4 0.3 ± 2.2

Absolute 
Δ

1.3 ± 1.1 1.7 ± 1.3

TS (°) Relative 
Δ

2.1 ± 2.6 0.0 ± 3.2

Absolute 
Δ

2.7 ± 1.8 2.2 ± 2.2

Δ difference, mMPTA mechanical medial proximal tibial 
angle, mFTA mechanical femorotibial angle, WBL weight- 
bearing line, TS tibial slope, SD standard deviation
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limited width of the printed wedge and structural 
graft (1 cm) which allowed for tibia plateau tilt-
ing in the sagittal plane. Therefore, a larger case 
series is currently ongoing to investigate a resized 
model of this PSI technique.

24.6  General Factors to Consider 
in 3-D Planning and PSI 
Osteotomy

Besides accurately obtaining the planned osteot-
omy correction, some practical and logistical fac-
tors need to be considered when applying 3-D 
planning and printing of PSI in clinical practice. 
Firstly, 3-D imaging in any form (CT or MRI) of 
the proximal tibia is minimally required to simu-
late the bone cut and plan the osteotomy opening 
in a multiplanar fashion. This might be associ-
ated with an additional cost and in case of 
CT-scan, with increased radiation exposure on 
top of a standard preoperative full-leg radiograph. 
The effective radiation dose of a CT-scan is 
largely dependent on the applied slice thickness, 
spacing and scanned area. Therefore, very low- 
dose protocols for scanning the lower limb have 
been established, only targeting a centred range 
of the hip, knee and ankle joint resulting in reli-
able 3-D anatomic models for planning realign-
ment and arthroplasty surgery [20]. In this way, 
the effective radiation dose can be reduced to the 
equivalent of one full-leg standing radiograph. 
Altogether, the slight increase in radiation dose 
for 3-D planning purposes should be put in per-
spective to the reduced need for fluoroscopy 
intraoperatively when applying PSI [16, 26, 28, 
36].

Primary goals of PSI are to facilitate techni-
cally demanding osteotomy surgeries, leading to 
reduced operating times while minimizing human 
correction errors [17, 36]. Perez-Mananes 
recorded the tourniquet time in HTO cases with 
and without PSI which was on average 61 and 92 
minutes, respectively [26]. Similar for DFO oper-
ations, significantly reduced surgery times were 
observed in favour of the PSI technique [36]. In 
addition, the saved OR time was financially 
translated and yielded €522/procedure, which 

ultimately appeared to cover the cost of a new 
3-D printer. Nevertheless, preoperative 3-D plan-
ning and printing is obviously more time- 
consuming relative to conventional methods and 
often requires the collaboration with a biomedi-
cal engineer. So, in short, the time and associated 
cost saved during PSI surgery can be directly 
reinvested in the preoperative planning and pro-
duction phase of the next osteotomy patient, 
resulting in a sustainable and economically 
healthy feedback system. This is in contrast to the 
use of computer navigation, which is, despite 
delivering highly accurate corrections in lower 
limb realignment, prolonging the operation time, 
technically more demanding and very expensive 
on top [18, 19].

A legitimate concern, however, is the effect of 
PSI mal-positioning as this might potentially 
increase the risk of tibia plateau fractures, intra- 
articular screw positioning, inaccurate translation 
of the planning and poor clinical outcomes [46]. 
To assess the potential consequences, Jud et  al. 
simulated guide mal-positioning (cutting slot 
with predrilled screw holes for matching plate 
fixation) by stepwise translation (5 mm) and rota-
tion (2.5°) on the proximal tibia in 3-D medical 
software [46]. Although a proximal 5 mm trans-
lation of the guide resulted in surgical failure, the 
authors concluded that PSI mal-positioning was 
safe within the possible ‘degrees of freedom’ and 
had low impact on coronal accuracy. Tibial slope 
changes, however, were not assessed.

Finally, the experience of the surgeon should 
be taken into account when the accuracy and 
potential advantages of PSI and conventional 
HTO studies are investigated. The authors 
hypothesize that the implementation of PSI 
might be most beneficial in case of young or 
unexperienced orthopaedic surgeons performing 
standard knee osteotomies, since a short learning 
curve can be expected with most PSI guides. 
However, for the experienced senior surgeon, 
satisfying accuracy levels can potentially be 
obtained with conventional HTO approaches, 
but PSI might still be valuable in more complex 
surgeries such as large or rotational corrections, 
multiplanar deformities and double-level 
osteotomies.
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In future perspectives, technological develop-
ment might further reduce the radiation exposure 
and advance required imaging such as EOS 
weight-bearing full-leg CT-scan and cone-beam. 
Further, the automation of the segmentation/
planning process should be stimulated and the 
cost of 3-D software and printers decreased to 
enhance the onsite accessibility of medical 3-D 
technology. Additionally, advanced technology 
with biomechanical finite element analysis will 
evolve, attempting to customize the fixation hard-
ware and improve implant size and fit to the 
‘post-distraction’ medial cortex [47, 48]. This 
approach might potentially result in less postop-
erative skin irritation and subsequently lowering 
the reoperation rate for hardware removal after 
knee osteotomies.

24.7  Conclusion

Three-dimensional osteotomy planning and PSI 
printing have successfully found their way into 
the field of knee osteotomy surgery. A handful of 
PSI techniques have been developed and clini-
cally tested over the past decade, showing overall 
highly accurate outcomes in the coronal plane, 
while the tibial slope can be well-controlled. 
Despite these promising preliminary results, the 
biplanar accuracy and long-term clinical advan-
tage over conventional HTO surgery remains to 
be determined in large comparative, and prefera-
bly randomized, trials. In the meantime, techno-
logical development might further (1) reduce the 
radiation exposure and advance required imag-
ing, (2) stimulate the automation of the segmen-
tation processes and (3) decrease the cost of 3-D 
software and printers to make medical 3-D tech-
nology accessible for the majority of hospitals. In 
addition, radiation exposure, costs for equipment, 
time-intensive preoperative planning and experi-
ence of the surgeon are factors that need to be 
outbalanced with the relative benefits associated 
with surgical accuracy. Nevertheless, in complex 
osteotomy cases, the authors advocate the use 
3-D planning and PSI. It can guide the surgeon 
through the operation, leading to satisfying accu-
racy outcomes, as this remains one of the most 

important factors in the durability of joint-pre-
serving osteotomies around the knee.
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Save the Meniscus: Advances 
in Meniscal Repair Techniques

Johannes Zellner and Peter Angele

25.1  Introduction

Meniscal lesions represent one of the most com-
mon intra-articular knee injury and are therefore 
one of the most frequent cause of surgical proce-
dures in orthopedic surgery. The mean annual 
incidence of meniscal lesions has been reported 
to be 66 per 100,000 inhabitants, 61 of which 
result in partial or subtotal meniscectomy [1]. 
The changes in “pivoting” sports activities in the 
past few decades have resulted in increased injury 
rates of the meniscus [2]. Especially in combina-
tion with anterior cruciate ligament injuries, a 
high incidence of acute meniscal lesions (40–
80%) can be detected.

Additionally, an increasing number of degen-
erative meniscus lesions have been detected over 
the last few decades. Although it is still under 
debate whether these meniscus lesions are better 
treated conservatively or operatively, there is no 

discussion about the fact that such degenerative 
meniscal changes are associated with the devel-
opment of osteoarthritis of the knee.

Meniscus integrity is the key for joint health 
of the knee. Untreated meniscus tears cause 
intermittent pain, joint swelling, recurrent 
mechanical symptoms (clicking, catching, giv-
ing way) and, therefore, significant reduction in 
quality of life in predominately young and active 
patients [3].

In the long-term, meniscus tears can result in 
the onset of joint degeneration and, finally, 
knee osteoarthritis with all its consequences 
including pain, immobility, and the need of 
knee arthroplasty [2, 4–7]. In a recent published 
case-control study, specific meniscus tear mor-
phologies (meniscus extrusion, complex tears, 
tears with large radial involvement) have shown 
to be significantly more common in patients 
with progressive development of osteoarthritic 
changes in a 2-year follow-up indicating that 
these meniscus tears represent a negative prog-
nostic risk factor for later development of 
osteoarthritis [7].

Removal of meniscus tears leads to short-term 
relief of clinical symptoms but also to knee osteo-
arthritis in long term [6, 8–10]. Especially, the 
amount meniscus removed, lateral meniscec-
tomy, concomitant injuries such as ACL ruptures, 
malalignment, high BMI, and longer duration of 
clinical symptoms preoperatively have been 
identified as negative prognostic risk factors for 
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the onset of osteoarthritis in systematic reviews 
[6, 10]. Elevated expression levels of arthritis- 
related markers in meniscus tears in patients 
under 40  years old, compared to patients over 
40 years, and in patients with meniscus and ante-
rior cruciate ligament tears, compared to patients 
with isolated meniscus tears, indicate an increased 
catabolic response suggesting a higher risk for 
progression of osteoarthritis following partial 
meniscectomy [11].

Knowing the risk for the onset of osteoarthri-
tis after meniscectomy, the majority of meniscus 
tears are still treated with partial meniscectomy 
as shown in a cohort of more than 1000 young 
patients undergoing anterior cruciate ligament 
reconstruction [12].

Therefore, the main goal in the care of menis-
cal tears should be the maintenance of as much 
meniscus tissue as possible [2, 12–14]. This 
includes repair of meniscus tears and regenera-
tion of meniscus defects with regenerative treat-
ment approaches like biological augmentation.

25.2  Anatomical, Physiological 
and Biomechanical 
Considerations on Meniscus 
Regeneration Capacity

The meniscus plays a decisive role for the integrity 
of the knee joint. This includes shock absorption 
and transmission but also joint stabilization, pro-
prioception, lubrication, and nutrition of the artic-
ular cartilage [1]. Biomechanical studies have 
shown that a loss of meniscus integrity leads to 
remarkable changes in kinematics and load distri-
bution in the knee joint. The pressure on the sur-
rounding native articular cartilage subsequently 
increases. Even a resection of only 15–34% of 
meniscus tissue enhances the load on the sur-
rounding hyaline cartilage up to 350% [15].

In accordance to that, osteoarthritis of the 
knee, as a resulting effect of meniscectomy, has 
already been described a long time ago [16]. 
According to the current literature, partial menis-
cectomy is also well known to predispose the 
knee for the development and an early onset of 
osteoarthritis [17, 18]. Especially, the following 

criteria are defined as risk factors for the develop-
ment of degenerative changes in context to 
meniscus injuries (according to Mordecai) [19]:

• Partial meniscectomy of the lateral meniscus.
• Resection of larger portions of meniscus 

tissue.
• Radial tears reducing or cancelling the menis-

cus ring tension (functional meniscectomy).
• Preexisting cartilage lesions.
• Persisting ligamentous joint instability.
• Axis deviation (varus-medial, valgus-lateral).
• Obesity.
• Age > 40 years.
• Low activity level.

According to the increasing knowledge con-
cerning the biology and function of the meniscus, 
there is a consensus to preserve as much menis-
cus tissue as possible in the treatment of menis-
cus injuries. Thus, different techniques for the 
therapy of meniscus tears have been developed 
over time. Today, meniscus repair is the gold 
standard for the treatment of meniscus lesions 
particularly in vascularized portion. Whereas ini-
tially this procedure was performed as an open 
procedure, up to now it is almost exclusively per-
formed arthroscopically. Different techniques for 
meniscus suturing have to be distinguished: all- 
inside, outside-in, and inside-out.

The vascularization and nutritional situation 
of the injured meniscus area as well as the type of 
meniscus tear are important for the success of a 
meniscus reconstruction.

While the inner 2/3 of the meniscus (“white- 
white”) is nourished by diffusion from the syno-
vial fluid, the periphery in the so-called red-red 
zone has a vascular supply. Between the white- 
white zone and the vascularized portion, a red- 
white transition zone is located. Especially, the 
outer third and, to a lesser extent, the red-white 
transition zone show a regenerative potential 
with good conditions for a successful meniscus 
suturing [20] (Fig. 25.1).

However, the meniscus still remains a chal-
lenging structure for repair and restoration. The 
question arises whether the limited healing 
capacity mainly in the inner thirds of the menis-
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cus can be overcome by innovative treatment 
strategies like, for example, biological treatment 
augmentation. Additionally, over the last decades, 
different tissue engineering approaches came in 
the focus of research to enhance the healing 
potential in order to save or to rebuild as much 
meniscus tissue as possible to improve long-term 
outcome after meniscus treatment and to prevent 
the onset of osteoarthritis.

25.3  Meniscus Reconstruction 
Improves the Knee Function 
in Long-Term

The first description of a meniscus suture tech-
nique was published by Annandale in 1885 [21]. 
Since then, the treatment options for the recon-

structive therapy of meniscus lesions have been 
significantly advanced, especially by the devel-
opment of arthroscopic techniques. Regarding 
studies and meta-analysis describing the long- 
term outcome after meniscal reconstructive ther-
apy, the technical development of the treatment 
options (open versus arthroscopic procedures) 
have to be considered.

Tengrootenhuysen et al. retrospectively com-
pared the clinical outcome after successful and 
failed meniscus suture in 119 patients after a 
mean follow-up of more than 5 years [22]. The 
successful reconstruction of the meniscus was 
associated with a significant improvement of the 
knee function according to the IKDC and 
Lysholm score.

Xu et al. evaluated the long-term outcome of 
meniscus reconstruction in comparison to the 

a b

c d

Fig. 25.1 Meniscus suturing of a meniscal tear in vascu-
larized portion of the lateral meniscus in case of lateral 
tibial plateau fracture. (a) Arthroscopically assisted ana-
tomical fracture reduction and evaluation of the meniscus 

tear. (b) Rasping of the meniscus tear. (c) All-inside suture 
at the posterior horn of the lateral meniscus D intraopera-
tive X-ray
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long-term outcome after partial meniscectomy 
[23]. According to the inclusion criteria, 367 
patients of seven studies were included in this 
meta-analysis. After a mean follow-up of 
84 months, they detected a significant improve-
ment of the IKDC and Lysholm score in the 
group of patients receiving a meniscus suture in 
contrast to the group of patients who have had 
partial meniscectomy. They summarized that the 
preservation of meniscus tissue is associated with 
an improved clinical and functional outcome 
over a mid- and long-term period. In addition to 
that, Stein et al. showed that 96.2% of the patients 
who had a meniscus reconstruction were able to 
restore their pre-injury activity level within a 
mean follow-up of almost 9 years in comparison 
to 50% of the patients who had a partial 
meniscectomy.

Overall, the current literature shows a signifi-
cant positive effect of meniscus suture on knee 
joint function in long-term. However, the ques-
tion remains to what extent meniscus preserving 
techniques are able to positively influence the 
development of degenerative changes within the 
knee joint.

25.4  Prevention of Osteoarthritis 
by Meniscus Suturing 
in Long Term

The integrity of the meniscus is of impact for the 
prevention of osteoarthritis, such as shown by 
(partial) meniscectomy. It usually goes along 
with a loss of symptoms and functional improve-
ment in short-term [24]. However, the long-term 
outcome after (partial) meniscectomy shows a 
trend toward degenerative effects. Englund et al. 
described an association between the degenera-
tive effect and the amount of lost meniscus tissue 
[25]. Even if the partial meniscectomy does not 
show that extended destructive effect, osteoar-
thritic changes are also documented after a fol-
low up of 16  years after partial meniscectomy 
[26]. So, Papalia et  al. defined the amount of 
resected meniscus tissue as a predictive factor for 
the development of osteoarthritis [10].

In a systematic review concerning the out-
come after arthroscopically performed partial 
meniscectomy with a minimum follow-up of 
8 years and a mean age of 36 years, satisfying 
results concerning the functional outcome were 
found by Petty et  al. [18]. Nevertheless, all 
included studies evaluating radiologically 
based signs of osteoarthritis in the index and 
contralateral site detected significantly 
enhanced signs of osteoarthritis in the partially 
meniscectomized knee. Comparing medial and 
lateral, especially partial meniscectomy of the 
lateral meniscus shows negative influence on 
the development of degenerative changes [8]. 
In this context Lee et al. examined 49 patients 
after subtotal resection of the lateral meniscus 
having lateral meniscus replacement after a 
mean of 4.5 years. The authors observed a sig-
nificant development of signs of osteoarthritis 
according to the Kellgren- Lawrence classifica-
tion and a progressive loss of the joint line. 
Though, the process of progressive joint degen-
eration could have positively been influenced 
by meniscus replacement [27].

In contrast to (partial) meniscectomy menis-
cus preserving techniques such as meniscus 
suturing show a cartilage protective effect in 
long-term. Noyes et  al. evaluated the meniscal 
status of 33 patients having meniscus suture after 
a mean follow-up of 16.8 years by MRI scan. No 
degenerative changes in the operated compart-
ment or differences concerning the status of 
degeneration in comparison to the healthy, con-
tralateral site were found in patients after having 
successful meniscus reconstruction [28]. Johnson 
et al. compared the injured and contralateral knee 
joint 10  years after meniscus suture on X-rays 
[29]. Only 8% of these patients developed osteo-
arthritic signs on the operated site, while degen-
erative changes were also found in even 3% of 
the contralateral, intact knee joints. Furthermore, 
Tengrootenhuysen et  al. analyzed differences 
between patients after a successful meniscus 
suture and patients in whom the meniscus suture 
failed [22]. In 14% of the patients having a suc-
cessful reconstruction of the meniscus, signs of 
osteoarthritis were documented in X-ray. In con-
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trast to that, in more than 80% of the patients 
with a failed meniscus preserving therapy, signs 
of osteoarthritis were seen.

Regarding the development of osteoarthritis 
of the knee, techniques preserving a functional 
intact meniscus tissue show advantages in com-
parison to partial meniscectomy. Stein et  al. 
showed no progress of radiological signs of 
osteoarthritis in 81% of the evaluated patients 
after almost 9  years after meniscus suturing, 
whereas a reduction of a degenerative progress 
was seen in 40% of the patients after partial men-
iscectomy [2]. Similar results were found by 
Paxton et al. [9]. While 78% of the patients had 
no progress of the osteoarthritic status according 
to the X-ray after having reconstruction of the 
meniscus, just in 64% of the patients, who had 
partial meniscectomy, no further development of 
osteoarthritis was detected. Especially in younger 
patients, further studies showed also clear advan-
tages of the meniscus preserving techniques in 
contrast to the partial meniscectomy regarding 
osteoarthrosis preventing qualities [30].

25.5  Higher Revision Rate after 
Meniscus Suture Compared 
to Partial Meniscectomy

The current literature contains different studies 
about the failure rate after meniscus suture. 
Johnson et al. report a secondary meniscectomy 
rate of 24% within 10 years after meniscus repair 
[29]. Also Nepple et al. documented a meniscus 
suture failure rate of 23% regarding an observa-
tion period of at least 5  years [31]. However, 
most of these long-term outcome studies refer to 
older meniscus suture techniques that were pre-
dominantly performed in an open procedure.

Regarding recent arthroscopic meniscus 
suture techniques, a further improvement of 
long-term outcome and a reduced failure rate are 
described. Lozano et  al. reviewed the outcome 
after all-inside meniscus suture and found a mean 
failure rate of 15% [32].

When looking at the literature, the question 
which arises is what should be considered as a 

treatment failure, as MRI follow up is not always 
meaningful. Pujol et al. analyzed MRI examina-
tions of the knee joint 10  years after meniscus 
suturing and found a hyperintense signal in the 
treated meniscus in 87% of the cases. The authors 
concluded that MRI is not suitable for the analy-
sis of the healing status of the meniscus after 
meniscus suture [33].

If a treatment failure is defined as a necessary 
re-operation, there is a clear advantage for the 
partial meniscectomy compared to meniscus 
reconstruction. In a review, Paxton et al. analyzed 
95 studies regarding the outcome and re- operation 
rate after meniscus treatment [9]. For the period 
of 0 to 4 years after the first meniscus surgery, 
they found a re-operation rate of 1.4% in the 
meniscectomy group compared to 16.5% in the 
meniscus suture group. In the observation period 
longer than 10 years, a ratio of 3.9% for menis-
cectomy to 20.7% for meniscus suture was 
detected. However, the re-operation was defined 
as a further meniscus treatment. Whether and 
how many patients in which group had to be con-
verted to, for example, an arthroplasty remains 
unclear. Nevertheless, meniscus repair has a 
higher revision rate over time. This is a fact that 
has to be explicitly discussed with the patient 
before meniscus treatment.

On the other hand, revision surgery has not 
necessarily to be classified as a complete failure 
of the meniscus suture. Pujol et al. showed that a 
partial restoration of meniscus is also possible 
[34]. In 37 patients, the amount of meniscal sub-
stance resected during the revision was compared 
with the initial rupture. They found that in 52% 
approximately the same amount, but in 35% of 
the cases even less meniscus tissue had to be 
removed during the revision surgery. Regarding 
the fact that more meniscus tissue also means 
enhanced protection for the surrounding carti-
lage, this could also have a positive effect on the 
long-term outcome.

Despite promising results for successful 
meniscus repair regarding functional outcome 
and prevention of osteoarthritis, there is still the 
need to improve the healing rate after meniscus 
suture.

25 Save the Meniscus: Advances in Meniscal Repair Techniques
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25.6  Stimulation 
of the Regenerative 
Potential of the Meniscus 
Tissue

In daily clinical practice, the regenerative poten-
tial of the meniscus can be further supported by 
various measures.

Refreshing of the margins of the meniscus 
tears is an obligate procedure before each menis-
cus suture. Different further techniques, such as 
the trephination of the meniscus margins by awls 
or K-wires as well as roughening of the defect 
sites by special meniscus tissue rasps, are avail-
able. In a comparative study, Zhang et  al. ana-
lyzed the effect of such a refreshment of the 
meniscus defect site by trephination before 
meniscus suturing [35]. They found a signifi-
cantly lower failure rate of the meniscus suture 
when, in addition to the suture, a trephination 
was performed before.

In addition to that, a beneficial joint milieu can 
positively influence the meniscus regeneration. 
Cannon et al. detected an increased healing rate of 
93% in patients after meniscus suture and simul-
taneous anterior cruciate ligament (ACL) recon-
struction in comparison to a healing rate of 50% 
in patients, who had an isolated meniscus suture 
without simultaneous ACL replacement [36]. 
This fact has led to a marked increase of the num-
ber of meniscus sutures in combination with an 

ACL replacement in recent years. The positive 
effect presumably can be ascribed to the opening 
of the bone marrow space by drilling the femoral 
and tibial tunnels for the ACL reconstruction. Via 
these medullary tunnels, mesenchymal stem cells 
as well as bioactive substances, which support the 
meniscus regeneration, may arrive to the menis-
cus defect site and influence the joint milieu. To 
imitate this effect, some authors also recommend 
a trephination of the notch before meniscus suture 
to support meniscus healing [19].

Although improvements regarding successful 
regeneration after meniscus reconstruction could 
be seen in recent years, there is still a lack of 
treatment options for meniscal injuries particu-
larly in the avascular zone and for critical size 
defects. Biological augmentation approaches 
might be possible future perspective for these 
kinds of meniscal pathologies.

A successful meniscus repair requires a whole 
joint approach of the knee. The key factor for a 
positive outcome after meniscus repair is to 
address all comorbidities. Therefore, a detailed 
analysis of the affected knee regarding leg align-
ment, stability, and status of degeneration is essen-
tial to detect all pathologies. All comorbidities 
should be considered for the decision of a partial 
meniscectomy or for meniscal repair potentially in 
combination with correction of the alignment or 
ligamentous stabilization which can be planned in 
a one or two step procedure (Fig. 25.2).

a b c d e
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Fig. 25.2 23-year-old man with a bucket handle tear of 
his right medial meniscus (a–c) in combination with a re- 
rupture of his ACL reconstruction (d) and a primarily non- 
addressed posterolateral instability (e); reposition of the 
bucket handle tear with a probe (f) and repair of the medial 

meniscus with an outside-in suture of the pars intermedia 
(g) and two all-inside sutures for the posterior horn (h–j). 
After bone augmentation of the tibial tunnel together with 
the meniscus reconstruction, the ACL and posterolateral 
stabilization is planned in a second step
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25.7  Potential Ways for Meniscus 
Healing Enhancement by 
Suture Augmentation

25.7.1  Augmentation of Meniscus 
Suture with Bioactive 
Substances/Growth Factors

In preclinical trials and in vitro studies, various 
factors have been identified to have therapeutic 
positive effect and the potential to enhance 
meniscal repair. PDGF, FGF-2, IGF-I, and TGF-ß 
have shown positive effect on activation of cell 
proliferation and survival. TGF-ß and SDF-I also 
revealed influence and cell migration. In different 
studies, growth factors like PDGF, TGF-ß, BMP7 
HGF, FGF-2, and IGF-I stimulated anabolic 
pathways, while IL-I receptor antagonist, TNF 
antibody, inhibitors of MMPs, and TGF-ß inhibit 
inflammatory and catabolic pathways. The acti-
vation of biomechanical signaling pathways are 
also pro-anabolic or anti-catabolic [37].

In daily clinical practice, a single-stage regen-
erative treatment would be preferable for menis-
cus injuries. Especially, clinically applicable 
bioactive substances or isolated growth factors 
like platelet-rich plasma (PRP) as a cocktail of 
bioactive substances or bone morphogenetic pro-
tein 7 (BMP7) are in the focus of interest. 
However, in literature, results for the use of, e.g., 
PRP or isolated growth factors are ambiguous in 
preclinical and first clinical studies.

Another study evaluated the effects of PRP 
and BMP7 on the regeneration of avascular 
meniscal defects. In vitro analysis showed that 
PRP secretes multiple growth factors over a 
period of 8 days. BMP7 enhances the collagen II 
deposition in an aggregate culture model of 
MSCs. However, applied to different shaped 
meniscal defects in vivo, PRP or BMP7 in com-
bination with a composite matrix failed to 
improve meniscus healing in the avascular zone 
in a rabbit model [38–40]. In a similar model, 
Koch et al. saw no effect by additional applica-
tion of PRP to the suture for repair of a vascular 
meniscal tear. However, the augmentation of a 
meniscal suture with autologous bone marrow 
concentrate showed improved healing of tears in 

the avascular zone of the meniscus in a rabbit 
model [41].

Theoretically, a highly angiogenic growth fac-
tor like VEGF might have a positive effect on the 
regeneration of an avascular tissue like the inner 
zone of meniscus. However, there are reports that 
VEGF-coated PDLLA sutures failed and showed 
even worse results than uncoated sutures when 
meniscal tears in the avascular zone of meniscus 
were reconstructed in a rabbit model [42].

Further information of the repair mechanism 
at the defect site is needed to develop special 
release systems or carriers for the appropriate 
application of growth factors to support biologi-
cal augmentation of meniscus regeneration.

25.7.2  Augmentation of Meniscus 
Suture with Mesenchymal 
Stem Cells

Repair cells of meniscus injury can either be 
located in the meniscus tissue itself or entering 
the meniscus predominately via circulation. 
Endogenous repair of meniscus injury seems to 
be dependent of the different vascularization of 
the outer and the inner zone of the meniscus [43]. 
Repair in the vascularized outer zone can be 
achieved but fail to encourage healing in the 
avascular inner zone of the meniscus. However, 
in several studies also regeneration could be seen 
in the inner zone of the meniscus indicating 
regenerative potential independently from the 
vascularization [44]. Hennerbichler et  al. have 
shown in an experimental setup that punch 
defects, which were directly filled with the 
removed punches, showed no significant differ-
ence in healing potential between the vascular-
ized and avascularized meniscus zone [45]. 
Croutze and coworkers could demonstrate equiv-
alent differentiation potential toward chondro-
genic phenotype and extracellular matrix 
production of isolated human meniscus cells 
from the inner and the outer zone [46].

From a clinical standpoint, meniscus cells 
from meniscectomized tissue would be the ideal 
source for cell-based repair. Meniscal cells with 
regional multilineage differentiation described 
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by Mauck et al. [47] might promote this meniscal 
regeneration capacity. In a rabbit model, Zellner 
et al. could achieve successful meniscal repair in 
the avascular zone [48]. As the resection of the 
complete medial meniscus was necessary to gain 
a sufficient number of cells and due to a reduced 
potential of these meniscal debris cells for dif-
ferentiation, an alternative cell source has to be 
found.

Matsukura et al. found elevated levels of mes-
enchymal stem cells in the synovium fluid after 
meniscus injury compared to normal knee joints 
suggesting that mesenchymal stem cells in the 
fluid may play a role in regeneration of meniscus 
[49].

Preclinical trials have shown enhanced heal-
ing of meniscal lesions with the application of 
mesenchymal based cells [1, 39, 40, 50–52]. In 
an animal model, locally applied expanded mes-
enchymal stem cells from the bone marrow have 
achieved regeneration of longitudinal meniscus 
tears in the avascular zone in the lateral meniscus 
with differentiated meniscus-like tissue detected 
by histology, immunohistochemistry, and biome-
chanical analysis. In contrast control groups with 
untreated tears, treatment with meniscus suture 
alone, or meniscus suture in combination with 
implanted cell-free biomaterials revealed no rec-
ognizable healing. Ischimura et  al. showed a 
faster and improved healing of avascular menis-
cal defects in a rabbit model by using bone mar-
row fibrin clot constructs compared to fibrin clot 
alone [53].

Treatment of meniscal full size defects with a 
hyluronan-collagen scaffold seeded with autolo-
gous mesenchymal stem cells after resection of 
the pars intermedia of the medial meniscus in a 
rabbit model resulted in a complete defect fill-
ing after 3 months in vivo. Only treatment with 
mesenchymal stem cells was able repair this 
critical size meniscal defects with stable differ-
entiated meniscus-like tissue compared to 
untreated defects or the treatment with a cell-
free hyaluronan collagen scaffold [52]. Similar 
results were detected for treatment of isolated 
avascular meniscal punch defects in the pars 
intermedia of the lateral meniscus in a rabbit 
model [40].

It is not clear whether this is a direct action of 
the mesenchymal-based cells or is rather medi-
ated by secretion of certain stimulating factors 
[54]. Despite the fact that meniscus regeneration 
seems to be feasible by growth factors and mono-
nucleated cells, not many of the cell-based strate-
gies has entered clinical practice to date [43]. The 
implementation of cell-based strategies is mainly 
limited by the necessity to expand cells prior to 
transplantation resulting in high treatment costs.

Whitehouse et al. conducted a first in human 
safety study of five patients with a critical avas-
cular meniscal tear. Autologous MSCs were 
taken from the iliac crest, expanded, cultured, 
and seeded on a collagen scaffold. These MSC- 
scaffold constructs were implanted in the menis-
cal tears and secured in the defect with sutures. 
At 2  years post-op, three patients were asymp-
tomatic with functional improvement, and no 
signs of a re-tear in the MRI.  Two patients 
required subsequent meniscectomy due to non- 
healing after approximately 15 months [55].

In summary, local or systemic stem cells seem 
to play a fundamental and essential role in the 
regeneration of meniscus injury, either as direct 
repair cells or as a source for secretion of bioac-
tive modulators or immunomodulation. However, 
their role and potential to improve meniscus 
regeneration in daily clinical care requires further 
study.

25.8  Conclusion

Meniscus integrity is the key for joint health. 
Therefore, the main goal of every meniscus 
treatment should be the maintenance of as much 
meniscus tissue as possible. Meniscus preserv-
ing techniques to obtain a functional intact 
meniscus after meniscus injury in long-term are 
of great importance for the prevention of the 
development of osteoarthritis in the knee joint. 
Healing rates for meniscus repair have been 
improved. However, strategies for a successful 
meniscus repair should be developed for every 
meniscal zone and all meniscal defect situations. 
Due to growing knowledge in recent years and 
improved techniques for application, the authors 
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have the chance to implement biological menis-
cus augmentation in daily clinical practice. 
Efforts in all research fields should be taken to 
translate these approaches in clinical practice as 
the standard of care for meniscus regeneration 
where needed.
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Meniscus Root Tears

Jin Goo Kim, Dhong Won Lee, 
and Kyu Sung Chung

26.1  Introduction

The roles of menisci are shock absorption, load 
transmission, joint stabilization, contribution to 
proprioception, and lubrication [1]. Meniscal 
functions are enabled by robust anterior and pos-
terior root attachments of the menisci to the tibial 
plateau. The most important function for the pro-
tection of articular cartilage is the maintenance of 
hoop tension which allows appropriate load trans-
mission. Meniscal root tear has been reported to 
result in loss of hoop tension and biomechanical 
conditions similar to total meniscectomy [2]. 
Ultimately, these altered biomechanics of the 
knee leads to accelerated osteoarthritis (OA) pro-
gression and malalignment [2, 3]. Medial menis-
cus posterior root tears (MMPRTs) are commonly 
degenerative and seen in middle- aged females, 
while lateral meniscus posterior root tears 
(LMPRTs) are more likely to occur concurrently 
with an anterior cruciate ligament (ACL) tear [4, 

5]. The diagnosis of root tears is sometimes chal-
lenging because no clinical test or definitive 
symptoms exist. Magnetic resonance imaging 
(MRI) is the best modality to diagnose meniscal 
root tears and concomitant pathologies such as 
medial meniscal extrusion (MME), status of artic-
ular cartilage, and subchondral lesions [6]. It is 
important to identify root tears early and not to 
delay appropriate treatment to restore tibiofemo-
ral mechanics based on biomechanical studies [2, 
7]. In this chapter, we present anatomy and struc-
tural properties of the root attachments and diag-
nosis and treatment based on recent literature.

26.2  Anatomy and Function

The roles of the menisci are dependent upon the 
anterior and posterior roots of the menisci being 
firmly attached to the bone, with secure meniscal 
attachments preventing meniscal extrusion from 
the joint surface when an axial load is applied [1, 
8]. The insertion of posterior horn of the menisci 
has a significantly greater thickness of interdigi-
tations and has three zones including subchon-
dral bone, calcified fibrocartilage, and uncalcified 
fibrocartilage [9, 10]. This enables the posterior 
horn to play a principal role in the stability of the 
menisci [1, 11].

Andrews et al. [12] reported that near the tib-
ial insertion, the root contains large ligament like 
collagen fascicles, and the root may continue into 
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the outer portion of the meniscus where it then 
blend with the more fibrocartilage-like inner por-
tions of the tissue. The histological study reported 
by Hino et al. [13] showed that medial meniscal 
posterior root attachment is mainly localized in 
the anterior one-third.

Johannsen et al. [14] reported that the poste-
rior root of the medial meniscus inserts 9.6 
(±0.8) mm posterior and 0.7 (±0.4) mm lateral to 
the medial tibial eminence apex, and average 
 distance from posterior cruciate ligament (PCL) 
is 8.2 (±0.7) mm. The average area of the medial 
meniscal posterior root attachment is 30.4 
(±2.9)  mm2, whereas the average area of the 
transverse shiny white fibers is 47.3 (±4.4) mm2. 

The posterior root of the lateral meniscus inserts 
4.2 (±0.4) mm medial and 1.5 (±0.7) mm poste-
rior to the apex of the lateral tibial eminence, and 
distance from PCL is 12.7(±1.1) mm. The aver-
age area of the lateral meniscal posterior root 
attachment is 39.2 (±2.4) mm2 (Fig. 26.1). Ellman 
[15] revealed that three (posterior medial, poste-
rior lateral, and anterior lateral) of four meniscal 
attachments contain supplemental fibers (shiny 
white fibers) that make up a significant percent-
age of the native root attachments, and the sup-
plemental fibers significantly contribute to the 
failure strengths of the meniscal roots. Ultimate 
failure strength and stiffness of the posterior 
medial attachment are 513.8 (388.4–639.1)  N 

a c

b d

Fig. 26.1 Illustration presenting the medial and lateral 
meniscal posterior roots and relevant anatomy. (A) 
Superior view and (B) posterior view. (From Adam M 
Johannsen, David M Civitarese, Jeffrey R Padalecki, 
Mary T Goldsmith, Coen A Wijdicks, Robert F LaPrade. 

Qualitative and quantitative anatomic analysis of the pos-
terior root attachments of the medial and lateral menisci. 
Am J Sports Med. 2012 Oct;40(10):2342–2347. Reprinted 
with permission)
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and 122.7 (95.1–150.3) N/mm, respectively, and 
the shiny white fibers of posterior medial root 
account 47.8% and 34.2% of native root strength 
and stiffness.

Arnoczky and Warren [16] revealed that the 
meniscal root attachment has better vesicular 
supply via the perimeniscal capillary plexus 
through the bony attachment compared to the 
middle horn of meniscus.

26.3  Biomechanical Effects 
of Meniscal Root Tears

The meniscal roots act as anchors for the anterior 
and posterior horns, and the posterior horn of the 
medial meniscus moves least [17]. The relative 
immobility of the posterior part of the medial 
meniscus contribute to joint stability and shock 
absorption; however, the posterior root of medial 
meniscus is more susceptible to be damaged by 
compressive and shearing forces than other parts 
[18]. The loss of a “hoop stress” can be caused by 
disruption of the root attachments, similar to a 
radial tear in the body of the meniscus.

Previous studies have concluded that medial 
meniscal posterior root tears (MMPRTs) lead to 
deleterious alterations in tibiofemoral contact 
mechanics [2]. This includes failure of load dis-
tribution accompanied by decreased tibiofemoral 
contact area and increased tibiofemoral contact 
pressure because of meniscal extrusion. As a 
result, loss of articular cartilage, joint space nar-
rowing, and progressive osteoarthritis occur sim-
ilar to that observed following total meniscectomy. 
A cadaveric study by Allaire et al. [19] revealed 
that MMPRTs caused a 25% increase in peak 
contact pressure compared to that shown in the 
intact condition (p  <  0.001), and no difference 
was found in peak contact pressure between the 
total meniscectomy and root tear. However, when 
the MMPRTs were repaired, the loading profiles 
returned to normal. In a similar study, Marzo and 
Gurske-DePeri [20] showed that avulsion of the 
posterior root of medial meniscus resulted in a 
significant increase in medial peak contact pres-
sure and a significant decrease in contact area 
compared with controls (5084  ±  1087  kPa vs. 

3841  ±  1240 kPA and 474  ±  79  mm2 vs. 
594 ± 59 mm2). When the avulsion of the poste-
rior root was repaired, the loading profiles were 
restored to values equal to the control [20]. Kim 
and colleagues [21] reported that the contact 
pressure differed significantly between root tear 
and root repair specimens at 30˚ and 60˚ of flex-
ion (p  =  0.04 and 0.03, respectively), and they 
concluded that meniscal root repair improved tib-
iofemoral contact mechanics, although full resto-
ration to the level of normal meniscal function 
was not possible. Chung et al. [22] showed that 
the peak contact pressure was significantly higher 
and contact surface area significantly lower in 
MMPRTs than in normal porcine knees, respec-
tively. They also showed that the peak contact 
pressure and contact surface area improved sig-
nificantly after meniscal root repair, especially if 
the repair was performed using a locking 
mechanism.

Hein et al. [3] reported that medial displace-
ment following the avulsion of the medial menis-
cal posterior root (3.28  mm) was significantly 
greater than the native knee (1.60  mm) and a 
repaired posterior root (1.46 mm). Gap formation 
was also significantly larger in the avulsed poste-
rior root compared to the repaired state at 0 
(p < 0.02) and 1800 N (p < 0.02). Marsh and col-
leagues [23] revealed that MMPRTs increased 
lateral tibial translation and medial compartment 
anteroposterior excursion in dynamic activities. 
They suggest that MMPRTs lead to significant 
changes to in vivo kinematics, and the magnitude 
of these changes are influenced by dynamic task 
difficulty [23]. Due to these biomechanical and 
kinematic changes observed following MMPRTs, 
an increase in varus limb alignment is ultimately 
seen [3]. To counteract these changes, medial 
meniscal root repair theoretically reduces nega-
tive effects on knee biomechanics and kinemat-
ics, and it can allow the profiles to restore to the 
native state as close as normal [2, 6, 19, 21, 
24–27].

Contrary to MMPRTs, the biomechanical 
effects of lateral meniscal posterior root tears 
depend on the state of the meniscofemoral liga-
ments. Forkel et al. [28] demonstrated that poste-
rior lateral attachment has a better prognosis in 
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terms of OA progression when the meniscofemo-
ral ligament is intact. However, long-term out-
comes of lateral meniscal root tears have been 
shown to significantly affect the lateral compart-
ment, because the lateral meniscus is responsible 
for the distribution of 70% of load within the lat-
eral compartment [7, 29]. The posterior root of 
the lateral meniscus also importantly acts as a 
secondary stabilizer of tibial anterior translation 
at lower flexion angles and the secondary stabi-
lizer of internal rotation at higher flexion angles 
[30]. Based on these biomechanical studies, lat-
eral meniscal posterior root repair should be con-
sidered during anterior cruciate ligament (ACL) 
reconstruction to avoid residual instability and 
increased stress on the ACL graft [30].

26.4  Diagnosis of Meniscal Root 
Tears

26.4.1  Clinical Presentation

The clinical feature of medial and lateral poste-
rior root tears is different. The lateral meniscus 
posterior root tears (LMPRTs) are more likely to 
have a ligament injury (mainly, ACL tear). 
However, most of MMPRTs occur in degenera-
tive conditions following minor traumatic event 
such as squatting. This is due to an age-related 
degeneration of the posterior root, which shows 
increased fibrocartilage formation and leads to 
decreased ability to withstand tensile stress [31].

Matheny et al. [32] showed that patients with 
LMPRTs were 10.3 times (95% CI 2.6–42.5) 
more likely to have ACL injuries than patients 
with MMPRTs (p = 0.012), while patients who 
had MMPRTs were 5.8 times (95% CI 1.6–20.5) 
more likely to have cartilage lesion with an 
Outerbridge grade 2 or higher defect than patients 
who had LMPRTs (p = 0.044). Krych et al. [5] 
demonstrated that patients with MMPRTs had a 
significantly higher age (MMPRTs = 51.4 years 
vs. LMPRTs  =  24.6  years, p  <  0.0001), higher 
Kellgren-Lawrence (K-L) score (MMPRTs = 1.3 
vs. LMPRT = 0.6, p< 0.0001), and higher rate of 
meniscal extrusion (MMPRTs  =  72% vs. 
LMPRTs = 20%, p < 0.0001).

Since most MMPRTs have no inciting trauma, 
the clinical diagnosis of it is generally difficult. 
The most common symptom and sign of 
MMPRTs are posterior knee pain on deep knee 
flexion and joint line tenderness. A high degree of 
suspicion is required in the presence of other risk 
factors including increased age, female sex, high 
body mass index, and varus alignment [2, 7].

Habata et  al. [33] described the main symp-
tom of a MMPRT as a “click” or “feeling of 
shock” that is often associated with a minor trau-
matic event in older patients. Bae et  al. [34] 
showed that a single event of painful popping is a 
highly predictive clinical sign (a positive predic-
tive value of 96.5%, a negative predictive value 
of 81.8%, a sensitivity of 35.0%, a specificity of 
99.9%, and a diagnostic accuracy of 77.9%) of 
MMPRTs in middle-aged to older Asian people. 
Traditionally, Asian lifestyles which have more 
lotus or squatting positions than Western life-
styles can result in greater impingement of the 
less mobile medial meniscus posterior root, as 
the meniscus moves posteriorly with deep flexion 
with this repetitive impingement eventually lead-
ing to subsequent degeneration of medial com-
partment and MMPRT [2, 17, 35]. Lee et al. [36] 
revealed that more than 80% of patients who had 
a MMPRT (n = 38) with an event of painful pop-
ping within 3  weeks showed that medial com-
partment degeneration (K-L ≥ grade 2) preceded 
the event of painful popping. Therefore, a thor-
ough questioning of the patient is advised at ini-
tial examination, especially for the presence of 
painful popping which has diagnostic impor-
tance. Chung and colleagues [37] reported that 
regional geometry such as larger dimension of 
medial femoral condyle (MFC) to medial tibial 
condyle (MTC) can be one of the direct contribu-
tors to the genesis of MMPRTs which sometimes 
accompanied painful popping event.

26.4.2  Imaging

Magnetic resonance imaging (MRI) is the best 
non-invasive modality to diagnose meniscal root 
tears and concomitant pathologies [6]. 
T2-weighted sequences (especially, coronal 
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planes) are generally considered to be the most 
useful images for detection of root tears given 
their optimum sensitivity and specificity [38]. 
Root tears are defined as complete tears within 
9–10  mm from the root attachment, which sig-
nificantly alter the biomechanics of the posterior 
roots [4, 24, 39].

Lee et al. [40] reported that all 36 MMPRTs 
were correctly diagnosed by MRI, with findings 
showing a ghost sign on sagittal planes in 100% 
(36/36), radial linear defect on axial planes in 
94% (34/36), and vertical linear defect on coro-
nal planes in 100% (36/36). They found that 
MMPRTs were associated with cartilage defects 
of the medial femoral condyle (89%) and medial 
meniscal extrusion ≥3  mm (67%) (Fig.  26.2). 
Lee et al. [36] found that the mean medial menis-
cal extrusion (MME), relative percentage of 
extrusion (RPE), and the ratio between MME and 
MFC/MTC at 0° were 2.9 ± 1.2 mm, 22.0 ± 10.3%, 
and 3.2  ±  1.3, in 38 MMPRTs. Of 38 patients 
with MMRPTs, 20 (52.6%) presented with a 
MME  ≥  3  mm, 33 (86.8%) had modified 
Outerbridge scale ≥2, and 32 (84.2%) showed 
K-L grade ≥ 2 [36]. These results agree with the 
study by Magee et  al. [41] who observed that 
MME in patients >50  years may be associated 

with a meniscal root “stretch injury” due to 
degeneration of the meniscus without a tear 
detectable on arthroscopy. These menisci may 
have increased laxity due to loss of function of 
meniscal collagen fibers. This predisposes the 
patients to premature OA and vulnerable to 
MMPRTs [31, 41]. (Fig. 26.3).

Choi et  al. [42] demonstrated that MMPRTs 
were found in 28.6% (120/419), and they are sig-
nificantly associated with age, medial meniscal 
tears, MME, osseous change at the root attach-
ment, cartilage lesion, and insufficiency fracture. 
Pathological MME is defined as ≥3  mm extru-
sion on midcoronal imaging, and it has been 
reported that pathological MME are strongly cor-
related with MMPRTs [41, 43]. Choi et al. [44] 
showed that MMPRTs were found in 26.6% 
(66/248) of medial meniscal tears, and mean 
MME in MMPRTs was 3.8  ±  1.4  mm (vs. 
2.7 ± 1.3 mm in non MMPRTs, p  < 0.001). In 
addition, MME was significantly correlated with 
the severity of chondral lesions of the MFC 
(p < 0.001). Furumatsu and colleagues [45] found 
that MME increased progressively within the 
short duration after the onset of painful popping 
in MMPRTs and recommended that preoperative 
MME assessment is important in determining 

a b

Fig. 26.2. (a) The medial meniscal posterior root of left 
knee shows increased laxity due to loss of function of 
meniscal collagen fibers. (b) In this situation, osteoar-

thritic change of the medial compartment precedes the 
medial meniscal posterior root tear
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disease duration and treatment strategy. Krych 
et  al. [46] showed that MME and modified 
Outerbridge scale worsened at a rapid rate after 
the diagnosis of MMPRTs on MRI. In less than 
5 months in the subacute group (follow-up MRI 
within 12 months of initial imaging), MME pro-
gression without treatment was positively corre-
lated with MFC cartilage degeneration. Guermazi 
and colleagues [47] reported that adjusted rela-
tive risk of cartilage degeneration was 2.03 (95% 
confidence interval [CI]: 1.18, 3.48) for the 
MMPRTs and 1.84 (95% CI: 1.32, 2.58) for the 
other meniscal tears and concluded that isolated 
MMRPTs are associated with incident and pro-
gressive medial compartment OA.

Subchondral lesions of the medial compart-
ment can be an indirect expression of meniscal 
dysfunction related to posterior root tears, and 
medial compartment bone marrow edema, osteo-
necrosis, and insufficiency fracture are com-
monly seen in the presence of MMPRTs 
(Fig. 26.4). Umans et al. [48] revealed that bone 
marrow edema at the posterior root attachment 
may result from abnormal stress related to root 
degeneration and be the prequel of MMPRTs. 
They found that bone marrow edema at the poste-
rior root attachment resolved on post-tear MRI 

and the osseous lesion was moved to the weight- 
bearing area of the MFC.  These bone marrow 
signal changes led to MME progression and car-
tilage degeneration in 40% of 15 patients with 
MRI diagnosed MMPRTs and a MRI antecedent 
to MMTPTs [48]. Sung et  al. [49] showed that 
osteonecrosis was observed in 12 of 36 knees 
(33.3%) with MMPRTs and 4 of 27 (14.8%) with 

a b

Fig. 26.3 (a) Black arrow indicates the medial meniscal 
posterior root tear of the right knee. (b) Dotted black 
arrow shows subchondral lesion of medial compartment, 

and it can be an indirect expression for a meniscal dys-
function after the posterior root tear

Fig. 26.4 Confirming of root tear
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medial meniscal horizontal tears. Furthermore, 
the mean RPE of MMPRTs was greater than that 
of medial meniscal horizontal tears (46.1 ± 9.0% 
vs. 35.3  ±  13.2, p  =  0.01). A recent systematic 
review concluded that MMPRTs increase contact 
pressure and create an environment within the 
knee from which insufficiency fractures can 
occur, and clinicians should be cognizant of the 
high prevalence of MMPRTs in patients with 
medial compartment osteonecrosis [50]. The 
authors’ systematic review recommended the 
term “subchondral insufficiency fractures of the 
knee (SIFK)” instead of “spontaneous 
 osteonecrosis of the knee (SONK)”, because the 
pathology of SONK seems to be more like a tra-
ditional ischemia-induced osteonecrosis and 
therefore is likely to be multifactorial. In this 
context, Yao and colleagues [51] have used the 
term “presumptive subarticular stress reactions 
(PSSR)” and showed that PSRR are significantly 
associated with older age and MMPRTs. They 
postulated that abnormal mechanical stress such 
as loss of hoop tension is important in the patho-
genesis of PSRR detected by MRI [51].

26.5  Clinical Results of Root 
Repair

The following demonstrates specific clinical and 
radiological results of root repair focusing on 
several factors:

 1. Clinical scores: Table  26.1 summarizes the 
clinical outcomes after root repair. Based on 
these previous studies, root repair results in 
significant improvements in the postoperative 
clinical subjective scores compared with the 
preoperative status. However, most of them 
are based on short-term follow-up periods. 
Although follow-up period was extended 
(minimum 5-year follow-up), the postopera-
tive clinical scores (Lysholm and IKDC sub-
jective score) significantly improved 
compared to preoperative scores [59]. In a 
5–10-year follow-up study, the mean Lysholm 
score improved significantly from 51.8 preop-
eratively to 83.0 at the final follow-up [60]. 

Thus, root repair can result in significantly 
improved clinical scores in both short-term 
and mid- to long-term follow-up periods.

 2. Progression of arthritis: As demonstrated in 
Table  26.1, root repair does not completely 
prevent the progression of osteoarthritis. 
Kellgren- Lawrence (KL) grade progression is 
observed in 5–30% of patients postoperatively 
in short-term follow-up examinations. In mid-
term follow-up, 68% of patients had K-L 
grade progression postoperatively; thus, the 
risk of progression of arthritis seems to 
increase as time goes on [59]. In terms of pro-
gression of cartilage grade, 7–24% of patients 
had worsened cartilage grade postoperatively. 
It is assumed that this problem would be asso-
ciated with persistent meniscus extrusion and 
incomplete healing after root repair.

 3. Meniscus extrusion: According to a meta- 
analysis, [65] meniscus extrusion was not 
reduced completely, although extrusion was 
likely to decrease postoperatively. In 
Table 26.1, studies of Kim JH et al. [54], Kim 
et  al. [56], and Lee et  al. [58] showed 
decreased meniscus extrusion, postopera-
tively, whereas Moon et  al. [53] showed 
increased postoperative extrusion.

Persistent meniscus extrusion following 
root repair is an ongoing issue. Greater menis-
cus extrusion is a significant predictor of the 
progression of arthritic changes in osteoar-
thritic knees [66]. Therefore, it seems logical 
that if meniscus extrusion can be eliminated 
or reduced after root repair, the chance of sub-
sequent degenerative arthritis will be reduced. 
Chung et  al. investigated the correlation 
between meniscus extrusion and the quality of 
the result after root repair (increased extrusion 
group versus decreased extrusion group) [67]. 
Transtibial pullout repair using simple stitches 
led to favorable midterm clinical scores, 
regardless of meniscus extrusion status con-
firmed by 1-year follow-up MRI.  However, 
patients with decreased meniscus extrusion 
have more favorable clinical scores and radio-
graphic findings at midterm follow-up than 
those with increased extrusion (Lysholm 
score, 81 vs 88; IKDC score, 71 vs 79; per-

26 Meniscus Root Tears
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centage of K-L grade progression, 87% vs 
50%; progression of joint space narrowing, 
1.1 mm vs 0.6 mm). There are several factors 
to consider to reduce meniscus extrusion. 
First, locking mechanism sutures such as the 
modified Mason-Allen sutures is recom-
mended because it has superior holding power 
and large meniscus-bone contact area that 
improves healing potential [24, 50]. The mod-
ified Mason-Allen sutures repair provides a 
superior contact surface area compared with 
that noted after fixation using a simple suture 
repair [19]. In a clinical study, the modified 
Mason-Allen suture repair showed reduced 
meniscal extrusion and more favorable radio-
logical outcomes than simple suture repair 
[58]. Secondly, anatomic root repair which 
restores the bone bed in the native root attach-
ment area is very important. In patients with a 
narrow compartment with a tight knee, it is 
difficult to access the native root attachment 
area. Non-anatomic repair can increase 
meniscus extrusion as shown in a biomechan-
ical study, where non-anatomic repair did not 
restore the contact area or mean contact pres-
sures to that of anatomic repair, whereas the 
anatomic repair produced near-intact contact 
area and peak contact pressures compared 
with the intact knee [68]. Thus, anatomic root 
repair is critical factor to reduce meniscus 
extrusion.

One of the additional procedures to help in 
reducing extrusion is centralization technique 
[69–71]. The centralization technique is 
where the midbody of the meniscus is central-
ized and stabilized onto the rim of the tibial 
plateau to reduce extrusion. Sutures for the 
centralization can share the load with those 
for the pullout repair, so the failure risk of the 
pullout sutures at the torn edge can be reduced. 
However, centralization can present a risk to 
limit the normal motion of the meniscus dur-
ing knee extension-flexion, and there is no 
specific report of clinical results after central-
ization in root repair. Consequently, efforts to 
reduce meniscus extrusion during root repair 
can be rewarded with improved results, thus, 
one of the main goals of the root repair is to 

reduce meniscus extrusion as much as 
possible.

 4. Meniscus healing: The healing condition of 
the repaired root is a critical factor because it 
is associated with postoperative meniscal 
extrusion status and progression of arthritis; 
however, healing status after root repair is still 
debatable. The results of the healing status 
after root repair are shown in Table 26.1. MRI 
and 2nd look arthroscopy were used to con-
firm healing status, with 2nd look arthroscopy 
being a more reliable method to accept heal-
ing status because it can evaluate actual resto-
ration of meniscus attachment.

MRI has demonstrated 56.7–90.3% of 
complete healing, 9.7–36.7% of partial heal-
ing, and 0–6.7% of non-healing postopera-
tively [52–54, 56, 58]. Interestingly, 
second-look arthroscopy results are debat-
able. Seo et al. [55] reported that in their series 
that there was no case with complete healing. 
Only five cases of lax healing (45%), four 
cases of scar tissue healing (36%), and two 
cases of non-healing (19%) were observed. 
However, they did not make a bleeding bone 
bed which is essential to get bone-to- meniscus 
healing [55]. Kim et  al. [62] reported they 
found lax healing in all cases from second- 
look arthroscopy. In contrast, Lee SS et  al. 
[61] reported that 69.7% of patients were clas-
sified into a stable healed group as judged by 
second-look arthroscopy. Importantly, they 
made a bone bed to promote healing. Lee 
et  al. [57] reported complete healing in all 
cases. Consequently, surgeons can get favor-
able healing results after root repair by appro-
priate surgical technique.
In lateral root tears, Ahn et  al. [64] reported 

complete healing was shown in 88% of patients 
(8/9) by second-look arthroscopy, although they 
performed concomitant ACL reconstruction and 
all-inside root repair.

 5. Mid- and long-term survivorship: The mid- 
and long-term results are valuable because the 
primary aim of root repair is the prevention or 
delay of arthritis progression following 
meniscus root repair. Unfortunately, little evi-

J. G. Kim et al.
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dence is available for assessing mid- and 
long-term survivorship in patients undergoing 
pullout repair in MMPRTs. In a comparative 
study between partial meniscectomy and pull-
out repair in patients with MMPRTs at a mini-
mum 5-year follow-up,[59] the repair group 
had significantly better Lysholm (84.3 vs 
62.8) and IKDC (73.7 vs 49.3) scores than the 
meniscectomy group. In terms of radiological 
results, the repair group showed less K-L 
grade progression (percentage of patients 
with K-L grade progression; 68% vs 100%) 
and less medial joint space narrowing (0.8 mm 
vs 2.3  mm) than the meniscectomy group. 
The rate of conversion to total knee arthro-
plasty was 35% in meniscectomy group, 
whereas there was no conversion to total knee 
arthroplasty in repair group. The 5-year sur-
vival rates in repair and meniscectomy group 
were 100% and 75%, respectively (p < 0.001). 
Chung et  al[60] reported mid- to long-term 
survival rates in patients with pullout repair of 
MMPRTs. Clinical failures were defined as 
cases requiring conversion to total knee 
arthroplasty (TKA) or having a final Lysholm 
score <65 or less than their preoperative 
scores. Among 91 patients, four patients failed 
due to conversion to TKA (n = 1) or having 
final Lysholm scores <65 or less than the pre-
operative scores (n=3) during mean follow-up 
duration of 84.8  months. Thus, the overall 
Kaplan-Meier probabilities of survival after 
root repair were 99% at 5  years, 98% at 
6 years, 95% at 7 years, and 92% at 8 years.

In comparative study between meniscec-
tomy and pullout repair in patients with 
MMPRTs at a minimum 10-year follow-up, 
[72] the repair group had significantly better 
Lysholm (77.1 vs 58.2) and IKDC (63.7 vs 
44.4) scores than the meniscectomy group. 
Fifty-six percent of patients in the meniscec-
tomy group and 22% of patients in the repair 
group were converted to TKA in the follow-
 up period (p = 0.016). According to Kaplan- 
Meier analysis, the 10-year survival rate 
between meniscectomy and repair groups was 
44.4% versus 79.6% (p  =  0.004). 
Consequently, pullout repair demonstrated a 

high clinical survival rate in mid- and long-
term follow-up examinations, and it is an 
effective treatment to prevent or delay pro-
gression of arthritis in patients with a medial 
meniscus posterior root tear.

 6. Prognostic factors: Before performing a root 
repair, identifying preoperative prognostic 
factors is critical to selecting the most appro-
priate treatment and predicting postoperative 
results. As we mentioned above, Chung KS 
et  al. reported that patients with decreased 
meniscus extrusion have more favorable clini-
cal scores and radiographic findings at mid-
term follow-up than those with increased 
extrusion [67]. This study indicates that one 
of the main goals of the repair of MMPRTs is 
to reduce meniscus extrusion as much as pos-
sible. In short-term follow-up, patients with 
Outerbridge grade 3 or 4 chondral lesions had 
poorer results than those with grade 1 or 2 
lesions in terms of clinical scores (American 
knee society score and Lysholm score) and 
patients with varus alignment greater than 5° 
had poorer results than those with varus align-
ment less than 5° [53].

The predictors of unfavorable clinical and 
radiologic outcomes at a minimum of 5 years 
after root repair were investigated by Chung 
KS et al. [73] Unfavorable prognostic factors 
of the Lysholm score were grade 3 or 4 chon-
dral lesions (odds ratio OR = 5.993; p = 0.028) 
and varus mechanical alignment (odds 
ratio = 1.644; p = 0.017) and for IKDC score 
were  ≥  grade 3 chondral lesions (odds 
ratio = 11.146; p = 0.038) and older age (odds 
ratio = 1.200; p = 0.017). Preoperative higher 
chondral lesion (grade 3 or 4) significantly 
increased the risk of K-L grade progression 
(odds ratio = 11.000; p = 0.031).
Clinically, Outerbridge grade 3 or 4 chondral 

lesions, more varus alignment, and older age 
were found to predict a poor prognosis after root 
repair. These poor prognostic factors should be 
taken into consideration during surgical decision 
making. If the patients with those factors need 
root repair, the possibility of poor outcomes 
should be discussed when obtaining informed 
consent.
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Malalignment can cause abnormal pressure 
and have a negative effect on fixed roots. Thus, 
concomitant surgical procedure such as correc-
tive osteotomy may be considered in MMPRT 
patient with significant varus alignment in con-
junction with root repair.

26.6  Options of Surgical 
Procedures of Root Repair

There are several options of how to perform a 
posterior root repair. Based on a meta-analysis in 
MMPRTs, the most common technique is 
arthroscopic transtibial pullout fixation with non- 
locking mechanism through an anterior portal 
[65].

26.6.1  Transtibial Pullout Repair 
Versus suture Anchor Repair

Most root repair studies are based on transtibial 
pullout fixation. There has not been a prospective 
randomized comparative study between the two 
techniques. In a comparative study between 
suture anchor repair and transtibial pullout repair 
in MMPRTs, [54] both techniques showed symp-
tomatic improvement and no significant differ-
ences in Kellgren-Lawrence (K-L) grade in mean 
follow-up duration of 25.9 months. In follow-up 
MRI, complete structural healing was observed 
in 50% of the pullout fixation group and 52% of 
the suture anchor fixation group. Mean meniscal 
extrusion of 4.3 mm in the pullout fixation group 
and 4.1 mm in the suture anchor fixation group 
preoperatively was significantly decreased to 
2.1 mm and 2.2 mm postoperatively, respectively. 
Consequently, there were no significant differ-
ences between transtibial pullout repair and 
suture anchor repair clinically and 
radiologically.

Jung YH et al. demonstrated root repair with 
suture anchor fixation through posterior portal 
and showed symptomatic improvement (Lysholm 
score: 69.1 preoperatively, 90.3 postoperatively) 
at a mean follow-up duration of 30.8  months 
[52]. On MRI, 50% of patients showed complete 

healing, 40% of patients showed partial healing, 
and 10% of patients showed no healing. However, 
mean extrusion of the midbody of the medial 
meniscus was 3.9 mm preoperatively and 3.5 mm 
postoperatively; thus, extrusion was not signifi-
cantly decreased.

26.6.2  Anterior Portal Versus 
Posterior Portal

Most studies have also used an anterior portal. 
The anterior portal approach is more commonly 
used because it is easier to approach in the pos-
terior root attachment area than the posterior 
portal approach. However, especially in patients 
with a tight medial compartment, it is difficult to 
visualize and use instruments to address menis-
cal pathologies. The aggressive force needed to 
open the medial compartment in tight knee may 
result in unwanted complications such as rupture 
of the MCL or fracture. Thus, periosteal detach-
ment of the distal sMCL or pie-crust release of 
the sMCL is needed to overcome the tight medial 
compartment. Chung KS et al. reported that the 
release of the distal attachment of the sMCL dur-
ing root repair did not result in residual instabil-
ity and complications [51]. However, some 
surgeons may have concerns of sMCL injury and 
hesitate to perform sMCL release. In this situa-
tion, posterior transseptal portal approach is an 
alternative method to approach and visualize the 
posterior root area without sMCL release proce-
dures [61].

26.6.3  Non-locking Versus Locking 
Mechanism Sutures

Complex suture patterns with locking mecha-
nisms illustrate higher maximum failure loads 
and lower displacement during cyclic loading 
[74]. Among the four different suture techniques 
(simple sutures, horizontal mattress sutures, 
modified Mason-Allen sutures, and modified 
loop stitches), the MMA technique provided the 
best biomechanical properties with regard to 
cyclic loading and load-to-failure testing [74].
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In a biomechanical study comparing tibio-
femoral contact mechanics between simple 
sutures and modified Mason-Allen sutures in 
transtibial pullout repair, the peak contact pres-
sure and contact surface area improved signifi-
cantly after fixation, regardless of the fixation 
method. However, modified Mason-Allen sutures 
provided a superior contact surface area com-
pared with simple sutures [19].

In a clinically comparative study between 
simple sutures and modified Mason-Allen sutures 
in root repair, [58] Lysholm score and IKDC 
score improved significantly in both groups in 
mean follow-up duration of 24 months. Although 
the clinical outcomes did not differ between the 
groups at final follow-up, postoperative meniscus 
extrusion decreased 0.6  mm in the modified 
Mason-Allen suture group, whereas extrusion 
increased 1  mm in the simple repair group on 
follow-up MRI.  Regarding radiological out-
comes, the modified Mason-Allen suture group 
did not show significant progression in the K-L 
grade and cartilage degeneration, whereas both 
measures increased significantly in the simple 
sutures group. Thus, the modified Mason-Allen 
repair showed reduced meniscal extrusion and 
more favorable radiological outcomes [58].

26.6.4  Non-absorbable Versus 
Absorbable Sutures

In a biomechanical study comparing biomechani-
cal properties (cyclic loading and load-to-failure 
testing) of four different suture materials [No. 2 
PDS™ (Ethicon, Somerville, NJ, USA), No. 2 
Ethibond™ (Ethicon, Somerville, NJ, USA), No. 
2 FiberWire™ (Arthrex, Naples, FL, USA), 
2-mm Fiber-Tape™ (Arthrex, Naples, FL, USA)] 
for transtibial pullout repair of MMPRTs, [75] 
PDS™ showed the lowest values for maximum 
load and stiffness, whereas FiberWire™ showed 
the highest values for maximum load and stiff-
ness. Thus, FiberWire™ may improve healing 
rates and avoid progressive extrusion of the 
meniscus after transtibial pullout repair. However, 
non-absorbable suture materials can damage 
meniscus tissue when pulling out the sutures 

under maximum force; thus, surgeons need to be 
careful during fixation procedures.

26.7  Senior Authors’ Preferred 
Approach for Medial 
Meniscus Posterior Root 
Tears Repair

Recently, my preferred technique is arthroscopic 
transtibial root repair using a modified Mason- 
Allen stitch with locking mechanism [24, 50]. 
The arthroscope is introduced through the antero-
lateral (AL) portal, and the working instruments 
are introduced through the anteromedial (AM) 
portal. Arthroscopic examination is routinely 
performed to confirm the presence of a root tear 
or abnormality of other intra-articular structures.

If MMPRT is confirmed on arthroscopic 
examination, the superficial medial collateral 
ligament (sMCL) is released to get a sufficient 
working space. The release of the sMCL is 
achieved using a periosteal elevator directed 
toward the distal attachment area of the sMCL 
via a 3 cm longitudinal skin incision made at the 
anteromedial aspect of the proximal tibia [51]. 
The distal attachment of the sMCL is released 
completely via subperiosteal stripping in two 
directions, distally (from just inferior of the pes 
anserinus attachment to the distal tibial attach-
ment of the sMCL) and posteromedially (the pos-
teromedial crest of the proximal tibia beneath the 
tibial attachment of the posterior oblique liga-
ment and the proximal attachment of the sMCL), 
while preserving the deep medial collateral 
 ligament, proximal sMCL, and posterior oblique 
ligament.

After getting a larger working space and more 
clear visualization by the sMCL release, the root 
tear (Fig.  26.4) and landmarks relevant to the 
insertion of the medial meniscus, including the 
PCL insertion point, medial tibial spine, and 
articular margin of the tibial plateau, should be 
identified by arthroscopy. A meniscus resector 
and shaver are used to remove fibrous tissue and 
get fresh meniscal tissue.

Next, an 8 mm large curette is inserted through 
the AM portal to make a bone bed at the native 
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root insertion site (Fig.  26.5). The bone bed is 
positioned just on the medial side of posterior 
cruciate ligament and just to the posterior side of 
the medial eminence of the tibia [76]. This is an 
important procedure to get meniscus to bone 
healing – a larger bony bed is therefore recom-
mended to improve healing potential.

Next, a crescent-shaped suture hook (Linvatec; 
Largo, FL, USA) loaded with No. 1 polydioxa-
none (PDS; Ethicon; Somerville, NJ, USA) is 
then passed through the AM portal. The detached 
portion of the medial meniscus posterior horn is 
penetrated by the sharp tip of the suture hook at a 
point 5 mm medial to the torn edge in a vertical 
direction from the femoral side to the tibial side 
(Fig.  26.6). Then, the No. 1 PDS suture is 
advanced through the suture hook to the tibial 
side and taken out through the AM portal using a 
suture retriever. Another strand of suture, this 
time with Maxon ™ (Covidien; Minneapolis, 
MN, USA) to differentiate from the previous 
PDS, is placed in a position inside that of the first 
suture, in an identical manner via the same portal 
(Fig. 26.7). The superior ends of the two sutures 
are then tied outside the portal, and the inferior 
end of the Maxon™ (Covidien; Minneapolis, 
MN, USA) suture is pulled out. Using the shuttle 
relay method, the Maxon™ (Covidien; 
Minneapolis, MN, USA) suture is exchanged 

with the PDS suture so that the horizontal loop is 
completed (Fig. 26.8). A crescent-shaped suture 
hook loaded with No.1 PDS is again passed 
through the AM portal, and a simple vertical 
stitch is made that overlays and crosses the hori-
zontal suture (Fig. 26.9). Both ends of the suture 
are then taken out through the AM portal; the 
resulting cruciate-shaped stitch constitutes a 
modified Mason-Allen stitch. If the quality of the 

Fig. 26.6 Inserting PDS suture by crescent-shaped 
suture hook

Fig. 26.7 Inserting Maxon™ suture by crescent-shaped 
suture hook

Fig. 26.5 Making a bone bed at the native root insertion 
site
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root tissue is not good or the horizontal loop is 
too close to the torn edge of the root, additional 
vertical suturing may be performed.

Next, the soft tissue is detached from the pre-
viously incised area to allow for sMCL release 
to make a tibial tunnel. An anterior cruciate 
 ligament reconstruction tibial tunnel guide 
(Linvatec; Largo, FL, USA) is inserted through 

the AM portal, with its tip placed in contact with 
normal attachment site of the meniscal root. A 
Kirschner wire (K-wire) is then passed through 
the guide, with the K-wire visualized directly 
using the arthroscope (Fig. 26.10). The K-wire 
tip should be positioned at a far lateral area of 
the bone bed and just medial to the area of the 
posterior cruciate ligament. After confirming 
suitable tunnel position, the K-wire is pulled 
back through.

Next, a metal wire with a loop is then inserted 
into the tibial tunnel (from the anterior opening 
of the tibial tunnel) until its tip can be seen; it is 
then taken out through the AM portal using a 
suture grasper.

In the next step, the metal wire is taken out 
from the tibial tunnel together with the ends of 
the PDS strands after properly engaging PDS 
strands within the metal wire loop. The meniscus 
is reduced and stabilized when the ends of the 
sutures are pulled through the tibial tunnel under 
adequate tension (Fig. 26.11).

The suture ends are then tied over an 
Endobutton (Smith & Nephew; Andover, MA, 
USA), which is placed under the periosteum 
overlying the anteromedial tibial cortex with the 
knee at 0° flexion.

Fig. 26.8 Using the shuttle relay method, the Maxon™ 
suture is exchanged with the PDS suture so that the hori-
zontal loop is completed

Fig. 26.9 Inserting simple vertical stitch (overlaying and 
crossing the horizontal suture)

Fig. 26.10 K-wire is visualized directly using an arthro-
scope. The K-wire tip should be positioned at far lateral 
area of the bone bed and just medial area of the posterior 
cruciate ligament. After confirming suitable tunnel posi-
tion, the K-wire is pulled back through
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Finally, an arthroscopic evaluation is per-
formed to confirm condition of the torn meniscal 
root and the entire medial meniscus.

Regarding to concomitant corrective osteot-
omy, it is considered in patient with mechanical 
varus alignment greater than 5 degree. In a pre-
viously reported study by Moon and colleagues 
[53], varus alignment greater than 5 degree was 
found to be independent negative prognostic 
factors after root repair. When performing con-
comitant osteotomy, PDS sutures are inserted 
via same manners before osteotomy proce-
dures. Then, corrective osteotomy and internal 
fixation procedures are performed completely. 
The most critical problem of concomitant oste-
otomy procedures is that metal screws can 
interfere with making a bone tunnel for trans-
tibial pullout repair. In order to solve this prob-
lem, when making a bone tunnel, if the starting 
point of bone tunnel is just behind the locking 
plate (not in front of the plate), there is little 
chance that tunnel and screw overlap. Another 
way is to use a smaller plate than usual. After 
that, the rest can be done in the same way as 
described above.

26.8  Postoperative Rehabilitation

After 3 weeks of immobilization, range of motion 
(ROM) exercises are started and progressed up to 
90° flexion until 6  weeks postoperatively. Toe 
touch weight-bearing using crutches commences 
immediately after surgery, with the brace locked 
to allow for full extension of the knee joint in the 
first three postoperative weeks. Progressive par-
tial weight-bearing exercises commence 3 weeks 
postoperatively. Full weight-bearing and progres-
sive closed kinetic chain strengthening exercises 
are permitted 6  weeks after surgery. Light run-
ning is permitted after 3 months, and sports par-
ticipation is allowed at 6  months. Lifestyle 
modifications aimed at avoiding deep knee flex-
ion should be recommended for all patients.

26.9  Conclusions

Posterior meniscus root tears completely dis-
rupt the continuity of the circumferential fibers 
and lead to loss of hoop tension, loss of load 
sharing ability, and an unacceptable increase in 
peak pressures, which can lead to degenerative 
arthritis. However, root repair can restore the 
hoop tension of the meniscus and its ability to 
dissipate forces, which can delay the progres-
sion of arthritis significantly compared with 
meniscectomy.

Encouraging results from root repair over the 
last decade have led to increased interest in this 
procedure.

However, there are several challenges that 
need to be addressed in the future including how 
to get complete healing, how to reduce meniscal 
extrusion, how to manage concomitant cartilage 
problems, and which degree of mechanical align-
ment is acceptable to achieve favorable out-
comes. In facing these challenges, we should 
continue to improve surgical and perioperative 
management of patients undergoing root repair, 
so as to save the meniscus and ultimately restore 
normal knee function.

Fig. 26.11 The meniscus is reduced and stabilized when 
the ends of the sutures are pulled through the tibial tunnel 
under adequate tension
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27.1  Meniscal Allograft

Meniscal allograft transplantation (MAT) was 
first performed in the 1984 [1].

Nowadays, even if this procedure is estimated 
to be performed only on 1/1000000 patients, it 
cannot be considered an experimental surgery 
anymore and recent guidelines on the use of MAT 
have been compiled [2, 3].

The aim of meniscal allograft transplantation 
is to limit the negative effects of a meniscal loss 
[4–6].

Main indication for this kind of treatment is a 
painful meniscus deficient patient who has not 
yet developed advanced osteoarthritis (OA). 
Recent studies by Stone et al. [7] and Lee et al. 
re[8] have shown that good mid-term results can 

be achieved also in patients with and advanced 
grade of OA treated by meniscal allograft trans-
plantation as a salvage procedure. Unfortunately, 
while post-operative clinical scores are not dif-
ferent to those of patients treated with standard 
indications, in patients with advance OA, graft 
survival rate is significantly lower in the salvage 
procedure group. Of importance is the absence of 
squaring to the femoral condyle. These anatomi-
cal changes obliterate the triangular space in 
between tibial plateau and femoral condyle and 
cause extrusion of the meniscus graft. Meniscal 
allograft transplantation is moreover not recom-
mended in asymptomatic patients since the chon-
droprotective effect of this procedure is still 
debated and the reoperation rate can be as high as 
32% [9]. However, it is advised to provide strict 
clinical and/or imaging follow-up in young 
asymptomatic patients with critical meniscus 
loss, to identify early onset of osteoarthrosis. 
Other contraindications to meniscal transplanta-
tion include: obesity, skeletal immaturity, syno-
vial disease, inflammatory arthritis, and previous 
joint infection.

Another main indication to a meniscal 
allograft in conjunction with an ACL reconstruc-
tion is a deficient medial meniscal instable knee. 
Menisci and anterior cruciate ligament (ACL) 
play a synergic role in knee biomechanics, with 
medial and lateral menisci acting as secondary 
restrains for antero-posterior and rotatory laxity 
[10, 11]. Many clinical studies have demon-
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strated the importance of the menisci in achiev-
ing good outcomes following ACL reconstruction 
[12]. The addition of a MAT, particularly of a 
medial graft, to an ACL or revision ACL recon-
struction in a patient who lacks the meniscus, 
may aid in improving outcome [13].

Besides stability, it is very important to 
address any malalignment, if present [14] and 
isolated cartilage lesions which could benefit 
each other in terms of healing and outcome. 
Good results have been obtained also by treating 
young patients with a distal femoral osteotomy 
and lateral meniscal transplantation, with the aim 
to procrastinate as much as possible a more inva-
sive surgery like a knee replacement. Thus, to 
ensure an optimal outcome, patient selection and 
preoperative counseling and expectation setting 
are of the utmost importance [15].

A recent meta-analysis from Amendola et al. 
[16] suggest that even active patients can undergo 
this kind of surgery, with 77% of athletes and 
physically active patients able to return to some 
level of sports after MAT especially those 
involved in low-impact sports. For what concerns 
high-impact and strenuous activities, these should 
be considered and discussed with caution only in 
selected patients.

Concerning graft procurement and prepara-
tion, the International Meniscus Reconstruction 
Experts Forum recommends nonirradiated frozen 
or viable meniscal allografts to be provided with 
the peripheral meniscus-tibial ligaments remain-
ing intact [2]. Fresh viable meniscal grafts may 
be the most valid option maintaining the cells 
viability and extracellular matrix integrity. 
Verdonk et  al. reported good clinical results at 
long-term follow-up with viable meniscal grafts 
with a mean survivor rate of 72% for both the 
medial and lateral grafts at 10  years follow-up 
[17] (Fig.  27.1). Unfortunately, due to the high 
costs and difficulty to obtain the viable grafts, 
some authors use cryopreservation, even know-
ing that of all the storage procedures, this is the 
one that mostly alters the properties of the tissue 
[3]. Lyophilization is abandoned due to a higher 
incidence of graft shrinking.

One of the most important preoperative evalu-
ations is the correct sizing of the graft. A small 
graft will probably result in an early failure due 

to the increased biomechanical load [18]. On the 
other hand, a bigger graft with its extruded posi-
tion will result in a continued overload of the 
articular cartilage. Nevertheless, it is advised to 
oversize rather than to undersize, since oversiz-
ing can be partially corrected surgically.

No sizing method has been identified as being 
most reliable. The most used one is the Pollard 
method, which relies on calibrated AP and lateral 
radiographs [19]. Although this method is widely 
used, it incorporates a number of flaws mainly 
affecting lateral allograft sizing and new 3D MRI 
based measures on contralateral knee are being 
proposed [20]. The authors recommend MRI 
measurements in the antero-posterior and medio-
lateral direction from rim to rim and from rim to 
mid spine, respectively, of the affected 
compartment.

Besides sizing, also the anatomy of the medial 
anterior horn, both the recipient and the graft 
must be taken into account. Implanting a menis-
cus allograft posterior to the tibial edge (type 1 or 
2) in a knee with type 3 meniscus might result in 
overstuffing of the anterior compartment, exten-
sion loss and increased stress in the graft [21]. 
Finally, the use of a bone block during the surgi-
cal technique will require a higher sizing accu-
racy than that needed for the soft tissue fixation.

Fig. 27.1 NUsurface® non-anchored meniscal spacer 
with a discoid deformable structure
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No superiority of one surgical technique over 
the other (bone block vs soft tissue) is at the 
moment accepted [2], with 74% of the surgeons 
preferring to use bone fixation compared with 
26% preferring soft tissue. More specifically, the 
preference is for a slot/bone bridge technique on 
the lateral side, and bone plugs for the medial 
side.

Since the demand for meniscus allografts 
increase, limited availability of grafts, more 
 specifically larger lateral grafts and smaller 
medial grafts, might become a real problem.

27.2  Meniscal Scaffolds

As MAT is now an established and effective pro-
cedure, some considerations still need to be made 
about meniscal scaffolds [22–24]. 

A meniscus scaffold is a biocompatible struc-
ture that provides a 3-dimensional support to 
fibrocartilaginous tissue regeneration when a 
segmental meniscal defect is present. Up to day, 
two acellular meniscal scaffolds have been avail-
able in Europe. The first, the collagen meniscus 
implant (CMI; Stryker, Kalamazoo, MI) is a 
bovine collagen derived construct that consists 
entirely of type 1 collagen from bovine purified 
Achilles tendon. This is a highly bioresorbable 
(12–18 months) and highly porous scaffold [25].

The second, more recent scaffold (Actifit®, 
Orteq Ltd., London, UK) consists of porous poly-
caprolactone and urethane segments (Fig. 27.2), 
and its purpose is to restore the lost meniscal tis-
sue and function by providing a structure for new 
tissue ingrowth, being slowly biodegradable with 
an estimated degradation time of 4–6 years [26].

In contrast to MAT, the indication for a menis-
cus scaffold is limited to segmental meniscus loss 
with an intact meniscal rim and intact horn, since 
the scaffold is not intended to treat total or subto-
tal meniscal defects.

The ideal indication for the implantation of a 
meniscal scaffold is a segmental meniscal loss 
with intact stable rim, in young patients with 
international cartilage repair society (ICRS) clas-
sification <3, no malalignment or instability of 
the knee. A body mass index of 35 is a clear con-
traindication. The typical squaring of the femoral 

condyle that can appear after a meniscectomy is 
another strict contraindication [27].

The surgical technique, for both devices, con-
sists of an arthroscopic debridement of the menis-
cal lesion, up to the vascularized zone, being 
aware of not damaging the meniscal rim. This 
can be punctured with a microfracture pick to 
open up vascular channels or rasped to try to pro-
mote healing. When the debridement is complete, 
the lesion is measured using a meniscus ruler 
provided with the scaffold. The scaffold is then 
cut to fit, being aware of cutting 3–5 mm more 
than measured because a natural shrinkage due to 
suturing can be expected. Cranial and caudal sur-
faces can be marked and the device is then intro-
duced through the antero-medial or antero-lateral 
portal using a blunt-nosed grasper. Fixation is 
started with a horizontal all-inside suture from 
the posterior edge of the implant to the native 
meniscus [28].

Short- and mid-term clinical results of poly- 
urethane and collagen meniscal scaffolds are now 
established, even if the number of scientific docu-
mentations is limited [27–29]. Significant 
improvement of the clinical scores, both of pain 
and knee function, are reported by most authors, 
demonstrating the effectiveness of the scaffold 
and its durability. These clinical results remain 
stable over time, although few studies report 
long-term clinical outcomes [30–32]. 

Fig. 27.2 Actifit® porous polycaprolactone and urethane 
meniscal scaffold
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Preoperative cartilage status is found to be a pre-
dictor of clinical outcomes. It has been proven 
that cartilage damage should not exceed ICRS 
grade 2 to obtain predictable results after menis-
cal implantation, independently of which scaf-
fold is being implanted. Moreover, concomitant 
procedures seem to influence clinical outcome in 
a negative sense, compromising a slower recov-
ery [33].

It is still debated whether there is an indication 
to implant these scaffolds in an acute setting, dur-
ing the primary meniscectomy. These controver-
sial findings can be explained by the rapid clinical 
improvement offered by a simple meniscectomy, 
but current evidence tends to support the use of 
meniscal scaffolds for chronic lesions, with bet-
ter clinical outcomes at longer follow-up [34].

In contrast to the overall good clinical results, 
MRI findings are disappointing, showing a reduc-
tion in the size of the scaffold, with hyperintense 
signal that tends to diminish over time, but never 
reaches the level of normal meniscus tissue. 
These mediocre results, however, are not corre-
lated to the good clinical results [35]. For what 
concerns the radiographic evaluation, only 
Zaffagnini et  al. [32] report a significantly less 
medial joint space narrowing in patients treated 
by CMI implantation. Based on the available 
imaging data, the chondroprotective effect of 
meniscus scaffolds cannot be established [36].

Only few studies report histologic data. 
Essential structural elements of the human menis-
cus, evidence of tissue ingrowth, and regrowth 
have been documented [26, 31].

Although meniscus scaffolds have been 
proved to be a safe, easy technique for meniscal 
tissue regeneration, further improvement on scaf-
fold technology, surgical technique, and enhanc-
ing biology could be achieved [37].

27.3  Meniscal Implants

The latest advanced treatment for patients suffer-
ing painful medial meniscus insufficiency is the 
NUsurface® (Active Implants Ltd., Netanya) 
meniscal spacer (Fig. 27.3).

The NUsurface® implant is a non-anchored 
meniscal spacer with a discoid deformable struc-

ture. It is designed for the medial compartment 
only and comes in 7 discrete sizes. The implant 
has some creep characteristics and can therefore 
adapts to the space in the knee of each individual 
patient. This implant is conceived as the missing 
dowel between minimally invasive meniscal 
repair and knee replacement.

The implant is made of urethane polycarbon-
ate (PCU) which offers exceptional abrasion 
resistance, flexibility, and high tensile strength. 
Moreover, the implant is reinforced at the periph-
ery by ultra-high molecular weight polyethylene 
fibers. This complex structure permits a better 
distribution of the contact forces in the knee in a 
similar pattern to that of the natural meniscus. 
The implant is biologically inert and is neither 
absorbed nor degraded in the body [38].

The main indication for the use of this spacer 
is medial knee pain caused by a degenerative, 
irreparable lesion of the medial meniscus. 
Moreover, it is indicated in those patients with 
chronic knee pain due to a previous partial men-
iscectomy, aged from 50 to 70  years old, with 
minimal cartilage wear, where there are limited 
treatment options. Even in these cases, the pur-
pose of its use, demonstrated by clinical studies, 
is to delay the progression of osteoarthritis and 
improve clinical function.

It is important to verify pre-operatively that a 
minimum of 2 mm intact medial meniscal rim is 
present. Active infections, obesity, malalignment, 
unstable knees, and radiographic evidence of 
rapid joint degradation or bone absorption are 

Fig. 27.3 Preparation of a fresh viable meniscal graft
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clear contraindications. The device is also contra-
indicated in patients with insufficient synovial 
fluid in the knee, for example, patients with 
Sjögren syndrome. The implant should not be 
used if femoral squaring, larger ICRS grade 4 
focal cartilage lesions or bone is exposed at the 
tibial spine level as these can induce abrasion.

The surgical technique provides a first 
arthroscopic moment where it is of fundamental 
importance to resect the lesioned and unstable 
meniscal tissue until a stable margin is reached, 
without damaging the healthy articular cartilage. 
The aim is to create a nice vertical wall of the 
meniscal edge about 2–4 mm thick, which allows 
to sustain the implant in the absence of any 
anchoring. A notchplasty can be performed to 
make sure that there is room for the lateral wall of 
the implant, so that this can slide freely during 
knee range of movement.

When the arthroscopy is over, with the knee 
flexed, a longitudinal incision of 4–7 cm is made 
along the medial edge of the patellar tendon to 
open the capsule of the knee and allow access to 
the medial compartment. At this point the menis-
cectomy of the anterior portion of the medial 
meniscus can be completed, leaving the inter-
meniscal connection intact. A trial implant is 
inserted to check sizing and potential bony con-
flicts. A plasty of the lateral wall of the medial 
condyle and the roof of the notch are indicated to 
shape the medial compartment to the implant. 
The knee is mobilized through the entire range of 
flexion-extension movements, observing through 
arthrotomy or with arthroscopy from the external 
access. Moreover, the trial implant is radio- 
opaque and can be observed dynamically with an 
image intensifier if necessary. This allows to 
evaluate the dimensions of the trial implant with 
respect to the tibial edge and the notch to exclude 
any “impingement” with the joint structures. 
When all the measures are done and the size is 
confirmed, the trial implant can be taken out and 
the final device implanted.

The main advantages of the NUsurface® 
meniscus prosthesis is the absence of any fixa-
tion to bone or meniscal tissue. This implies 
that no need of vital meniscal tissue necessary, 
and no laceration of endogenous tissue can 
occur. Moreover, no partial resection to the 

femur or tibia is made, thus not limiting future 
knee surgical procedures. In case of the failure 
of the implant, for example, for its breakage, 
the implant can easily be replaced and it is not 
a big issue to perform alternative surgical 
treatments.

Different animal studies have demonstrated 
how this device protects further cartilage wear in 
case of medial meniscal insufficiency [39]. A pilot 
study from Verdonk et al. has assessed the static 
kinematics and the motion pattern of three knees 
implanted with an artificial polycarbonate- 
urethane prosthesis by an open-MRI. The device 
did not affect femoral roll-back and tibio-femoral 
contact points, though antero-posterior movement 
was demonstrated to be slightly different [40].

Finally, preliminary results of the first clinical 
evaluation of a PCU meniscal implant have 
shown a considerable reduction of knee pain and 
increased activity levels after 1 year of follow-up 
in 61 patients [40]. The device is marked CE and 
it is nowadays currently used in clinical practice 
in the European space. A large FDA IDE trial is 
currently in its final stage.
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28.1  Introduction

The meniscus is a critical intra-articular structure 
that plays a significant role in knee performance 
including lower limb kinetics and overall joint 
health. The knee menisci are dynamically 
involved in multiple joint functions including 
load distribution, joint lubrication, chondropro-
tection, articular nutrition, secondary stabiliza-
tion, and proprioception. Meniscal injury results 
in altered mechanics and progressive joint dys-
function that may ultimately result in premature 
osteoarthritis of the knee [1–5].

There has been a significant paradigm shift in 
the management of meniscal pathology since the 
misconception of the 1970s that the meniscus is a 
useless structure [6]. Our current understanding 
has led us toward a strategy of meniscus preser-
vation if at all possible [7, 8]. For meniscal defi-
cient patients who continue to be symptomatic, 
replacement of the entire meniscus through 
meniscal allograft transplantation (MAT) has 
evolved as a reliable surgical solution for this 
challenging clinical problem.

The ultimate goal of the MAT procedure is to 
restore native biomechanical properties of the 
native meniscus, thereby reestablishing knee 
function, reducing pain, improving the patient’s 
quality of life, and possibly delaying osteoarthri-
tis [9–11]. However, the surgeon and patient need 
to be prepared as a successful MAT requires care-
ful preoperative planning and postoperative man-
agement. It is necessary that the surgeon 
understands the proper surgical technique includ-
ing how and why to perform each surgical step. 
Additional key aspects of management include 
appropriate patient selection, preoperative dis-
cussion of patient expectations (especially long 
term), thorough preoperative planning, and firm 
adherence to postoperative rehabilitation proto-
cols. Through strict preparation and thorough 
planning, the surgeon can provide the patient a 
reliable operation with a minimized risk of com-
plication. Although controversy still exists, there 
have been substantial advancements since the 
first meniscal transplantation in 1984, [12] with 
more evidence-based indications and techniques 
contributing to improved long-term outcomes of 
MAT.

28.2  Indications

Despite the recent trend and advanced under-
standing of the importance in meniscus preserva-
tion, meniscus deficiency is still common [13]. It 
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occurs in the setting of failed repairs, irreparable 
tear patterns, or aggressive subtotal meniscec-
tomy. The clinical presentation of post meniscec-
tomy syndrome includes unicompartmental pain 
and recurrent painful effusions following a 
 previously sustained injury or meniscectomy. 
Initial treatment includes conservative manage-
ment (i.e., NSAIDs, biologic injections, unloader 
brace, activity modification, rehabilitation pro-
grams). However, MAT should be considered 
when symptoms persist [9, 14–16].

Meniscal allograft transplant has historically 
been indicated for younger (ages 15–50) patients 
with symptomatic meniscal deficiency following 
previous subtotal or functional meniscectomy. 
Contraindications have included obesity, current 
tobacco use, skeletal immaturity, advanced osteo-
arthritis, inflammatory arthropathy, and history 
of recent or remote septic arthritis [17–19]. Any 
concurrent pathology will need to be addressed 
when considering MAT.

However, recent literature has continued the 
debate on specific indications and contraindica-
tions for MAT. Currently, symptomatic cartilage 
lesions in the setting of meniscus deficiency is an 
important indication for MAT. The benefits of the 
offloading aspects of MAT may be beneficial to 
optimize the outcome of the symptomatic carti-
lage lesion [20, 21]. Lee and colleagues investi-
gated survivorship of MAT according to the 
cartilage defect grade present. Patients were 
grouped into low-grade lesions (ICRS 
[International Cartilage Repair Society] Grade II) 
on both the femoral and tibial articular surface, 
high-grade lesions (ICRS Grade II or IV) on one 
articular surface (femur or tibia), and high-grade 
lesions on both the femoral and tibial articular 
surface. Diffuse exposed subchondral bone was 
not included. Malalignment was corrected prior 
to the MAT procedure. The study reported that 
the postoperative PRO scores were not signifi-
cantly different between the three groups. 
However, the overall graft survival at 5 years was 
significantly lower in the group with high-grade 
chondral lesions on both articular surfaces 
(62.2%) when compared to the other two groups 
(low-grade, 93.8%; high-grade lesions (tibia or 
femur), 90.9%). There was no association with 

sex, affected compartment, or malalignment and 
concomitant procedures [22]. Stone et al. investi-
gated the impact of chondral defects and return to 
sport. Out of 49 MATs in patients with Grade III 
or IV Outerbridge defects, who were followed 
for a mean of 8.6 ± 4.2 years, 73.5% were able to 
resume sporting activities [23].

The role of prophylactic MAT continues to 
remain a controversial subject. It has been dem-
onstrated that meniscal deficiency has been asso-
ciated with progressive radiographic joint space 
narrowing [24]. However, clinical symptoms 
infrequently correlate with radiographic findings 
[5, 25]. Due to the unpredictable aspect of these 
findings, MAT is not routinely indicated for 
asymptomatic meniscal deficiency. The 
International Meniscus Reconstruction Experts 
Forum (IMREF) published a report after survey-
ing orthopedic surgeons. In this report, 42% 
stated that they would not perform MAT for 
asymptomatic reasons. However, 18% reported 
that they would for the lateral meniscus [26]. One 
specific case in which prophylactic MAT may be 
considered is an active female with valgus defor-
mity in the setting of total or subtotal lateral men-
iscectomy. Due to the anatomic and biomechanical 
characteristics of the lateral compartment, valgus 
deformity in the setting of lateral meniscal defi-
ciency can lead to the rapid progression of lateral 
compartment chondral disease and worsening 
valgus malalignment [15, 27]. Therefore, early 
surgical intervention including alignment correc-
tion (varus producing osteotomy) combined with 
MAT is strongly considered to help mitigate the 
devastating effects of disease progression.

Chronic anterior cruciate ligament (ACL) 
instability or failed ACL reconstruction in the 
setting of meniscus deficiency is another indica-
tion for MAT [28]. The medial meniscus plays a 
role as a secondary stabilizer to anterior tibial 
translation, while the lateral meniscus provides 
rotational stability during pivot shift. As such, 
MAT can be implemented as an adjunct during 
ACL reconstruction for patients with significant 
meniscal deficiency to improve stability and 
reduce risk of ACL graft failure [2, 28]. This is 
particularly true for those with high-grade sagit-
tal instability (Lachman Grade IIIB) and/or 
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explosive Grade III pivot shift. It is important to 
note that these patients may present with chronic 
functional instability and not necessarily painful 
effusions localized to the compartment where the 
meniscus is deficient.

Overall, the decision to perform MAT should 
be made on a case by case basis, with a lower 
threshold to perform the procedure in young, 
symptomatic patients. However, it is critical that 
the patient has a thorough understanding of the 
risks and benefits of the procedure, including the 
risk of failure and need for additional or revision 
procedures in the future.

28.3  Applied Surgical Anatomy

The medial and lateral meniscus have distinct 
anatomic and biomechanical characteristics that 
influence decision making including timing of 
procedure, need for concomitant procedures, and 
the specific surgical technique utilized (Fig. 28.1).

The medial compartment consists of a con-
cave tibial platform with the meniscus covering 
approximately 60–65% of the articular surface. 
The medial meniscus bears on average 50% of 
the load, and therefore meniscectomy is often tol-
erated in this compartment as it delays symptoms 
and decreases the need for concomitant cartilage 
restoration [29, 30]. Additionally, the medial 
meniscus is inherently more stable, when com-

pared to the lateral meniscus, as it has the associ-
ated attachments of the meniscotibial (coronary) 
ligaments to the deep medial collateral ligament. 
Therefore, consideration to reproduce these 
important attachments during medial MAT is 
strongly encouraged. The medial meniscus is a 
secondary stabilizer to anterior tibial translation; 
therefore, medial MAT is often indicated with 
revision or chronic ACL reconstruction with con-
comitant meniscal deficiency.

The medial meniscus root insertions are wide-
spread and oriented obliquely in the axial plane. 
The anatomy of the anterior horn of the medial 
meniscus is variable, with three types described 
(Fig.  28.2). Type 1 involves insertion lateral to 
the tibial spine and posterior to the anterior tibial 
edge, Type 2 with insertion medial to the tibial 
spine, and Type 3 with the insertion anterior to 
the anterior tibial edge [31]. It has been theorized 
that securing the anterior horn medial meniscus 
allograft posterior to the tibial edge in Type 3 
medial menisci results in overcrowding of the 
compartment and increased risk of failure [19]. 
Furthermore, coronal malposition of root inser-
tions has been shown to have greater influence on 
meniscal extrusion following MAT compared to 
sagittal malposition [32]. Due to these unique 
anatomic characteristics of the medial meniscus, 
bone plug or soft tissue only fixation is com-
monly utilized in the medial compartment [27, 

Fig. 28.1 Comparison of the medial and lateral menisci. 
The medial meniscus root insertions are widespread and 
oriented obliquely in the axial plane (blue), while the lat-
eral meniscus root insertions are narrow and in a vertical 
orientation in the axial plane (green)

Fig. 28.2 The variation in attachments of the anterior 
horn of the medial meniscal. Type 1: flat anterior intercon-
dylar region. Type 2: downward slope of the anteromedial 
articular plateau. This is medial to the intercondylar 
region (Type 1). Type 3: downward slope of the medial 
tibial plateau anterior to the intercondylar region (Type 1)
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29, 30, 33]. This is due to the advantage of main-
tained bone stock, ease of concomitant ACL 
reconstruction, and the avoidance of disrupting 
the native ACL footprint [16, 27, 34].

The lateral tibial articular surface is convex 
with the lateral meniscus covering approximately 
80–85% of the articular surface and bearing 70% 
of the load [33]. These distinct anatomic charac-
teristics result in a higher incidence of symptoms 
following lateral meniscectomy. Additionally, 
there is a higher risk of chondral degeneration 
with associated clinical symptoms when com-
parted to medial meniscectomy [5]. Therefore, 
concomitant cartilage restoration is often required 
in the setting of symptomatic lateral meniscus 
deficiency. The lateral meniscus is O-shaped with 
narrow, vertically (axial plane) oriented roots. 
Many surgeons prefer to utilize the bone-in-slot 
technique for the lateral MAT due to the fixed 
distance between the roots and increased fixation 
strength at time zero [16, 27, 34]. However, soft 
tissue only or bone plug strategies can be utilized 
on the lateral side as well.

28.4  Treatment of Concomitant 
Pathology

The knee joint is a highly integrated organ that 
functions as one mechanical unit. Therefore, 
optimization of the knee joint environment is 
critical to achieve favorable outcomes following 
MAT. Conditions including high-grade cartilage 
defects, ligament insufficiency, and limb 
malalignment must be recognized and addressed 
simultaneously or in a staged fashion. Staged or 
simultaneous treatment of these concomitant 
issues has resulted in superior or equivocal out-
comes when compared to isolated MAT [1, 21, 
35, 36].

Staged arthroscopy is a beneficial procedure 
for accurate identification of meniscal and articu-
lar pathology, lysis of adhesions, and can be help-
ful when planning for a complex salvage 
procedure. Additionally, corrective procedures 
for limb malalignment including extra-articular 
osteotomy can be performed during staging 

arthroscopy. ACL tunnel bone grafting for tunnel 
widening is also performed in stage one. Intra- 
articular procedures including ligament recon-
struction and cartilage restoration should be 
performed during the time of MAT.

Ligament insufficiency including ACL, poste-
rior cruciate ligament (PCL), medial collateral 
ligament (MCL), and posterolateral corner (PLC) 
are risk factors for meniscal repair and MAT fail-
ure. Ligament procedures are traditionally per-
formed concomitantly with MAT with 
concomitant ACL reconstruction having no nega-
tive effect on the postoperative outcome follow-
ing MAT [16, 37, 38].

Similarly, cartilage restoration is symbiotic 
with MAT and should be performed in the same 
setting (Fig.  28.3) [39]. Specific technique and 
graft choice for cartilage restoration is lesion spe-
cific but can be performed during an open 
approach after arthroscopic or arthroscopic- 
assisted MAT. Untreated meniscal deficiency is a 
contraindication to isolated cartilage restoration, 
and the presence of untreated Grade III–IV chon-
dral lesions is a contraindication to isolated 
MAT.  However, concomitant procedures have 
been shown to produce favorable outcomes [21, 
39]. Getgood et  al. published a case series of 
patients who underwent combined MAT and tib-
ial osteochondral allografting. They reported 
favorable outcomes with 5- and 10-year survivor-
ship at 78% and 69%, respectively, for MAT 
component and 73% and 68%, respectively, for 
the osteochondral allograft [40].

It is beneficial to correct the mechanical axis 
to neutral or slightly varus in the presence of an 
axis deviation of more than 3 degrees [41]. 
Special care should be taken to avoid overcorrec-
tion. Lateral opening or medial closing wedge 
distal femoral osteotomy (DFO) is often the 
treatment of choice for valgus malalignment, 
while medial opening wedge high tibial osteot-
omy (HTO) is utilized to correct varus malalign-
ment (Fig.  28.4). Additionally, mechanical axis 
correction can provide significant pain relief and 
MAT, and other intra-articular procedures may be 
avoided in patients who become asymptomatic 
following realignment.
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Fig. 28.3 Concomitant chondral restoration with arthroscopic MAT

Fig. 28.4 Examples of malalignment correction prior to 
MAT.  The left radiograph demonstrates correction of 
varus deformity utilizing the high tibial osteotomy (HTO). 

The right radiograph demonstrates lateral opening wedge 
distal femoral osteotomy (DFO) to correct valgus 
malalignment
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However, debate continues regarding the 
overall benefits of osteotomy, including whether 
MAT combined with osteotomy provides supe-
rior outcomes compared to an isolated osteotomy 
procedure. Bloch et al. recently performed a pro-
spective case series investigating 240 patients 
who underwent MAT.  This cohort consisted of 
five groups: (A) patient with good chondral sur-
faces, (B) good chondral surfaces who underwent 
concomitant osteotomy, (C) good chondral sur-
faces with concomitant ACL reconstruction, (D) 
unipolar full thickness chondral wear, and (E) 
bipolar full-thickness chondral wear. They 
reported an overall better survivorship with 
groups A–C (no significant chondral damage) 
compared to groups D–E (significant chondral 
damage) (95% vs 77% survivorship at 5 years). 
They concluded no difference in outcomes 
between isolated MAT and those who underwent 
concomitant procedures including ACL recon-
struction and corrective osteotomy, as long as the 
articular cartilage was intact [42].

28.5  Graft Sizing

Preoperative planning, including graft sizing, is 
biomechanically essential for proper outcomes. 
Several different techniques have been suggested 
for meniscus sizing with the utilization radio-
graphs, computed tomography (CT), magnetic 
resonance imaging (MRI), and anthropometric 
data [19]. For medial MAT, the Pollard radio-
graphic method is utilized to obtain length and 
width of the meniscus [43]. The Yoon equation 
for length and the anthropometric method for 
width is preferred for lateral MAT. The medio-
lateral sizing is more important when compared 
to anteroposterior sizing [44]. Utilizing MRI 
obtained from the contralateral knee may be 
beneficial in select cases. Inaccurate sizing can 
result in continued symptoms, meniscus extru-
sion, and ultimate failure [17]. Graft size should 
be within 10% of native meniscus. The risk for 
graft extrusion or early failure is increased with 
oversized grafts; therefore, if given the choice, 
an undersized graft is preferred over an over-

sized graft. However, undersized graft experi-
ences increased biomechanical load with 
increased shear forces resulting in risk of 
allograft disruption and tear [17, 19]. Therefore, 
correct measurements and the utilization of a 
reliable tissue bank is critical.

28.6  Meniscus Transplant: 
Surgical Options

One of the most relevant topics for MAT is the 
fixation type utilized. Surgical techniques have 
dramatically improved over the last two decades. 
The ideal MAT technique theoretically would 
consist of being minimally invasive, bone stock 
preserving, providing options to handle graft 
mismatch, providing anatomic meniscus foot-
print restoration, securing adequate time zero 
fixation, and ultimately be reproducible. 
Currently, there are three standard techniques 
implemented in MAT fixation: suture-only, dou-
ble bone plug, and bone-in-slot (bone bridge/
trough). Novel hybrid techniques have increasing 
evidence for use. Controversy surrounds that 
MAT fixation method provides the best long- 
term results.

28.7  Bone Plug Technique

The traditional MAT bone plug technique 
involves preparing a graft with two 7–9  mm 
bone plugs attached to each root. After thorough 
debridement of any native meniscus remnants, 
two 8–10 mm tibial sockets are made. The plugs 
are secured with a bone-to-bone fixation at the 
roots, while the meniscal horns and body are 
fixed with sutures [45]. This technique is usu-
ally preferred in the medial compartment. 
(Fig. 28.5).

This technique significantly preserves bone 
stock. Additional advantages include decreased 
surgical time, the ability to accommodate graft 
size mismatch, no required “flipping” of the 
meniscal transplant (as there is in bone-in-slot 
technique), and avoidance from the risk of dis-
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rupting the ACL footprint. The technique also 
uses familiar arthroscopic methods of socket 
preparation and peripheral meniscal repair. The 
disadvantages include the challenge in fully seat-
ing the bone plugs with an 8–10 mm depth, lack 
of fixation strength at time zero that may compli-
cate early postoperative rehabilitation, and risk of 
tunnel coalescence in the lateral compartment 
due to the close proximity of the meniscus root 
insertions.

The importance of the fixation distance as 
well as the proper placement of the anterior and 
posterior horn attachments has been reported [28, 
46–48]. The bone plug technique allows for 
proper anatomic placement of the meniscal horn 
attachments and allows the ability to handle graft 
mismatch if needed while also possibly making 
revision scenarios less challenging.

Studies continue to demonstrate good out-
comes with MAT while using the bone plug tech-
nique, and many patients are able to return to 
pre-injury activity level [26, 49, 50].

28.8  Bone-in-Slot Technique

The bone-in-slot (trough, bone bridge) tech-
nique is preferred for the lateral compartment. 
In this procedure, a 10  mm high and 10  mm 

wide bone bridge is created on the meniscus 
allograft. A trough is prepared on the tibia for 
the allograft to “key” in place (Fig. 28.6) [51]. 
This technique has advantages, including a 
strong time zero fixation as well as the ability 
to maintain the anatomical proximity of the 
anterior and posterior meniscal root. However, 
the bone-in-slot technique has several disad-
vantages including it being a technically chal-
lenging technique (“flipping” the meniscus 
into place), decreased ability in dealing with 
graft mismatch/sizing issues, loss of substan-
tial tibial bone stock, and decreased ease of 
revision MAT procedures. Avoidance of exces-
sive constraint on the lateral meniscus graft 
during transplantation is essential as the native 
lateral meniscus is more mobile with no addi-
tional attachments to the lateral collateral liga-
ment (LCL) or popliteal hiatus. 
Non-physiological tension through unneces-
sary suture fixation on the rim can lead to graft 
extrusion and failure. Due to the need for an 
accurate matched graft, this technique involves 
strict preoperative sizing as well as a reliable 
allograft bank. Recently, Kim et  al. investi-
gated the risk associated with non- anatomic 
horn position in the bone-in-slot technique for 
lateral MAT [52]. This study demonstrated that 
in the 214 isolated lateral bone-in-slot MAT 

Fig. 28.5 (a) The bone plug technique is ideal for medial MAT procedures due to the oblique orientation (axial plane) 
of the medial meniscus roots (orange). Additionally, it does not disrupt the ACL (blue)
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cohort included, 11.1% of the non-anatomic 
group experienced early failure (within 1 year 
of MAT), while only 3.1% in anatomic group 
experienced early failure (odds ratio  =  3.88; 
95% CI, 1.13–13.26).

28.9  Suture-Only Technique

The suture-only technique involves only a soft 
tissue graft. Stay sutures are utilized to secure 
the body and meniscal horns, while the roots are 
fixed via a transtibial tunnel in a meniscal root 
repair fashion. It is technically the simplest 
option, and preoperative graft sizing is less 
demanding than techniques involving bony fixa-
tion. Nevertheless, graft extrusion has been a 
concern with suture-only fixation. Recent stud-
ies have shown that MATs fixed with bone plugs 
had a reduced incidence of extrusion compared 
to those with suture fixation [53–55]. Abat et al. 
found that meniscal allografts fixed with suture- 
only technique not only showed a significantly 
higher degree of extruded meniscal body than 
that fixed with bony fixation but also had a 
higher graft tear rate [56]. However, studies 
have suggested that although graft extrusion is 
common, it has not proven to have a relevant 
effect on the clinical and functional results [57]. 
Even so, suture-only fixation is currently per-
formed with more frequency outside of the 
United States.

28.10  Hybrid Technique

An emerging technique utilizing an adjustable 
loop cortical fixation construct has recently been 
performed with positive results. The adjustable 
loop suspensory cortical suture is a #5 ultra-high 
molecular weight polyethylene (UHMWPE) 
suture loop that provides a four-point knotless 
locking system that does not rely on fixation dis-
tance. The graft has smaller bone plugs (9 mm in 
diameter and 3 mm in depth) located in anatomic 
sockets, therefore preserving bone stock whether 
used in the medial or lateral compartments 
(Fig.  28.7). Only one adjustable loop cortical 
fixation device per root is needed.

This technique also uses familiar arthroscopic 
methods for socket preparation. A well-known 
drilling technique is performed utilizing 
RetroCutter posteriorly or low-profile reamer 
anteriorly to create the tibia bone sockets (9.5 mm 
diameter by 5–10 mm deep) at the anterior and 
posterior root insertions. The adjustable loop is 
easily passed through the sockets and is secured 
over tibial cortical bone with an 8 × 12 mm slotted 
metallic attachable button system (Arthrex). After 
the MAT is shuttled into the joint arthroscopically 
and the roots are provisionally fixed, peripheral 
meniscal repair (6–8 total points of fixation) is 
performed with an all-inside technique on the 
posterior horn (1–2 fixation points), inside-out 
technique for the middle meniscus (3–4 fixation 

a b

Fig. 28.6 (a) The bone-in-slot technique is preferred on 
the lateral compartment due to the vertical orientation 
(axial plane) of the lateral meniscus roots and the limited 
disruption of adjacent structures. (b) If performed on the 

medial compartment, it would interfere with the anatomic 
orientation of the medial meniscus root insertions and dis-
rupt the medial portion of the ACL footprint (red)
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points), and the outside-in technique for the ante-
rior horn (1–2 fixation points) (Fig. 28.8).

This hybrid technique incorporates advan-
tages of the other three techniques. It is all 
arthroscopic and easier to perform (similar to soft 
tissue only) but has strong fixation (similar to 
trough) without losing bone stock and can accom-
modate for graft mismatch (similar but easier 
than traditional bone plug technique). It provides 
other benefits including decreased surgical time 
and ability to manage graft extrusion following 
provisional peripheral fixation (adjustable corti-
cal fixation) (Fig. 28.9).

Fig. 28.7 MAT allograft that is prepared (9 mm in diameter and 5 mm in depth) for the arthroscopic MAT using ana-
tomic bone sockets and suspensory cortical fixation technique

Fig. 28.8 A hybrid meniscal fixation is performed. There 
are 6–8 total points of fixation with an all-inside technique 
for the posterior horn (1–2 fixation points), inside-out 

technique for the middle meniscus (3–4 fixation points), 
and the outside-in technique for the anterior horn (1–2 
fixation points)

Fig. 28.9 Cadaveric representation of the adjustable loop 
cortical fixation construct in a medial MAT
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28.11  Considerations 
in the Adolescent Population

There has been an increased rate of adolescents 
participating in competitive sports, which has 
resulted in an increase of meniscal injuries in this 
population [58]. Premature meniscal deficiency in 
adolescents results in a significant risk for early 
degenerative joint disease and future complica-
tions. Discoid meniscus tears provide an addi-
tional problem due to the possibility of 
unavoidable lateral meniscectomy [59, 60]. 
Determining appropriate indications and manage-
ment can be challenging in this age group [61].

If treating meniscal deficiency with close 
observation, adolescent patients with open phy-
ses and meniscal deficiency will require at mini-
mum annual clinical evaluation looking for 
painful effusion, x-rays including alignment 
views, and consideration for MRI assessment to 
monitor the articular cartilage [19]. If symptoms 
develop or there is evidence of progressive joint 
deterioration, MAT may be indicated [61]. 
Although MAT in a skeletally immature patient 
continues to be controversial, studies have dem-
onstrated low revision rates in the pediatric popu-
lation with safe and reproducible outcome [62, 
63]. A current MRI is essential, as MAT sizing is 
key due to the lack of growth of the implant. 
However, MAT should not be delayed due to the 
potential chondroprotective affects. Practice 
guidelines and recommendations will continue to 
change as more skeletally immature patients 
undergo MAT [19, 64].

28.12  Updated Outcomes

MAT is an effective procedure for symptomatic 
post-meniscectomy syndrome and provides 
improved patient satisfaction with good survivor-
ship and outcomes [63, 65–67]. In a prospective 
study, LaPrade et  al. found that MAT signifi-
cantly reduced pain, decreased activity-related 
effusion, and improved function in patients with 
previous meniscectomy. At 2-year follow-up, 
91% of patients showed significant improve-
ments in both pain and function [10].

McCormick et  al. retrospectively reviewed 
178 patients who underwent bone-in-slot MAT 
(41% isolated MAT, 60% concomitant proce-
dure; 127 medial, 71 lateral, 2 bicompartmental) 
with a minimum 2-year follow-up. This study 
demonstrated that only 8 patients (4.7%) required 
subsequent MAT revision or knee arthroplasty 
indicating a 95% allograft survival rate. Although 
64 (32%) required an additional procedure after 
the definitive MAT, a majority (59%) of these 
procedures were arthroscopic debridements [68].

A current area of research interest is determin-
ing the most effective method of graft fixation. 
Multiple studies have demonstrated similar out-
comes in regard to graft survival with the differ-
ent fixation options [9, 48]. Several studies have 
shown the superiority of bone plug fixation com-
pared to suture-only fixation for medial meniscus 
transplantations and that the secure fixation 
achieved with bone plugs allowed restoration of 
optimum joint contact mechanics with superior 
load distribution under dynamic load [54, 69, 
70].

Abat et al. compared clinical and radiographic 
outcomes of MAT with suture-only versus bony 
fixation. They found no difference in clinic out-
comes but did report a significantly higher per-
centage of extruded meniscal tissue in the 
suture-only technique. They also demonstrated a 
significant difference in complication rate 
between the two techniques. In patients with the 
suture-only technique, there was a 33.3% overall 
complication rate including arthrofibrosis, infec-
tions, and graft tears compared to only 16.4% 
with bony fixation [71].

Outcomes depend on proper patient selection 
and thorough preoperative planning [9]. One 
important aspect of patient selection and expected 
outcomes includes the evaluation of the amount 
of chondral damage. As previously mentioned, 
Bloch et  al. performed a prospective study that 
included 240 knees [42]. While MAT without 
chondral wear demonstrated 95% survivorship at 
5 years, knees with full thickness chondral wear 
demonstrated a survivorship rate of only 77%. 
However, Frank and colleagues evaluated a 
cohort of 100 patients indicated for isolated 
osteochondral allograft transplantation (OCA). 
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Of these patients, 50 underwent concomitant 
MAT.  They reported no difference in reported 
clinical outcomes, complications, or failure rate, 
concluding favorable outcomes of OCA with 
concomitant MAT [72].

In the current climate of cost-effective, value- 
based outcomes, financial factors should be con-
sidered. Bendich and colleagues evaluated factors 
that make MAT cost-effective in delaying the 
progression of osteoarthritis [73]. Using a 
Markov model, cost-effectiveness was assessed 
by comparing MAT to non-operative manage-
ment in patients with previous meniscectomy. 
This study concluded that compared to non- 
operative management, MATT needs to be 31% 
more effective in delaying osteoarthritis in order 
to be cost-effective. This study also demonstrated 
that MAT is most cost-effective in patients who 
are 20–29 year-olds but is less cost-effective in 
obese patients (BMI 30–35).

There is a paucity of literature regarding return 
to sport after MAT.  Several low-quality studies 
suggest that return to pre-injury activity is possi-
ble. Zaffagnini et al. recently reported that 66 out 
of 89 (74%) of patients who underwent MAT 
returned to sports after 8 months of strict postop-
erative rehabilitation. This particular cohort was 
able to return to rather high-demand sports 
including basketball, soccer, rugby, and volley-
ball. However, only 44 (49%) returned to the 
same level of play as pre-injury [74]. Similar 
results have been reported, with case series dem-
onstrating 75–85% return to play after MAT [75, 
76]. However, long-term durability of the 
allograft with repetitive loads is unknown. At 
present, MAT is not recommended by IMREF for 
athletes participating in contact/collision sport 
[26]. Therefore, sufficient patient education and 
discussion on postoperative expectation is 
necessary.

There are no standard evidence-based reha-
bilitation protocol following MAT to guide use of 
a brace, weightbearing, and ROM.  Some sur-
geons initiate full weightbearing and range of 
motion much early on in the postoperative period. 
However, other surgeons recommend early 
weightbearing restrictions with a brace and grad-
uated or delayed range of motion. Lee et  al. 

investigated the impact of delayed rehabilitation 
on graft extrusion in a cohort of 53 patients who 
underwent lateral MAT, 25 with a standard reha-
bilitation, and 28 who underwent delayed reha-
bilitation, which included 3  weeks of 
immobilization followed by the utilization of 
unloading braces for 9  weeks [77]. At a mean 
follow-up of 2  years, the delayed rehabilitation 
cohort demonstrated decreased graft extrusion 
and relative percent of extrusion. Additionally, 
the delayed group had less joint space narrowing 
and progression of arthritis, providing additional 
evidence for the possible benefit of delayed reha-
bilitation. In general, rehabilitation will also 
depend on the need for concomitant procedures, 
time zero fixation type, and can be influenced by 
other patient factors.

The chondroprotective impact of MAT is 
undetermined. Historical reports demonstrate a 
lack of evidence that MAT decreases the advance-
ment of osteoarthritis and joint space narrowing 
[9]. However, Jiang et al. published findings on a 
four- to six-year follow-up study comparing 
immediate and delayed MAT.  Eight patients 
underwent MAT immediately after meniscec-
tomy, while ten patients underwent a delayed 
MAT procedure (mean delay of 35  months). 
Although there was no different in PRO, patients 
who underwent MAT immediately after menis-
cectomy demonstrated less cartilage degenera-
tion on radiographs and MRI [78]. Nevertheless, 
due to the small sample sizes and limited long- 
term outcome, conclusions cannot be determined, 
and the orthopedic surgeon must determine oper-
ative management on a case by case basis [79].

28.13  Conclusion

MAT has proven to be a safe and effective proce-
dure for symptomatic meniscal deficiency or fol-
lowing previous failed procedures. There 
continues to be advancement in this field as we 
continue to investigate proper indications and 
techniques. However, there is still much debate, 
and further research is needed to clarify indica-
tions, proper surgical techniques, and overall 
long-term outcomes of MAT.  Proper patient 
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selection and preoperative planning are key to a 
successful MAT.  As a salvage intervention, the 
main goal is improvement of quality of life. 
Return to preinjury sporting activity level is a 
secondary goal that may not be achievable. 
Therefore, adequate patient education and man-
aging patient expectations are crucial. The patient 
needs to understand that this is not a definitive 
procedure and that additional future treatments 
are expected.
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Technique Corner: Cell-Based 
Cartilage Repair

Joshua Wright-Chisem and Andreas H. Gomoll

29.1  Introduction

Cartilage injuries of the knee represent a very 
common pathology, showing greater than 60% 
prevalence in arthroscopic procedures of the knee 
[1], with other studies reported focal full thick-
ness chondral or osteochondral defects in nearly 
20% of patients after an arthroscopic procedure 
[2]. While many of these lesions may be asymp-
tomatic, symptomatic defects present as a diffi-
cult problem to treat. Untreated, focal chondral 
defects and osteochondral injuries of the knee 
can lead to progressive pain and osteoarthritis 
[3].

Operative interventions for treating cartilage 
defects of the knee can be grouped into palliative, 
reparative, restorative, and reconstructive proce-
dures [4]. The focus of this chapter will be on 
restorative procedures, namely, cell-based carti-
lage repair. Restorative cartilage procedures have 
the goal of creating a hyaline-like cartilage layer 
[5]. Prior studies have shown that the articular 
surface created following these restorative proce-
dures shows improved mechanical properties 
relative to prior procedures but is still inferior to 

native cartilage [6]. Studies have shown that 
MACI has similar clinical outcomes as prior gen-
erations of ACI, while MACI has been found to 
have a shorter tourniquet and procedural time [7].

29.2  Background

Cell-based cartilage repair was first introduced 
over two decades prior. Autologous chondrocyte 
implantation (ACI), developed in Sweden, was 
the first form of cell-based cartilage repair 
approved by the Federal Drug Administration 
(FDA) [8]. It was approved to treat full-thickness 
cartilage defects of the femoral trochlea and con-
dyle; however, it also was frequently used to treat 
chondral defects in the patella and tibial plateau 
as an off-label use [9]. The first-generation ACI 
was used in conjunction with an autologous peri-
osteal patch that secured the chondrocytes in situ. 
Following harvesting of the patch, it was sewn to 
normal, stable cartilage adjacent to the defect, 
and chondrocytes were introduced under the 
patch. This method was not without flaws, as 
graft hypertrophy was frequently seen post- 
operatively, most commonly in the patella [10]. 
Second generation ACI saw the development of a 
standardized collagen membrane rather than the 
first-generation periosteal flap. This development 
leads to improvements in both subjective and 
objective patient outcomes, as well as decreased 
rates of hypertrophy [11]. While the second- 
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generational development lead to improved clini-
cal outcomes, it did not address certain technical 
challenges, including the potential for chondro-
cyte leakage or uneven distribution within the 
defect following implantation. This led to the 
development of the third and current generation 
ACI product, matrix-associated autologous chon-
drocyte implantation (MACI). Following FDA 
approval in 2017, MACI was becoming increas-
ingly popular amongst surgeons as a tool to treat 
cartilage lesions. This was due to several factors, 
including decreased patient morbidity, ease of 
use, and fewer post-operative complications 
while demonstrating sustained excellent results.

MACI is a two-stage procedure that begins 
with a cartilage biopsy, typically during a diag-
nostic arthroscopic procedure. Following 
biopsy, the chondrocytes are isolated in the lab-
oratory, expanded in culture and embedded unto 
a collagen scaffold, consisting of a porcine type 
I and III collagen bilayer membrane. During a 
second procedure, the collagen scaffold with its 
accompanying chondrocytes is implanted into 
the cartilage lesion and held into place with 
fibrin glue. Its ease of use is one reason why it 
has become marketed as a “simplified” delivery 
of ACI [12].

29.3  Clinical Evaluation

Patients with cartilage injuries of the knee may 
present acutely in the emergency department 
following a trauma or in the outpatient setting. 
These patients frequently endorse activity-
related knee pain that may be exacerbated while 
participating in sports. Patients may present 
with a painful, swollen knee with an associated 
hemarthrosis, for example, after patellar dislo-
cation, as studies have shown that osteochondral 
fractures may be responsible for up to 5% of 
acute post-traumatic hemarthroses [13]. It is 
imperative to perform a thorough history and 
physical exam for these patients to rule out 
additional pathology. The medial and lateral 
joint lines are assessed for potential meniscal 
pain, along with any other meniscal provocative 
tests, including but not limited to the McMurray’s 
test. Chondral injuries of the trochlea or patella 
are not uncommon, and patellofemoral pain 
should be carefully evaluated. The integrity of 
the MPFL should be assessed, and patellar 
quadrant translation should be determined. In 
addition, the stability of the cruciate and collat-
eral ligaments must be evaluated (Figs.  29.1, 
29.2, and 29.3).

a b

Fig. 29.1 (a) Axial MRI image (proton density) demon-
strating delaminated cartilage flap of the median ridge. (b) 
Sagittal MRI image (Fat suppressed, inversion recovery) 

demonstrating subchondral edema in the central patella 
with signal change in the overlying articular surface
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29.4  Imaging

Radiological studies are essential in the manage-
ment of cartilage injuries of the knee. Initial eval-
uation begins with plain x-rays of the knee, 
including standing anteroposterior (AP), flexed 
posteroanterior (PA, Rosenberg view), lateral and 
merchant views of the knee. It is important to 
evaluate lower extremity alignment, and we rec-
ommend obtaining full length hip to ankle x-rays 
in patients where malalignment is in question. 
Cartilage injuries are frequently missed on plain 
radiographs; however, x-rays may demonstrate 
evidence of advanced osteoarthritis, which is a 
strict contraindication to restorative cartilage 
procedures [14]. Magnetic resonance imaging 
(MRI) is the gold standard in the diagnosis of 

Fig. 29.2 Arthroscopic image demonstrating cartilage 
fraying and flap in the central patella

a

c

b

Fig. 29.3 (a) Intra-operative image showing unstable 
cartilage flap in the central patella. (b) Intra-operative 
image showing defect after debridement back to stable 

shoulders. (c) Intra-operative image showing defect after 
placement of the MACI implant and fibrin glue fixation
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cartilage injuries and must be obtained in all 
patients during investigation of cartilage injuries. 
Importantly, an MRI will assist in better charac-
terizing and identifying the cartilage lesion, while 
also allowing an assessment for associated soft 
tissue pathology, including any meniscal and lig-
amentous deficiency [15]. MRI studies are par-
ticularly useful in assessing the size of chondral 
lesions and the quality and size of subchondral 
bone involvement [16]. This is particularly useful 
as it plays an important role in determining the 
ideal intervention for each patient [17].

While MRI is a useful tool in the evaluation of 
articular cartilage defects, it may underestimate 
the size of the lesion. Studies have found that 
MRI may underestimate the size of articular car-
tilage lesion by as much as 70% [18]. Subsequent 
studies have also demonstrated that the average 
cartilage lesion identified on diagnostic arthros-
copy was greater than 60%, larger than what was 
seen on MRI.  For this reason, arthroscopy 
remains the gold standard in the evaluation of 
articular surfaces and should precede any proce-
dural intervention.

29.5  Indications

A clear understanding of indications is para-
mount when determining whether a patient would 
benefit from cartilage repair with MACI. Those 
indications include symptomatic, full-thickness 
chondral and osteochondral defects, with a lesion 
size above 2  cm2 [19, 20]. Anatomically, these 
lesions may be located anywhere in the knee and 
may be secondary to an acute traumatic injury, 
osteochondritis dissecans or focal defects from 
repetitive microtrauma [19]. Although there is no 
strict age cut off with respect to MACI, most 
studies have included patients between 15 and 
60 years of age [20, 21].

Advanced osteoarthritis is an absolute contra-
indication to MACI [19]. Coronal plane malalign-
ment, meniscal deficiency and ligamentous 
instability contribute to cartilage wear and degen-
erative changes of the knee and must be addressed 
prior to, or simultaneously with, any cartilage 
restoration procedure [19]. Elevated body mass 

index (BMI) has also been noted as a contraindi-
cation to MACI, as obese patients have not been 
shown to demonstrate significant improvement 
with respect to functional outcome scores follow-
ing MACI [22].

29.6  Surgical Technique

MACI is a two-stage procedure, as biopsy of the 
articular cartilage is performed initially, and the 
processed chondrocytes are implanted at a later 
date as the second stage.

29.6.1  Biopsy Harvest

The patient is placed securely on a standard oper-
ating table, supine with care taken to pad all bony 
prominences. After induction of anesthesia (gen-
eral or regional), a non-sterile tourniquet is 
placed high on the operative extremity. Next, a 
thorough examination under anesthesia is per-
formed, with care taken to assess for ligamentous 
integrity, range of motion, and any other contrib-
utory pathology. Finally, a lateral post is placed at 
the level of the tourniquet.

The patient is then prepped and draped in the 
typical sterile fashion, and a surgical time out is 
performed, where surgical site, administration of 
preoperative antibiotics, and procedure are con-
firmed. A routine diagnostic arthroscopy is per-
formed with attention paid to evaluate all articular 
surfaces, visualization of the suprapatellar pouch, 
gutters, and posterior joint recesses for any loose 
bodies, and the integrity of the cruciate ligaments 
and menisci is probed.

Using an arthroscopic shaver, the edges of the 
lesion are gently debrided to remove unstable 
flaps without uncovering the underlying sub-
chondral bone. A probe is then used to measure 
the length and width of the lesion, and the mea-
surements are recorded for insurance approval. 
Next, an arthroscopic gouge is introduced 
through the medial portal and used to perform the 
cartilage biopsy. The biopsy is performed on a 
lesser-weight bearing portion of the knee, fre-
quently the intercondylar notch. It may also be 
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performed on other lesser-weight bearing por-
tions including the proximal trochlea. The biopsy 
is performed and then placed in a sterile  container, 
ideally retrieving between 200 mg and 300 mg of 
sample cartilage [23]. The sample is then sent for 
processing. The portals are closed, and the patient 
is made weight bearing as tolerated without any 
restrictions with respect to range of motion.

29.6.2  Implantation

The chondrocytes from the biopsy sample are 
processed and stored at −80 degrees C for up to 
5  years. Once insurance approval has been 
obtained, the implantation is scheduled, and the 
sample is thawed and grown for the surgical date.

The incision utilized is dependent on the area 
of interest; if the lesion is located along the lateral 
patellar facet or lateral femoral condyle, a lateral 
parapatellar arthrotomy is utilized. If the lesion is 
located along the medial patellar facet or medial 
femoral condyle, a medial parapatellar arthrot-
omy is used. A #10 blade is used for the skin inci-
sion with care taken to avoid violating the 
meniscus. The incision is carried down through 
the underlying retinaculum and joint capsule with 
gentle dissection performed with electrocautery. 
The defect is outlined with a 15 blade to include 
all damaged or unstable cartilage along the 
periphery. Alternatively, the current instrumenta-
tion provides cutters in various sizes and shapes 
that can be utilized to both outline the defect and 
prepare the graft. Utilizing curettes and rongeurs, 
the defect is debrided of soft tissues including the 
calcified layer, with care taken to preserve the 
subchondral plate. Once satisfied with the 
debridement, attention is paid to the implantation 
process. Historically, a piece of aluminum foil 
from a sterile suture pack is utilized. The foil is 
placed over the debrided area with the colored 
portion of the foil facing the subchondral bone. 
Utilizing fingers or a blunt instrument, the foil is 
pushed down gently along the defect to template 
the lesion. Any remaining foil that is prominent is 
then trimmed to ensure that the membrane of the 
implant is not prominent when implanted. If cut-
ters are used, this step is not necessary.

The MACI implant is provided in non-sterile 
packaging. The container is removed from the 
plastic pouch by the circulator, who then opens 
the container. A member of the surgical team then 
transfers some of the culture liquid into a sterile 
dish on the back table with a syringe, followed by 
the implant itself, using non-toothed forceps. 
Next, the previously templated foil is placed color 
side up and secured with Steri-Strips to a 
Tegaderm. Attention is then paid toward the mem-
brane. During processing at the facility, a portion 
of the implant is removed for sterility and quality 
testing. With the cell side facing up, the missing 
area is at the lower left corner, assisting in orient-
ing the membrane appropriately during sizing and 
implantation. The membrane is placed on the foil 
template, with care taken to ensure the cell layer is 
facing up. The membrane is then trimmed with 
fine scissors according to the underlying foil tem-
plate. Implant handling decreases cell viability 
and is therefore avoided as much as possible.

Alternatively, the same cutter utilized to out-
line the defect is used to trim the implant.

As an adhesive, fibrin glue is added to the base 
of the defect on top pf the exposed subchondral 
bone. The membrane is then placed with the cell 
layer facing down and compressed with gentle 
manual pressure. The implant is again trimmed to 
ensure that any prominent edges are removed and 
additional fibrin glue is added along the periph-
ery as needed to secure the MACI. Sutures of 6–0 
Vicryl can be added as necessary if there are con-
cerns over stability. The knee is taken through 
full range of motion to assess stability of the 
implant.

The wound is then closed per routine, and the 
patient is placed in a hinged knee brace (HKB) 
post-operatively, locked in full extension. The 
use of a suction drain is generally discouraged.

29.7  Post-Operative Protocol

The post-operative rehabilitation will vary based 
on the location of the defect, while the goals of 
protecting the implant and maturing tissue and 
while restoring full range of motion and strength 
are the same for all patients.
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A continuous passive motion (CPM) device is 
utilized for 6  weeks for all patients, as studies 
have shown that passive motion may benefit 
maintenance of range of motion and pain reduc-
tion and may promote tissue maturation [24]. The 
CPM is initiated at 40° of knee flexion with a goal 
of achieving 90° over the course of 2–4 weeks. 
Isometric quadriceps exercises and calf pumps are 
started immediately and maintained over the ini-
tial 2 weeks. Limited core strengthening and side 
raises for gluteal activation can be performed. A 
cold and compression therapy device is helpful 
for swelling and pain control. A knee brace locked 
in full extension is used for sleeping for the first 
week and for ambulation for 6 weeks. Electrical 
stimulation can be helpful, initially for pain con-
trol and later for muscle retraining.

Patients with a lesion on the femoral condyle 
are made touch down weight bearing for 4 
(smaller well-contained defect) to 6 (larger 
defects) weeks, after which they progress to full 
weight bearing as tolerated. Patients with lesions 
located on the patella or trochlea are permitted to 
be fully weight bearing immediately, unless a 
tibial tubercle osteotomy is performed concur-
rently, in which case patients remain touch down 
weight bearing for 4–6  weeks to protect the 
osteotomy.

Patients are permitted to perform full range of 
motion at 6 weeks, and at that time, the HKB will 
be unlocked for ambulation and discontinued 
entirely when patients feel comfortable ambulat-
ing without assistive device.

Therapy is progressed at 6  weeks when 
patients may begin light activities with minimal 
resistance such as stationary biking, which can 
slowly be advanced. Ankle raises and gait train-
ing are started. At 12  weeks, activities are 
increased and rehabilitation work is focused 
more on core strengthening, unilateral balance, 
strengthening of gluteal muscles, progressive 
quadriceps strengthening, and hamstring isomet-
ric exercises; elliptical trainers can be incorpo-
rated into the workout, unless there were large 
bipolar PF grafts. At 6 months, all activities can 
be advanced as tolerated, based on pain and 
swelling, with the exception of plyometrics and 
impact. Patients are frequently cleared for full 

activities at 9–18 months, based on progression, 
lesion size, and location of defect. Generally, 
larger and multiple defects, especially when in 
the patellofemoral joint, will require a longer 
rehabilitation and delayed return to full activities 
than small defects in the femoral condyles.

29.8  Surgical Outcomes

The literature reports overall good functional out-
comes after ACI and MACI. Kreuz et al. demon-
strated that the IKDC, Lysholm, KOOS, and 
Noyes scores all improved significantly follow-
ing MACI [25]. Furthermore, they found that 
MRI showed moderate to complete filling of the 
defect in over 70% of patients included, with sig-
nificant correlation between MRI assessment and 
functional outcome scores. Ebert et al. evaluated 
which factors were predictive of improved MRI 
composite score and patient satisfaction [26]. 
They found that duration of preoperative symp-
toms and graft size were all significant predictors 
of MRI score at 5 years post-operatively. Notable, 
an accelerated rehab protocol with 8 rather than 
12-week return to full weight bearing was associ-
ated with significantly higher patient satisfaction. 
Krych et al. investigated the long-term results of 
MACI in over 750 patients. They found that over 
80% of patients had successful long-term out-
comes. In this study, increasing patient age and 
defects greater than 4.5cm2 were associated with 
higher reoperation and failure rates [27].

29.9  Conclusion

MACI is an excellent restorative option for 
patients with focal chondral defects of the knee. 
The procedure is a two-staged process with an 
initial diagnostic arthroscopy and cartilage 
biopsy, followed by implantation of the cultured 
chondrocytes. The post-operative rehab protocol 
is specific to patient and lesion characteristics 
and is crucial to a successful outcome. With 
proper patient selection and meticulous surgical 
technique, patients may predictably see improve-
ments in both pain and function following MACI.
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Technique Corner: Marrow 
Stimulation and Augmentation

Eric D. Haunschild, Ron Gilat, Theodore Wolfson, 
Stephanie Wong, Nolan B. Condron, 
Joshua T. Kaiser, and Brian J. Cole

30.1  Microfracture Technique

30.1.1  History/Physical Exam

A thorough history and physical exam should be 
performed on initial consultation of any candi-
date for surgical management of cartilage defects. 
Patients with focal cartilage defects commonly 
present with swelling, activity-related pain, and 
limping [1]. Any history of knee trauma, as well 
as symptom duration and prior surgical history in 
the index knee, should also be elicited. On physi-
cal exam, effusion and tenderness to palpation 
over a focal area of the knee are suggestive but 
not specific for cartilage lesions. Thorough evalu-
ation of any ligamentous instability or limb 
malalignment should be examined as any defi-
ciencies may indicate concomitant ligamentous 
or realignment procedures at the time of 
microfracture.

30.1.2  Indications 
and Contraindications

Evaluation for a microfracture procedure is indi-
vidualized but should be considered in all iso-

lated and symptomatic full thickness Outerbridge 
Grade III–IV cartilage lesions with an area less 
than three square centimeters [2]. The presence 
of large chondral lesions or diffuse degenerative 
osteoarthritic change in the knee is unlikely to 
respond to microfracture and should warrant con-
sideration of alternative therapies. Patient age 
and activity level are relative indications, as 
active patients younger than 40  years old have 
demonstrated superior outcomes to older, less 
active patients [3, 4]. Microfracture is best suited 
for isolated lesions of the femoral condyles or 
trochlea and is relatively contraindicated in the 
treatment of bipolar and patellar lesions due to 
inferior results. In addition, lesions with signifi-
cant subchondral bone involvement (ICRS Grade 
IV) should be evaluated on an individualized 
basis, as bony augmentation may be better suited 
to address subchondral bone insufficiency.

30.1.3  Preoperative Imaging 
and Evaluation

At the time of baseline evaluation, x-ray and 
magnetic resonance imaging (MRI) assessments 
should be performed in all surgical candidates. 
Standing AP, lateral, and Merchant view radio-
graphs allow the identification of osteoarthritis or 
bony abnormalities. In addition, standing PA 
imaging at 45° of flexion may also be used to aid 
in the identification of joint space narrowing [5]. 
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MRI is critical to assess cartilage thickness and 
subchondral bone health and to further rule out 
concomitant injury. In particular, changes to car-
tilage including fissuring, chondral fibrillation, 
thinning, and focal defects can suggest the sever-
ity of chondral disease and the suitability for 
microfracture as a repair technique [6]. If clini-
cally indicated, long-leg radiographs can be 
obtained to evaluate limb axis and any subse-
quent need for concomitant realignment surgery.

30.1.4  Operative Technique

30.1.4.1  Positioning and Diagnostic 
Arthroscopy

The preferred technique of the senior author has 
been described previously [7–9]. Patients are 
positioned supine on a standard operating table 
with a non-sterile thigh tourniquet placed and 
used at the surgeon’s discretion. The leg is then 
prepped and draped in standard sterile fashion, 
and standard anteromedial and anterolateral por-
tal incisions are made using an 11-blade. On 
occasion the cartilage lesion may be inaccessible 
using standard portals. In these cases, an acces-
sory portal can be made after localizing the lesion 
site with or without the assistance of a spinal 
needle. A standard diagnostic arthroscopy should 

then be performed to evaluate the lesion of inter-
est, the presence of any cartilage loose bodies, or 
other pathology.

30.1.4.2  Preparation of Defect
Once identified, the chondral lesion often requires 
extensive preparation and chondroplasty prior to 
microfracture (Fig. 30.1a). A 4.5 mm arthroscopic 
shaver is typically used to debride any unstable 
cartilage fragments. The borders of the defect 
should be probed and unstable flaps debrided to 
establish a periphery of intact and stable articular 
cartilage. Next, vertical walls of healthy cartilage 
are established circumferentially at the lesion 
borders, which can be achieved with a shaver or 
curettes. Care should be taken to not remove 
excess cartilage in the preparation of the defect’s 
borders. Then, the calcified cartilage layer is 
removed using a curette without disrupting the 
underlying subchondral bone. Special care 
should be taken during this step as well, as sur-
geon reliability in removing this layer is variable, 
and adequate removal is needed for optimal 
repair, while excessive removal may lead to sub-
chondral cyst formation [10, 11]. Once debride-
ment is complete, all loose bodies and cartilage 
fragments are removed with a shaver prior to per-
forming microfracture.

a b

Fig. 30.1 Microfracture of a focal cartilage defect. (a) Prior to microfracture, focal defects often have fraying and 
unstable flaps requiring debridement. (b) Microfracture holes should be placed every 3 mm throughout the defect
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30.1.4.3  Microfracture
Microfracture has been described using awls of 
varying angles but can also be achieved through 
drilling into the subchondral bone of the defect. 
Recently, the preferred device of the senior author 
has been a commercially available microdrilling 
marrow stimulation system (PowerPick™, Arthrex 
Inc., Naples, FL). This system features set angle 
guides of 30° and 45° to permit ideal orthogonal 
access to lesions, with a drill width of 1.5 mm and 
depth of 4.0  mm. Starting at the periphery and 
working toward the center of the defect, microfrac-
ture should be performed approximately every 
3  mm until the entire defect has been addressed 
(Fig. 30.1b). Care should be taken to ensure that the 
microfracture holes do not communicate, and 
arthroscopic fluid should be turned off to allow for 
the accumulation of bone marrow in the defect area.

Technique Pearl.
While awls were originally used for microfracture, 
there is a growing body of evidence demonstrating 
that microdrilling provides several important ben-
efits [12–15]. In particular, larger diameter and 
shallower holes as produced by awls result in 
increased subchondral bone trabecular compac-
tion, cyst formation, and sclerosis when compared 
to the smaller diameter and deeper holes produced 
by microdrilling. Additionally, microdrilling has 
demonstrated a greater ability to create open bone 
marrow channels that are presumed to play an 
essential role in the migration of stem cells to the 
chondral defect for differentiation into chondro-
cytes. In a recent investigation, Naveen et al. found 
that microdrilling demonstrated superior outcomes 
relative to traditional microfracture awl techniques 
with respect to functional outcomes at 6 months 
and revision rates within 3 years after surgery [16]. 
In addition, a greater achievement rate of clinically 
meaningful outcome differences was evident at 
6  months in the microdrilling group. Choice in 
technique may also impact future treatment in the 
event of microfracture failure. Changes to sub-
chondral bone following microfracture have been 
implicated in the diminished outcomes of patients 
receiving subsequent ACI when compared to 
patients without prior microfracture [17–19]. 
Drilling techniques that minimize subchondral 

bone changes may therefore result in more favor-
able outcomes for those requiring subsequent 
ACI. For these reasons, the senior author no longer 
uses awls and exclusively uses microdrilling when 
performing microfracture.

30.2  Microfracture Augmentation 
Techniques

The following section provides the rationale and 
surgical technique for several products utilized in 
the augmentation of microfracture. Microfracture 
augmentation techniques are attractive in that they 
harnesses the power of emerging cell-based and 
cell-free restoration constructs in the first line of 
treatment. For many patients, this is an attractive 
proposition, as they wish to avoid the morbidity 
associated with multi-step restoration procedures. 
On the other hand, these techniques may not be 
covered by major payors given their investiga-
tional nature. Therefore, conversations with 
patients about the potential for out-of-pocket 
costs must be included in the decision-making 
process. Given the paucity of studies directly 
comparing different augmentation techniques, 
definitive recommendations regarding the best 
option cannot be made. In addition to patient pref-
erences, surgeons should assess product availabil-
ity and their comfort with the technical aspects of 
use when considering implementation of these 
techniques. The senior author has made use of 
each method detailed below in his practice. Owing 
to the novel nature and limited investigations on 
outcomes of each treatment modality, the relative 
indications and contraindications for use are gen-
erally the same as that in traditional microfrac-
ture. Each augmentation technique begins with 
standard microfracture, as described in the previ-
ous section, prior to product application.

30.2.1  Bone Marrow Aspirate 
Concentrate (BMAC)

Bone marrow aspirate concentrate (BMAC) is a 
biologic therapy that utilizes bone marrow as a 
means to obtain mesenchymal stem cells (MSCs), 
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cytokines, and growth factors which may have 
anti-inflammatory and immunomodulatory 
effects that influence tissue regeneration. BMAC 
has been shown to contain high levels of interleu-
kin- 1 receptor antagonist (IL-1ra), interleukin-8 
(IL-8), vascular endothelial growth factor 
(VEGF), and platelet-derived growth factor 
(PDGF) [20]. The chondrogenic potential of 
BMAC makes it an attractive therapy to augment 
procedures such as microfracture.

BMAC can be harvested from a variety of 
skeletal donor sites with varying morbidity and 
yield. For focal chondral defects in the knee, 
BMAC is typically harvested from the proximal 
tibia, which has a similar cell population and pro-
file to the iliac crest [21]. In case of harvesting 
from the proximal tibia, the knee undergoes stan-
dard sterile preparation and draping. The antero-
medial aspect of the proximal tibia is palpated, 
approximately 5–6 centimeters distal to the 
medial joint line of the knee, and centered on the 
anteromedial tibia from anterior to posterior. The 
sharp trochar is introduced through the skin, 
directly down to the bone. The trochar is directed 
slightly proximal and toward the fibular head, 
with the goal of introducing it into the medullary 
canal of the proximal tibia. The trochar is 
advanced using a mallet approximately 2–3 cen-
timeters, during which a loss of resistance should 
be felt as the trochar advances past the tibial cor-
tex into the medullary space. The central portion 
of the trochar is removed and a syringe preloaded 
with heparin is attached to the outer trochar. Bone 
marrow is then aspirated, while withdrawing and 
rotating the trochar a quarter-turn every 5–10 sec-
onds to disrupt trabecular architecture and opti-
mize yield [22]. The amount of bone marrow 
aspirated depends on the specific system used, 
but approximately 60 mm is generally collected. 
The bone marrow aspirate is then passed off the 
operating field for processing per the manufac-
turer specifications. Following processing, the 
BMAC is then loaded into a sterile syringe. Once 
the microfracture portion of the procedure is 
completed, the knee is drained of arthroscopic 
fluid, and the BMAC is injected into the knee.

Clinical studies are encouraging for the use of 
BMAC to augment treatment of cartilage defects 

in the knee. A systematic review of 11 studies 
using BMAC for focal chondral defects in the 
knee and early knee osteoarthritis (level 2–4 evi-
dence) concluded that BMAC was safe and 
resulted in good to excellent overall outcomes 
[23]. A case series study of 23 patients with focal 
chondral defects treated with BMAC on a hyal-
uronic scaffold showed improved outcome scores 
(Tegner, Visual Analog Scale, and International 
Knee Documentation Committee score) at 
6 years regardless of lesion size [24]. A prospec-
tive cohort study comparing the outcomes for 
osteochondral defects of the talus after micro-
fracture versus microfracture + BMAC showed a 
lower revision rate (12.2% versus 28.8%, 
p = 0.014) in the BMAC-augmented group [25]. 
Both groups demonstrated significant improve-
ment in pain scores, quality of life scores, and 
ability to participate in activities of daily living 
and sports. To our knowledge, there are no stud-
ies in the literature directly comparing microfrac-
ture to microfracture + BMAC for focal chondral 
defects in the knee. However, early studies using 
a scaffold augmentation with BMAC have dem-
onstrated favorable outcomes and survivorship 
[26, 27] (Fig. 30.2).

30.2.2  Platelet-Rich Plasma (PRP).

In the time following its recent development, 
PRP has been experimented as an adjunct to a 
wide array of orthopedic procedures including 
microfracture. As with BMAC, PRP contains 
large quantities of key chondrogenic growth fac-
tors, such as VEGF, PDGF, and transforming 
growth factor beta (TGF-β) [28]. These growth 
factors have been identified as key modulators in 
the production of cartilage matrix needed for 
chondrocyte proliferation and cartilage growth. 
In addition, PRP has also been identified as stim-
ulating the differentiation of MSCs into chondro-
cytes. These factors are believed to promote 
hyaline cartilage deposition over a focal defect 
rather than the fibrocartilage produced by tradi-
tional microfracture, which is postulated to cause 
the inferior long-term outcomes of microfracture. 
Despite this promise, in early investigations, PRP 
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augmentation has demonstrated mixed results, 
with some studies [29, 30] identifying limited 
efficacy in the knee and others showing signifi-
cant improvements when utilized in the ankle 
[31–33]. These mixed results can perhaps be 
attributed in part to the lack of standardization 
and widely variable PRP preparations.

The technique involved in PRP augmentation 
of microfracture can be performed as follows. 
Using any one of the several commercial PRP 
systems available, including the Angel® System 
(Arthrex Inc., Naples FL), preferred by the senior 
author, peripheral blood collected at the time of 
procedure is centrifuged into separate PRP, buffy 
coat, and red blood cell components. Following 
completion of the microfracture, all arthroscopic 
fluid is drained from the joint and the PRP is then 
injected into the area of the microfractured 
defect.

30.2.3  Adipose-Derived Injections.

Adipose-derived mesenchymal stem cells 
(ADSCs) are an alternate, attractive source of 
MSCs to augment microfracture. Adipose tissue 
is an appealing source of MSCs owing to its 
accessibility, limited donor site morbidity, and 
abundance of MSCs [34–36]. Furthermore, adi-
pose boasts relatively high concentrations of 

multipotent and chondrogenic cells, is rich in 
anti-inflammatory cytokines and growth factors, 
and is minimally affected by aging [37–42]. 
Microfragmentation has emerged as a promising 
novel, nonenzymatic, technique requiring mini-
mal manipulation to process autologous lipoaspi-
rate through mild mechanical tissue cluster size 
reduction in a commercially available full- 
immersion, closed system (Lipogems®, 
Norcross, GA) [43, 44]. Microfragmentation 
retains critical ADSC properties and has been 
safely and effectively applied to a wide array of 
clinical applications [37, 41, 42, 45–47]. 
Although intra-articular injection of microfrag-
mented adipose has shown promise for the treat-
ment of knee chondropathy in isolation, [48–50] 
there has been mounting interest to harness the 
technology for augmentation of marrow stimula-
tion techniques.

Augmentation of microfracture with autolo-
gous ADSC formulations remains investiga-
tional, and strict criteria for use have yet to be 
established. In general, ADSCs are viable substi-
tutes for other cell-based therapies, with several 
unique advantages (Table 30.1). In vivo acquisi-
tion, processing, and administration of ADSCs 
using the microfragmentation technique have 
been previously described [48–54]. First, adipose 
tissue is emulsified and harvested with the use of 
tumescent liposuction from the lower abdomen 

a b

Fig. 30.2 Bone marrow aspirate concentrate (BMAC) 
augmentation of microfracture. (a) Bone marrow can be 
aspirated from the iliac crest or proximal tibia using a tro-
char. This image shows harvesting of bone marrow from 

the iliac crest. (b) Following processing per manufacturer 
specifications, BMAC (pictured in syringe) can then be 
injected over the defect area following the conclusion of 
microfracture
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or buttocks depending on patient body habitus 
and positioning (Fig. 30.3a). The lipoaspirate is 
then processed with a commercially available kit 
(Lipogems®) that progressively reduces the size 
of the adipose tissue clusters, filters out impuri-
ties, and isolates the stromal vascular fraction 
(SVF) and ADSCs for administration. The final 
processed lipoaspirate is transferred to a 10-mm 
syringe for subsequent injection (Fig.  30.3b). 
After the microfracture procedure is complete, 
arthroscopic fluid is evacuated, and the chondral 
lesion is exposed. The product is injected directly 
to fill the defect and can be mixed or sealed with 
fibrin glue to act as a structural scaffold [54]. The 
remaining lipoaspirate is deposited intra- 
articularly, and arthroscopic portals promptly 
closed to prevent extravasation. Post-operative 
restrictions and rehabilitation are unchanged 
from the standard microfracture protocol. An 
elastic compression band or abdominal binder is 
applied to the harvest site to limit bleeding and 
ecchymosis.

Several studies have demonstrated the efficacy 
of microfragmented adipose augmentation for 
microfracture of chondral defects in small animal 
models [45, 55, 56]. Recent studies have trans-
lated these findings to clinical application. 
Coughlin et al. described a technique for micro-
fragmented ADSC transplantation after 
arthroscopic debridement for mild to moderate 
knee osteoarthritis (OA) but did not report on 
outcomes [53]. Cattaneo et  al. investigated the 

results of adjuvant microfragmented adipose tis-
sue injection after arthroscopic knee debridement 
for symptomatic knee OA and found progressive 
improvement in clinical outcome scores and 
patient satisfaction over 12  months [52]. Koh 
et al. conducted a prospective, randomized con-
trolled trial of 80 patients with symptomatic iso-
lated large (≥ 3 cm2) high-grade (ICRS Grade III/
IV) chondral defects of the femoral condyle com-
paring microfracture augmented with ADSCs to 
microfracture alone. Clinical and radiographic 
follow-up at 24 months revealed improved carti-
lage fill and quality on MRI as well as higher 
Knee Injury and Osteoarthritis Outcome Score 
(KOOS) pain and symptom subscores in the 
microfracture plus ADSCs group [54]. Further 
research is needed to corroborate these findings 
and compare efficacy to other available cartilage 
restoration procedures.

30.2.4  Autologous Matrix-Induced 
Chondrogenesis (AMIC).

AMIC is another attractive augmentation tech-
nique that combines traditional microfracture 
with the fixation of a commercially available col-
lagen matrix. Since its introduction by Behrens 
et  al., AMIC has demonstrated favorable out-
comes in limited comparative trials to traditional 
microfracture alone [57–59]. The promise of 
AMIC is in the ability of the matrix to serve as a 
stabilizing scaffold over the mesenchymal clot 
produced by microfracture while allowing for the 
differentiation of new chondrocytes over the pre-
vious defect.

To perform AMIC, the dimensions of the focal 
chondral defect should be measured arthroscopi-
cally using a probe after debridement of all dam-
aged cartilage. A piece of the commercial collagen 
membrane (Chondro-Gide, Geistlich Pharma AG) 
is then cut to the specifications of the defect before 
completion of microfracture. Once completed, the 
membrane is then introduced over the microfrac-
tured defect. To secure the membrane, either com-
mercially available or autologous fibrin glue is 
injected into the area between the defect and 
membrane. Using a probe, the membrane is then 

Table 30.1 Advantages of ADSCs

Property Advantage
Availability Accessible, abundant superficial tissue 

(abdomen, buttock, thigh)
Donor site 
morbidity

Lipoaspiration is well-tolerated with 
minimal complications

Cellular 
yield

500-fold quantity of MSCs per volume 
relative to BMAC [43, 44]

Cellular 
content

Multipotent, chondrogenic cells with 
anti-inflammatory paracrine exosomes 
[43, 44]

Cellular 
viability

Cellular composition and properties 
independent of aging [40]

Processing Amenable to nonenzymatic 
microfragmentation process to minimize 
manipulation, maintain stromal 
architecture, and isolate ADSCs
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tapped into place over the defect, ensuring that it 
is partially recessed within the defect so as to 
avoid subsequent delamination. Finally, any 
excess glue at the margins of the membrane is 
removed with a probe, and routine closure of the 
surgery can proceed.

30.2.5  BioCartilage and Autologous 
Minced Cartilage

Another recently developed scaffold augmenta-
tion to traditional marrow stimulation techniques 
is the use of micronized allogeneic cartilage 
(Biocartilage, Arthrex Inc., Naples, FL). The 
senior author’s preferred technique has been pub-
lished previously [60, 61]. Biocartilage consists 
of dehydrated allogenic cartilage as well as com-
ponents of native extracellular matrix including 
cartilage growth factors, type II collagen, and pro-
teoglycans. As in AMIC, the promise of 
Biocartilage is in serving as a bioactive scaffold 
for the differentiation of MSCs introduced by 
microfracture into chondrocytes. To date clinical 
evaluations of Biocartilage remain limited, but the 
technique has demonstrated favorable outcomes 
when compared to traditional microfracture [62].

Application of Biocartilage requires preparation 
of both the chondral defect and of autologous blood 
products (either whole blood, BMAC, or most 
commonly PRP). To begin, a prepackaged 1 mm of 

Biocartilage is opened and placed into a designated 
mixing syringe. The Biocartilage is then mixed 
with 1 mm of PRP until a homogenized mixture of 
rehydrated Biocartilage, and PRP is prepared 
(Fig.  30.4a). After standard microfracture is per-
formed, care should be taken to dry the defect as 
much as possible. Then, a Tuohy needle is intro-
duced arthroscopically over the defect, and the 
Biocartilage-PRP mixture is injected into the 
microfractured area. Biocartilage should cover the 
entire defect area, which can be completed using an 
elevator to spread the mixture evenly. Either autol-
ogous or commercially available fibrin glue is then 
administered over the Biocartilage and allowed to 
dry for a minimum of 10  min, after which the 
Biocartilage implant will remain adhered over the 
microfractured defect (Fig. 30.4b).

In the ambition of further developing an 
implant conducive to chondrocyte differentia-
tion, recent innovations to standard Biocartilage 
technique involve the addition of autologous 
minced cartilage to the Biocartilage-PRP mix-
ture. Through the use of an autologous tissue col-
lector (GraftNet, Arthrex Inc., Naples, FL), 
autologous minced cartilage can be obtained at 
the time of surgery during the debridement of 
unstable and loose cartilage. The tissue collector 
(Fig. 30.5a) is an add-on to arthroscopic shavers 
that when attached to suction collects all carti-
lage shavings from the debrided fragments. The 
collected cartilage (Fig. 30.5b) is then added in 

a b

Fig. 30.3 Lipogems augmentation of microfracture. (a) 
Adipose tissue is harvested from the lower abdomen and 
processed into a lipoaspirate containing adipose-derived 

mesenchymal stem cells. (b) The lipoaspirate is then 
injected over the microfractured defect at the conclusion 
of the surgical case prior to closure
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a b

Fig. 30.4 Biocartilage preparation and augmentation of 
microfracture. (a) Dehydrated Biocartilage is rehydrated 
using 1 mm of PRP collected and processed at the time of 

surgery. (b) The Biocartilage-PRP mixture is injected 
over the defect area and secured using autologous or com-
mercial fibrin glue

a b

Fig. 30.5 Harvesting of minced autologous cartilage 
during microfracture procedures. (a)  The GraftNet™ 
device is attached to a standard arthroscopic shaver with 
suction attached and active. (b) Minced autologous carti-

lage from debrided cartilage fragments and loose bodies is 
collected within the tissue collection filter, which can then 
be mixed into standard Biocartilage-PRP mixtures prior to 
injection
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an equal ratio to the Biocartilage PRP mix where 
it can then be injected as in standard Biocartilage 
repair.

30.3  Post-operative 
Rehabilitation

Following microfracture or any augmentation 
technique, a standard post-operative microfrac-
ture protocol is utilized by the senior author. 
When the tibiofemoral joint is involved, patients 
are kept non-weight bearing for 6  weeks after 
surgery before gradually advancing to full 
weight bearing at 8 weeks as tolerated. For pro-
cedures addressing the patellofemoral joint, 
patients are allowed braced full weight bearing 
as tolerated immediately following surgery. 
When not in active rehabilitation, bracing is 
maintained in  locked extension for the first 
2  weeks before being discontinued. Beginning 
on the day of surgery and for 6 weeks post-oper-
atively, continuous passive motion (CPM) is 
used for 6 h per day. CPM begins at 0–40° and 
advances 5–10° daily as tolerated. Strength and 
proprioception training are performed with the 
oversight of a physical therapist and involve 
advancing from initial isometric exercises to 
closed-chain and finally open- chain exercises as 
tolerated. Assuming progression of rehabilita-
tion is tolerated without any setbacks, patients 
are cleared to return to sports at a minimum of 
8 months after surgery.

30.4  Conclusion

While traditional microfracture remains a pre-
ferred treatment in the management of small 
focal cartilage defects, there is an expanding 
array of new augmentation modalities aimed at 
promoting chondrogenesis and improving long- 
term outcomes after microfracture. For many of 
these treatments, the promise of use is outpac-
ing clinical evidence of efficacy, but prelimi-
nary studies have established a proof of concept 
in the growing array of marrow stimulating 
techniques.
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Technique Corner: Particulate 
Cartilage

Theresa Diermeier and Ben Rothrauff

31.1  Particulate Cartilage

The disadvantage of autologous cartilage implan-
tation is the necessity of a two-stage procedure 
especially in elderly patients. Therefore, one of 
the current goals in cartilage therapy is the devel-
opment of a single-stage cartilage restoration 
technique.

Particulate cartilage is one of the current 
methods for single stage cartilage transplanta-
tion. Off-the-shelf allogenic particulate cartilage 
is implanted in a cartilage defect and secured 
with fibrin glue without the need for a preceding 
surgery during which autologous cartilage is 
obtained for chondrocyte isolation and expan-
sion. In in vitro studies, juvenile particulate carti-
lage (<13 years) had demonstrated faster growth 
in monolayer culture and higher proteoglycan 
content compared to adult cartilage (>13 years) 
[1].

Implantation of particular cartilage begins 
with diagnostic arthroscopy in order to evaluate 
the cartilage defect and the status of the knee 

joint. Afterwards, the affected cartilage should be 
removed with a curette or a scalpel, either 
arthroscopically or in an open procedure with a 
mini arthrotomy, based on the location and size 
of the defect. It is important to create a stable car-
tilage shoulder around the defect (vertical wall) 
with normal or nearly normal cartilage around it. 
Thereafter, the calcified layer should be removed 
without damaging subchondral bone, which 
would induce bleeding [2]. The preparation of 
the defect area is similar to the preparation for a 
chondrocyte implantation [3]. Whenever bleed-
ing is accidently induced, hemostasis should be 
achieved with epinephrine-soaked cottonoid and/
or fibrin glue [2].

Then, a sterile aluminum foil is pressed into 
the prepared defect area to create a three- 
dimensional mold [2]. After the foil mold is 
removed from the defect, the particulate carti-
lage is distributed at the bottom of the mold 
around 1–2  mm apart in monolayer fashion. 
Then, fibrin glue is added on top of the cartilage 
pieces and allowed to cure for 5–10 min. Before 
the implantation of the cartilage-fibrin glue con-
struct, a fresh layer of fibrin glue is added to the 
bottom of the defect area. Afterwards, the carti-
lage-fibrin glue construct is pressed into the car-
tilage defect zone, and the fibrin glue is allowed 
to cure for another 10 min. The cartilage-fibrin 
construct should be recessed to the surrounding 
cartilage to minimize shear forces and edge 
effects [2].
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In alternative option without a foil mold, first 
deposit a thin layer of fibrin glue on the bottom of 
the prepared defect area. Then, the particulate 
cartilage is distributed directly on the fibrin layer 
in the same way as described above, and the 
whole defect area is filled with another layer of 
fibrin glue [4].

31.2  Minced Cartilage

Similar to allogeneic particular cartilage, the use 
of minced autologous cartilage derived from non- 
weight- bearing articular cartilage represents an 
emerging technique for cartilage repair. As above, 
implantation of autologous minced cartilage 
beings with arthroscopy of the knee to identify 
the characteristics of the cartilage defect and to 
treat any coexisting pathologies. The defect size 
is measured before debridement, which is used to 
determine the size of the donor cartilage that 
must be obtained. On average, three cylinders are 
required and are harvested from the low-weight- 
bearing areas of the intercondylar notch.

The cartilage defect is then circumcised with 
blade and the defect area is further cleared with a 
ring curette. The whole defect area should be sur-
rounded by healthy cartilage [5].

The calcified layer is removed with the aim to 
avoid bleeding of the subchondral bone. With an 
aluminum foil, a mold is created, and based on 
this a Chondro-Gide membrane is cut, slightly 
undersizing the defect size. Afterwards, the mem-
brane is hydrated, with a swelling to about 115% 
of original area.

Simultaneously, the harvested cylinders are 
prepared at the back table. First, the attached 
bone is removed from the donor osteochondral 
plugs. A new No. 10 blade should be used to 
manually mince the cartilage into fragments with 
dimensions smaller than 1 × 1 × 1 mm [6, 7]. For 
better handling of the cartilage fragments, sus-
pension in a drop of water is recommended. 
Cartilage chips that are retrieved at areas of mar-
ginally defective cartilage can be included for the 
preparation of the notch fragments [5]. The 
minced cartilage should have a paste-like consis-

tency [5]. Before the implantation, the cartilage 
paste needs to be dried out completely. A thin 
layer of fibrin glue is placed on the bottom of the 
defect area, and the defect is then filled up with 
the minced cartilage paste. Through the use of a 
second fibrin glue application, the fragments are 
fixed within the defect [7]. The cartilage should 
reach the height of the surrounding cartilage or 
slightly beneath. Before the fibrin glue is com-
pletely dried, the Chondro-Gide membrane is 
placed on top and securely sutured to the sur-
rounding healthy cartilage. Application of the 
membrane generates a bond between the fibrin- 
glue- minced-cartilage layer and the membrane. 
Based on the surgeon’s preference, another layer 
of fibrin glue can be placed on top of the mem-
brane to make it watertight.

Recently, a mechanical device has been devel-
oped to mince the cartilage automatically and 
change the procedure to a complete arthroscopic 
technique.

31.3  Rehabilitation

The rehabilitation process after cartilage repair 
could be divided into three phases, including 
graft integration, matrix production and matura-
tion [8]. With respect to these phases, for the first 
24  h after surgery, no motion is allowed. 
Afterwards, the protocol of the first 6  weeks 
included partial weight-bearing on crutches, lim-
ited range of motion depending on the localiza-
tion of the repaired defect and the daily use of a 
continuous passive motion machine [9].
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Osteochondral Allograft 
Transplantation
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32.1  Introduction

Articular cartilage injury and osteochondral dam-
age in the knee can be debilitating conditions that 
lead to significant patient pain, dysfunction, and 
decreased activity. Restoration of the joint sur-
face is critical to restoring overall joint mechan-
ics and biology in order to allow patients to return 
to previous levels of function and prevent poten-
tial progression of osteoarthritis [1–3]. Fresh 
osteochondral allograft transplantation (OCA) 
utilizes the transfer of allograft subchondral bone 
and articular cartilage to a chondral or osteo-
chondral defect. An OCA is sized matched to the 
patient and transfers viable chondrocytes, result-
ing in type II hyaline cartilage that matches the 
patient’s native articular joint surface. With the 
transfer of both underlying bone and mature hya-
line cartilage, OCAs offer distinct advantages 
over other cartilage repair techniques such as 
debridement, microfracture/marrow stimulation, 
and surface cell-based repair (i.e., autologous 
chondrocyte implantation (ACI)), particularly for 

uncontained or deep chondral or osteochondral 
defects [4–9]. Debridement, microfracture, and 
osteochondral autograft transplantation (OAT) 
are either impractical (OAT) or have poor long- 
term outcomes (debridement, microfracture) for 
defects >2 cm2 [10–14]. ACI results in acceptable 
outcomes in larger defects but requires two sepa-
rate, staged procedures and can be difficult in the 
setting of subchondral bone loss, failed marrow 
stimulation or cell-based repair, or with unshoul-
dered defects. OCA transplantation provides a 
single-stage procedure for the treatment of osteo-
chondral defects and has been shown to result in 
excellent mid- to long-term outcomes, with high 
rates of return to activity and return to sport 
[15–25].

Historically, issues with graft storage, chon-
drocyte viability, and size matching have made 
the availability of appropriate OCAs difficult. 
Novel storage methods have increased the dura-
tion of time grafts retain viable chondrocytes, 
and studies have shown non-orthotopic grafts 
(i.e., a lateral femoral graft to a native medial 
femoral condyle defect) to have to have excellent 
clinical results [26–30]. The combination of 
these things has greatly increased graft availabil-
ity. For large defects, the procedure has histori-
cally been very technically surgical demanding, 
sometimes requiring multiple grafts to be stacked 
onto each other in a “snowman” configuration. 
Advances in surgical cutting guides, making 
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them more size specific and well contoured, have 
greatly decreased the technical demands.

One factor which has been cited as potential 
downside to OCAs is the possibility of an immune 
response to the graft. Articular cartilage elicits no 
humoral immune response, however, and studies 
have shown no histologic evidence of rejection, 
with the hyaline cartilage acting as immune privi-
leged tissue [31–34]. The subchondral bone and, 
more specifically, bone marrow elements of the 
graft can elicit an immune response. This 
 potential effect can be mitigated by a thorough 
lavage of all marrow elements prior to transplan-
tation. This technique, combined with meticulous 
graft implantation, results in minimal risk of an 
immune response.

The combination of all the above factors pre-
viously made OCA transplantation a salvage pro-
cedure only for many surgeons, but currently it 
may be indicated as a first-line treatment as part 
of the standard joint restoration treatment 
algorithm.

32.2  Indications 
and Contraindications

The primary indications for sized matched OCA 
transplantation in the knee are large (>2  cm2), 
symptomatic, full thickness chondral or osteo-

chondral defects, as a salvage for previous failed 
cartilage restoration procedures, or in cases of 
significant subchondral bone loss or bony abnor-
mality (osteonecrosis, post-traumatic). 
Conditions such as osteochondritis dissecans, 
avascular necrosis, or post-traumatic degenera-
tion are also conditions that frequently result in 
large lesions that may be amenable to OCA trans-
plantation. For smaller defects where osteochon-
dral autograft may not be easily performed or a 
surgeon wishes to avoid autograft morbidity, 
OCA may also be performed. Fresh, pre-cut 
allograft cores are a viable option for isolated 
10–16 mm in diameter defects [35] (Fig. 32.1). 
These grafts do not require size matching and 
thus are more readily available. In addition, they 
can be performed in a single stage procedure 
without the need for a prior staging arthroscopy.

Other indications for OCA include very large 
defects requiring resurfacing of a hemi-condyle 
or an entire condyle, as may be seen in a post- 
traumatic degenerative knee or a patient who has 
undergone tumor resection, unshouldered lesions 
that would not be amenable to a cell-based proce-
dure or multifocal defects.

Primary contraindications to OCA transplan-
tation include patients unwilling to accept 
allograft tissue and patients unwilling to comply 
with postoperative rehabilitation restrictions, 
inflammatory arthropathy, and diffuse degenera-

a b

Fig. 32.1 (a) Intraoperative image of a fresh, precut, 
osteochondral allograft (OCA) core, viewing the articular 
cartilage with the 12 o’clock position marked on the graft. 

(b) Fresh, precut osteochondral allograft core viewed 
from the side, with the depth of the subchondral bone 
visualized
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tive arthrosis. Historically, patellofemoral 
defects, particularly bipolar “kissing lesions,” 
resulted in poor outcomes with allograft trans-
plantation [36–38]. While bipolar lesions, either 
within the patellofemoral or tibiofemoral com-
partments, still result in decreased outcomes vs. 
focal, solitary lesions, advanced instrumentation 
and fixation techniques have improved overall 
outcomes in these patient populations. In particu-
lar, physiologically young and active patients that 
require complete resurfacing of the patella or 
trochlea, an OCA is an excellent consideration. 
There are no absolute age limitations, but inferior 
outcomes have been reported in patients 
>50 years old [36, 37].

32.3  Concomitant Procedures

OCA transplantation has been shown to have 
excellent results when performed with concomi-
tant procedures, such as ligament reconstruction 
or repair, meniscus transplantation, or limb 
realignment [39–43]. Thorough identification 
and management of each of these potential 
pathologies, either concurrently with OCA trans-
plantation or in a staged fashion, is vital to the 
long-term success of an OCA procedure. Joint 

stability (stable ligaments), joint congruity and 
shock absorption (stable meniscus and articular 
cartilage surfaces), and neutral or near neutral 
limb alignment are important components to suc-
cessful long-term outcomes. Limb malalignment 
is especially crucial to correct with a realignment 
osteotomy in order to decrease load on the 
graft(s). Various types of osteotomies have been 
described, but typically an opening wedge high 
tibial osteotomy is used to correct limb varus 
malalignment, and an opening wedge distal fem-
oral osteotomy is used to correct limb valgus 
malalignment. For the patellofemoral joint, a 
tibial tubercle osteotomy may be necessary to 
decrease load from a patellofemoral graft(s) and/
or correct patellar maltracking [42, 43]. A list of 
concomitant pathologies and subsequent proce-
dures is listed in Table 32.1.

32.4  OCA Transplantation 
Surgical Technique: Small 
Defects

The patient is placed supine on the operative 
table, and general anesthesia is induced after 
application of a regional nerve block. No tourni-
quet is necessary. A lateral post and foot rest or 
leg holder can be helpful to stabilize the leg and 
hold the knee in flexion when addressing condy-
lar defects. If no prior staging arthroscopy was 
performed, a diagnostic arthroscopy is performed 
to address any concomitant pathology. For larger 
defects, an open standard midline skin incision is 
made from the superior pole of the patella to the 
joint line, followed by either a medial or lateral 
parapatellar arthrotomy to expose the affected 
compartment. For multifocal or multiple com-
partment defects, a larger skin incision and 
arthrotomy may be made.

For small, solitary osteochondral defects, an 
arthroscopic or mini-open technique may be 
employed to perform the OCA transplantation. 
Defects which are well circumscribed in easily 
accessible areas of the knee (mid-femoral con-
dyle, mid-trochlea, mid-patella) are best suited 
for these types of approaches. After the defect 
size is fully assessed, recipient site preparation 

Table 32.1 Concomitant procedures that accompany 
osteochondral allograft transplantation

Procedure Indication
Ligament 
reconstruction

ACL, PCL, PLC, PMC, MPFL 
insufficiency

Meniscus 
transplantation

Meniscus insufficiency

Valgus producing 
tibial osteotomy

Asymmetric genu varum ≥3° 
with medial compartment 
pathology

Varus producing 
femoral osteotomy

Asymmetric genu valgum ≥3° 
with lateral compartment 
pathology

Tibial tubercle 
osteotomy

Patella defect with abnormal 
TT-TG, abnormal Caton- 
Deschamps ratio

Lateral lengthening Patella defect with fixed patella 
tilt with lateral retinacular 
tightness

ACL anterior cruciate ligament, PCL posterior cruciate 
ligament, PLC posterolateral corner, PMC posteromedial 
corner, MPFL medial patellofemoral ligament
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may begin. First, a guide pin is drilled perpen-
dicularly in the center of the lesion. A reamer 
equal to the diameter of the defect is then selected, 
and the recipient site is reamed to a depth of 
6–8 mm. The depth of the reamed socket is then 
measured at the 3, 6, 9, and 12 o’clock positions. 
An oscillating shaver is utilized to remove any 
remaining debris within the socket or any loose 
cartilage at the periphery to ensure easy graft 
seating during implantation. If there is sclerotic 
or cystic bone at the base of the defect, this is 
then drilled with a 2.0 mm drill bit to create mul-
tiple, small marrow stimulation tunnels.

The OCA graft is then opened on the back 
table. If a fresh pre-cut core is utilized, as in the 
case example shown in Fig. 32.2, the 12 o’clock 
position is marked on the graft for orientation. A 
ruler and marking pen are then used to mark the 
length of the graft at the corresponding clock 
positions to match previously measured depths of 
the recipient socket. An oscillating saw and a 
small rongeur are then used to precisely remove 
excess bone until the graft length is appropriate. 
The deep osseous edges of the graft may be bev-
eled with a rasp for ease of insertion. Pulsatile 
lavage is then used for a minimum of 2 min to 
lavage any donor marrow elements out of the 
subchondral bone portion of the graft. Multiple 
small drill tunnels may be created on the back-
side (bony) portion of the graft to allow improved 
native marrow inflow and integration. The graft is 
then soaked in bone marrow aspirate concentrate 
or platelet-rich plasma on the back table.

The recipient site is debrided again to ensure 
smooth graft implantation. When performed 
arthroscopically, a hollow tube with an inner 
diameter equivalent to, or just slightly larger than 
the graft diameter, may be utilized to deliver the 
graft into the knee to the recipient site. Using 
manual pressure with a small tamp, the graft is 
pushed through the tube and press-fit into the 
recipient site. Small taps on the tamp around the 
edges of the graft may be utilized to ensure the 
graft is completely flush, with smooth transitions, 
but care should be taken not to exert too much 
force on the graft itself. If the graft does not fit 
flush, it may be removed, and the recipient site 
may be dilated with a slightly oversized tamp, or 

the edges of the grafts can be gently beveled with 
a rasp prior to re-insertion. The final position of 
the graft should be flush with the surrounding 
articular surface. It may be receded 1  mm but 
should not be proud relative to the surrounding 
cartilage.

32.5  Surgical Technique: Large 
Condyle Defects

The preferred surgical management for large, 
focal condylar defects is also a press-fit tech-
nique. For cylindrical defects, a cylindrical cor-
ing reaming system of matching size, like that 
described for the small defect, may be utilized to 
match to recipient sites ranging from 10–35 mm 
in diameter. Many condylar defects match the 
shape of the condyle, however, resulting in an 
oblong defect. In these cases, the Bio-Uni spe-
cialized cutting guides and preparatory system 
may be utilized. The steps of this cutting guide 
system and OCA placement are demonstrated in 
Fig. 32.3.

First, an appropriately sized curved (matching 
the condyle contour) template guide is used to 
cover the defect in its entirety. This guide is then 
placed on the graft on the back table to ensure the 
contour and size matches prior to any bone cuts 
being made. If it matches well, the graft prepara-
tion begins. A scoring guide of the exact same 
medial-lateral and superior-inferior lengths to the 
curved template guide is placed at the appropriate 
location on the graft. A Kirschner wire is drilled 
through a hole on the top over the guide (superior 
to the cutting portion) into the bone to hold the 
guide into place. A mallet is then utilized to make 
the oval cut into the graft osteochondral surface. 
Once the appropriate depth is achieved, the cut-
ting guide block is left in place, but the handle 
from the cutting guide is removed and a flat saw 
cutting jig is assembled to it. A sagittal saw is 
then used to make a flat cut through the subchon-
dral bone. This results in a smooth, flat surface of 
bone on the posterior bony surface of the graft. 
The articular cartilage joint surface still matches 
that of the native condyle. The oblong cut graft is 
then removed from the surrounding graft tissue 
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Fig. 32.2 Intraoperative images demonstrating an osteo-
chondral allograft (OCA) transplantation single plug tech-
nique. (a) Coronal T2-weighted magnetic resonance 
image of the knee demonstrating an osteochondral defect 
of the medial femoral condyle. Intraoperative images of 
the recipient medial femoral condyle defect before (b) and 

during (c) reaming. The lesion is reamed to the appropri-
ate depth of 6–10 mm and measured (d). The final intraop-
erative arthroscopic photograph (e) demonstrates the 
donor OCA after it has been press-fit into the reamed 
recipient defect
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Fig. 32.3 Intraoperative images demonstrating an osteo-
chondral allograft (OCA) large condylar defect transplan-
tation technique in a left knee. (a) Native full thickness 
osteochondral medial femoral condyle defect. (b) 
Intraoperative image demonstrating the reamer utilized to 
ream the base of the recipient site. (c) Image demonstrat-

ing the base of the recipient after reaming and after drill-
ing with a small drill bit to create marrow stimulation 
channels in the subchondral bone. (d) Utilizing a press-fit 
technique to implant the osteochondral allograft into the 
recipient defect site. (e) The final image of a large OCA in 
place after transplantation

C. W. Nuelle et al.
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and placed in a depth measuring device. If the 
graft is not flush around all the edges, a small 
rasp can be used to file down any of the proud 
portions. If a portion of the grafts is slightly 
receded, a smaller reamer is selected to ream the 
native recipient site. Multiple small drill tunnels 
are created on the backside (bony) portion of the 
graft to allow improved native marrow inflow and 
integration. The graft is then thoroughly washed 
with pulsatile lavage to remove blood and mar-
row cells to decrease the risk of a host immune 
response. The graft is then soaked on the back 
table in either bone marrow aspirate concentrate 
or platelet-rich plasma. The recipient defect prep-
aration then begins.

The curved guide is placed again over the 
native defect, and two central guide pins are 
drilled perpendicular to the condyle through the 
guide. The curved guide is removed; a reamer 
depth stop guide is placed over the inferior pin. 
Based on the previous depth guide measure-
ments, an appropriate reamer depth is selected. 
The reamer depth stop may be set at 0, or +1 or 
−1 mm. The reamer is then utilized to ream the 
superior aspect of the recipient site fully. The 
depth stop guide is placed over the superior guide 
pin, and the reamer is utilized to ream the inferior 
aspect of the defect recipient site in similar fash-
ion. The depth guide is removed, and a box cutter 
is placed over the wires and malleted into place to 
remove any remaining bony debris along the 
edges or in the base of the defect. The recipient 
site is thoroughly irrigated, and the base of the 
defect is then drilled with a 2.0 mm drill bit to 
create multiple, small marrow stimulation tun-
nels approximately 3 mm apart. Finally, the OCA 
graft is brought from the back table and trans-
planted to the recipient site using a press-fit tech-
nique. An oblong tamp may be utilized to ensure 
the graft edges are flush with the native articular 
cartilage.

For large condyle defects that are not amena-
ble to an oblong graft, more than one press-fit 
OCA graft may be required. This “snowman 
technique” allows coverage of a larger surface 
area of the condyle using a second plug. In this 
technique, the first graft is placed as previously 
described. The subchondral portion of the graft is 

then pinned with a K-wire in an oblique trajec-
tory away from the articular cartilage or held in 
place with a small biocompression screw to pre-
vent dislodgement during preparation and place-
ment of the second graft. Preparation of the 
remaining recipient site is undertaken as before, 
with the reamer overlapping the previously 
placed graft but ensuring definitive coverage of 
the remaining entirety of the recipient defect site. 
Overlapping the grafts is preferred to leaving 
spaces between the grafts, as any gaps between 
the grafts could lead to formation of fibrocarti-
lage or poor articular congruity. Once the second 
graft has been placed using the press-fit tech-
nique, stability is re-assessed. Typically, once the 
second graft is placed, the entire snowman con-
struct has excellent stability, but if there is any 
remaining instability present, further biocom-
pression screws may again be added to the sub-
chondral portion of the graft to enhance stability 
(Fig. 32.4).

32.6  Surgical Technique: Trochlea

An OCA for the trochlea may be performed in 
one of two ways: using the circular reaming tech-
nique (similar to the patella or condyle) or a shell 
technique. For the reaming technique, the medial 
and lateral depths of the reamed defect will be 
much deeper than the proximal and distal depths. 
It is imperative to have enough depth proximally 
and distally for a press-fit graft, but not too deep 
to delay graft incorporation. An example of the 
steps of trochlear reaming is shown in Fig. 32.5.

For salvage-type procedures that result in 
lesions that involve an entire condyle or the entire 
trochlea, or that are uncontained, with very mini-
mal shoulder of cartilage and bone, the shell 
technique may be employed (Fig. 32.6). For this 
technique an entire condyle or, in many cases, an 
entire distal femur is obtained. The recipient 
bone is cut flush with a free hand, flat cut at depth 
of 6–10 mm from any remaining adjacent carti-
lage. Creation of a basic shape at the recipient 
site (i.e., a trapezoid or rectangle), eases the abil-
ity to match the sizing and shape of the OCA 
graft. The graft is then prepped on the back table. 
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The graft is measured around all four edges and 
then stabilized in a cutting jig. The posterior 
aspect of the graft is then cut with a microsagittal 
saw to the appropriate depths so as to match 
recipient site exactly. When initially cutting the 
graft, it is best to error on oversizing the graft at 
first, as it can then be trimmed down to size as 
necessary. The donor shell graft may then be 
sculpted to create the best fit and then secured to 
the recipient site with multiple bioabsorbable or 
metal screws placed in oblique trajectories away 
from the articular cartilage.

32.7  Surgical Technique: Patella

For smaller lesions that are largely central or are 
well shouldered along the edges, the same cylin-
drical reaming and press-fit technique for the cir-

cular condyle defects is utilized for the patella as 
well (Fig.  32.7). For defects involving most of 
the patella or that result in a poor shoulder 
around the edges, a shell technique of the entire 
patellar articular surface may be employed. In 
this technique, a sagittal saw is utilized to make 
a flat cut across the entirety of the articular side 
of the patella. The donor allograft is the cut flush 
on its posterior aspect as well. It is imperative 
not to remove too much bone either from the 
native patella or the donor allograft so that each 
portion will be able to hold screw fixation. The 
depth of the native bone removed from the recip-
ient site should be measured, and the donor graft 
should be cut at nearly the same depth. It is criti-
cal that the graft not be larger than the removed 
recipient portion, or else it will overstuff the 
patellofemoral joint and increase contact forces 
on the graft. The donor graft is then placed bone 

a b

c

Fig. 32.4 (a) Intraoperative photograph of a medial fem-
oral condyle defect. (b) Photograph demonstrating the 
reaming of the snowman technique that overlaps the pre-
viously placed inferior graft to ensure the final construct 

can cover the entire recipient defect site. (c) Final con-
struct of the snowman technique using the press-fit tech-
nique to position the graft ensuring coverage of the entire 
medial femoral condyle defect
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Fig. 32.5 (a) Intraoperative image of a right knee dem-
onstrating multifocal but unipolar osteochondral defects 
of the medial femoral condyle and the trochlea. (b) Image 
demonstrating a central guide and the trochlea after cir-
cumferential reaming. (c) Image demonstrating the con-

tour of the trochlear graft after placement in the knee. (d) 
Image demonstrating the final trochlea and medial femo-
ral condyle grafts in place in the right knee. (e) 
Postoperative sunrise x-ray view of the trochlea OCA
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c d

Fig. 32.6 (a) Intraoperative image of a trochlea and lateral 
femoral condyle defect after a gunshot wound to the left 
knee. (b) Image showing the preparation of a trochlea and 
lateral femoral condyle osteochondral allograft (OCA) 
transplantation shell while stabilized in a cutting jig. (c) 

Image demonstrating the OCA transplantation shell that has 
been sized to match the recipient site and is initially stabi-
lized with Kirshner wires. (d) Final construct of the OCA 
shell technique fixated with headless metallic screws placed 
in oblique trajectories away from the articular cartilage
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to bone to the recipient patella and secured with 
either bioabsorbable or metal screws. Typically, 
two to three screws are utilized to ensure ade-
quate rotational stability of the graft, and the 
screws are placed from anterior to posterior. 
Care should be taken to ensure the screws do not 
violate the chondral articular surface but are 
deep enough to have adequate fixation in the 
subchondral bone.

32.8  Postoperative Rehabilitation

Postoperative rehabilitation after OCA transplan-
tation proceeds in phases, with different weight 
bearing restrictions for different lesions locations 
but with the initial phase focusing on graft pro-
tection for 0–6 weeks. The goal is to avoid exces-
sive compressive or shear forces on the 
transplanted graft.

a b

c d

Fig. 32.7 Intraoperative images demonstrating an osteo-
chondral allograft (OCA) transplantation to the patella 
technique. (a) Recipient site osteochondral defect. (b) 
Allograft patella demonstrated adjacent to the native 
patella after reaming of the base of the defect. (c) Image 

demonstrating a press-fit insertion of the patella OCA to 
the recipient site. (d) Final image after patella OCA trans-
plantation with the lines at the 12 o’clock position of the 
recipient site and the graft matched up
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For lesions of the patellofemoral joint, 
weight bearing as tolerated with the knee locked 
in full extension in a brace is typically utilized 
after wound healing. Some authors recommend 
graduated knee flexion for the first 4–6 weeks 
for patellar or trochlear transplants to limit 
excessive pressure across the graft. For femoral 
condyle or tibial plateau grafts, patients are 
restricted to Foot Flat <10% WB until postop-
erative radiographs demonstrate early signs of 
graft incorporation. For small, well-shouldered 
lesions, advancement or a partial progressive 
weight bearing protocol may begin as soon as 
4 weeks. For large lesions or poorly contained/
shouldered lesions, longer weight bearing 
restrictions should be instituted (6  weeks or 
more). In general, patients may perform range 
of motion as tolerate for condyle lesions. 
Weight bearing and range of motion restrictions 
may also be altered based on the concomitant 
procedures performed (i.e., ligament recon-
struction, meniscus transplantation, osteot-
omy). In patients with the need for prolonged 
period of protection, consideration can be made 
for the use of blood flow restriction therapy to 
reduce risk of muscular atrophy.

Regardless of weight bearing status, early 
range of motion is paramount after OCA trans-
plantation. Early motion both supports articular 
cartilage viability and prevents arthrofibrosis. 
Use of a continuous passive motion (CPM) 
device can be helpful in the immediate postoper-
ative period, particularly if weight bearing is 
restricted. Typical settings for CPM use would be 
6  h/day, beginning at 0–40°, advanced 5–10° 
daily as tolerated. Gravity-assisted ROM is also 
encouraged.

The primary goal of the second phase of reha-
bilitation (6–12 weeks) is normalization of daily 
life activities and slow and steady strength train-
ing. Any braces utilized are discontinued with 
adequate quadriceps muscle control, and strength 
has been achieved. Some authors have advocated 
for use of an unloader brace to unload the affected 
compartment, but this has not been shown to alter 
long-term outcomes or graft survival rates [43, 
44]. Regardless, the goal is for patients to prog-
ress to full ROM, normalized gait, and improved 

strength. Low-impact activities are performed in 
this phase (i.e., swim, bike, elliptical).

The final phase of postoperative rehabilitation 
(>12 weeks) is patient specific based on individual 
goals and expectations. In general, this phase 
focuses on increased strength, endurance, and a 
return to functional and occupational activities. In 
relatively sedentary patients, a transition to a home 
exercise program and activities of daily living may 
be implemented. In athletes, advanced propriocep-
tive and sport-specific activities may begin. 
Athletes should be cautioned, however, that high 
impact activities should be avoided for 9–12 months 
after surgery. Athletes should have radiographic 
(ideally magnetic resonance imaging) evidence of 
full graft incorporation, no effusion or significant 
pain, full knee ROM, ligamentous stability, and 
complete dynamic strength and endurance before 
return to play may be entertained. Full return to 
play should be evaluated on a case-by-case basis 
with the individual athlete and surgeon.

32.9  Potential Complications

The inherent risks of surgery (infection, arthrofi-
brosis) may occur and are typically prevented 
using standard precautions. Use of small arthrot-
omy (or an arthroscopic technique) and early 
range of motion help avoid arthrofibrosis. 
Allograft-related complications, such as disease 
transmission or immunogenic reaction, are 
exceedingly rare but have been documented [50, 
51]. Delayed or nonunion of the graft and graft 
fragmentation and/or collapse may occur, espe-
cially in patients with poor bone quality. This 
may result from incomplete graft incorporation 
to the native bone due to limited revasculariza-
tion. Performing marrow stimulation of the recip-
ient site and drilling channels in the subchondral 
bone of the donor graft can aid in the re- 
vascularization process. Finally, using careful, 
line to line, press-fit technique helps avoid graft 
collapse and/or eventual fragmentation and fail-
ure. Finally, other underlying diseases processes 
(avascular necrosis, osteoarthritis) may result in 
persistent symptoms regardless of graft healing 
or incorporation status.
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32.10  Summary

Fresh osteochondral allograft transplantation is an 
excellent treatment option for large, full thickness 
articular cartilage defects, with or without bony 
involvement, in the knee. It may be indicated as a 
first-line treatment for large defects, for defects 
with extensive subchondral involvement, and is 
an excellent salvage procedure for previously 
failed microfracture or other cartilage restoration 
procedures. OCA transplantation provides viable, 
mature hyaline cartilage with underlying sub-
chondral bone to the defect area, resulting in 
excellent graft strength and overall joint restora-
tion. Management of concomitant meniscus defi-

ciency, ligament instability, and limb malalignment 
is vital to the success of an OCA transplant. 
Postoperative rehabilitation follows the general 
principles of cartilage restoration procedures and 
is modified based on concomitant pathologies and 
patient-specific goals. Improvements in graft stor-
age capability, use of non-orthotopic grafts, and 
specialized cutting guides have greatly improved 
graft availability and surgical technique demands. 
Overall, mid- to long-term studies of OCA trans-
plantation show good to excellent outcomes and 
graft survival in large series (Table 32.2). Future 
basic science and clinical studies continue to 
refine indications, graft healing and incorpora-
tion, and surgical techniques.

Table 32.2 Osteochondral allograft transplantation outcomes

Study Lesion site Diagnosis
Mean follow-up 
(years)

McCulloch et al. 
[8]

Multiple site Trauma, OA, OCD, AVN 2.9

Raz et al. [15] Femoral condyle Trauma, OCD 22
Abrams et al. 
[39]

Femoral condyle Isolated ICRS grade 3 or 4 defect of the 
femoral condyle

4.4

Wang et al. [45] Femoral condyle Previous failed cartilage repair 3.5
McCarthy et al. 
[19]

Femoral condyle Idiopathic, trauma, OCD lesions >2 cm 5.9

Meric et al. [36] Bipolar, patellofemoral Degenerative, traumatic, OA, failed 
OCA, OCD, chronic

7.0

Levy et al. [9] Femoral condyle OCD lesions >2 cm, trauma, 
osteonecrosis, OA

13.5

Krych et al. [46] Femoral condyle, trochlea, 
multiple locations

Trauma, nontrauma, OCD 2.5

Gracitelli et al. 
[37]

Patella Idiopathic, OCD, traumatic, degenerative 9.7

Sadr et al. [47] Femoral condyle, trochlea, 
multiple site

OCD 6.3

Briggs et al. [48] Multiple sites OCD, AVN, OA, trauma 7.6
Cameron et al. 
[49]

Trochlea OCD, OA, trauma 7.0

No. of knees Failure rate (%) Graft survival (%)
Outcomes scores 
postoperative (preoperative)

25 N/A 4 Lysholm: 67 (39)
IKDC total: 58 (29)
SF-12: 40 (36)

58 22 91% (10 years), 84% 
(15 years), 69% (20 years), 
59% (25 years)

Modified HSS: 87

48 46 64% (5 years), 39% (10 years) IKDC function: 7 (3.4)
IKDC pain: 4.7 (7.5)
KS-F: 84 (71)
Modified d’Aubigne´-Postel: 
16 (12)

(continued)
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Table 32.2 (continued)

32 25 N/A Lysholm: 64 (42)
IKDC: 55 (33)
IKDC: 63 (43)
SF-12: 47 (44)

43 9 91 SF-36: 84 (61)
IKDC: 69 (46)
Cincinnati: 6.5 (4.6)
Marx: 6.0 (4.4)
OCAM-RISS: 10.1

13 0 100 Lysholm: 64 (41)
IKDC: 63 (38)
Tegner: 4.5
Marx: 5.7
SF-12: 44(35)
Return to sport: 77%

129 24 82% (10); 74% (15); 66% 
(20)

Merle d’Aubigne and Postel: 
16 ± 2.2
(12.1 ± 12.1)
IKDC pain: 3.8 ± 2.9 
(7 ± 1.9)
IKDC function: 7.2 ± 2 
(3.4 ± 1.3)
Knee Society function: 82.5 
(65.6)

43 0 100 Limited return to sport, 88%; 
return to sport at preinjury 
level, 79%
IKDC: 79.29 ± 15 
(46.27 ± 14.86)
KOOS ADL: 82.82 ± 14 
(62 ± 15.96)
Marx activity: 8.35 ± 5.9 
(5.49 ± 6.35)

28 29 78 (5,10 years), 56 (15) IKDC: 67 (37)
KS-F: 81 (65)
Modified d’Aubigne´-Postel: 
15 (12)

149 8 95% (5), 93% (10 years) Modified d’Aubigne´-Postel: 
82(44)
KS-F: 96(72)

61 18 89% (5 years), 75% (10 years) Modified d’Aubigne´-Postel: 
16.5 (12.6)
IKDC: 80 (37)
KS-F: 90 (67)
KOOS symptoms: 85 (59)

29 21 100% (5 years) 91.7% 
(10 years)

Modified d’Aubigne´-Postel: 
16 (13)
IKDC: 72 (39)
KS-F: 85 (66)
UCLA: 7.9

OA osteoarthritis, OCD osteochondritis dissecans, AVN avascular necrosis
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Technique Corner: Osteochondral 
Autograft

Alexander Hundeshagen, Benedikt Brozat, 
and Daniel Guenther

Several surgical options for articular cartilage 
defects have been developed and established 
depending on size, location and concomitant 
patient-specific factors. Most of these struggle to 
restore composition and structure of the native 
hyaline cartilage and the surface topography. 
Osteochondral autograft transplantation (OAT) is 
meant to tackle this task by transferring native 
cartilage together with the supporting subchon-
dral bone into the defect followed by stable bone- 
to- bone integration. Precursors of this technique 
have been applied since the mid-1950s; however, 
technical evolution and refined instrumentation 
initiated an increasing application from the 1990s 
on with improving results. OAT has become an 
effective standard procedure for cartilage defects.

As for all methods, success depends on the 
correct indication. OAT is usually applied for 
lesions between 0.5 and 3 cm2. Smaller defects 
can be successfully treated with bone-marrow 
stimulating, reparative procedures such as 
micro-/nanofracturing techniques since load dis-
tribution to the adjacent cartilage is not affected 
[1]. For larger lesions, OAT is limited due to 
finite donor site availability. Defects exceeding 

3 cm2 are preferably treated with osteochondral 
allografts or two-staged regenerative chondro-
cyte transplantation methods without scaffolds or 
matrices (ACI/MACI) in combination with osse-
ous defect filling using spongious bone harvested 
from the iliac crest or the tibial head. Comparing 
these methods with regard to native hyaline ratio, 
OAT results in superior cartilage composition 
[2].

33.1  Indications 
and Contraindications

33.1.1  Indications

 – Focal full-thickness osteochondral lesions 
(Outerbridge/ICRS 3–4) without subchondral 
cyst formation

 – Osteochondritis dissecans (OD)
 – Lesion size 0.5–3 cm2

 – Younger, active patients (<50 years)
 – Previously failed bone-marrow-stimulating 

techniques
 – OAT is also suggested for chondral defects 

without bony affections. In these cases, the 
authors prefer scaffold supported chondrocyte 
procedures.A. Hundeshagen · B. Brozat · D. Guenther (*) 

Department of Trauma and Orthopaedic Surgery, 
Witten/Herdecke University, Cologne Merheim 
Medical Centre, Cologne, Germany
e-mail: HundeshagenA@kliniken-koeln.de; 
BrozatB@kliniken-koeln.de; 
guentherd@kliniken-koeln.de

33

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-84748-7_33&domain=pdf
https://doi.org/10.1007/978-3-030-84748-7_33#DOI
mailto:HundeshagenA@kliniken-koeln.de
mailto:BrozatB@kliniken-koeln.de
mailto:BrozatB@kliniken-koeln.de
mailto:guentherd@kliniken-koeln.de
mailto:guentherd@kliniken-koeln.de


396

33.1.2  Contraindications (Absolute 
and Relative)

 – Previous joint infection (unless ruled out by 
culture-negative samples)

 – Instabilities or malalignment of the knee 
(unless corrected in the same procedure)

 – Degenerative osteoarthritis (Kellgren- 
Lawrence ≥2)

 – Opposing full-thickness cartilage defects—
‘kissing lesions’

 – Rheumatoid arthritis
 – Medical comorbidities (diabetes, immunosup-

pression, etc.)
 – Smoking
 – Older patients (biological age >50)
 – Body-mass-index >40 kg/m2 [3]

33.2  Clinical Evaluation

Focal osteochondral lesions are usually seen in 
younger patients, either following history of 
trauma or in the context of osteochondrosis dis-
secans. Patients complain of pain, swelling, a 
catching or locking sensation as well as crepita-
tions. A thorough clinical examination is impera-
tive to rule out varus/valgus malalignment and 
any ligamentous instability.

33.3  Imaging

33.3.1  X-ray

 – Standard a.p. and lateral views plus axial 
patella view are obtained to assess joint space, 
cystic formations, loose bodies, etc.

 – The authors routinely request a weight- 
bearing a.p. long-leg view to rule out varus or 
valgus alignment.

33.3.2  MRI

 – MRI is a reliable screening tool for osteochon-
dral lesions although exact lesion size can 

only be estimated. Associated bone marrow 
oedema further confirms a decompensated 
loading force distribution. One should be 
aware that defect diameter is frequently under-
estimated on MRI, and appropriate alternative 
procedures should be readily available during 
surgery.

 – Meniscal tears should be appreciated.
 – Anterior and posterior cruciate ligament as 

well as collateral ligaments and patellofemo-
ral ligament can be evaluated.

33.3.3  CT

 – A CT scan is not routinely performed but is 
very helpful to accurately determine the extent 
of subchondral lesions.

Additional imaging might be useful in partic-
ular cases, e.g. if rotational malalignment of the 
femur or tibia is suspected or to evaluate liga-
mentous instability.

33.4  Surgical Technique

33.4.1  Key Principles

An autologous cylindrical osteochondral graft is 
harvested from a non-weight-bearing region of 
the ipsilateral knee and transferred to replace the 
affected surface area. Thus, vital hyaline chon-
drocytes anchored to the subchondral plate can 
be grafted prompting stable bone-to-bone 
integration.

Several preconfigured systems are commer-
cially available to facilitate accurate and conve-
nient graft harvesting and positioning. These 
consist of measuring devices, cylindric trephines 
or drills of different diameters and graft applica-
tion devices.

It is imperative to address any ligamentous 
instability and bony deformity prior to OAT pro-
cedure to minimize transplant failure and over-
load. These procedures are described in the 
respective sections.

A. Hundeshagen et al.
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33.4.2  Positioning

The patient is placed in supine position with a 
footrest and a lateral thigh support so that the 
knee can be positioned stable in extension, 90°, 
and 120° of flexion. Some authors prefer a leg- 
holder, which, however, to our experience, 
either limits access to the knee or prevents flex-
ible positioning. A thigh tourniquet is applied, 
and the leg is prepped and draped in the usual 
fashion.

33.4.3  OAT on Femoral Condyle 
Lesions

The procedure outlined below describes the OAT 
procedure for femoral lesions (see Fig. 33.1) as 
the most frequent indication and can be subdi-
vided into five major steps as follows:

33.4.3.1  Arthroscopic Inspection
Two standard portals are created (anterolateral 
and deep anteromedial portal), and a thorough 

a b

c d

Fig. 33.1 Osteochondral autograft transplantation (open 
procedure). An osteochondral lesion on the lateral femoral 
condyle of a right knee is exposed (a) and excised en bloc 

with a trephine positioned perpendicular to the cartilage 
(b). Into the resulting socket (c) an autograft is implanted 
(d) to restore smooth joint surface

33 Technique Corner: Osteochondral Autograft
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arthroscopic inspection is performed. Special 
care should be taken to rule out and address any 
meniscal or ligamentous instability or tear. All 
cartilaginous areas should be inspected and pal-
pated with a probe to determine the degree of 
degenerative changes and confirm indication. 
Next, the osteochondral defect is localized and 
examined. The damaged area and any unstable 
adjacent cartilage have to be debrided thoroughly 
with a curette to not underestimate defect size. In 
case the lesion diameter exceeds the indication 
for OAT procedure, alternative techniques like 
allograft or ACI have to be consented and readily 
available. If the indication is confirmed and the 
aforementioned criteria are met (defect size 
≤3 cm2, stable cartilage rim), depending on the 
surgeon’s preference, the arthroscope may then 
be removed and procedure be switched to mini- 
open approach.

33.4.3.2  Exposure of Donor 
and Recipient Site

To our experience, most locations can easily be 
accessed via a medial or lateral parapatellar mini- 
open arthrotomy, and the approach can be 
extended longitudinally if (rarely) needed.

33.4.3.3  Recipient Site Preparation
Following proper exposure, the site of the lesion 
is inspected. Diameter and the number of required 
grafts can be chosen for best coverage using sizer 
probes. Round lesions up to 10 mm can be cov-
ered with a single donor graft; for larger or rather 
longitudinally shaped lesions, several smaller 
plugs should be chosen either in a mosaic fashion 
or a trimmed figure-eight-like configuration 
(snowman technique) (see Fig. 33.2).

It has to be considered that single plugs fitted 
press-fit have proven to be more stable compared 
to multiple plugs. Some authors prefer a ‘cobble-
stone’ arrangement, leaving a bony socket wall 
for enhanced stability. The resulting gaps fill with 
biomechanically inferior fibrous reparation carti-
lage. Although complete coverage is not neces-
sarily needed, we feel that press-fit rims, not only 
bony but also cartilage rims, stabilize the graft 
and reduce graft degeneration. Hence, when pre-
paring the lesion-site, the authors choose a har-
vester trephine size slightly exceeding lesion size 
to get sharp cartilage edges and stable vertical 
rims.

Next, the chosen recipient harvester trephine 
is fitted to exactly cover the defect. It is of 

a b c

Fig. 33.2 Different graft configurations. (a) Single plug 
for smaller lesions ≤10  mm. (b) “Snowman” technique 
for longitudinal defects. (c) Mosaic configuration for 

larger lesions, either overlapping for best coverage (lateral 
condyle) or ‚cobblestone‘arranged for superior graft sta-
bility (medial condyle)
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utmost importance to place the harvester per-
pendicular to the surface. To ensure accurate 
positioning, most harvesters available show cir-
cumferential laserlines measuring penetration 
depth when aligned with the cartilage rim. After 
gently pushing through the cartilage layer to 
establish bony contact, the alignment of the har-
vester should be assessed in all planes to ensure 
perpendicular position. Subsequently, the har-
vester is impacted to a depth between 10 and 
20 mm by multiple gentle mallet blows. Next, 
the harvester is rotated 180° clockwise and anti-
clockwise to free the plug from the underlying 
cancellous bone. The harvester is then carefully 
wiggled out without toggling the cavity. The 
plug is not discarded but kept for later. Socket 
depth and appropriate angle is verified with a 
graduated alignment rod.

33.4.3.4  Graft Harvesting
Three different harvesting sites are typically sug-
gested based on low weight-bearing properties 
and surface shape matching the recipient site. For 
defects on the femoral condyle, the slightly 
 convex contour is best matched by grafts from 
the most medial or lateral border of the trochlear 
flare proximal to the sulcus terminalis. Rather 
concave defects within the trochlea are closely 
mimicked by grafts from the superolateral aspect 
of the intercondylar notch (see Fig. 33.3) [4, 5]. 
For retropatellar lesions, choice of graft depends 
on lesion location (e.g. convex midline or medial 
portion versus concave lateral part). The choice 
of harvest site further depends on individual ana-
tomic variances and accessibility. Some authors 
propose to choose the harvesting site opposing 
the lesion site. During follow-up, this allows to 
distinguish between donor and recipient site as 
possible origins of potential postoperative 
symptoms.

Similar to the aforementioned recipient site 
preparation, a trephine is used to harvest the 
graft. Graft trephine diameter should be chosen 
slightly bigger (≈1 mm) and graft length slightly 
longer (1–2  mm) than recipient site to ensure 
press-fit. Harvesting technique is exactly the 
same as described above, i.e. ensuring perpen-
dicular access of the harvester, malleting the tre-

phine, turning clockwise and anticlockwise and 
finally removing the graft.

It is recommended to backfill the donor site to 
avoid excessive bleeding and increased loading 
forces on the adjacent cartilage. The authors pre-
fer to utilize the recipient bone plug saved earlier 
and inversely graft it. Alternatively, allograft 
bone chips can be used, and several synthetic, 
biodegradable composite materials are on the 
market (e.g. calcium phosphate).

33.4.3.5  Graft Implantation
Before implantation, graft length should be veri-
fied to be marginally longer (1–2 mm) than recip-
ient socket as the cancellous bone will slightly 
compress during impaction. The tip of the plug 
can be tapered with a rongeur to ease insertion. 
Orientation of the graft is assessed to best match 
the surface contour, and the graft is subsequently 
inserted into the recipient site. An impaction rod 
is used to gently mallet the graft into the socket 
until it is completely flush with the cartilage sur-
face. Care must be taken to taper the graft very 

Fig. 33.3 Graft harvesting sites. Superolateral and super-
omedial margin of the trochlea, superolateral intercondy-
lar notch
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gently with multiple slight blows, as increased 
pressure has been shown to result in reduced 
chondrocyte viability [6]. Using a rod with a 
diameter bigger than the graft prevents focal peak 
pressures and sinking of the graft below surface 
level. Some commercially available OATSystems 
come with a delivery tube impacting the graft via 
a screw-home technique, rather than tapping to 
reduce peak pressures.

If several grafts are needed, it is recommended 
to finalize the first graft transfer before preparing 
the next socket and repeating the whole process 
as described. This especially holds true if a 
“snowman” configuration is intended, in which 
case the first transplant has to be partially excised 
again with the following socket preparation (see 
Fig. 33.2).

The whole procedure can also be performed 
all-arthroscopically (see Fig. 33.4). Via the exist-
ing portals, the femoral condyles and the inter-
condylar notch can be reached perpendicular by 

varying flexion angle of the knee. If the graft is to 
be harvested from the medial or lateral superior 
margin of the patella groove, an additional portal 
is needed. This should be placed after ensuring 
perpendicular accessibility with a 20-gauge nee-
dle. If perpendicular access cannot be accom-
plished, the procedure should be switched to 
mini-open approach.

Whenever possible, the authors perform OAT 
with all necessary concomitant procedures as a 
one-step approach to avoid repeated postopera-
tive restrictions. With thorough planning and 
strict time management, this can usually be 
accomplished.

33.4.4  OAT on Retropatellar 
and Trochlear Lesions

Retropatellar lesions are challenging regardless of 
the technique applied due to high contact and 

a b c

d e f

Fig. 33.4 Arthroskopic osteochondral autograft trans-
plantation. The osteochondral lesion on the medial con-
dyle of a left knee is inspected (a, b) and the recipient site 
prepared (c). The graft is inserted (d) and tapered until it 

sits flush (e). Postoperative MRI shows stable graft inte-
gration with restored cartilage layer and levelled subchon-
dral plate (f). MFC medial femoral condyle, TP tibial 
plateau
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shear forces with inconsistent outcome. The same 
applies to retropatellar OAT owing to a graft-
recipient mismatch in cartilage thickness and 
hence incongruency of the subchondral plate. The 
technical procedure closely follows the principles 
outlined above, although a larger arthrotomy is 
needed to evert the patella. After medial parapa-
tellar arthrotomy, the authors place two 2.0 mm 
Kirschner wires (K-wires) into the patella drilled 
horizontally from medial to lateral to evert and 
hold the patella retracted in a hockey-stick fash-
ion. Care must be taken not to penetrate the retro-
patellar cartilage nor to exit laterally as this might 
scratch the femoral cartilage during the everting 
manoeuvre. Now, all compartments of the knee 
should be accessible including the retropatellar 
area and the whole femur. For retropatellar OAT, 
it is even more important to start the procedure 
with harvesting of the lesion-site cylinder as plug 
depth might be limited by patella thickness. 
Trephine extraction of an appropriate retropatellar 
cylinder can be difficult due to the dense subchon-
dral plate. This can be tackled by reaming the 
socket instead. Using a slightly smaller reamer to 
account for toggling, the socket can be drilled 
carefully to maximum depth without penetrating 
the cortex. After measuring socket depth, an ade-
quate graft is harvested from the intercondylar 
notch, prepared and impacted into the defect. 
Again, the cartilage surface eventually has to be 
flush. One has to be aware that radiographic eval-
uation might be misleading with the graft appear-
ing prone due to the thinner cartilage layer.

33.4.5  OAT on Tibial Plateau Lesions

In recent years, OAT has increasingly been 
applied for tibial defects with promising results 
[7]. The technique has been adapted with respect 
to the limited accessibility of the tibial plateau. 
Hence, the fundamental principle of perpendicu-
lar trephine instrumentation has to be abandoned, 
and graft implantation is achieved in a retrograde 
fashion (see Fig. 33.5).

Following arthroscopic debridement and 
measurement of the defect, a K-wire is placed 

obliquely, retrograde exiting at the centre of the 
lesion using an aimer (ideally a tip aimer) with 
the drill path ascending as steep as possible to 
avoid eroding and weakening the tibial plateau. 
With an appropriately sized coring reamer, a 
tunnel is drilled over the K-wire. The angle 
between the drill hole and the tibial plateau may 
be controlled fluoroscopically with a dilator 
inserted into the tunnel [8]. Next, the graft is 
harvested from the femoral trochlea. At this 
step, it is crucial to place the matching harvester 
obliquely, mimicking the angle of the tibial tun-
nel. The graft is held and rotated to correct ori-
entation, with the graft’s cartilage surface being 
parallel to the tibial plateau. The graft is mal-
leted into final position until the cartilage is 
seated flush. Cancellous bone remains or com-
posite fillers can be used to reline and stabilize 
the graft.

Fig. 33.5 Tibial osteochondral autograft transplantation. 
A steep tunnel is drilled through the tibia exiting at the 
defect site. The articular entry angle between the drill tun-
nel and the tibia plateau is determined (visually or via 
X-ray), and the graft is harvested with the trephine enter-
ing the harvest site at the exact same angle. This ensures 
flush cartilage integration after retrograde graft insertion
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33.4.6  OAT for Extensive Defects

Very large osteochondral defects exceeding 5 cm2 
(diameter 2.5–3.5 cm) can be covered by trans-
ferring a graft from the posterior femoral condyle 
into the defect; this technique modified to a press- 
fit fixation often being referred to as Mega-OATS 
(Arthrex, Naples, Fl.) After arthrotomy, the knee 
is fully flexed and the non-weight-bearing medial 
or lateral posterior condyle is harvested with an 
osteotome in line with the posterior femoral cor-
tex (equivalent to an iatrogenic Hoffa fracture 
type I c, CT-classification). Subsequently, the 
condyle is fixed to a special work station allow-
ing for suitable osteochondral plug preparation. 
Lesion site is mill-cut over a centred K-wire to 
the desired depth, and the graft is inserted and 
tapped. For detailed technical description, the 
reader is referred to the respective literature [9, 
10]. Although this technique allows for good res-
toration of condyle curvature, possible adverse 
effects due to the large donor site defect are not 
yet fully elucidated (damage to cartilage and pos-
terior horn of the meniscus, inability to kneel, 
impeding future prosthetic implantation, etc.). 
Hence, the authors do not apply Mega-OATS 
with autograft, but rather suggest it as a salvage 
procedure when used with allografts [9, 11].

33.4.7  Tips and Pearls

 – The key to successful osteochondral transfer 
is adequate visualization of both the lesion 
and the harvesting site to ensure perpendicular 
access. In doubt an arthrotomy and open pro-
cedure should be performed.

 – The recipient site should be prepared first to 
properly assess the graft size needed and sub-
sequently harvest the graft. This avoids graft 
mismatch.

 – The trephines should be tapped into the bone 
rather than drilled to avoid heat necrosis and 
toggling. Meticulous handling of the graft 
avoids damage to the chondrocytes.

 – The graft has to be flush with the surrounding 
cartilage making sure it does not protrude 

above congruency level. If the surface is 
sloped (due to angled graft/socket prepara-
tion), do not accept any prominence but rather 
countersink the graft to avoid loosening of the 
graft, opposing ‘kissing’ lesions and persis-
tent symptoms [12–14].

 – If multiple plugs are to be harvested, the sin-
gle harvesting sites should be separated by at 
least 2 mm to avoid crossing of the drill tun-
nels. As these converge if each tunnel is posi-
tioned perpendicularly, the resulting graft tips 
might become short.

 – For all-arthroscopic procedures, the authors 
prefer to harvest the graft from the superolat-
eral part of the intercondylar notch. This area 
is easily accessible with a good surface texture 
and low donor site morbidity.

 – For large defects, the needed mosaic plasty 
becomes technically demanding, and results 
may vary due to potential instability and 
incongruency of the grafts as well as increas-
ing fibrocartilaginously filled gaps between 
the grafts. The authors recommend OAT pro-
cedure if the defect can be filled with one graft 
(≤10  mm) or a maximum of three grafts 
(≤8 mm). For larger lesions, other techniques 
like osteochondral allograft, autologous 
matrix induced chondroplasty or autologous 
chondrocyte implantation combined with can-
cellous bone grafting should be favoured.

33.4.8  Hazards and Pitfalls

• Perpendicular access to both donor and recipi-
ent site is crucial to avoid loosening or 
mismatch.

• A perfect press-fit implantation is essential to 
avoid graft degeneration or loosening. The 
following salvage strategies can be suggested 
in the case of graft mismatch:
 – If the graft is too short, the socket depth can 

be reduced with cancellous bone from the 
recipient plug.

 – If the graft is too slim, sitting loose in the 
socket, a second small graft can be har-
vested and placed adjacent in a figure- 
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eight- style to ensure press-fit fixation. 
Alternatively, the recipient site plug can be 
wedged in.

 – In case the plug is too large, the socket can 
be upsized. If the mismatch is noticed after 
impaction with the graft left proud, it 
should be carefully malleted further until it 
sits flush. If this fails, salvage is difficult 
and a replacement with an allograft or a 
second autograft has to be considered.

 – A countersunk plug can be tolerated up to 
1  mm [13]. Even deeper sunk grafts are 
tough to correct. Sometimes a K-wire can 
be used in a joystick fashion to level the sur-
face. Trephine-assisted re-extraction and 
graft reinsertion usually toggles the socket 
leaving the surgeon with a loose graft.

• When preparing the lesion site, the adequate 
trephine impaction depth has to be anticipated 
based on preoperative imaging to completely 
excise any avital or sclerotic bone. If the 
socket base is not completely cancellous, pos-
sible salvage strategies are the following:
 – Reinserting the trephine and further exca-

vating the base.
 – Nanofracturing the cavity base with a small 

K-wire (e.g. 0.045 in.) under constant fluid 
cooling to optimize later graft integration.

• Large subchondral cysts can lead to a ‘float-
ing’ graft and should be relined with cancel-
lous bone harvested from the tibial head or 
iliac crest.

33.4.9  Postoperative Care

As for all cartilage treatments postoperative, the 
load applied is reduced to promote stable integra-
tion while prompting motion for improved nutri-
tion and differentiation of the repaired defect and 
the donor site, respectively.

In this sense, the authors follow a rather con-
servative, restrained postoperative protocol:

 – After femoral or tibial OAT procedure weight- 
bearing is limited to sole contact (15 kg) for 
6 weeks with subsequent progressive weight- 

bearing as tolerated, usually achieving full 
load after 8 weeks. Range of motion (ROM) is 
not restricted and continuous passive motion 
(CPM) is initiated on the day of surgery com-
plemented by physiotherapy.

 – Following retropatellar or trochlear defect 
repair, ROM is limited to 30°, 60° and 90° for 
2 weeks each by a functional rigid brace. CPM 
is applied within these restrictions. Weight- 
bearing is tolerated immediately with the 
orthosis fixed in full extension, progressing to 
normal gait after 6 weeks.

 – Return-to-sports starts after 4  months given 
sufficient functional abilities and muscular 
stabilization (minimum 90% of contralateral 
strength).

This postoperative scheme has to be further 
adopted to limitations due to concomitant 
procedures.

More liberal regimen might be applicable and 
have been proposed with patients progressing to 
full weight-bearing after 2–4 weeks [15].

33.4.10  Outcomes

OAT is a well-established treatment option for 
osteochondral lesions of the knee. Results proved 
to be favourable with enduring significant 
improvement regarding clinical rating scales at 
both short- and long-term follow-up [16]. Return- 
to- play rate in athletes has been shown to be as 
high as 88% [17]. Histological and MRI studies 
further proved effectiveness regarding cartilage 
restoration and preservation [2, 18].

Comparison to other surgical techniques 
remains difficult due to differences in patient 
characteristics, lesion location and size as well as 
concomitant procedures, amongst others. Overall 
OAT was shown superior to microfracturing, 
especially on long-term outcome [16].

Best results with OAT can be achieved in 
young patients with small to medium defects of 
the femoral condyle, and success further improves 
when conducting necessary concomitant proce-
dures [19].
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Technical Corner: Lateral 
Extra- Articular Tenodesis

Frederique Vanermen, Koen C. Lagae, 
Geert Declercq, and Peter Verdonk

34.1  Introduction

Anterior cruciate ligament (ACL) tears are 
among the most common injuries of the knee [1]. 
Although most authors describe good results of 
ACL reconstruction with modern techniques, 
restoring the anterolateral rotational stability 
completely and controlling the pivot-shift phe-
nomenon remains a concern [2]. Recently, the 
anterolateral complex (ALC) has received atten-
tion as being crucial in the control of the rota-
tional laxity [3–6]. This includes the 
capsule-osseous layer of the iliotibial band as 
well as the anterolateral ligament (ALL) [3, 7, 8]. 
The discovery by Claes et al. [3] of the anterolat-
eral ligament (ALL) and the renewed interest into 
the Kaplan fibers have led to new insights into the 
important biomechanical function of the antero-
lateral complex for rotational control [3, 9]. 
Although most literature has focused predomi-
nantly on the ALL as an important stabilizing 
structure for rotational control, a recent cadaver 
study has shown that the deep fibers of the ITB 
make a larger contribution to the resistance to 
tibial internal rotation than the ALL [9, 10]. 
Cadaveric studies and a number of systematic 
reviews and meta-analyses have shown that lat-
eral extra-articular tenodesis (LET) using an ITB 

strip tunnelled under the lateral collateral liga-
ment is an excellent method to address rotational 
control in combination with all inside ACL 
reconstruction, since the rerouted ITB strip is 
efficiently aligned to withstand anterior move-
ment of the lateral aspect of the tibia in compari-
son with an ALL graft [4, 10–13]. Historically 
several techniques and variations have been 
described to perform a LET [14–17].

In this chapter we describe our technique for a 
combined intra-articular ACL reconstruction 
together with a lateral extra-articular tenodesis 
we refer to as the “monoloop” technique. This 
technique is founded on previously described 
methods where an autologous iliotibial band—
strip [1, 14–16] is used as a graft but is a revised 
and refined procedure. Although there is still no 
consensus on the exact indications in primary and 
revision ACL reconstruction, the authors perform 
monoloop LET (mLET) reconstruction in 
patients who participate in activities with high 
level of pivoting or cutting maneuvers, patients 
who present with hyperlaxity or with a high- 
grade of pivot shift, patients who have a high 
tibial slope, patients of 25 years of age or younger, 
and in all cases of revision ACL (Table 34.1).
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34.2  Anatomy 
of the Anterolateral Complex

The anterolateral complex consists of the superfi-
cial and deep ITB, the capsulo-osseous layer of 
the ITB and the anterolateral capsule as described 
by Herbst et al. [7]. The superficial ITB inserts in 
a wide area, ranging from Gerdy’s tubercle on the 
anterior side to the anterolateral and lateral part 
of the proximal tibia posteriorly. The deep part of 
the ITB is predominantly located on the posterior 
aspect of the ITB and merges with the superficial 
ITB distal to the lateral femoral epicondyle. Its 
tibial insertion is posterior to Gerdy’s tubercle 
together with the posterior fibers of the superfi-
cial ITB. The Kaplan fibers are part of this deep 
layer [18]. These fibers anchor the ITB to the dis-
tal femur and, based on their anatomic orienta-
tion and biomechanical properties, make an 
important contribution to static restraint against 
tibial internal rotation in the ACL-deficient knee.

The capsulo-osseous part of the ITB can be 
considered a distinct layer of the ITB and is the 
most posterior and medial portion of the ITB. It 
has a triangular shape with a tibial insertion 
which is wider than its femoral origin. In its prox-
imal end, it merges with the fascia of the lateral 
gastrocnemius muscle. On its posterior part, it is 
reinforced by the fascia of the biceps femoris 
muscle. Underneath the ITB band, the anterolat-
eral capsule is located. The superficial layer of 
the anterolateral capsule encompasses the LCL, 
whereas the deep layer passes deep to the lateral 
collateral ligament (LCL). On the anterior part, 
both layers present as 1 continuous layer. The 
ALL is, as described by Claes et al. [3], a distinct 
ligamentous structure which has his major femo-
ral origin on the prominence of the lateral femo-
ral epicondyle, anterior to the origin of the LCL, 

and proximal and posterior to the insertion of the 
popliteus tendon. The tibial insertion is situated 
posterior to Gerdy’s tubercle, with no connecting 
fibers to the ITB [3].

34.3  Patient Setup, Examination 
Pre-operatively and Intra- 
articular Procedure

General anesthesia is used in all patients. Patients 
are installed on the operating table in a supine 
position. Both knee stability (pivot and transla-
tion) and range of motion are tested before inci-
sion while the patients are under anesthesia. The 
patient is disinfected and draped in a standard-
ized fashion. An Ioban dressing is applied to the 
entire surgical site. A tourniquet is used at 
250 mmHg and inflated prior to the start of sur-
gery. First, an arthroscopic intra-articular exam is 
performed to evaluate the ACL, and check for 
any additional cartilage or meniscal pathology. If 
present, those lesions should be addressed before 
preparation and placement of the ACL graft. At 
our institution, usually a quadrupled semitendi-
nosus hamstring autograft in combination with a 
variable loop cortical system (Infinity system, 
Conmed Linvatec, USA, Tampa) for femoral fix-
ation is used. On the tibial side, fixation is per-
formed with the use of both a tibial post and a 
bioresorbable interference screw (Matrix, 
Conmed Linvatec, USA, Tampa). This tibial fixa-
tion is done after the extra-articular tenodesis is 
completed.

34.3.1  Step 1 and 2: Approach 
and Harvesting the Iliotibial 
Band Strip

The knee is flexed at 60°, both Gerdy’s tubercle 
and the ITB band are palpated and marked 
(Fig. 34.1). An 8–10-cm curvi-linear incision is 
being made on the lateral aspect of the knee, 
starting—for a left knee—just proximally of 
Gerdy’s tubercle, and approximately ending at 
the one third distal end of the ITB band. When 
the knee is brought to full extension, the incision 

Table 34.1 Indications for mLET (monoloop extra- 
articular tenodesis)

Indications for LET
   – High-grade pivot shift on clinical examination
   – Hyperlaxity
   – Patient with high tibial slope
   – Patients 25 years or younger
   – Competing in pivoting sports or activities
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will become perfectly straight. Next, a subcuta-
neous dissection is performed, widely exposing 
the ITB band. Exposing the ITB proximal to the 
incision can be done by digital dissection.

The first landmark is the posterior edge of the 
ITB band on the proximal part of the incision, at 
the level of the underlying musculus vastus late-
ralis (Fig. 34.2). The posterior edge actually rep-
resents the Kaplan fiber’s connection of the 
superficial ITB tot the posterolateral aspect of the 
femur. At 1 cm, anterior to the posterior edge, the 
ITB band is incised at the level of the underlying 
vastus lateralis, horizontally across the lateral 
epicondyle over a distance of approximately 
5 cm with a no. 15 blade.

Next, a parallel, more anterior cut, creating an 
8–12 mm wide band (depending on the size of the 

patient), is made (Fig. 34.3a). Subsequently these 
two cuts are lengthened proximally underneath 
the skin for about 5 cm with the use of dissection 
scissors (Fig. 34.3b, c). Therearfter, an ITB strip 
is created by connecting the anterior and posterior 
cut proximally (Fig. 34.3d). Distally, the ITB strip 
is incised using dissection scissors and a no. 15 
blade close to its posterior insertion on Gerdy’s 
tubercle. Care should be taken to steer the anterior 
and posterior cut of the ITB strip toward Gerdy’s 
tubercle as the anterior ITB fibers tend to run 
toward the patella and patellar tendon and hence 
may result in a too wide distal part of the strip. A 
strip of ITB of approximately 15 cm of length can 
thus be created. The strip should remain attached 
to Gerdy’s tubercle but is freed up proximally and 
pulled distally to provide the necessary space for 
the following step (Fig. 34.4).

34.3.2  Step 3: Identification 
of the Lateral Collateral 
Ligament

With the knee in 90° of flexion, the lateral femo-
ral epicondyle can easily be identified by palpa-
tion within the window created by removal of the 
ITB strip. The LCL can then be identified as a 
strong string-like structure (Fig. 34.5) which can 
be put under tension with the knee in a Fig. 34.4 
position. It runs from the lateral femoral epicon-
dyle towards the fibular head. Often, the soft tis-
sues overlying the LCL are swollen by the 
arthroscopy and make the dissection of the LCL 
more difficult. An important tip is to dissect these 
swollen soft tissues from the underlying LCL 
starting slightly distal to the LCL and progres-
sively moving proximally. Once the LCL is iden-
tified close to the epicondyle, two 1 cm vertical 
incisions are made with a no. 15 blade, anterior 
and posterior, respectively, to the LCL in proxim-
ity of the lateral femoral epicondyle (Fig. 34.6). 
These two incisions form the entry and exit point 
for the ITB strip when tunnelled under the LCL 
(see step 4). Care must be taken to avoid transect-
ing the lateral meniscus or popliteal tendon, 
which are both situated deep to the lateral collat-
eral ligament.

Fig. 34.1 The knee is flexed at 60°, both Gerdy’s tuber-
cle and the ITB-band are palpated and marked

Fig. 34.2 Iliotibial band (ITB) exposed and posterior 
aspect identified
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Fig. 34.3 (a) Two parallel cuts are made, the first one at 
1 cm anterior of the posterior edge, creating an 8–12 mm 
wide band. (b, c) Both cuts are lengthened proximally 

underneath the skin for about 5 cm with the use of dissec-
tion scissors. (d) the proximal part of the ITB strip is cut 
loose and the free proximal end is created

Fig. 34.4 The ITB strip can be freed up proximally and 
pulled distally to provide the necessary space for the fol-
lowing step

Fig. 34.5 The LCL can be identified as a strong string- 
like structure (arrow) in the window created by turning 
down the freed up ITB band
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34.3.3  Step 4: Tunnelling the ITB 
Strip Deep to the LCL

A tunnel is created deep to the LCL using dissec-
tion scissors (Fig.  34.7a). With the use of a 
 mosquito clamp, the ITB strip can be tunnelled 
deep to the LCL ligament from distal to proximal 

(Fig. 34.7b). The ITB strip is pushed deep to the 
LCL and picked up from the mosquito clamp, 
proximal to the LCL, using pick-ups (Fig. 34.7c). 
Twisting the strip while passing it deep to the 
LCL should be avoided.

34.3.4  Step 5: Proximal Dissection

Now, the distal edge of the vastus lateralis mus-
cle can be identified and dissected. Using cau-
tery, a small incision parallel to the distal 
oblique fibers of the vastus lateralis is made. 
Introducing a finger in this incision, allows 
easy access to the anterior part of the distal 
femur. Subsequently, a Hohmann retractor is 
placed underneath the vastus lateralis muscle 
(lateral subvastus approach) (Fig.  34.8). Now 
the distal femur shaft can be dissected just 
proximal to the lateral condyle with the use of 
an electric cautery. A direct lateral access to the 
distal femur is created with anteriorly the 

Fig. 34.6 An incision is made, both anteriorly and poste-
riorly of the LCL band (added arrows and markings)

a

c

b

Fig. 34.7 (a) A tunnel can be created deep to the LCL using dissection scissors. (b, c) The ITB strip is pushed deep to 
the LCL and picked up from the mosquito clamp, proximal to the LCL, using pick-ups
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Hohmann retractor and posteriorly the Kaplan 
fibers connecting part of the ITB to the lateral 
femur. Care is taken to coagulate potential per-
forating vascular elements as well as periosteal 
vessels.

34.3.5  Step 6: Cortical Osteotomy

A small horizontal cortical osteotomy can be 
made, just proximal to the condylar massive and 
just anterior to the posterior edge of the distal 
femur, using a 1 cm chisel (Fig. 34.9). The cre-
ated cleft is used to allow bone integration of the 
ITB strip. In general, the cleft is proximal to the 
cortical suspension button.

34.3.6  Step 7: Tunnelling the ITB 
Strip Underneath the Soft 
Tissues

With the knee in 90° of flexion, the ITB strip is 
now tunnelled in a straight line in a distal to 
proximal fashion from proximal to the LCL 
towards the lateral distal femur under the local 
soft and fatty tissues using first the dissection 
scissors and subsequently by introducing the 
ITB strip with a mosquito clamp in the soft tis-
sue tunnel. The ITB strip is hence introduced 
posterior to the distal Kaplan fibers 
(Fig. 34.10a, b).

Fig. 34.8 After dissection, access to the lateral part of the 
femur condyle can be obtained and a Hohmann retractor 
is placed underneath the vastus lateralis muscle (lateral 
subvastus approach)

Fig. 34.9 A small horizontal cortical osteotomy can be 
made, just proximal to the condylar massive and just anterior 
to the posterior edge of the distal femur, using a 1 cm chisel

a b

Fig. 34.10 (a) A tunnel underneath the soft tissues is cre-
ated using dissection scissors. (b) The ITB strip is now 
tunneled under the lateral head of the gastrocnemius and  

underneath intermuscular septum toward the just created 
cortical cleft
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34.3.7  Step 8: Proximal Fixation 
of the Free End of the ITB Strip

Now, the ITB strip is fixated using an 8 mm sta-
ple, positioned parallel to and just anterior of the 
posterior edge of the femur (Fig. 34.11a–d). This 
fixation should be done with the knee in 60° of 
flexion, the foot in slight external rotation and 
with tension on the tibial side of the ACL (which 
is not yet fixed) (Fig.  34.12). During fixation, 

minimal tension of 20 N on the ITB strip should 
be maintained.

34.3.8  Step 9: Final Check 
and Tourniquet Release

The course of the strip and the stability of the 
knee must be verified before closure. If the 
extra- articular stabilization is done in conjunc-

a b

c d

Fig. 34.11 (a) The ITB strip is fixated using an 8 mm 
staple, positioned horizontally, parallel to and just anterior 
of the posterior edge of the femur. (b) Close-up of the 

configuration of the staple. Maintain 20 N of tension on 
the ITB strip. (c, d) Post-operative imaging, AP and lateral 
view, showing the position of the fixation staple

34 Technical Corner: Lateral Extra-Articular Tenodesis
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tion with an intra-articular ACL reconstruc-
tion, the tibial fixation of the ACL graft can 
now be performed. At the end of the procedure, 
before closing, the tourniquet can be released, 
and a careful coagulation must be performed to 
avoid active bleeding and hematoma post-
operatively. At our institution, a 24-h drain is 
left in the incision. Subsequently the proximal 
ITB window is closed using resorbable 
(Polysorb 1) sutures to the level of the lateral 
epicondyle to avoid muscle  herniation. Distal 
to the lateral epicondyle, the ITB window is 
left open.

34.4  Conclusions

Recently, the anterolateral complex (ALC), 
including the capsule-osseous layer of the ilio-
tibial band as well as the ALL, has received 
attention as being crucial in controlling the 
rotational laxity after ACL injuries. The litera-
ture supports the biomechanical benefits of pro-
viding an extra- articular restraint against 
internal tibial rotation and pivot shift. LET is 
becoming widely accepted as a useful adjunct 
to current ACL reconstruction techniques in 
specific patient populations. The above 
described mLET technique offers an adequate 
restoration of the anterolateral rotational stabil-
ity as well as a low-morbidity procedure with 
limited complications when performed 
correctly.

 Appendix

All figures are original.
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Clinical Application 
of Scaffold- Free Tissue-Engineered 
Construct Derived from Synovial 
Stem Cells

Kazunori Shimomura, David A. Hart, 
Wataru Ando, and Norimasa Nakamura

35.1  Introduction

Articular cartilage injuries from joint trauma 
occur frequently and are quite common in clini-
cal practice [1]. However, injured articular carti-
lage does not usually heal spontaneously, owing 
in part to its avascular and aneural environment 
as well as its relatively unique matrix and cell 
organization. Over time, such injuries can prog-
ress to osteoarthritis (OA) because of this inabil-
ity of chondral lesions to heal effectively, leading 

to significantly reduced physical activity, chronic 
pain, and substantial lifestyle modifications. 
Therefore, a variety of approaches have been 
assessed to improve cartilage healing over the 
past few decades [2, 3].

Since the first report on autologous chondro-
cyte implantation (ACI) was published by 
Brittberg et  al. in 1994 [4], chondrocyte-based 
therapies have been extensively studied [5–11]. 
However, this procedure likely has some limita-
tions including the sacrifice of undamaged carti-
lage within the same joint and alterations of 
chondrogenic phenotype associated with the 
in vitro expansion of the cells. Furthermore, the 
availability of such cells may be limited in elderly 
individuals due to alterations and degenerative 
changes in cartilage associated with aging [12, 
13].

To overcome such potential problems, stem 
cell therapies have become a focus to facilitate 
regenerative tissue repair. Mesenchymal stem 
cells (MSCs) have the capability to differentiate 
into a variety of connective tissue cells including 
bone, cartilage, tendon, muscle, as well as adi-
pose tissue [14]. These cells can be isolated from 
various tissues such as bone marrow, skeletal 
muscle, synovial membrane, adipose tissue, and 
umbilical cord blood, as well as synovial fluid 
[14–20]. Pluripotent cells isolated from synovium 
may be well suited for cell-based therapies for 
cartilage because of the relative ease of harvest 
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and their strong capacity for chondrogenic differ-
entiation [16]. Synovium-derived stem cells are 
reported to exhibit the greatest chondrogenic 
potential among the other mesenchymal tissue- 
derived cells examined [17]. As other options for 
a cell source, allogeneic MSCs [21, 22] or 
induced pluripotent stem (iPS) cells [23, 24] may 
also be considered. However, there has not been 
much evidence generated to date using these cells 
in terms of clinical safety, and thus further stud-
ies and clinical trials would be necessary before 
considering clinical applications.

In addition to selection of a cell source, effec-
tive local delivery of cells to chondral lesions has 
been another area of concern. It is well recog-
nized that an appropriate three-dimensional (3D) 
environment is important to optimize cell prolif-
eration and chondrogenic differentiation [25]. 
Therefore, a 3D scaffold consisting of natural 
materials and/or synthetic polymers and seeded 
with cells is usually utilized to enhance repair of 
the defects [26–34]. This technique is robust and 
easy for surgeons to handle and was reported to 
significantly improve the healing of cartilage 
defects. On the other hand, there are still several 
issues associated with the long-term safety and 
efficacy of these materials. Thus, such scaffolds 
should ideally be excluded to minimize their cur-
rently unknown risks, and a scaffold-free tech-
nique could be an excellent alternative.

35.2  Scaffold-Free Techniques

Recently, several scaffold-free approaches have 
been assessed [35]. Regarding the fabrication 
methods, DuRaine et  al. [36] defined these 
approaches into two categories: those that exhibit 
self-organization and those with self-assembly. 
Self-organization represents an approach to fab-
ricate 3D tissue by utilizing external energy or 
force, such as bioprinting and cell-sheet technol-
ogy. Approaches where cell aggregates are 
formed by applying a rotational force to the cells 
are categorized as one of self-organization. Self- 
assembly is defined as forming a 3D tissue with-
out employing any external force. Regarding cell 
selection in a scaffold-free approach, chondro-

cytes have been mostly employed [35]. These 
cells readily produce their cartilage-specific 
ECM, especially in a 3D culture environment 
[37]. As an alternative, MSCs and iPS cells have 
also been recently tested, and an engineered tis-
sue generated with these cells has shown feasibil-
ity for cartilage repair that is comparable to 
chondrocyte-based tissues [38–40].

Notably, some research has progressed to the 
stage of preclinical and clinical studies. Mainil- 
Varlet et  al. developed a cartilage-like implant 
with chondrocytes in high density culture sup-
ported by a bioreactor and implanted the result-
ing neotissue onto minipig cartilage defects by 
press-fit fixation [41]. Histological analysis 
showed such an implant yielded consistent carti-
lage repair with a matrix predominantly com-
posed of type II collagen. Ebihara et al. [42] used 
layered chondrocyte sheets prepared on a 
temperature- responsive culture dish and demon-
strated these constructs facilitated cartilage repair 
in a minipig model. From the same research 
group, Sato et  al. [43] reported the transplanta-
tion of chondrocyte sheets combined with con-
ventional surgical treatments, including those for 
anterior cruciate ligament reconstruction and 
open-wedge high tibial osteotomy. In a small 
study with eight patients with knee osteoarthritis, 
the results of such an approach showed improved 
clinical outcomes up to 36  months postopera-
tively without serious adverse events and regen-
eration of cartilage confirmed by both second-look 
arthroscopy and MRI [43]. Also, they evaluated 
the tissue obtained from biopsy specimen at 
12 months, revealing regeneration of hyaline car-
tilage as assessed by histology. Interestingly, 
Yamashita et al. developed a scaffold-less hyaline 
cartilaginous tissue (particle) from human iPS 
cells and demonstrated the feasibility of using 
these particles for hyaline cartilage regeneration 
based on the results of a minipig study [40].

Taken together, many promising scaffold-free 
approaches have been developed until now, and 
such technologies could become a next- 
generation vehicle for cartilage repair, with 
regard to their high level of safety. On the other 
hand, there are still several issues to be resolved, 
including complicated fabrication processes, a 
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longer culture period, requirement of a large 
number of cells, and anti-adhesive properties of 
generated tissues, as addressed in a recent review 
article [35]. To overcome such potential issues, 
we have developed a novel scaffold-free 3D 
tissue- engineered construct (TEC) that is com-
prised of MSCs derived from synovium and an 
ECM synthesized by the cells themselves. 
Hereafter, the safety and effectiveness of the TEC 
methodology for cartilage repair and regenera-
tion will be discussed.

35.3  Scaffold-Free 3D TEC

Synovial membrane harvested from either por-
cine or human knee joints was enzymatically 
digested, and synovial MSCs were isolated and 
subsequently expanded in growth media contain-
ing virus- and prion-free fetal bovine serum. The 
isolated cells showed characteristics of MSCs 
with regard to morphology, growth characteris-
tics, cell surface phenotype, and multipotent dif-
ferentiation capacity (to osteogenic, 
chondrogenic, and adipogenic lineages) [44, 45]. 
When synovium-derived MSCs were cultured to 
confluence in the basic growth medium, they did 
not synthesize an abundant collagenous matrix. 
In contrast, in the presence of >0.1 mM ascorbic 
acid-2 phosphate (Asc-2P), collagen synthesis 
significantly increased with time in culture [45]. 
Subsequently, the monolayer cell-matrix com-
plex cultured in Asc-2P became a stiff sheet-like 
structure, which could be readily detached from 
the substratum by exerting mild shear stress at 
the cell-substratum interface using gentle pipet-
ting. After detachment, the monolayer sheet 
immediately began to actively contract and 
evolve into a thick 3D tissue (Fig. 35.1). When 
the matrix folded and contracted, it was apparent 
that the layers were integrated into each other, 
leading to development of one spherical body 
several millimeters thick.

Histology and scanning electron microscope 
(SEM) assessment of this 3D tissue indicated 
that the cells and the corresponding ECM were 
three dimensionally integrated together at high 
cell density [45]. Immunohistochemical analy-

sis showed that the TEC was rich in collagen I 
and III [44]. In contrast, there was no detectable 
expression of collagen II within the 
TEC. However, such TEC exhibited an increased 
synthesis of glycosaminoglycan (GAG) and col-
lagen II synthesis when cultured in a chondro-
genic media. Notably, adhesion molecules such 
as fibronectin and vitronectin were also abun-
dant in these TEC, and all the molecules detected 
were diffusely distributed throughout the matrix. 
These adhesion molecules enabled TECs to 
readily adhere to the injured chondral surfaces 
without any reinforcement of fixation [44]. 
Thus, such adhesive properties could be signifi-
cant advantage to avoid an initial fixation by 
suturing or fibrin glue when implanted, as artic-
ular cartilage exhibits anti-adhesive properties 
due to its unique matrix organization. Therefore, 
integration of the implanted tissue to the adja-
cent cartilage normal matrix has been a past 
issue in the treatment of chondral injuries [3, 
46–48] and an issue that could be overcome 
with implanted TEC.

Biomechanical testing revealed that the tensile 
strength of the TEC significantly increased with 
time of culture in the presence of Asc-2P, and the 
values increased to approximately 1.3 MPa after 
21 days in culture [45]. Such TECs were suffi-
ciently robust to maintain their integrity during 
surgical handling.

Fig. 35.1 Development of TEC from human MSCs
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35.4  Cartilage Repair Using TECs 
in Preclinical Studies

To assess the efficacy of the TEC in preclinical 
studies for clinical applications, a porcine 
model was chosen since the physiology of the 
pig is similar to that of humans in many respects 
[49], and porcine articular cartilage of the knee 
is sufficiently thick as to allow creation of a 
chondral defect without damaging the subchon-
dral bone. In such porcine studies, both imma-
ture and mature animals were used in order to 
test the feasibility of using the porcine TEC 
approach for a wide range of recipient ages to 
effect repair of a chondral injury. The TECs 
derived from undifferentiated porcine synovial 
MSCs were implanted into equivalent chondral 
defects in the medial femoral condyle (8.5 mm 
in diameter, 2 mm in depth) of both immature 
and mature pigs, respectively. At 6  months 
post-implantation, regardless of maturity, 
untreated lesions exhibited no evidence for 
repair or only partial tissue coverage, while the 
defects treated with a TEC were totally or 
mostly covered with repair tissue. Histologically, 
the chondral lesions in the untreated control 
groups showed evidence of osteoarthritic 
changes, with loss of cartilage and destruction 
of subchondral bone in both skeletally imma-
ture and mature animals (Fig. 35.2). Conversely, 

when treated with a TEC, the defects were filled 
with repair tissue exhibiting good integration to 
the adjacent cartilage and the restoration of a 
smooth surface, regardless of age at the time of 
implantation (Fig. 35.2). Notably, higher mag-
nification views indicated that there was good 
tissue integration to the adjacent cartilage 
obtained when the TEC were implanted in both 
immature and mature animals. Such repair tis-
sue exhibited predominantly spindle-shaped 
fibroblast-like cells in the superficial zone of 
the repair tissue, while the majority of the 
remaining repair matrix contained round-
shaped cells in lacuna. Using histological scor-
ing, the TEC groups exhibited significantly 
higher scores than did the control group, regard-
less of the maturity of the pigs at the time of 
implantation. Comparing the repair tissues 
developing following TEC implantation in 
immature and mature animals, no significant 
differences were detected. In addition, the 
mechanical properties of porcine chondral 
defects treated with a porcine-derived TEC 
were assessed at 6 months post-implantation in 
immature and mature animals, in comparison 
with those of normal cartilage. These results 
suggested that the viscoelastic properties of the 
tissue in defects repaired by TEC implantation 
are similar to those of normal cartilage, regard-
less of age at the time of implantation.

Immature Animal Mature Animal
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Fig. 35.2 Safranin O staining of untreated chondral lesions or lesions repaired by implantation of an autologous TEC 
at 6 months post-operation. Bar = 1 mm. (Quoted and modified from ref. [21] (Shimomura et al., Biomaterials 2010))
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35.5  First-in-Human Clinical Trials 
Using a TEC for Repair 
of an Isolated Cartilage 
Defect

Based on the encouraging and promising results 
of the preclinical studies mentioned above, we 
have proceeded to pilot clinical studies under the 
auspices of an approved first-in-human protocol 
[50, 51]. A first-in-human observational study 
(limited to five cases) was approved as a proof of 
concept trial by the Japan Ministry of Health, 
Labor, and Welfare. Five patients aged 
20–60 years with isolated full-thickness cartilage 
defects of the knee (<5  cm2, International 
Cartilage Regeneration & Joint Preservation 
Society [ICRS] grade III or IV) with normal 
alignment were enrolled in the study.

We performed a 2-step procedure: the first for 
arthroscopic evaluation and synovial tissue 
biopsy and the second for the implantation sur-
gery. Under general or spinal anesthesia, approx-
imately 1  g of synovial membrane is harvested 
from the knee joint, which is then subjected to the 
isolation and culture of MSC for their separation 
and expansion. Following 4–6 weeks post-tissue 
harvest, the TECs are prepared for autologous 
implantation. By mini-arthrotomy or arthros-
copy, the chondral lesions were debrided so as to 
not breach the subchondral bone. Before implan-
tation, the TEC is washed several times with ster-
ile phosphate-buffered saline to minimize bovine 
serum-related protein contamination, followed 
by the adjustment of the TEC size to match that 
of the chondral defect. Implantation was com-
pleted within 5–10  min, without any reinforce-
ment for fixation. The knees were immobilized in 
a brace for 2 weeks followed by the initiation of 
range-of-motion exercises and muscle exercises. 
Full weight bearing was allowed 6–8 weeks after 
implantation surgery. Return to strenuous activity 
was allowed approximately 12 months following 
implantation. The duration for follow-up was 
24  months, and the primary end point of this 
study was an analysis of safety of the procedure. 
The secondary end point was the assessment of 
the efficacy of the procedure, which consisted of 
subjective assessment (visual analog score [VAS] 

for pain, knee injury and osteoarthritis outcome 
score [KOOS]), and structural assessment. For 
the structural assessment, histologic analysis of a 
biopsy specimen at 12 months and magnetic res-
onance imaging (conventional and quantitative 
T2 mapping) at 1.5, 6, 12, and 24 months were 
performed.

All patients were followed over 24  months 
postoperatively and did not require additional 
treatment during this observational period. No 
serious adverse events were observed out to 
24  months after TEC implantation. Joint pain, 
effusion, and swelling were observed in the early 
stages after surgery, and all symptoms were com-
pletely improved by 4 weeks. No postoperative 
infections were observed out to 24 months after 
surgery for any patient.

Arthroscopic analysis indicated cartilage 
repair was confirmed by the covering of implanted 
defects with cartilaginous tissue, with good tis-
sue integration to adjacent cartilage in all cases at 
12 months (Fig. 35.3a). In addition, no hypertro-
phy was observed in the repair cartilage for all 
cases. Histology of the biopsy specimens at 
12 months showed repair with cartilaginous tis-
sue exhibiting positive safranin O staining in all 
cases (Fig. 35.3b). Especially, the majority of the 
deeper repair matrix in all the cases showed posi-
tive staining for safranin O and contained round- 
shaped cells in lacuna, suggesting repair with a 
hyaline cartilage-like matrix. Based on MRI 
assessments, cartilage defects were filled with 
newly generated tissues over time (Fig.  35.4), 
and the defect filling rate reached 100% coverage 
without detectable hypertrophy of the repair tis-
sues by 12  months for all patients. Some sub-
chondral bone edema was observed around the 
TEC implantation sites in the early stages after 
surgery, but such abnormal signals disappeared 
by 12  months for all cases. The repair tissue 
exhibited good tissue integration with adjacent 
host cartilage. The T2 mapping showed that 
implanted chondral defects were becoming simi-
lar in intensity to the surrounding cartilage over 
time. Similar to the results of the structural 
assessments, the subjective assessments by VAS 
and KOOS were significantly improved 
(Fig. 35.5).
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Fig. 35.3 (a) 
Arthroscopic image 
before implantation of 
tissue-engineered 
constructs and during a 
second-look arthroscopy 
at 1 year postoperatively. 
(b) Safranin O staining 
of repair cartilage from 
biopsy specimens 
obtained at 1 year 
post-implantation. 
Bar = 100 mm. (Quoted 
and modified from ref. 
[51] (Shimomura et al., 
Am J Sports Med 2018))

Pre 12Mo 24Mo

Fig. 35.4 Magnetic resonance imaging analysis preop-
eratively and at 1 and 2  years postoperatively. Arrows 
indicate cartilage defect (left) and the repair site following 

implantation of a TEC (center and right). (Quoted and 
modified from ref. [51] (Shimomura et al., Am J Sports 
Med 2018))
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35.6  Future Directions

The present chapter has demonstrated the feasi-
bility of using a unique scaffold-free TEC gener-
ated from synovial MSCs for effective cell-based 
cartilage repair via suture-less and simple 
implantation procedure. We have addressed many 
of the characteristics of these scaffold-free 3D 
TEC to conclude they are a unique and promising 
implant for facilitating cartilage repair. This was 
demonstrated in  vivo using a preclinical model 
with a range of ages [21, 44, 45], as well as the 
recent clinical trial with five patients [51]. Due to 
the scaffold-free nature of the in vitro generated 
structure, implantation of TEC could yield more 
long-term safety and efficacy than that derived 
from scaffold-based cell therapies. Furthermore, 
the implanted MSC in the TEC were undifferen-
tiated and thus, appeared to differentiate in the 
cartilage environment.

Initially, being a collagen I rich matrix, the 
basic TEC construct could also potentially be 
suitable for augmenting repair of compromised 
skin or enhancing the repair of ligaments or ten-
dons, which are also collagen I-rich environ-
ments. Since a TEC also has osteogenic or 
adipogenic differentiation capacity, the TEC 
could also be useful for potential applications to 

other musculoskeletal tissues, and among them, 
we demonstrated its feasibility for the repair of 
meniscus, osteochondral tissue, growth plate, 
and intervertebral disc in animal studies 
[52–57].

Moreover, TEC could be developed from 
MSCs derived from other tissues, such as adipose 
tissue that is also an abundant source of MSC and 
could be readily obtained without entering the 
injured joint. Therefore, tissue engineering using 
the TEC technology could potentially provide a 
variety of therapeutic interventions in regenera-
tive medicine for a number of tissue applications 
using MSC from different sources.
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36.1  Introduction

In recent years, due to advances in regenerative 
medicine, an increasing number of patients want 
to preserve their knee joints. Therefore, osteoto-
mies around the knee (OAK), in which the knee 
joints are preserved without arthroplasty, are 
being reconsidered. Looking back at the history 
of OAK, Jackson et al. [1]. in 1961 and Coventry 
[2] in 1965 reported that removing a wedge of 
bone with the base on the lateral side of the proxi-
mal tibia to correct a varus deformity to a valgus 
alignment in patients with osteoarthritis of the 
knee (knee OA) was an effective procedure for 

pain relief. Coventry’s method is the lateral 
closed wedge high tibial osteotomy (CWHTO), 
whereas that by Jackson et al. is called distal tib-
ial tuberosity osteotomy, which is disadvanta-
geous for bone fusion as the contraction force of 
the rectus femoris does not act on the osteotomy 
site. In 1972, Debeyre et al. and Hernigou et al. 
[3, 4]. in 1987 devised a method by which oste-
otomy was performed from the medial part to the 
lateral part in the proximal tibia to open the 
medial osteotomy site and implant autologous 
bone, which is the start of the open wedge high 
tibila osteotomy (OWHTO) technique. In the 
early 2000s, TomoFix (Depuy Synthes Co.) with 
a locking compression plate and screw system 
(LCP) were developed and the fixation strength 
at the osteotomy site was developed, leading to 
the era of OWHTO [5–7]. However, some studies 
show that advanced knee OA is commonly 
accompanied by patello-femoral joint (PF joint 
OA) and OWHTO is unsuitable in such cases. 
Additionally, progression of PF joint OA after 
OWHTO has reportedly occurred in some cases 
in recent years [8, 9]; thus, the surgical procedure 
is being studied.

This chapter briefly explains the indications, 
procedures, and postoperative care of six typical 
types of surgeries among those currently being 
performed in Japan.
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36.2  Preoperative Planning

Radiographs of the entire lower extremity in the 
standing position are used. The postoperative 
alignment is planned so that the Mikulicz line (a 
load line passing from the femoral head center to 
the center of the ankle joint) crosses the tibial 
plateau at 60–63% width from the medial edge to 
the lateral edge except in the case of a medial 
closing wedge distal femoral varus osteotomy 
(DFO) for valgus knee.

36.2.1  Medial Open Wedge High 
Tibial Osteotomy (OWHTO)

Recently, medial open wedge high tibial osteot-
omy (OWHTO) with a LCP has attracted a great 
deal of attention [5]. This procedure includes 
biplanar osteotomy, an incomplete fracture tech-
nique for valgus correction, and fixation with a 
locking plate. The most notable advantages of the 
OWHTO include that correction of the limb 
alignment is not difficult, and that the risk of 
peroneal nerve palsy is minimized because fibu-
lar osteotomy is not needed.

36.2.1.1  Indication
Inclusion criteria are persistent pain due to medial 
compartmental knee OA or spontaneous osteone-
crosis of the knee in the medial femoral condyle, 
and active compliance with rehabilitation pro-
gram. Exclusion criteria included: lateral femoro- 
tibial angle (FTA) >185°; a loss of knee extension 
>15°; range of knee motion <130°; history of 
knee infection; patello-femoral (PF) joint OA.

36.2.1.2  Surgical Technique 
and Rehabilitation

A 7-cm medial longitudinal incision is made in 
the proximal tibia. Complete release of the super-
ficial medial collateral ligament (sMCL) is per-
formed. Then, 2 or 3 pairs of guidewires are 
inserted into the tibia so that each inserted guide-
wire precisely reached the proximal tibiofibular 
joint using the parallel guide. The oblique oste-
otomy should be started from the upper margin of 
the pes anserinus and end 5 mm from the lateral 

cortical margin, just above the proximal tibiofib-
ular joint. Next, a biplanar osteotomy of the tibia, 
which consisted of an oblique HTO and a frontal 
plane osteotomy behind the tibial tubercle, is per-
formed using an oscillating saw and chisel. The 
oblique osteotomy site is gradually opened for 
the correction angle and target width using a 
spreader. Then, the beta-tricalcium phosphate 
spacers are implanted into the posterior opening 
space. Before implantation of the plate, the 
sMCL and periosteum are sutured.

Finally, the tibia is fixed with a locking plate. 
After surgery, full weight bearing is permitted 
1–2 weeks after surgery (Fig. 36.1).

36.2.2  Open Wedge Distal Tuberosity 
Tibial Osteotomy (OWDTO)

A risk of onset or progression of PF joint OA 
have been reported to result from patella infra 
following OWHTO. To minimize patellar height 
reduction, several studies [10, 11] have recom-
mended performing open wedge distal tuberosity 
tibial osteotomy (OWDTO) instead of OWHTO.

36.2.2.1  Indication
OWDTO can be performed in all patients who 
are indicated for OWHTO, especially patients 
having patella infra and those requiring a large 
degree of valgus correction.

36.2.2.2  Surgical Technique 
and Rehabilitation

Two techniques can be recommended. The 
biplane technique, which is most popular, was 
developed by Gaasbeek et al. [10]. A descending 
cut is made distally in the coronal plane from 
1  cm behind the tuberosity directly toward the 
anterior distal tibial cortex. Therefore, the tuber-
osity remains attached to the proximal part of the 
tibia after osteotomy. On the other hand, Akiyama 
et  al. [12] developed a modified technique that 
includes distal tuberosity arc osteotomy. In this 
technique, a descending cut is started parallel to 
the tibial shaft 10–15 mm behind the tuberosity 
in the coronal plane, and then, an arc cut is made 
around the hinge position (center of rotation). 
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Thereafter, transverse osteotomy is initiated sim-
ilar to the approach in OWHTO. After ensuring 
that all cuts are completed with the hinge area 
intact, the transverse osteotomy site is opened 
until the Micklicz line passes through 62.5% of 
the tibial plateau. Finally, fixation is accom-
plished in the same manner as in OWHTO. Then, 
bicortical screw fixation from the tuberosity to 
the posterior tibia is performed (Figs.  36.2 and 
36.3).

The postoperative rehabilitation protocol is 
similar to that after OWHTO.

36.2.3  Hybrid Closed Wedge High 
Tibial Osteotomy (HCWHTO)

The hybrid closed wedge high tibial osteotomy 
(HCWHTO) surgical method has overcome the 
defects of the conventional CWHTO [13] 
(Fig. 36.4a, b). The benefits are as follows: due to 
positioning the hinge point on the proximal oste-
otomy line, a small amount of bone is removed 
and no leg length discrepancy is generated; walk-

ing with full weight bearing is allowed from an 
early stage as lateral bone cortices tightly attach 
to each other; and the medial soft tissue does not 
exfoliate, which is advantageous for bone fusion.

36.2.3.1  Indication
Indications include cases that need a relatively 
large degree of correction which is postoperative 
medial proximal tibial angle MPTA ≤95° and 
those that are complicated by PF joint OA or flex-
ion contracture knee.

36.2.3.2  Surgical Technique 
and Rehabilitation

Arthroscopy is performed and intra-articular 
pathology is treated as necessary. In order to 
avoid peroneal nerve palsy, an appropriate 
length of the fibula depending on the correction 
is resected in the center. An approach to the 
proximal tibia is performed by lateral longitudi-
nal skin incision. Transverse cut (Fig.  36.4c): 
K-wires (2  mm in diameter) are inserted 
obliquely from the lateral part (a) to the medial 
part (c). The target medial point (c) is approxi-

a b dc

Fig. 36.1 Pre and postoperative radiographs. (a) Preoperative antero-posterior view. (b) Preoperative lateral view. (c) 
Postoperative antero-posterior view. (d) Preoperative lateral view
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mately 1.5 cm distal to the tibial articular sur-
face. A K-wire that indicates the hinge point (H) 
determined in the preoperative planning is per-
cutaneously inserted perpendicular to the tibial 
axis. A goniometer is placed at the hinge point 
to determine a distal osteotomy line appropriate 
to the angle of the correction (α). A K-wire is 
inserted toward the hinge point along the distal 
osteotomy line (b-H). Ascending cut 
(Fig.  36.4d): The tibial tuberosity cut is per-
formed from the position above the attachment 
site of the patella tendon to the transverse cut 
line (d-e-f) at an angle of approximately 110° 
(β). The bone in the area enclosed with the 
K-wires is cut using a bone saw to remove a tri-
angular prism-shaped bone fragment. The por-
tion inside the hinge point is completely cut off 

along the proximal osteotomy line (H-c). 
Transplantation of osteophytes (harvested from 
knee joint with arthroscopy) into the osteotomy 
site contribute to bone consolidation. 
Repositioning is performed so that the lateral 
cortical bones at osteotomy site attach to each 
other tightly by compressing the osteotomy site 
using a lag screw technique. Fixation is per-
formed by using a long locking plate on the lat-
eral side (Fig.  36.4e, f). In postoperative 
rehabilitation, patients start range of motion 
training and calf raise exercises in a standing 
position with full weight bearing on the follow-
ing day, and gait training with weight bearing on 
day  2. Patients are allowed to walk with full 
weight bearing 2 weeks after surgery.

36.2.4  Tibial Condylar Valgus 
Osteotomy(TCVO)

Tibial condylar valgus osteotomy (TCVO) is an 
L-shaped intra-articular osteotomy between the 
medial and lateral tibial condyles [14]. By chang-
ing the shape of the tibial plateau with TCVO, not 
only the Micklicz line shifts laterally but also the 
congruency of the knee joint is improved.

36.2.4.1  Indication
 1. Kellgren-Lawrence grade 3 or 4, advanced 

stage knee OA localized to the medial femoro- 
tibial (FT) joint.

 2. Pagoda deformity [15]; significantly worn 
medial tibial plateau, resulting in inclination 
against the lateral tibial plateau.

 3. Five degrees or more of joint line convergence 
angle (JLCA) (Fig. 36.5a).

 4. Good preoperative range of motion of the 
knee joint; flexion as 90° or more and flexion 
contracture is 10° or less.

 5. Active patient under 75 years old.

36.2.4.2  Surgical Technique 
and Rehabilitation

The differences from the open wedge high tibial 
osteotomy (OWHTO) are described in the fol-
lowing. In TCVO, an L-shaped osteotomy is 

Fig. 36.2 Three-dimensional CT showing OWDTO
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performed (Fig.  36.5a). The point A is deter-
mined at 4 cm distal from the medial tibial pla-
teau. The point H is determined by the position 
of the lateral hinge point in the OWHTO. The 
intersection of the line AH and the medial edge 
of the tibial tuberosity is defined as the apex of 
the L-shaped osteotomy line (point B). First, the 
anterior bone cortex is cut from point B to the 
lateral intercondylar eminence (point C) with a 
chisel. The  posterior bone cortex is cut under 
the lateral view of the X-ray image intensifier to 
prevent neurovascular injury. Next, the bone 
from point A to point B is cut using a bone saw. 

A 1.8 mm K-wire is inserted directly below the 
tibial plateau, the stopper devices are installed 
from both sides of K-wire to prevent from sepa-
rating the medial and lateral tibial condyles. The 
osteotomy site is opened with a bone spreader 
forceps until the lateral FT joint become parallel 
in the frontal image (Fig. 36.5b). The osteotomy 
site is fixed by the proximal medial tibial lock-
ing plate, such as the TomoFix™, with plate 
bending as necessary (Fig. 36.5c). As for post-
operative rehabilitation, ROM exercise and 
weight bearing as pain tolerated start day after 
surgery.

a b

C

d

e f

g

h

Fig. 36.3 Pre and postoperative (6 months) plane radio-
graphs (right knee [a–h]). (a) Preoperative whole leg 
standing view. (b) Preoperative antero-posterior view. (c) 
Preoperative lateral view. (d) Preoperative merchant view. 

(e) Postoperative whole leg standing view. (f) Postoperative 
antero-posterior view. (g) Postoperative lateral view. (h) 
Postoperative merchant view
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a b c d e f

Fig. 36.4 Radiographs pre and postoperative HCWHTO. 
(a) Preoperative whole leg weight bearing radiograph. (b) 
Postoperative whole leg weight bearing radiograph. (c) 
Antero-posterior view. (a–c) is proximal osteotomy line 
and (b–H) is distal osteotomy line. (H) indicates the hinge 
point and (α) is correction angle. (d) Lateral view. (d–f) is 
the ascending cut line and (β) is the angle between ascend-

ing cut line and transverse cut line. (e) Antero-posterior 
view. Osteotomy site is fixed with TriS lateral plate 
(Olympus Termo Biomaterial Co.). (f) Lateral view. After 
osteotomy, the tibial tubercle moves anteriorly and proxi-
mally and the region distal to the osteotomy site rotates 
medially. (h) indicates the anterior translation distance of 
tibial tubercle

A

b c

AB

C

H

a

Fig. 36.5 Preoperative radiographs of TCVO. (a) 
Preplanning. (A) tibial cortex bone surface 4  cm distal 
from the medial tibial plateau, (B) apex of the L-shaped 
osteotomy line, (C) lateral intercondylar eminence, (H) 
lateral hinge point in the OWHTO, solid line; osteotomy 
line of TCVO, dotted line; virtual line when adding 

OWHTO. (b) Intraoperative radiograph. Vertical line; 
alignment rod after opening of osteotomy site. The 
L-shaped osteotomy line is opened by a bone spreader 
forceps until the lateral femoro-tibial joint become paral-
lel. (c) Postoperative radiograph
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36.2.5  Medial Closed Wedge Distal 
Femoral Osteotomy for Valgus 
Knees with Lateral 
Compartment Osteoarthritis 
(MCWDFO)

Medial closed wedge distal femoral osteotomy 
(MCWDFO) is the ideal correction for the major-
ity of valgus knees because the deformity center 
is located mainly around the distal femur. Here, 
we introduce the MCWDFO with TomoFix 
Medial Distal Femoral Plate (TomoFix MDF; 
Synthes GmbH; Solothurn, Switzerland) [16].

36.2.5.1  Indication
Indications for MCWDFO are: (1) lateral com-
partmental knee OA with valgus alignment, (2) 
no medial compartmental knee OA, (3) center of 
deformity at the distal femur, (4) no flexion con-
tracture, and (5) young active patient.

36.2.5.2  Surgical Technique 
and Rehabilitation.

The recommended mechanical femoro-tibial 
varus is 0–3° [16], which is equivalent to the 
postoperative weight bearing line between the 
center of the intercondylar eminence and the top 
of the medial eminence (Fig. 36.6). A biplanar 
osteotomy is recommended rather than a con-
ventional single plane osteotomy (Fig. 36.7) 
[16]. After making a straight medial parapatellar 
incision, the vastus medialis muscle is elevated 
and the muscular branches from the descending 
genicular artery are coagulated or ligated. The 
first and second K-wires for the oblique osteoto-
mies are inserted just above and below the hinge 
point, respectively (Fig. 36.7a). The distal 
oblique osteotomy is started from 4 cm proxi-
mal to the medial femoral epicondyle and the 
proximal oblique osteotomy is started at the 
planned distance from the distal oblique osteot-
omy. The osteotomy lines are then drawn by an 
electrosurgical knife (Fig. 36.7a). The ascend-
ing osteotomy and the two oblique osteotomies 
between the two wires are performed. After 
removing the bony wedge between the osteoto-

mies, the osteotomized site is closed gradually 
and the plate is temporarily fixed with two 
K-wires (Fig. 36.7b). Two distal screws are 
inserted and a temporary lag screw is used to 
provide a compressive force to the osteotomized 
site. The lag screw is replaced with a bicortical 
locking screw and locking screws are inserted 
into the remaining holes. As for postoperative 
rehabilitation, range of motion exercise and par-

a b

Fig. 36.6 Whole leg weight bearing radiograph of a 
31-year-old female. (a) Preoperative radiograph. The 
X-ray of the right leg showed a valgus deformity caused 
by the femur. The hip-knee-ankle angle (HKA) was 7°, 
indicating a valgus angle. The weight bearing line (WBL) 
percentage (WBL to the medial edge /tibial plateau 
width × 100%) was 79%. (b) Three months after the oste-
otomy. The HKA and WBL were corrected to −1° and 
45%, respectively
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tial weight bearing of about 1/3 of the body 
weight are started on the first postoperative day. 
Full weight bearing walk begins 6 weeks after 
surgery.

36.2.6  Double Level Osteotomy 
(DLO)

In surgical management of knees with severe 
varus deformity, correction by isolated OWHTO 
requires a large wedge opening resulting in non- 
physiologic lateral inclination of the joint line 
[17, 18]. Double level osteotomy (DLO) has 
been introduced with the intention of restoring 
physiologic joint alignment and orientation in 
correction of severe varus deformity [18, 19]. 
Recent DLO technique for varus deformity con-
sists of biplane cut lateral closed wedge DFO 
(LCWDFO) and biplane cut OWHTO using the 
minimally invasive plate osteosynthesis (MIPO) 
technique with locking compression plate fixa-
tion [20, 21].

36.2.6.1  Indication
DLO is indicated for varus knee OA exhibiting 
combined deformities in both the femur and the 
tibia in active patient population who wishes to 
retain high activity level. If the predicted mechan-
ical medial proximal tibial angle MPTA is 95° or 
greater for deformity correction with OWHTO 
alone, or mLDFA is greater than 90° with MPTA 

of smaller than 87°, DLO was considered as a 
surgical option [20, 21].

36.2.6.2  Surgical Technique 
and Rehabilitation.

DLO procedure is started with biplanar LCWDFO 
with a 4–5 cm longitudinal incision made at the 
lateral side of the femur just above the femoral 
epicondyle. Fixation of the osteotomy is accom-
plished utilizing MIPO technique. At this stage, 
the alignment following lateral (LCWDFO) is 
checked under fluoroscopy for confirmation of 
correspondence with preoperative planning. 
Afterwards, the osteotomy procedure is com-
pleted with subsequent biplanar 
OWHTO. Postoperatively, knee motion is started 
as tolerated on the following days. Weight bear-
ing is not allowed for 3  weeks. Subsequently, 
partial weight bearing is started at 3 weeks with 
progression to full weight bearing at 4  weeks 
(Fig. 36.8).

36.3  Discussion

36.3.1  OWHTO

Recently, favorable short- and mid-term results 
after OWHTO have been reported. However, 
several disadvantages of OWHTO have been 
pointed out. First, it is technically difficult to 
obtain sufficient valgus correction without any 

ba

Fig. 36.7 Osteotomy and plate installation. (a) The positional relationship between the guide wires and the osteotomy 
lines. (b) Temporary fixation of the plate
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surgical problems in the knee with severe varus 
deformity. Second, the posterior tibial slope 
angle increases after surgery. Third, the patellar 
height decreases, and the length of the lower 
limb increases after surgery. Martin et  al. [22] 
reported that the rate of major complications 
including the lateral hinge fracture were 25%. In 
addition, it is difficult for a surgeon to put the 
straight plate on the medial aspect of the tibia so 
that this plate is commonly placed on the antero-
medial aspect of the tibia, resulting in potential 
risk of neurovascular injury and biomechanical 
inferiority compared with transverse insertion of 
the screws. Therefore, the authors have devel-
oped a newly designed locking plate (Fig. 36.1). 
It should be kept in mind that the leading symp-
tom of a painful PF joint OA should be an exclu-
sion criterion for OWHTO due to the risk of 
increased PF joint pressure and pain impairment 

postoperatively. Careful preoperative planning is 
needed to decrease the incidence of complica-
tions associated with OWHTO.

36.3.2  OWDTO

Patella height were evaluated in six published 
series [10, 11, 23–26]. Patella height did not sig-
nificantly change in the OWDTO group but sig-
nificantly decreased in the OWHTO group in all 
these papers. As for arthroscopic cartilage evalu-
ation findings in two papers, the majority of 
OWDTO cases showed no progression of PF 
joint OA [23, 24]; however, 30–60% of OWHTO 
cases exhibited increased PF joint OA. According 
to the findings of three comparative studies [11, 
23, 24] on the improvement of clinical outcomes, 
OWDTO can be considered superior to or equal 

a b c d

Fig. 36.8 Pre and postoperative radiographs of a 47-year- 
old male who underwent double level osteotomy (DLO) 
for the left knee exhibiting severe varus deformity. (a) 
Whole leg weight bearing radiograph. The parameters 
presented by digital planning software are mechanical lat-
eral femoral distal angle (mLDFA): 90.6°, mechanical 
medial proximal tibial angle (MPTA): 83.6°, and mechan-
ical tibiofemoral angle (mTFA): 10.9° varus. (b) Surgical 
simulation is started with isolated medial open wedge 
high tibial osteotomy (OWHTO).Osteotomy simulation 
aiming at mTFA of 2° valgus indicates that the required 
wedge size is 17 mm with resultant MPTA of 96.5° when 
the correction is made by OWHTO alone. Considering the 

amounts of wedge size (>15 mm) and MPTA value (>95°) 
in the simulation of isolated OWHTO, DLO is adopted as 
a surgical option for this case. (c) Surgical planning of 
DLO is conducted with mLDFA: 85°, MPTA: 90.7°, and 
mTFA: 2° valgus. Simulated DLO is composed of lateral 
closed wedge distal femoral osteotomy (wedge size: 
5 mm, correction: 6.3°) and OWDTO [13] (wedge size: 
9  mm, correction: 7.4°). (d) Whole leg weight bearing 
radiograph at 1 year after DLO. All parameters are cor-
rected to the values corresponding to the preoperative 
simulation (mLDFA: 85.6°, MPTA: 89.8°, and mTFA: 
1.5° valgus)
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to OWHTO.  In contrast to OWHTO, OWDTO 
showed no change in patella height, which theo-
retically induced no increase in PF joint contact 
pressure, and moreover, the progression of PF 
joint OA could be consequently prevented.

Biomechanical weakness and a risk of slow 
bone healing at the descending osteotomy site 
were described in OWDTO [24].Thus, additional 
screw fixation in the tibial tuberosity is needed. 
To resolve these problems, the modified tech-
nique reported by Akiyama et al. [12] can be con-
sidered. Their technique provides anterior 
cortical support without a bone defect in the tibial 
crest having wide cancellous bone contact sur-
faces, and it may enhance stability and thus pro-
mote bone healing at the fixation site (Fig. 36.1).

36.3.3  HCWHTO

Postoperative outcomes, knee pain, and clinical 
scores after HCWHTO significantly improved as 
compared to before surgery [27–29]. Otsuki et al. 
[30] performed a comparative analysis of radio-
graphic preoperative and postoperative images 
between OWHTO (24 knees) and HCWHTO (24 
knees) and stated that the patella height and tibial 
tuberosity–trochlear groove (TT-TG) distance in 
the HCWHTO group significantly decreased, 
whereas the medial joint space of the PF joint sig-
nificantly increased compared with the OWHTO 
group. Ishimatsu et al. [31] compared the outcomes 
5 years after surgery between OWHTO (36 knees) 
and HCWHTO (21 knees) and reported that there 
was no difference in the clinical scores with respect 
to the postoperative clinical outcomes. In addition, 
the study showed that the patella height decreased 
in the HCWHTO group as compared to the 
OWHTO group, whereas the lateral joint space and 
congruence angle of the PF joint significantly 
improved. Improvement of congruity is brought by 
oblique osteotomy. In a recent study, more growth 
factors were shown to be present in osteophytes 
than in general cancellous bone [32, 33]. Studies 
have demonstrated that HCWHTO is effective and 
indicated in medial compartmental knee OA with 
relatively advanced varus deformity accompanied 
by PF joint OA [34].

36.3.4  TCVO

Visual analogue scale (VAS: from 73 to 13) and 
Western Ontario and McMaster Universities 
Osteoarthritis Index (WOMAC: from 52 to 14) 
improved in clinical results 5 years after surgery. 
Micklicz line improved from 1 to 60 and JLCA 
improved from 6 to 1 [14]. It is possible to treat 
the advanced stage knee OA with high activity 
and good range of motion at a young age by 
TCVO instead of unicompartmental knee arthro-
plasty (UKA) or TKA. However, a sufficient lat-
eral shift of Micklicz line may not be obtained by 
TCVO alone in the case of excessive varus knees. 
The combined use of OWHTO and/or lateral 
closed wedge DFO is necessary in such cases.

36.3.5  MCWDFO

Although medial closed wedge high tibial oste-
otomy could be an option for valgus knees with 
lateral compartment OA, it creates medial tilting 
of the tibial plateau. The excessive tilting may 
cause medial subluxation of the femur on the 
tibia and the non-physiologic joint line obliquity 
may induce substantial shear stress [17]. 
Therefore, a MCWDFO is the appropriate way to 
correct valgus knees at the deformity center.

36.3.6  DLO

Sequential radiographic images of a representative 
case are shown in Fig. 36.8. Regarding the intended 
parameter values during the preoperative surgical 
simulation and planning, mechanical tibiofemoral 
angle (mTFA) was set to 1–2° (a slight valgus 
alignment), while mLDFA and MPTA were set to 
85° and 90°, respectively [20, 21] (Fig. 36.8). The 
short-term clinical and radiological outcomes in 
our patient population have been reported in 
Reference [21]. In that study, 20 consecutive 
patients who underwent DLO were tracked for a 
minimum of 1 year. The follow-up results showed 
that all of the radiological parameters as well as 
results of patient-reported outcome measures were 
significantly improved after surgery.
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36.4  Conclusions

A growing population of aged persons wishes to 
continue sports activities, and an increasing num-
ber of patients expect knee regeneration by utiliz-
ing regenerative medicine technologies. 
Furthermore, due to widespread internet avail-
ability, increasing number of patients search for 
therapies appropriate for themselves besides 
TKA. Before finalizing the TKA treatment, pro-
cedures such as osteotomy that aim at knee joint 
preservation, should also be considered.

Several types of OAK introduced here are 
becoming general procedures in Japan. However, 
for these surgical procedures to be completely 
established, long-term follow-ups with more 
cases are needed. Constructing a medical envi-
ronment in which a surgical procedure can be 
chosen depending on the patient’s age, activities, 
background, and needs is desirable.
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Current Introduction 
of the Biological Agent Derived 
from Adipose Tissue 
to the Treatment of Knee 
Osteoarthritis
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and Norimasa Nakamura

37.1  Osteoarthritis

Osteoarthritis (OA) is the most common joint dis-
order worldwide [1–3], and the estimated global 
prevalence for knee OA is 3.8% [3, 4]. Pain and 
associated functional disabilities are the targets of 
most standard treatments, whose indications are 
based on disease severity. Patients with mild OA, 
who have a minimal disability and knee x-rays 
with Kellgren Lawrence (KL) grade of I (on a 
scale of I to IV), are treated conservatively with 
physical therapy to strengthen the muscles around 

the knee, as well as oral analgesics such as acet-
aminophen, aspirin, and non-steroidal anti-
inflammatory drugs (NSAIDs) [3, 5–8].

By the time patients have progressed to severe 
OA with debilitating pain and x-rays of KL grade 
III or IV, surgical treatments is considered. Joint 
preserving surgeries including high tibial osteot-
omy (HTO) is the preferred treatment strategy for 
joint chondropathologies in young and active 
patients to improve pain, restore activity, and 
delay arthroplasty. More progressive joint degen-
eration was given due to the poor regenerative 

W. Ando 
Department of Orthopaedic Medical Engineering, 
Osaka University Graduate School of Medicine, 
Suita, Osaka, Japan
e-mail: w-ando@umin.ac.jp 

I. Wolfe 
Hospital for Special Surgery, New York, NY, USA
e-mail: wolfei@HSS.EDU 

K. Shimomura 
Department of Orthopaedic Surgery, Osaka 
University Graduate School of Medicine,  
Suita, Osaka, Japan
e-mail: kazunori-shimomura@umin.net 

S. Lyman 
Hospital for Special Surgery, New York, NY, USA 

Department of Orthopaedic Surgery, Graduate School 
of Medical Sciences, Kyushu University,  
Fukuoka, Fukuoka, Japan 

N. Yokota 
Tokyo Knee Osteoarthritis Clinic Ginza,  
Tokyo, Japan 

Tokyo Knee Osteoarthritis Clinic Shinjuku,  
Tokyo, Japan 

N. Nakamura (*) 
Department of Orthopaedic Surgery, Osaka 
University Graduate School of Medicine,  
Suita, Osaka, Japan 

Institute for Medical Science in Sports, Osaka Health 
Science University, Osaka, Osaka, Japan 

Global Center for Medical Engineering and 
Informatics, Osaka University, Suita, Osaka, Japan 

Department of Rehabilitation Science, Osaka Health 
Science University, Osaka, Osaka, Japan
e-mail: norimasa.nakamura@ohsu.ac.jp

37

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-84748-7_37&domain=pdf
https://doi.org/10.1007/978-3-030-84748-7_37#DOI
mailto:w-ando@umin.ac.jp
mailto:wolfei@HSS.EDU
mailto:kazunori-shimomura@umin.net
mailto:norimasa.nakamura@ohsu.ac.jp


438

properties of cartilage, and arthroplasty is per-
formed to provide pain relief;  conversely, the 
range of motion in knee joints have not com-
pletely recovered, and some patients were not sat-
isfied with the clinical outcome after TKA [9]. 
Baker et al. evaluated that almost 20% of patients 
were not satisfied with their TKA [10]. Meta-
analysis showed that the 25  years survival of 
TKAs was 82.3% [11]. As high activity can 
increase the likelihood of early revision [12–15], 
younger active patients are often counseled to 
delay joint replacement for as long as can be toler-
ated. Furthermore, many patients may feel reluc-
tant to undergo surgery. Most importantly, existing 
approaches leave a treatment gap for patients with 
moderate OA stage (KL grade II). One recently 
available therapy for moderate OA is the intra-
articular injection of hyaluronic acid, which is 
intended to improve joint mechanical function by 
increasing the volume and viscosity of synovial 
fluid [16–18]. Unfortunately, its effectiveness has 
been questioned by the American Academy of 
Orthopaedic Surgeons based on available clinical 
evidence [17, 19]. The intra-articular administra-
tion of a biological agent derived from adipose 
tissue is one of many novel therapies currently in 
development to address the limitations of stan-
dard treatments and address not only the symp-
toms but the pathogenesis of OA.

A degenerative disorder, OA is most commonly 
associated with aging [1], but etiologies are varied. 
Mechanical factors such as deformity or previous 
injury as well as genetic and/or environmental fac-
tors can also increase risk [1, 2]. Pathogenesis is 
complex, including alterations in the subchondral 
bone, which may precede other changes and make 
overlying articular cartilage more susceptible to 
damage [20]; anabolic changes, which produce 
characteristic osteophytes at the joint periphery; as 
well as inflammatory and degradative processes, 
which change the phenotype of normally quies-
cent chondrocytes, leading to a breakdown in 
articular cartilage matrix [21]. Ultimately, hyaline 
cartilage on the articular surfaces completely 
erodes, leaving only bony sclerosis at the end-
stage. These observations suggest that novel thera-
pies, which support cartilage formation and/or 
limit inflammation and matrix degradation, may 

be effective, particularly if administered, while 
OA is still moderate. Intra-articular injection of the 
agent adipose-derived cells is one of many bio-
logic approaches, which are being developed 
based on such therapeutic goals.

Not enough is yet known about the therapeutic 
effects or mechanisms of action of the various bio-
logic approaches in clinical use and/or under clini-
cal investigation to declare how they may compare 
with the intra-articular injection of adipose- derived 
cells [19, 22]. Few high-quality, randomized stud-
ies have been performed [19]. It was reported that 
the placebo effect has been relatively high with 
intra-articular injection of any agent [22]. New 
therapeutic approaches currently under investiga-
tion include control of inflammation by specific 
blockade of cytokines, such as interleukin-beta 1 
and tumor necrosis factor- alpha using novel phar-
macologic agents or gene therapy [19], or support-
ing cartilage tissue regeneration using purified 
growth factors (such as bone morphogenetic pro-
tein-7, and fibroblast growth factor-18) [19]. Blood 
and cell-based strategies are believed both to quell 
inflammation and bolster regeneration and have the 
added advantage of being available from an autolo-
gous source. Intra-articular injection of platelet-
rich plasma (PRP) has become popular for a variety 
of musculoskeletal conditions [23, 24], and studies 
are under way to test efficacy in knee OA alone 
and/or in combination with adipose-derived cells 
[24–31]. Studies investigating the intra- articular 
injection of a variety of stem cells derived not only 
from adipose tissue but from a variety of sources 
(umbilical cord blood and bone marrow) are also 
under way [3, 32–36]. More researches are required 
before any of these approaches can be considered 
superior, or even efficacious, but the promise of 
biologic approaches remains attractive for the 
many patients for whom TKA or standard medical 
treatments are not desired.

37.2  Biological Agents Derived 
from Adipose Tissue

Studies by Zuk et al. [37, 38] in 2001 and 2002, 
reporting the isolation of multipotent cells from 
adipose tissue, have become the basis of their 
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therapeutic application in orthopedic and other 
conditions. Compared to other types of stem 
cells (e.g., derived from bone marrow or umbil-
ical cord), adipose-derived cells can be har-
vested from an autologous source with little 
morbidity. Adipose-derived cells are typically 
harvested from the patient’s own subcutaneous 
tissues (often the belly or buttock) via liposuc-
tion, and while post-harvest donor site com-
plaints are not uncommon, they are rarely 
serious. Approximately 500,000–2,000,000 
nucleated cells are typically isolated from one 
gram (g) of adipose tissue or one milliliter (mL) 
of lipoaspirate, and 1–10% of them may be 
multipotent stem cells [39–42]. Cell yield and 
quality, as well as the proportion of different 
cells isolated, vary based on the method of iso-
lation, including whether isolation was mechan-
ical or enzymatic, as well as donor age and 
donor site [39, 43, 44], but the impact of these 
variations on therapeutic effectiveness are not 
known. Adipose-derived cells have been inves-
tigated in experimental models and clinical 
studies for treating a variety of conditions 
including those requiring soft or hard (bone) 
tissue reconstruction, immunomodulation (e.g., 
Crohn’s disease, rheumatoid arthritis), and 
reversal of ischemia (e.g., myocardial infarc-
tion, stroke) [45].

Biological agents derived from adipose tis-
sue have been applied to the knee as a compo-
nent of enzymatically treated “stromal vascular 
fraction” (SVF) [25–31, 46–56] (Tables 37.1, 
37.2, and 37.3), mechanically isolated “frac-
tionated adipose tissue” (FAT, such as the 
Lipogems product) [56–65] (Tables 37.4 and 
37.5), or culture- expanded adipose-derived 
mesenchymal stem cells (ADMSCs) [49, 66–
75] (Tables 37.6 and 37.7). The SVF and FAT 
are so-called based on the observation that 
these heterogeneous distillates are enriched in 
pericytes or pericyte-like endothelial cell pre-
cursors [40, 44, 45, 76–78]. In contrast to FAT 
or SVF, ADMSCs are purified stem cells with 
defined cell surface markers and multi-potency 
[40, 45, 76]. The use of SVF, FAT, and 
ADMSCs in knee OA is summarized below.

37.3  Stromal Vascular Fraction 
(SVF) Cells

In his original studies, Zuk [37, 38] isolated 
plastic- adherent adipose-derived mesenchymal 
stem cells (ADMSCs) from the stromal vascular 
fraction (SVF), a collagenase digestate of adipose 
tissue. On this basis, in many studies, SVF is 
administered directly to the knee, without culture 
and isolation of ADSCMs. Unlike purified 
ADMSCs, the SVF is a heterogeneous distillate, 
including not only mesenchymal stem cells, but 
pericytes, vascular adventitial cells, fibroblasts, 
pre-adipocytes, monocytes, macrophages, red 
blood cells, fibrous tissue, and extracellular matrix 
[37, 38, 40, 44, 45, 76–78]. In the clinical setting, 
SVF cells are not usually characterized prior to 
administration. As such the mechanism by which 
SVF may mitigate knee OA progression may not 
be the same as adipose-derived or other mesenchy-
mal stem cells per se. However, Kim et  al. [53] 
have reported that mesenchymal stem cells can be 
cultured from aliquots of the SVF administered to 
patients. In addition, Koh et  al. have reported 
improved cartilage tissue quality based on second-
look arthroscopy, histology, and/or MRI, suggest-
ing that SVFs can support tissue regeneration in 
the setting of knee OA [30, 52, 55]. In some of 
their studies, this group used cells isolated from 
the knee fat pad [30, 31], but in most studies using 
SVF (including later studies from this group), cells 
are harvested from the patient’s subcutaneous tis-
sues. The salient advantage of SVF over ADMSCs 
is that cells do not need to be cultured but can be 
administered immediately upon harvest.

Most studies investigating the potential bene-
fit of intra-articular SVF injection for knee OA 
report modest improvements in PROs over 
1–3 years (Table 37.1). Primary outcomes mea-
sured included pain and physical function, most 
frequently assessed using VAS and WOMAC 
scores. Most papers reported significant 
 improvement in these domains in the majority of 
patients after an average of 12 months, with the 
longest follow-up being 5  years. Adverse out-
comes were minor. The most common events 
reported were pain around the harvest site (7.7–
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Table 37.1 Clinical studies investigating the intra-articular administration of adipose-derived stromal vascular fraction 
(SVF) for knee osteoarthritisa

Author 
(year) N Design

Associated clinical 
trial(s)

Kellgren Lawrence 
Grade (KL) of OA or 
other diagnosis

Treatment other 
than SVF Follow-up

Berman 
(2019) 
[46]

2586 Prospective 
cohort

NCT10953523 KL 1–4 None 5 years

Hong 
(2019) 
[47]

16 Phase III ChiCTR1800015125 KL 2–3 HAb 1 year

Michalek 
(2019) 
[48]

29 Prospective 
case-control

KL 2–4 in 1–4 large 
weight bearing joints 
(including hip and 
knee) and 0–8 other 
joints

None 36 months

Yokota 
(2019) 
[49]

80 Retrospective 
cohort

KL 2–4 None 6 months

Bansal 
(2017) 
[25]

10 Prospective 
cohort

NCT03089762 1 or 2 on Brandt 
Grading Scale

PRPc and 
collagenase 
digestion with 
flow cytometry

2 years

Nguyen 
(2017) 
[26]

30 Prospective 
cohort

KL 2–3 PRP and 
microfracture

18 months

Pintat 
(2017) 
[27]

19 Case series Patellofemoral OA PRP 12 months

Yokota 
(2017) 
[50]

13 Case series KL 3–4 None 6 months

Fodor 
(2016) 
[51]

6 Case series NCT02357485 KL 1–3 None 1 year

Koh 
(2016) 
[52]

80 Prospective 
cohort

KL ≤ 2
ICRSb grade 3–4 
cartilage lesions

Thrombin, 
fibrinogen, and 
microfracture

26–
30 months

Kim 
(2015) 
[53]

54 Retrospective 
cohort

Fibrin glue 24–
34 months

Kim 
(2015) 
[53]

40 Retrospective 
cohort

Fibrin glue, PRP Average 
28.6 months

Koh 
(2015) 
[54]

30 Case series KL 2–3 2 years

Bui 
(2014) 
[29]

21 Case series Grade 2–3 (scale 
unknown)

PRP 6 months

Koh 
(2014) 
[55]

44 Prospective 
cohort

KL ≤ 3 HTOd 14–
24 months

(continued)
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34% of patients) and knee joint pain/effusion 
(3.5–37.5% of patients). These resolved over the 
follow-up period. Major adverse outcomes such 
as marked pain and swelling were rare. 
Increasingly, SVFs are being delivered in con-
junction with other biologics, such as HA and 
PRP [25–31, 47] (Table 37.1) including in cur-
rently ongoing clinical trials (Table 37.2).

Several devices that facilitate the isolation of 
SVF are available commercially (Table  37.3). 
Personalized medicine’s PSC-01 is a form of 
autologous cellular therapy resulting from the 
enzymatic processing of lipoaspirate, while 
GIDBio’s GIDSVF2 is a sterile tissue-process-
ing container designed for SVF enzymatic 
isolation.

Table 37.1 (continued)

Koh 
(2013)e 
[30]

18 Case series KL 3 in multiple 
compartments

PRP 24–
26 months

Koh 
(2012)e  
[31]

25 Retrospective 
cohort

KL < 4 PRP 12–
18 months

aStudies with fewer than 5 patients or follow-up shorter than 6 months were not included
bHA hyaluronic acid
cPRP platelet-rich plasma
dHTO high tibial osteotomy
eCells were harvested from the infrapatellar fat pad rather than subcutaneous tissue

Table 37.2 Clinical trials investigating the intra-articular administration of adipose-derived stromal vascular fraction 
(SVF) for knee osteoarthritis (OA)a

Number Sponsor Status
Study 
phase

Condition or 
treatment other 
than knee OA Description of arms

NCT02726945 The GID Group Completed N/A None SVF injection (2 doses) 
vs. placebo

NCT04238143 Healeon Medical Inc. with 
collaborators

Active, not 
recruiting

N/A PRPb tSVFc in PRP vs. cSVFd 
in PRP vs. cSVF in saline

NCT03940950 Mayo Clinic Recruiting Phase 
I

None SVF vs. placebo

NCT02967874 Russian Academy of Medical 
Sciences

Completed Phase 
I/II

None SVF vs. HA injection

NCT03818737 Emory University with the 
Marcus Foundation

Recruiting Phase 
III

None BMACe vs. SVF vs. 
umbilical cord tissue 
(compared to 
corticosteroid)

NCT03164083 SCARM Institute Withdrawn Phase 
II

BMAC SVF and BMAC vs. 
placebo

NCT02846675 Shanghai East Hospital Completed Phase 
I/II

None SVF vs. placebo on 
contralateral knee

NCT03090672 Robert W. Alexander, MD 
with Regeneris Medical and 
Global Alliance for Regen 
Med

Recruiting N/A PRP tSVF or cSVF in PRP vs. 
tSVF or cSVF in saline

NCT02142842 University of Science, Ho 
Chi Minh City

Completed Phase 
I/II

PRP SVF in PRP vs. control 
(not specified)

aSingle arm trials were not included
bPRP platelet-rich plasma
ctSVF tissue stromal vascular fraction (fractionated adipose tissue product [FAT] isolated by mechanical dissociation)
dcSVF cellular stromal vascular fraction (standard SVF that is enzymatically isolated)
eBMAC bone marrow aspirate concentrate
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37.4  Fractionated Adipose Tissue 
(FAT)

In some studies, mechanical, rather than enzy-
matic, processes have been used to isolate 
adipose- derived cells. Lipogems® (Lipogems 
International, Milano, Italy) and AdiPrep® 
(Terumo BCT, Japan) are technologies, which 
remove blood and oil while isolating a full com-
plement of cells from fat tissue, producing “frac-
tionated adipose tissue” (FAT) for application to 
the knee or other joints to treat OA [41, 79, 80] or 
other applications (Table  37.4). The Coleman 
technique, developed for fat grafting in plastic 
surgery, has been used in the knee in one study 
[60]. The FAT is sometimes also referred to as 
“tissue stromal vascular fraction” (tSVF) to dif-
ferentiate it from the standard SVF, or cellular 
fraction (cSVF). Although enzymatic digestion is 
the original method by which the SVF cells (and 
from them, ADMSCs) were isolated, the US 
Federal Drug Administration (FDA) statement 
that isolation of autologous cells should “not alter 

the original relevant characteristics of the tissue 
relating to the tissue’s utility for reconstruction, 
repair, or replacement” raise questions about the 
use of enzymatic digestion for isolating stem cells 
[41, 78, 81]. Although FAT responds to these con-
cerns, it is clear that the compliment and quality 
of cells isolated via mechanical fractionation are 
different from that derived by enzymatic digestion 
[41, 78]. The question of how FAT compares to 
SVF or ADMSCs for knee OA or any other thera-
peutic application remains open.

Most papers investigating the use of FAT for 
knee OA reported significant improvement in the 
majority of patients after an average of 12 months, 
with the longest follow-up being 36 months [56–
65] (Table  37.4). Primary outcomes measured 
included pain and physical function, most fre-
quently assessed using KOOS and VAS scores. 
Adverse outcomes were minor and infrequent. 
The most common events reported were related to 
the fat harvest site (3.33–6.67% of patients). Major 
adverse outcomes were not observed. Multiple 
clinical studies using FAT are ongoing (Table 37.5).

Table 37.3 Commercially available products related to the administration of adipose-derived mesenchymal stem cells 
(ADMSCs), stromal vascular fraction (SVF), or fractionated adipose tissue (FAT)

Product Implant type Manufacturer/sponsor Associated clinical trials or published study
Elixcyte ADMSCs UnicoCell Biomed Co., 

Ltd.
NCT02784964

Jointstem ADMSCs R-Bio Co., Ltd.
Nature Cell

NCT03000712 NCT01300598 NCT03990805 
NCT02674399
NCT03509025 NCT02658344

ReJoin® ADMSCs Cellular Biomedicine 
Group, Inc.

NCT02641860

GXCPC1 Allogenic 
ADMSCs

Gwo Xi Stem Cell 
Applied Technology 
Co., Ltd.

NCT03943576

AdipoCell™ SVF U.S. Stem Cell, Inc. NCT03089762
ADSC 
Extraction Kit

SVF GeneWorld Co., Ltd. Bui (2014)

Celution 
Centrifuge IV

SVF Cytori Therapeutics, 
Inc.

Yokota (2019) [49]

GIDSVF1 SVF The GID Group, Inc. NCT02276833
GIDSVF2 SVF The GID Group, Inc. NCT02726945
PSC-01 SVF Personalized Stem 

Cells, Inc.
NCT04043819

AdiPrep® FAT Terumo BCT, Inc. NCT03467919
Lipogems® FAT Lipogems International 

SpA
NCT04230902 NCT03242707 NCT03922490 
NCT03788265 NCT03714659 NCT03771989 
NCT03527693 NCT03379168 NCT03117608 
NCT02697682
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Table 37.4 Clinical studies investigating the intra-articular administration of fractionated adipose tissue (FAT) for 
knee osteoarthritis (OA)a

Author 
(year) N Design

Associated clinical 
trial(s)

Kellgren Lawrence 
Grade (KL) of OA or 
other diagnosis

Treatment 
other than 
FAT Follow-up

Barford 
(2019) [56]

20 Prospective cohort NCT02697682 KL 1–4 None 12 months

Mautner 
(2019) [57]

76 Retrospective 
cohort

KL 1–4 ± BMACb 0.6–1.6 years

Panni 
(2019) [58]

52 Case series KL 0–2 None 6–24 months

Cattaneo 
(2018) [59]

38 Case series NCT03527693 KL ≤ 3; ICRSc grade 
≥2 chondral lesion

None 12 months

Roato 
(2018) [60]

20 Prospective cohort KL 1–3 None 18 months

Russo 
(2018) [61]

30 3-year follow-up of 
retrospective cohort

KL ≤ 3; ICRS grade 
≥2 chondral lesion

None 36 months

Hudetz 
(2017) [62]

17 Prospective cohort ISRCTN1333702 KL 2–4 None 12 months

Russo 
(2017) [63]

30 Retrospective 
cohort

KL ≤ 3; ICRS grade 
≥2 chondral lesion

None 12 months

Oliver 
(2015) [64]

70 Prospective cohort KL 2–4 ± BMAC 180 days

Centeno 
(2014) [65]

681 Retrospective 
cohort

KL 1–4 ± BMAC Average 
10.4 months

aStudies with fewer than 5 patients or follow-up shorter than 6 months were not included
bBMAC bone marrow aspirate concentrate
cICRS International Cartilage Research Society

Table 37.5 Clinical trials investigating the intra-articular administration of fractionated adipose tissue (FAT) for knee 
osteoarthritis (OA)a

Number Sponsor Status
Study 
phase

Condition or 
treatment other than 
knee OA Description of arms

NCT03467919 Stanford University Recruiting Phase 
III

None Adiprep vs. corticosteroid

NCT04230902 American University of 
Beirut Medical Center

Recruiting Phase 
III

None Lipogems vs. corticosteroid

NCT03242707 University of Southern 
California

Recruiting N/A None Lipogems vs. HAb

NCT03922490 Hospital for Special 
Surgery, NY

Not yet 
recruiting

Phase 
IV

Arthroscopic 
debridement

Arthroscopic debridement 
and Lipogems vs. 
arthroscopy alone

NCT03771989 Hvidovre University 
Hospital

Recruiting N/A None Lipogems vs. placebo

NCT03379168 Dustin L. Richter, MD, 
University of New 
Mexico

Recruiting N/A None Lipogems vs. corticosteroid 
vs. placebo

NCT03117608 Lipogems International 
SpA

Recruiting Phase 
IV

None Lipogems vs. PRPc

aSingle arm trials were not included
bHA hyaluronic acid
cPRP platelet-rich plasma
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37.5  Cultured Adipose-Derived 
Mesenchymal Stem Cells 
(ADMSCs)

Whereas the use of SVF and FAT respond to clin-
ical and regulatory concerns, only cultured, 
plastic- adherent adipose-derived cells can be 
considered true mesenchymal stem cells. The 
International Federation for Adipose Therapeutics 
and Science (IFATS) and the International 
Society for Cellular Therapy (ISCT) proposed 
three minimal criteria for the definition of 
adipose- derived mesenchymal stem cells 
(ADMSCs): (1) plastic adherence, (2) character-
istic expression of cell surface markers (CD73, 
CD90, and CD105-positive and CD11b, CD14, 
CD19, CD45, and HLA-DR-negative), and (3) 
differentiation potential into preadipocytes, 
chondrocytes, and osteoblasts [44, 82, 83]. These 
criteria cannot be fulfilled by SVF or FAT cells, 
even though the SVF cells are the source of 
ADMSCs. Furthermore, most pre-clinical studies 

showing chondrogenic potential or characteriz-
ing the paracrine and anti-inflammatory activities 
have been done on plastic-adherent ADMSCs 
and not SVFs [74, 78, 84]. Labeled ADMSCs 
injected intra-articularly in animal models have 
been shown to remain in the joint support of this 
mode of delivery clinically [33, 85, 86]. In in 
vitro and animal models, ADMSCs have been 
reported to have tumorigenic potential but have 
not been reported in humans [87, 88].

Other studies have reported on the potential 
benefits of intra-articular injection of ADMSCs 
for knee OA in the last several years (Table 37.6). 
The number of cells administered has ranged 
from 1.0 × 107 to 1.0 × 108 cells/mL [49, 66–75]. 
Primary outcomes measured included pain and 
physical function, most frequently assessed 
using WOMAC, KOOS, and VAS scores. Most 
papers reported significantly improved knee 
function and decreased pain as measured by 
these scales after 6–12 months, with the longest 
follow-up being 2 years. Adverse outcomes were 

Table 37.6 Clinical studies investigating the intra-articular administration of adipose-derived mesenchymal stem cells 
(ADMSCs) for knee osteoarthritis (OA)a

Author 
(year) N Design

Associated clinical 
trial(s)

Kellgren Lawrence 
Grade (KL) of OA or 
other diagnosis

Treatment 
other than 
ADMSCs Follow-up

Freitag 
(2019) [66]

30 Phase II ACTRN12614000814673 KL 2–3 None 1 year

Jiang (2019) 
[67]

12 Case series None 6 months

Lee (2019) 
[68]

24 Phase IIb KL 2–4 None 6 months

Lu (2019) 
[69]

53 Phase II NCT02162693 KL 1–3 None 1 year

Yokota 
(2019)b [49]

80 Retrospective 
cohort

KL 2–4 None 6 months

Zhao (2019) 
[70]

18 Phase I/IIa NCT02641860 KL 2–3 None 48 weeks

Kyriakidis 
(2018) [71]

20 Case series Grade 4 chondral 
lesion

None 2 years

Song (2018) 
[72]

18 Phase I/II NCT01809769 KL ≥ 2 None 96 weeks

Jo (2017) 
[73]

18 Follow-up of a 
Phase I/II study

NCT01300598 KL ≥ 2 None 2 years

Pers (2016) 
[74]

18 Phase I NCT0158585 KL 3–4 None 6 months

Jo (2014) 
[75]

18 Phase I/II KL ≥ 2 None 6 months

aStudies with fewer than 5 patients or follow-up shorter than 6 months were not included
bYokota et al. [49] is included in both Tables 37.1 and 37.6, as ADMSC and SVF treatments were compared in the study
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Table 37.7 Clinical trials investigating the intra-articular administration of adipose-derived mesenchymal stem cells 
(ADMSCs) for knee osteoarthritis (OA)a

Number Sponsor Status
Study 
phase

Condition or 
treatment other 
than knee OA Description of arms

NCT02784964 UnicoCell Biomed Co. Ltd. with 
A2 Healthcare Taiwan Corp.

Active, not 
recruiting

Phase 
1/II

None ADMSC (3 doses) vs. 
HAb

NCT03000712 R-Bio Active, not 
recruiting

N/A HTOc ADMSC  1 week after 
HTO vs. HTO alone

NCT01300598 R-Bio Completed Phase 
I/II

None ADMSC (3 doses)

NCT03869229 Medical University of Warsaw Recruiting Phase 
I/II

Hip OA, 
Shoulder OA

ADMSC in knee vs. 
hip vs. shoulder

NCT03357575 Peking University People’s 
Hospital

Not yet 
recruiting

N/A None ADMSC vs. HA

NCT02162693 Cellular Biomedicine Group Ltd. 
with RenJi Hospital, Gen 
Hospital of Chinese Armed Police 
Force

Completed Phase 
II

None ADMSC vs. HA

NCT01809769 Cellular Biomedicine Group Ltd. 
with RenJi Hospital

Completed Phase 
I/II

None ADMSC (3 doses)

NCT02838069 University Hospital, Montpellier 
with collaborators

Unknown Phase 
II

None ADMSC (2 doses) vs. 
placebo

NCT01585857 University Hospital, Montpellier Completed Phase 
I

None ADMSC (3 doses)

NCT03990805 R-Bio Recruiting Phase 
III

None ADMSC vs. placebo

NCT02674399 Nature Cell Co. Ltd. with KCRN 
Research, LLC

Completed Phase 
II

None ADMSC vs. HA

NCT02658344 R-Bio Completed Phase 
II

None ADMSC vs. placebo

NCT02855073 Cellular Biomedicine Group Ltd. 
with Shanghai Ninth People’s 
Hospital Affiliated to Shanghai 
Jiao Tong University

Active, not 
recruiting

Phase 
II

Articular 
cartilage defect

ADMSC on day 1, 22 
and HA on day 8, 15 
vs. HA on days 1, 8, 
15, 22

NCT03955497 Qilu Hospital of Shandong 
University

Recruiting Phase 
I/II

None ADMSC vs. HA

NCT02642848 Dongsik Chae Unknown N/A HTO HTO with 
microfracture vs. HTO 
with BMACd vs. HTO 
with ADMSC

NCT04212728 Yantai Yuhuangding Hospital Recruiting N/A PRP ADMSC in PRPe vs. 
PRP at 0, 3, 6 months

NCT02641860 Cellular Biomedicine Group Ltd. 
with RenJi Hospital

Completed Phase 
I

None Allogenic ADMSC (3 
doses)

NCT04208646 Cellular Biomedicine Group Ltd. 
with collaborators

Not yet 
recruiting

Phase 
II

None Allogenic ADMSC (2 
doses) vs. placebo

NCT03943576 Gwo Xi Stem Cell Applied 
Technology Co., Ltd.

Recruiting Phase 
I/II

None Allogenic ADMSC (2 
doses) vs. HA

NCT03014401 University of Colorado, Denver 
with Stanford University

Recruiting N/A Arthroscopic 
debridement

Autologous fat pad 
with arthroscopic 
debridement vs. 
arthroscopic 
debridement alone

aSingle arm trials were not included
bHA hyaluronic acid
cHTO high tibial osteotomy
dBMAC bone marrow aspirate concentrate
ePRP platelet-rich plasma
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minor. The most common were joint pain and 
effusion. Where reported, these and other minor 
adverse events had an incidence ranging from 2 
to 74% of patients and resolved within the fol-
low-up period. Major adverse outcomes were 
not observed.

The clinical use of cultured cells presents reg-
ulatory challenges, especially in the USA [45, 
78]. Elsewhere, however, clinical trials are under 
way (Table  37.7) with commercially available 
ADMSCs products (Table  37.3) such as 
Jointstem’s K Stem Cell (Korea), CBMG’s 
ReJoint (China), and UnicoCell Biomed’s 
Elixcyte (Taiwan) (Table  37.3). The European 
consortium ADIPOA (http://adipoa2.eu) also has 
a current clinical trial with lab-grown ADMSCs. 
GXCPC1 is an allogenic adipose-derived stem 
cell product (Taiwan) undergoing safety trials 
currently.

37.6  Comparisons and Future 
Directions

To understand how therapies of biological agents 
derived from adipose tissue may compare to the 
standard of care or other novel pharmacologic 
and biologic interventions for knee OA with 
regard to safety, efficacy, or cost, much more 
research is needed. One important question to 
consider is the potential difference in the effi-
cacy of plastic- adherent ADMSCs, which are 
better characterized, versus SVF, which are eas-
ier to isolate. We recently compared them 
directly and observed that patients who had 
received adherent cells had a more rapid and 
greater improvement in pain and symptoms than 
those treated with SVF cells [49]. The propor-
tion of responders in the adherent cell-treated 
group also correlated with OA Kellgren 
Lawrence grade, whereas those in the SVF cell-
treated group did not [49]. Differences over our 
6-month follow-up period were small, but sig-
nificant, supporting additional future studies 
comparing the two cell types concerning their 
relative efficacies. Other questions, some of 
which are already under investigation, include 
the comparison of adipose-derived MSCs to 

other types of MSCs, the effect of adipose tissue 
donor age and/or site, and the advantage of co- 
administration with other biologic treatments 
such as PRP or HA.  In addition, longer-term 
studies up to 5 or 10 years will be necessary to 
determine whether this approach can forestall 
the necessity of TKA for a meaningful period in 
younger, active patients or older patients who 
cannot tolerate medications or surgery.

Intra-articular injection of biological agents 
derived from adipose tissue is a promising 
approach to the treatment of knee OA. Like other 
novel cell-based and pharmacologic therapies 
currently under investigation, intra-articular 
injection of SVF, FAT, or ADMSCs awaits com-
parative and long-term studies to establish thera-
peutic efficacy.
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